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Preface 

 This thesis is hereby presented to fulfil the requirements for a Doctor of Philosophy (PhD) 

degree at the Technical University of Denmark (DTU). This PhD was a part of a large project 

named ALTCELL (“The alternative abundant, environmentally friendly solar cell absorber on a 

silicon-based tandem cell”), funded by the Danish Innovation Fund, Innovationsfonden, through 

a 24 million DKK grant (grant number 6154-00008A). Details on the national and international 

consortium partners of the ALTCELL project can be consulted in http://www.altcell.eu.   

  The overall aim of the project was to develop a solar (photovoltaic) cell based on a two-ab-

sorber system, combining the cheap, abundant and stable Cu2ZnSnS4 (CZTS) with the estab-

lished technology of crystalline silicon. My nominal responsabilities in this project were: 

 

 Fabricating a highly efficient CZTS solar cell using the industrially-capable method of sputter 

deposition 

 Investigating the transfer of the CZTS developed by the previous process into a silicon bottom 

cell for the development of monolithic CZTS/Si tandem solar cell devices  

 

This work was supervised by Dr. Stela Canulescu, Senior Researcher and currently Group Leader 

of the Photovoltaic Materials and Systems group at DTU Fotonik. The work was co-supervised 

by Jørgen Schou, Senior Scientist at the Photovoltaic Materials and Systems group at DTU 

Fotonik, and Eugen Stamate, Senior Researcher and Group Leader at DTU Nanolab.  

 

Copenhagen, Denmark 

August 8th, 2020 

 

Filipe Martinho 
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Abstract 

 At the time of writing (August 2020), 95% of the global photovoltaic (PV) market is comprised 

of crystalline silicon (c-Si) solar cells. This dominance is a result of significant cost improvements 

due to economies of scale and technological innovation. Based on a simple extrapolation model, 

we forecast that the current pace of development and adoption of solar PV can lead to it providing 

up to 50% of the world’s energy needs before 2050. We assess the challenges of the current PV 

technologies, and show that there are no fundamental upscaling constraints on achieving the 

volumes forecasted by our model, even without the introduction of new technologies. In this con-

text, c-Si is therefore expected to continue being the main PV technology into the future. When 

asserting a roadmap for future improvements, we show that the emphasis of new innovations 

should be on increasing the efficiency (or power output per unit area), as it has the biggest impact 

on reducing the overall costs per unit of PV power. One such innovation consists in using more 

than one absorber material in a tandem, to selectively absorb different sections of the solar spec-

trum. This transition from single-junction to multijunction tandem devices has occurred now more 

than 20 years ago in the space industry, due to their superior efficiencies and reliability. We review 

these technologies, and estimate the potential of achieving low cost implementations of this tech-

nology using c-Si as a bottom cell. We show that although there are very promising new concepts, 

there is still no material which in combination with c-Si can simultaneously achieve a high power-

to-cost ratio and a long lifetime of operation. One of the challenges in achieving this is that a 

degradation of the c-Si bottom cell structures can occur during the fabrication of the top cell. This 

is particularly the case when the top cell processes involve high temperatures or the potential of 

introducing contaminants in Si by diffusion.   

 Therefore, in this PhD thesis, we set out to explore how the photovoltaic structures of a Si 

bottom cell can be tuned to accommodate the fabrication of top cell materials under harsh condi-

tions. We select the tunneling oxide passivated contact (TOPCon) structure for the Si bottom cell 

due to its high thermal resilience, and use the kesterite Cu2ZnSnS4 (CZTS) as a model material 

to test its direct fabrication on Si (i.e. a monolithic integration). Being a high bandgap absorber 

material, CZTS is a promising partner for a CZTS/Si tandem. However, the high fabrication tem-

peratures used in CZTS synthesis (>550 °C), together with a reactive sulfur atmosphere, leads to 

the contamination of Si with the elements from CZTS, in particular Cu and S. This causes a two 

order of magnitude decline in the effective minority carrier lifetime of the Si bottom cell, from initial 

values on the order of 1 ms to final values of 10 µs after CZTS fabrication. This decline in lifetime 

results in a severe performance degradation of the Si bottom cell. To circumvent this problem, we 

have developed specific modifications of the basic TOPCon Si structure and processing se-

quence, namely:  

 

1. we introduced a thin titanium nitride-based layer between CZTS and Si, with the multipurpose 

function of low resistance recombination layer and diffusion barrier; 

2. we increased the thickness of the n+ polysilicon selective contact, from 40 nm up to 400 nm, 

and find that it has a positive effect in protecting the bottom Si bulk by gettering contaminants 

from CZTS. This simultaneously allows a reduction in the thickness of the diffusion barrier to 

<5 nm;  
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3. we implemented a sacrificial hydrogenated silicon nitride (SiN:H) layer on the backside of the 

Si bottom cell during the full processing of the CZTS top cell. This SiN:H simultaneously im-

proves the passivation of the Si interfaces, and protects the Si backside from contamination 

during CZTS processing.  

  

 As a result of these configuration improvements, we achieve an in-house CZTS/Si tandem 

device with 3.9% efficiency, the highest of its kind. For further proof of concept and extending our 

findings, we have validated our configuration with other top cell materials made in external insti-

tutions, including CuGaSe2 and AgInSe2. Additionally, we have applied our Si bottom cell devel-

oped in a tandem device for photoelectrochemical water splitting applications developed exter-

nally, using the metal oxide BiVO4, which also requires high temperatures for its synthesis (>475 

°C). In all cases, we were able to confirm the generality of the resilience of the Si structures 

developed in-house, by demonstrating low degradation in Si lifetime during processing, with end-

process lifetimes close to 1 ms, implying that the top cell fabrication is compatible with state-of-

the-art Si open-circuit voltages close to 700 mV.  

 On the CZTS development side, we use our cosputtering-based synthesis route to optimize 

single-junction CZTS cells, allowing the transfer of high-quality CZTS absorbers to Si tandem 

devices. We find that the performance of our single-junction CZTS devices is limited to 7% due 

the occurrence of a crystallization asymmetry during annealing, leading to a double-layer in the 

CZTS absorbers. We review this phenomenon, and find that the limiting factors appear to be 

related to the presence of metallic Cu and a sulfur deficiency in the precursor matrix.     
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Dansk resumé 

 I skrivende stund (august 2020) udgør krystallinske silicium (c-Si) solceller hele 95% af det 

globale fotovoltaiske (PV) marked. Dette skyldes betydelige omkostningsforbedringer med eco-

nomies-of-scale og teknologisk innovation. Med en simpel model kan vi forudsige, at den hidtidige 

udviklingsrate samt tilpasning af PV-teknologien kan føre til, at den vil dække op til 50% af ver-

dens energibehov inden 2050. Vi vurderer udfordringerne med den nuværende PV-teknologi og 

viser, at der ikke er nogle grundlæggede begrænsninger for at nå de produktionsmængder, som 

vores model forudsiger, selv uden at bringe ny teknologi i anvendelse. I denne sammenhæng 

forventes c-Si derfor at være den vigtigste komponent i PV-teknologi i fremtiden. Når vi vurderer 

en roadmap for fremtidige forbedringer, viser vi desuden at fokus for nye opfindelser bør være på 

at øge effektiviteten (eller strømproduktion per enhedsareal), da dette forholdsmæssigt har den 

største indflydelse på at reducere de samlede omkostninger. En sådan innovation kan være at 

bruge mere end et absorberende materiale i en tandem konstruktion, for at selektivt absorbere 

forskellige dele af solens spektrum. Denne overgang fra single-junction til multijunction tandem 

celler er faktisk sket for mere end 20 år siden i rumfartsindustrien på grund af specielle cellers 

overlegne effektivitet og pålidelighed. Vi gennemgår teknologien, og undersøger muligheden for 

med lave omkostninger at integrere nye celler med c-Si bundceller. Vi viser, at selvom der er 

mange lovende nye kombinationer, så er der stadig ikke noget topcellemateriale som sammen 

med c-Si både kan opnå et højt ydeevne-omkostningsforhold og en lang levetid. En af udfordrin-

gerne for at nå dette er, at c-Si bundcellestrukturen kan blive ødelagt under fremstillingen af top-

cellen. Dette er især tilfældet, når topcelleprocesserne kræver høje temperaturer eller forhold, 

som kan medføre forurening i Si ved diffusion. 

 I denne ph.d.-afhandling udforsker vi, hvordan den fotovoltaiske Si-bundcellestruktur kan til-

passes fremstillingen af topcellematerialer under barske forhold. Som Si-bundcelle vælger vi en 

tunneling oxide passivated contact (TOPCon) struktur på grund af dens høje termiske modstands-

dygtighed, og vi bruger kesteritten Cu2ZnSnS4 (CZTS) som et modelmateriale til at teste hvordan 

det direkte kan fremstilles oven på Si-strukturen (dvs. monolitisk integration). CZTS er en lovende 

partner i en CZTS/Si tandemcelle, da det har et passende højt bånd gab. Den høje fabrikations-

temperatur, som bliver brugt til syntese af CZTS (>500 °C), samt det punkt at processen foregår 

i en reaktiv svovlatmosfære, fører dog til kontaminering af Si med grundstoffer fra CZTS, især Cu 

og S. Dette forårsager et fald på to størrelsesordener af den effektive minority carrier lifetime i Si-

bundcellen, fra startværdier i størrelsesorden på 1 ms til slutværdier på 10 µs efter CZTS-frem-

stilling. Dette fald i levetiden resulterer i en alvorlig forringelse af Si-bundcellen. For at undgå dette 

problem har vi udviklet en række specifikke ændringer af TOPCon Si-strukturen og processe-

kvensen, som involverer:  

 

1. vi introducerer et tyndt titaniumnitrid-baseret lag mellem CZTS og Si, med det dobbelte formål 

at virke som et rekombinationslag med lav modstand samt som en diffusionsbarriere;  

2. vi øger tykkelsen af den selektive kontakt af n+ polysilicium fra 40 nm op til 400 nm, og finder 

ud af, at det beskytter Si-materialet mod forurening fra CZTS, gennem fænomenet gettering. 

Desuden tillader det en reduktion i tykkelsen af diffusionsbarrieren til <5 nm;  

3. vi implementerer et sacrificial layer bestående af hydrogeneret siliciumnitrid (SiN:H), på bag-

siden af Si-bundcellen under hele fremstillingen af CZTS-topcellen. Dette SiN:H-lag forbedrer 
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passiveringen af alle siliciums grænseflader samt beskytter Si-bagsiden mod forurening un-

der CZTS-fremstillingen.  

 

 Som en følge af disse forbedringer har vi kunnet fremstille en ”in-house” CZTS/Si tandem celle 

med en effektivitet på 3.9%, den højeste effektivitet opnået  for en sådan tandemcelle. For yder-

ligere at demonstrere tandemcellens generelle anvendelighed har vi i samarbejde med andre 

eksterne institutioner vist at vores cellekonfiguration kan benyttes med andre topcellematerialer, 

herunder CuGaSe2 og AgInSe2.  

 Desuden har vi anvendt vores Si-bundcelle i en tandem celle for fotoelektrokemisk spaltning 

af vand ved at anvende metaloxiden BiVO4, som også kræver en høj syntesetemperatur (>475 

°C). I alle tilfælde var vi i stand til at bekræfte den generelle modstandsdygtighed af Si-strukturen, 

som er udviklet internt, ved at demonstrere et begrænset fald i Si-levetiden under hele processen, 

med en endelig levetid tæt på 1 ms. Dette antyder, at topcellefremstillingen er sammenlignelig 

med de nyest opnåede open-circuit spændinger af Si tæt på 700 mV. 

 Til udvikling af CZTS anvender vi vores cosputtering-baserede syntese til at optimere single-

junction CZTS celler, hvilket giver mulighed for at producere højkvalitets CZTS-absorbere i Si 

tandem cellerne. Vi har fundet, at ydeevnen af vores single-junction CZTS celler er begrænset til 

7% på grund af en krystallinsk asymmetri som dannes under opvarmningsprocessen, hvilket 

medfører en dobbeltlagsstruktur i CZTS-absorberen. Vi har undersøgt dette fænomen og fundet, 

at de begrænsningen  formentlig skyldes forekomsten af metallisk Cu og mangel på svovl i CZTS 

absorber-materialet.
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1. Introduction 

 In an informal conversation with Søren Scott, a brilliant PhD colleague working in the field of 

electrochemistry, while discussing some of the prospects of our respective fields of work, Søren 

mentioned that “photovoltaics is essentially a solved problem”. Søren, if you ever read this, thank 

you for giving me the inspiration to start writing the first part of my PhD thesis. The reader with a 

taste for the history of physics might recall similar statements, made a few years ago, by some 

notable scientists. In 1887, Albert A. Michelson and Edward W. Morley famously refuted the ex-

istence of a luminiferous ether [1], leading to the discovery of electromagnetic wave propagation 

in vacuum, and paving the way for the discovery of special relativity by Einstein in 1905 [2]. How-

ever, in 1894, Michelson had the following historically documented quote [3]: 

 

 “While it is never safe to affirm that the future of Physical Science has no marvels in store 

even more astonishing than those of the past, it seems probable that most of the grand 

underlying principles have been firmly established and that further advances are to be 

sought chiefly in the rigorous application of these principles to all the phenomena which come 

under our notice. It is here that the science of measurement shows its importance — where 

quantitative work is more to be desired than qualitative work. An eminent physicist re-

marked that the future truths of physical science are to be looked for in the sixth place 

of decimals”   

 

The “eminent physicist” mentioned by Michelson is thought to have been Lord Kelvin, although to 

the best of my knowledge the actual identity has never been confirmed. In another example, in 

1878 Johann Phillipp Gustav von Jolly advised one of his students, named Max Planck, not to go 

into physics, because [4]: 

 

 “In this field, almost everything is already discovered, and all that remains is to fill a few un-

important holes” 

 

Among other things, the world of quantum physics was eventually discovered just a few years 

after these quotes, for which Max Planck contributed a great deal himself! Nevertheless, despite 

the historical dangers of such claims, I tend to partially agree with Søren’s quote, and in this 

introductory section I will describe why. In doing so, I will also attempt to justify the research 

directions chosen during my PhD project.  

 As this is a technical thesis, there will be an emphasis on fundamental principles and the 

science and engineering behind the topics covered. However, I will also take the editorial decision 

to engage in more general discussions where I write some considerations on the future outlook 

of certain research directions. This approach is well in line with the three guiding principles of the 

Technical University of Denmark (DTU), the institution that fostered my PhD work: innovation, 

education and consultancy (i.e. scientific advice). Throughout my still short years in academic 

research, where I worked in 5 different institutes and 4 different countries, and where I had the 

chance to share thoughts with hundreds of researchers, I have had the unique opportunity to see 

the world of photovoltaic research, the new trends and the prospects for the future. Although I 

consider that I still have so much to learn, I believe it is my duty as a young researcher to exercise 
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a critical view and outlook on my field of work. The next sections are my attempt at carrying out 

this task. Personally, one of the most humbling moments for me, which motivates part of the 

structure of this thesis, was simply having my student Chiara Ongaro, a fresh bachelor student 

who I worked with in 2019, directly ask me the question “Why is this research useful?”, when 

measuring together a CZTS thin film solar cell with about 4% efficiency. There will be a special 

section in this work where I attempt to address this question.  

 This thesis is a 3-year PhD work part of the research output of the ALTCELL project at DTU, 

which took part from January 2017 to July 2020. My official role in the project was to produce thin 

film solar cells based on the chalcogenide absorber Cu2ZnSnS4 (CZTS) using a cosputtering 

route. The goal of the ALTCELL project was to produce a monolithically integrated dual-junction 

solar cell, using CZTS as the top absorber in tandem with crystalline silicon as the bottom ab-

sorber. Although I spent most of my research time producing countless single-junction CZTS solar 

cells and CZTS/Si tandem cells, I found myself very interested early on in exploring something 

else – not the development of CZTS solar cells, not the development of CZTS/Si tandem cells – 

but the concept of growing something on silicon. What exactly does that mean? And how does 

this choice make sense in a context where photovoltaics could essentially be a solved problem? 

 

Let’s get started.      

 

1.1 Brief historical perspective on photovoltaics and climate change 

 The discovery of the photovoltaic effect has been credited to Edmond Becquerel, who in 1839 

observed that a silver chloride electrode in an acid electrolyte would generate a current and volt-

age across two platinum electrodes when illuminated [5]. In 1873, Willoughby Smith reported a 

significant decrease in the resistance of selenium bars when exposed to light [6], and in 1877, 

following up on Smith’s work, Adams and Day observed the photovoltaic effect in selenium [7]. In 

1883 Charles Fritts developed a selenium solar cell with an efficiency below 1% [8]. In 1904, 

Wilhelm Hallwachs developed the first semiconductor heterojunction solar cell based on copper 

and copper oxide [9]. During this period, subsequent work on selenium and copper oxide solar 

cells led to their wide use for many years in photographic exposure meters. By 1914, the efficiency 

of the selenium solar cell had been increased to around 1% [10]. Interestingly, selenium solar 

cells have recently made a resurgence in the photovoltaic research scene [11], which we will 

briefly revisit later in this thesis.    

  The modern era of photovoltaics began in 1954 when Chapin, Fuller and Pearson developed 

the first Si solar cell at the Bell laboratories [12]. After some unsuccessful research with selenium 

cells, Chapin et al. switched to monocrystalline silicon, which at that time was in the early stages 

of the research that ultimate led to the discovery of the solid-state Si transistor. By creating a 

shallow, heavily doped p-n junction, to which ohmic contacts were facilitated, Chapin et al. were 

able to demonstrate a Si device with 6% efficiency. At that time, the discovery was deemed by 

The New York Times as “the beginning of a new era” [13]. Already by 1958, Si solar cells had 

reached 14% efficiency [10]. Curiously, it was also in 1954 that the first thin film solar cell was 

reported. Reynolds et al. observed a photovoltaic effect in thick cadmium sulfide (CdS) crystals 

with a Cu electrode, in what was later understood as the first Cu2S/CdS heterojunction thin film 

solar cell [10,14]. This type of thin film solar cell was the first of its kind to receive significant 

research attention, and by the early 1980s it had achieved remarkable efficiencies around 10% 

[15]. Later in this work I shall draw some comparisons between these Cu2S/CdS solar cells and 

the modern CZTS solar cells. In 1956, the first gallium arsenide (GaAs) solar cell was reported 
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by D.A. Jenny [16], who was incidentally also one of the pioneers of cadmium telluride (CdTe) 

solar cell research, which started around the same time [17–19]. The first copper indium selenide 

(CuInSe2 or CIS) compound was synthesized in 1953 [20], but it wasn’t until the early 1970s that 

the first cells were reported [21,22], in what later became the field of thin film chalcopyrite solar 

cells based on Cu(In,Ga)(S,Se)2, or simply CIGS. In 1961, when William Shockley and Hans 

Queisser famously predicted their detailed balance efficiency limit for a p-n junction solar cell, the 

best Si solar cell available at the time had an efficiency of 15%, precisely half of their predicted 

maximum theoretical value of 30% for Si [23]. It was then recognized on fundamental physics 

grounds that photovoltaic technologies still had significant leeway for improvement.   

 With the 1973 oil crisis, there was a general increase in awareness of the finite nature of the 

energy resources being consumed at the time, the vast majority of which being oil, coal and nat-

ural gas. Additionally, the first concerns started being raised predicting that the increasing rate of 

fossil fuel consumption would result in an inevitable warming of the planet [10]. This led to the 

first early predictions that fossil fuel consumption would eventually be forced to end, either by 

depletion of resources or by a climate crisis. Figure 1 is one of such predictions by Bartlett in 

1976 [24], which results in a simple but strikingly strong prediction for our future energy landscape.    

 

 

 

Figure 1 – The rise and inevitable fall of the world’s rate of consumption of fossil fuel resources. Figure 
reproduced from [24]. 

 

After predicting that an annually compounded growth rate of 6.7% in fossil fuel consumption would 

result in a depletion of the entire US coal reserves by the year 2031, Bartlett further advised [24]: 

 

 “I hope that all members of the physics community will use every means at our disposal to 

educate our business and government leaders to the magnitude and long-range implications 

of the problem” 

 

 This energy crisis event in the 1970s triggered a great interest in alternative sources of energy 

production. Perhaps one of the most notable symbolic events representing this interest, at least 

in the United States, was in 1979 when the Jimmy Carter administration had solar thermal panels 

(for water heating) installed on the roof of the White House [25]. However, at that time, there was 

essentially no terrestrial photovoltaic industry, and most developments were associated with the 

space programs [26]. 
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 The pertinence of this discussion is in that now, in 2020, the current estimates on fossil fuel 

consumption seem to be placing us precisely at peak fossil fuel demand, that is, precisely on the 

top on the bell curve shown in Figure 1 [27,28]. One metric that can be used to characterize fossil 

fuel demand is the global energy-related CO2 emissions, which is shown in Figure 2. Together 

with industry-related CO2 emissions, these account for around 80% of all greenhouse gas-equiv-

alent emissions (the rest coming from land use, fluorinated gas emission, N2O emissions and CH4 

emissions) [28]. Figure 2 (a) shows that the global energy-related emissions of CO2 have been 

steadily increasing, except in temporary timeframes associated with major global recession 

events. The record year-over-year CO2 emissions increase was registered in 2010, and the high-

est ever amount of CO2 emitted was registered in 2018. Remarkably, the Covid19 global pan-

demic has led to the biggest year-over-year decrease in CO2 emissions, as shown by Figure 2 

(b), giving us a unique glimpse of a possible transition to a carbon-free economy.   

 

 

 

Figure 2 – (a) Global CO2 emissions from the energy sector from 1900 to 2020 in gigatons (109 t or Gt); 
(b) Year-over-year change in the corresponding CO2 emissions. Major global events that led to historical 
reductions in CO2 emissions are identified in the graphs. Figure adapted from [27]. 

 

 Nearly 50 years after the predictions of fossil fuel consumption in Figure 1, it now seems 

increasingly evident that the downward trend will be enforced not by resource limitations, but by 

a climate crisis. Despite the inherent complexity of climate and meteorological science, the accu-

mulated data overwhelmingly supports a correlation between the increase in greenhouse gas 

emissions (of which Figure 2 is an example) and the average temperature on Earth. Figure 3 

shows the change in surface air temperature on Earth relative to the 1981-2010 average. The 

temperature changes around the globe are not uniform, with some areas becoming warmer and 

some areas actually becoming colder, as shown in Figure 3 (a). However, the global average 

temperature has been steadily increasing, 2019 has been the second warmest year on record, 

and the past 5 years have been the hottest years on record, as shown in Figure 3 (b). Without 
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any major change in global policy, the trend is likely to continue into the future. In particular, May 

2020 has already been registered as the hottest May on record [29].       

 

 

 
(a) 

 
(b) 

Figure 3 – (a) Temperature change relative to the 1981-2010 average as measured around the Earth; 
(b) global average temperature change relative to the 1981-2010 average. The figures were reproduced 
from [29], and the data corresponds to the surface air temperature measured 2 m above sea level. For 
more details on the data acquisition and analysis see ref. [30]. 

 

 The direct physical consequences of this average increase in global temperature will be an 

increase in the rate of melting and reduction in surface coverage of the ice caps located at or near 

the Earth’s poles. This trend has been confirmed using satellite data, which we reproduce in Fig-

ure 4. In particular in the north pole, in Figure 4 (a), a general loss in sea ice has been observed, 

whereas in the south pole, shown in Figure 4 (b), the variations appear to be more regional. Due 

to the lower density of ice compared to water, this melting will lead to a larger water level dis-

placement compared to the floating ice form, resulting in a global rise of the sea level. In turn, the 

reduction of the surface coverage of ice will result in a reduction in light reflectivity (or albedo) in 

the pole region, from typical values of 0.5-0.8 for snow to 0.02-0.1 for water [31], leading to an 

increase in absorption of solar radiation. Due to energy conservation, this reduction in reflectivity 

will lead to a corresponding increase in emissivity, with a larger emission of thermal (black-body) 

radiation, most of which in the infrared region, precisely the critical region trapped by greenhouse 

gases. This positive feedback phenomenon is estimated to amplify the climatic changes near the 

poles [31,32]. The current estimates place the average rate of sea level rise on Earth at 3.3 ± 0.4 
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mm/year since 1993, 70% of which due to ice melting and 30% due to thermal expansion of the 

ocean [33]. 

 

 

 

 

 

 
(a) 

 
(b) 

Figure 4 – Trends in sea ice concentration during 1979-2019 for (a) the north pole and (b) the south pole. 
The dashed line shows the position of the median ice edge during 1981-2020 for the specific month. 
Figures reproduced from [32].   

 

Several social, economic and geopolitical impacts are already occurring as a result of these cli-

mate changes, but that discussion is beyond the scientific scope of this work. There are now 

increasing globally concerted efforts to avoid greenhouse gas emissions, and scientists in the 

field have established a “carbon budget” to curb the increase in the temperature of the Earth, as 

is shown in Figure 5.  
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Figure 5 – Estimated yearly greenhouse gas-equivalent emissions for different temperature increase 
scenarios (or “carbon budget”). NDC – Nationally Determined Contributions as defined by the Paris agree-
ment. Figure from [28]. 

 

Today, it is expected that renewable energy produced from solar photovoltaics (or solar PV) will 

be one of the biggest contributors to the necessary reduction of fossil fuel consumption and green-

house gas emissions. Such is the certainty of that expectation, that the reader probably does not 

even expect me to provide a citation for such a claim. That in itself is a testament to how much 

the photovoltaic industry has developed since the beginning of its modern era and the first climate 

predictions in the 1970s. However, when we left off in the previous paragraphs, around the 1970s, 

it did not seem as if the photovoltaic technology was ready to take over the world (of energy 

production at least). In other words, photovoltaics was nowhere near a solved problem. What 

changed from then to today? Let us have a look at the data.  

 

1.2 Is photovoltaics a solved problem in 2020?  

 To be able to answer this question, we must start by analyzing the current field of photovolta-

ics. However, photovoltaics has now become a lot more than a field of research – it has become 

a mature industry on a global scale, and the data is changing rapidly every year. We must also 

make a distinction between the technologies used for energy production on Earth (terrestrial ap-

plications) and those used for energy production in space applications. Some of the early tech-

nologies mentioned in the previous section have now been realized nearly to their full theoretical 

potential, originally predicted by the Shockley-Queisser limit. Monocrystalline Si solar cells have 
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reached an efficiency of 26.6% [34], GaAs solar cells have achieved 29.1% efficiency [35], CIGS 

solar cells have achieved 23.4% [36] and CdTe solar cells reached 22.1% [35]. Moreover, new 

promising technologies have emerged and shown developments towards commercialization, 

such as ABX3 halide perovskites, organics (OPV) and the kesterite CZTSSe. A summary of these 

developments is shown in Figure 6. In particular in the case of crystalline silicon solar cells, re-

markable advances have occurred in the industrialization of this technology, making it a clear 

frontrunner in the industry.  

 

 

Figure 6 – Progress in upscaling of the different solar cell technologies. Figure adapted from [37] and 
modified to include CZTSSe, based on data from the startup Crystalsol, and corrected to include up-to-
date July 2020 data from the efficiency tables [38] and module manufacturers.    

 

 

 For electricity production on Earth, the market is almost completely dominated by crystalline 

Si (monocrystalline or multicrystalline), with a market share of above 90% consistently for dec-

ades, and climbing up to 95% recently [39,40]. The remaining 5% are currently split between the 

mature thin film technologies of CdTe and CIGS. The large-scale industrialization of Si module 

manufacturing has resulted in appreciable cost efficiencies and technological innovations, which 

have consistently brought down the price of photovoltaics in the recent decades. One metric used 

to characterize this evolution is the cost per unit power as a function of cumulative PV module 

shipments, commonly known in the field as Swanson’s law (after Richard Swanson, the founder 

of Si module manufacturer SunPower Corporation), which is shown in Figure 7 (a). This dynamics 

is now typically associated with disruptive technologies and is comparable to Moore’s law for 

electronics or, more recently, to the cost reduction curve for lithium-ion batteries. Swanson’s curve 

essentially shows that for every doubling of PV capacity, the price of the technology has fallen by 

23.5% historically since 1976, or by 40% since 2006.    
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(a) 

 

(b) 

Figure 7 – Average PV module sales price, in 2019 USD per Watt-peak (Wp), as a function of cumulative 
PV module shipments; (b) Annual evolution of installed capacity with cost overlayed. After data from [39].  

 

 With crystalline Si at the helm, the industry’s cumulative installations have grown with a com-

pounded annual growth rate (CAGR) of 35% since 2010 [40]. The annual evolution of installed 

capacity is shown side-by-side with the PV module cost reductions in Figure 7 (b). For the past 

10 years, the additional yearly installed capacity has grown by 12 GW per year on average. Here, 

to put these numbers in context and to try to find an answer to the question which opened this 

section, I would like to invite the reader for a small extrapolation exercise. Let us assume that the 

12 GW/year growth rate in installations is maintained into the future. We do not assume any 

specific technological improvements, simply an expansion in capacity. To further simplify the 

model, we neglect the degradation and retirement of old modules from the calculations. The 

growth rate in Figure 7 (b) can be identified as the second order derivative of the cumulative 

installed capacity over time. We use as initial conditions the installed power of 130 GW (2019) 

and the cumulative capacity of 654 GW until the end of 2019. We must then solve the basic 

second order differential equation  
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The integration is trivial and results in the simple parabolic extrapolation model 

 

�(�)= 6�� + 130�+ 654 (2) 

 

with �(�) in units of GW. The results of the model are plotted in Figure 8 (a) along with the existing 

data until the end of 2019. A reference line corresponding to the average world power consump-

tion in 2020 is shown in red for comparison. The world power consumption can be estimated at 

around 18 TW by taking the total electricity consumption of ~30000 TWh expected in 2020 [41] 

and assuming a moderate effective capacity factor1 of about 19% across all power generation 

                                                                                                                                                            
1 The capacity factor is a metric used to relate the power rating of a system and its actual averaged energy output over a 

given time. It is defined as the ratio between the energy generated during a given time period and the full-time energy 

output (rated power multiplied by time duration).  
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sources. Incidentally, this is also the average capacity factor of a solar module in a location with 

1500 yearly sun hours2, typical for southern European locations. The model would predict that, at 

this rate, solar PV would reach the entire world power consumption during the 2060s.      

 

 
(a) 

 

(b) 

Figure 8 – (a) Growth model extrapolating the solar PV capacity assuming 2010-2019 rates; (b) Learning 
curve and cost decline in lithium ion battery technology (with data from ref. [42]).  

 

How realistic is this extrapolated model? While it certainly requires a significant long-term growth 

in the sector, there are several factors that make it feasible: 

 

 Solar PV will not need to provide 100% of the energy needs, given the growth in other 

renewable energy sources such as wind. Considering only 50% for solar PV, the target 

can be achieved already in 2045. 

 Considering the current manufacturing data, the growth rate of 12 GW/year is essentially 

equivalent to building 2 manufacturing facilities per year (new facilities are currently >5 

GW each [39]). Moreover, the processing line speed of current tools is at 7000 wafers/h 

[39]. Assuming 5W per wafer, this corresponds to 35 kW per tool per hour. Innovations 

in manufacturing are expected to further increase this rate. Moreover, just CdTe alone 

added nearly 6 GW of new lines in 2019 [40]. 

 Energy storage advances will significantly increase the flexibility of PV systems and the 

efficiency in power consumption and distribution. In particular, the cost of lithium ion 

batteries has also fallen exponentially in the last decade, due to its own technology 

learning curve, as plotted in Figure 8 (b). The combination of solar PV plus battery 

storage at very low prices will increase the demand for solar PV [42]. 

 In this model, we have neglected the retirement of old modules. Considering the current 

data on Si module degradation of below 0.5%/year (absolute %) and warranties now at 

a minimum of 25 years [39], this is not expected to shift the model predictions by a large 

factor. In fact, in a report from June 2020, the Lawrence Berkeley National laboratory 

found that, in the US, the average project lifetime expected by solar PV developers was 

32.5 years (up from 21.5 years in 2007) [43]. Furthermore, data from 2010 shows that 

                                                                                                                                                            
2 In PV, the capacity factor is measured in sun hours. Formally, it is the ratio between the integral of the solar irradiation 

in a given time period and the standard test intensity of 1000 Wm-2, so that the expected energy output of a solar module 

in a given geography can be easily obtained by multiplying the rated power by the number of sun hours in that region.  
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only 2% of modules fail after 12 years of operation [44]. As of April 2019, one manufac-

turer reported that out of 4 million modules installed in Europe, a failure rate as low as 

0.0044% was observed [45].   

 There is no fundamental supply limitation in crystalline Si for further upscaling to meet 

the increasing demand. Silicon is the second most abundant element on the Earth’s 

crust (after oxygen) [46]. The main obstacle for further upscaling of Si module capacity 

has been identified to be the availability and price of silver, used in the metallization of 

modules [39,47]. The most recent 2020 forecasts indicate that photovoltaics now con-

sumes 9.8% of the global Ag supply [48]. Plugging these recent mid-2020 Ag supply 

and demand numbers into our model results in the projections of Figure 9 (a). Without 

any innovations on Ag reduction in its use in module metallization, our model predicts 

that the photovoltaic sector will become the biggest single consumer of Ag after 2030, 

consuming 27% of the mining volume in 2034. However, with Ag reductions as predicted 

by recent industry surveys [39], 2020 levels could be sustained into the future even with 

the exponential growth in demand of our model. On the other hand, Ag is a very expen-

sive metal. Figure 9 (b) shows the evolution of the price of silver in the commodities 

market. As an example, in 2011 the price reached $55/oz or $0.00194/mg. At median 

2019 levels of 100 mg/cell [39] and considering 5W per cell, this would correspond to a 

price of $0.039/W just due to Ag costs alone, which would be 17% of the whole 2019 

PV price of $0.23/W! This small example illustrates that crystalline Si PV is approaching 

the limit where the influence of the cost of raw materials becomes significant. To over-

come these supply and cost limitations, several strategies can be developed, such as 

an increase Ag sourcing from recycling (in particular of previous generation modules), 

and innovations in metallization materials and processes [39].   

 

 
(a) 

 
(b) 

Figure 9 – (a) Historical evolution of Ag supply and demand per sector (after data from The Silver Institute 
[48]), compared to the PV growth model discussed in the text; (b) Silver market price as of the 2nd July 
2020 in USD/oz (1 oz = 0.0283495 kg). 

  

 Despite their lower market share, the established thin film technologies of CIGS and 

CdTe can potentially play an important role to help sustain this growth in PV capacity. 

Even with the inherent limitations of tellurium and indium scarcity, it was estimated in 

2000 that the yearly growth in installed capacity would be capped by Te and In availa-

bility at 20 GW/yr for CdTe and 70 GW/yr for CIGS, respectively [49]. These estimates 

assumed module efficiencies of 10%, which have in the meantime improved to above 
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16%, as shown above in Figure 6. Note that even then, these values are several times 

larger than the growth rate of 12 GW/yr assumed in our extrapolation model. Moreover, 

dedicated recycling systems could further mitigate these material constraints. Therefore, 

in combination with crystalline silicon, this growth rate could in principle be sustained 

without critically loading the planet’s resource availability.  

 One factor which is mostly overlooked in photovoltaic literature is that there is often an 

oversupply of certain metals which are byproducts of mining of metals used on a wider 

scale – the so called base metals. For instance, tellurium, indium, gallium and cadmium 

are not mined directly, but instead are byproducts of the following base metals [49,50]: 

o Tellurium is a byproduct of copper and lead mining;  

o Indium is a byproduct of zinc and lead mining;  

o Gallium is a byproduct of zinc and aluminum mining, and 

o Cadmium is a byproduct of lead and zinc mining   

During the metal refining process, byproduct metals for which there is an economy are 

recovered – a notable case is gold. Otherwise, the resulting metal slime containing Te 

and Cd heavy metals (among others) has to be disposed of in landfills as hazardous 

waste. The problem is that the amount of these metals cannot simply be reduced, as it 

is a byproduct contained in the ores and therefore is always correlated to the volume of 

mining of the base metals. In this situation, a much better alternative would be to estab-

lish an economy where these metals could be encapsulated in a CIGS or CdTe module 

and produce electricity for 30+ years before finally being recycled or decommissioned. 

Based on this sustainability aspect alone, it would be highly beneficial for our society to 

develop any kind of low-carbon energy production technology based on such metals, 

even if they are scarce. Naturally, these technologies should be economically competi-

tive and should employ such materials in an environmentally safe manner. Environmen-

tal studies of CdTe show that such a sustainable use is very much possible for that 

technology. Typical CdTe modules are highly resistant against leakage (or leaching) 

even during a fire, with a study showing that between 99.5-99.96% of the cadmium 

would be safely encapsulated even at temperatures up to 1050 °C [51]. Perhaps a more 

striking example comes from comparing it to our current energy solutions. In their whole 

life cycle, CdTe solar cells are estimated to emit 0.016 g of cadmium per GWh of energy 

produced. On the other hand, a typical coal power plant in the US equipped with state-

of-the-art Cd filters will still emit 2 g of Cd per GWh [51].    

 

 We now step out of our model and return back to reality. A reality in 2020 where solar PV is 

still only on the order of 3% of the total energy produced on Earth [41]. Even with this relatively 

small share, in the last decade solar PV has had the biggest decrease in price out of all the 

renewable energy technologies, as illustrated in Figure 10. It is now among the cheapest forms 

of electricity generation anywhere. In fact, the United Nations Environment Programme (UNEP) 

found that the global average electricity price for new utility-scale wind and solar projects is now, 

in 2020, competitive with the marginal operating costs of existing coal power plants [28]. Putting 

it in layman’s terms, it is now cheaper to build a solar or wind farm from scratch than to continue 

operating an existing coal plant! This trend will further continue into the future, leading to the 

cancellation of new coal plants and to the early retirement of existing plants [28].  
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Figure 10 – Changes in global levelized cost of energy for the main renewable energy technologies. 
Figure retrieved from [28]. 

 

 Another metric that can be used to describe the remarkable improvements in the solar PV 

industry is the evolution of module efficiencies over time being commercialized in a given market. 

Figure 11 shows the example of the US solar PV market from 2002 to 2018. There is a notable 

increase in the mean module efficiency over time, showing that there has been value added to 

the consumers even with the reduction in costs. The data also shows a progressive increase in 

the market share of monocrystalline Si solar cells concepts, which represented around 90% of 

the US market in 2018. Other publications predict that monocrystalline technology will continue 

to gain global market share into the future and become nearly ubiquitous [39]. This trend is oc-

curring because the continuous decrease in the cost of Si as a raw material means that it is no 

longer the limiting factor, so a larger emphasis is put on module efficiency, which is notably higher 

in monocrystalline devices. The increase in new monocrystalline Si production lines reflects the 

maturing Passivated Emitter and Rear Cell (PERC) technology, which has allowed module effi-

ciencies to approach and surpass 20% with low manufacturing costs [52].       
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Figure 11 – Module efficiency and technology share trends over time in the commercial market in the 
United States. Figure retrieved from [53].   

 

 Perhaps one of the most notable aspects of this analysis is that in 2002, when this data series 

starts, the best research cell efficiencies were already around 24.8% for mono and 20.5% for 

multicrystalline Si, but the median module efficiency in the US sold that year was below 13%. This 

data tells the story of a maturing industry. While the cell efficiencies were already closely ap-

proaching their theoretical limit (in particular mono Si), years of industrial development were still 

required to reproduce these efficiencies on solar cells manufactured on an industrial scale, and 

to increase the cell-to-module coupling efficiency. Today, we are at the latest stages of that in-

dustrial maturing, with the replacement of old Back Surface Field (BSF) lines, used since the mid 

1980s, with modern high-efficiency PERC, heterojunction interfaces with intrinsic thin layers (HIT) 

and interdigitated back contact (IBC) concepts [52]. As a result of this maturing industry, solar PV 

has become an extremely competitive, low-margin commoditized market, with several manufac-

turers competing globally with module technology at the 20% efficiency level, as shown in Figure 

12. The established thin film technologies of CIGS and CdTe can be seen lagging behind in terms 

of module efficiency, with under 17.5% for CIGS, 18.2% for CdTe, followed by 18.8% for mul-

ticrystalline Si which, as mentioned above, is being nearly pushed out of the market because their 

lower cost does not fully compensate their inferior performance compared to mono Si. In fact, the 

technological developments in this field are progressing at such a high pace, that a couple of 

years are enough to significantly change this solar PV landscape. In particular, the remarkable 

success of mono Si technology is also hampering further developments and leading to bankrupt-

cies in the thin film industry. Out of the biggest CIGS manufacturers, Miasolé has ceased opera-

tions since October 2019 [54], and Solibro, after announcing insolvency in August 2019, has been 

liquidated in March 2020, as no saving investors could be found [55]. A similar unfortunate ending 

seems to have come to Alta Devices, a commercial GaAs cell manufacturer who currently holds 

the record for the highest single-junction solar cell efficiency, of any kind, of 29.1%. Alta Devices 

ceased operations in early 2020 [56]. In the case of GaAs, the high costs of the metal oxide 

chemical vapor deposition (MOCVD) method used could not compensate for the higher efficien-

cies of this technology, so the use of GaAs in terrestrial application has been restricted to niche 

cases only. Recently, however, there have been new research developments using hydride vapor 

phase epitaxy (HVPE) which could lower the cost of the GaAs technology and enable large-scale 

terrestrial applications [57].   

 



 

 

26 PhD thesis, August 2020 

 
 

Figure 12 – Outline of current efficiency and technology of the biggest vertically integrated solar PV 
manufacturers. Data based on company product data sheets, modified from [40].  

 

 These trends paint a very important new picture for photovoltaics after 2020, and will poten-

tially shape the directions of future photovoltaic research in academia, which finally starts circling 

back to the topic of this PhD thesis. 5 years ago, in 2015, when the commercial Si module effi-

ciencies were at the 16% level, the success of the CIGS and CdTe thin film technologies was that 

they would offer competitive module efficiencies with much lower costs and much shorter energy 

payback times. Figure 13 shows a cost breakdown comparison for CdTe, CIGS, mono Si and 

multi Si from a 2014 study [58]. The data shows that the lower costs were essentially allowed by 

much lower material costs. The lower material costs of multicrystalline Si explain its competitive 

market share up to 2014. On the other hand, the even lower material costs of CdTe and CIGS 

made them promising newcomers to the global market. The low material costs are intrinsically 

linked to the direct bandgap nature of the CdTe and CIGS semiconductor absorber layers. With 

a direct bandgap, these materials have absorption coefficients in the range 104 - 105 cm-1 near 

the solar spectrum range, compared to 102 - 104 cm-1 for crystalline Si, which means that they 

can be made 2 orders of magnitude thinner and still absorb light as effectively as silicon, implying 

lower material usage. With a thinner absorber layer, the total number of recombination centers is 

spread out on a much lower volume, meaning that a higher concentration of recombination-in-

ducing impurities and defects can be tolerated, as well as the presence of grain boundaries. Sim-

ilarly, because the photogenerated carriers need to travel a distance 2 orders of magnitude lower 

to reach the contacts, lower carrier diffusion lengths can be tolerated, and therefore materials with 

lower electron and hole mobility can be used [59]. These higher stringent material requirements 

for Si explain why the highest efficiencies are achieved with ultrapure Si monocrystals, which 

require large amounts of energy to purify and process. On the other hand, the CdTe and CIGS 

thin film technology allows these materials to be deposited as polycrystalline thin films on cheap 

glass substrates, and integrated monolithically into a module (i.e. as a large monolith on a glass 

substrate, as opposed to wafer-by-wafer integration for Si). The exception here is GaAs which, 

despite also being direct bandgap, relies on the use of very expensive monocrystalline substrates 
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as seed layers for GaAs thin film growth to achieve the highest efficiencies [60]. Moreover, good 

quality CdTe and CIGS absorbers can be processed using reasonably low cost and scalable 

methods such as sputtering or co-evaporation, which have been developed for decades in the 

materials industry [61]. The kesterite CZTSSe, being a derivative of the CIGS chalcopyrite family 

where the rare Ga and In are replaced by the abundant and non-toxic Zn and Sn, gathers all 

these advantages of thin film processing. For that reason, CZTSSe has been regarded as a highly 

promising technology to upscale thin film-based solar PV to a TW level.         

 

 

Figure 13 – Bottom-up cost model estimates for CdTe, CIGS and crystalline Si technologies as estimated 
in 2014. Figure from [58]. Note: A warning was included to highlight that this data is outdated and no 
longer represents an accurate description of the solar PV field in 2020.  

 

 These inherent disadvantages of crystalline Si, in a 2015 context when the module efficiencies 

of thin film and Si were comparable, led Martin Green to famously state that it would be unlikely 

that crystalline Si would remain the dominant technology long into the future [62]: 

 

 “Continuing, incremental improvements to silicon cell technology can – and probably will – 

carry the industry through to such low prices. However, it is inconceivable, to this author 

at least, that standard silicon modules, even when developed to their full potential, 

represent the ultimate photovoltaic solution, and that ‘next-generation’ technology will not 

at least be positioned for market entry over the next 25 years” 

 

 

After self-learning about the physics of photovoltaics since 2012, it was precisely also in 2015 that 

I officially started working on photovoltaic research through my bachelor thesis project. As a young 

student gobbling up all the photovoltaic literature I could find, I quickly became aware that there 

was still this notion, at that time, that a new and improved thin film material was necessary to 
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circumvent the intrinsic limitations of crystalline Si and truly bring photovoltaics to a TW level. I 

will even go as far as shamelessly admitting that I used Figure 13 in my own master thesis in 

2017, to justify the importance of researching new and promising photovoltaic materials such as 

CZTSSe. However, just within these last 5 years, things have significantly changed and now the 

data overwhelmingly points to a new reality in the field. It was the awareness of this impending 

change of paradigm that motivated me to decide for this rather long and admittedly slightly off-

topic introduction section. 

 The problem is that in 2020, due to the economies of scale and the developments in the crys-

talline Si industry surpassing even the most optimistic forecasts, the cost of producing a PV mod-

ule now represents less than 40% of the overall cost per watt of PV. The other 60% represents 

the system cost, also referred to as the Balance of System (BOS) cost, as detailed in Figure 14. 

These BOS costs are more or less technology agnostic if one reasonably assumes that there is 

no major disruption in installation configurations from one technology to the other. Then, of that 

40%, more than 50% of the cost is related to non-silicon material costs such as consumables and 

materials used in module assembly, such as encapsulation materials, back sheet materials, and 

soldering, framing and metallization materials, of which Ag is an example, as mentioned above 

[39]. Although some parts of this module cost breakdown are somewhat technology-dependent, 

the need for protection, long-term durability and reliability standards means that we can expect 

similar costs for modules of any technology [62]. This also has the positive effect that any new 

technology will benefit from these same BOS cost decline curves.  

 

 

Figure 14 – Cost breakdown of PV systems worldwide, for utility-scale projects (<100 kW). Figure from 
[39]. 

 

 Furthermore, since the majority of the BOS costs are infrastructure-related, they tend to scale 

with the project area (one exception being the inverter cost). This means that lower efficiency 

modules are not favorable because they will imply larger areas and infrastructure costs, which 

now represent the biggest fraction of the overall costs. Likewise, this also means that even if a 

new breakthrough material with extremely low fabrication costs and efficiency comparable to 

mono Si is developed, it would only lower the overall cost of PV by about 20%. This is exactly 
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what is happening currently with the developments of organometal halide perovskite solar cells. 

The reader who attempted to tackle the exponentially growing literature on perovskites has quickly 

realized that perovskite solar cells have the potential to be the high-efficiency photovoltaic tech-

nology with the lowest cost, by far – as long as the very expensive spiro-OMeTAD hole transport-

ing material and the use of gold contacts are avoided, which has been successfully demonstrated 

recently [63,64]. And yet, due to this BOS cost balance, even if 20%+ efficiency perovskite mod-

ules with 25+ years lifetime and near-zero material costs are demonstrated in the near future, 

such a breakthrough would not move the needle more than 20% on the current costs of PV (other 

studies have found this value to be 25% or below [62]). Quite paradoxically then, even this un-

doubtedly impressive breakthrough would likely not add much value to our society! One possible 

aspect in which this hypothetical breakthrough could be beneficial would be if the temporal 

throughput of this type of technology was significantly higher than that of crystalline Si. That is, if 

the power output per unit time of the manufacturing tools was inherently higher, for instance by 

means of a roll-to-roll or a similar high-throughput processing method. Then, such a breakthrough 

technology could be scaled up and quickly provide several GW worth of modules to help society 

transition to a renewable energy economy and meet the carbon targets of Figure 5. Granted, 

there would be little to no cost improvements, but surely we need all the help we can get to fight 

climate change, right? In principle, this would be true, but again it is not what the data shows. The 

current data on PV expansion capacity shows that supply is far outpacing demand, with the pre-

dicted 2020 demand at 142 GW and a supply level already at 200 GW in 2019, with several 

capacity expansion projects underway [39]. This large supply and demand unbalance is one of 

the reasons why the costs of PV are being kept low, and essentially shows that we, as a global 

collective society, are adopting solar PV far too slowly, even slower than the expansion of capac-

ity, despite the currently very competitive costs of solar PV. This now gives our extrapolation 

model another perspective: the assumed growth of rate of 12 GW/yr is actually being constrained 

by lack of demand, not by the possible objective scientific problems discussed in the bullet list 

above.  

 This finally brings us to the answer to the question of this section: Is photovoltaics a solved 

problem in 2020? Essentially, we currently have an extremely low-cost, efficient and reliable pri-

mary technology in crystalline Si, and the similarly low-cost and reliable secondary technologies 

of CdTe and CIGS. Together, these three technologies have no fundamental limitation to scaling 

up to levels needed to solve our climate crisis, and have mostly succeeded in surpassing the 

industrial challenges required to achieve product maturity and a sustainable utilization of re-

sources. In the capitalistic model determining the success of these technologies and associated 

companies, the current weakest link is not any key performance metric but seems to be a rela-

tively slow adoption rate on a global scale. In the field of terrestrial generation of electricity, solar 

PV is now providing the next generation of children such as Greta Thunberg all the technology 

needed to solve a part of our climate crisis, and all there needs to be is an acceleration in the 

adoption of this technology. From this perspective, I think my colleague Søren was right: photo-

voltaics is a solved problem in 2020, at least to the extent that it is currently already one of our 

best technological tools to fight climate change, and is ready to survive the evolutionary pressure 

of market capitalism. One question that was left out of this discussion is if it is beneficial for our 

society to have such a key technology heavily monopolized by a single country, as the majority 

of the PV manufacturers shown in Figure 12 are either Chinese or Chinese-owned. Once again, 

such discussions are beyond the scope of this work.   

 With such an extremely hard barrier to entry, it is highly unlikely that any new technology will 

scale to any meaningful production volume, let alone displace the current Si technology. More 
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importantly, the data shows that such a new technology is arguably not even needed, as the solar 

PV sector is not likely to be production- or cost-constrained, especially in the near future. For that 

reason, it is my conviction that research in new single-junction solar cell technologies with the 

purpose of offering an alternative to Si, CdTe or CIGS will be reduced to fundamental material 

physics research, with very little short-term applicability, unless some of the discoveries can be 

applied in some niche PV application, or transferred to some other field of material science. In 

this context, the kesterite CZTSSe is, a priori, one of such technologies, regardless of all its merits, 

shortcomings and future potential, which we will discuss in Section 3.3. 

 

 On a personal note, I am not necessarily implying that this lack of short-term applicability 

means that such research would not be justified at all. Any kind of cutting edge research and 

incremental improvement efforts are a form of scientific progress, even if they happen within 

fields with very few possibilities of short-term applicability such as theoretical physics or ab-

stract mathematics. Even in the worst case scenario, such research efforts will happen within 

academic media where they are also associated with teaching a new generation of under-

graduate students, who can thereby learn about the physics of solar cells and solar cell pro-

cessing and characterization methods, and will go on to do useful engineering, R&D and 

innovation in companies. Moreover, many of the engineering skills acquired working with so-

lar cells are transversal to many other engineering fields, which is also a good argument for 

having solar cell research in academia, even if the type of solar cell technology is arguably 

not very relevant. I am one of those undergraduate students!  

 

 The previous discussion indirectly highlights what is now, more than ever, the most important 

metric in research to achieve future improvements and increase the value added by PV: the mod-

ule efficiency. As we have seen from Figure 14, the majority of the costs of PV are now infrastruc-

ture or area-related. Therefore, whereas a 20% material cost reduction only results in a maximum 

of 4% reduction in the $/W cost of PV, a 20% increase in the module efficiency directly results in 

nearly a 20% decrease in the cost of PV, as long as that increase in efficiency does not signifi-

cantly add to the module manufacturing and material costs. The problem is that such an efficiency 

increase is now intrinsically limited: the current technologies of Si, CdTe, CIGS, including the 

emerging technologies of perovskites and kesterites, are based on solar cells with a single p-n 

junction, and are therefore limited to an efficiency of ~30% by the Shockley-Queisser (SQ) limit, 

mentioned in the beginning of this section. Here lies the next big challenge of PV research: de-

veloping new concepts that allow surpassing the SQ limit without a heavy increase in cost and 

complexity. The most promising concepts are hot carrier photovoltaics [65], up-conversion pho-

tovoltaics [66], thermophotovoltaics [67] and multijunction photovoltaics [60]. The work conducted 

in this thesis is based on a particular case of multijunction photovoltaics where all the junctions 

are stacked optically in series, in a tandem cascade, a configuration which gives it its character-

istic name of tandem photovoltaics. In the next section, we set out to explore some of the possi-

bilities offered by this type of technology.    

 

1.3 One possible future for PV research: tandem photovoltaics 

 The progression from single-junction to multijunction photovoltaics occurred early in the 1990s 

for space applications, using III-V semiconductors. We will briefly review this transition process 

as it describes the key merits of each photovoltaic technology and reveals the fundamental ad-

vantages of tandem cells. Then, we will review the different tandem fabrication strategies, their 
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potential and challenges. Following this, we will see how the different strategies can result in cells 

with different electrical configurations, and how that can impact the device performance. We then 

end this section by going back to fundamental principles and seeing how this operational 

knowledge related to the fundamental physics of the devices.  

 

1.3.1 Space photovoltaics: the functional advantages of tandem devices 

 Historically, there have been many technology exchanges between the terrestrial and spatial 

sectors, and these continue until today. In particular, most of the advances in the early days of 

the modern photovoltaic era were due to space exploration. Solar cells were used as early as in 

the 1958 Vanguard 1 satellite, the fourth satellite launched after the Sputnik 1 and 2 (1957) and 

the Explorer 1 (1958). Vanguard 1 was powered by six 0.5 x 2 cm2 Si solar cells, offering a power 

of a few mW to the satellite [68]. However, in 1959 it was discovered that Earth was surrounded 

by ionizing radiation belts, as illustrated in Figure 15 (a). Later named Van Allen radiation belts, 

these consist of two belts with a flux of high-energy electrons and protons. Most other planets in 

our solar system exhibit similar radiation belts, except Venus and Mars, which do not have a 

magnetic field. These radiation belts can cause severe damage to the satellites’ solar cells and 

microelectronic circuits, as depicted in Figure 15 (b). In the case of solar cells, this radiation 

significantly reduces the minority carrier lifetimes and the quality of the interfaces by creating 

lattice defects [69].  

 

 
(a) 

 
(b) 

Figure 15 – (a) The Van Allen proton and electron radiation belts surrounding Earth; (b) Illustration of the 
radiation-induced damage mechanisms. Figures from [70]   

 

 Silicon devices were particularly shown to degrade, leading to questions whether solar cells 

would be useful in space at all [68]. In 1962, it was predicted that GaAs would suffer less from 

radiation damage than crystalline Si, which motivated intense research in GaAs and eventually 

other III-V semiconductors [68]. By the 1980s, single-junction III-V GaAs started being preferred 

for use in space, even though at that time it was already 5-10 times more costly than crystalline 

Si [26,71]. During the 1990s, Si space solar cells fell out of use due to the advances in III-V 

tandem concepts, demonstrating higher starting efficiencies, and the discovery of the high radia-

tion resistance of InP and AlGaAs and InGaP alloys [68,71,72]. This led to the development of 

efficient multijunction III-V tandem devices, throughout the 1990s, in particular GaInP/GaAs dou-

ble-junction (2J) and GaInP/GaAs/Ge triple-junction (3J) devices, which achieved at that time 21-

22% and 24% efficiency, respectively, in a volume production setting, and up to 30% in small-
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scale research devices [26,73]. For that reason, space applications started using III-V tandem 

devices almost exclusively since the 1990s. In the late 1990s/early 2000s, several data on solar 

cell degradation in orbit were collected by satellite missions such as the Equator-S (1997) and 

the COMETS, showing the degradation of several types of solar cells as a function of the orbit 

altitude [74]. Figure 16 (a) shows some of that data for a GaAs/Ge tandem and for single junctions 

of GaAs, InP, Si and CIGS, the latter being measured for the first time on orbit in the Equator-S 

mission [75]. All solar cells suffered significant degradation for altitudes between 1000-20000 km. 

This is associated with the Van Allen proton belt, whose flux is higher in this altitude region, as 

shown in Figure 16 (b). The data shows the advantage of the higher starting efficiencies of tan-

dem devices, and the good radiation resistance of InP and of the polycrystalline thin film CIGS, 

in particular when considering the degradation relative to the initial performance.  

 

 

 
 (a) 

 

(b) 

Figure 16 – Power versus altitude measured over 10 years of satellite data from the Equator-S and 
COMETS missions. Figure adapted from [75]; (b) Energy distribution in the Earth’s proton belt. The curves 
correspond to 0.4, 1, 2, 4, 6, 10, 15, 30, 50, 100, 200 and 400 MeV in the arrow sequence. Adapted from 
[70].  

 

This particular data also shows an apparently contradictory higher degradation of the GaAs cell 

compared to Si. In general, the radiation induced damage can depend on many factors, such as  

externally in the module coverglass thickness and type of radiation [68,74,76], and internally in 

the solar cell architecture, the p-n junction depth and width, the dopant concentration and even 

the type of dopant [68,69,72,77,78]. These internal factors are essentially related to the specific 

kind of radiation defects created, and where they are located (i.e. bulk, depletion region or inter-

faces). Here, the higher radiation resistance of GaAs can be understood from first principles al-

ready mentioned in the previous section. Being a direct bandgap material, all the light is absorbed 

in GaAs within a few µm of depth, meaning that the active region is also confined to a few µm 

near the surface, compared to around a hundred µm for Si. That makes GaAs most sensitive to 

particle radiation in the low energy range (250 keV to 1 MeV), which affects mostly the surface 

region, whereas Si will be affected by a larger energy range due to bulk lifetime degradation [78]. 

Similarly, other direct bandgap III-V alloys also exhibit higher radiation hardness, making III-V 

multijunction devices suitable for high-radiation space missions.    
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 Besides durability, space applications require the highest possible specific power (i.e., power 

per unit area, volume and weight). This can ultimately offset the material and production costs, 

because smaller array areas would allow a larger number of satellites to be launched in a single 

rocket, thereby saving operational and fuel costs [26,73]. In particular, the current tandem devices 

used in most satellites offer a specific mass of 2.6 kg/m2 on an array level, but this value can be 

reduced to 0.6 kg/m2 by transitioning from wafer-based to flexible substrates [69], as will be ex-

plained later in this section. Durable and powerful solar modules can then ensure a higher oper-

ating lifetime, further reducing the project costs. With the recent advent of the privatization of 

space exploration, it is expectable that the cost of PV will become an increasingly important factor 

in space as well. This could cause a surging interest in new low-cost tandem concepts, just like 

in the terrestrial case. For instance, the excellent radiation hardness of CIGS is now causing a 

surge in interest for CIGS/Perovskite tandems for low-cost space applications [79]. 

 Finally, another very important fundamental advantage of tandem concepts is their lower tem-

perature coefficient, which describes the change in efficiency η with temperature T, usually nor-

malized by efficiency in the form 

 

Temperature coefficient (K�� or °C��)=
1

�

d�

d�
(3)  

 

In all PV devices, the performance will degrade with increasing temperature due to an intrinsic 

increase in recombination processes [80]. We will revisit this concept later in this section. In ideal 

devices operating near the SQ limit, the temperature coefficient will increase (become less neg-

ative) as the bandgap increases, as shown in Figure 17.  

 
Table 1 – Temperature coefficient for selected single and multijunction solar cells, for a given efficiency and 
measured in a given temperature range.  

Cell type T (°C) η (%) 
1/η dη/dT  

(10-3 K-1) 

Figure 17 – Ideal SQ-limit temperature coeffi-
cient curve. Adapted from [80]. 

Best Si module 
2020 [81] 

-40 - 85 22.2 -2.9 

Best CdTe module 
2020 [82] 

25 - 75 18.2 -3.2 

GaAs 1985 [83]  0 - 80 16.4 -2.0 

InP 1991 [83] 0 - 150 19.5 -1.59 

2J GaInP/GaAs 
[84] 

n. a. 23.0 -2.1 

3J GaInP/GaAs/Ge 
[84] 

n. a. 26.0 -2.0 

 

That means that higher bandgap materials are intrinsically less temperature sensitive, both in 

single-junction devices, but also in tandem devices, where the higher bandgap materials in the 
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top cells convert a large fraction of the energy. Some examples of temperature coefficients are 

given in Table 1. As the efficiencies increase with technology development, the temperature co-

efficients will converge to their ideal limit. This lower temperature sensitivity of higher bandgap 

materials is a significant advantage in operations requiring high temperatures, as is often the case 

in space missions. For example, the illuminated surface of the Moon can reach 130 °C [85]. Tak-

ing the data for the best Si module in 2020 and for the triple-junction InGaP/GaAs/Ge, we can 

compare the efficiency losses: 

 

Moon  

(130 °C) 
Best Si module 2020  3J InGaP/GaAs/Ge 

Degrad. % −2.9 × 10�� × (130− 25)= 30.45% −2.0 × 10�� × (130− 25)= 21% 

New eff. � �(130 °�)= 22.2 × (1 − 0.3045)= 15.4% �(130 °�)= 26× (1 − 0.21)= 20.5% 

  

For these very high-temperature applications, the lower temperature coefficient is a critical ad-

vantage and can potentially overweigh the type of technology used. For terrestrial applications, 

still very high operating temperatures up to 65 °C can be reached, for example in modules oper-

ating in desert-like conditions. In that case, the degradation rates are 11.6% for Si vs 8% for the 

3J tandem. Given the importance of efficiency for the overall PV system cost, this difference could 

play a role if any tandem technology approaches the costs of Si.  

  

1.3.2 Tandem fabrication concepts: prospects and challenges 

 After describing these fundamental advantages of tandem devices on more general grounds, 

we now proceed to analyze the technical aspects and challenges of the different tandem technol-

ogies. This will ultimately allow us to finally identify the research novelty introduced in this PhD. 

Figure 18 illustrates the fundamental principle allowing the higher efficiency of multijunction pho-

tovoltaics, using the GaInP/GaInAs/Ge triple-junction tandem cell as an example3. The principle 

consists in combining different absorber materials to match a certain part of the solar spectrum. 

A single absorber cannot absorb the fraction of solar photons below its bandgap, resulting in 

electrical current losses. On the other hand, photons with energy much higher than the bandgap 

will result in hot carriers that quickly thermalize and waste energy, resulting in voltage losses. 

Therefore, a set of multiple absorbers with different bandgaps can more efficiently convert the 

solar photons into electricity. The corresponding device essentially consists of a cascade of ab-

sorbers with decreasing bandgap, each with the necessary carrier membranes and with suitable 

interfaces between each subcell. The non-absorbed radiation, with higher wavelengths, is trans-

mitted into the next subcell.   

 

                                                                                                                                                            
3 Note that the designations GaInP or InGaP, and GaInAs or InGaAs, are both common in literature.  
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Figure 18 – Classical GaInP/GaInAs/Ge multijunction solar cell technology used in space applications 
and corresponding use of the solar spectrum. Note: The spectral interfaces between each subcell (defined 
by their bandgap absorption onsets) were exaggerated for illustration purposes.    

 

 In particular, the Ga0.5In0.5P/Ga0.99In0.01As/Ge triple-junction solar cell has been the most com-

mercially successful solar cell of any kind in the space industry [86]. This kind of solar cell has 

reached a 1-sun AM1.5G efficiency of 32.0% [87]. A schematic diagram of this tandem device is 

shown in Figure 19 (a). Starting from a single-crystal Ge substrate, all the subsequent layers are 

grown in very close lattice matching with the preceding layers (<1% mismatch), forming epitaxial 

thin films with a very low concentration of detrimental defects and with no grain boundaries, es-

sentially similar to a single crystal, and hence with very good photovoltaic properties. This can be 

achieved thanks to the very wide alloying stability of the III-V compounds, which allows a precise 

tuning of the lattice parameter and bandgap of the films, as shown in Figure 19 (b). This effect is 

of significant technological importance, as it is also used in light-emitting diodes and in the low 

dimensional quantum structures used in solid-state diode lasers [88]. Besides the purpose of 

lattice matching, these III-V alloys also play a key role in enabling a lossless interconnection be-

tween each junction. This interconnection is, in fact, one of the most important challenges in the 

engineering of tandem cells of any kind, because the coupling losses between each subcell have 

to be minimized in order to achieve the maximum potential of multijunction configurations. In the 

multijunction configuration of Figure 19 (a), each subcell consists of a p-i-n structure with a top 

n-doped emitter, an intrinsic (undoped) layer and a bottom p-doped base layer. If each p-i-n sub-

cell was simply connected to the next subcell, the interfaces would form reverse diodes blocking 

the flow of current. Therefore, additional intermediate structures are required.  
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(a) 

(b) 

Figure 19 – (a) Layer diagram of the monolithic lattice-matched triple-junction tandem cell based on 
Ga0.5In0.5P/Ga0.99In0.01As/Ge, widely used in space applications; (b) Bandgap as a function of the lattice 
constant for selected III-V compounds. Ternary compounds are joined by a line, with solid lines for direct 
bandgap semiconductors and broken lines for indirect bandgaps. Si is included as a red point for com-
parison. Both figures are adapted from [86].  

 

 In these types of III-V tandem cells, the extrinsic doping of each specific layer can be easily 

fine-tuned during growth, or using ion implantation and diffusion processes similar to those de-

veloped for Si microelectronics and photovoltaics [89]. For that reason, the subcell interconnec-

tion is achieved by means of a tunnel junction, also called tunnel diode or Esaki diode, after Leo 

Esaki who was awarded the Nobel prize in physics in 1973 (shared with Ivar Giaever and Brian 

David Josephson) for the discovery of quantum mechanical tunneling in Ge p-n junctions [90]. 

This structure consists of heavily doped n++-p++ junctions with the same polarity as each subcell. 

Being heavily doped, the junction is extremely narrow, with depletion widths of just a few nm [91]. 

Furthermore, the semiconductors forming the junction are in fact degenerate, meaning that under 

equilibrium (without applied voltage and in the dark), the Fermi level lies inside the conduction 

band of the n++ layer and inside the valence band of the p++ layer. If a small positive voltage is 

applied, filled states on the n++ side get aligned at the same energy level as empty states on the 

p++ side, and the carriers can tunnel interband through the nm-wide narrow energy barrier defined 

by the p-n junction band bending. This interband tunneling can occur either directly or assisted 

by trap states, as illustrated in processes (1) and (2), respectively, in Figure 20 (a). This nonlocal 

tunneling effect allows a high current density in the forward direction for voltages much lower than 

a conventional diode. Progressively increasing the voltage leads to an increase in the energy 

misalignment between the available states for tunneling, causing a decrease in the current den-

sity, effectively leading to a negative resistance region. With a further increase in voltage, the 

tunnel junction starts behaving as a conventional diode, as the flattening bands lead to the typical 

exponential diode diffusion current [86,91–93].    
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 (a) 

 

(b) 

Figure 20 – Tunnel junction band diagram showing the most important processes: (1) direct interband 
tunneling, (2) trap-assisted interband tunneling, (3) conventional diode diffusion current. Figure adapted 
from [91] (b) I-V characteristic curve of a typical solar cell tunnel diode.  

 

By allowing this current injection at very low voltages, the tunnel diode creates a very low re-

sistance path for the recombination of the inner carriers within each subcell interface, leaving the 

outer carriers to contribute to the current density of the device. Therefore, the desirable condition 

is for the peak tunneling current density to be much higher than the short circuit current density 

of the device, Jsc, 

 

Tunnel diode condition: ����� ≫ ��� (4) 

 

at the lowest possible forward voltage. Note that the diode polarity is still reversed compared to 

the diode of each subcell, but now this tunneling effect allows a current injection at very low volt-

ages, effectively acting similarly to a metal. In order to achieve the tunnel diode condition (4), the 

junction should be as narrow as possible, requiring doping levels on the order of 1019 - 1020 cm-3. 

On the other hand, the tunneling current decreases exponentially with increasing bandgap [94], 

which causes transparency issues to the bottom cells. For that reason, the n++ and p++ layers 

forming the tunnel junction need to be kept as thin as possible, on the order of tens of nm. This 

creates an additional problem: it is very hard to highly dope such narrow regions and confine this 

high concentration of dopants in these thin layers during the growth of the subsequent layers. A 

dopant out-diffusion can cause loss of functionality in the tunnel diode. To solve this issue, addi-

tional barrier layers are used to preserve the tunnel junctions [86,94]. We have now achieved a 

full qualitative understanding of the multijunction structure in Figure 19 (a).  

 Unfortunately, our universe was designed in a way that the bandgaps corresponding to this 

lattice-matched Ga0.5In0.5P/Ga0.99In0.01As/Ge device do not perfectly match the spectrum of our 

sun. This is due to the Ge bandgap being too low, which causes an excess current in the Ge 

bottom cell. Since the subcells are electrically in series, this excess current is wasted, and the 

practical result is that the tandem cell does not achieve the highest possible voltage, and therefore 

efficiency. This limitation cannot be easily solved by simply tuning the bandgaps with a lattice 

mismatching, because mismatches as small as 1% significantly increase the concentration of 

threading and misfit dislocations, which propagate across the subcells and degrade the overall 

device performance [86,95]. Therefore, additional strategies are required to achieve the full po-
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tential of this structure. One possible strategy is to introduce buffering structures with an increas-

ingly higher lattice parameter, by using a sequence of compositionally graded III-V layers, termi-

nated by an overshooting layer where the induced strains are relaxed [95–97]. With this strategy, 

the majority of the threading and misfit dislocations accumulate in the buffer region, providing a 

defect-free growth for the active layers. This effect is illustrated in Figure 21 (a) and (b). This type 

of strategy is usually labelled upright lattice-mismatched or upright metamorphic growth, as it 

proceeds upright from a single substrate [86].  

 

 

 

 (a) 

 

(b)  

(c) 

Figure 21 – (a) Illustration of a compositionally graded buffer region allowing the metamorphic growth of 
tandem cells with restriction of misfit and threading dislocations in the buffer. Figure adapted from [95]; 
(b) Reflection electron microscopy image of the graded buffer region showing the dislocation defects. 
Figure retrieved from [97]; (c) General device structure of a monolithic, upright metamorphic, dual-junction 
Ga0.75AsP0.25/Si cell, which achieved an efficiency of 23.4%. Figure retrieved from [98]. 

 

 

This upright metamorphic growth strategy can be extended to 4J and 5J tandems, and has also 

achieved terrestrial efficiencies above 30% and efficiencies under concentrated light of over 41% 

[87,97]. It has also now been transferred to industrial production [86,95]. Moreover, this strategy 

could also be very relevant to allow a technology transfer into Si-based tandem cells. On one 

hand, it can be used to monolithically combine a Si bottom cell with III-V top cells, which would 

otherwise be impossible due to the 4.1% lattice mismatch between Si and GaAs, as identified in 

Figure 19 (b). This is currently one of the most promising routes towards low-cost Si-based tan-

dem photovoltaics, with a new 23.4% record efficiency for a monolithic Ga0.75AsP0.25/Si tandem 

of this kind published in June 2020 [38,98]. A schematic structure of this device is shown in Figure 

21 (c). On the other hand, this technique could be used to implement new tandem concepts by 

enabling the growth of new and unexplored compounds on Si, epitaxially and free of grain bound-

aries. Here, chalcogenide materials such as CIGS and CZTS could be of potential interest. Being 

itself an alloy with III-V elements, CIGS can be combined with III-V structures, and there have 

been a few studies showing epitaxial growth of CIGS on III-V compounds, as reviewed by Nishi-

naga et al. [99]. In particular, by tuning the Ga/(Ga+In) ratio in CIGS, a precise lattice matching 

can be achieved with GaAs, and a dislocation free single crystal CIGS solar cell achieving 15.7% 

efficiency could be demonstrated [99]. By introducing a Ga grading, the efficiency could be in-

creased to 20.0%, but this came at a cost of a lattice mismatch with GaAs, leading to dislocation 
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defects in the CIGS absorber. The two cases are shown in Figure 22 (a) and (b), respectively, 

together with the bandgap-lattice constant relation for CIGS alloys in Figure 22 (c). The main 

challenge here is that the In content of these CIGS films was quite high, yielding absorbers with 

bandgaps around 1.2-1.4 eV. To combine this technology with Si, the In-poor higher bandgap 

alloys need to be used instead. Unfortunately, the higher bandgap alloys in the CIGS system 

show the poorest photovoltaic performance, as reviewed by Ramanujam et al. [100]. However, 

the epitaxial growth of these structures could enable significant improvements, for instance by 

removing the negative influence of the grain boundaries, which are notably more detrimental in 

the high bandgap CuGaSe2 compared to CuInSe2 [101,102]. This remains still a relatively unex-

plored field, mostly due to the lack of progress in CuGaSe2 solar cell efficiencies.       

 

 
(a) 

 
(b) 

 
(c) 

Figure 22 – Bright field STEM images of epitaxial CIGS on a single crystalline GaAs substrate using (a) 
a lattice matched Ga/(Ga+In) = 0.6 composition, and (b) a top-bottom Ga/(Ga+In) grading from 0.7-0.4. 
The dislocations appear in (b) as a result of a lattice mismatch during growth. Figures from [99]; (c) 
Bandgap versus lattice constant of selected members of the CIGS family of alloys. Figure adapted from 
[100]. 

 

 In the case of CZTS, one of the most interesting aspects is that it is already nearly lattice 

matched with Si, with a mismatch of less than 0.1% for the sulfide Cu2ZnSnS4 [103]. This property 

should make the epitaxial growth of CZTS on Si quite interesting, as we briefly reviewed in Paper 

2 (Section 4.1). In particular, after Paper 2 was published, there has been new work on exploring 

this epitaxial growth, in particular by Song et al. [104], who sputtered CZTS on Si from a single 

CZTS target. On the other hand, the bandgap of CZTS can be tuned in the ideal 1.6-1.8 eV range 

by cationic substitution, which has been one of the most explored fields of kesterite research 

recently, as we mention in Paper 1 (Section 3.4) and Paper 2 (Section 4.1). Nevertheless, as 

with CuGaSe2, these developments are dependent on improving the efficiency of the high-

bandgap kesterites.  

 A fundamental limitation of this upright metamorphic growth is that the lattice mismatch is 

introduced on the very first layers being grown, and thus the resulting dislocations propagate to 

all the top cells. It has been estimated that the buffer layer needs to keep the dislocation density 

below 106 cm-2 in order not to compromise the top cells [95,97]. This is only achievable for a 

restricted number of materials and configurations. In particular, for upright metamorphic III-Vs on 

Si the lowest dislocation density achieved so far has been 107 cm-2, so there are still engineering 

challenges in order to combine this high-efficiency concept with low-cost Si bottom cells. Interest-

ingly, it was discovered that a derivative of CdTe alloyed with Zn, CdZnTe (in fact a II-VI group 

alloy), can be epitaxially grown lattice mismatched on Si and tolerate a much higher concentration 
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of dislocations, still exhibiting carrier lifetimes higher than GaInP or GaInAs. A metamorphic 2J 

CdZnTe/Si tandem cell with 21.5% efficiency [105,106] has been demonstrated using this ap-

proach, by using molecular beam epitaxy (MBE) to grow CdZnTe. However, there has been rel-

atively little work in this field in recent years, perhaps due to the lack of research on CdTe outside 

the US and the relatively high costs of MBE. Moreover, despite the recent progress in fabricating 

Si-based tandems using this upright metamorphic growth, another fundamental obstacle is that, 

in all cases (III-V, CIGS, CZTS, CdZnTe), the growth of the top cells proceeds at high tempera-

tures, which causes a plethora of integration problems:  

 

 For instance in III-V deposition by MBE, the deposition temperature typically lies between 

500-700 °C [98,107,108], which has the following implications: 

o Since Si and GaAs have different thermal expansion coefficients (αSi = 2.6 × 10-6 K-1 ver-

sus αGaAs = 5.7 × 10-6 K-1), thermally-induced stress is likely to occur during the upright 

growth from Si [107] 

o A diffusion of dopants from the tunnel junctions can occur, leading to loss of tunneling 

functionality. This requires either the use of diffusion barriers or lowering the temperature 

during III-V growth [98]  

o The high temperature limits the choice of Si bottom cell. For instance, the highest effi-

ciency Si concept based on HIT structures cannot be used in this configuration because 

the amorphous Si passivating layers start significantly degrading after 200 °C, leading to 

depassivation of the heterointerfaces and increase in surface recombination velocity [109]   

 CIGS and CZTS also require at least one high temperature step in their synthesis (>500 °C), 

which besides limiting the choice of Si bottom cell can also cause contamination of the Si 

bottom cell by diffusion of metallic elements. Therefore, a diffusion barrier is likely also 

needed. This is the topic of Paper 2 (Section 4.1) and Paper 3 (Section 4.2) of this thesis.  

   

 To circumvent the lattice mismatch limitation, one very interesting strategy consists in inverting 

the metamorphic growth direction, that is, growing the first subcells lattice-matched, and only 

using metamorphic growth for the final subcell. This strategy is referred to as inverted metamor-

phic (IMM) growth. That way, the dislocation defects are confined to the top cell, because the 

dislocations follow the strain gradient [86]. Due to the limited choice of single crystalline substrates 

for lattice-matched epitaxial growth, this strategy also involves a substrate transfer process, as 

illustrated in Figure 23. The most successful example is growing a triple junction based on III-V 

top cells first on a GaAs substrate, and then using a buffer layer for metamorphic growth of the 

final junction (the bottom subcell). Then, the back contact is deposited (on the top layer), and a 

handling substrate is applied for mechanical support, using epoxy for adhesion. This handling 

substrate can either be permanent or temporary. Then, the GaAs substrate is removed using a 

lift-off or etching technique, the structure is flipped and the device is finalized with the front contact. 

Despite the higher complexity and steps involved in the transfer process, this method has two 

fundamental advantages. First, the bottom subcell (last subcell grown) can be grown epitaxially 

instead of by creating a diffused junction on a single crystal, as was the case on the Ge single 

crystal bottom cell of the classical InGaP/GaAS/Ge tandem mentioned above. This allows higher 

flexibility on the choice of the bottom cell, and allowed the transition away from single crystal Ge 

bottom cells, which led to a significant improvement in the efficiency records for triple and higher 

junctions. These types of 3J tandem structures have achieved 37.9% AM1.5G efficiency and 

44.4% efficiency under concentrated light, and 4J, 5J and 6J configurations of this kind have 
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further achieved 39.2% AM1.5G and 47.1% concentrated, making it the most efficient solar cell 

technology currently known today [38].   

 

 

Figure 23 – Processing sequence in the most successful inverted metamorphic (IMM) multijunction solar 
cells. First (1), the top subcells are grown lattice matched on a single crystal GaAs substrate, and the 
bottom cell is grown metamorphically. Then (2), the GaAs substrate is removed, and the thin-film layers 
are transferred to a supporting substrate, where the device is finished. Figure adapted from [110]. 

 

Second, the removal of the growth substrate allows changing the device into a flexible and light-

weight handling substrate, which is how the reduction from 2.6 kg/m2 to 0.6 kg/m2, mentioned in 

the beginning of this section, can be achieved to provide extremely high specific powers >3.6 

W/g, crucial for space applications [111]. The integration of this IMM technology for space appli-

cations has been developed in the last decade [110], and in September 2013 this technology was 

tested for the first time on a satellite orbital test for 3.5 years. The results have been published 

recently, and confirmed its excellent radiation hardness and stability [111]. Note that due to its 

superior specific power metrics, these devices can also accommodate thicker cover glasses to 

prevent radiation damage without exceeding the tolerable weights of solar arrays [111]. For that 

reason, this technology is promising for future-generation space missions. The main disad-

vantages are that the higher process complexity involved in the substrate transfer and the re-

quirement of several µm thick buffer structures impact the economics of this technology, the latter 

also applying to upright metamorphic structures. Nevertheless, the costs can be reduced by in-

creasing the number of times the initial substrate can be reused [86]. 

 Another variation of the lattice-matched and metamorphic approaches described above is wa-

fer bonding. In the wafer bonding approach, two separate stacks are grown independently onto 

two substrates, and are brought together into a single monolithic device by bonding them into the 

other stack. A key difference here compared to the other techniques is that since the two stacks 

consist of rigid single crystalline wafers, there is always at least one rigid substrate for handling, 

meaning that there is no need to apply a handling substrate with epoxy [112]. However, this ad-

ditional handling substrate is still required if the layer to be bonded is an intermediate (buried) 

layer instead of an exposed layer [113]. Besides this possibility, another fundamental advantage 

of the bonded wafer approach is that it relaxes the need for metamorphic buffer layers, as two 

different single crystalline substrates can be used for lattice-matched epitaxial growth. The bond-

ing surfaces are treated either by chemical mechanical polishing (CMP) [112] or chemically acti-

vated by ion or atom bombardment surface treatments [108,113]. This way, the two bonded sur-

faces form strong covalent bonds with a strength similar to that of the atomic bonds in the other 

layers [112], and lead to transparent, durable and low-resistance interfaces [86,112]. The two 
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wafers are mechanically pressed, forming an almost uniform bonding area as shown in Figure 

24 (a). Then, the upper substrate is removed, most successfully by complete chemical etching of 

the substrate [107,108,110,112,114], or by substrate lift-off after chemically etching a sacrificial 

layer (epitaxial lift-off or ELO) [115,116]. Other possibilities include ion implantation, laser- and 

stress-induced lift-off, which are common in other fields but less explored here [86]. Together with 

the IMM approach, this technology has enabled the highest solar cell efficiencies to date, with 

38.8% AM1.5G efficiency for a 5J tandem and 46.0% for a 4J under concentrated light [38].   

 

 
(a) 

 
(b) 

Figure 24 – (a) Scanning acoustic microscope image of a bonding between a GaAs and a Ge wafer, with 
4 inches in diameter. The wafers are completely bonded except for some small bubbles shown in black. 
Figure from [112]; (b) STEM cross section image of the amorphous layer at the bonding interface between 
GaAs and Si in a multijunction device. The bonding was achieved by an ion bombardment surface treat-
ment. Image retrieved from [113].     

 

From the point of view of combining the highly efficient III-V compounds with Si, wafer bonding is 

perhaps one of the most promising paths, because the 4.1% lattice mismatch between Si and 

GaAs can be directly bypassed by bonding a III-V stack onto a Si device wafer. When the surfaces 

are appropriately treated, a stable bonding between GaAs and Si can be achieved, forming a very 

thin interfacial amorphous layer, as shown in Figure 24 (b). Therefore, the two technologies can 

be combined without the need for a buffer layer and without the occurrence of detrimental dislo-

cation defects. Furthermore, the high-temperature growth is no longer as limiting, since the two 

stacks are developed separately before bonding. In any case, a tunnel diode between Si and the 

first III-V subcell is still required, and is usually done on the III-V structures. With this wafer bond-

ing strategy, Si-based 2J devices have reached 30.2% AM 1.5G efficiency [114], 30.0% under 

concentrated light [107], and 3J III-V bonded on Si have achieved 34.1% AM 1.5G [38]. This 

efficiency improvement represents a 15-30% relative improvement over the best single-junction 

Si cells. Given the direct impact of efficiency on costs mentioned in the previous section, this 

makes wafer-bonding one of the best candidate strategies for delivering low PV costs. Perhaps 

the biggest challenge for reducing the cost of this approach is that, so far, the best devices were 

achieved by chemically etching the whole GaAs substrate after bonding, which therefore cannot 

be reused to grow new III-V layers. Unless the price of GaAs wafers significantly decreases, this 

destruction of GaAs wafers will imply high costs. Instead, a lift-off process such as the ELO could 
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provide reusability and better cost metrics, but so far there have been no public demonstrations 

of more than 100 reuses [60]. Moreover, a surface conditioning treatment involving a very expen-

sive polishing step (CMP) is often required to achieve that reusability.  

 For the sake of completion, we mention that other fields of research exist in III-V multijunction 

devices, which also try to overcome the limitation of the classical 3J InGaP/InGaAs/Ge cell. One 

of them consists in introducing quantum wells in the middle cell in order to tune the absorption 

characteristics and provide current matching. Another method consists in expanding the classical 

3J into a 4J and 5J configuration, still with Ge as bottom cell, in order to achieve a better current 

matching between all the subcells. However, due to the remarkable progress in the metamorphic 

and wafer bonding methods, the interest in these fields has declined in the last years [86]. A third 

method is based on nanowire solar cell concepts, where III-V nanowires are used as a way to 

relax the lattice mismatch by straining the wires. This method is relatively new and still in the 

development phase [86]. 

 Finally, another method that has been investigated to integrate III-Vs on Si consists in me-

chanically stacking the III-V stack on a Si bottom cell, and achieving an electrical connection by 

wiring instead of wafer bonding. Three examples are shown in Figure 25 (a)-(c). This approach 

has several fundamental advantages. First, the direct wiring eliminates either the need for meta-

morphic buffer structures from Si to the III-V structures, or the need for wafer bonding and the 

associated surface treatments necessary, which always have to be performed in a cleanroom due 

to the requirement of very clean surfaces. Second, it eliminates the need for a tunnel junction in 

that same interface between Si and the III-Vs. Third, since the top and bottom cells are joined by 

a glass (usually using an insulating polymer adhesive), this approach is essentially modular in the 

sense that any kind of top cell can be fabricated on that glass. Therefore, no major specific 

changes are required to make the subcells compatible for tandem integration, and high-tempera-

ture synthesis methods are possible. This makes this configuration the most flexible of all the 

configurations mentioned above, in terms of design choices for both the bottom Si and the top 

cells. Because of this higher simplicity, this configuration has achieved the best multijunction ef-

ficiencies of III-V on Si, with 32.8% for a 2J and 35.9% for 3J under AM 1.5G conditions [60]. 

Despite its inherent functional advantages, the mechanical stacking method also needs the same 

substrate transfer procedure as the IMM method, and therefore wafer reusability is still a concern. 

On the other hand, the cell interconnection is now not monolithic and therefore requires additional 

wiring. This includes additional grid electrodes in the Si/III-V interface, which reduce the bottom 

cell transparency, and also wiring between the subcells, which makes the upscaling to module 

integration more complicated and costly. To the best of my knowledge, this upscaling feasibility 

has not been specifically addressed yet for this technology.  
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(c) 

Figure 25 – (a) 2J mechanically stacked tandem cell based on GaInP on Si; (b) 2J mechanically stacked 
tandem cell based on GaAs on Si; (c) 3J mechanically stacked tandem cell based on GaInP/GaAs//Si. 
Figures from [60]. 

 

 Several cost models have been developed to estimate the potential of achieving low-cost tan-

dem devices for transitioning the terrestrial photovoltaic industry into a multijunction technology. 

Due to the extremely low costs of the Si technology, it is believed that the lowest possible costs 

will be achieved using Si-based devices rather than devices based exclusively on other technol-

ogies, such as III-V subcells. This can be understood from our analysis above. In a III-V on Si 

device, the number of III-V wafers required would be at least one order of magnitude lower than 

the number of Si wafers required, due to the wafer reusability for III-V epitaxial growth. This value 

could potentially be two orders of magnitude if reusability is extended to above 100 times. In 

contrast, a III-V tandem device using a III-V wafer as active cell would always require at least one 

III-V wafer per device. Considering the very high costs of III-V wafers, this would mean that the 

costs would be at least one order of magnitude higher just on wafer costs alone. In the IMM 

tandems, cheaper substrates can be used and the III-V substrate can be reused, but the thick 

metamorphic grading layers add to the overall costs. Based on this, it can be predicted that the 
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lowest possible costs (and the highest efficiency-to-cost ratio) are more likely to be achieved when 

III-Vs are combined with Si. Such a cost forecast is shown in Figure 26. Some of the most im-

portant cost-reduction aspects described by the model are the wafer reusability without the need 

for CMP, as mentioned, and an overall reduction in the substrate costs and the cost of the III-V 

deposition methods. The model also assumes that an efficiency up to 35% can be achieved long 

term. The long-term cost prediction of $0.66 is only 3 times higher than the 2019 cost of PV, and 

would correspond approximately to the cost of PV in 2015. With further improvements, we could 

therefore see this technology implemented in terrestrial applications, in particular in conditions 

where a higher power density or limited area available would justify the cost premium, as well as 

in hot environments, due to their superior temperature coefficients. 

 

 

Figure 26 – Cost forecasts for multijunction solar cells based on III-Vs on Si. Figure reproduced from [60]. 

 

 Recently, the advent of highly efficient metal halide perovskite solar cells based on me-

thylammonium lead halides has brought new approaches to fabricating Si-based tandem cells. 

Due to the remarkable defect tolerance of these perovskite compounds, they can be deposited 

as polycrystalline thin films on Si without the need for epitaxial or lattice matched growth, and still 

exhibit lifetimes on the order of microseconds [64]. This high material quality can be obtained 

using a wide range of cheap and simple deposition methods. Moreover, the material crystallizes 

at around 100 °C, meaning that it can be directly deposited on a fully developed HIT Si solar cell 

without degrading it [64]. Because of the excellent photovoltaic properties of the perovskite and 

its very low processing temperature, this allows for new tandem interconnection configurations. 

One such configuration is using a tunnel junction, as described above, but this time fabricated on 

the Si side, as illustrated in Figure 27 (a). Given the high versatility of the Si structures currently 

developed, this tunnel junction can be made by depositing hydrogenated amorphous Si (a-Si:H) 

layers [117], or by implantation and diffusion processes [118]  Another possibility is simply using 

a transparent conductive oxide (TCO) such as indium tin oxide (ITO) [119], as shown in Figure 

27 (b).        
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 (a) 

 

(b) 

Figure 27 – (a) Perovskite/Si cell architecture based on a hydrogenated amorphous/nanocrystalline Si 
tunnel junction. Figure adapted from [117]. (b) Perovskite/Si cell architecture based on a transparent con-
ductive oxide recombination layer using ITO. Figure retrieved from [119]. 

 

 With this relatively soft and simple integration strategy, perovskite/Si tandem cells have now 

surpassed the efficiency of single-junction Si solar cells, with a recent new record of 29.15% being 

certified in June 2020. This technology demonstrated, for the first time, that it is possible to 

achieve beyond-Si efficiencies with relatively simple device architectures and polycrystalline 

growth methods, without the need for lattice matching or even epitaxial growth. These architec-

tures have been applied to perovskite/perovskite [120] and perovskite/CIGS tandems [79], in both 

cases reaching already certified efficiencies of 24.2% [38]. Due to this remarkable success, a 

number of startups have sprung aiming to upscale the development of perovskite/Si tandem solar 

cells, namely Oxford PV, Swift Solar, Tandem PV and Saule Technologies. Similarly, a lot of 

interest has been raised in the PV scientific community, with over 3600 publications just in the 

year 2019 and a total number of 15600 cumulative publications so far in August 2020. For com-

parison, the total number of papers ever published on kesterite solar cells is around 2700.4 There-

fore, this technology is currently the most promising way to achieve the highest Si-based tandem 

efficiencies at the lowest possible costs. However, the current limitations of perovskite solar cells 

is that the highest efficiency variants use the toxic element Pb and have stability problems, suf-

fering from multiple degradation sources such as humidity, oxygen, temperature and light. The 

longest stability under operation of these compounds is less than 2000 hours [121], or approxi-

mately 0.23 years, still very far from the 30+ years achieved by crystalline Si.   

 Given these remarkable recent advances described in this section, the current forecasts from 

industry experts are that Si-based tandem modules might be introduced in 2024, as shown in 

                                                                                                                                                            
4 Last checked 26th July 2020. Calculated by searching for the simultaneous occurrence of the terms “Perovskite” and 

“solar cell” and the terms “CZTS”, “CZTSe”, “CZTSSe”, “kesterite” and “solar cell” in the Scopus database.  
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Figure 28. Based on our discussion, the top cell technologies most likely to be a part of that Si-

based tandem are III-Vs or Perovskites.  

 

 
Figure 28 – Global market share forecasts of the different PV technologies. Si-based tandem cells are 
predicted around 2024. Figure from [39]  

 

 The recent success of perovskite-based tandem devices suggests that other new materials 

could be developed and combined with Si to achieve efficient tandem devices. This combination 

could potentially be achieved using similarly simple architectures and deposition methods. How-

ever, besides perovskites and the III-V compounds mentioned above, there is currently no known 

semiconductor with a bandgap around the ideal 1.6-1.8 eV range with satisfactory PV properties 

to achieve high-efficiency top cells. Therefore, one of the most important fundamental and theo-

retical research questions is discovering possible new candidates for such a material. This pro-

cess could be accelerated in the future by using computational screening algorithms, some of 

which have already been suggested [122–124]. This, together with all the engineering challenges 

of the technologies mentioned above, are the unsolved problems in photovoltaics, for beyond 

2020, that could allow us to go even further beyond what is already a world-leading technology.  

 The interesting thing about this search for a new top cell semiconductor is that it is not a 

problem limited to photovoltaics, but it is also a topic of major interest in the field of photoelectro-

chemistry using solar photons. Harvesting renewable energy from the sun to drive chemical re-

actions essential to our society is one of the most promising fields of research in sustainable 

technologies [125]. Here, tandem devices are equally desirable, as they extract more energy from 

the sun, and crystalline Si photovoltaic technologies could also play an important role if they can 

be properly adapted to electrochemistry. However, this illusive efficient, cheap and reliable top 

cell material is still missing in this field too. We will discuss the photoelectrochemistry aspect of 

this problem in particular in Section 4.3. 

 If such a material ends up being developed in the future, or if a currently known material gets 

optimized, one of the most important questions will be how to integrate it on Si. That question 

became my biggest interest during this PhD project. Given its role as a photovoltaic absorber on 
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top of Si, this material will have to be synthesized as a thin film. In general, thin film synthesis 

always involves a raw material source, a transfer matrix and a substrate for growth. This growth 

process always implies the supply of energy and, inherently, a certain process temperature. This 

temperature can be implicit, as in the equivalent temperature of a plasma in sputtering, or explicit, 

as in the temperature of the substrate. However, here the substrate is not a simple substrate, it is 

a stack of Si photovoltaic structures. This stack has imbedded functionalities which have to be 

preserved during the growth of the structures of the top cell. Those functionalities can be disrupted 

either by foreign species or by thermal degradation. We have seen an example of how this thermal 

degradation can be a limitation in the combination of III-Vs on Si due to the loss of tunnel junction 

functionality. In general, the higher the resilience of a bottom Si substrate against the loss of its 

functionality, the better the chances of achieving an efficient tandem device. Statistically speak-

ing, assuming a certain top cell candidate material requires a temperature Ts for its synthesis, the 

closer the thermal resilience threshold of the Si substrate gets to Ts, the higher the likelihood of 

achieving a successful integration. For perovskites, Ts is unusually low at around 100 °C. For any 

new material, the probability of any synthesis step needing a higher temperature is presumably 

very high. Therefore, from this analysis, relevant research questions arise: 

 

 How can we develop highly efficient Si device concepts that can withstand very high temper-

atures as a substrate for top cell growth?  

 What are the fundamental limitations and highest possible threshold temperature Ts?  

 What are the best protection strategies against interdiffusion and contamination from the spe-

cies of the top cell, in particular at very high growth temperatures?  

 

Given the central role of crystalline Si in photovoltaics, which we have attempted to describe in 

this introduction section, these questions could be quite relevant, in particular for the future of Si-

based tandem photovoltaics. Therefore, in our research project, our efforts geared towards the 

exploration of the temperature resilience of Si photovoltaic structures, and culminated in the de-

velopment of novel architecture concepts for Si-based tandem devices. These developments will 

be explained in more detail in the contributions section (Section 2). But before that, to finalize 

this introduction section, we still have to analyze how these fabrication concepts can result in 

different tandem solar cell and module interconnections. We shall also attempt to summarize the 

discussion of all the tandem concepts mentioned so far. In order to do that, we will also have to 

revisit the fundamental principles of energy conversion in a tandem device.  

 

1.3.3 Tandem solar cell and module interconnection configurations 

 It was implicit in our discussion above that the different multijunction configurations presented 

will result in different electrical configurations, namely in terms of the number of electrical termi-

nals of the device. Due to their fabrication sequence, the upright metamorphic, inverted metamor-

phic and wafer bonding concepts used in III-V growth can naturally result in two-terminal (2T) 

devices. Moreover, the resulting devices are also considered monolithic, even in the cases where 

there is a transfer of substrate, because the final device is settled on just one single large-area 

substrate, such as a wafer or a flexible foil. Likewise, the above examples of perovskite growth 

directly on Si tunnel junctions or a TCO recombination layer also result in 2T monolithic devices. 

Therefore, all these concepts are cataloged as monolithic two-terminal devices, optically and elec-

trically in series. Being electrically in series, the voltage output of each subcell is added, and the 

tandem current is the lowest current of each subcell. For that reason, 2T configurations have the 
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constraint that the subcell currents need to match, a condition known as current matching, de-

scribed above for the classical InGaP/InGaAs/Ge cell. However, for a mechanical stacking ap-

proach, there are four free terminals (4T), which can be reduced to a 2T if the top and bottom 

cells are connected in series, or otherwise operated in parallel. In general, we can divide all the 

possible configurations in the 6 cases illustrated in Figure 29. Of these, we have discussed the 

2T monolithic, 2T mechanical stack and 4T mechanical stack. The 4T optical couple is a non-

monolithic system where a dichroic filter is used to split the solar spectrum, matching the high 

wavelengths with the low bandgap absorbers, and the low wavelengths with the high bandgap 

absorbers. Notably, this system is a multijunction configuration but it is not a tandem device, 

because the subcells are not physically in tandem. Despite its obvious advantage of allowing 

independently built and operating devices, it is unclear whether this configuration can be scaled 

to large area modules due to the costs of the optical system, additional wiring, and the compli-

cated logistics of arranging and integrating the optical system into a module. For this reason, we 

have left this configuration out of our discussion.    

 

 

Figure 29 – The catalog of different multijunction configurations, sorted by the number of electrical termi-
nals and by the number of transparent conductive electrodes (TCEs). Note that despite the designations 
“High Eg” and “Low Eg”, this catalog is also valid for a higher number of subcells. 

 

Also left out of our previous discussion were three terminal (3T) configurations. These configura-

tions are a relatively new concept in the field of tandem photovoltaics, and have raised a lot of 

attention in the last 5 years due to their remarkably interesting properties. As we will discuss, 

these 3T configurations could potentially be applied to new tandem devices as suggested in this 

thesis, and therefore we will briefly describe them here. One 3T type consists in introducing an 

additional electrode in the middle of the top and bottom cells, therefore labeled 3T-Middle. Be-

cause the middle electrode is common to both the top and bottom cells, they are no longer strictly 

in series. Instead, the cell has three interdependent terminals, like a transistor. If the top and 

bottom terminals are connected to different matching loads, this relaxes the current matching 

constraint. On the other hand, if the top and bottom terminals are connected together outside the 

cell, the top and bottom cells form a parallel connection. Another interesting aspect of the 3T-

Middle configuration is that it allows a nearly independent measurement of each subcell. For that 

reason, this configuration is quite attractive in a research phase when the performance of both 

subcells needs to be evaluated separately. For a 3J and higher configurations, this can be 

achieved with intermediate electrodes between each subcell. Naturally, these electrodes need to 
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be sufficiently conductive to avoid lateral transport resistance losses. An example of an applica-

tion of this 3T Middle structure is shown in Figure 30 (a) for a Perovskite/Si 2J tandem. With this 

configuration, the authors show that the external quantum efficiency (EQE) of both subcells can 

be accurately measured without the need for bias light [126]. In a 2T monolithic tandem, this is 

particularly difficult to achieve, especially if the subcells are current mismatched, and can lead to 

several measurement artifacts. We have specifically faced this problem in Paper 2 (Section 4.1) 

and Paper 3 (Section 4.2) when measuring tandems with a very poor CZTS top cell, or a very 

poor Si bottom cell, or both. In general, for an NJ tandem system, N different light sources, with 

wavelengths matching the bandgap of each subcell, are required in order to be able to measure 

the contribution of each subcell to the quantum efficiency. Note that even on a 2T configuration, 

there is always some conductive interface between the top and bottom cells, so in principle each 

subcell could be measured by exposing a small area of that interface and probing it. However, 

the sheet resistance Rsq of these layers is very high because these layers are usually ultrathin, 

meaning that such a probe would exhibit very high resistance and would not be adequate to 

measure the IV curve of the device. Still, this probe would accurately measure the open circuit 

voltage Voc, because there are no voltage losses due to series resistance in open-circuit condi-

tions. This principle allowed us to estimate the Voc of our CZTS and Si subcells, as we discuss in 

Paper 2 (Section 4.1) and Paper 3 (Section 4.2).    

 

(a) 

Figure 30 – (a) Example of a three-terminal Perovskite/Si tandem device with a middle ITO electrode. 
With this configuration, the authors are able to accurately measure the EQE contribution of both subcells. 
Figure from [126]; (b) total tandem efficiency simulations for a GaInP/Si tandem cell under different spec-
tral conditions; (c) respective Si subcell efficiency divided by FB and IBC circuits. Figure from [127].  

 

The other configuration can be obtained when the bottom cell has an interdigitated back contact 

(IBC) structure, where two electrodes with different polarities are fabricated on the backside of 

the bottom cell. The equivalent electrical circuit of the 3T Middle and the 3T IBC configurations is 

essentially very similar, but the way the corresponding devices are fabricated can be quite differ-

ent. In the 3T-IBC system, there is a circuit defined by the Front-Back (FB) connection between 

the front electrode of the top cell and the electrode of the bottom cell of opposite polarity, and an 
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IBC circuit, defined by the interdigitated contacts of the bottom cell. It was discovered by Na-

gashima et al. in 2000 that the additional degree of freedom provided by the bottom IBC extra 

circuit eliminates the need for current matching between the subcells, as with the 3T-Middle con-

figuration [128]. If the top and bottom cells are perfectly current matched, the FB circuit behaves 

as a real 2T device, and the IBC circuit does not output any power. If either of the subcells be-

comes current-limited, the excess current can be collected by the IBC circuit. This allows the 

tandem to always operate near its theoretical maximum output, regardless of the spectral condi-

tions, similarly to a real independent 4T operation, as shown in Figure 30 (b) and (c). This per-

formance is significantly more resilient against spectral variations than a 2T configuration, which 

reveals that this is one of the fundamental drawbacks of 2T configurations for real-world operation. 

In order for this to be possible, the resistance for current injection between the top and bottom 

cells in the FB circuit needs to be minimized. This can either be achieved by a tunnel junction 

between the top and bottom cells, where the carriers can recombine, or by a carrier selective 

layer that allows the injection of one carrier type into the bottom cell, where it can recombine with 

its counterpart. The latter case is essentially the mode of operation of a bipolar junction transistor 

(BJT), where the font electrode is the emitter, the opposite IBC electrode is the base and the other 

IBC electrode acts as the BJT’s collector. [129]. These modes of operation are summarized in 

Figure 31.  

 

 

Figure 31 – Modes of operation of a 3T-IBC tandem: (a) current matched subcells and standard 2T op-
eration, with P3T,IBC = 0; (b) Limiting top cell, with P3T,IBC > 0; (c) Limiting bottom cell, with P3T,IBC < 0; (d) 
Bipolar junction transistor mode, allowing current injection from the top cell into the bottom cell. Figure 
adapted from [129]. 

 

Therefore, the two subcircuits allow each subcell to operate at their maximum power point, and 

the resulting combined power output is essentially the same as a 4T device [127,129]. This means 

that the inverter associated with these solar cells needs to have two load matching circuits to 

operate each subcircuit at its maximum power point, instead of just one as in the standard case. 

In practice, since the tandem cells have to be wired in strings to obtain the standard voltage and 

current outputs of a commercial module, this means that the inverter will operate with two different 

substrings. This can be better seen by looking at the equivalent circuit of the 3T configuration, 

shown in Figure 32 (a) for the 3T-IBC tunnel junction (TJ) type and in Figure 32 (b) for the 3T-

IBC BJT type. Note that due to the extra number of terminals, there is a manifold of possible 

module wiring configurations for the 3T and 4T configurations, and certain current matching and 

voltage matching conditions will arise on a module level. Some examples are shown in Figure 32 

(c)-(d) for 2T, 3T and 4T configurations.  
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Figure 32 – Tandem solar cell equivalent circuit for the (a) 3T-IBC with a tunnel junction (TJ) and (b) 3T-
IBC in bipolar junction transistor mode; (c) equivalent module circuit for 2T tandems connected in series; 
(d) one possible equivalent circuit for 3T tandems, with one top cell in series with a parallel of 2 bottom 
cells (1:2); (e) one possible equivalent circuit for a 4T module, showing a string with the top cells in series 
and another string with the bottom cells in series. Note: The series and shunt resistors were neglected for 
simplicity. (a) and (b) are adapted from [129], (c)-(e) retrieved from [130]. 

 

Interestingly, it has been recently shown that a 3T 2J configuration can perform better than a 2T 

and almost similarly to an independent 4T configuration if the substrings are wired with one top 

cell in series with a parallel of two bottom cells (1:2), as shown in Figure 32 (d). In this case, there 

is a voltage matching condition that the voltage of the top cell should be similar to the sum of the 

voltages in the two bottom cells. Incidentally, this condition is matched for ideal combinations of 

the bandgaps of top and bottom cells, and is approximately matched in real devices (for example, 

in a GaInP/Si tandem, Voc,GaInP ~ 1.4 V and Voc,Si ~ 0.7 V in ref. [60]). For that reason, the 3T-IBC 

configuration is quite promising also on a module level. Figure 33 summarizes the comparison 

between 2T, 3T and 4T connections on a cell level and on a module level, as a function of the 

bandgap of the top cell, for the case where a Si bottom cell is used. Note that in both cases, a 

parallel connection between the top and bottom cells, either on a cell level (3T-P) or on a module 

level (1:1 configuration), leads to a flat efficiency curve because the voltage is limited by the bot-

tom cell, and therefore the tandem behaves as a single-junction device. 

 Another reason why the 3T-IBC structure is considered one of the most promising innovations 

in multijunction photovoltaics is that it is the only structure, besides the 2T monolithic, that only 

features one transparent conductive electrode (TCE). This was illustrated above in Figure 29. 

This contrasts with the 3T-middle configuration, in which the middle electrode causes loss of 
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transparency to the bottom cell (this effect also explains the advantage of the 3T configuration 

over the 4T configuration in Figure 33 (a)). 

 

 
 (a) 

 

(b) 

Figure 33 – (a) Ideal solar cell efficiencies as a function of the top cell bandgap, for different cell config-
urations, based on Si as bottom cell. Adapted from [131]; (b) Module efficiency as a function of top cell 
bandgap for different module interconnection configurations, using realistic 2J III-V/Si values. Adapted 
from [130]   

 

 Finally, even though the 3T-IBC structure was originally proposed for the classical current-

mismatched InGaP/InGaAS/Ge tandem [128], it is now being intensely researched due to the 

success of the IBC Si cell, which is the highest efficiency 1J Si architecture at 26.6% efficiency 

[34]. This high-efficiency IBC structure is achieved with selectively doped a-Si:H contacts pat-

terned on the backside, which can be readily combined with a perovskite top cell due to its low 

temperature processing. However, this patterned structure could also be formed by diffused junc-

tions or by polysilicon contacts, and allow the fabrication of top cells at higher temperatures. In 

this project, we chose a thermally resilient Si structure based on polysilicon contacts, and our 

results could be interesting to understand the limits of the feasibility of these structures for high 

temperature synthesis of top cells.           

 

1.3.4 Understanding the efficiency limits of tandem cells: lessons from the 

Shockley-Queisser limit  

 

 So far, we have detailed the different types of tandem fabrication strategies, configurations 

and engineering-related challenges. We have described the advantages and superior perfor-

mance of multijunction and tandem solar cells, and have qualitatively explained how the specific 

absorption of a portion of the solar spectrum by each subcell can lead to a higher efficiency. In 

this section, we will quantitatively describe the efficiency gains achieved by multijunction cells, 

and determine the influence of the number of subcells in the overall efficiency. 

 For an arbitrary illumination source with illumination flux function �(�), where � is the photon 

energy, shining on a solar absorber with bandgap ��, the efficiency of radiation absorption ���� 

can be defined by taking only the photons with energy above the bandgap: 
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Note that the illumination flux �(�) is a spectral photon flux defined in units of �ℎ�����∙ �������, 

so that the denominator in Equation (5) represents the cumulative energy density (in W/m2) con-

tained in all the photons of the illumination source. We assume that one photon leads to the 

generation of one electron-hole pair. Owing to the rapid thermalization of the excited pair, the 

electron and hole populations rapidly relax to the band edges, in a timeframe of 10-12 s [59], as 

shown in Figure 34. Their effective energy is thus reduced to the bandgap energy, which can be 
expressed by a useful bandgap efficiency ��� 

 

��� =
�� ∫ �(�)��

�

��

∫ ��(�)��
�

��

(6) 

 

 

Figure 34 – Illustration of the rapid thermalization 
of excited carriers in a semiconductor. From [59].  

 

The resulting efficiency was described by Shockley and Queisser as the ultimate efficiency ����, 

as it results from the fundamental trade-off between optical absorption losses (below Eg) and 

bandgap thermalization losses of a single absorber material with a unique bandgap �� [23]. The 

numerator in Equation (5) and the denominator in Equation (6) cancel, resulting in    

 

���� = ������� =
�� ∫ �(�)��

�

��

∫ ��(�)��
�

�

(7) 

 

Note that it is assumed that the 10-12 s thermalization time is too short to extract work from the 

generated carriers. However, this is not strictly impossible, and it is the idea behind hot carrier 

photovoltaics, which we alluded to in the previous section.  

 On the other hand, with �(�) being the photon density flux, its integral above the bandgap 

gives the total number of photons absorbed. Multiplying this by the electron charge � gives the 

flux of charge per unit area per unit time, or precisely an electrical current density corresponding 

to the incoming photons ���, assuming again that each photon generates one electron-hole pair: 

 

��� = �� �(�)��
�

��

(8) 

   

 However, the instruments used to measure the spectrum of our sun do not measure the photon 
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current AM1.5 standard, labeled ASTM G-173-03, is measured in units of wavelength, as shown 

in Figure 35 (a). The spectra resemble the emission from a blackbody at 5800 K, which approxi-

mates to our sun. The AM1.5G spectrum accounts for attenuation due to scattering and absorp-

tion in the atmosphere, at an optical path corresponding to 1.5 times the nominal thickness of the 

atmosphere. The AM0 spectrum is the normal incidence spectrum outside the atmosphere, and 

is therefore used for characterizing space solar cells. The conversion from units of wavelength to 

units of photon energy can be done by recognizing that since these spectra are spectrally-re-

solved fluxes, they represent a derivative function, in this case the derivative of the solar energy 

flux Φ� with respect to wavelength. Using the chain rule of differentiation, the wavelength conver-

sion into energy is 

 
�Φ�

��
=
�Φ�

��

��

��
= −

ℎ�

��
�Φ�

��
(9) 

 

where we have used the Planck-Einstein relation � = ℎ�/�. This results in the energy spectrum 

shown in Figure 35 (b).  

 

(a) 
 

(b) 

Figure 35 – (a) The solar energy flux (irradiance) as a function of the photon wavelength, showing the 
comparison between the AM0 and AM1.5G standards and the blackbody energy distribution at 5800K; 
(b) Solar irradiance as a function of the photon energy. 

 

From this spectrum, our photon flux as a function of the photon energy �(�) can now be obtained 

by simply dividing the flux by the energy of the photon. This results in the photon flux Φ�  for our 

sun, plotted in Figure 36 (a). From this, the maximum photocurrent ��� can be estimated using 

Equation (8) quite easily by numerical integration of the real AM1.5G spectrum, using for example 

a software like Matlab. The result is shown in Figure 36 (b). Here arises our first fundamental 

indication of the current matching constraint in a tandem cell: ideally, the current matching condi-

tion comes from a photon matching condition, where the number of photons being absorbed by 

each subcell needs to be the same. For a 2J tandem with Si as a bottom cell, this condition is met 

when the top subcell material has a bandgap of 1.72 eV, as shown in Figure 36 (c). This corre-

sponds to a maximum expectable short-circuit current density Jsc of 21.9 mA/cm2. In practice, the 

current matching condition is much more complicated, and in fact it is often empirically adjusted 

on a case-by-case basis for each type of technology. First, in a real device the matching condition 

is not on Jsc but on the current at the maximum power point Jmpp, which is affected by the Fill 

Factor (FF) of the device, the series and shunt resistances Rs and Rsh, the quantum efficiency, 

and therefore depends on the electrical transport properties of each subcell. Second, the optical 
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effects of reflectance and transmittance of all the layers of the device change the number of pho-

tons reaching each subcell. Third, the photon proportion changes considerably with different 

spectral conditions (such as the air mass number), as we illustrated in Figure 30 (b), showing 

why a 3T or 4T offers significant efficiency gains under real-world operation compared to a 2T 

configuration. Nevertheless, this calculation represents a fundamental upper limit to Jsc by energy 

conservation, because it is the equivalent electrical current contained in the solar photon flux, 

assuming that one photon leads to one electron-hole pair. Photons with energy multiple times 

higher than the bandgap can create multiple carriers, but given the solar flux energy distribution, 

this contribution is very small [23].    

 

 
(a) 

 

(b) 

 

(c) 

Figure 36 – (a) The solar photon flux as a function of photon energy, highlighting the regions of absorption 
of Si and of a top cell material of bandgap 1.72 eV in a 2J device; (b) Integral of the solar flux as a function 
of bandgap for a 1J device, yielding the maximum equivalent Jsc; (c) Photon matching condition for a 2J 
device with a Si bottom cell, leading to an ideal top bandgap of 1.72 eV and a maximum possible Jsc of 
21.9 mA/cm2. 

 

 To derive the maximum efficiency of a solar cell, besides the ultimate efficiency ���� mentioned 

above, we have to consider that the solar cell operates in thermal and chemical equilibrium with 

its environment. In equilibrium, the rates of generation and annihilation of all possible mechanisms 

are equal, which describes the principle of detailed balance [59]. In general, any material at a 

certain temperature � and chemical potential � will emit a characteristic luminescence, whose 

incremental photon flux �Φ� with energy is described by Planck’s generalized radiation law [59] 

 

�Φ�(E, T, Ω, �)= �(E)
2Ω

��ℎ�
��

exp�
� − �
�� � − 1

�� (10) 

 

where �(�) is the absorptance (from 0 to 1) of the material, Ω is the solid angle, � is Boltzmann’s 

constant and � is the speed of light in vacuum. For a black body, � = 1 and for thermal emission 

� = 0, and Equation (10) will approximately describe the thermal emission from our Sun if �� =

5800 � and Ω��� = 6.5 × 10�� as seen from an absorbing material on Earth. For a material emit-

ting luminescence, the chemical potential of the photons emitted can be shown to be equal to its 

quasi-fermi level splitting, or simply the voltage across the material, � = ��. This emission is ef-

fectively an energy loss mechanism, because the higher the operating voltage of the cell, the 

higher the luminescence emission. Therefore, from our detail balance photogenerated current ��� 
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we must subtract the photons that are reemitted by the absorber through a solid angle Ω���� due 

its temperature �� and voltage �. Considering a sharp absorptance, where all photons below the 

bandgap of the absorber are transmitted, and all photons above are absorbed, it becomes 

 

��� = ��
dΦ�

��
(�, ��, Ω���, 0)��

�

��

− ��
dΦ�

��
(�, ��, Ω����, ��)��

�

��

(11) 

 

or explicitly,  

 

��� = ��
2Ω���

��ℎ�
��

exp�
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���

� − 1
��

�

��

− ��
2Ω����

��ℎ�
��

exp�
� − ��
���

� − 1
��

�

��

(12) 

 

This correction to the photogenerated current by including the luminescence emission due to the 

operating voltage of the absorber was only an approximation in the original Shockley-Queisser 

limit, because at the time Planck’s generalized radiation law was not yet known, and was only 

proposed 21 years after Shockley and Queisser’s original publication [132].  

 In general, the efficiency of a solar cell device will be given by the product of its output current 

� and voltage � , divided by the power of the incident radiation ���, 

 

� =
��

���
 (13) 

 

in which ��� is simply in the form of the denominator of Equation (5). From Equation (12), � is a 

function of � and ��, therefore to find the maximum possible efficiency we must solve the optimi-

zation problem defined by the coupled equations on � and ��: 

 

⎩
⎪
⎨

⎪
⎧�

��

���
� = 0

�
��

��
� = 0

(14) 

 

By doing the approximation of neglecting the −1 term in Planck’s law (Equation (10)), an analytical 

solution can be obtained to find the optimal voltage, or operating voltage at the maximum power 

point ���� [133]: 

 

����� = �� �1 −
��
��
� − ��� ln �

Ω����

Ω���

� (15) 

 

This expression shows that our solar cell would be operating at a voltage equal to its bandgap if 

not for two loss terms. The first term 1 − ��/�� corresponds to the efficiency of an ideal heat 

engine, the Carnot efficiency, while the second term has the form of Boltzmann’s famous entropy 

equation � = � ln�, where � is the number of available microstates of the system. Therefore, 

this term describes a loss in voltage due to an increase in entropy related to a mismatch in the 

solid angles for emission (from the sun) and absorption (by the cell). In fact, Equation (15) has 

the form of a Helmholtz free energy �, the energy available to do work in a system at constant 

temperature and volume, as expected: 
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� = � − �� (16) 

 

where � is the internal energy of the system and � is its entropy. Therefore, the two voltage loss 

terms are labelled Carnot losses and Boltzmann losses, respectively. The resulting power loss 

can be obtained my multiplying these terms with the current at maximum power point ����. These 

losses, together with the thermalization and below Eg losses, are summarized in Table 2. 

 
Table 2 – Summary of the fundamental losses in a solar cell, for the case of a single absorber.  

Spectral  

mismatch 

Thermalization 

2Ω���

��ℎ�
� �� − ���

��

exp�
�
���

� − 1
�� 

�

��
 (17) 

Below Eg losses 

2Ω���

��ℎ�
� �

��

exp�
�
���

� − 1
��

��

�
 (18) 

Detailed  

balance 

Emission 
��

2Ω����

��ℎ�
�

��

exp�
� − �����

���
� − 1

��
�

��
 (19) 

Angle mismatch 

(Boltzmann) 
��� ln�

Ω����

Ω���
� ����  (20) 

Carnot �� �1 −
��
��
� ����  (21) 

 

With these losses identified, we can draw the solar cell power curve inside the total photocurrent 

contained in the solar flux, resulting in the area distributions of Figure 37 (a). To extend this 

efficiency calculation to multijunction configurations, one must replace the integral limits in Equa-

tion (12) by the bandgaps of each subcell, effectively filtering out the spectrum from the absorption 

at the preceding (top) cells, as shown by De Vos [134]. The resulting thermalization and optical 

losses are therefore significantly reduced, as illustrated in Figure 37 (b).  

 

 
 (a) 

 

(b) 

Figure 37 – Intrinsic losses under one sun illumination for (a) a single absorber with Eg = 1.31 eV and (b) 
a 2J tandem system with optimal bandgap combinations of 0.98 and 1.87 eV. The current and voltage 
loss mechanisms frame the location of the I-V curve. Figures adapted from [133].  
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Constructing similar plots now with the fraction of incident energy as a function of absorber 

bandgap results in Figure 38 (a), which contains the famous SQ efficiency curve. It can be seen 

that the thermalization and below Eg losses, which define the ultimate effiency ����, constitute the 

majority of the power losses, accounting for around 80% of the overall loss mechanisms. Figure 

38 (b) shows the same result for a multijunction configuration, as a function of the number of 

subcells. It illustrates the fundamental benefit of utilizing a multijunction configuration: the spectral 

mismatch losses progressively decrease as the number of subcells increases. Another non-trivial 

result is that all loss mechanisms depend on the number of subcells. We note that there is also a 

small increase in efficiency due to reabsorption of the luminescence emitted by the top cells, but 

this effect is very small. De Vos showed that for a 2J system, the reabsorption contribution to the 

efficiency is only 0.1% absolute [134]. So far, we have also left out of this discussion the effect of 

the number of terminals (and hence current matching condition). The calculations show that the 

corresponding sets of matching bandgaps and highest efficiencies are very similar, as shown in 

Figure 38 (c). Therefore, the biggest efficiency discrepancies between 2T and 3T/4T configura-

tions appear when there is a change in the spectral conditions, as we have shown earlier. Figure 

38 (c) also shows the efficiency gain by using concentrated sunlight. This strategy essentially 

consists in reducing the angle mismatch (Boltzmann) losses by increasing the solid angle Ω��� 

using optical focusing systems. This strategy is particularly important for a large number of sub-

cells, because with the reduction of the spectral mismatch losses, a bigger fraction of the overall 

losses is caused by the angle mismatch. This creates an opportunity for using multijunction solar 

cells in ultrahigh efficiency applications using concentrator photovoltaics. This concept has also 

seen some interest in recent years due to the progress in III-V tandem devices [86]. 

 

(a) 
 

(b) 

 
(c) 

Figure 38 – (a) Intrinsic losses and useful power output under one sun illumination as a function of the 
bandgap for a single absorber; (b) Intrinsic losses and power output as a function of the number of sub-
cells for an unconstrained system with ideal bandgaps under one sun; (c) comparison between con-
strained (2T) and unconstrained (4T) efficiencies for multijunction devices under one sun and under mul-
tiple suns (concentrated sunlight at maximum concentration). Figures (a) and (b) adapted from [133], and 
figure (c) adapted from [135].  

 

Another important outcome of this calculation is the mapping out of possible bandgap combina-

tions for constrained (2T) and unconstrained systems (4T). This calculation is shown in Figure 
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39 (a) and (b). Due to its current matching limitation, the constrained system has a narrower high-

efficiency region, although the ideal combination of values and maximum efficiencies are quite 

similar in both cases. As mentioned previously, Si, with a bandgap of 1.12 eV, falls very close to 

the maximum efficiency region when combined with a top cell with bandgap close to 1.7 eV.  

 

 
(a) 2-Terminal 

 

(b) 4-Terminal  

Figure 39 – Efficiency colormap of bandgap combinations for a 2J system (a) with a current matching 
constraint (2T) and (b) without constraints. The dashed line shows the path of increasing efficiency up to 
the highest efficiency point, marked by a circle. Figures retrieved from [136]. 

 

In Figure 40 (a) a direct comparison of the detail balance efficiency for multijunction systems with 

and without Si as the bottom cell is shown. There is a 13.5% absolute efficiency gain by transi-

tioning from a 1J to a 2J system with Si, and a 12.3% gain without Si. The efficiency loss by using 

Si as the bottom cell in a 2J is less than 3%. Given the superior price competitiveness of Si, this 

is potentially a reasonable trade-off. Another interesting observation is that while there is an effi-

ciency gain around 13% from 1J to 2J, there is only an efficiency gain of 20% when going from 

2J to an infinite number of junctions, which corresponds to the thermodynamic limit, where the 

only losses are the Carnot, emission and Boltzmann losses. Therefore, the biggest leap would be 

to achieve a 2J tandem. In particular, the gain of a higher number of subcells also becomes quite 

limited due to spectral variations, especially in a 2T configuration, as illustrated in Figure 40 (b). 

 Finally, another aspect highlighting the importance of the derivation of these loss mechanisms 

and ideal efficiency is that they now give us an intuitive understanding about the temperature 

coefficient of solar cells, introduced in Table 1 and Figure 17. We have shown that there are 

three loss mechanisms which are dependent on the temperature of the absorber: the emission of 

luminescence, the Boltzmann and the Carnot losses. On the other hand, the Boltzmann and the 

Carnot losses are directly proportional to the current at the maximum power point ����. For a high 

bandgap absorber, ���� is smaller, and therefore the slope representing the increase of the Boltz-

mann and Carnot losses with increasing temperature is smaller. The emission losses depend on 

���� and would therefore have the opposite behavior, but the overall fraction of emission losses 

is smaller than the sum of the Boltzmann and Carnot losses. This essentially explains why higher 

bandgap materials are less sensitive to temperature variations. 
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Figure 40 – (a) Comparison of ideal efficiencies with and without Si as bottom cell Figure inspired by [62]; 

(b) Effect of spectral variance on the efficiency of 2T multijunction devices. Figure retrieved from [137]. 

  

1.3.5 A thermally resilient bottom Si cell: the TOPCon Si structure 

 The previous sections highlighted the importance of researching new tandem concepts on Si, 

and some of the challenges for the research in this field. In this work, we have selected a Si solar 

cell structure based on electron and hole selective contacts consisting of a combination of a very 

thin silicon oxide insulating layer and a heavily doped polycrystalline Si thin film. The SiOx layer 

provides an interface passivation layer through which carriers can tunnel, and the polycrystalline 

Si serves as selective membranes for the extraction of the carriers. This combination was shown 

to greatly reduce the recombination at the interfaces with the crystalline Si (c-Si) wafer, and this 

passivating effect led to these contacts being labelled Tunnel Oxide Passivating Contacts (TOP-

Con) [138–140]. Due to its improved interfaces, solar cells with TOPCon contacts have demon-

strated superior open-circuit voltages above 700 mV, matching the a-Si:H passivation quality 

used in HIT cells. A two-side contacted Si cell with a TOPCon back contact has achieved an 

efficiency of 25.7%, which is the highest efficiency of any cell with contacts on both sides 

[141,142]. The configuration scheme of this cell is illustrated in Figure 41 (a). Moreover, a fully 

back-contacted (IBC) cell with double TOPCon contacts reached 26.1% [143,144]. This configu-

ration is therefore considered one of the most promising next generation of solar cell architec-

tures. There are already industrial pilot lines being developed with this technology [145], and in 

2019 the company Trina Solar reported a TOPCon module with an efficiency above 23%. We can 

put this number in perspective by recalling Figure 12: it is among the highest efficiency offered 

by any manufacturer. We illustrate the band diagram of a typical TOPCon contact in Figure 41 

(b), and show a high-resolution transmission electron microscopy image of this contact in Figure 

41 (c). It consists of of a 1-2 nm SiOx and a polycrystalline silicon (polySi) with very small domain 

sizes, often referred to as nanocrystalline (nc-Si), microcrystalline Si (µc-Si) or semi-crystalline. 

As a side note, we should mention that the designation TOPCon is currently under dispute, and 

there are several configurational nuances and variations of this type of contact with different 

names [146]. A more general designation of POLO (polysilicon on oxide) has been proposed due 

to the general use of polycrystalline Si and silicon oxide on these contact structures [145].  
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 (a) 
 

(b) 
 

(c) 

Figure 41 – Schematic cross section of a cell with a TOPCon back-contact, achieving a 25.7% efficiency. 
Figure adapted from [142]; (b) typical band diagram of a TOPCon contact. Due to the high band offsets 
of the PolySi, there are no available states for the electrons to tunnel, and only the holes are admitted; (c) 
high resolution transmission electron microscope image of the TOPCon contact.    

 

The success of these types of contacts can be explained by the following aspects: 

 

 Si/SiO2 interfaces achieve among the lowest interface state densities and surface recombi-

nation velocities of any interface. Under clean room conditions, surface state densities below 

1010 cm-2eV-1 and surface recombination velocities under 10 cm/s can be achieved [59]; 

 The heavy doping of the polySi layers provides a favorable band bending within the c-Si, 

similarly to a diffused layer. However, compared to diffused layers, the polySi/SiOx structures 

effectively physically separate the heavy doping regions to outside the c-Si, reducing the 

losses due to Auger recombination [138,147] (which is proportional to the square of the dop-

ing level [59]). Moreover, the heavy doping also increases the tunneling current, allows ohmic 

contacts to be formed, and lowers the overall resistance of carrier transport, improving the fill 

factor [148]; 

 By controlling the growth and crystallinity of the polySi, an amorphous-crystalline mixed phase 

with high bandgap can be obtained [149], effectively forming a heterostructure with c-Si. The 

resulting band offsets can effectively increase the selectivity of the contacts by blocking one 

type of carrier [138]; 

 The defect density of this contact structure can be further reduced by a hydrogenation step, 

either by annealing in a hydrogen atmosphere [138] or by depositing a sacrificial hydrogen-

ated silicon nitride (SiN:H), annealing the resulting structure and etching the SiN layer [150]. 

This results in defect healing and improved effective carrier lifetime. 

 

These general advantages of this configuration make it interesting on its own. But as it turns out, 

this structure is also a prime candidate to be a resilient bottom cell for the monolithic integration 

of tandem devices. After the fabrication of the polySi/SiOx pair, the passivation quality of the con-

tact is increased through an annealing process between 600-1000 °C [140]. In this annealing 

process, the polySi dopants become activated [139] and the crystallinity of the polySi can be 

tuned to form a wide bandgap mix of amorphous and crystalline phases, which leads to an im-

proved interface heterostructure and to a better blue light response of the cell [138]. Due to the 

high temperature involved in this step, the resulting structure is effectively very thermally resilient, 

and the passivation quality is not easily compromised for annealing temperatures below this ac-
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tivation temperature, which is a unique feature among all the different Si architectures. This ther-

mal resilience can be further improved by using capping dielectric layers such as Al2O3 and SiNx, 

and/or combining it with a hydrogenation step [150]. In particular, SiNx hydrogenation processes 

are done at temperatures around 400 °C, and increase the thermal resistance of the TOPCon 

stack, preserving high carrier lifetimes in annealing processes up to 850 °C [150]. This range is 

well within the temperatures used in the synthesis of chalcogenide-based solar cells such as 

CIGS and CZTS. Most importantly, both the p+ PolySi and n+ PolySi TOPCon contacts simulta-

neously exhibit this thermal stability, as we illustrate in Figure 42 (a). This means that a wafer 

with fully developed front and back contacts can be directly used in top cell synthesis, and there 

is no need to redevelop the Si structures after some of the top cell processing steps, besides the 

final metallization of the contacts. This advantage, again unique to these resilient contacts, has 

the potential to simplify the monolithic integration processing sequence. A slight drawback of this 

double TOPCon configuration is that the p+ PolySi contact is less robust, which has been at-

tributed to a higher number of defects created by boron doping compared to the phosphorous 

counterpart typically used in the n+ PolySi [138].   

 After the high temperature activation annealing, the polySi layers typically exhibit a bandgap 

around 2 eV, as shown in Figure 42 (b). For that reason, the polySi contact facing the light direc-

tion is usually kept as thin as possible, in the range 15-40 nm. It has been estimated that a current 

loss of 0.5 mA/cm2 occurs per every 10 nm of polySi, due to light absorption in the blue range 

[151]. However, in a tandem device the top cells absorb this range of light, so this absorption by 

the PolySi is no longer a concern. That unlocks a new possibility of tuning the thickness of the 

light facing polySi layer, which is precisely the one sitting at the top cell/bottom cell interface. This 

possibility can effectively be leveraged to achieve a higher thermal resilience, due to the known 

diffusion barrier and impurity gettering properties of polycrystalline Si layers [148]. Note that in a 

1J Si device, nobody in their right mind would use a polySi thickness of 400 nm on the light facing 

side but, due to the tandem configuration, we were able to explore this thickness effect on the 

protection of Si for the first time, by increasing this thickness from 40 nm to 200 and 400 nm.     

 

 
(a) 

 

(b) 

Figure 42 –  (a) The implied Voc (derived from lifetime measurements) after annealing and hydrogenation, 

for a p-type wafer with double p+ or double n+ TOPCon contacts. Note the important passivating effect 

of the SiOx layer. Figure adapted from [138]; (b) corresponding typical transmittance and Tauc plot (inset 

graph) of the polySi layers. Adapted from [152].   
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 The combination of these three aspects of the TOPCon structure – high intrinsic thermal resil-

ience, SiN hydrogenation schemes and PolySi thickness leveraging – in combination with the 

inclusion of different types of foreign titanium nitride-based diffusion barriers, allowed us to 

achieve a resilient bottom cell architecture. This led to the demonstration of tandem devices where 

the Si bottom cell retained its full potential after all the top cell fabrication steps. We highlight that 

for CZTS on Si, this new architecture already achieved a higher performance than any other 

configuration based on TCOs such as ITO or fluorine-doped tin oxide (FTO). For chalcogenides 

in general, we have shown that this configuration achieves the best performing Si bottom cells 

achieved to date, in terms of the final lifetime of the Si bottom cell after full tandem cell processing. 

These results were described in greater detail in Paper 2 (Section 4.1) and Paper 3 (Section 

4.2), although some important aspects are still yet to be published. The specific outline of the 

contribution of this PhD work to this research will be presented in the next section.  
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2. Scope of this thesis and personal contributions 

 I would like to preface this section by saying that just as a two-junction tandem cell involves 

two different subcells, so was this PhD work, quite fittingly, mostly the result of the coupled work 

of two people, my PhD colleague Alireza Hajijafarassar, and myself. Both of us finished our PhD 

projects around the same time (summer 2020), and our PhD theses are in fact very similar, with 

a significant overlap in terms of the contents presented and the experimental results achieved. 

Our theses share the same publications, in particular Paper 2 (Section 4.1) and Paper 3 (Section 

4.2), in which we were first authors with equal contribution. I am very proud to say that, in both 

cases, this was a true equal contribution. In fact, it was the synergistic effects of our constant 

collaboration, brainstorming and teamwork that led to the results we achieved. In a recent inter-

view in late 2019, Elon Musk described how the success of an organization is largely determined 

by the behavior of the interfaces between its subsections [153]. In designing a product, the or-

ganization cannot operate with strict interfaces where there is no information exchange between 

the people (or team) working in optimizing the different subsections of that product. In other words, 

every member of the team needs to broadly understand and be engaged in all the different design 

aspects of that product. A lack of communication and feedback loops across those interfaces will 

ultimately result in non-idealities and incompatibilities in the production integration and design. As 

Musk put it [153]:  

 

 (…) The product errors reflect the organizational errors. Whatever departments you’ve got, 

that will be where your interfaces are. Instead of getting rid of something, or questioning the 

constraints, one department will design to the constraints that the other department has given 

them, without calling into question those constraints, and saying “those constraints are 

wrong”. You should actually take the approach that the constraints you are given are guaran-

teed to be [to] some degree wrong. Because the counterpoint would be that they are perfect. 

What is the probability that this would be the Platonic ideal, the perfect part? Zero. Question 

your constraints. It does not matter if the person handing you those constraints won a Nobel 

prize – even Einstein was wrong some of the time – so question your constraints. (…) What 

are the mistakes smart engineers make? One of the biggest traps for smart engineers is 

optimizing a thing that shouldn’t exist.  

 

 In my view, this is an extremely valuable and underrated attitude in any organization. In our 

research, Alireza was in charge of the experimental aspects of the design and fabrication of the 

Si bottom structures, whereas I was in charge of the CZTS top cell structures and associated 

processes, which we mostly used to test the resilience of our Si bottom cell. We could have spent 

the 3 years of our respective PhD projects independently optimizing our respective subcells, pos-

sibly leading to 20%+ Si cells and 8%+ CZTS cells, some realistic estimates much higher than 

what we effectively achieved (16% for Si and 6.8% for CZTS). However, as soon as we would 

have attempted to combine the two, to the constraints imposed by the independent optimizations, 

we would have undoubtedly failed. Instead, from the beginning, Alireza was involved in a lot of 

the aspects related to CZTS processing, and I was involved in the design, planning and testing 

of our iterative development of Si structures compatible with tandem integration. We could de-

scribe it as a non-linear coupled system where the superposition principle does not apply, that is, 

where our effective contributions were much larger than the sum of our individual contributions. 
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Where the whole was bigger than the sum of its parts. I have put a great deal of my personal 

efforts into trying to achieve this dynamic, and in my honest judgement, my attempt to uphold this 

organizational culture is perhaps my biggest contribution to our group during these 3 years, argu-

ably a bigger contribution than my individual scientific efforts. A brief description of this behavior, 

sort of behind the scenes, would include:  

 The Silicon and the CZTS developments occurred within different groups operating in differ-

ent campuses, in different cities in Denmark, separated by around 40 km (Roskilde and 

Lyngby). I have sought to keep a constant stream of communication between us (Alireza and 

I) and our respective supervisors, with a high frequency of updates on the progress and de-

velopments. This allowed us to accelerate the exchange of information and the decision mak-

ing process between the subgroups of our project, compared to the official group meetings, 

which tended to be rare, slow, too crowded and ineffective (not a particular criticism of our 

organization, this is in general true of most conventional organizations). 

 Although I was originally not involved in the decision making and planning of the Silicon sub-

group (because my nominal job was to produce CZTS by cosputtering in the other subgroup), 

I self-learned about silicon photovoltaics quickly to the point where I became an integral part 

of that planning. In all honesty, there was also a personal motivation to expand my knowledge 

base of photovoltaics by studying the most important photovoltaic technology that exists to-

day, but this initiative allowed a much smoother interface between the two subgroups. Be-

sides being involved in the planning of most aspects regarding the integration of CZTS on Si, 

by my self-learning I was able to provide suggestions of useful characterization methods to 

analyze our Si devices, such as deep level transient spectroscopy (DLTS). In particular, while 

discussing the intricacies of how to accurately measure the contamination of Si structures in 

an informal conversation during a conference, I was able to motivate a colleague from the 

University of Oslo, Sigbjørn Grini, to help us characterize the contamination of Si caused by 

CZTS, resulting in an international collaboration between our institutions. This allowed us to 

do high-quality secondary ion mass spectrometry (SIMS) and DLTS measurements of our Si 

structures, and resulted in a large fraction of our Si characterization efforts that we published 

in Paper 2 (Section 4.1) and Paper 3 (Section 4.2). It also resulted in characterization data 

for our efforts to investigate the synthesis of CZTS by cosputtering, which we published in 

Paper 1 (Section 3.4). This fruitful collaboration went on for a good part of 2 years, and very 

recently also allowed us to prove that the resilience of our bottom cell is significantly improved 

by an impurity gettering effect achieved when the thickness of the PolySi layers is increased. 

This effect has been verified in early 2020 for different types of top cell chalcogenide materi-

als, through an external collaboration with the thin film solar cell group at the University of 

Uppsala, whom I originally contacted and encouraged a collaboration with Alireza, and moti-

vated Alireza to do a short external stay at Uppsala. I only take a small credit – all the merit 

goes to Alireza for the brilliant research efforts in the preparation and execution of this exter-

nal collaboration! The corresponding data is currently not published yet, and while I do not 

present it in this thesis, it was described in detail in Alireza’s thesis.    

 On the CZTS side, we had, at some point during this PhD project, a total of 3 post-doctoral 

researchers and 2 PhD students working with CZTS, more or less with significantly overlap-

ping functions. Due to my work with the cosputtering of CZTS, which was the highest through-

put method available in our group, I had the fundamental role of making sure our solar cell 

processing line was efficient and reliable. Besides the obvious experimental workload in-

volved, I attempted to keep steady communication efforts (sometimes even seen as exces-

sive by my peers), with frequent updates about the status of the processing line, the currently 
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known best parameters at each time and the reproducibility and stability of our process. If I 

may put my professionalism to the side for a second, I am sure the reader familiar with kes-

terites such as CZTS is aware that working with CZTS is a real PITA (pain in the rear). The 

phase stability region of CZTS and its ideal composition region are extremely narrow. The 

photovoltaic quality of the CZTS absorbers is highly sensitive to the processing conditions, 

such as the annealing step or the properties of the substrate and back contact. To the despair 

of many researchers, including my PhD predecessors [154,155], it is extremely hard to find 

the limiting factors by standard characterization methods, without fabricating a large volume 

of full devices. Moreover, the inevitable experimental drift over time in the operating conditions 

of the different instruments of the solar cell line can sometimes shift the system towards un-

favorable conditions, taking down the whole research for long periods of time, sometimes 

several months, which was quite frequent also during this PhD project. For that reason, effi-

cient communication across our organization assumed an even more important role, and en-

sured that the best operational conditions were available for all the members of the organiza-

tion, at every time. 

 Related to the previous point, experimental throughput in terms of the volume of CZTS de-

vices produced per unit time was essential for achieving the stability levels required to allow 

us to do original research, such as the integration of CZTS on Si and the research done by 

my colleagues [156]. As an interesting side note, in an informal conversation in early 2019 

with Chang (Eric) Yan, at the time a post-doctoral researcher at the University of New South 

Wales, currently the best sulfide CZTS research group in the world, he mentioned that their 

group was producing an average of 1000 individual CZTS solar cells per week. Granted, each 

sample can contain around 5-30 individual cells depending on the research substrate config-

uration, but this exchange was one of the many aspects that made me realize the overarching 

importance of building a reliable and reproducible processing line as a stable platform for 

conducting our research. This became one of my main priorities, and I have often provided 

our group with statistical analysis showing the reproducibility and standard deviation expected 

for our processing line at different times throughout the 3 years of operation. Furthermore, I 

have attempted to work on flexible schedules compatible with my colleagues in order to allow 

the possibility of working in shifts and maximize our throughput. After identifying mean values 

for the working schedules of my colleagues, I took the decision, since February 2019, to reg-

ularly start my days every week day at 5:00 AM and start working on campus at 6:15 AM (45 

minutes of work-home commuting), in order to accelerate the initial processes of our solar 

cell line (cosputtering and annealing). This facilitated the subsequent work of my colleagues 

(CdS chemical bath deposition, TCO deposition, characterization work, etc.). I estimate that 

this simple resource allocation optimization allowed us to improve our throughput by roughly 

a factor of 2. I am extremely grateful to my colleagues for the opportunity of working in a 

supporting team and splitting the workload of the different research tasks.    

 In another example of interfaces across organizations, I collaborated with our photovoltaics 

systems section to adapt their available solar simulators to be able to measure the IV curves 

of our small-scale thin film solar cells. This effectively brought our entire solar cell production 

line and essential characterization into a single campus, without the need to constantly 

transport samples between different cities, for the first time since 3 years of operation of our 

group until that point. Moreover, this initiative proved later on to be fundamental also for the 

reliable measurement of our CZTS/Si tandems and single-junction Si cells. Besides my initial 

diligence in this regard, I credit all the merit to my good colleague Adrian Alejo Santamaria 
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Lancia who set up what is currently, by far, the best solar cell IV measurement system at 

DTU.   

 

 With that being said, a large fraction of my scientific contribution was on the CZTS side of the 

tandem. My individual work with CZTS resulted in a semi-review paper, which we present first in 

this thesis, Paper 1 (Section 3.4). During our work with cosputtering of CZTS, we identified a 

peculiar behavior during the annealing step, where the kesterite absorber layer systematically 

exhibited a double layer (or bilayer) structure. We found this to be a sort of underlying problem 

occurring across many publications, for different types of kesterites, and a detailed investigation 

of this effect was missing in the body of literature. We have therefore performed a comprehensive 

study of this effect, and presented hypotheses that will hopefully be a good reference work for 

future research in the field. Interestingly, a big part of the work was complemented by our work 

on tandem integration with Si, because from that we accidentally identified that the double layer 

occurrence in CZTS was independent of the substrate used, which allowed us to exclude the 

influence of alkali metals, and therefore guided us towards the right scientific hypotheses.  

 As I have described throughout this thesis, the bulk of my efforts were directed towards our 

experiments with the integration of CZTS on Si. This work is detailed below in the form of the two 

publications that resulted from it so far, Paper 2 (Section 4.1) and Paper 3 (Section 4.2). Besides 

these publications, there were two important contributions which have not been published so far. 

The first, which I already described above, was Alireza’s external research collaboration with 

Uppsala, where we tested our bottom cell under different chalcogenide top cells. The second, 

was my external stay at the Korea Advanced Institute of Science and Technology (KAIST). During 

this 3 month period, I took our developed TOPCon structures and started a collaboration where 

we attempted to apply them for the electrochemical process of water splitting, in a tandem con-

figuration with a photoanode based on the metal oxide BiVO4 (BVO). Due to the notable stability 

and flexibility of our TOPCon Si, this adaptation was remarkably straightforward, and we were 

able to obtain a good protection of the Si bottom cell even after synthesizing the BVO in a process 

which involved two long annealings at 475 and 500 °C. This is currently an ongoing work, and a 

possible line of research for future collaborations between our institutions.  

 Finally, I would like to mention that the resilient Si platform developed by our project has raised 

appreciable collaboration interest beyond what is described in this thesis, and it has been used 

in two recent publications with the first tandem concept fabrication of new top cell materials on Si. 

The first one was using the barium-substituted Cu2BaSnS4 (CBTS) [157], and the second one 

was using a new class of bismuth iodine semiconductor compounds such as BiI3, BiOI and Ag3BiI6 

[158]. As I was not directly involved in any of these works, I am not a coauthor, but my colleague 

Alireza is, as he provided the adapted Si structures developed in our project. Furthermore, there 

is an ongoing collaboration with DTU Physics for the development of the first selenium/silicon 

tandem cell, based on the semiconductor Se absorber which, as we have described early in Sec-

tion 1.1, appears to be making a comeback in the photovoltaic research scene after appearing 

for the first time almost 150 years ago as a photovoltaic material. It is with great excitement that I 

see the collaboration enthusiasm and the new research possibilities opened by our investigations. 

As for now, I shall provide the description of our past research so far, in the next sections.  
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3. Contributions to the kesterite field   

 The nominal role of this PhD project was to synthesize CZTS absorbers using a cosputtering 

route. We adopted the classical CIGS and CZTSSe solar cell structure consisting of a Mo back 

contact, a n-CdS/p-CZTS heterojunction solar cell with a thin resistive ZnO layer and a TCO front 

contact based on Al-doped ZnO (AZO). The schematic diagram of this solar cell is shown in Fig-

ure 43 (a). In this work, we have used this structure except for the antireflection coating and the 

metallic grid. A representative cross-section view of the solar cell is shown by the scanning elec-

tron miscroscope image of Figure 43 (b). In our particular synthesis route, our CZTS absorber 

exhibited a double-layer structure, which motivated the investigation of this phenomenon and ul-

timately resulted in Paper 1 (Section 3.4). The first CZTS solar cell was reported in 1997 [159]. 

Since then, there have been several detailed and comprehensive reviews on the physics and 

crystallographic aspects of kesterites, and on the current challenges and limitations of kesterite 

devices. In Paper 1, we have briefly reviewed some of the recent developments, and showed that 

in the past 3 years alone (2017-Early 2020), there have been close to 30 publications reporting 

significant advances in the understanding and synthesis methods of kesterites.      

 

 
 (a) 

 

(b) 

Figure 43 – (a) Schematic diagram of a typical CZTS solar cell as used in this thesis, except for the 
antireflecting coating and metallic grid. Figure adapted from [155]. (b) scanning electron miscropscope 
image of a typical CZTS solar cell fabricated in this PhD thesis.  

 

For that reason, and in line with our introductory analysis of the photovoltaic field in Section 1, 

we skip this discussion altogether in this section. Instead, we apply an eminently practical and 

data-driven approach to discuss the challenges of working with kesterites, based on our large 

volume of data accumulated over roughly 2 years from our cosputtering synthesis route. Using 

that approach, we will discuss some of the merits and challenges of the cosputtering route, in-

cluding common pitfals that researchers in the field should avoid. Essentially, the next sections 

are intended as a primer for cosputtering of CZTS in particular, and compositionally-complex co-

sputtered thin films in general.  
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3.1 Experimental aspects of cosputtering of CZTS 

 The cosputtering work in this thesis was conducted in a Tornado 405 cosputtering system from 

the company Polyteknik. The system consists of a main chamber and a loadlock, as shown by 

the global view of Figure 44 (a). The system consists of 4 independent magnetrons with 3 

mounted obliquely and 1 centrally mounted, as detailed in Figure 44 (b). The system is capable 

of processing wafer substrates with a diameter of 10 cm.   

 

 
(a) 

 

(b) 

Figure 44 – (a) General view of the cosputtering chamber used in this work; (b) general view of the interior 
of the cosputtering chamber. 

 

To cosputter CZTS, we have used 3 ceramic targets of metallic Cu, SnS and ZnS. The targets 

have a diameter of 2 inches, and are mounted directly on the magnetron head as shown in Figure 

45. The cosputtering process essentially deposits a Cu-Zn-Sn-S precursor mix on a substrate.  

 

 
 (a) 

 

(b) 

Figure 45 – (a) Upper view of the magnetron arrangement. The central magnetron was not used in this 
thesis; (b) Close-up view of the arrangement of the targets: Cu on the left, SnS at the center and ZnS on 
the right.   
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 The deposition of Cu was achieved using a DC power supply, whereas for SnS and ZnS RF 

sputtering was used due to the lower conductivity of these ceramics [160]. The sputtering ap-

proach in this work was purely physical (i.e. nonreactive), and only Ar gas was used as process 

gas. A schematic illustration of the cosputtering process is shown in Figure 46 (a), alongside a 

photograph of the view of the cosputtering plasmas under operation in Figure 46 (b). Note that 

due to the simultaneous operation of the three magnetrons, there is always a cross-contamination 

between the targets, also known as target poisoning, although this term is most often used in 

reactive sputtering when a reactive process gas is used [161].  

 

 
 (a) 

 

 

(b) 

(c) 

(d) 

(e) 

Figure 46 – (a) Schematic diagram of the CZTS cosputtering process for the deposition of Cu, SnS and 

ZnS; (b) corresponding photograph under operation; (c) Cu target; (d) SnS target; (e) ZnS target.  
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This contamination is naturally situated outside the sputtering erosion zone, accumulating mostly 

near the edges of the targets, as illustrated in Figure 46 (c)-(e). Although these cosputtering and 

reactive sputtering configurations allow for a a wider range of tunability in the deposited films, 

they come with the trade-off that the poisoning effect can lead to transient behaviors such as 

hysteresis in the sputtering yield (and hence deposition rate) [161], and corresponding change in 

impedance conditions of the matching electrical network of the cathodes. In a nonreactive cosput-

tering setup, the two available ways to circumvent this problem are to increase the utilized area 

of the target, and to control the plasma confinement by tuning the electric and magnetic fields 

around the magnetron. One way to achieve this is to tune the set of magnets that sit underneath 

the cathodes (targets). Typically, a planar magnetron such as the ones used in this work consist 

on a set of inner magnets and a set of outer magnets, as illustrated in Figure 46 (a). If the mag-

netic field strength of those magnets is similar, the magnetron is said to be balanced. If the relative 

strength between the magnets is changed, or if an external coil or solenoid element is added, the 

magnetron becomes unbalanced. Unbalanced mangetrons can increase the electron flux in the 

vicinity of the target, leading to higher ionization rates, higher deposition rates and a higher target 

utilization, reducing the contaminated areas by sputter cleaning [61,161]. However, for small sys-

tems with a close proximity between magnetrons, the magnetic field of a magnetron can influence 

the surrounding magnetron and lead to a detrimental deflection, as we illustrate in Figure 47 (a) 

and (b) We have experienced this issue in our setup, and have therefore operated with a system 

of closely balanced magnets, with the trade-off of a higher degree of contamination of the targets.      

 

 
 (a) 

 

(b) 

Figure 47 – (a) Illustration of the pitfall of unbalanced magnets in a cosputtering system; (b) the strong 
influence of the surrounding magnet fields of the neighbor magnetrons deflects the plasma, leading to a 
decrease in the deposition rate and uniformity on the substrate.  

 

 On the positive side, we did not experience significant issues due to cross-contamination in 

our system. The transient behavior of the targets was found to be limited to the first few minutes 

of operation, after which the system would reach a stationary regime of stable operation. We 

found that the biggest source of instability in the targets was related to the initialization and shut-

down procedures. During these, the power applied to each target is ramped up to or down from 

the working powers, creating a time window where a target can receive contamination from an-

other target without having a significant self-cleaning from its own sputtering effect. For that rea-

son, we found it important to ensure that the three plasmas are created and extinguished syn-

chronously. After establishing the operating conditions in the three targets, a self-cleaning 
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presputtering step of at least 5 minutes is recommended in order to achieve a stationary regime 

of operation. The transient behavior and stabilization of the system can be tracked by monitoring 

the bias voltage values measured by the power supplies over time. For the DC power supply used 

in Cu, the voltage and current can be monitored. For the RF power supplies of SnS and ZnS, the 

DC self-bias voltage and the tuning parameters of the parallel and series capacitive matching 

networks can be tracked. The evolution of these internal parameters over time provides an over-

view and allows for quality control of the process, and therefore should be monitored. A typical 

logbook extract for a CZTS cosputtering process is summarized in Table 3. The most important 

experimental parameters are the powers applied to each target during cosputtering, as these will 

determine the composition of the CZTS precursor films. Besides these, the working pressure 

during cosputtering is the most important, as it has be biggest influence on the gas phase 

transport and will therefore influence the deposition rate and the microstructure of the resulting 

films [161–163]. The deposition time correlates approximately linearly to the film thickness. An-

other important parameter is the substrate temperature, but this parameter was kept constant in 

this work, as no intentional heating was applied. 

 
Table 3 – Logbook extract showing the important parameters for a typical CZTS precursor cosputtering run.  

Process conditions (chamber and targets) 

Ar 
(sccm) 

Tilt θ 
(◦) 

Base p 
(mbar) 

Motor (rpm) 
Target-substr. 

dist. (cm) 
pre-sputtering (min) 

15 35 3.43x10-7 20 
 

7 (all) 
 

5' co-sputtering, sample in loadlock 

Deposition conditions 
 

EDS composition (15 kV / 20 kV) 

 
Working p (mbar) 

Pcu  

(W) 
PSnS 

(W) 
PZnS 

(W) 
Depos. 

time (min) 
Cu/Sn Cu/Zn Zn/Sn 

Cu/(Zn+S
n) 

 
4x10-3 

13-/0 (330-332, 37-

38) 
340 (66-

70) 
45(19-21) 15 

1.99/ 
2.02 

1.62/ 
1.78 

1.25/ 
1.14 

0.88/0.95 

 

Essentially, one of the main differences between cosputtering and sputtering is that in cosputter-

ing there is a coupling between the individual plasmas around each magnetron, which affects the 

sputtering conditions of each target. One can empirically see this coupling by comparing the bias 

voltage values when a magnetron operates in isolation versus in cosputtering, for the same con-

ditions. This has important implications for the compositional tuning of CZTS. For instance, it is of 

little practical use to characterize the deposition rate of each target individually, because the dep-

osition conditions significantly change due to plasma coupling and due to the cross-contamination 

effects. As a concrete example, for constant powers of the ZnS and SnS power supplies, one will 

find that the Zn/Sn ratio of the films may change slightly for different powers applied on the Cu 

target. Instead, one has to trace the effects of different combinations of powers on the composition 

of the films, resulting in a four-dimensional space where three sets of sputtering powers define 

one composition. There are many combinatorial algorithms to solve such an optimization problem. 

A suitable approach is to fix the power on one target, and investigate the variations in the other 

two. This was the general approach followed in this work, where we have mostly kept the SnS 

power fixed at 34 W once an ideal regime was found, as shown in Table 4. Note that this does 

not necessarily mean that the SnS deposition rate is kept constant, due to the plasma coupling. 
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Nevertheless, stable systems tend to behave linearly when the applied changes are small, and 

with one of the powers fixed, we found that the system responds with reasonable sensitivity and 

linearity to small power changes in the other targets, which is a very important prerequisite to be 

able to fine-tune the composition of CZTS. As shown in Table 4, changes on the order of 5-10% 

on the powers result in approximately similar changes in the compositions. Note that, in our sys-

tem, the SnS and ZnS powers can only be tuned in discrete steps of 1 W, whereas Cu can be 

tuned continuously (hence the notation 13+/14-, for example). We see that 1W steps are small 

enough to produce a small variation in the composition, reflecting a good sensitivity of the system. 

This reasonable sensitivity is not immediately obvious for such a complex coupled sputtering sys-

tem. However, in our case, one possible physical reason for this good behavior is that in magne-

tron plasmas the sticking coefficients of Cu, Zn and Sn are nearly the same [164]. On the other 

hand, the sticking coefficient of S is significantly smaller, so the resulting sputtered precursor films 

tend to be sulfur deficient compared to the average sulfur ratios of the targets.    

 
Table 4 – Logbook extract showing a fine-tuning series where the SnS power is kept constant, and the 
composition is tuned by changing the Cu and ZnS powers. Note that even though the powers are similar in 
some runs, the bias voltage values can vary and thus the conditions can be slightly different.  

Target conditions 
 (W (DC bias voltages (V), Current (mA)) Time  

(min) 

EDS compositions (15 kV / 20 kV) 

Cu SnS ZnS Cu/Sn Cu/Zn Zn/Sn Cu/(Zn+Sn) 

14+ 

(346-348, 

39) 

340 

(68-71) 
45(20-21) 17.5 2.04/1.96 1.64/1.72 1.24/1.14 0.91/0.92 

14+/15- 

(346-348, 

39) 

340 

(68-71) 
50(20-21) 17.5 2.28/1.97 1.46/1.59 1.56/1.24 0.89/0.88 

13+/14- 

(346-352, 

37,38) 

340 

(66-70) 
45(21) 15 1.98/1.98 1.53/1.66 1.30/1.19 0.86/0.90 

13+/14- 

(342-346, 

37,38) 

340 

(66-70) 
45(17-22) 28 1.90/1.88 1.50/1.78 1.26/1.06 0.84/0.92 

14-/0 

(334-336, 

39-40) 

340 

(66-71) 
43(18-22) 15 2.03/1.99 1.71/1.89 1.19/1.05 0.93/0.97 

13-/0 

(330-332, 

37-38) 

340 

(66-70) 
45(19-21) 15 1.99/2.02 1.62/1.78 1.25/1.14 0.88/0.95 

 

This sulfur-deficient behavior is one of the main reasons why CZTS cannot be readily deposited 

with a single sputtering step, and a two-step process involving an annealing in a sulfur atmos-

phere is usually needed after the sputtering step. We found that this deficiency in sulfur can be 

intrinsically connected to the assymetric crystallization profile of kesterite absorbers, which we 

discuss in Paper 1 (Section 3.4). 

 The similar sticking coefficients describe a similar probability of atomic transfer from the 

plasma into the substrate. On the other hand, the atomic transfer from the target to the plasma is 
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described by the sputter yield �. For the ion energy ranges of typical sputtering processes, the 

sputter yield is also approximately linear with ion energy, which is illustrated in Figure 48. The 

deposition rate is an implicit function of the sticking coefficient and the sputtering yield. Similarly, 

the ion energy is experimentally controlled through the DC self-bias voltage that accelerates the 

impinging ions, and which is established by the power applied to each target. Therefore, for a 

narrow range of operation, one can make the approximation that the atomic concentration of ele-

ment � deposited at the substrate will depend linearly on the power applied to the target(s) con-

taining element �, as described in Equation (22). The proportionality constant �� also depends 

on the geometric conditions of the chamber, and can generally include corrections from the cou-

pling effects of the other magnetrons, but is primarily determined by the yield � and the sticking 

coefficient of element �. Therefore, the composition ratios, which are our main interest for working 

with CZTS, will be a similar function of the ratio of the powers applied to each target, as described 

in Equation (23) 

 

 

 

 

 

[�]�� = ���� (22) 

 

 
[Cu]��
[SnS]��

=
���
����

���
����

(23) 

 
Figure 48 – Sputter yield (amount of atoms ejected 
by a single incoming sputtering ion) as a function 
of ion energy. Figure reproduced from [161]. 

 

We found this to be a very reasonable approximation in our work. In practice, this means that one 

can produce 2D compositional colormaps to characterize the response function of the targets in 

terms of the resulting film composition, which is illustrated in Figure 49 (a) for the cases of SnS 

and ZnS. The smallest step is 1W and thefore the map is discretized in grids of 1W by 1W. Es-

sentially, any linear path across the grid of ZnS and SnS powers produces an approximately linear 

response in the film composition, with different proportionally constants depending on the path. 

With such an algorithm for the Zn/Sn and Cu/Sn ratios, the power combinations corresponding to 

the ideal CZTS composition can be found in less than 10 deposition runs. However, the empirical 

results provided by this approach are only valid for a limited amount of time, because the sputter-

ing conditions change dynamically over time. We can characterize the time drift of the process by 

looking at the evolution of the bias voltage of a given target over time. We have compiled this 

data in Figure 49 (b) for the case of the SnS target, which we have kept constant at 34 W and 

monitored over the course of 126 depositions, in about 13 months, including the research stay 

period where no internal experiments were done. The data shows a continuous time drift in the 

sputtering conditions of the SnS target. The physical explanation for this effect is quite complex 
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as there are many factors at play. There are intrinsic aspects related to the targets, such as the 

evolution of the erosion profile and the degree of contamination over long periods of time. For a 

highly depleted or contaminated target, the deposition rate of the original target element will de-

crease for the same applied power. On the other hand, note that throughout all the sputtering 

runs, the end goal was always to obtain films with the ideal Cu-poor and Zn-rich CZTS composi-

tion. Therefore, the powers applied to the other targets had to be adjusted in accordance during 

this period. 

 

 
 (a)  

(b) 

Figure 49 – (a) 2D compositional colormap for the SnS and ZnS sputtering power space, for the particular 
example of a constant 5 W power on the Cu target; (b) Evolution of the DC self-bias voltage for the SnS 
target at a constant 34 W during 126 depositions over the course of 13 months. The error bars indicate 
the minimum and maximum bias voltage values during each deposition.   

 

This medium-term experimental drift in the processing conditions is one of the biggest obstacles 

to maintaining a reliable cosputtering process. It gets aggravated by the needle-sharp ideal com-

positional region of the kesterite, which means that, essentially, the composition of the CZTS 

precursor films has to be monitored on a weekly basis. This monitoring can be done by direct 

measurement of the composition of the precursor and/or the annealed absorber (for example with 

energy dispersive x-ray spectroscopy (EDS), X-ray fluorescence spectroscopy (XRF), inductively 

coupled plasma mass spectrometry (ICP-MS) or with Rutherford Backscattering Spectrometry 

(RBS)). We have mostly used EDS in this work, and occasionally RBS. Additionally, this monitor-

ing can be done indirectly by regularly measuring a large volume of solar cells. Ideally, both mon-

itoring techniques should be used. In particular, this also makes sure that there are no unexpected 

limitations in the other steps of the solar cell processing line. Failing to regularly monitor the com-

position of the kesterite films is perhaps one of the biggest pitfals in kesterite research.   

 

3.2 The importance of establishing a reliable process baseline 

 Some of the aspects discussed in this section will at first seem obvious as they should be 

common practice in any reasonable experimental laboratory, but as the reader will find by reading 

through this section, CZTS experimentalists face a particularly stringent need for reproducibility, 

even when working with a reliable synthesis method such as cosputtering. In this section, we 

present some interesting statistics describing some of these common obstacles in achieving a 

reliable CZTS processing line. 
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 Once the precursor composition is accurately and periodically tracked, one of the biggest chal-

lenges in achieving a suitable process for device fabrication is finding a Mo back contact which is 

compatible with the kesterite synthesis method and with the annealing step. There have been 

several works analyzing the adequacy of the Mo back contact, and its stability during the anneal-

ing step. The existing knowledge is that, on the Mo side, the critical aspects to ensure a good 

adhesion are the c-axis orientation and the dynamics of the formation of the MoS2 intermediate 

layer, or Mo(S,Se)2 for sulfo-selenide kesterites [165,166]. On the CZTS side, it appears that the 

formation mechanism during the annealing, the kesterite composition and its phase stability play 

a crucial role in determining the stability and electrical properties of the Mo/CZTS interface [167]. 

The behavior of this interface is indeed quite complex and intricate, and as such can only be 

determined empirically in most cases. Our work was a good example of the nature of this obstacle. 

We encountered a severe degradation of the back contact after the annealing step, as shown in 

Figure 50 (a) and (b).  

 

 

(a) 
(b) 

 

(c)  

(d) 

Figure 50 – (a) and (b) Overview of degraded CZTS absorbers after annealing showing a back contact 
instability issue; (c) uniform kesterite after suitable fabrication conditions on a Mo substrate; (d) CZTS 
efficiency evolution timeframe once the Mo back contact obstacle was overcome in this project.   

 

We have benefitted greatly from the possibility of trialing several different types of Mo-coated 

glass substrates, purchased from commercial companies and also by courtesy of other research 
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groups working in the kesterite field.5 Through an empirical adjustment of the available parameter 

space, namely the precursor composition and the annealing conditions, we observed that one 

particular type of Mo substrate appeared to be relatively stable in our processing conditions, as 

shown in Figure 50 (c). Note that out of the 4 types of Mo substrates tried, 3 belonged to research 

institutions with a well-developed research process and high-efficiency kesterite devices, but we 

were not able to match good processing conditions for these. Interestingly, a different CZTSe 

research group working with Mo substrates similar to the ones used in this thesis achieved 11.4% 

efficiency [168]. In our case, once a stable back contact was found, we were able to quickly scale 

up our device efficiencies from 0% to 6.6% in a period of 4 months, as shown in Figure 50 (d), 

thanks to a high volume of fabricated devices which allowed for additional empirical tunings of the 

processing line, namely the annealing parameters, the CdS chemical bath deposition step and 

the ZnO window layers. The increased process stability allowed us to identify multiple hidden 

sources of nonuniformities in our processling line. One remarkable example was an indirect de-

tection of a significant thermal gradient in the annealing process, reflected through a horizontal 

gradient of the photoluminescence emission map of the absorber layer, shown in Figure 51 (a).   

      

 

 (a) 

 

(b) 

 

(c) 

Figure 51 – (a) Photoluminescence emission mapping of a CZTS absorber showing a horizontal gradient 
in the emission intensity; (b) illustration of the thermal gradient in the annealing setup. Note the partially 
melted sulfur crucible on the cold zone after the box was annealed at a set point temperature (SP) of 275 
°C. The sulfur on the hot zone evaporated; (c) example of a failed research series showing unreasonable 
degrees of scattering in the results. The blue area shows the regions under and above 75% probability. 

                                                                                                                                                            
5 We thank the thin film solar cell groups at the IREC institute in Barcelona and at the ZSW institute in Stuttgart for kindly 
sharing a few Mo substrates in during our initial experiments in early 2018.  
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We found this effect to be related to a thermal gradient between the hot and cold zones of the 

furnace, as illustrated in Figure 51 (b). A thermal gradient around 5 °C/cm across the annealing 

box was measured in situ during the annealing process. This gave the indication that this anneal-

ing configuration was not suitable for samples with a length of several cm. This pitfall led to a 

number of inconclusive experiments in which we failed to account for this thermal gradient varia-

bility, leading to a large degree of additional uncertainty in the real performance of the devices. 

One example of such an experiment is shown Figure 51 (c). In this experiment, a set of 7 pieces 

from the same sputtered precursor were annealed inside the same box, covering the large area 

affected by the thermal gradient. The thermal gradient caused a large asymmetry in the solar cell 

results, with some regions close to 6% and some regions close to 0% for the same piece (same 

precursor). Without a pior knowledge of this thermal gradient, no conclusions can be drawn about 

any comparative experiment, because similar starting pieces are not processed under the same 

conditions and are therefore not comparable. Once this pitfall was discovered, a reasonable uni-

formity could be achieved by limiting the samples to a disposition perpendicular to the gradient 

line. This example is not relevant on its own, except for the fact that it is an example of one among 

several pitfals that creep into a processing line and increase the uncertainty of the results. CZTS 

is especially sensitive to processing conditions, which tends to amplify the negative conse-

quences of such pitfals. Most importantly, note that one is only able to recognize the occurrence 

of such pitfals by coupling the characterization work with a large volume of device statistics, ena-

bled by a stable and reproducible processing line, where specific effects can be pinpointed to a 

specific process. In our project, we focused on optimizing the properties of the absorber layer to 

study the monolithic integration on Si, as mentioned previously. Therefore assessing such nonu-

niformities was essential to transition to larger area Si wafers.  

 Generally speaking, the ideal processing line is one that clearly allows the identification of one 

sample as better or worse than another sample or set of samples, regardless of how good all 

samples are in absolute terms. Such an example is shown in Figure 52 (a), where there is no 

doubt about the relative ranking of each sample based on the statistical significance of the box 

plot data. In such a case, safe conclusions can be drawn on the underlying physics being studied 

(in this case it was the CZTS composition, although this is irrelevant to the point).  

 

 
 (a) 

 

(b) 

Figure 52 – (a) Example of a boxplot statistics comparison showing clearly rankable samples; (b) Exam-
ple of a boxplot showing the effects of the hidden inhomogeneities in the processing, difficulting the inter-
pretation of the researcher.   
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In comparison, in a situation like Figure 52 (b) it is not immediately clear which sample is better, 

except for the fact that one sample exhibits a narrower interquartile spread. This particular result 

compares two similar samples annealed with and without the thermal gradient mentioned above, 

after this effect was discovered. The particular example is again irrelevant for our analysis, as 

there are dozens of similar effects occurring across a processing line, and we will show more later 

in this section. Its implications, however, are more general: they illustrate the need to ensure 

reproducible and uniform processing conditions before any meaningful physical investigation can 

take place. It is a good start to achieve device efficiencies above 5%, but if there is no statistical 

significance and reproducibility, one runs the risk of drawing erroneous conclusions from one’s 

actual experiment due to the number of hidden pitfals.  

 Let us have a look at other statistical examples which illustrate the previous points in another 

fashion. Throughout our experimental work, in three different occasions we had the opportunity 

to produce a large number of samples simultaneously in the same batch, representing the maxi-

mum capacity of our processing line, a total area of 3.5 x 3.5 cm2. This corresponds to between 

10-14 samples, roughly 100 solar cells. The samples were in principle equivalent as they originate 

from the same cosputtered precursor. These batches represent our best available conditions at 

different points throughout our project. The results are illustrated in Figure 53 (a)-(e), and a rep-

resentative picture of the samples in the annealing box is shown in Figure 53 (f). There are sev-

eral interesting aspects in these statistics. Figure 53 (a) shows that at least one sample out of 

our baseline had back contact stability and adhesion issues. Presumably, this could be an effect 

contributing to nonuniformities in the other samples. On the other hand, even though several cells 

exhibit efficiencies above 5%, the batch histogram of Figure 53 (b) shows that the mean efficiency 

is below 4%, with a standard deviation more than 25-30% of the mean and median values. Note 

that we assume that the intra-batch variability is randomly distributed across our samples, and 

therefore the data follows a Gaussian (or normal) distribution as shown in the histograms. This 

means that an experimentalist needs to observe efficiency increases above 25% (above 1-sigma 

confidence intervals) of the nominal value to draw statistically-supported conclusions about a 

given investigation. With such a large statistical spread, it becomes unlikely that the experimen-

talist will find enough resolution in the data to draw meaningful conclusions. An electronic analog 

of this would be that the signal-to-noise ratio of the experimental signal is too low to measure it 

accurately. For the other batches, from Figure 53 (c)-(e), the efficiency and standard deviation 

decrease slightly, but the overall point still applies. There are, naturally, multiple sources of un-

certainty in the different steps of our processing line. Some of them we have managed to identify, 

such as the thermal gradient, and some of them we have not. However, the message I am trying 

to convey in this section is that there is something intrinsic about CZTS in this emerging uncer-

tainty. To the best of my understanding, based on the data accumulated in this project and the 

experiences shared with researchers from other groups, this experimental uncertainty appears to 

be amplified by the very narrow window of operability of CZTS. We have given three concrete 

examples of this in these sections. First, the time drift of the instruments leads to changes in the 

output film composition and, due to the sharp dependence of performance on the film composi-

tion, this leads to frequent losses of an efficient baseline. Second, the instabilities in the back 

contact can cause adhesion issues and deterioration of the back interface, which is intrinsically 

tied to the decomposition of CZTS into its secondary phases. Third, processing gradients such 

as a thermal gradient during the annealing step result in observable variations in performance 

because the kesterite is very sensitive to the annealing conditions, namely the loss of Sn and the 

formation of detrimental defects and secondary phases. Note that the three effects are intrinsically 
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tied to the composition of the kesterite, which evolves dynamically during the annealing step. This 

unspoken uncertainty is, in my view, probably the biggest limiting factor in kesterite research, as 

it blurs the analsysis of real physical effects and considerably slows down the rate of progress.    

 

 
 (a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 53 – (a)-(e) Boxplots and histogram statistics of large batches of equal samples representing the 
best available conditions at 3 different points of the project; (f) photograph showing the division of the 
original 5 x 5 cm2 precursor into equal pieces going into the annealing step. Here, PA denotes post an-
nealing. 
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For that reason, we have put a lot of emphasis on constantly reassessing the processing line and 

trying to identify favorable time windows of reasonable performance and relative stability to con-

duct original experiments. This detailed statistical approach paid off in Paper 1 (Section 3.4), 

where we were able to leverage this large volume of data to identify nuanced differences in the 

solar cell and diode parameters of cells with variations in thickness and in double layer dynamics 

in the absorber. An illustration of one of these favorable time windows, which led to the data used 

in Paper 1, is shown in Figure 54. We compiled the boxplot data in in Figure 54 (a) with a pur-

poseful chaotic arrangement on the absorber thicknesses (10, 15 and 28 min of cosputtering) , to 

illustrate that the difference between samples is in fact on the order of the typical standard devi-

ation of our basiline (0.6 to 1.1% in absolute efficiency or 25% of the mean, as described above). 

We can confirm this observation by plotting the corresponding histograms, as in Figure 54 (b). 

Note that the mean efficiencies are considerably higher (5-5.5%), but the absolute standard de-

viations are still on the order of 1%, even though they are now a slightly smaller fraction of the 

mean, less than 21%, compared to 25-30% for the previous batches.  

 

 
 (a) 

 

(b) 

 

 

Figure 54 – (a) Boxplot of samples with different absorber thickness randomly displayed from A-M, show-
ing differences on the order of the standard deviation of the baseline; (b) Corresponding histogram with 
associated Gaussian distributions; (c) Histogram showing the statistical significance of the fill factor dif-
ference found for samples with different absorber thickness. This significance stems from a relatively low 
standard deviation (less than 15% of the mean). This data was used in Paper 1 (Section 3.4). 
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Additionally, unlike the previous three batches, the samples in Figure 54 were not processed in 

a single batch (i.e. always together in all processing steps), but were obtained over the course of 

a few weeks. Yet, these multi-batch samples still exhibitted a standard deviation characteristic of 

a single batch, illustrating that our processing line was indeed reproducible and reliable at this 

point, as the multi-batch uncertainty is at the same level as the uncertainty of a single batch. 

These favorable conditions represent a best-case scenario during our project. Going back to the 

concrete data, the histogram and Gaussian distributions of Figure 54 (b)  allow us to say, with 

nearly 100% certainty, that the expected performance of samples with a cosputtering time of 15’ 

(~550-750 nm thickness) and 28’ (>1000 nm) is exactly the same. As for the 10’ samples (<500), 

we can say that the expected performance is slightly inferior, with a certain confidence interval 

that could be calculated from the intersection of the gaussian distributions and respective stand-

ard deviations. These relationships are quite remarkable, considering the singnificant difference 

in absorber thickness for these samples. Looking at other parameters, we were able to find sta-

tistically significant differences, as shown in Figure 54 (c) for the fill factor, and were able to 

correlate them with a change in the physical properties of the absorbers. Notably, for the 10’ 

sample there is also a significant improvement in the standard deviation (from 21% to 11% of the 

mean), which can either be a circumstancial effect caused by a low volume of data, or it could 

reflect a fundamental improvement in the behavior of the samples. Our analysis was that it actu-

ally reflects a fundamental improvements in the transport properties of the device. We refer to the 

discussion in Paper 1 for a more detailed description. 

 Unfortunately, the aggregate result of all these statistical baseline distrubutions is that, most 

of the time, our experimental conditions were such that it was quite difficult to run concrete re-

search and draw conclusive physical observations. Here, we attempt to give an intuitive illustra-

tion of this difficulty by simply plotting a version of the previous statistics but now considering the 

device results during the entire active part of this PhD project, corresponding to roughly 10000 

devices measured. The corresponding scatter plot and histogram are shown in Figure 55 (a) and 

(b), respectively. Note that the data does not include the measurement of CZTS/Si tandem cells.  

 

 
 (a) 

 

(b) 

Figure 55 – (a) Scatter plot showing the timeline of all the single-junction CZTS devices measured in this 
PhD, along with some notable events such as the external stay and the Covid19 national lockdown period; 
(b) corresponding histogram. Note that the CZTS/Si measurements are not included here.  
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This data is more for symbolic illustrative purposes, and the statistical parameters do not contain 

a specific physical meaning, because they represent hundreds of small process tweaks and 

changes, namely in the adjustment of the precursor composition, the cosputtering conditions 

(time, pressure, power densities), the annealing conditions (time, temperature, pressure, profile), 

the CdS chemical bath deposition (time, temperature, bath composition, pre-deposition chemical 

etchings) and in the ZnO window layers. In particular, the histogram distribution is heavily skewed 

towards 0 as a result of the accumulation of all the outliers and failed batches due to human error 

or poorly-chosen parameters. This paints the fundamental picture of the difficult experimental 

working conditions for a CZTS processing line.  

 In the middle of these processing runs, we included the CZTS on Si integration experiments. 

For pure contamination studies, the requirements for CZTS were not as strict, but for tandem 

device fabrication, we knew that we had to ensure CZTS of the highest quality because CZTS 

would always be the limiting subcell, given the difference in efficiency compared to Si. This turned 

out not to be the case for the tandem with the high S-shape (rollover) IV characteristic of Paper 

2 (Section 4.1) and the highly degraded Si bottom cell for the pure TiN case in Paper 3 (Section 

4.2). However, note that we were only able to identify the limiting factor in those tandem devices 

because the CZTS top cell had a reasonable quality (Voc above 500 mV, Jsc above 10 mA/cm2 

and EQE in the 60% range). Left out of those publications were the many tandem devices we 

could not interpret due to a very poor CZTS top cell, as a result of temporary loss of baseline 

conditions, even though it was our main priority to ensure that this would not happen. For a 

CZTS/Si tandem device these losses of baseline conditions were additionally penalizing, because 

a full device would take around 1 month to fabricate. For that reason, we were only able to pro-

duce on the order of 10 CZTS/Si tandem batches, while most of the time was spent trying to 

ensure good baseline conditions before conducting tandem integration experiments. 

 To be completely fair towards CZTS, our baseline issues were naturally not just caused by the 

sensitivity of CZTS, although CZTS would amplifying these issues, as we mentioned. We end this 

section with an example of some of the work we did assessing the reliability and reproducibility 

of our TCO front contact. We assessed the spatial distribution of the optical and electrical prop-

erties by labelling a sample according to its location in the substrate holder of the TCO sputtering 

chamber, as illustrated in Figure 56 (a).  

  

 
 (a)  

(b) 

Figure 56 – (a) Test glass substrate on the substrate holder of the TCO chamber; (b) corresponding sheet 
resistance spatial colormap obtained by interpolating a 41 x 5 grid of resistance measurements. 
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After depositing the intrinsic resistive ZnO (i-ZnO) and the conductive AZO, we then measured 

the sheet resistance across the 5 x 5  cm2 test glass in sequences of 1 cm2 areas, resulting in a 

41 x 5 grid of spatially-resolved sheet resistance measurements. We note that we were careful to 

consider the correction factors due to the geometrical constraints of the 4-point probes and the 

samples [169–171]. After applying a trivial interpolation routine in Matlab, we were able to obtain 

the spatially resolved sheet resistance map of Figure 56 (b). The results show that in the central 

region the front contact exhibts a sheet resistance one order of magnitude higher compared to 

the edge circumference. We do not go into the physical details of this effect here, and merely 

illustrate the point in terms of the implications for the CZTS baseline. On the other hand, the other 

relevant parameter for the ZnO window layers is the resulting transmittance. We have performed 

spatially-resolved transmittance measurements correlated to the sheet resistance locations. Due 

to thickness related interference effects, there is a wide variability in the transmittance curves, as 

illustrated in Figure 57 (a).  

 

 

 (a) 

 

(b) 

 

(c) 
 

(d) 

Figure 57 – (a) Superposition of all the transmittance measurements for all spatial locations of the glass 
coated with i-ZnO/AZO; (b) superposition of the curves shown in (a) multiplied by the AM 1.5G solar 
spectrum, with a CZTS cut-off at 1.5 eV; (c) Resulting colormap showing the spatially-resolved transmited 
optical intensity. The maximum intensity at 100% transmittance would be 615 W/m2; (d) Resulting figure 
of merit colormap combining the transmittance and sheet resistance-related colormaps.  

 

300 400 500 600 700 800 900 1000

0

10

20

30

40

50

60

70

80

90

100

T
ra

n
s
m

itt
a
n
c
e
 (

%
)

Wavelength (nm)
200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

-20

0

20

40

60

80

100

120

140

160

180

T
(%

)x
A

M
1
.5

G
(W

m
2
n

m
-1

)

-2
5

-2
0

-1
5

-1
0 -5 0 5

1
0

1
5

2
0

2
5

-25

-20

-15

-10

-5

0

5

10

15

20

25

Position (mm)

P
o

si
tio

n
 (

m
m

)

504.0

509.6

515.2

520.7

526.3

531.9

T x AM1.5G (Wm 2nm-1)X

1 2 3 4 5

-2
5

-2
0

-1
5

-1
0 -5 0 5

1
0

1
5

2
0

2
5

1.0

1.9

2.8

3.7

4.6

5.5

6.4

7.3

8.2

9.1

10.0

Position (mm)

P
o

s
it
io

n
 (

m
m

)

9.800

25.24

40.68

56.12

71.56

87.00

Integrated Transmittance divided by Sheet Resistance (Wm2nm-1/W)
X

1 2 3 4 5



 

 

86 PhD thesis, August 2020 

One reasonable way to investigate the effect of this variability in our CZTS baseline is to multiply 

the transmittance by the AM 1.5G spectrum and introducing a wavelength cut-off at a photon 

energy of 1.5 eV, roughly corresponding to the bandgap of CZTS. The corresponding plot is 

shown in Figure 57 (b). Then, we integrate each spectrum using a trivial integration routine with 

Matlab, obtaining the power density of the light effectively transmitted from the window layers into 

the CZTS absorber. Correlating each power density with its spatial location results in the colormap 

of Figure 57 (c). Fortunately, the region with higher optical losses is also located in the central 

region of the substrate holder, so the two detrimental effects of higher sheet resistance and lower 

transmittance can be circumvented simultaneously by placing the samples along the outer cir-

cumference of the substrate holder. These optical results show that in the best region, the window 

layers lead to a loss of approximately 14% in the power density of the transmitted light above the 

bandgap of CZTS. For the worst region, this loss is 18%, or a 5.2% relative difference. Assuming 

a uniform quantum efficiency of the CZTS cell, this would result in a 5.2% difference in short-

circuit current density between a cell in the outer circumference and a cell in the center, due to 

the difference in optical losses alone. Additionally, the higher series resistance of the front contact 

in the central region would also have a negative impact on Jsc. One figure of merit that can be use 

to combine the optical and resistance colormaps would be to plot the integrated transmittance 

(optical power from integrating T x AM1.5G) divided by the sheet resistance. The higher the figure 

of merit, the better the resulting region. The final colormap is illustrated in Figure 57 (d). There-

fore, this small assessment experiment allowed us to avoid another processing pitfall, this time 

not related to CZTS. 

 

3.3 Notes on the future of CZTS and kesterite solar cells 

 In Section 1 we have decribed in great detail the current status of the different photovoltaic 

technologies and the industry. The main conclusion was that with the current development trends, 

it is quite unlikely that any new technology can become relevant unless it is associated with the 

transition from single-junction photovoltaics to double-junction tandem photovoltaics. So far, we 

have left out of this kesterite section a discussion on the actual status and progress of the effi-

ciency of kesterite solar cells, and if these could then be a suitable candidate to be a part of this 

transition. We have shown, throughout the work in our project, that a suitable bottom cell structure 

can be developed to resist the fabrication conditions of different chalcogenide materials. However, 

there has been a lack of developments in advancing the efficiency of high bandgap chalcogenides 

such as CZTS, CGSe and their related cation-substituted alloys. In the particular case of kester-

ites, despite the remarkable advances shown by recent literature, the highest efficiency has been 

stuck below 13% since late 2012, approaching almost a decade now. The kesterite company 

startup scene has now completely disappeared. Crystalsol, the most prominent kesterite startup 

which was on the early stages of commercializing CZTSSe modules, declared bankruptcy in early 

2020 [172]. These aspects paint a grim picture for the future of kesterite research. As we discuss 

in Paper 1 (in the next section), it is now widely recognized that the whole family of kesterite-

related chalcogenides suffers from a large Voc deficit compared to the established CIGS technol-

ogy. The exact mechanisms determining this are still not known, although by exclusion of parts it 

is starting to look more and more likely that the Voc deficit is related to the unavoidable occurrence 

of a high concentration of defect centers deep in the bandgap of these materials. These defect 

centers are intrinsic to the materials, that is, they are likely a result of the clusters of defects 

formed by the family of individual point defects that naturally occur in the crystals of these mate-

rials, and they depend mostly on the atomic elements that form the material. Note that CIGS is 
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also a highly compensated semiconductor, whose doping density is a result of the compensating 

effect of several types of donor and acceptor defects. However, in CIGS the types of defects 

formed appear to be more amenable. When an experimentalist synthesizes the material, a mini-

mum concentration of these defects is imposed simply based on entropy, thermodynamics and 

the quantum mechanical interaction between the atomic elements in the periodic lattice of the 

crystals. Essentially, it seems that for kesterites, there likely is a minimum deep defect concen-

tration which is still too high to achieve high carrier lifetimes necessary for a higher Voc in the 

devices. So far, it does not seem that this deep defect concentration can be lowered by simple 

experimental techniques such as compositional control or alloying with foreign elements, as all 

kesterite-related alloys appear to be limited by such defects. There are recent simulation works 

discussing this effect in detail [173]. We note that it is extremely hard to measure these defects  

experimentally as they are likely heavily convoluted by the sheer variability in defect chemistry for 

these compounds. Even in CIGS, the measurement of individual deep depects is very compli-

cated, as has been discussed for example for capacitance measurements [174]. On the other 

hand, the phase stability and ideal composition regions of kesterites are significantly narrower 

compared to CIGS, which is ultimately very challenging for experimentalists. This is the aspect 

we discussed in detail in the previous section.  

 We should mention that, despite their limitations, kesterite solar cells have achieved the re-

markable milestone of being the only solar cell technology, besides crystalline silicon, that is made 

of low cost, nontoxic and environmentally friendly elements, and that allows the fabrication of 

devices with efficiencies above 10% with long term stability. At least, in March 2020, when I went 

back to remeasure the 6.6% devices I had fabricated 1.5 years before that in October 2018, I 

measured precisely the same performance, 6.6%, whereas a PhD student working on perovskite 

solar cells would have measured a degradation of at least 50%, if he is lucky, and if he did a good 

job encapsulating the device, and if he kept the perovskite cell stored in the dark, and if the stor-

age was at moderate temperatures, and so on. Each technology has their inherent challenges. 

However, with the current trends in the field and the industry, where all the emphasis is now on 

high efficiency single-junction and tandem concepts, it is unlikely that kesterite solar cell research 

will continue long term. For that reason, I predict that I will probably be one of the last PhD stu-

dents working on developing kesterite-based solar cells. For a bit of historical perspective on this 

transition, I invite the reader to remember the case of Cu2S/CdS solar cells. As we mention in 

Section 1.1, this was the first thin film solar cell ever developed, it was heavily researched, and 

it reached remarkable efficiencies above 10% already in 1981 [15]. In eminent solar cell books 

from the 1980s, there were either a section or a full chapter exclusively dedicated to detailed 

analysis of Cu2S/CdS solar cells (see respectively the books by Martin Green [175] and A. 

Fahrenbruch and R. Bube [10]). In particular, Fahrenbuch and Bube wrote in 1983: 

 

 “The CuxS/CdS cell occupies an almost unique status in photovoltaics. On the one hand, the 

ease of deposition of CdS by a variety of methods and the apparent ease of fabrication of 

cells give it a veneer of simplicity and promise inexpensive, large-scale production. On the 

other hand, it is certainly one of the most complex photovoltaic systems. Almost all the phe-

nomena observed in the CuxS/CdS cell have been seen to a lesser degree in other systems 

such as Si cells, but in CuxS/CdS they are magnified to an extent that would seem almost 

pathological in the other cells. The CuxS/CdS continues to occupy a prominent place in the 

world of photovoltaics by virtue of having been the most developed, and the most efficient 

polycrystalline, thin-film cell for more than 25 years.  
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 Fabrication of the cell continues to require a fortuitous combination of alchemy and science. 

Both the “wet” and “dry” processes of junction formation are still not completely understood. 

Junction transport is on the verge of being understood, but knowledge about the recombina-

tion centers in the vicinity of the interface and about the effects of grain boundaries on junction 

transport is so far insufficient to manipulate these quantities. The question of stability is also 

unresolved.” 

 

Eventually, it was discovered that this last stability question could not be reasonably resolved, 

and today the research on this type of technology has been abandoned completely. I see some 

remarkable parallels between this description of Fahrenbuch and Bube, and the current case of 

kesterite solar cells. Instead of the stability problem, there is a Voc deficit problem. The same way 

that 30 years after this quote, there no longer is research on Cu2S/CdS cells, I believe that it is 

likely that the community will move beyond kesterite materials in solar cell research, and into 

exploring new materials or addressing the current challenges of the most promising existing ma-

terials, such as the stability of halide perovskites, and the monolithic integration of III-Vs on Si, as 

described in the previous sections. One thing is certain: there is not a lack of challenges to be 

addressed in our field, and there will be many opportunities for future work for all the talended 

engineers that contributed to the kesterite community over the last 20 years.    

 Finally, it is also important to mention that all the knowledge in kesterite materials developed 

over the last years could be applied to other fields of material science. In particular, its abundant 

elements, no toxicity, low cost and high stability could make it promising in a number of applica-

tions, such as photocatalysis, near infrared photodetectors, thermoelectric devices and gas-sens-

ing devices, as described in a recent review work [176]. Such are the advances in our building of 

scientific knowledge.  

 

3.4 Paper 1 – Persistent double layer formation in kesterite solar cells: a 

critical review 

 

 As we have described in the previous sections, our experimental contribution for the study of 

CZTS synthesized by cosputtering consisted in identifying and reviewing the occurrence of an 

asymmetric profile during the annealing step. This work is currently submitted and under a second 

review in the journal ACS Applied Materials & Interfaces. Therefore, we present the complete 

manuscript and supporting information in their preprint form. 
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Abstract 

In kesterite Cu2ZnSn(S,Se)4 (CZTSSe) solar cell research, an asymmetric crystallization profile 
is often obtained after annealing, resulting in a bilayered – or double-layered – CZTSSe 
absorber. So far, only segregated pieces of research exist to characterize the appearance of this 

double layer, its formation dynamics and its effect on the performance of devices. In this work, 
we review the existing research on double-layered kesterites and evaluate the different 

mechanisms proposed. Using a cosputtering-based approach, we show that the two layers can 
differ significantly in morphology, composition and optoelectronic properties, and complement 
the results with a large statistical dataset of over 850 individual CZTS solar cells. By reducing 

the absorber thickness from above 1000 nm to 300 nm, we show that the double layer 
segregation is alleviated. In turn, we see a progressive improvement in the device performance 

for lower thickness, which alone would be inconsistent with the well-known case of ultrathin 
CIGS solar cells. We therefore attribute the improvements to the reduced double-layer 

occurrence, and find that the double-layer limits the efficiency of our devices to below 7%. By 
comparing the results with CZTS grown on monocrystalline Si substrates, without a native Na 
supply, we show that the alkali metal supply does not determine the double layer formation, 

but merely reduces the threshold for its occurrence. Instead, we propose that the main formation 
mechanism is the early migration of Cu to the surface during annealing and formation of Cu2-

xS phases, in a self-regulating process akin to the Kirkendall effect. Finally, we comment on 
the generality of the mechanism proposed, by comparing our results to other synthesis routes, 
including our own in-house results from solution processing and pulsed laser deposition of 

sulfide- and oxide-based targets. We find that although the double layer occurrence largely 
depends on the kesterite synthesis route, the common factors determining the double-layer 

occurrence appear to be the presence of metallic Cu and/or a chalcogen deficiency in the 
precursor matrix. We suggest that understanding the limitations imposed by the double layer 
dynamics could prove useful to pave the way for breaking the 13% efficiency barrier for this 

technology.  
 

Keywords: Kesterite, CZTS, Bilayer, Double layer, Solar cell  
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1 Introduction 

 Thin-film solar cells based on the kesterite Cu2ZnSn(S,Se)4 (CZTSSe) have conceptually been one of the most 

interesting areas of research in the field of photovoltaics over the last decades. To this day, it remains the only solar 

cell technology, besides crystalline Si, that is comprised of low-cost, earth-abundant and environmentally friendly 

elements, and that has surpassed 10% efficiency with long-term stability, without any encapsulation.1,2 Moreover, 

just in the last 3 years alone there have been significant improvements in device optimization and fundamental 

understanding. At the synthesis level, new methods have been successfully implemented for high-efficiency 

kesterite synthesis, such as Molecular Beam Epitaxy (MBE)3, and several optimizations have been achieved across 

traditionally reported methods, in particular sputtering,4–6 including a recent record-tying certified 12.6%-efficient 

device, and an uncertified device with 13.0% efficiency7. A number of examples of strategies for back contact 

engineering and back surface passivation have been reported.8–10 At the bulk level in kesterites, new insights have 

appeared on the coupling between O and Na,11 on deep donor-acceptor defect centers12 and the origin of loss 

mechanisms, namely the open-circuit voltage deficit (Voc deficit), now widely regarded as the main bottleneck in 

kesterite solar cells.13–16 Many efforts have been put recently on cationic substitution or alloying (loosely referred 

to as doping in this field), in particular with Ag, Ge, and alkali metals,17–22 but also other elements such as Ba or 

Sr,23,24 further revealing insights on bulk properties and performance limitations. At the heterojunction interface 

level, new passivation techniques have been discovered, further reducing the Voc deficit component associated with 

interface recombination.25–27 Also in this regard, perhaps the biggest recent breakthrough in the kesterite field has 

been the replacement of CdS as n-type buffer layer in kesterite solar cells, and the demonstration of Cd-free devices 

with efficiency above or at parity with CdS, in particular for the pure sulfide (CZTS) kesterite.28–30 The importance 

of this result is that it further highlights that the current bottleneck seems to be not at the interface level, but due to 

shortcomings in the bulk properties of kesterites, namely band tailing, recombination through deep defects and very 

low bulk carrier lifetimes and diffusion lengths overall.31 Despite the recent notable achievements mentioned above, 

the certified record efficiency of all kesterite solar cells has remained at 12.6% for nearly a decade now.7,32 Among 

the major macrophysical experimental constraints identified by researchers, inherent difficulties in controlling the 

phase purity, composition, growth conditions and reproducibility are often appointed as the dominant limitations 

for experimentalists in the field.13,33–35 Examples which result from these non-ideal conditions, quite often seen in 

literature, are the reports of kesterite decomposition, blistering occurrence and back contact degradation issues, all 

with possible corresponding adhesion issues.27,36–40 Another example is an asymmetric crystallization profile during 

the sulfurization step, which manifests itself through the appearance of a bilayer, or double layer, in the kesterite 

absorber. Throughout our work on the sulfide kesterite (CZTS) from cosputtered Cu, SnS and ZnS precursors, we 

have found the occurrence of double-layered absorbers to be extremely difficult to circumvent, and persistently 

occurring under almost every relevant processing parameter. Surprisingly, unlike the other examples mentioned 

above, we have found specific studies on this double layer phenomenon to be lacking, despite a large number of 

occurrences throughout the literature, as will be discussed below. Therefore, in this contribution we attempt to 
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address this problem in detail. We discuss the double layer formation mechanism, the influence of the different 

processing parameters, and present depth-resolved characterization of double-layered CZTS absorbers, both on Mo-

coated soda lime glass (SLG) and on Si wafer-based substrates. We complement the results with large statistical 

datasets from over 850 finished solar cells to confirm that the different processing parameters are relevant within 

the space of device optimization. Furthermore, we discuss the impact of the kesterite synthesis route on the double 

layer dynamics and present a direct comparison of this effect for absorbers grown in-house using three different 

synthesis methods: cosputtering, pulsed laser deposition (PLD) and solution processing. Essentially, the results 

show that for our cosputtering approach, the double layer occurrence places an unfavorable upper limit on the ideal 

absorber thickness of about 600 nm. While these thin absorbers achieve the highest-performing devices with up to 

6.82% efficiency, we observe a clear degradation in device parameters for increasing absorber thicknesses up to 1 

µm, in particular in the fill factor (FF), series resistance RS, shunt resistance Rsh, diode ideality factor A and reverse 

saturation current density J0, which we attribute to the effects of the double-layer presence. 

This work is organized as follows: in Section 2, we illustrate examples of double-layered kesterites and review 

the existing literature where a bilayer or double layer could be identified in the kesterite absorber. This section aims 

to provide the reader without any a priori knowledge an understanding on the current aspects being discussed in 

literature regarding double-layered kesterites. In the results section, Section 4, we present detailed experimental 

results on the double layer occurrence in our cosputtering system, with the following subsections:  

4.1. Double layer formation mechanism 

4.2. Characterization of double-layered absorbers from a two-stage annealing process 

4.3. Influence of annealing parameters 

4.4. Influence of absorber thickness 

4.5. Effects of postdeposition heat treatments in double-layered absorbers 

4.6. Influence of alkali metal availability (growth on Si substrates)  

4.7. Comments on the generality of the double layer formation mechanism proposed in this work 

   

 

2 Survey of occurrence of double-layered kesterites in literature 

A double-layered kesterite absorber can be clearly identified in a cross-section scanning electron microscope 

(SEM) image of an absorber or a finished solar cell, as shown in Figure 1. These correspond to typical examples 

from vacuum processing methods (cosputtering and PLD) and solution processing in our group. In some cases, the 

two layers are clearly separated by a nearly flat interface, as shown in Figure 1 (a). More often, the top CZTS layer 

exhibits large crystallites, while the bottom consists of a thin layer with small grains and possibly secondary phases, 

as in Figure 1 (b). In solution processing, a double layer often appears using a precursor solution of metal salts, as 

shown in Figure 1 (c). Also from the solution processing route, a more extreme case, shown in Figure 1 (d), can 
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occur in solution-processed kesterites from the nanoparticle synthesis route where a large accumulation of carbon 

residues are known to occur at the back.41 A fifth case, shown in Figure 1 (e), can be found in alternative kesterite 

synthesis routes based on oxide precursors. The example of Figure 1 (e) corresponds to a CZTS device based on 

pulsed laser deposition from an oxide target, which we have discussed in previous work.42 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 1 – Typical SEM cross-section images of CZTS solar cells and absorbers exhibiting a double layer structure. (a) 
and (b) are full devices made from vacuum-processed precursors deposited using cosputtering; (c) is a full device from 
solution processing of metal salts; (d) is an absorber from solution processing of nanoparticles, (e) is a CZTS device from 
pulsed laser deposition of a single oxide target. In (a), (b), (c) and (e) the solar cell structure consists of Mo/CZTS/CdS/i-
ZnO/Al:ZnO, from bottom to top. The red dashed line marks the double layer (DL) interface. 

 

 

In this work, we will discuss mostly the cases of Figure 1 (a), (b) and (c). There is a number of instances of this 

kind of double layer appearing in literature, and important direct or indirect insights on its dynamics appear across 

multiple publications. A summary of the most critical aspects found is compiled in Table 1. Chalapathy et al. 

identified a double layer morphology in CZTSSe absorbers from stacked metallic precursors deposited by sputtering 

(Mo/Zn/Cu/Sn/Cu), and noted that an increased Cu content and modified stacking order improved the morphology 

(i.e. reduced the fine grain layer at the bottom).43 Zhang et al., on two different occasions, observed a double layer 

in CZTS absorbers also from sputtered metallic precursors, with different stacking orders (Mo/Zn/Sn/Cu and 

Mo/Zn/Sn/Cu/Zn), and suggested an improvement in performance due to a Zn enrichment of the surface.44,45 There, 

the double layer morphology was visible in both configurations, although the stacking order clearly influenced the 
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final absorber morphology. Cao et al. reported a 9.6% efficient cell from a double-layered  CZTSSe absorber from 

spin-coating of precursors consisting of nanoparticle-containing inks.41 As mentioned above, in that work the 

double-layer morphology obtained was attributed to an accumulation of carbon on the backside, and the authors 

suggested that a better control of the double-layer formation could lead to further device improvements. A similar 

result was obtained by Zhou et al. using nanoparticles with Na inclusion.46 Gang et al. studied the influence of a 

“soft-annealing” (a pre-annealing in an inert atmosphere, at a temperature lower than the actual 

sulfurization/selenization annealing) on CZTSSe solar cells, using a sputtered stack of metals (Mo/Cu/Sn/Zn). The 

pre-annealing appears to influence the final morphology of the kesterite absorbers, and a double-layer configuration 

is seen in some cases, but it was not discussed by the authors.47 In a series of five publications, Kim and coworkers 

mentioned that there is currently not enough data to clarify the origin of the double layer formation in CZTSSe 

kesterites.4,7,9,48,49 In these works, the authors addressed this issue with very detailed and comprehensive formation 

studies, revealing that the double layer appears from the early stages of the annealing process, but the exact 

mechanism seems to be dependent on the precursor configuration. Using a sputtered metal stack of Mo/Zn/Cu/Sn, 

Kim et al. achieved a 12.5% efficient CZTSSe device but found it to exhibit a clear double layer, with a uniform 

upper layer with large grains and a bottom layer consisting of a mix of voids and smaller CZTSSe grains and Zn-

SSe, Cu-Sn-SSe and Cu-SSe secondary phases.4 The authors suggest that removing the voids and secondary phases 

could improve the FF and short circuit current density (Jsc). Through a low temperature formation study, the authors 

show that the double layer arises during sulfo-selenization due to a complex combination of a formation of a ZnSSe 

layer by dezincification of the Cu-Zn precursor alloy, followed by a mass transfer of Cu and Sn. In a subsequent 

publication using the same Mo/Zn/Cu/Sn precursor configuration, the same group further shows that the secondary 

phase formation associated with the double layer is caused by a good wettability between liquid Sn and Mo, causing 

a persistent formation of Cu-SSe and Cu-Sn-SSe phases near the back contact.9 By placing a 5 nm Al2O3 layer 

between CZTSSe and Mo, the Sn wetting was reduced and the double layer visibly improved. In another publication, 

by further fine-tuning of the experimental parameters, the same group achieved a certified 12.62% CZTSSe device.7 

In that work, Son et al. compared a pure selenization and a sulfo-selenization of the same metal precursor stack for 

different annealing temperatures and steps. As in the previous works, the double layer is not only visible at these 

intermediate stages, but also in the final high-efficiency devices. Interestingly, despite the undesirable double layer, 

Son et al. mention the possibility of an unintentional local contact structure, with the lower CZTSSe bridging to the 

back contact through the voids and a reduced interface recombination due to a passivating effect of the ZnSSe. 

When using instead a sputtered Mo/ZnS/SnS/Cu configuration, with a selenization49 or a sulfo-selenization48 

annealing approach, the same group showed that a uniform single layer CZTSSe can be obtained, highlighting the 

importance of the precursor configuration. Nevertheless, the double-layer dynamics could still be seen at the 

intermediate annealing steps, in particular between 330 and 420 °C where a CuSe layer with large grains forms at 

the surface. Although it is not discussed directly in the aforementioned series, we note that it seems that in these 

works the chalcogen introduction approach during annealing – whether from S or Se powders/shots, from H2S or 
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H2Se or from SeS2 – could also lead to different double layer dynamics. Possible clues are, for instance, the different 

reactivity of these chalcogen sources and the thickness of the Mo(S,Se)2, an indirect indicator of the penetration of 

the chalcogen during annealing. Moreover, direct comparisons between sulfurization and selenization have shown 

that sulfurized films (CZTS) tend to show a larger variance in domain size, notably with larger domains at the 

surface, whereas selenized films (CZTSe) exhibit more uniform domain sizes across the depth.50 These could be 

indications that the selenide kesterite system may be inherently less prone to the occurrence of a double layer 

compared to the sulfide. Another work directly studying the double layer dynamics and its impact on device 

performance in kesterites was conducted by Zhang et al..51 There, metal precursors were deposited by 

electrodeposition with a stack of Mo/Cu/Sn/Zn, and subsequently pre-heated at 250 °C in an inert atmosphere, pre-

selenized from 250 to 350 °C and finally selenized at 550 °C. From that synthesis process resulted a clear double-

layered CZTSe absorber, which the authors assigned to an insufficient reaction between ZnSe and the Cu-Sn-Se 

phases near the bottom Mo contact. Another important detail in that study was the absence of any MoSe2 formation. 

The authors found the double layer distribution to hinder the solar cell performance by causing a back-contact 

barrier with high series resistance. By tuning the kesterite composition with an increased Sn amount in the precursor 

stack, Zhang et al. were able to completely eliminate the double layer distribution, and attributed the improvement 

to a facilitated diffusion of the liquid Cu2Se phase. In this work, we will show that this result is only a small aspect 

of a more general double layer dynamics, where there are other parameters at play. For instance, Haass et al. studied 

the alkali doping of CZTSSe from spin-coating of a precursor solution containing metal chloride salts in dimethyl 

sulfoxide (DMSO), using a SiOx alkali diffusion barrier between the SLG and the Mo.17 In their work, the reference 

sample (with no alkali supply) shows a clear double layer distribution. The authors specifically analyze the evolution 

of the double layer dynamics for different Sn contents in their reference sample and find that the Sn has no effect 

on the double layer, in direct contradiction with the findings of the previous study mentioned above. In fact, Haass 

et al. proved that the different alkali metals themselves play a crucial role as fluxing (or surfactant) agents in the 

crystallization and final morphology of the kesterite absorber, resulting in a 12.3% efficient solar cell with a single 

layer of coarse grains. This solution processing approach is similar to the one we described in Figure 1 (c). For this 

synthesis route, the solvent drying step and the presence of organic compounds such as Thiourea and DMSO are 

potentially additional aspects to consider regarding the double layer occurrence.   

 

Table 1 – Summary of the survey of double-layered kesterite occurrences in literature.  

Type of 
work 

Precursor Annealing 
Double layer (DL) findings and 

comments 
Ref. 

Standard 
CZTSSe 

Mo/Zn/Cu/Sn/Cu 
(sputtering) 

Pre-annealing 300 °C 1 h in Ar + 
sulfo-selenized 545 °C 10 min 10 

°C/min 400 Torr 

Cu content and stacking order influence DL; 
Composition gradient. 8.03% CZTSSe 

43 

Mo/Zn/Sn/Cu & 
Mo/Zn/Sn/Cu/Zn 

(sputtering) 

Sulfurized 570 °C 30 min 20 
°C/min 0.45 atm 

Stacking order influences DL. 5.55% CZTS 44,45 



Journal XX (XXXX) XXXXXX Author et al  

 7  
 

Binary and ternary sulfide 
nanoparticles (solution 

processing) 
N.A. C-residues accumulated at the back. 9.6% CZTSSe 41,46 

Mo/Cu/Sn/Zn (sputtering) 
Pre-annealing in N2 + sulfo-

selenized 540 °C 10 min  
No discussion in the text. Possible influence of pre-

annealing. 9.24% CZTSSe 
47 

Mo/ZnS/SnS/Cu 
(sputtering) 

Selenized 250-590 °C 20 min, 1 
atm 

DL visible between 350-420 °C. Possible CuSe 
surface formation causing DL. 9.47% CZTSSe 

48,49 

Mo/Zn/Cu/Sn (sputtering) 
Sulfo-selenized in H2S + Se 

powder 480 °C 10 min, 700 torr 

DL visible in intermediate steps and final devices. 
Good Sn wetting on Mo and Zn(S,Se) at the back 
cause DL, possibly beneficial. 12.62% CZTSSe 

4,7,9 

Mo/Cu/Sn/Zn 
(electrodeposition)  

Pre-annealing 250 °C 120 min in 
N2 + pre-selenized 250 to 350 °C 

+ selenized 550 °C 20 min 40 
°C/min with Se (70 Pa) and SnSex 

(1 Pa) 

DL assigned to insufficient ZnSe and Cu-Sn-Se 
reaction. DL causes back contact barrier with high 
Rs. Increase in Sn promotes CuSe diffusion, solves 

DL. 7.2% CZTSSe 

51 

Alkali doping 
& cation 

substitution 
 

Metal salts in DMSO 
(spin-coating) 

3-stage selenization (300, 500 and 
550 °C) 

Alkali metal supply improves DL. Sn content has no 
effect on DL. 12.3% CZTSSe 

17 

Mo/Cu/Sn/Cu/Zn 
(sputtering) + Ge 

(evaporation), multiple 
studies 

Sulfurized 200 °C 45 min + 550 
°C 5 min 20 °C/min (1 bar) 

Ge alloying has low impact on DL (no fluxing agent 
behavior).  5.6% Ge:CZTS  

22 

Selenized 400 °C 30 min + 550 
°C 15 min 20 °C/min (1 bar) 

Ge can aggravate or eliminate DL depending on 
location (GeSe2 fluxing agent). DL connected to 

out-diffusion of Cu to surface and CuxSe formation. 
DL shows composition difference. 11.8% 

Ge:CZTSe 

20,21,52 

Selenized 400 °C 30 min + 550 
°C 15 min 20 °C/min (1 bar) 

The two layers in the DL have different composition 
and different grain boundaries 

53 

Alternative 
configurations 
& substrates 

Metal salts in DMSO 
(doctor-blade coating on 

TiN/Mo) 
Selenized 550 °C 20 min  

TiN and Mo influence DL. A triple-layered kesterite 
can appear. Asymmetric Na distribution. 7.1% 

CZTSSe (median) 

8 

Mo/Ti/Cu-Sn-ZnS 
(cosputtering)  

Sulfurized 550 °C 60 min No discussion. Clear DL even in reference.  54 

Mo foil/Zn/Sn/Cu 
(sputtering) 

Pre-annealing 300 °C 1 h in Ar + 
sulfo-selenized 480-540 °C 7.5 

min 10 °C/min 

Suggestion of alkali inclusion to improve DL. 8% 
CZTSSe on flexible substrate 

6 

FTO/(Mo)/Cu/Sn/Cu/Zn 
(sputtering) + Ge 

(evaporation)   

Selenized 400 °C 30 min + 525 or 
550 °C 15 min 20 °C/min 1 bar 

Mo and Mo:Na reduce DL formation. 7.7% bifacial 
CZTSSe    

55 

2 sputtering runs 2 annealing runs 
Intentional DL, composition gradient impacts 

devices. 8.8% CZTS 
56,57 

 

Additionally, there have been double layer occurrences in studies on germanium doping (or alloying). Sanchez 

et al. studied the Ge doping of the sulfide kesterite,22 and Giraldo et al. and Thersleff et al. studied the Ge doping of 

the selenide kesterite on multiple works,20,21,52,53 where the kesterite base was obtained by sulfurization or 

selenization of a sputtered metallic precursor stack of Mo/Cu/Sn/Cu/Zn, respectively. In all cases, double-layered 

absorbers appear, even on reference non-doped samples, and important insights on the double layer dynamics are 

indirectly reported. Giraldo et al. report that an unfavorable “bilayer” distribution is often seen in standard CZTSSe 
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absorbers, and suggest that Ge doping can play an important role in promoting a complete crystallization of the 

kesterite.21 Remarkably, it was found in these studies that a Ge layer only a few nm thick could either significantly 

aggravate or completely eliminate the double layer distribution, depending on its position in the precursor stack.52 

The result was attributed to the fluxing agent effect of the GeSe2 phase, which has a low melting point around 380 

°C.20 Sanchez et al. noted that for sulfide kesterites, no such Ge-S phase with low melting point exists, and therefore 

Ge doping has a lesser impact on the crystallization dynamics in CZTS.22 Through a very detailed formation study 

at various temperatures and annealing stages, Giraldo et al. noted that for undoped CZTSe absorbers, the double 

layer distribution appeared to be connected to an out-diffusion of Cu to the surface.21 There, the liquid CuxSe  phases 

would promote the formation of large grains near the top, and voids and small grains would occur near the bottom 

of the kesterite. Furthermore, the authors identified a large compositional difference between the two layers, which 

remained after the full processing. Notably, it was found that a small amount of Ge significantly reduced this out-

diffusion of Cu and enhanced the crystallization and composition uniformity, which ultimately resulted in a 11.8%-

efficient Ge-doped CZTSe cell.21 Intriguingly, a detailed STEM-EELS analysis of a 10.1%-efficient Ge-doped 

CZTSe device by Thersleff et al. revealed that even in Ge-doped CZTSe some aspects of a double-layer distribution 

still remain. Namely, a different stoichiometry in the upper and lower part of the kesterite, and a remarkable 

difference in the corresponding grain-boundaries were detected, with different chemical composition and a presence 

of different elements and phases.53 

Finally, multiple double layered kesterites have appeared in reports on alternative substrate configurations. Using 

a precursor solution of metal salts in DMSO, Schnabel and Ahlswede tested the use of a TiN barrier at the 

Mo/kesterite interface to inhibit the degradation of the back-contact interface.8 Although a CZTSSe absorber with 

a double layer appeared in all samples, that work showed that the TiN changed the crystallization dynamics, in 

particular near the back contact. Interestingly, when the kesterite is in direct contact with Mo (Mo/CZTS reference 

and Mo/TiN/Mo/CZTS), a layer with larger grains appeared near the back, effectively creating a triple-layered 

kesterite absorber. In addition, a very thick (1 µm) Mo(S,Se)x was formed in the reference sample despite the double 

layer formation, indicating full penetration of the chalcogen during annealing. Other notable features were a 

relatively uniform composition with depth, but an asymmetric distribution of Na in the absorber layer with the 

addition of TiN compared to the reference. Guo et al. studied the effect of a thin Ti layer at the back interface in 

CZTS cells fabricated by cosputtering of Cu, Sn and ZnS.54 Although a double layer appeared in all cases, including 

the reference, no particular aspects of the double layer formation were discussed by the authors. Jo et al. produced 

CZTSSe devices on Mo foil substrates from a sputtered stack of metals (Mo/Zn/Sn/Cu).6 The precursors were then 

“soft”-annealed (pre-annealed) in an inert atmosphere at 300 °C for 1 h, and then sulfo-selenized between 480 and 

540 °C. In the final device, a clear double layer morphology was visible, and although the authors identified the 

occurrence, there was only a suggestion that alkali doping could provide some future improvements. Espindola-

Rodriguez et al. produced bifacial CZTSe and CZTSSe cells on FTO substrates, using a similar sputtered metallic 

stack of Cu/Sn/Cu/Zn as mentioned above.55 They found that the reference FTO/kesterite case would exhibit a 
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double-layer morphology, with large grains at the top and small grains at the bottom (see, in particular, the 

supporting information of that work).55 Additionally, it was revealed that both the introduction of a thin Mo layer 

or a Na-doped Mo layer at the FTO/kesterite interface significantly improved the absorber morphology, reducing 

the double-layer distribution. These results further highlight the complicated influence of alkali metals and the 

Mo/kesterite interface on the double layer dynamics. Lastly, it is worth mentioning the works of Tajima et al.56 and 

Yan et al.,57 where the researchers made intentional use of a double layer to try to improve the properties of CZTS 

kesterites, by specifically tuning the Cu/Sn ratio in each layer. Differently from all the above-mentioned works, 

both Tajima et al. and Yan et al. achieved the double layer kesterite using two different sputtering and two different 

annealing runs per sample. In both cases, it was found that the solar cells from double-layered CZTS exhibited 

significantly different performance parameters compared to the (single layer) reference, hinting that the composition 

gradients existing in the double layer can affect the devices.  

  

3 Experimental Section 

The CZTS devices produced in this work were obtained from a cosputtering route. The precursor films were 

obtained from cosputtering of Cu, SnS and ZnS targets with a diameter of 2 in, by using a DC power supply for Cu 

and RF power supplies for SnS and ZnS. The targets were positioned at an angle of 63° between the target surface 

normal and the substrate plane. The target to substrate distance was kept at 7 cm, and the deposition pressure was 

4×10-3 mbar unless otherwise specified. No intentional substrate heating was used. The composition of the precursor 

films was varied by tuning the power density applied to the targets, in the ranges of 0.48-0.58 W/in2 for Cu, 2.63-

2.94 W/in2 for SnS and 3.42-4.62 W/in2 for ZnS. The composition of the films was estimated by Energy Dispersive 

X-ray Spectroscopy (EDS), except for films grown on monocrystalline Si substrates, where the composition of both 

the precursor and annealed absorber was measured by Rutherford Backscattering Spectrometry (RBS). The 

thickness of the precursor films was controlled by changing the deposition time, and calibrated using SEM cross-

section images of the final absorber after annealing. The precursors were then annealed in a sulfur- and tin sulfide-

containing atmosphere. In this work, we present results from two different annealing tools. The annealing 

parameters used in both tools are detailed in Table 2. The annealing furnace used for the two-stage (2S) process 

consists of a semi-open quartz tube inserted into a muffle oven with a very high thermal inertia, for which only very 

slow heating and cooling profiles are possible. The annealing furnace used for the one-stage (1S) process consists 

of an open quartz tube furnace with a 3-zone PID control from Hobersal. In this furnace, the annealed samples can 

be rapidly quenched by opening the furnace latches. The base pressure for both furnaces was in all cases lower than 

1×10-2 mbar. The initial pressure was set in both furnaces by supplying nitrogen gas using an injection butterfly 

valve. After annealing, the kesterite absorbers were chemically etched in a 10 wt% ammonium sulfide ((NH4)2S) 

solution for 5 min. Then, a 50 nm CdS buffer layer was deposited by chemical bath deposition using cadmium 

sulfate (CdSO4) as cadmium source, thiourea (CH4N2S) as sulfur source, ammonium hydroxide (NH4OH) as 
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complexing agent and ammonium chloride (NH4Cl) as buffer solution. The deposition was done at a constant 

temperature of 70 °C. Following that, 50 nm intrinsic ZnO (i-ZnO) and 350 nm Al-doped ZnO (AZO) layers were 

deposited by RF sputtering. During the AZO sputtering, the substrate temperature was kept at 150 °C. The finished 

solar cells were then mechanically scribed to define a nominal cell area of 0.09 cm2 (3×3 mm2). The exact area of 

the cells was measured using the software ImageJ 1.47t. Neither antireflection coating nor metallic grid were used 

in this work. For the samples with intentional Na doping, the doping of the samples was achieved by thermal 

evaporation of NaF. 

The Secondary Ion Mass Spectrometry (SIMS) depth profiles were obtained from a Cameca IMS-7f microprobe. 

A 5 keV Cs+ primary beam was employed and rastered over 150×150 μm2, and the positive ions were collected 

from a circular area with a diameter of 33 μm. The RBS measurements were done using 2 MeV He ions and a 

silicon PIN diode detector under a 168° angle. The collected RBS data were analyzed and fitted using the software 

RUMP,58 from which the depth-resolved composition of the precursor and annealed films on monocrystalline Si 

substrates was estimated. Details on the fabrication of the Si structures used in SIMS and RBS can be found in 

previous work.59,60 

The Raman spectroscopy measurements were done on absorber layers or complete cells with an excitation 

wavelength of 785 and 532 nm, using a modified Renishaw Raman spectrometer equipped with a Si CCD detector, 

in confocal mode using a 50× objective lens. For the 532 nm laser, a power of 0.39 mW was used, with a laser spot 

size of 0.9 µm, whereas for the 785 nm laser a power of 5.4×10-5 mW was used, with a spot size of 1.3 µm. In both 

cases, the exposure time used was 10 s, resulting in a total of 10 acquisitions averaged per spectrum.   

The I–V characteristic curves of the solar cells were measured at near Standard Test Conditions (STC: 1000 

W/m2, AM1.5 and 25 °C). A Newport class ABA steady state solar simulator was used. The irradiance was measured 

with a 2×2 cm2 Mono-Si reference cell from ReRa certified at STC by the Nijmegen PV measurement facility. The 

temperature was kept at 25 ± 3 °C, as measured by a temperature probe on the sample holder. The acquisition was 

done with 2 ms between points, using a 4 wire measurement probe, from reverse to forward voltage, acquiring a 

total of 150 points per IV curve. The external quantum efficiency (EQE) was measured using a QEXL setup (PV 

Measurements) equipped with a grating monochromator, adjustable bias voltage, and a bias spectrum. 

The scanning electron microscopy (SEM) images shown in this work were acquired using a Zeiss Merlin field 

emission electron microscope under a 5 kV acceleration voltage.  

The X-ray Diffraction (XRD) patterns were obtained for CZTS on SLG/Mo and CZTS on monocrystalline Si 

substrates using a grazing incidence mode with incidence angles from 1.5° to 6°. The step size was 0.02°, with an 

acquisition time of 5 s per step.  The X-ray source was from Cu Kα radiation. A 0.2 mm slit was positioned in front 

of the source to get a narrow beam, and a parabolic mirror was used in the detector for grazing incidence 

measurements.  

4 Results and Discussion 
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In this work, the CZTS absorber layers were produced in two different annealing tools, using a two-stage (2S) 

process and a one-stage (1S) process. The reference annealing conditions for each process are described in Table 

2. Several variations of these parameters are studied in this work, and will be described case-by-case. 

 

Table 2 – Reference annealing conditions used for device fabrication in this work. For the dwell conditions, the pressure value 
was either forced (F) using a valve, or a result of gas expansion (G). For the 2S process, the 1.5 mbar pressure was dynamically 
kept until the end of the first stage. 

Annealing 

type 

Initial 

conditions 

Heating rate 1 

(°C/min) 

Dwell conditions 

stage 1 

Heating rate 2 

(°C/min) 

Dwell conditions 

stage 2 
Cooling 

Two-stage 

(2S) 

1.5 mbar, 100 

mg S, 10 mg Sn 
10 

200 °C, 30 min, 

then 660 mbar (F) 
10 

575 °C, 30 min, 

1000 mbar (G) 

Very slow 

(~ 8 hours) 

One-stage 

(1S) 

175 mbar, 50 

mg S, 5 mg Sn 
20 

575 °C, 45 min, 

300 mbar (G) 
- - 

Quench at 

300 °C 

 

4.1 Double layer formation mechanism 

We assess the double layer formation mechanism by analyzing samples produced at a low temperature annealing, 

in the range 200-400 °C, which would correspond to the first stage in a two-stage (2S) annealing. In Figure 2, the 

resulting morphologies are compared to the initial as-sputtered precursor (Figure 2 (a) and (b)). The precursor 

exhibits a uniform morphology consisting of a nearly amorphous matrix of Cu, SnS and ZnS. The precursor 

composition was estimated using EDS as Cu/Sn = 1.86, Zn/Sn = 1.10 and S/metals = 0.66. After the first annealing 

stage at temperatures as low as 200 °C, double-layer features become evident, as shown in Figure 2 (c)-(g), with 

the appearance of a large-grained top layer.  

(a) Precursor, cross-section (b) Precursor, top view 
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 (c) 2S-Reference: 200 °C 30 min 1.5 mbar 100 mg S 

 

(d) 200 °C 30 min 1.5 mbar 500 mg S 

 

(e) 275 °C 30 min 1.5 mbar 500 mg S 

 

(f) 350 °C 30 min 500 mbar 500 mg S 

(g) 400 °C 30 min 100 mbar 100 mg S 

  

(h) 

Figure 2 – (a)-(g) Cross section SEM images showing the evolution of the double-layer morphology during the low 
temperature stages of a 2-stage annealing. The bold text highlights the changes to the reference conditions in (c); (h) Raman 
spectrum representative of sample (f). 

 

Using Raman spectroscopy, the top layer was identified to be a mix of the hexagonal CuS phase (h-CuS) and the 

monoclinic Cu2S phase (m-Cu2S),61,62 with inclusions of the orthorhombic SnS (o-SnS) phase,63 as shown in the 

Raman spectrum of Figure 2 (h), obtained from the sample annealed at 350 °C in Figure 2 (f). Even with an 
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excitation wavelength of 785 nm, probing deeper into the samples, only a minor kesterite signal could be detected 

besides h-CuS at 350 °C,64 indicating that the bottom layer has barely reacted below 350 °C. Further increasing the 

first stage temperature to 400 °C results in an intermixing between the two layers, as is visible in Figure 2 (g). That 

intermixing continues into the second annealing stage (in our work mainly at 575 °C), resulting in a double-layered 

kesterite absorber, which can be seen in Figure 3 (a) in the next section. Besides the morphology, other features 

related to the double layer history during the annealing remain in the final absorber, as will be discussed later. 

From the onset of the first stage, our findings reveal that an asymmetric crystallization profile arises during 

annealing. The upper layer is dominated by the formation of Cu2-xS phases, whereas the bottom layer appears to 

undergo a slower reaction. The two layers eventually mix partially at high temperatures, but the initial asymmetry 

does not vanish completely. In the early stages, as the temperature increases, and as soon as the available Cu is 

exposed to the sulfur in the annealing atmosphere, the h-CuS and m-Cu2S phases form. Given the high amount of 

available sulfur in the atmosphere during the first annealing stage, it is expected that the S-rich h-CuS phase will 

prevail over the m-Cu2S phase, which is in line with our Raman results of Figure 2 (h). On the other hand, the h-

CuS phase has the lowest melting point of the Cu-ZnS-SnS system, melting at a temperature of 507 °C65 (for 

comparison, SnS melts at 882 °C, m-Cu2S melts at 1129 °C and ZnS melts at 1185 °C).65,66 Therefore, the h-CuS 

may provide a viscous flow assisting the crystallization of the Cu2-xS phases, resulting in the large Cu2-xS crystallites 

visible near the surface. This is the dominant behavior seen in our system until 350 °C. At 400 °C, the temperature 

becomes sufficiently high and a visible reaction with the other binary sulfides occurs, as evidenced by Figure 2 (g), 

and in agreement with earlier work.66  

The findings above contrast with the dynamics of sputtered metal stacks, where the Sn melts very early at 231 

°C, and thus the double layer arises through different dynamics, as thoroughly identified by Kim et al.4 and discussed 

in the previous section. This emphasizes that the double layer formation appears to be a case-dependent 

phenomenon, despite its almost generalized appearance in kesterite solar cell research. It depends mostly on the 

precursor configuration and on the annealing conditions. However, a possible common aspect between this work 

and the referred sputtered metal stack works is that in these configurations the precursor is chalcogen deficient, so 

there is an inherent asymmetry during annealing, in that the chalcogen intake is heavily reliant on chalcogen gas 

arriving at the surface. In our work, the precursors generally have a ratio of S/metals = 0.65, whereas for sputtered 

metal stacks obviously (S,Se)/metals = 0. This inherent asymmetry could potentially be the main cause for the 

double layer dynamics. Similar to the present work, it has already been identified that the Cu2-xS phases promote a 

liquid-assisted growth from the surface at low temperatures (for an illustrative sketch of this effect, we refer the 

reader to ref. 21). However, such a clear morphological asymmetry at different annealing stages from an initial 

uniform precursor stack of cosputtered Cu-SnS-ZnS has never been reported, to the best of our knowledge.   

The different first-stage annealing parameters used in this work also give fundamental insights into the dynamics 

of the double layer formation. By increasing the amount of sulfur from 100 to 500 mg, as shown in Figure 2 (b), 

we were able to show that the double layer is not caused by an insufficient amount of S during annealing – on the 
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contrary, a higher S amount accentuated the double layer asymmetry. We have further confirmed this by increasing 

the S amount 16 times compared to the reference case of Figure 2 (a), which is shown in the supporting information 

(SI) Figure S1. On the other hand, by increasing the pressure during the intermediate stage (from 1.5 mbar to 500 

mbar in Figure 2 (f)), the chalcogen release rate is lowered due to the system pressure being higher than the sulfur 

vapor pressure, but the double layer asymmetry is still clearly visible. Therefore, the results appear to indicate that 

the double layer formation mechanism predominates at lower temperatures regardless of the first-stage annealing 

parameters. We note also that all the morphologies shown in Figure 2 were obtained after a 30 min dwelling time 

at the designated temperature, followed by natural cooling, and are not obtained by quenching the samples as soon 

as the designated temperature is reached. While this approach has the disadvantage of not being the most accurate 

representation of the sample at each specific point during the complete annealing process, the main advantage is 

that it minimizes the nonuniformity that could occur by quenching due to the low thermal conductivity of the glass 

substrate (this effect has been discussed in detail in ref. 4).  

 

4.2 Characterization of double-layered absorbers from a two-stage annealing process 

After a complete annealing process and device fabrication, the finished morphology can be seen in Figure 3 (a). 

This device, with the highest efficiency of 6.3%, was obtained using a 2S annealing process, with a first stage 

corresponding to Figure 2 (c). The double layer interface in the kesterite is clearly visible, as indicated by the 

overlaid red line in Figure 3 (a). The statistics on the performance parameters are given in Figure 3 (b). The SIMS 

depth profile measurement of a sister sample of this device is shown in Figure 3 (c). The SIMS results show a clear 

difference in the Cu, Zn and Sn signals between the top and the bottom layers, with a transition region which 

coincides with the double layer interface, as shown by the adjacent SEM image. Assuming that the matrix effects 

remain relatively unchanged across the depth, the results qualitatively indicate an increase in Zn concentration 

towards the back, and a correlated decrease in the Cu and Sn concentrations. Considering the low temperature 

formation studies shown in the previous section, the Cu depth profile is likely due to the strong accumulation of 

Cu2-xS phases occurring near the surface during the annealing process. Notably, we see also Na and O peaks aligning 

with the interface region of the double layer, further highlighting that this is indeed behaving as an interface in the 

kesterite (the acumulation of Na and O at the kesterite front and back interfaces has been well described in other 

works).11 Furthermore, the SEM images reveal a high density of voids near the double layer interface of the absorber. 

In conjunction with the observations of Figure 2, this suggests that the double layer interface in the kesterite 

absorber follows a model similar to the Kirkendall effect.67,68 The precursor matrix is sulfur deficient, and therefore 

the kesterite formation will rely on sulfur incorporation from the gas phase. On the other hand, the diffusivity of Cu 

is large compared to ZnS and SnS, leading to a high reactivity of metallic Cu with the S-rich atmosphere and a large 

Cu diffusion gradient and corresponding Cu migration towards the surface. Due to the higher Cu diffusivity, which 

is also higher than that of the S gas, the Cu2-xS growth will be driven by a continued Cu supply from the precursor 
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bulk (rather than a S supply towards the bulk), in a self-regulating process that sets a sharp double layer interface at 

low temperatures.69,70 This migration of Cu is known to result in an opposite flow of Cu vacancies towards the 

bulk.70 During the second annealing stage at higher temperatures, there will be material exchanged through the 

double layer interface, and the interface position will be set by the difference in diffusivities of CuS, ZnS and SnS, 

in accordance with the Kirkendall effect, and also by the competing kesterite formation reactions. The vacancies 

resulting from this interdiffusion, (in particular the Cu vacancies, opposite to the Cu migration) may acumulate at 

the double layer interface, forming voids in this region. This phenomenon has been identified in several metallic 

alloys containing Cu, namely Cu-Zn and Cu-Ni,67,68 and in the growth of Cu2S nanowires.69 Specifically in CZTS, 

this model has been suggested by Platzer-Björkman et al. as a means to explain differences in void formation at the 

Mo back interface in cosputtering from metallic and from sulfide binary precursors.71 To the best of our knowledge, 

we are unaware of any instances of this effect in Cu(In,Ga)(S,Se)2 (CIGSSe) solar cells, despite the presence of 

metallic Cu. This could be related to the relatively wider stability region of CIGSSe compared to CZTSSe.   
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 (a) 

 

(b) 
 

(c) 

Figure 3 – (a) SEM cross-section image of a double-layered kesterite device with 6.3% efficiency obtained from a two stage 
(2S) annealing process. The different layers are highlighted in color, including the double layer interface. (b) Corresponding 
boxplot statistics. (c) SIMS depth profile of an absorber layer similar to the one used in the device shown in (a). The double 
layer (DL) interface region is highlighted by the dashed line.  

 

With the resulting composition deviations, confirmed by the SIMS results of Figure 3 (c), the occurrence of 

secondary phases is likely, in particular near the back. To investigate this possibility, we have done multiwavelength 

Raman measurements on double-layered kesterite absorbers corresponding to cells reaching 6.6% efficiency. 
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Remarkably, despite the relatively high efficiency of these devices, we have confirmed the presence of traces of the 

secondary phases o-SnS and monoclinic Cu2SnS3 (CTS) (see Figure S2). We have also confirmed this using XRD, 

as shown later. Additionally, given the Zn-rich composition of this absorber, in particular towards the back, the 

presence of ZnS is also expected, even though this cannot be easily detected with XRD and without UV-Raman. 

This accumualtion of ZnS towards the back explains the correlated decrease in Cu and Sn signals in SIMS, which 

come predominantly from the kesterite matrix. We note, however, that the composition of the precursor 

corresponding to the absorber measured by SIMS is not excessively Zn-rich (we measured Cu/Sn = 1.86 and Zn/Sn 

= 1.10). These results indicate that the secondary phase occurrence is not only related to the composition region of 

the kesterite, but rather more likely also due to an incomplete reaction, especially for the bottom part of the kesterite. 

This is particularly evident in kesterite absorbers obtained with annealing temperatures lower than the nominal value 

used in this work (575 °C). At these lower temperatures, the double layer is more pronounced, and the grain size 

difference between the top and bottom layers is evident, as shown in Figure S2. Additionally, in Figure S3 we 

provide a photograph of the absorber layers, the boxplot statistics and EQE measurement of the best cell.  

 

4.3 Influence of annealing parameters 

To gain further insights on the double layer formation mechanism and its impact on device performance, we 

reoptimized the annealing step for a one-stage (1S) process in a different furnace, where the different annealing 

parameters could be tuned in a wider range. The differences between the 2S and 1S annealing processes can be 

found in Table 2 and the Experimental Section. In Figure 4, we compare the morphology of the kesterite for 

different nitrogen pressures at the start of the annealing process. We note that the value of 555 mbar, corresponding 

to Figure 4 (a), leads to an annealing at near atmospheric pressure due to gas expansion in the sealed quartz tube at 

575 °C. By lowering the initial pressure from 555 to 350 and 175 mbar, the double layer features and the asymmetry 

between the two layers become increasingly evident, as shown in Figure 4 (b) and (c). In conjunction with the 

findings of the previous sections, we hypothesize that this is connected to the release of sulfur gas during the ramping 

stage of the annealing process.  
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(a)  

 

(b)  

 

(c)  

Figure 4 – SEM images of CZTS devices showing the influence of the annealing pressure on the kesterite morphology, for 
initial N2 pressures of (a) 555, (b) 350 and (c) 175 mbar. The corresponding best device efficiencies are (a) 2.3%, (b) 3.8% 
and (c) 5.7%.   

 

As mentioned above, with increasing temperature the first new phases that form in our system are the Cu2-xS phases. 

As the reaction rate with the ZnS and SnS binaries is relatively limited at low temperatures, the growth of the Cu2-

xS phases will be mostly mediated by the availability of sulfur in the atmosphere, which directly depends on the 

initial pressure in the tube. The lower the initial pressure, the higher the sulfur evaporation rate at low temperatures, 

leading to a higher double layer asymmetry in the early stages of the annealing process. As shown in the previous 

section, this asymmetry cannot be fully removed at the dwell temperature used (575 °C), which produces the 

morphology trend shown in Figure 4. An implication of this finding is that the sulfur availability directly controls 

the double layer dynamics during the ramping stage of the annealing. To confirm this, we have also performed the 

same annealing procedure without any S source, and indeed found no evidence of a double layer formation on the 

annealed sample. The morphology and corresponding Raman characterization of this sample are shown in Figure 

S4 (a) and (b), respectively. Naturaly, due to the lack of sulfur, that sample consists of a mixture of kesterite and 

several secondary phases, and would not be very useful for device processing. However it points to the possibility 

of using a pre-annealing in an inert atmosphere, as discussed in Section 2. In our setup, this is not something we 

can practically do in a single annealing, but it could be an interesting possibility for future work. On the other hand, 

this finding also points to the possibility that the double layer can be related to the initial sulfur deficiency in the 

cosputtered precursor matrix, which leads to a dependence on the sulfur from the gas phase, and thereby to a large 

asymmetry in the sulfurization 

Remarkably, we found a clear increase in device performance with the decrease in annealing pressure, with the 

sample annealed at low pressures showing the best performance of the series. The best efficiencies were 3.0% at 

555 mbar, 3.8% at 350 mbar and 5.7% at 175 mbar, as shown by the device statistics in Figure S5. Moreover, we 

systematically found the low pressure annealing to yield higher efficiencies and more reproducible results even for 

a wide range of starting (precursor) compositions, as detailed by the device statistics in Figure S6. This apparently 

surprising result highlights the complex interplay of the double layer dynamics, with the simultaneous occurrence 

of compositional and growth asymmetries in the samples during annealing. We note that these results do not 

necessarily mean that in general a low-pressure annealing is better suited for fabricating kesterite solar cells, and 
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could in principle constitute only a local maximum in our optimization space. However, the results do show that the 

double layer dynamics can significantly impact the performance of the resulting devices, given the clear link 

between the annealing pressure, the double layer formation and the corresponding device statistics of Figure S5 

and Figure S6.  

Furthermore, we have fundamentally found that within a reasonable parameter space, the double layer formation 

is nearly ubiquitous in our cosputtering process. For instance, in conjunction with the device statistics of Figure S6, 

we have also observed that the double layer occurs regardless of the kesterite composition. In Figure S7 we compare 

the double layer morphologies of two samples from a slightly Cu-rich precursor (Cu/Sn of 2.10) and from a Cu-

poor precursor (Cu/Sn of 1.69). Although the morphologies are visibly different, both clearly show double layer 

features. The sample with higher Cu content shows a higher asymmetry with visibly larger grains in the upper layer. 

This again matches well with our low temperature formation model proposed above – the higher Cu content leads 

to a more pronounced formation of Cu2-xS phases at the surface, thereby creating a higher double layer asymmetry. 

In all these experiments, a device-relevant Zn-rich composition was used, resulting in a ZnS secondary phase 

segregation at the bottom of the films. Given that presence of ZnS, one could wonder if the double layer occurrence 

could be caused by the incomplete reaction of this ZnS phase. However, we still see a double layer segregation in 

Zn-poor compositional regions, where other secondary phases are segregated, as shown in Figure S8. In general, 

we found that near the compositional range that allows high-efficiency devices, the double layer always occurs in 

our cosputtering approach. As for the annealing temperature and dwelling time, we also systematically found them 

to have very little utility in resolving the double layer. By increasing the annealing temperature from 575 °C to 595 

°C, we were able to obtain single-layered absorbers with large grains, as shown in Figure S9. However, despite the 

apparent improvement in morphology, the corresponding devices always performed significantly worse, with 

efficiencies below 2%. A similar trend in morphology and performance degradation was found with an increase in 

dwelling time (not shown here). One possible explanation is that this could be revealing a fundamental trade-off 

between the dynamics of the double layer and the final kesterite defect composition. As mentioned above, our 

kesterite absorbers exhibit several different secondary phases, which are not limited to the specific compositional 

region of the kesterite, in particular in the bottom layer, suggesting an incomplete reaction. Therefore, relatively 

higher temperatures and dwelling times would be favored. However, further increasing these parameters likely leads 

to a drop in sulfur partial pressures and kesterite decomposition, and consequently to the appearance of detrimental 

defects, as discussed in ref. 15. In particular, we note that the most recent results for the best-performing sulfide 

CZTS devices were obtained using temperatures lower than 580 °C and annealing times below 15 min.27,30 

Therefore, we estimate that tuning the annealing temperature and dwelling time should be insufficient to resolve 

the double layer issue. One other possible way of dealing with this trade-off would be to increase the heating rate 

in our 1S annealing setup. By increasing the heating rate, the effective time within the Cu2-xS formation region is 

lower, and therefore the double layer formation should be minimized. In Figure S10, we compare the morphology 

of the kesterite using our reference heating rate of 20 °C/min and a heating rate of 40 °C/min, and in Figure S11 
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we present device statistics for a series comparing the heating rates of 20, 30 and 40 °C/min for the same base 

precursor. As shown in Figure S10, the double layer appears to visibly improve, but it is not completely removed. 

An interesting aspect of this series was the systematic improvement in Voc with increased heating rate, up to above 

600 mV, as shown in Figure S11. However, the device performances were comparable, and so far we were not able 

to demonstrate improvements using this approach. Therefore, we suggest that tuning the heating rate at low 

temperatures could be an interesting option for future work.      

 

4.4 Influence of absorber thickness 

In this section we show that the absorber thickness has a crucial impact on the double-layer dynamics and device 

performance. In Figure 5, a series comparing the kesterite morphology for different absorber thicknesses is shown. 

The absorber thickness was changed by varying the cosputtering time from 10 min (300 ± 50 nm) to 38 min (1400 

± 200 nm), in several steps. We find that the double layer is not present for very thin samples (Figure 5 (a)-(c), 

corresponding to a critical thickness below 600 nm), and a transition point exists around 600-750 nm (Figure 5 (d)) 

where the double layer interface appears in the kesterite. For thicker samples above 750 nm, we found that the 

double layer always occurs within our 1S reference annealing. 

 

 

(a) 10 min (300 ± 50 nm) (b) 12 min (475 ± 20 nm) 

 

(c) 15 min (550 ± 20 nm) (d) 17.5 min (625 ± 90 nm) 
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(e) 28 min (1100 ± 100 nm) 

 

(f) 38 min (1400 ± 200 nm) 

Figure 5 – SEM cross-section images of devices comparing the kesterite morphology for different cosputtering times of (a) 
10 min (b) 12 min, (c) 15 min, (d) 17.5 min, (e) 28 min and (f) 38 min. The corresponding thicknesses are indicated in 
parentheses. 

 

To complement the results of Figure 5, we have also investigated the double layer formation in thin samples for 

different annealing conditions. In Figure S12 we show that progressively lowering the annealing pressure from 175 

mbar to 100 mbar will again lead to a sharply defined double layer in the kesterite, in particular in a 2S annealing. 

Therefore, despite the apparent improvements, we can establish that the overall double-layer formation dynamics 

are still occurring in thin samples. Based on our results, the likely explanation for the thickness dependence of the 

double layer is again based on the formation of the surface Cu2-xS layer. The formation of this Cu2-xS layer is 

governed by the migration of the available Cu to the surface and reaction with the S available in the atmosphere. 

By preventing the direct reaction of the S gas with the bottom part of the precursor, the Cu2-xS layer effectively acts 

as a sulfur diffusion barrier. The thicker the Cu2-xS layer, the sharper the resulting double layer asymmetry. The 

thickness of the Cu2-xS layer is determined by the Cu and S availability, and by the low-temperature annealing 

conditions, in a self-regulating process. In thick samples (>1000 nm), for our reference 1S and 2S conditions, and 

for device-relevant compositions (near Zn-rich and Cu-poor), the upper layer/bottom layer thickness proportion 

ranges from a minimum of 33%/67%, respectively, up to a maximum of 50%/50%. By reducing the overall 

thickness, the Cu2-xS thickness is reduced in a similar proportion, leading to a weaker blocking of the reaction of S 

with the precursor. For very thin samples, this Cu2-xS becomes essentially nonlimiting, leading to a uniform kesterite 

layer. However, even in thinner samples the background problem of S deficiency in the precursors still remains, 

which explains the persistence of the double layer as we have shown in Figure S12. 

To determine the effects of thickness and the impact of the double layer on the performance of the devices, we 

prepared a series of devices from precursors fabricated and processed in the same batch, but with different absorber 

thicknesses. The precursors and resulting devices are otherwise identical within the limits of our processing line. 

The device statistics of the series are shown in Figure 6 (a), and the statistics for the equivalent one-diode electrical 

circuit parameters are shown in Figure 6 (b). The diode parameters were estimated under illumination using Sites’ 

method 72. Furthermore, Figure 6 (c) displays the corresponding thickness calibration as a function of cosputtering 
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time. The best cell results of the series are summarized in Table 3. Additionally, the IV curves of the best cells and 

the fitting of the data for the one-diode model are compiled in Figure S13. Our solar cell performance data reveal 

two clear trends: the progressive decrease in Jsc and increase in FF with decreasing thickness of the absorber layer. 

Besides the double layer morphology, there are multiple other factors at play when varying the absorber thickness. 

First, the decrease in Jsc is expected as thicknesses below 400 nm are clearly insufficient to absorb all the incoming 

photons. Assuming an absorption coefficient of 104 cm-1 for CZTS, only 26% of the incoming photons above the 

bandgap would be absorbed for a thickness of 300 nm, and a thickness of at least 2000 nm would be needed to reach 

90% absorption. However, in our case, the numbers are slightly more favorable, as the samples with a thickness of 

300 nm (10 min cosputtering) reach above 15 mA/cm2, which is already around 50% of the Shockley-Queisser Jsc 

limit. Therefore, a decrease in Jsc due to optical losses cannot be the only explanation. Given that our MoS2 layer is 

very thin, one factor could be that some photon recycling can occur by reflection at the Mo back interface. However, 

the typical reflectivity of Mo in air is below 0.6, and for CIGS solar cells it has been estimated that a Jsc loss of up 

to 6 and 8 mA/cm2 occurs due to absorption (poor reflectivity) of the Mo back contact, for CIGS thicknesses of 500 

and 300 nm, respectively.73 Put another way, for CIGS thicknesses of 500 and 300 nm, and considering a reflectivity 

of 0.5 for Mo, only a gain in Jsc of about 1.7 and 3 mA/cm2 is expected to occur, respectively, compared to neglecting 

the back-contact reflectivity.74 For that reason, we expect the back contact reflectivity to be only a small contribution 

to our results for thin samples. We must therefore look for clues in the other device parameters.  

      

 

(a) 

 

(b) 

 

(c) 

 

Figure 6 – (a) Boxplot showing the device performance statistics for different absorber thicknesses; (b) One-diode model 
fitting parameters determined from the light IV curves using Sites’ method 72; (c) Corresponding thickness calibration 
plot, showing the CZTS absorber thickness as a function of cosputtering time. The blue points were obtained from CZTS 
grown on monocrystalline Si substrates.  
 

 

 

 

Table 3 – Solar cell parameters for the best cells of the thickness series of Figure 6.  
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Sample Eff (%) Voc (mV) Jsc (mA/cm2) FF (%) RS (Ωcm2) Rsh (Ωcm2) A J0 (mA/cm2) 

10 min 
(300 nm) 

5.39 538 15.6 64.1 0.42 504 2.03 5.7×10-4 

15 min 
(550 nm) 

6.22 556 17.8 63.0 0.47 732 2.41 2.5×10-3 

28 min 
(1100 nm) 

6.25 556 20.1 55.8 1.61 404 2.94 1.8×10-2 

 

The FF trend is also clearly visible in Figure 6 (a), suggesting a degradation of the electrical characteristics of 

the devices with increasing absorber thickness. This trend matches the increase in the series resistance RS and 

decrease in shunt resistance Rsh under illumination, as shown in Figure 6 (b). Notably, a decrease in shunt resistance 

for very thin devices is commonly reported, due to the potential occurrence of pinholes, higher roughness-to-

thickness ratio, or smaller absorber grain size.74,75 Here, in the absence of such morphological defects, we observe 

the opposite trend, i.e., Rsh increases for the thinner devices.  On the other hand, the Voc does not show a clear trend. 

To further resolve the results of Figure 6 (a), we have compiled a large statistical dataset of Voc and FF values 

corresponding to 678 individual cells across 43 samples fabricated in our group over the course of approximately 

one year. The results are shown in Figure 7. The selection criteria for these samples was that they were processed 

using a reference 1S or 2S annealing, and at least one cell per sample reached an efficiency of 5%, except for 

thicknesses below 500 nm, where a 4% cutoff was used. We then categorized the results by the thickness of the 

absorber layer, as shown in the abcissa of Figure 7. Analyzing the median lines confirms that the FF decreases for 

thicker samples (above 1000 nm), by at least 5 percentage points. On the other hand, for samples thinner than 500 

nm and in the range 550-750 nm, the difference does not appear to be significant. As for the Voc, we find no 

difference between the three thickness categories.  
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Figure 7 – Statistical distribution of FF and Voc categorized by absorber thickness. The dataset consists of 678 cells with an 
area of 0.09 cm2 from samples annealed using the reference 1S and 2S processes. The samples were selected based on a 
minimum efficiency of 5% (4% for thicknesses below 500 nm). 

 

However, this flat trend in Voc is unexpected. In general, the Voc of any solar cell will decrease as the thickness tends 

to zero, unless surface recombination at the front and back surfaces is completely suppressed (in which case the Voc 

slightly increases with decreasing thickness).76 This is simply because the generated minority carrier density (in this 

case electron density) will be higher near the back contact when compared to a thicker absorber, which leads to a 

higher surface recombination rate if the surface recombination velocity is not negligible. In turn, a higher surface 

recombination rate will decrease both the Voc and the Jsc. In fact, it is well known in the CIGS field that for ultrathin 

devices (<500 nm), the main performance limitations are optical losses due to thinning and back contact 

recombination due to the non-ideal Mo/CIGS interface, which result in lower Voc and  Jsc. In CIGS, these limitations 

can be mostly overcome by using a back surface field based on a Ga/(Ga+In) grading or by using back contact 

passivation strategies.73–75 However, in kesterite solar cells, a back grading is not trivially available, and the 

kesterite/Mo interface is known to be more unstable than its CIGS counterpart.77 Therefore, in our case, we do not 

expect our back surface recombination velocity to be better than in CIGS devices. The combination of these factors 

should explain the decreasing Jsc. However, they would also leave us with the expectation that the Voc should 

decrease, which is contrary to our observations – the Voc does not change. We additionally note that this Voc 

degradation with decreasing thickness has already been reported for single-layered CZTS devices by Ren et al..78 

Therefore, in our case there must be another factor contributing to an increase in the Voc for lower thicknesses, which 

counterbalances the aforementioned Voc degradation and results in the flat trend of Figure 6 (a) and Figure 7. Given 
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our morphology observations, this improvement could come from the double layer dynamics, namely with the 

disappearance of the double layer interface in thinner samples. As mentioned above, the improvement in shunt 

resistance Rsh in thinner samples will lead to an increase in Voc. Furthermore, analyzing the ideality factor A and 

reverse saturation current densities J0 in Figure 6 (b), we see that A and J0 increase for thicker samples, which 

indicates an increased nonradiative recombination in the depletion region for thicker samples. The A value obtained 

for our thin samples (300 nm) of 2.03 is typical of state of the art CZTSSe devices (where A is generally below 2), 

whereas in other thin film technologies an A as low as 1.3 has been demonstrated.27 Applying the same fitting in the 

respective dark curves for all thicknesses (not shown here for briefness), we obtain similar RS but the Rsh is 1 order 

of magnitude higher, the A is always below 1.9 and J0 is at least 2 orders of magnitude lower, indicating that a 

voltage dependent shunting is not occurring, but instead there is a voltage dependence on the photocurrent collection 

efficiency.72 From this data alone, the exact recombination mechanism cannot be resolved, as there can be 

contributions from multiple sources such as bulk defects, tunneling-assisted recombination and the CZTS/CdS band 

alignment.72 Although associating this degradation with the double layer seems plausible, considering the multiple 

factors at play and their complexity we must note that to fully validate this claim we would have to perform 

additional characterization that would allow us to specifically probe the dominant recombination mechanisms and 

the optoelectronic properties of the double layer interface and of the top and bottom layers, which is not trivial, and 

would be beyond the aim of this work. A detailed material characterization study, comparing thin kesterite absorbers 

and thick (double-layered) absorbers is therefore suggested as future work. Interestingly, the thicker samples, which 

exhibit the double layer, show Jsc values up to 20 mA/cm2 (in Figure 6 (a)), which is comparable to record sulfide 

devices.27,30 Therefore, we are able to infer that the bottom layer should still be contributing to the overall current 

output of the device, in spite of the different morphology, composition and presence of secondary phases. As for 

the FF, similar observations can now be made coherently with the Voc and  Jsc  results. The FF is expected to decrease 

with decreasing thickness as it follows the Voc,79 however, for very thin devices (<300 nm), the depletion width may 

extend throughout the whole absorber layer, which increases the collection efficiency and the FF.74,79 This can 

explain the slight improvement in FF for the 10 min (300 nm) sample shown in Figure 6 (a), although, as shown 

by the large statistics of Figure 7, this effect should at best be relatively small. For thicker samples, however, the 

clear degradation in FF is again unexpected, considering that the Voc is flat. This would again be consistent with the 

effects of the double layer, in particular due to the effects of the double layer interface but also due to the small 

grain size and accumulation of secondary phases at the back. 

Regarding the data of Figure 7, we should also note that, given the long processing timeline of the dataset 

(approximately one year), there can be some variability between the samples in terms of the kesterite synthesis and 

composition, the CdS chemical bath deposition and the transparent conductive oxide (TCO) conditions. We assume 

that such variability occurs spontaneously and is randomly distributed across our dataset. Moreover, we note that 

using the median line should be a more robust metric to analyze the central trends of our dataset, as the mean value 

can get severely skewed by outliers. 
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4.5 Effects of postdeposition heat treatments in double-layered absorbers 

It is well-known in the kesterite field that a postdeposition heat treatment (or post-annealing, PA) can change the 

properties of the kesterite and the device interfaces, which may lead to improvements of the device performance. 

Therefore, it is illustrative to complement the results of the previous sections with additional device statistics for 

post-annealed devices. There have been multiple different PA strategies reported for CZTS, CZTSe and CZTSSe 

kesterites, and discussing it is beyond the scope of this work. In our group, we have optimized two types: one PA 

at 150 °C in air for 15 min after the CdS deposition, and another PA at 275 °C in N2 for 1 min, either after CdS or 

in a full cell (with similar results). A detailed characterization of these post-annealings will be reported in a future 

publication. In Figure 8, the results of these post-annealing treatments are shown for a device with a thickness 

around 550 nm (15 min cosputtering). Interestingly, the improvement comes from different parameters in each case.    

 

 (a) 
 

(b) 
Figure 8 – Boxplot statistics showing the effects of post-annealing (PA) treatments in devices with a 550 nm-thick kesterite 
(15 min cosputtering), processed using a 1S annealing. The conditions are (a) PA of the full cell at 275 °C for 1 min followed 
by quenching and (b) PA after CdS deposition at 150 °C for 15 min followed by quenching.  

 

For the full cell PA in N2 in Figure 8 (a), there is a clear 100 mV improvement in the Voc. The conditions of this 

PA are very similar to the work by Yan et al..27 In that work, it has been discovered that for these PA conditions, 

the Voc improvement is related to a reduction in heterojunction interface recombination. Therefore, it is plausible to 

assume that at least a part of the improvement in the Voc in Figure 8 (a) comes from a reduction in the CZTS/CdS 

interface recombination. Therefore, with the results of Figure 8 (a) we are able to indirectly prove that our devices 

are at least partially affected by interface recombination. The importance of this result is that it further validates the 

discussion on the thickness variation in the previous section – if our devices (without any PA) are limited by 
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interface recombination, then a reduction of Voc with thickness should be expected. As mentioned above, this was 

not the case, suggesting that the double layer improvements for thinner samples could be contributing to a 

counterbalancing increase in the Voc. On the other hand, Figure 8 (b) reveals that the improvements for the low 

temperature PA in air after CdS come from improvements in Jsc and FF. In particular, the Jsc reaches up to 20 

mA/cm2, which is the same level of the thick sample shown in Figure 6 (a) despite the kesterite absorber being half 

the thickness. Thus, this PA experiment highlights that our thick samples have a poor collection efficiency across 

the bulk, again suggesting a possible negative influence of the double layer. A sister graph to Figure 8 but with 

thick samples (>1000 nm) can be found in Figure S14, and in Table S1 we compile the one-diode model parameters 

for the 8 best cells corresponding to each case. We do not see a clear trend regarding the effects of the PA for 

different thicknesses, and the overall parameter comparison is very similar to the results of Figure 6 and Figure 7, 

meaning that, on average, thin post-annealed samples also exhibit higher FF and similar Voc compared to thick post-

annealed samples. This suggests that despite the improvements, there is a differentiating background aspect that is 

not being changed by the post-annealing treatments. This aspect could be the double layer, as these low temperature 

heat treatments will not cause a major recrystallization of the kesterite, and are likely impacting mostly the interfaces 

and grain boundaries. Still, there is a possibility that the PA treatments can change the properties of the double layer 

interface, but this is not clear from our data.  

Given the similar processing conditions of the series in Figure 6, we are basing our analysis on the assumption 

that the only difference between the samples is their thickness and the occurrence of the double layer. However, 

this does not necessarily mean similar values of the optoelectronic properties of the kesterite (namely bulk lifetime, 

carrier concentration, depletion width), precisely because of the complex dynamics of the double layer formation – 

with composition gradients, grain boundary changes and secondary phases. In any case, this is essentially still the 

general conclusion of this work: the possibility that the double layer formation is negatively impacting the 

performance of kesterite devices. To accurately decouple all the possible effects resulting from the double layer 

dynamics and their impact of the kesterite devices, we suggest that a detailed materials characterization study is still 

required as future work.  

 

4.6 Influence of alkali metal availability (growth on Si substrates) 

Finally, it is fundamental in this discussion to study the inclusion of Na in the double layer dynamics, given its 

role as a fluxing (or surfactant) agent during the kesterite annealing process, through diffusion from the SLG 

substrate. To specifically isolate the effects of Na inclusion in the kesterite, we have constructed two case studies: 

one using 10 nm evaporated NaF on reference kesterite devices, and one using monocrystalline Si substrates, where 

Na is not present. A comparison of the resulting morphology of the kesterite is shown in Figure 9.    
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(a) No NaF 

 

(b) 10 nm NaF 

 

(c) CZTS on TiN/Si  

Figure 9 – SEM cross section images for standard kesterite devices with (a) no evaporated NaF (reference), (b) 10 nm 
evaporated NaF and (c) CZTS grown on a monocrystalline silicon substrate, without any Na supply. The double-layer (DL) 
interface is marked with the dashed red line. The corresponding best device efficiencies were (a) 4.3% and (b) 3.0%. 

 

The comparison between Figure 9 (a) and (b) essentially shows no difference by supplying additional Na. The 

corresponding detailed device statistics, shown in Figure S15, further reveal that there seems to be no significant 

gain by introducing NaF in our samples. The role of Na has been extensively discussed in both CIGS and CZTSSe 

devices. For CZTSSe, it is known that for Na-deficient substrates, as little as 5-10 nm of NaF can already produce 

significant improvements in the absorber layer morphology and device efficiencies, and above 20-30 nm NaF a 

deterioration of the device performance occurs, despite notable increases in grain sizes.80–82 Therefore, our chosen 

value of 10 nm NaF allows us to conclude that our reference devices are not Na limited, and it should not be possible 

to solve the double layer issues by simply supplying more Na. In any case, we note that from experiments growing 

the kesterite directly on glass substrates, shown in Figure S16 we have seen a significant enhanced in grain size, 

resulting from the oversupply of Na directly from the SLG. Therefore, it is clear that Na is playing a role in the 

double layer dynamics during annealing. Another example of this important role comes from our experiments using 

monocrystalline Si substrates, as shown in Figure 9 (b). In our group, we have developed and characterized 

monolithic CZTS/Si tandem solar cells, and found that using monocrystalline Si substrates, where no native supply 

of Na exists, the kesterite always exhibits a double layer, even for thicknesses as low as 300 nm, as can be seen in 

previous work.59,60 Remarkably, on Si substrates the double layer thickness proportion is again about 33%/67%, 

consistent with our previous claim that the upper/bottom layer thickness proprortions are set by the total availability 

of Cu in the precursor and the formation of the Cu2-xS phases, in a self-regulating process. We found that all the 

previous discussion regarding the influence of the annealing parameters is also valid for growth on Si substrates, 

but the thickness threshold for the formation of the double layer is much lower on Si substrates, which we can 

clearly attribute to the absence of the fluxing behavior provided by Na. 

Given the decoupling of the effect of Na achieved with CZTS grown on monocrystalline Si substrates, this serves 

as an ideal platform to better resolve the composition gradients formed during annealing. Therefore, we have 

performed RBS and SIMS measurements comparing the precursor and the kesterite after annealing. The results are 

shown in Figure 10. A schematic of the constituting layers of the samples is shown as an inset. We have discussed 
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the purpose of each layer in previous work.59,60 Briefly, a TiN interlayer was also used in this work as it improves 

the CZTS adhesion and prevents the intermixing between any elements from CZTS and Si, allowing a better depth 

resolution in the measurements. In the RBS spectra of Figure 10 (a) and (c), we can get depth-resolved and 

quantitative estimates of the film compositions by fitting the RBS yield curve with an appropriate software (RUMP 

was used in our case), near the energy regions (channels) where the Cu, Zn, Sn and S elements are detected. 

However, given the proximity in atomic mass between Cu and Zn, the yield due to these elements overlaps and only 

the sum of the concentration of both elements can be estimated.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 10 – Depth profiling of CZTS grown on monocrystalline Si substrates with a 10 nm TiN adhesion layer. (a) and (b) 
are the RBS and SIMS profiles for the precursor, respectively, and (c) and (d) are the RBS and SIMS profiles for the kesterite 
after annealing the precursor in a 2S process. The label overlap in the RBS spectra decribes an overlap in the Cu, Zn and Sn 
signals. The red line in the RBS spectra is a fitting using the software RUMP.  

 

For the cosputtered precursor in Figure 10 (a), the yield from channels 330 to 450 indicates that the thickness-

averaged precursor composition satisfies Cu/Sn + Zn/Sn = 3.63, which corresponds to slightly Cu-rich and Zn-rich 

conditions. Analyzing the sulfur content in channels 240 to 300 indicates that the S/metals ratio is approximately 
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0.65, which is consistent with our EDS measurements, and again shows that our cosputtered precursors are 

essentially sulfur deficient compared to the kesterite stoichiometry. As discussed in the previous sections, this sulfur 

deficiency could be fundamentally linked to the double layer occurrence. Furthermore, it also explains the 

incomplete reaction and heavy formation of secondary phases in the sample annealed without sulfur (Figure S4), 

and it is a well-known example of the Le Chatelier principle applied to kesterite synthesis.83 Additionally, the 

increase in Sn signal from channels 450 to 390 allows us to estimate that the Sn concentration increases 

approximately linearly by about 13% from the surface of the precursor to the back interface. In contrast, the signal 

from channels 330 to 380 shows that the Cu+Zn concentration is approximately constant in depth.  Cross-checking 

with the SIMS results for the precursor in Figure 10 (b) reveals that indeed there is an increase in the Sn signal 

towards the back. On the other hand, the Zn signal slightly decreases in depth, while the Cu signal increases, 

consistent with the approximately constant Cu + Zn concentration measured by RBS. These variations occur during 

the cosputtering process, but we do not have a clear understanding of the causes. These could possibly be related to 

a drift in the sputtering rate of the targets during the cosputtering process due to target heating or poisoning, or due 

to unintentional heating of the substrate itself during the process, resulting in an interdiffusion of the elements. 

However, the depth profiles are completely changed after annealing, as shown in Figure 10 (c) and (d). In the RBS 

signal of Figure 10 (c), in the region near channel 420, a sharp drop in the RBS yield for Sn can be seen. The fitting 

of this result is consistent with a model where the top 30% of the kesterite exhibits a nearly uniform composition of 

Cu/Sn + Zn/Sn = 3.3 and S/metals = 0.95, followed by a decrease in Sn concentration, which is estimated to be 40% 

lower in the back compared to the surface. The corresponding SIMS result of Figure 10 (d) matches this model, 

showing a nearly flat first third of the Cu, Zn and Sn, followed by a decrease in the Sn signal and again an opposite 

trend in the Cu and Zn signals. Remarkably, these are exactly the same trends as the SIMS result of Figure 3 (c), 

which corresponds to a reference kesterite solar cell on Mo/SLG substrates with a median efficiency of 5.8%. 

Therefore, it appears as if these profiles are fundamentally a universal signature of the double layer dynamics in the 

kesterite. The approximate 30%/70% thickness proportions of the double layer (or of the composition gradients) 

also seem to appear sponteaneously in this case, without the supply of Na from the substrate. Therefore, this work 

proves that a fundamental redistribution of the metal elements occurs during annealing, which is brought about by 

the migration of the available Cu towards the surface, with the consequent formation of Cu2-xS phases at the surface, 

and the early establishement of highly asymmetric growth conditions that result in the composition gradients of the 

final kesterite absorbers. The exact numbers and metal ratios of the profiles given here will likely depend on the 

starting composition, although we note that our results are not far from the ideal Cu-poor/Zn-rich conditions. 

As mentioned in the previous sections, a possible consequence of this asymmetric double layer growth is the 

occurrence of secondary phases outside those normally occurring due to the composition region of the kesterite. For 

an ideally Cu-poor and Zn-rich kesterite, this would mostly mean the segregation of a ZnS secondary phase. 

However, the possibly incomplete formation reaction associated with the asymmetry caused by the double layer 

formation might lead to the simultaneous presence of many types of secondary phases in the kesterite absorber. In 
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Figure S2 (b), using Raman spectroscopy we have determined that this can indeed be the case even in a device 

reaching an efficiency of 6.6%. In Figure 11, by using grazing incidence XRD, we again confirmed the existence 

of these secondary phases in the kesterite absorbers grown in this work on Mo/SLG and on Si substrates. A trace of 

monoclinic CTS is detected in the films, regardless of the substrate, in agreement with the Raman results of Figure 

S2 (b). By tuning the incidence angle from 2° to 6°, thereby changing the depth of probing, we were able to further 

resolve the presence of the o-SnS phase (see Figure S17). Naturally, since all the kesterite films produced in this 

work are Zn-rich, the presence of the ZnS phase is very probable, although it cannot be easily discriminated using 

XRD. Still, this ZnS phase is visible in our Raman results (Figure S2 (b)).  

 

 

Figure 11 – Grazing incidence XRD patterns for CZTS on Mo/SLG, CZTS on TiN/Si and CZTS on Si. The inset shows the 
reference positions of the peaks for CZTS (ICCD 04-015-0223) and for TiN (ICCD 01-087-0629), in a logarithmic scale for 
better visibility. For CTS, we used the JCPDS 04-010-5719 reference.  

 

4.7 Comments on the generality of the double layer formation mechanism proposed in this work 

In this final section, we comment on the generality of our findings, and on possible comparisons with other 

kesterite synthesis methods. Regarding the first, in this discussion we have left out the possibility of tuning the 

cosputtering conditions. The only cosputtering parameters changed in this work were effectively the separate powers 

applied to each target (compositional tuning) and the cosputtering time (thickness control). This includes producing 

films with the same composition using significantly different power density regimes (the results of which are not 

discussed in this work for the sake of brevity). However, we acknowledge that tuning other parameters could have 
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a great impact on the double layer dynamics. The notable mentions here are the sputtering pressure and the substrate 

temperature. The precursor films obtained in this work (examples of which can be seen in Figure 2 (a) and (b)) 

consist of amorphous, dense and highly reflective zone T films.84 This is explained by a combination of a low 

substrate temperature (no intentional substrate heating was used in this work), relatively high melting point of the 

Cu, ZnS and SnS target materials (and thefore a low T/Tm, where T is the substrate temperature and Tm is the melting 

temperature of the coated material), and a low sputtering pressure (4x10-3 mbar).84 It is plausible that the persistent 

double layer formation could be associated with the resulting microstructure of our precursor films. For example, 

using substrate heating, Ren et al. reported columnar zone 2 precursor films from cosputtering of CuS, Zn and Sn 

targets, which resulted in single-layered CZTS absorbers.78 In this work, we have tested the increase of the sputtering 

pressure from 4x10-3 to 1x10-2 mbar. The resulting kesterite morphology, which we show in Figure S18, still 

exhibited clear signs of the double layer segregation. However, substrate heating during cosputtering could have a 

larger influence on the double layer dynamics, and this approach is planned for future work. 

Furthermore, even though the experimental part of this work focused exclusively on uniformly mixed, 

cosputtered precursors, a stacked configuration could provide some additional insights into the double layer 

dynamics. We have tested a Mo/ZnS/Cu/SnS configuration, which is shown in Figure S19. The resulting films 

exhibited a high density of voids near the middle, possibly related to a double layer behavior. Additionally, we 

observed some partial delamination issues using this route. Nevertheless, it is posssible that different stacking orders 

can lead to an improvement in the double layer occurrence. Given the results of our work, the position of the metallic 

Cu layer in the stack will presumably be of most importance in terms of the double layer behavior, although there 

are other factors to consider when optimizing a stacked system. Such a system has not yet been optimized in our 

group, but could be an interesting possibility for future work.  

Considering our results and the detailed literature survey done in Section 2, some relevant observations can be 

made regarding the dependence of the double layer formation on the kesterite synthesis method. We note that, in 

the literature survey compiled in Table 1, all the sputtering-based approaches use a metallic Cu target, and in most 

cases a fully metallic precursor stack is used. That means that, in all cases, there is simultaneously the presence of 

metallic Cu and a sulfur deficiency in the respective precursor matrices. This appears to be consistent with our 

formation mechanism based on the superficial Cu2-xS appearance, although this is by no means the only parameter 

at play, as we thoroughly described in this work. Some successful examples of work not using Cu metal targets and 

with sulfur-rich precursors includes sputtering from a single quaternary target by Li et al.,5 which resulted in a 

11.95%-efficient CZTSe device, and cosputtering using Cu2S or CuS targets done by Ren and coworkers as 

mentioned in the previous paragraph.15,30,78,85 In particular, besides using a Cu binary target, Ren and coworkers also 

used reactive sputtering with H2S, ensuring a sulfur-rich precursor matrix. In these publications, there is no visible 

sign of a double layer formation at any point during the annealing stage. We can provide an additional example 

from other work in our group. We have also produced CZTS devices based on PLD of single targets, using oxide-

based targets and sulfide-based targets.42 For sulfide-based targets, the precursors consist of a mix of sulfide binaries 
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generally with a high S/metals ratio (close to 1, in particular for low laser fluences), and indeed we do not see any 

evidence of double layer formation, even in absorbers with thicknesses above 2 µm, processed in the same 1S 

annealing conditions described in this work. An illustration of such an example can be found in Figure S20. 

Therefore, it is possible that the presence of Cu2-x(S,Se) phases and high sulfur content in the precursor mix prior to 

the sulfurization/selenization annealing step plays a key role in determining the double-layer formation dynamics. 

This is also consistent with the improvements reported for the so-called “pre-annealing” steps in an inert atmosphere 

(no chalcogen available), as described in Section 2. There, the metallic Cu is partially converted into Cu(S,Se) 

within the precursor matrix. Nevertheless, this does not solve the sulfur deficiency limitation.  

Another notable mention is cationic-substituted or alloyed kesterites. In particular, as we mentioned in Section 

2, Giraldo et al. have convincingly shown that Ge alloying in the precursor matrix reduces the surface Cu2-x(S,Se) 

dynamics and therefore significantly reduces the double layer.21 Therefore, it is plausible that other cation 

substitutions can lead to a reduction in the double layer dynamics as well. 

Nevertheless, considering the vast amount of publications where the double-layered kesterites appear, we believe 

that formation of this double layer should not be overlooked in the pursuit of paving the way for future device 

improvements.   

 

5 Conclusion  

In this work, we have reviewed the existing knowledge on double-layered kesterites, presented a detailed 

experimental study on the double-layer formation mechanisms and discussed their effect of the performance of 

sulfide kesterite devices. We show that for our cosputtering approach, the double layer is characterized by a large 

composition gradient, with Cu accumulation near the surface as a result of Cu2-xS phases forming early during the 

annealing. The resulting microstructure of the Cu2-xS layer likely acts as a sulfur barrier preventing a complete 

sulfurization of the precursor, in a self-regulating process, resulting in a double layer distribution with a constant 

top layer/bottom layer thickness proportion of about 33%/67%. Using CZTS samples grown on a monocrystalline 

Si substrate, we show that this thickness proportion and the respective composition gradients still occur, even 

without any Na or other alkali metal supply from the substrate. As a result, the kesterite bottom layer generally 

exhibits a morphology with smaller grain size and secondary phases, which we find to be independent of the overall 

kesterite composition, but instead a consequence of the incomplete conversion of the precursor into kesterite at the 

back side. By optimizing the annealing process in two separate annealing equipments, and tuning the relevant space 

of annealing parameters, we have validated our formation model and shown the universality of the double layer 

occurrence in our cosputtering system. Furthermore, we have shown that by decreasing the absorber thickness the 

double layer formation vanishes, yielding a significant improvement in the device parameters for lower absorber 

thicknesses, in particular the fill factor. Through a comparison with the well-known case of ultrathin CIGS devices, 
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we concluded that the improvements are likely coming from the disappearance of the double layer in thin CZTS 

devices, which counterbalances the intrinsic losses occurring in thin absorbers.  

Finally, we comment on the generality of the double layer formation mechanism proposed, by comparing our 

results to other synthesis routes, including results from solution processing and pulsed laser deposition processed in 

our group. We find that although the mechanism and exact experimental parameters for the double layer occurrence 

depend on the kesterite synthesis route, the common factors determining the double-layer occurrence appear to be 

the presence of metallic Cu and/or a chalcogen deficiency in the precursor matrix.    
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1 Results and discussion (supplementary) 

 

Figure S1 – Cross-section SEM image showing the effect of increasing the sulfur amount in a single stage annealing with 
300 °C, 100 mbar, 1600 mg S. This amount of sulfur is 16 times higher than the reference 2S conditions.   

 

 

 

 

(a) 

(b) 

Figure S2 – (a) Cross-section SEM image of a CZTS device with 6.6% efficiency from a 2-stage annealing process, with a 
visible double layer interface (in red); (b) Corresponding Raman spectrum (before window layer depositions). The phases 
indicated in parenthesis are possibly present but overlapping with other main phases. 
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(a) 

 

(b) 

 

(c) 

Figure S3 – (a) Photograph of the samples shown in Figure S2 after the 2S annealing step, showing the graphite box setup 
used; (b) Corresponding boxplot statistics, consisting of one sample with 16 cells; (c) Corresponding EQE of the best cell.  
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 (a) 

 

(b)  

Figure S4 – The results of a complete one-stage (1S) annealing where no sulfur powder was provided in the graphite box 
(a) SEM cross-section of the sample after annealing, and (b) the corresponding Raman measurement. The phases indicated 
in parenthesis are possibly present but overlapping with other main phases.  
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Figure S5 – Boxplot statistics of the pressure variation study for samples annealed in a one-stage (1S) process, showing the 
device efficiency, Voc, Jsc and FF as a function of annealing pressure. The initial pressures in the tube before annealing were 
set at 25, 175, 350 and 555 mbar.   
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Sample Cu/Sn Zn/Sn 

A 1.32 1.38 

B 1.86 1.54 

C 1.83 1.46 

D 2.02 1.50 

E 2.10 1.52 

Figure S6 – Boxplot statistics showing a comparison between the initial pressures of 555 mbar (atm) and 175 mbar, for a 
1S annealing process. The adjacent table shows the precursor compositions of the sample set.  

 

 

 

 

 

(a) (b) 

Figure S7 – SEM cross-section images showing the influence of composition on the double layer formation. In (a), the 
precursor composition was slightly Cu-rich with a Cu/Sn of 2.10 and a Zn/Sn of 1.52, and the resulting device reached a 
maximum efficiency of 5.7%; in (b) the precursor was Cu-poor with a Cu/Sn of 1.69 and a Zn/Sn of 1.37, and the highest 
device efficiency was 3.7%.  
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(a) 

 

(b) 

Figure S8 – Example of double layer formation in Sn-rich absorbers. In (a), the corresponding the precursor composition 
was Cu/Sn = 1.50 and Zn/Sn = 0.84, leading to the segregation of large SnS2 secondary phases, identified by their distinctive 
hexagonal shape. In (b) the precursor composition was Cu/Sn = 1.53 and Zn/Sn = 1.27, and the SnS2 phases are still visible. 
In both cases, the double-layer interface is visible. The corresponding solar cell efficiency in (b) was 2.8%.    

 

 

 (a) 

 

(b) 

Figure S9 – SEM cross section images showing the effect of the annealing temperature on the kesterite morphology for a 
reference 2S annealing, for temperatures of (a) 575 °C and (b) 595 °C. In (a), the red dashed line highlights the double layer 
(DL) interface.  
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 (a)  

 

(b)  

Figure S10 – SEM cross-section image of devices resulting from a 1S annealing process with a heating rate of (a) 20 °C/min 
and (b) 40 °C/min. 

 

 

 

 

 

Figure S11 – Boxplot statistics showing a comparison between devices processed from the same base precursor using the 
heating rates of 20, 30 and 40 °C/min in a 1S annealing.  
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(a) 175 mbar 

 

(b) 100 mbar 

Figure S12 – SEM cross section images showing the effect of the initial pressure in the morphology of ultrathin kesterite 
devices, for initial pressures of (a) 175 mbar and (b) 100 mbar. The respective best efficiencies were (a)  and (b) 
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(a) 

 

(b) 10 min (300 nm) 

 

(c) 10 min (300 nm) 
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(e) 15 min (575 nm) 

 

(f) 15 min (575 nm) 
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(g) 15 min (575 nm) 

 

(h) 28 min (1100 nm) 

 

(i) 28 min (1100 nm) 

 

(j) 28 min (1100 nm) 

Figure S13 – (a)  IV curve of the thickness series shown in the main manuscript; (b) to (j) are the fitting plots for the one 
diode model used for the extraction of the illumination values of RS,L, Rsh, A and J0 according to Sites’ method. 
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 (a) 

 

(b) 

Figure S14 – Boxplot statistics showing the effects of post-annealing (PA) treatments in devices with a >1000 nm kesterite 
(28 min cosputtering). The conditions are (a) PA of the full cell at 275 °C for 1 min followed by quenching and (b) PA of 
the full cell at 275 °C for 15 min followed by quenching. Sample (a) was processed in a 1S annealing, and sample (b) was 
processed in a 2S annealing.  

 

 

Table S1 - One-diode model parameters for the best cells of the post annealing series of Figure 8 and Figure S14. The 
parameters are determined from the light IV curves using Site’s method.1,2  
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(mA/cm2) 

FF 
(%) 

RS,L (Ωcm2) Rsh (Ωcm2) A J0 (mA/cm2) 

15 min 
(550 nm, 
Figure 8)  

Reference 5.80 540 19.0 56.8 0.38 311 2.49 4.3×10-3 

150 °C CdS 
air 

6.52 538 19.8 61.1 0.41 440 2.44 3.6×10-3 

Reference 5.83 512 18.3 62.2 0.96 1239 2.22 3.1×10-3 
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cell N2 
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Figure 
S14) 
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Reference 5.25 564 15.3 60.6 0.18 480 2.41 1.5×10-3 

275 °C full 
cell N2 

6.04 587 17.5 58.8 0.67 715 2.54 2.5×10-3 

 

  

 

 

Figure S15 – Boxplot statistics showing the effect of introducing 10 nm NaF by thermal evaporation, before cosputtering 
the CZTS precursors. 
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Figure S16 – SEM cross section image showing the morphology of CZTS grown directly on the soda-lime glass. The 
annealing process used was the 2S but with a temperature of 550 °C, lower than the 575 °C reference.  

 

 

 

 

 

 

Figure S17 – Grazing incidence X-ray diffraction pattern at different angles for a kesterite absorber on a Mo/SLG substrate. 
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Figure S18 – SEM cross-section image of a kesterite absorber produced from a precursor cosputtered using an Ar pressure 
of 1x10-2 mbar. 

 

 

(a) 

 
(b) 

 

(c) 

Figure S19 – SEM cross cross-section images of the stacked sputtering route. (a) Stacked precursor with the order 
Mo/ZnS/Cu/SnS; (b) kesterite absorber after a reference 2S annealing; (c) wide view showing partial delamination issues. 

 

 

 

 

Figure S20 – SEM cross section of a kesterite device produced using pulsed laser deposition (PLD) of a single sulfide target 
consisting of a mix of sulfide binaries. The annealing conditions were the reference 1S conditions. No double layer is visible. 
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4. Contributions to the field of Si-based tandem 

devices 

 In this section we present the two manuscripts on our work on the monolithic integration of 

CZTS on TOPCon Si, as described in the introduction section. The manuscripts follow in a chron-

ological order, in order to give a more intuitive perception of the progress of our work. Both works 

are currently published, and the journal print is here reproduced with permission from the respec-

tive journals: 

 

 Paper 2: Reprinted with permission from A. Hajijafarassar, F. Martinho, F. Stulen, S. Grini, 

S. López-Mariño, M. Espíndola-Rodríguez, M. Döbeli, S. Canulescu, E. Stamate, M. Gan-

sukh, S. Engberg, A. Crovetto, L. Vines, J. Schou, O. Hansen, Monolithic thin-film chalco-

genide–silicon tandem solar cells enabled by a diffusion barrier, Sol. Energy Mater. Sol. Cells. 

207 (2020) 110334. doi:10.1016/j.solmat.2019.110334, Copyright © (2020) Elsevier 
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Espíndola-Rodríguez, S. Engberg, M. Gansukh, F. Stulen, S. Grini, S. Canulescu, E. Sta-

mate, A. Crovetto, L. Vines, J. Schou, O. Hansen, Nitride-Based Interfacial Layers for Mono-

lithic Tandem Integration of New Solar Energy Materials on Si: The Case of CZTS, ACS Appl. 

Energy Mater. 3 (2020) 4600–4609. doi:10.1021/acsaem.0c00280, Copyright © (2020) Amer-

ican Chemical Society 

 

4.1 Paper 2 – Monolithic thin-film chalcogenide-silicon tandem solar cells 
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A B S T R A C T

Following the recent success of monolithically integrated Perovskite/Si tandem solar cells, great interest has
been raised in searching for alternative wide bandgap top-cell materials with prospects of a fully earth-
abundant, stable and efficient tandem solar cell. Thin film chalcogenides (TFCs) such as the Cu2ZnSnS4 (CZTS)
could be suitable top-cell materials. However, TFCs have the disadvantage that generally at least one high
temperature step (>500 ◦C) is needed during the synthesis, which could contaminate the Si bottom cell. Here,
we systematically investigate the monolithic integration of CZTS on a Si bottom solar cell. A thermally resilient
double-sided Tunnel Oxide Passivated Contact (TOPCon) structure is used as bottom cell. A thin (<25 nm)
TiN layer between the top and bottom cells, doubles as diffusion barrier and recombination layer. We show
that TiN successfully mitigates in-diffusion of CZTS elements into the c-Si bulk during the high temperature
sulfurization process, and find no evidence of electrically active deep Si bulk defects in samples protected
by just 10 nm TiN. Post-process minority carrier lifetime in Si exceeded 1.5 ms, i.e., a promising implied
open-circuit voltage (i-V oc) of 715 mV after the high temperature sulfurization. Based on these results, we
demonstrate a first proof-of-concept two-terminal CZTS/Si tandem device with an efficiency of 1.1% and a
Voc of 900 mV. A general implication of this study is that the growth of complex semiconductors on Si using
high temperature steps is technically feasible, and can potentially lead to efficient monolithically integrated
two-terminal tandem solar cells.

1. Introduction

The current global uptake of photovoltaic (PV)-based solar energy
has been enabled by the remarkable developments in crystalline silicon
(c-Si) solar cell technologies, both in terms of module efficiencies and
costs, with market shares consistently around 90% for decades – a
figure which is expected to remain unchanged in the near future [1–
3]. However, as the Si cell efficiency approaches the Shockley–Queisser
(SQ) single-junction limit [4], further cell improvements are now only
incremental, and the focus is instead on systems cost reduction and raw
material utilization [2,3].

Multi-junction solar cells can achieve higher efficiencies than the
single-junction SQ limit, with AM 1.5 limits of around 45% and 50.5%

∗ Corresponding authors.
E-mail addresses: alhaj@dtu.dk (A. Hajijafarassar), filim@fotonik.dtu.dk (F. Martinho).

1 These authors contributed equally.

for double (also called tandem) and triple-junction solar cells, respec-
tively [5,6]. However, to transition the global PV market from a single-
to a multi-junction solar cell technology, the following conditions must
be met: (1) The efficiency improvements should not sacrifice cost
competitiveness, namely in terms of the Levelized Cost of Electricity
(LCOE); (2) The raw materials used should be abundant, inexpensive
and non-toxic; (3) Each individual junction, as well as the full device,
must be stable and have a lifetime of decades [7,8].

Various multi-junction cell configurations have been proposed and
demonstrated experimentally, particularly with Si and III–V semicon-
ductors, reaching efficiencies of 32.8% and 37.9% for tandem and

https://doi.org/10.1016/j.solmat.2019.110334
Received 9 September 2019; Received in revised form 11 November 2019; Accepted 2 December 2019

http://www.elsevier.com/locate/solmat
http://www.elsevier.com/locate/solmat
mailto:alhaj@dtu.dk
mailto:filim@fotonik.dtu.dk
https://doi.org/10.1016/j.solmat.2019.110334
https://doi.org/10.1016/j.solmat.2019.110334
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2019.110334&domain=pdf


Solar Energy Materials and Solar Cells 207 (2020) 110334

2

A. Hajijafarassar et al.

triple-junction cells, respectively [9–12]. In space applications, multi-
junction III–V solar cells have been used almost exclusively since the
late 1990s, but with costs not competitive with the single-junction c-Si
technology for terrestrial applications [13,14]. Out of all the possible
multi-junction configurations, a monolithically integrated two-terminal
(MI-2T) tandem device is considered a priori to be the most feasible for
cost-competitive, large-scale applications, since it retains the module
design simplicity of single-junction technologies and minimizes the
number of processing steps. Despite all of its potential advantages, MI-
2T tandem devices are challenging to achieve in practice because every
processing step has to be compatible and the properties of the preceding
interface and layers should not be compromised [15].

c-Si is an excellent partner in a tandem solar cell for the same
reasons that gave it a dominant position in the PV market. Its band
gap of 1.12 eV is near ideal for a MI-2T tandem — when used together
with an absorber with a bandgap of 1.72 eV, a theoretical maximum
efficiency of close to 43% can be achieved [6,9]. Recently, a lot of
interest has been raised after a series of MI-2T Perovskite/Si tandem
devices achieved efficiencies above 25%, with the current record set at
28% [16–18], a value higher than that of the best Si solar cell.

Thin film chalcogenides (TFCs) such as CdTe, CuInxGa1-x(SySe1-y)2
(CIGSSe), Cu2ZnSn(SxSe1-x)4 (CZTSSe) and their respective solid so-
lutions and cationic substitutions could be suitable alternatives to
perovskites due to their increasing single-junction solar cell efficiencies,
competitive production costs and superior stability. Indeed, a 16.8%
efficient Cd1-xZnxTe/Si tandem cell has been demonstrated using low
temperature molecular beam epitaxy (MBE) [19]. However, in most
cases, TFCs have the disadvantage that a high temperature step (>
500 ◦C) is needed, contrary to Perovskites which can be processed at
low temperatures (<200 ◦C) [15,16]. Recently, a promising monolithic
Si/CGSe tandem cell with an efficiency of 10% has been reported [20],
where the CGSe layer was produced by co-evaporation and high-
temperature annealing. The authors report that the bottom Si cell J–V
curve was not degraded during the top cell processing, however no
further details were provided regarding the characterization of the
bottom Si cell, and it is unclear what would be the resilience of the
bottom cell for different processing parameters, or different deposition
methods. Hence, to the best of our knowledge, the implications of high
temperature processing on the feasibility of a MI-2T TFC/Si tandem
device remain relatively unknown and have not yet been directly
assessed experimentally.

In this work, we discuss the challenges of producing TFC/Si MI-
2T tandem devices, using the sulfide kesterite Cu2ZnSnS4 (CZTS), an
earth abundant and environmentally friendly representative of the TFC
group. In particular, we assess the contamination and degradation of
a Tunnel Oxide Passivated Contact (TOPCon) Si bottom cell during
the CZTS processing steps. We test the introduction of a thin titanium
nitride (TiN) diffusion barrier layer between the Si and CZTS structures
and use the results to evaluate the process compatibility between CZTS
and Si. We show that compatibility can be achieved, and report on a
first proof of concept CZTS/Si tandem solar cell with an efficiency of
1.1% and a V oc of 900 mV, a value higher than that of each respective
individual reference cell. Moreover, we suggest strategies for future
device improvement.

1.1. The top cell: CZTS

The kesterite sulfide–selenide CZTSSe attracted interest as an earth
abundant alternative to CIGSSe consisting of non-toxic elements (in
particular the sulfide CZTS), achieving solar cell efficiencies above
10% using industrially upscalable methods, such as sputtering [21].
Sulfide CZTS, in particular, has some features which suggest that it
could be a promising tandem partner for Si. Through different solid
solutions and cationic substitutions, the bandgap of kesterites can be
tuned — for instance, through Ge or Ag incorporation the bandgap
of sulfide CZTS can be increased from the nominal 1.5 eV to about

2.1 eV, an ideal range for tandem applications [22–27]. Moreover,
CZTS and Si are closely lattice-matched, with an 𝑎-axis lattice mismatch
of less than ± 0.1% [28,29]. This means that heteroepitaxial growth
of CZTS on Si could be possible, and this has indeed been proven
experimentally [30–32]. While this allows in principle for growing
CZTS/Si tandem devices epitaxially (free of grain boundaries), epitaxial
growth of CZTS on Si with the necessary tunnel junction structures has
not been demonstrated yet.

So far, the TFC solar cells with the highest efficiencies, in par-
ticular in the case of CZTS, involved at least one high temperature
step [29] (with the notable exceptions of MBE [19] and monograin
technology [33]). Herein, we argue that one of the biggest challenges
towards a TFC/Si MI-2T tandem device could be a cross-contamination
of the bottom Si cell with metallic elements such as Cu or chalcogens
like S, during the high temperature step.

1.2. The bottom silicon cell: Tunnel oxide passivating contacts (TOPCon)

The tunnel oxide passivating contact (TOPCon) structure has played
a key role in the recent silicon solar cell efficiency improvements [34–
38]. The structure consists of stacks of thin (∼1.2–1.5 nm) SiO2 layers
(tunneling oxide, TO) and highly doped (Phosphorous or Boron) poly-
crystalline silicon layers (PolySi) on both sides of a crystalline silicon
(c-Si) wafer. This structure provides excellent surface passivation and
carrier selectivity. Consequently, high implied V oc of 750 mV and
external V oc of up to 739 mV have been achieved [39]. In contrast
to its aSi:H heterojunction counterpart, the TOPCon structure alone
is resilient to high temperature annealing up to 900 ◦C, which is
well above the typical annealing temperatures used in the synthesis of
chalcogenide semiconductors and in other front and backend processes.
Moreover, the simple one-dimensional current transport and full cover-
age of contacts at both sides allow for very low contact resistivity and
thereby low fill-factor (FF) losses [40]. A major drawback of a front
PolySi contact in a single-junction device is the parasitic absorption
losses in the blue wavelength region within the PolySi layer. As a result,
a short-circuit current density (J sc) loss of 0.5 mA/cm2 is expected for
every 10 nm of PolySi in a single junction cell [41]. However, this loss
is not a limitation in a tandem configuration, where the high-energy
photons are absorbed in the top cell. Thus, the double-sided TOPCon
structure may be an ideal candidate for double-junction tandem solar
cell.

1.3. The need for a diffusion barrier layer

When a nearly complete silicon solar cell is used as substrate for
the growth of a TFC, there is a risk of contamination from metal-
lic and chalcogen elements that should be thoroughly assessed. In
this contribution, we study the case of co-sputtered CZTS precursors
from Cu, ZnS and SnS targets on c-Si model substrates. During co-
sputtering, the impinging energetic ions and neutrals can directly cause
sputter damage, or contaminate the Si bulk by implantation. After co-
sputtering, CZTS is formed by high temperature reactive annealing in a
sulfur atmosphere. Here, the elements Cu, Zn, Sn and S (the latter both
from the precursors and from the atmosphere) may diffuse into the Si
bulk. We note that this high temperature step is of particular interest,
since it is nearly ubiquitous in high-quality TFC fabrication, even in
single-step processes (for instance co-evaporation of CIGS).

Copper contamination in silicon deserves special consideration as
it is a common element of both the CIGS and the CZTS group of
alloys and, most importantly, because it is one of the most common
detrimental contaminants known in crystalline Si, as widely reported in
the photovoltaic and integrated circuit industries [42–44]. Copper has
a high diffusivity in Si, and can diffuse through the entire thickness
of a Si wafer at room temperature in a matter of hours, although
the solid solubility is <1015 cm-3 at the relevant temperatures [42].
Cu exhibits a complex defect physics in Si, leading to point defects
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and complexes, decoration of extended defects, precipitation of copper
silicides, out-diffusion to the surface and segregation phenomena. In
particular, copper silicides have been shown to lead to mid-gap defect
traps in Si and a high recombination activity [45], detrimental in solar
cells.

Although studied to a lesser extent than copper, the other elements
of CZTS could also be harmful contaminants for a bottom Si cell.
Zinc can introduce near-midgap defect levels in Si as shown in pure
diffusion studies [46–48]. Tin was studied in particular as a dopant to
improve the radiation resistance of c-Si devices, but was also found to
form midgap states in Si [49,50]. Finally, sulfur was studied notably
in ‘‘black silicon’’ processing, where it was found that its incorpora-
tion creates deep bandgap states, which increase the infrared light
absorption in Si, making it appear more ‘‘black’’ [46,51,52].

Here, we suggest that one possible way to prevent bottom cell
contamination is using a diffusion barrier layer at the bottom-cell/top-
cell interface. In general, a barrier layer must have properties such
as mechanical stability, good adhesion, high temperature stability and
low diffusivity for the contaminating elements. For tandem solar cell
applications, it must also be electrically conductive and transparent
in the near infrared region. To the best of our knowledge, only one
published work directly addresses this problem, suggesting the use of
ZnS as a barrier layer for the growth of CZTS/Si tandem cells [53].
In this work, we propose titanium nitride (TiN) as a barrier layer at
the CZTS/Si interface, a novel concept for the monolithic integration
of a top thin-film cell on a bottom Si cell. TiN has been extensively
studied as a barrier layer for copper metallization in integrated circuits,
although it is arguably not the most effective barrier known against Cu
diffusion [44,54,55]. TiN has been employed as a back contact modi-
fication and barrier against over-sulfurization (or over-selenization) in
single-junction CZTSSe cells, and proved to be compatible with up to
9% efficiency devices [56–60]. Due to its poor transparency, the TiN
thickness must be limited to only a few nm.

By contrast, in a MI-2T Perovskite/Si tandem solar cell, a Si-
based tunnel junction or a simple interface recombination layer based
on a transparent conductive oxide (TCO) can be used to achieve
high performing devices [15,16]. This could also be a possibility if
contamination-free growth of TFCs on Si can be proven. In this regard,
it is noteworthy to mention that there are studies suggesting that some
TCO substrates could be compatible with TFC growth conditions [24,
61].

2. Materials and methods

A set of double side polished 100 mm diameter, 1 𝛺 cm, 350 μm
thick, (100) n-type Cz–Si wafers were used.

The fabrication process of the TOPCon structure is as follows. After
the wafers were cleaned in RCA1 (H2O2:NH4OH:5H2O) and RCA2
(H2O2:HCl:5H2O) mixtures, ∼1.2 nm of SiO2 (tunnel oxide or TO) was
grown by chemical oxidation in a 69 %wt HNO3 solution at 95 ◦C.
Subsequently, ∼40 nm PolySi layers were deposited using Low Pressure
Chemical Vapor Deposition (LPCVD) at 620◦ C, using SiH4, B2H6, or
PH3 as precursors for p+ or n+ PolySi layers, respectively. The samples
were then annealed in N2 at 850 ◦C for 20 min for further dopant
diffusion and activation. All samples have a symmetrical passivation
of TO/n+PolySi on both sides, except in two cases: for Deep Level
Transient Spectroscopy (DLTS), this passivating stack was not used,
and for the tandem solar cell fabrication, an asymmetrical passivation
was used, with TO/n+PolySi on the front and TO/p+PolySi on the
rear side. In the fabrication of tandem cells, a hydrogenation process
was performed on the as-passivated bottom cell precursor wafer. For
this purpose, a sacrificial ∼75 nm hydrogenated SiN (SiN:H) layer
was deposited on both sides of the wafer using Plasma Enhanced
Chemical Vapor Deposition (PECVD) at 300 ◦C. After a hydrogen
drive-in process at 400 ◦C for 30 min in N2 atmosphere, the SiN:H
layers were stripped in a buffered HF solution. The benefits of this

SiN hydrogenation process are similar to those achieved by annealing
in forming gas [62]. A few experiments used an alternative surface
passivation with 40 nm Al2O3, deposited by Atomic Layer Deposition
(ALD) using tetramethylammonia (TMA) and H2O as precursors.

TiN barrier layers (<25 nm) were deposited in a Picosun Plasma-
Enhanced ALD (PEALD) system using TiCl4 and NH3 precursors at 500
◦C. To improve the optical transparency of TiN, the ALD chamber was
not passivated for nitride depositions in the tandem cell fabrication.
As a result, a slightly higher amount of oxygen is present in the TiN
layer used in the tandem cell. Metallic 100 nm Cu layers were sputtered
on the TOPCon structure and annealed at 550 ◦C in vacuum (1 × 10−6

mbar). CZTS precursors were co-sputtered from Cu, ZnS, and SnS
targets, and annealed in a graphite box with a reactive N2 atmosphere
containing 50 mg of S pellets, at dwell temperatures of 525–575 ◦C for
30 min, in order to form CZTS films with a thickness around 300 nm.
This CZTS thickness was chosen based on optical simulations (not
shown here) and photocurrent density (J sc) results from single junction
CZTS devices, in order to match the photocurrents of the two cells.
Prior to lifetime, Secondary Ion Mass Spectrometry (SIMS), and DLTS
measurements, the Cu, CZTS and TiN layers were removed (after the
sulfurization/annealing step) in a mixture of H2O2:4H2SO4 (piranha)
and RCA1 solutions, followed by a dilute HF dip. For the Rutherford
Backscattering Spectroscopy (RBS) measurements, only piranha was
used.

The effective minority carrier lifetime (𝜏eff) of Si was measured
by the microwave detected photoconductance decay method (𝜇-PCD)
in steady-state configuration at 1-sun illumination using an MDP life-
time scanner from Freiberg Instruments. The reported lifetime val-
ues were obtained from maps of the whole wafer area with 1 cm
edge-exclusion margin. The i-V oc values were calculated based on the
method described in ref. [63].

The in-diffusion depth profiles were measured by SIMS and RBS on
selected samples. The SIMS depth profiles were obtained from a Cameca
IMS-7f microprobe. A 10 keV O2

+ primary beam was mainly utilized,
and rastered over 150 × 150 μm2, and the positive ions were collected
from a circular area with a diameter of 33 μm. For sulfur, however,
a 5 keV Cs+ primary beam was employed, and clusters of 32S133Cs
were detected to minimize matrix effect and avoid mass interference.
The quantification of Cu depth profiles was obtained by measuring an
implanted reference sample, ensuring a ± 10% error in accuracy. The
crater depths were measured by a Dektak 8 stylus profilometer, and
a constant sputter erosion rate was assumed for the depth calculation.
The RBS measurements were done using 2 MeV He ions and a silicon
PIN diode detector under a 168◦ angle. The collected RBS data were
analyzed and fitted using RUMP [64].

DLTS was used to characterize electrically active defects in the Si
bulk. DLTS measurements were performed on circular Schottky diodes
(1 mm diameter), where 50 nm thick Pd contacts were deposited by
thermal evaporation. The backsides were coated with silver paste to
form an ohmic contact. During the measurements the diodes were held
at −5 V reverse bias and pulsed to 1 V, filling all majority traps within
the depletion width of ∼1 μm. The samples were cooled to 35 K by a
closed-cycle cryostat and six rate windows (with lengths 2𝑖 × 10 ms, 𝑖 =
1, …, 6), were used to record the capacitance transients while heating
to 300 K. The transients were multiplied by a lock-in weighting function
for improved signal extraction. Further details on the method and setup
are given in [65].

For the monolithic CZTS-Si tandem device, a 50 nm CdS layer,
by chemical bath deposition, was used as the buffer to form the p-n
heterojunction of the top cell, followed by a 50 nm intrinsic i-ZnO and
a 350 nm Al-doped ZnO (AZO) as the TCO layer. Both window layers,
i-ZnO and AZO, were deposited using reactive sputtering. A 500 nm
Ag layer was thermally evaporated as the back contact. No front metal
contacts were used for simplicity, as the active tandem cell areas were
only 3 × 3 mm2. The full tandem solar cell was post-annealed on a hot
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Table 1
Overview of the different samples used for minority carrier lifetime measurements. Note: all the samples have 25 nm TiN on the
backside.
Sample TiN Thickness (nm) Annealing atm./T ◦C Purpose

Cu Reference 25 Vacuum/550 Compare metallic Cu to CZTS
Sulfur Reference 0, 25 Sulfur/525 Isolate the effect of S
CZTS 0, 10, 25 Sulfur/525, 550, 575 Integration of CZTS on Si

Fig. 1. Cross-section scheme of the samples used for minority carrier lifetime measurements: (a) Cu Reference, (b) Sulfur Reference, and (c) CZTS.

plate in air at 250 ◦C for 15 min, in order to improve the properties of
the CZTS/CdS heterojunction (see Figure S13) [21].

The J–V characteristic curves of the solar cells were measured at
near Standard Test Conditions (STC: 1000 W/m2, AM 1.5 and 25
◦C). A Newport class ABA steady state solar simulator was used. The
irradiance was measured with a 2 × 2 cm2 Mono-Si reference cell from
ReRa certified at STC by the Nijmegen PV measurement facility. The
temperature was kept at 25 ± 3 ◦C as measured by a temperature probe
on the contact plate. The acquisition was done with 2 ms between
points, using a 4 wire measurement probe, from reverse to forward
voltage. The external quantum efficiency (EQE) of the tandem cell was
measured using a QEXL setup (PV Measurements) equipped with a
grating monochromator, adjustable bias voltage, and a bias spectrum.

Room temperature photoluminescence (PL) measurements were
done on complete cells with an excitation wavelength of 785 nm using
a modified Renishaw Raman spectrometer equipped with a Si CCD
detector, in confocal mode.

Scanning electron microscopy (SEM) images of the tandem cell
structures were acquired using a Zeiss Merlin field emission electron
microscope under a 5 kV acceleration voltage.

3. Results and discussion

3.1. Minority carrier lifetime measurements on Si

The minority carrier lifetime of Si is used as a figure of merit
throughout the paper to evaluate the bottom cell after CZTS and
tandem cell processing. For this purpose, 10 symmetrically passivated
wafers with an as-passivated mean lifetime of 2.65 ± 0.52 ms were
prepared. The uniform surface passivation quality across the wafer set
ensures that the passivation and wafer qualities are not variables in the
subsequent studies. More details on the passivation statistics are shown
in the supplementary information (Figure S1). Three different set of
samples were prepared, as listed in Table 1 and illustrated in Fig. 1. All
the samples have a 25 nm TiN layer on the backside, to eliminate any
unwanted contamination from that side during the different processing
steps. In Fig. 2, the Si minority carrier lifetime of the Cu Reference
sample is shown as a function of the annealing time. In this case, the
TiN barrier layer fails after a 15 min annealing at 550 ◦C , with a

Fig. 2. Minority carrier lifetime evolution of the Cu Reference sample as a function of
annealing time at 550 ◦C in vacuum.

73% loss of lifetime. The lifetime is further degraded with increasing
annealing time. These results indicate that, for this temperature range,
the 25 nm TiN barrier layer provided insufficient protection of the
sample against Cu diffusion.

In Fig. 3(a) and (b), the Si carrier lifetime results for the Sulfur Refer-
ence and CZTS cases are shown. Here, the lifetime was monitored after
each major processing step, namely the TiN deposition and the CZTS
annealing steps. From the ‘‘As-Passivated’’ to the ‘‘Before TiN’’ step,
there was a waiting time on the order of a few weeks, causing a slight
decrease in the lifetime due to aging. The final lifetimes of Fig. 3(a)
are reduced to 45–50% of the ‘‘As-passivated’’ value after annealing
in a sulfur atmosphere, suggesting the role of S as a contaminating
species. The 60 min point of the Cu Reference carrier lifetime of Fig. 2
is included in Fig. 3(a) for comparison, showing that the impact of the
S atmosphere is less severe than that of metallic Cu. Further details and
lifetime maps of the Cu Reference and Sulfur Reference carrier lifetime
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Fig. 3. Mean effective minority carrier lifetimes of Si for (a) the Cu Reference
and Sulfur Reference samples, and (b) the CZTS-processed samples, at each different
processing step. The temperatures of the annealing series (in ◦C) are indicated above
the corresponding bars. Note: All the samples have 25 nm TiN on the backside, so they
all show some ‘‘After TiN’’ degradation.

measurements are shown in the supplementary Figure S2 and Figure
S3, respectively.

In Fig. 3(b), the key observation is that the final lifetime values
after CZTS processing are significantly higher than that of the Cu
Reference case, in spite of the fact that metallic Cu is present in the
co-sputtered CZTS precursors. One possible explanation for this milder
contamination effect is that the driving force for the formation of Cu2-xS
phases (the binary phases in the CZTS phase diagram with the lowest
melting point [29]) competes directly with the diffusion of the available
Cu into Si. Therefore, the competing Cu2-xS formation reaction reduces
the driving force for Cu diffusion into Si. Moreover, the lifetime values
after CZTS processing are comparable to the Sulfur Reference case,
indicating that having CZTS in addition to a sulfur atmosphere does
not lead to additional lifetime deterioration.

The influence of the annealing temperature was also studied in the
CZTS case with a series of different annealing temperatures at 525 ◦C,

Fig. 4. Relative change in minority carrier lifetime for the annealing series in the CZTS-
processed samples, when scaled to the respective ‘‘After TiN’’ lifetimes. The temperature
is displayed at the bars (in ◦C).

550 ◦C and 575 ◦C, for the cases without TiN and 10 nm TiN, as shown
in the ‘‘After CZTS’’ step of Fig. 3(b). One single measurement with a
TiN thickness of 25 nm is included as reference for comparison in the
subsequent studies. However, this thickness would be too high for use
in a tandem cell (due to poor transparency). The annealing series shows
that while the 10 nm TiN case seems to follow a trend with increasing
temperature, this is not true for the case without TiN. This is likely due
to spatial variations in the sample’s lifetime, shown by the uncertainty
bars, which have a magnitude comparable to the variations seen in the
temperature series. Moreover, it can be seen that the 0 nm and 10 nm
TiN series have comparable absolute carrier lifetimes after CZTS pro-
cessing. To further understand this behavior, we plot in Fig. 4 the same
results but scaled to the respective ‘‘After TiN’’ lifetimes. By doing this,
it becomes clear that the lifetime deterioration during CZTS processing
is more significant when no TiN is present. This scaling procedure is
also justified as it can be noted in both Fig. 3(a) and (b) that the final
(post-process) lifetime values are affected by a significant and non-
uniform loss in lifetime during the TiN deposition step. The reason for
this loss may be attributed to a minor contamination originating from
the ALD chamber and stainless steel carrier used during the deposition
(e.g. iron contamination). We discuss this issue in greater detail and
show additional experimental data in the SI (see Figure S8). However,
further future investigation will be required to fully clarify this effect.

Despite the degradation throughout the processing, the final life-
times are above 1 ms, which corresponds to an i-V oc above 700 mV.
This encouraging result indicates that the performance of the bottom
silicon cell may not necessarily be compromised as a result of the CZTS
synthesis. However, given the comparable absolute lifetime values,
regardless of the TiN thickness, it is not yet clear from the lifetime
results alone whether the use of a TiN barrier layer would be useful.

To further evaluate whether the observed degradation is related to
a bulk contamination or TO/n+PolySi surface depassivation, a com-
plementary experiment was conducted where a silicon wafer was pas-
sivated only at the end of the CZTS processing, after etching the
CZTS and TiN layers. Any possible unforeseen effects caused by the
TO/n+PolySi passivation are avoided by using this configuration. We
refer to this as the ‘‘end-passivated’’ sample. Here, we repeated the
Si/TiN(25 nm)/CZTS sample, except using a non-passivated bare silicon
wafer (no TO/n+PolySi passivation) as the substrate. Subsequent to the
CZTS and TiN etching and cleaning, 40 nm ALD Al2O3 was deposited on
both sides for surface passivation. The results, plotted in Fig. 5, indicate
a tolerable 14 mV decrease in i-Voc (∼30% lifetime decrease) for the
sample with CZTS processing compared to the clean reference sample.
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Fig. 5. Comparison between the i-V oc of a CZTS-processed sample, annealed in a sulfur
atmosphere at 525 ◦C for 30 min (in red), and a reference without CZTS processing
(in gray). Both half-wafers are cleaved from the same substrate, and are end-passivated
with 40 nm Al2O3 on both sides after etching the TiN and CZTS layers.

Even though this experiment does not directly clarify the effect of
the PolySi layer on the diffusion of contaminants from CZTS processing,
it shows that relatively high-end lifetimes can be achieved without
using a PolySi layer. This suggests that there is some flexibility of design
in the bottom Si cell, and offers new perspectives for future tandem
integration experiments.

3.2. SIMS and RBS analysis

To correlate the lifetime results with possible diffusion of contam-
inants into the Si bulk, SIMS and RBS measurements were performed
on selected Cu Reference and CZTS-processed samples (after selective re-
moval of the Cu, TiN and CZTS layers). The SIMS results are illustrated
in Fig. 6. For the Cu Reference samples, the corresponding quantitative
Cu SIMS depth profiles are shown in Fig. 6(a). A clear diffusion tail
into the c-Si bulk is detected in all cases, with a Cu peak concentration
of up to 1020 cm-3 occurring in the PolySi. Furthermore, an increase
in Cu concentration is seen with increasing annealing time, which is in
qualitative agreement with the lifetime results of Fig. 2. In Fig. 6(b),
a quantitative Cu profile is presented for the CZTS-processed samples
annealed at 525 ◦C. The Cu profiles reveal that for the No TiN and
10 nm TiN samples, there is a diffusion tail extending at least 100 nm
into the Si bulk, but for the 25 nm TiN case the Cu concentration drops
sharply to below detection limits after the PolySi. In all three cases,
the Cu concentration is 2–3 orders of magnitude lower compared to
the Cu Reference case, which helps to justify their significantly higher
lifetimes. Into the Si bulk (close to the surface), the Cu concentration
is always lower than 1018 cm-3, which in Si corresponds to 0.002 at.%
(or 20 ppm).

Depth profiles of other relevant elements during CZTS processing,
namely Zn, Sn, S and Ti (from TiN) are shown in Fig. 6(c) to (f). Other
elements than Cu appear to be at background levels or near detection
limits into the c-Si bulk.

To complement the SIMS analysis, RBS measurements were done
on the CZTS-processed samples with 0 nm and 10 nm TiN, annealed
at 525 ◦C. The results are illustrated in Fig. 7(a) and (b), respectively.
Since all the potential contaminant elements are heavier than Si, the
RBS data is zoomed in at energies higher than the Si onset. None of

Fig. 6. SIMS depth profiles for Cu Reference and CZTS-processed samples. (a) The Cu Reference, showing quantitative Cu depth profiles; (b) Quantitative Cu depth profile for
the CZTS-processed samples. The depth profile of the Cu Reference sample is added for comparison; (c), (d), (e) and (f) Qualitative depth profiles of Zn, Sn, S, and Ti for the
CZTS samples, respectively. The measurements are performed on the n+PolySi layer towards the c-Si bulk, as marked by the blue rectangle, after etching the top layers. The
CZTS-processed samples were annealed at 525 ◦C. The annealing time was 30 min unless otherwise specified.
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Fig. 7. RBS spectra for the CZTS-processed samples with (a) No TiN and (b) 10 nm
TiN. The insets show the structures used and the detection limits for the contaminant
elements. The samples were annealed at 525 ◦C.

the possible contaminants are detected in Si, except for some Ti at
the surface, which was not fully removed during the piranha etching
(confirmed with SEM, not shown here). This means that an estimate
for the upper limit for the concentration of these contaminants can
be established, given by the sensitivity of the measurement itself. For
the measurement conditions of Fig. 7(a) and (b), these upper limits are
given in the figure insets. In the particular case of Cu, which was also
quantitatively measured by SIMS, RBS shows that its concentration has
to be below 0.01 at.%, agreeing with the value of below 0.002 at.%
obtained by SIMS.

3.3. DLTS analysis

To further assess the influence of these possible contaminants,
DLTS measurements were made on CZTS-processed samples annealed

at 525 ◦C. Here, samples without the TO/n+PolySi passivation were
prepared as no Schottky contact (required in our DLTS setup) could be
obtained between the metal electrode and the heavily-doped PolySi. An
unprocessed bare ‘‘Reference’’ wafer was also included to rule out any
possible pre-existing defects. The results are shown in Fig. 8. It is shown
that the samples with 10 nm TiN, 25 nm TiN and the Reference wafer
do not have any DLTS signal, but the No TiN sample exhibits peaks
related to electrically active defects, with two features peaking at ∼175
K and ∼275 K. The 175 K peak shows a broadening towards the lower
temperature side, which may be related to several overlapping defect
signatures or extended defects [66]. In the case of extended defects, an
exponential decay in emission rate may not hold, and will influence the
extracted activation energies and apparent capture cross-sections from
an Arrhenius plot of the corresponding DLTS peak [67]. This peak near
175 K might come from several defects associated with precipitates of
Cu [34,68], but further measurements would be required to assign this
unambiguously. The peak at 275 K could be used instead for making
an Arrhenius plot. This peak has a broad shape due to its very low
capture cross-section of 2 × 10−22 cm2, and its energy level was found
to be 0.16 eV below the conduction band edge, as extracted from the
Arrhenius plot. The level at 𝐸𝑐 − 0.16 eV has previously been reported
in Cu diffused Si and shown to originate from interstitial copper or
a complex of interstitial copper by Istratov et al. [69]. More details
on the DLTS results, analysis and Arrhenius plot can be found in the
supplementary information (Figure S4 and Figure S5).

Based on these findings, 10 nm of TiN seems to be sufficient to
prevent the formation of electrically active defects in the Si bulk. This
thickness was thus selected to prepare a full CZTS/Si tandem solar cell.

3.4. Fabrication of a monolithic CZTS/Si solar cell

The effective minority carrier lifetime of the silicon bottom cell
was monitored at different steps of the fabrication process, similar to
Section 3.1. However, the samples are now asymmetrically passivated
(with TO/p+PolySi on the backside). An additional SiN hydrogenation
step (to improve the passivation quality) was also included. The corre-
sponding i-V oc is shown in Fig. 9 as a function of process steps. Fig. 9
shows that the i-V oc of the silicon bottom cell was slightly degraded
after the TiN deposition step. As mentioned in Section 3.1, we suggest
that this degradation may be due to iron contamination (originating
from the ALD chamber). However, given the additional hydrogenation
step of the p-PolySi explained above, a partial loss in the hydrogen
passivation could occur in this case (see supplementary Figure S8). The
i-V oc, however, does not degrade further during the full fabrication of
the CZTS top cell. This demonstrates that 10 nm TiN was an effective
diffusion barrier. The J–V curves, EQE and schematic illustration of the
tandem device are shown in Fig. 10(a), (b) and (c), respectively.

As seen in Fig. 10(a), the tandem cell shows a V oc of 900 mV,
which is higher than that expected for each individual junction sep-
arately, under the same conditions (see supplementary Figure S6). The
efficiency, however, is low (1.10%) and the light J–V curve shows a
clear ‘‘rollover’’ effect, which is characterized by a distortion of the J–
V curve, causing a very low fill-factor (FF). The magnitude of the J sc
seems to be also affected by the distortion as the EQE measurement in
Fig. 10(b) shows a J sc of around 11 mA/cm2 for each individual cell.
We attribute the low efficiency to a combination of the rollover effect
and a poorer CZTS top cell compared to the single junction CZTS cell,
as will be elaborated below.

This rollover effect, with S-shaped J–V curves, has been reported
previously for non-optimal tandem cells, associated with the reverse
breakdown voltage regime of the top cell when the tandem is current-
mismatched [70]. While this explanation is certainly plausible here, we
note that other effects may cause a rollover effect in single-junction
solar cells, as was reviewed recently in [71]. This occurs when there
is one or more barriers to current extraction throughout the solar
cell under illumination. This barrier can be due to the presence of
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Fig. 8. DLTS results of CZTS-processed samples annealed at 525 ◦C compared to a clean
reference Si wafer. Note: these DLTS samples do not have the TO/n+PolySi passivation
stack.

Fig. 9. Changes in i-V oc of the silicon bottom cell during the fabrication processes
of the CZTS/Si tandem cell. The indicated fabrication steps are: (1) Silicon surface
passivation (2) SiN:H hydrogenation of the TOPCon layers (3) TiN deposition, and (4)
Full CZTS cell fabrication before depositing the Ag back contact.

Schottky barriers in non-ohmic contacts (namely the n+PolySi/TiN
or TiN/CZTS interfaces), or a non-ideal p–n junction, leading to a
voltage-dependent current blocking behavior. In particular, the latter
effect has been reported for non-ideal p–n junctions in single-junction
CZTS cells [72], and we have also seen it in our experiments for
CZTS/CdS p–n junctions when the synthesis parameters were not ideal
(see supplementary Figure S9). For the tandem cell, our TiN barrier
layer was produced in an unpassivated ALD chamber, which improves
the optical transparency of TiN by incorporating some oxygen, leading
to a TiOxNy film. However, an excessive amount of oxygen can be
detrimental, as it is known to increase the sheet resistance of TiN [73].
It has been reported that the presence of 10–15% oxygen in TiN leads
to formation of a Schottky diode with a barrier height of 0.55 eV on
n-type Si (100) [74]. In the case of a single Si cell, we found evidence
that using a similar 10 nm TiOxNy layer in-between the n+PolySi and
TCO layers can cause a roll-over behavior on single junction Si cells (see
supplementary Figure S10). Thus, the results of this work suggest that
the ideal compromise between transparency and electrical properties
in the TiN layer might not have been reached in this initial device,
and this will be investigated in future work by tuning the TiOxNy

composition. Furthermore, a rollover effect has been reported in CIGS
at the Mo/CIGS interface on non-glass substrates, where there is no
natural inclusion of Na (or other alkali elements) in the absorber layer.
It was shown that this effect can be completely eliminated by providing
a sufficient amount of Na [75]. This is particularly relevant in this work,
as the growth of CZTS is also substrate dependent, and no intentional
Na was added in the fabrication of the tandem cell.

To explore these issues, we compare the results of our tandem
device to a baseline single-junction CZTS cell where the CZTS thickness
was reduced from the typical 1 μm to a value of around 275 nm, similar
to the value used for the tandem. This ‘‘thin CZTS cell’’ achieved an
efficiency of 5.8%, with a J sc of 15.8 mA/cm2 and a V oc of 585 mV
(the J–V curve is shown in the supplementary Figure S11), which is
fairly comparable to state of the art thin CZTS devices (with a record
of 8.57% for a 400 nm thick CZTS [76]). However, when compared
to the CZTS growth for the tandem cell, significant morphological dif-
ferences between the two CZTS layers are noticeable. The morphology
comparison is presented in Fig. 11. The SEM top views of CZTS grown
on the Si cell and on Mo/SLG, shown in Fig. 11(a) and (b), respectively,
reveal a clear difference in grain size. The SEM cross-section of the
tandem cell, in Fig. 11(c), shows that the CZTS exhibits a double layer
structure, with a smaller grain size. In comparison, the CZTS grown
with the same conditions on Mo-coated soda lime glass (SLG), shown
in Fig. 11 (d), has a single layer and larger grains. This indicates that
the local conditions for CZTS growth are different in the two cases. In
addition, CZTS photoluminescence (PL) measurements made on both
the fully finished tandem and the thin CZTS cell, confirm that the thin
CZTS cell has a significantly higher PL intensity (see supplementary
Figure S12). We suggest that one possible reason for these differences
is likely to be the contribution of Na diffusion from the glass, which is
not available in Si. This possibility will be explored in future work.

The results of this work show that there is a margin for mono-
lithically integrating a CZTS top cell on a full Si bottom cell using
high temperature processing above 500 ◦C, without compromising the
bottom cell. Given the constituting contaminant elements of CZTS (in
particular Cu and S), we suggest that this study could be generalized to
other thin film chalcogenide materials (many of which do contain Cu),
and thereby open up the possibility of exploring new emerging wide
band gap semiconductors as top cell alternatives.

4. Conclusion

We have assessed the potential of monolithically integrated two-
terminal tandem cells based on thin-film chalcogenides on Si, using
CZTS and double-sided TOPCon Si as model system. We have inves-
tigated the use of a thin TiN barrier layer to protect the bottom Si cell
from in-diffusion of metals and chalcogens during the CZTS growth,
and serve as interface recombination layer between the top and bottom
cells at the same time. It was revealed that Cu contamination induced
by CZTS growth on the Si bulk is significantly smaller than that from
annealing of metallic Cu on Si. While traces of all CZTS elements (ex-
cept for Sn) can be detected at the surface of c-Si after CZTS annealing,
it was shown that the main contributor to the lifetime reduction in the
bottom Si cell is Cu. Furthermore, it was shown that a TiN barrier layer
as thin as 10 nm can effectively suppress the formation of Cu-related
deep defects in Si. Based on these results, we presented a proof-of-
concept monolithically integrated CZTS/Si tandem solar cell with an
efficiency of 1.1% and a V oc of 900 mV, which shows an additive V oc
effect. The i-V oc of the silicon bottom cell was retained during the full
fabrication of the CZTS cell when a 10 nm TiN barrier was used. It is
suggested that the poor performance of the tandem cell is mainly due
to limitations in the CZTS top cell, namely difficulty of reproducing
high-quality CZTS absorbers on non-glass substrates, where Na is not
available. The possibility of non-ohmic blocking behavior at the TiN
interfaces is also discussed.
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Fig. 10. (a) Tandem cell illuminated (solid) and dark (dashed) J–V curves. The insets show the region near Voc and the J–V parameters; (b) EQE of the two sub-cells and sum of
the sub-cell contributions. The value in parenthesis accounts for a ∼0.5 mA/cm2 contribution from the high wavelength region outside the measurement range; (c) Tandem solar
cell scheme.

Fig. 11. SEM comparison of the tandem cell and a single junction thin CZTS cell on Mo/SLG. (a) Top view of the CZTS surface as used on the tandem cell, before CdS deposition;
(b) Top view of the thin CZTS surface, before CdS deposition; (c) Cross-section view of the upper part of the tandem; (d) Cross-section view of the full thin CZTS cell. The CZTS
absorber layer is highlighted in yellow.

By showing that a full TOPCon Si solar cell can be processed at
temperatures well above 500 ◦C in the presence of several critical
contaminant elements – notably copper – without suffering from a
severe degradation in lifetime and without forming deep defect levels,
this work opens up the possibility of exploring other less known and
future high bandgap compounds processed at high temperatures. This
could allow for achieving high efficiency monolithically integrated
tandem solar cells in the future.
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1. Results and Discussion (Supplementary)

The statistics for the set of 10 symmetrically n-passivated wafers is shown in Figure S1. The representa-
tive lifetime was taken as the mean value, and the uncertainty as the maximum deviation. The passivation
quality is considered to be high, as the corresponding implied Voc of the silicon solar cell exceeds 700 mV.
It is important to have a good quality passivation when conducting lifetime studies, because the effective5

minority carrier lifetime is always a contribution from bulk recombination and surface recombination. A
high quality surface passivation minimizes the contribution of the surface recombination term, and allows
to draw conclusions about changes in the bulk during processing. Throughout this study, it was observed
that samples with low quality passivation (or weak resistance to depassivation) would yield different lifetime
results due to the depassivation of the surface, making it difficult to study specific changes in the bulk due10

to contamination. By ensuring a high quality passivation across the wafer set, we have more confidence that
the lifetime results are directly comparable and give information about changes in the Si bulk.

In the metallic Cu reference lifetime test, to prove unequivocally that it is the metallic Cu that is
responsible for the deterioration in lifetime (and not, for example, the high temperature annealing of its own
and possible effects on the passivation), we conducted a similar metallic Cu diffusion test as in the main15

text, but patterned a large area near the center of the wafer, where no Cu was deposited. The results are
shown in Figure S2. After annealing, the results clearly show that the Cu-free area exhibits a lifetime close
to the original as-passivated values (> 1.5 ms), whereas the areas exposed to Cu show a large degradation
in lifetime. Moreover, by keeping track of changes the annealing time, the effect of lateral Cu diffusion into
the patterned area is evident, highlight the high diffusivity of Cu in Si.20

The Sulfur reference test allowed us to decouple the effect of the S atmosphere during the CZTS annealing
from the effects of the CZTS itself. In Figure S3 a direct comparison of an as-passivated quarter and a quarter
annealed in an S atmosphere is shown. Both quarters are from the same initial wafer. The result indicates
that S is detrimental for the lifetime of Si, which explains the lifetime results shown in the main text.
Interestingly, the final after annealing lifetime is nearly the same for S annealing and for CZTS annealing.25

Considering the SIMS, RBS, and DLTS results from the main text, this suggests that the mechanism for
lifetime degradation is different in these two cases: in the sulfur annealing it is sulfur contamination which is
degrading the lifetime, whereas in CZTS annealing the Cu contamination seems to be more relevant. Still,
in both cases the end lifetimes are significantly higher than in the metallic Cu case.
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Figure S1: Statistical lifetime distribution of the set of 10 symmetrically n-passivated wafers. A scheme of the passivated
structure is shown as inset).

(a) (b)

Figure S2: Variation of the Cu diffusion reference of the main text with patterning included. (a) After just 30 minutes of
annealing in N2, the edges of the pattern are already showing decreased lifetime, highlighting the effects of lateral diffusion of
Cu. The region not covered with Cu, defined by the pattern, retains a high lifetime, similar to the as-passivated value, meaning
that the surface does not depassivate during annealing; (b) After 60 minutes of annealing in N2, some Cu already diffused into
the patterned area, as indicated by the further degradation in lifetime.
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Figure S3: Lifetime mapping showing the effeccts of sulfur annealing for the 25 nm TiN case at 525 ◦C, compared to a non-
annealed quarter from the same wafer. It clearly shows the detrimental effect of annealing the Si wafer in a sulfur atmosphere.
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Figure S4: Comparison of the main DLTS signal (lock-in) with the 4-term Gaver–Stehfest (GS4) signal. The comparison
shows that the low temperature (below 200 K) feature is a contribution of several peaks, whereas the high temperature feature
(around 270 K) is a single peak. Here, the rate window used was 640 ms (window 6).

(a) (b)

Figure S5: DLTS spectra with time window variation (with lengths 2i×10 ms, i = 1, . . . , 6); (b) Arrhenius plot corresponding
to the high temperature peak of (a). Here, enmax is the electron emission rate, Ea is the defect activation energy, and σna is
the capture cross-section. Only 3 peaks fall within the experimental temperature range.

In the main text, a claim was made that the interpretation of the low temperature DLTS peak near 17530

K was ambiguous due to the low temperature tail and broadening. To gain further insight on this, a 4-term
Gaver–Stehfest algorithm (GS4) was used for signal extraction. The advantage of this algorithm is that it
significantly increases the detection resolution, at the cost of a lower signal-to-noise ratio [1]. The results
are shown in Figure S4. Using GS4, several individual peaks can now be resolved. This is an indication of
either overlapping or extended defects in the Si bulk, and justifies why no activation energies were extracted35

for this low temperature feature. The extraction was only done for the higher temperature peak (near 270
K).

Having identified the high temperature feature as a single peak, a rate window variation was performed
to extract the corresponding Arrhenius plot from the peak shift. These results are shown in Figure S5
(a) and (b). Certain peaks shifted outside the measurable temperature range, meaning that only 3 peaks40

could be used to make the Arrhenius plot. As such, the extracted parameters have a large uncertainty.
Nevertheless, the values reasonably match well-known Cu defects in Si, as mentioned in the main text.

In the text, it was claimed that the tandem exhibited a Voc of 900 mV, and higher than each individual
single junction solar cell. Figure S6 shows the best J-V curves of both single junction solar cells, at the time
the CZTS/Si tandem was fabricated. Although the values are currently under optimization, it can be seen45

that in both cases a Voc around 600 mV is expected using the same parameters as used for the production
of the tandem cell (when applicable).
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Figure S6: The best single junction J-V characteristics of our processing line at the time of fabrication of the CZTS/Si tandem
cell. In the tandem cell, the Voc reached close to 900 mV, whereas each individual cell only shows around 600 mV.

  As mentioned in the main text, the transparency of the TiN layer can be improved by incorporating 
oxygen into the films, albeit at the cost of increased resistivity. In this work, the oxygen content was

Thecontrolled by the amount of residual oxygen available in the ALD reactor during the deposition.50

transmission spectrum as well as the absorption coeficient (α) of the 10 nm TiOxNy, used in the tandem 
cell, is compared with 10 nm TiN and TiO2 layers in Figure S7. As can be seen in Figure S7, a high
transmission of around 90 % in the near infrared region was achieved for the TiOxNy layer, however, the 
resisitivity of the film increased by several orders of magnitude from 0.5 - 1 mΩ.cm for TiN, to around 40
Ω.cm for TiOxNy.55

By monitoring the minority carrier lifetime of the samples throughout different processing steps, we
observed that the TiN deposition can have a negative effect on the lifetime of the samples. In section 3.1 
of the main text, it was argued that for the samples in the lifetime series a mild Fe contamination could be 
occurring during the ALD step, and in the tandem cell sample an additional partial loss in the hydrogen

60 passivation could be happening as well, as the sample had an extra hydrogenation step using SiN:H. To 
further evaluate the TiN effect, special samples were prepared. In these samples, the front (n+PolySi) or 
rear (p+PolySi) surface of the device precursor wafers were coated by a 75 nm SiN:H layer. The SiN:H
layer was then patterned by photo-lithography and wet-etching in buffered HF to expose the underlying 
n+polySi/ p+polySi layer. Photos of such samples are shown in Figure S8 (a) and (b) as examples. It has

65 been confirmed by lifetime maps (before and after patterning, not shown here) that the patterning process 
has no significant effect on the minority carrier lifetime of the wafers. Moreover, these lifetime mappings 
have been done with the non-patterned side facing upward (which had a blanket SiN:H layer) to exclude 
any possible optical effects of the pattern on the measurements. Subsequently, 10 nm TiOxNy was deposited
on the patterned surface, and the minority carrier lifetime was mapped over the entire wafer. The obtained

70 lifetime maps are shown in Figure S8 (c) and (d). As it can be noted from the lifetime maps, the exposed 
areas exhibit lower minority carrier lifetime in both cases, however the p+PolySi sample seems to have 
more severe degradation compared to the n+PolySi counterpart. A possible explanation for this loss can be 
attributed to a partial loss of hydrogen passivation (provided by the preceding hydrogenation process with 
SiN:H) in the exposed areas as a result of the high temperature ALD process. In the non-exposed areas, this

75 loss is not expected as the hydrogen is provided by the SiN:H layer, which contains high amount of atomic 
hydrogen as impurity. If that is the case, a post-TiN hydrogenation process, e.g., by annealing the samples

5
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Figure S7: Transmission spectra (solid lines left y-axis) and aborsption coeficient (dashed lines right y-axis) of 10nm TiN, 10 
nm TiOxNy, and 10 nm TiO2 films deposited on fused-silica (SiO2) substrates.

in a hydrogen rich-atmosphere, such as forming gas or remote hydrogen plasma, could help to recover the
initial lifetime. Regarding the possibility of Fe contamination, it has been seen that placing the samples on 
a clean dummy wafer can mitigate the degradation (not shown here). A clean dummy wafer was in fact used

80 for the tandem cell fabrication (in section 3.4 of the main text), but a degradation in lifetime was still seen 
after the TiN step, suggesting that the hydrogenation loss might also be playing a role. Note, however, that 
in the case of a mild contamination during the TiN deposition, the same protective effect of SiN shown in 
Figure S8 would still occur, as it would block the diffusion of contaminants into Si. For this reason, we are
still not able to single out the reason for the degradation occurring during the TiN step, and this requires
additional investigation in the future.85

We have seen throughout our processing that blocking behaviors can occur also in our single junction
CZTS cells, causing a roll-over effect on the J-V curve. We compare this to the tandem cell in Figure S9. In
a tandem cell, we speculate that this could be related to the lack of alkali elements in the CZTS layer or to
non-ohmic interfaces at the TiN barrier layer. In the case of the single CZTS cell, the roll-over was caused

90 by a non-ideal CZTS composition, and the effect was completely removed by tuning the CZTS composition. 
In the tandem cell, the same ideal CZTS composition was used. The exact cause of the rollover behavior in 
the tandem cell is still under investigation.

  Additionally, we have found evidence that part of the roll-over effect could be occurring on the Si bottom 
cell alone, due to the presence of TiOxNy between the n+polySi and the TCO layers. This is shown in the

95 J-V curve of Figure S10. The roll-over is not as significant as in the tandem cell, suggesting that this is 
likely not the only contributor to the overall distortion of the tandem J-V curve. As mentioned in the main 
text, this effect can be controlled by tuning the amount of oxygen allowed in the TiN film.

  To evaluate the performance of the top cell and the current matching condition, a CZTS single junction 
solar cell was prepared, with a thickness similar to that of the tandem cell, around 275 nm. The J-V
characteristic of this “thin single thin CZTS cell” is plotted in Figure S11. Despite its reduced thickness,100

this solar cell reaches almost 16 mA/cm2 and has an efficiency of 5.8% , comparable to the best CZTS cells
produced at the time of the tandem fabrication. However, the tandem results do not show this behavior, as
can be seen by the severe blocking occurring in the first quadrant of the J-V curves. This suggests that the
top CZTS cell in the tandem is not performing as well as the thin single junction CZTS. The reasons for
this are currently under investigation.105

A further indication of the top CZTS cell limiting the tandem performance was obtained using room-
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Despite a reduced thickness of only 275 nm, theFigure S11: J-V characteristic of the single junction thin CZTS solar cell.
current reaches close to 16 mA/cm2.

temperature photoluminescence (PL) on complete devices. As Figure S12 shows, the single thin CZTS cell
has a PL yield 2 orders of magnitude higher than the CZTS on the tandem cell, despite having been produced
under the same conditions (including all the buffer layers). This naturally comes from the difference in grain

110 size, as shown by the SEM images in the main text, but it is also debated that Na and other alkali metals 
can lead to a reduction in non-radiative recombination and increase in device performance [2].

It is mentioned in the experimental methods that the full tandem cell is annealed on the hotplate in air
at 250 ◦C. This step is used to improve the properties of the CZTS/CdS heterojunction. The effects of this 
annealing step are shown in Figure S13.
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Figure S12: Photoluminescence comparison of CZTS grown on 10 nm TiN in the tandem device (blue) and on Mo in a 5.8%
efficient thin CZTS cell (black). The wavelength of the excitation laser was 785 nm.
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ABSTRACT: The monolithic tandem integration of third-
generation solar energy materials on silicon holds great promise
for photoelectrochemistry and photovoltaics. However, this can be
challenging when it involves high-temperature reactive processes,
which would risk damaging the Si bottom cell. One such case is the
high-temperature sulfurization/selenization in thin film chalcoge-
nide solar cells, of which the kesterite Cu2ZnSnS4 (CZTS) is an
example. Here, by using very thin (<10 nm) TiN-based diffusion
barriers at the interface, with different composition and properties,
we demonstrate on a device level that the protection of the Si
bottom cell is largely dependent on the barrier layer engineering.
Several monolithic CZTS/Si tandem solar cells with open-circuit
voltages (Voc) up to 1.06 V and efficiencies up to 3.9% are achieved, indicating a performance comparable to conventional interfacial
layers based on transparent conductive oxides and pointing to a promising alternative design in solar energy conversion devices.

KEYWORDS: tandem, kesterite, TOPCon, photovoltaics, TiN

■ INTRODUCTION

The prospect of fabricating a monolithically integrated two-
terminal (MI-2T) tandem device for solar energy conversion
has attracted considerable interest due to the possibility of
higher conversion efficiencies and to inherent functional
advantages in the fields of both photovoltaics and photo-
electrochemistry.1 In photovoltaics, a MI-2T tandem solar cell
minimizes the number of processing steps and interconnec-
tions of 2T tandem configurations, making it the most suitable
configuration for large-scale industrialization, in particular
when leveraging the currently existing technology for
crystalline Si (c-Si).2 As a result, research for new materials
as partner with Si is ongoing, along with new tandem design
concepts. With regard to the latter, we have recently proposed
the use of a thermally resilient tunnel oxide passivated contact
(TOPCon) Si cell structure in combination with nitride-based
diffusion barriers for the monolithic integration of materials
synthesized under extreme conditions, such as high-temper-
ature sulfurization of the thin-film chalcogenide Cu2ZnSnS4
(CZTS).3 To achieve functional CZTS/Si monolithic devices,
it has been suggested that strategies for protecting the bottom
Si cell need to be developed.3−5 In this work, we approach this
problem through a comparative study of CZTS/Si tandem
cells fabricated using three different types of TiN-based
diffusion barrier layers. For the first and second, we use
atomic layer deposition (ALD) to produce 5 and 10 nm TiN

barrier layers and a 10 nm TiOxNy barrier layer. The difference
in oxygen content was achieved by running the TiN ALD
recipe without prior chamber passivation (i.e., a sequence of
dummy TiN depositions), thereby allowing a higher oxygen
background level. We have previously demonstrated that this
procedure increases the transparency of the TiN layer and
leads to a promising diffusion barrier quality.3 Furthermore,
metallization studies on Si have revealed that different oxygen
contents of TiN films can result in significant changes in the
barrier performance against the diffusion of Cu and Al.6−8 For
the third barrier, we use a sputtered TiN layer modified by an
intermediate Al layer in a configuration TiN (5 nm)/Al (2
nm)/TiN (5 nm). This configuration is known to improve the
barrier resilience against Cu diffusion when a preannealing in
air is used to segregate Al to the TiN grain boundaries. Because
of the air annealing, Al2O3 stuffs the grain boundaries, reducing
the grain boundary diffusion through the columnar structure of
thin TiN films.9
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Through this work, it is shown on a device level how the
different barrier layers tested achieve different degrees of
success in regards to the compromise between diffusion barrier
quality, optical transparency, and electrical interconnection
between the top and bottom cell. As a result, CZTS/Si solar
cells with efficiencies up to 3.9% and Voc up to 1.06 V are
achieved. Notably, the CZTS/Si tandem cell performance
obtained in this work is comparable to that obtained by using

conventional interface layers based on transparent conductive

oxides (TCOs),4 suggesting that this diffusion barrier approach

could be a promising alternative tandem device configuration.

If successful, one potential advantage of this approach is the

possibility of tuning the barrier layer properties according to

the top cell material and synthesis conditions to explore the

monolithic integration of new materials on Si.

Figure 1.Minority carrier lifetime of the Si bottom cell after CZTS fabrication: (a) Two SiN-patterned wafers with a TiN barrier of 10 nm (below)
and 5 nm (middle). The schematic drawing (above) shows the patterning, which defines 10 square windows where CZTS directly contacts with
TiN/Si. The square windows show a clearly degraded lifetime. (b) A nonpatterned wafer with a TiON barrier of 10 nm.

Figure 2. XPS spectra for TiN-10 and TiON-10 samples. (a, b) Ti 2p spectrum of TiON-10 (blue circles) and TiN-10 (red circles) and their
corresponding N 1s (c) and O 1s (d) spectra after Shirley background subtraction. The dashed line represents the envelope of all individual
components. The satellite (shake-up) components are neglected for the TiON-10 sample.
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■ RESULTS AND DISCUSSION
The effectiveness of the three TiN-based interfacial layers was
evaluated by a combination of measurements of the effective
minority carrier lifetime on the bottom Si cell (hereafter
termed lifetime), the tandem J−V characteristics and their
respective external quantum efficiency (EQE), and the optical
transmittance of the TiN layers. Figure 1 shows a comparison
of the Si lifetime after CZTS processing of three tandem cells
by using TiN layers with different thicknesses (5 and 10 nm,
denoted as TiN-5 and TiN-10) and oxygen contents (TiON-
10). Here, CZTS processing refers to cosputtering of Cu, ZnS,
and SnS precursors and annealing in a sulfur atmosphere at
575 °C. The initial lifetime of all three wafers (before CZTS
processing) was 1 ms. Furthermore, the two tandem pieces
shown in Figure 1a have an additional SiN surface patterning
confining the Si exposure to CZTS to squares with 3 × 3 mm2,
as illustrated by the accompanying schematic drawing in Figure
1a. The lower lifetimes in the small squares (<0.3 ms) clearly
highlight the impact of CZTS fabrication on the lifetime of the
Si bottom cell. We note that the thickness of the TiN barrier
layer had a negligible effect on the Si protection, which was
also confirmed in nonpatterned versions of this experiment,
shown in Figure S1 of the Supporting Information. From our
previous work,3 this reduction in lifetime can be connected to
contamination of the Si bottom cell with elements from CZTS
and to the loss in surface passivation quality of the Si front and
back surfaces. However, Figure 1b shows that the lifetime is
clearly uniformly higher across the wafer when a barrier layer
with a higher oxygen content is used. Notably, the lifetime is
nearly the same as the initial, prior to CZTS processing.
The chemical composition of the TiN-10 and TiON-10

layers was determined by using X-ray photoelectron spectros-
copy (XPS) and is shown in Figure 2 and Table 1. Figures 2a

and 2b show that the Ti 2p peaks could be deconvoluted into
three main sets of Ti 2p spin−orbit doublets (Ti 2p3/2 and Ti
2p1/2 peaks), each separated by 6 ± 0.2 eV. The components
were identified as TiN (Ti 2p3/2, 454.9 eV),10−12 TiO2 (Ti
2p3/2, 458.2 eV),12 and an intermediate oxynitride compound
TiOxNy (Ti 2p3/2, 455.6 eV).12 To achieve a better fit for the
TiN-10 sample, an additional pair of peaks (at 457 and 462.6
eV) were added to account for the satellite features of the pure
TiN phase, which are known as shake-up events.10,11 The
satellite components were neglected for the TiON-10 sample
as the amount of the pure TiN phases is much lower compared
to that of the TiN-10 sample. Moreover, the asymmetric nature
of both N 1s and O 1s transitions (see Figure 2c,d) further
confirms the coexistence of nitride, oxide, and oxynitride
phases. By comparing the intensities of the Ti 2p3/2, N 1s, and
O 1s peaks, we estimated the composition of the films, as
summarized in Table 1. The TiON-10 barrier layer had 37 at.
% oxygen, resulting from the coexistence of TiN, TiO2, and
TiOxNy phases. In comparison, the TiN-5 and TiN-10 barriers,
where no oxygen was intentionally introduced, still exhibited

residual oxygen around 13 at. %, from the less-pronounced
TiOxNy and TiO2 signatures. However, it is well-known that it
is notably difficult to achieve low oxygen levels in nitride films,
as the oxidation is thermodynamically favorable (with a
negative Gibbs free energy variation), and oxygen contents up
to 20% can occur near the surface.12 While no improvement in
Cu barrier properties is expected for oxygen contents up to
15%,7 it has been reported that for higher oxygen contents a
stuffing effect occurs, resulting in improved barrier properties
against Cu diffusion,8 which is in line with our results.
Using secondary ion mass spectrometry (SIMS), we have

further confirmed the superior diffusion barrier layer properties
of TiON-10 by conducting a standard Cu diffusion test on
device wafers similar to the ones used for tandem cell
fabrication. For this purpose, metallic Cu was deposited on the
Si device wafer, protected by either TiN (10 nm) or TiON (10
nm), and then annealed at 550 °C in a vacuum for 15, 30, 45,
and 60 min, as described in previous work.3 The corresponding
SIMS results are shown in Figure 3. The comparison between

the two barrier layers reveals a clear 1 order of magnitude
difference in Cu concentration between the TiN-10 (solid
lines) and TiON (dashed lines), demonstrating the superior
barrier quality of the TiON-10 layer. Unfortunately, the high
oxygen in the TiON layer also increases its resistivity and
causes severe current blocking, causing an S-shape (or
rollover) in the J−V characteristic, as we have found
previously.3

The light J−V characteristics and EQE spectra of two
different tandem cells with the TiN-5 barrier layer are shown in
Figures 4a and 4b, respectively. In one case, the Si bottom cell
has been compromised, corresponding to a barrier failure and
severe degradation of lifetime, and in the other case the Si
bottom cell was (at least partially) protected, retaining some of
the initial lifetime after CZTS processing. This degradation
leads to an overall drop in EQE, as can be seen for the Si
bottom cell comparisons in Figure 4b. As a result, a much
lower current is extracted on the Si side, which limits the
overall tandem cell current. This effect was also seen for the
TiN-10 barrier, which is detailed in the Supporting
Information (Figure S2). As mentioned above, the decrease
in lifetime and performance can be explained by a combination

Table 1. Atomic Compositions for the 10 nm TiON and
TiN Barriersa

barrier layer Ti (at. %) O (at. %) N (at. %)

TiON-10 40 37 24
TiN-10 47 13 40

aThe composition was estimated by using the Ti 2p3/2, O 1s, and N
1s peaks.

Figure 3. Quantitative Cu depth profile of the Si cell surface
structures (n+PolySi contact, SiO2, and bulk n-Si). The solid lines
(circle markers) correspond to the TiN-10 barrier, and the dashed
lines (square markers) correspond to the TiON-10 barrier.
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of loss of surface passivation in the bottom Si cell (increase in
surface recombination velocity) and a contamination of the Si
bulk with elements from CZTS.
To further investigate the influence of bulk and surface

recombination in our results, we have derived a simple
theoretical model for the internal quantum efficiency (IQE). In
this model, we consider a bottom cell with thickness L with a
perfectly collecting junction at the back, a certain finite bulk
lifetime τbulk, and a surface recombination velocity S at the
illuminated surface. By using Donolato’s reciprocity theorem
for the collection efficiency13,14 and solving the appropriate
minority carrier diffusion equation with a matching flux
condition on the nonideal surface, the IQE can be shown to be

i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

( ) ( )L
IQE

2

1 1

cosh sinh

p

SL

D L

SL

D L

L
L

SL

D
L

L

e e 1
1

e e 1
1

p L L Lp

p

p L L Lp

p

p

p

p

/ /

α
=

+ + −

+

α α
−

−
−

+

α α− − −

(1)

where α is the absorption coefficient, D is the diffusion
coefficient, and Lp is the diffusion length, with L Dp bulkτ= .

More details on the derivation of this model can be found in
the Supporting Information. The surface recombination
velocity S and the bulk lifetime τbulk can be related to the

experimentally measured effective minority carrier lifetime τeff
via the expression15,16
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Using eqs 1 and 2, we can then simulate IQE curves for silicon
with some experimentally measured τeff and find possible
matching combinations of S and τbulk. Figure 5 shows
simulated IQE curves for three different effective lifetimes of
50, 30, and 10 μs. These effective lifetimes were chosen
because we systematically found our compromised samples to
have experimental effective lifetime values in the range 10−50
μs (see Figure 1a as well as Figures S1 and S6). The set of τbulk
and S values matching τeff are listed as inset in each graph in
Figure 5, from a dominant bulk recombination (low S) to a
dominant surface recombination (high S) scenario. For the
simulations, we used an α(λ) for Si as measured by Green and
Keevers,17 a thickness of L = 350 μm, and the diffusion
coefficient for holes in Si of D = 12 cm2 s−1.
The expression for S in eq 2 was used because it is still a

good approximation for large values of S, unlike simpler
expressions.15 However, note that the tangent function has an
argument limit of π/2, which places constraints on the values

Figure 4. (a) J−V characteristic curve for a CZTS/TiN (5 nm)/Si tandem with a compromised Si (blue) and a partially protected Si (black). The
Voc of the Si bottom cell of the tandem is included in parentheses. (b) EQE comparison of CZTS/Si tandem cells when the Si bottom cell is
partially protected and when it is compromised.

Figure 5. Simulated internal quantum efficiency curves for Si with effective minority carrier lifetimes (τeff) of (a) 50, (b) 30, and (c) 10 μs. The
inset tables show possible combinations of bulk lifetime τbulk and surface recombination velocity S that match τeff, from dominant bulk
recombination (low S) to dominant surface recombination (high S).
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of τeff and τbulk. For instance, for very large τbulk the expression
is only valid if τeff > 10 μs, given our D and L values. As
mentioned above, our experimental τeff values are above this
limit.
The effect of surface recombination produces a distinctive

peak in the long wavelength region (near 1000 nm, as shown in
Figure 5a−c), which appears to match the shape of our
experimental EQE curves (see also Figures S2 and S7).
Therefore, we assign the loss of lifetime in our compromised
samples primarily to a dominant surface recombination due to
depassivation of the polySi/SiO2/Si interfaces. Furthermore,
we have investigated in previous work the possibility of
passivating the Si surface only after CZTS annealing and
etching (end-passivation), thereby avoiding the depassivation
effect.3 It was found that end-passivated samples exhibited
lifetimes above 1 ms, further indicating that surface
recombination should be the dominant effect in this work,
where the CZTS annealing affects the pre-existing polySi/SiO2
surface passivation. Nevertheless, we note that some bulk
degradation could still occur, as indicated by some bulk
contamination measured by SIMS in this work and in previous
work.3 In any case, a successful barrier layer will simultaneously
minimize the impact of both bulk and surface degradation.
Another important feature revealed by the simulations of
Figure 5 is that in compromised Si samples, where the effective
lifetime is in the microseconds range, small variations in τeff
produce large variations in the corresponding IQE spectra.
This is possibly the reason for the clear difference in EQE
between the Si protected and Si compromised samples in Figure
4b. Even though the experimentally measured τeff for both
samples is below 300 μs, small differences due to processing
variabilities and variations in lifetime near the patterned TiN
windows (which can clearly be seen in Figure 1a for both the
TiN-5 and TiN-10 cases) will appear as large differences in the
respective IQE spectra. This also indicates that even the case
labeled as Si protected represents at best only a partial
protection. This is will be further discussed next.
The degradation of the bottom cell also results in Voc losses,

although with a smaller impact on solar cell efficiency when
compared to the short-circuit current (Jsc) losses. The Voc of
the Si bottom cell of the tandems presented in Figure 4 was
measured by removing a small area of the top cell layers and
contacting it with the negative probe. These values were 543
mV for the Si protected bottom cell and 510 mV for the Si
compromised bottom cell. We note also in Figure 4a that the
total tandem cell Voc with the compromised Si is about 50 mV

higher than its protected counterpart. However, several other
effects contribute to this difference. One such effect is
variability in CZTS performance, as shown in Figure 4b,
which we ascribe to baseline variability, even though the CZTS
synthesis conditions were kept as constant as possible
throughout these experiments. Furthermore, because the active
area of the tandem cells was defined by cleaving the Si wafer,
another important factor is shunting due to the exposed Si
edges (which have a higher surface recombination velocity).
Uncleaved wafers exhibited Voc values systematically higher
than shown here, up to 1064 mV, as detailed in the Supporting
Information (Figure S3).
It is also interesting to compare the results of Figure 4 with

the case of the TiON-10 barrier. This TiON-10 barrier was
characterized in detail in our previous work and was used to
achieve our first monolithic integration of CZTS on Si.3 Then,
a complete tandem cell was produced without any measurable
degradation of the Si bottom cell due to CZTS fabrication,
with postfabrication carrier lifetimes well above 1 ms in the Si
bulk. In this work, we have repeated this previous experiment
to have comparable measurements of the Si bottom cell Voc
and found a Voc of 661 mV for the bottom cell in the TiON-10
case. This value is significantly higher than for the TiN-5 and
TiN-10 samples (shown in Table 2) and is approximately the
expected value of our in-house single junction Si cell when the
light spectrum is filtered according to our CZTS bandgap
(1.45 eV, as determined from the inflection point on the EQE
spectra). Note that all the bottom cell Voc values measured in
this work are obtained from working tandem cells, with the top
cell filtering out the lower wavelength part of the solar
spectrum. This confirms that, as mentioned with the
simulations above, the case labeled Si protected in Figure 4a
is only at best a partial protection, thus proving on a device
level that only the TiON barrier seems to be completely
successful in protecting the bottom Si cell. Unfortunately, it
exhibits an extremely high resistivity (around 40 Ω·cm), with a
severe current-blocking behavior, meaning that it cannot be
used in a functional tandem device. The TiN-5 and TiN-10
sacrifice some of the barrier quality but in turn provide a better
electrical interconnection between bottom and top cell.
Remarkably, despite the admittedly nonideal degradation of
the bottom Si cell, our results are an improvement over the
best CZTS/Si tandem cell achieved so far,4 which further
highlights the potential of the alternative tandem configuration
proposed in this work. It is critical, then, to search for a better

Table 2. Comparison of the Barrier Layers Used in Monolithic CZTS/Si Tandem Cellsa

interface layer
thickness
(nm)

Si
protection

Si Voc
(mV)

resistivity
(Ω·cm)

transmittance Si region
(%) comments ref

TiON-10 10 ideal 661 40 ∼100 current blocking this work, ref 3
TiN-10 10 poor 443−500 5 × 10−3 57−69 PCE 1.8−2.9% this work (SI)
TiN-5 5 poor 510−543 5 × 10−3 81−86 PCE 3−3.9% this work
TiN-2.5 2.5 n.a. n.a. 5 × 10−3 >97 future work suggestion this work
TiN-Al-10 10−12 medium 409−450 4.8 × 10−3 46−57 PCE 2−2.8% this work
ZnO/MoS2 n.a. failed n.a n.a. n.a no working device (barrier failure) ref 4
ITO/MoS2 n.a. n.a. n.a n.a. n.a no working device (adhesion

issues)
ref 4

ZnO/FTO/
MoS2

50/650/60 good 545 n.a. 45−55 PCE 3.5%; BSF degradation ref 4

aThe results of this work correspond to a CZTS sulfurization temperature of 575 °C. n.a. = not available; PCE = power conversion efficiency; BSF
= back surface field. The TiN transmittance values are corrected to account for the glass substrate transmittance. the Si Voc values were measured in
small-area cleaved device wafers and are therefore slightly underestimated.
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compromise between the barrier function and the intercon-
nection function.
To further explore this possibility, we investigated a

modified TiN barrier layer, in which a thin Al layer is
sputtered between two TiN sputtering runs, in a TiN (5 nm)−
Al (2 nm)−TiN (5 nm) configuration, hereafter labeled TiN-
Al-10. The purpose was to achieve a similar stuffing effect
observed for the TiON-10 barrier by stuffing the TiN grain
boundaries with Al2O3 upon annealing in air,9 prior to CZTS
fabrication. The J−V and EQE results are summarized in
Figure 6. The results show that there is an improvement in the
Si EQE compared to the Si compromised case shown in Figure
4, suggesting some degree of improvement in the barrier layer
properties. However, the current was still far from the Si
protected case. As for the Voc, it was comparatively lower, and
we systematically observed bottom cell Vocs of around 400−
450 mV for samples using this TiN-Al-10 barrier layer.
These results can be understood by comparing the

respective postprocessing lifetimes, as was done previously in
Figure 1 for the TiN-5 and TiN-10 cases. In Figure 7, the Si
lifetime of the TiN-Al-10 barrier is compared to the ideal

TiON-10 barrier on a common color scale. Considering that
the original unprocessed lifetime of the wafers used here was
slightly above 1 ms, this direct comparison clearly reveals that
the TiN-Al-10 still shows some degradation, unlike the TiON-
10 barrier. The second relevant observation is that this TiN-Al-
10 layer has a clearly superior barrier quality compared to the
TiN-5 and TiN-10 samples shown in Figure 1 and Figure S1.
This is consistent with the EQE results of Figure 4b, Figure 6b,
and Figure S2b, where the Si bottom cell is contributing with a
higher current in the TiN-Al-10. In this case, the main
limitation in tandem cell performance is a poor optical
transmittance of this barrier layer, i.e., around 50% in the
wavelength range handled by the bottom Si cell. The
combination of this degradation and low transmittance helps
justify the relatively low Voc reported for this TiN-Al-10
barrier. Therefore, in this case the TiN-Al-10 barrier achieves a
similar performance by sacrificing transmittance in favor of
barrier quality.
For comparison, the transmittance spectra of all the barrier

layers used in this study are shown in Figure 8. An additional
TiN thickness value of 2.5 nm, not applied to tandem
integration in this work, is added for further comparison. The
region of most interest here is for wavelengths above 721 nm

Figure 6. (a) Light and dark J−V characteristic curves for a tandem cell using a TiN (5 nm)−Al (2 nm)−TiN (5 nm) barrier layer (TiN-Al-10 for
short). The Voc of the Si bottom cell of the tandem is included in parentheses. (b) Respective EQE spectra of the tandem cell.

Figure 7. Direct comparison between the TiON-10 and TiN-Al-10
barrier layers in terms of the Si minority carrier lifetime. The lifetime
scale is the same for both pieces. The annealing temperature was 575
°C.

Figure 8. Optical transmittance of the interfacial barrier layers used in
this study, as deposited on a fused silica glass substrate. For reference,
the ideal bandgap matching point and the CZTS bandgap measured
in this work are marked.
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(below 1.72 eV), corresponding to the light the bottom Si cell
would receive in an ideal bandgap-matched tandem cell, and
this region is highlighted in gray, along with the CZTS
bandgap energy measured in this work. In this ideal region
below 1.72 eV, a reduction in TiN thickness is very effective in
increasing the transmittance, and for a TiN thickness of 2.5 nm
a near-ideal transmittance is achieved, similar to that of TiON-
10. Notably, the transmittance is significantly superior to that
of interfacial layers based on TCOs, as tested previously for
CZTS/Si tandem cells4 and bifacial kesterite cells.18

The fundamental trade-off, then, is that while the TiON-10
appears to be a successful barrier layer in protecting the
bottom Si, it is insulating and shows a current-blocking
behavior. The TiN and TiN−Al barriers, on the other hand,
despite enabling a good interfacial connection, have a lower
threshold for barrier failure, which does not match the
necessary temperatures to produce efficient CZTS top cells.
The lower the CZTS annealing temperature, the closer it is to
the barrier failure threshold, as is illustrated in Figure 9 for the

TiN-5 case, for nonpatterned samples. Given that the initial
lifetime of the corresponding wafers was around 1 ms, the
results show that this barrier failure threshold should still be
much below 545 °C. On the other hand, the single-junction
CZTS efficiency progressively decreases with annealing
temperature (from close to 6% at 575 °C to under 4% at
545 °C, as shown in Figure S8).
In this regard, further work needs to be performed to resolve

this trade-off and find the ideal barrier layer that maximizes
optical transparency and Si bottom cell protection and results
in a lossless electrical interconnection. A summarized
comparison between the interfacial layers used to produce
monolithic CZTS/Si tandem cells is shown in Table 2.
The results of these studies indicate that the degradation of

the Si bottom cell is one of the main obstacles in achieving
monolithic integration of CZTS on Si. This work shows that
engineering the interfacial layer has a crucial impact on the
feasibility of this monolithic integration, as it can make a
difference between a full Si protection and varying degrees of
degradation. Future research in alternative diffusion barrier

materials could solve the trade-offs mentioned above. In this
sense, for future work we suggest the possibility of using other
nitride-based compounds such as tantalum nitrides, which are
especially effective against Cu diffusion.19

Given the priority of testing the monolithic integration
feasibility for the different barrier layers, in this work we kept
the CZTS top cell constant as per our internal baseline.
Unfortunately, our single-junction CZTS baseline is based on a
disordered and thus low bandgap kesterite, which leads to an
admittedly poor bandgap matching with Si. Moreover, we note
that no alkali doping (for instance through NaF) was
introduced in the tandem cell at this stage, but from the
work of Valentini et al. this seems to be an improvement.4 By
solving the tandem feasibility problem, we could then employ
such strategies in the future to optimize the top cell. In that
case, the success of a CZTS/Si tandem cell will only be
dependent on future improvements in the efficiency of CZTS-
based solar cells.
Much like CZTS (and all its cationic-substituted alloys),

there are several other polycrystalline materials that could be
combined with Si in a tandem for solar energy conversion
devices. Such materials can also involve complex multistep
synthesis approaches and often require high-temperature steps.
Some examples are the high-bandgap CuGaSe2 (CGS) in the
photovoltaic field and numerous high-bandgap metal−oxide
photoanode materials in the photoelectrochemistry field such
as BiVO4,

20 WO3,
21 and α-Fe2O3,

22 all of which may require,
in many cases, processing temperatures above 500 °C. The
feasibility of their monolithic integration with Si will then be
equally dependent on the preservation of the bottom Si part of
the tandem. Naturally, the results of this work are not
immediately transferable, and each of these cases should be
assessed individually. Nevertheless, considering the heavy
contamination and degradation impact imposed by CZTS on
Si (namely due to the presence of Cu and S in a high-
temperature sulfurization, as we have discussed before3), we
suggest that the monolithic integration of materials such as
those mentioned above could also be feasible and promising,
despite very little research in that regard. In fact, a very
promising report of a monolithic CGS/Si tandem solar cell
already exists, where almost no Si degradation occurred, in
spite of the high-temperature step involved in the CGS
fabrication.23 A tandem architecture based on an interfacial
diffusion barrier, such as the one proposed in this work, could
then be a potentially interesting configuration for future
research.
Lastly, it is also worth mentioning that the resilience of the

Si bottom cell is also dependent on the architecture choice of
the Si cell itself. In this work, we used a thermally resilient
TOPCon Si configuration, and the properties of the different
Si layers were kept fixed, changing only the TiN-based layers.
However, it is likely that further improvements could be made
in the bottom Si cell structures to increase its resistance against
CZTS processing. One example would be the n+PolySi and p
+PolySi selective contacts, where a change in thickness or
doping density could have a meaningful effect in protecting the
n-Si bulk. Our current research is focusing on these
possibilities.

■ EXPERIMENTAL METHODS
The Si bottom cells used in this work consist of a double-sided tunnel
oxide passivated contact (TOPCon) structure, where SiO2 tunnel
oxide (TO) and heavily doped polysilicon layers (p+PolySi and n

Figure 9. Si bottom cell lifetime comparison for CZTS annealed at
575, 560, and 545 °C, for a 5 nm TiN (TiN-5) barrier layer, without
patterning. The higher lifetime region on the upper part of the wafers
at 560 and 545 °C corresponds to an area where CZTS was not
deposited due to unintentional shadowing.
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+PolySi) were grown on each side of a monocrystalline n-Si substrate.
To improve the surface passivation quality of the top and bottom
interfaces, a hydrogenation step was included by depositing a 75 nm
sacrificial SiN:H layer on both sides of the wafer and performing a
hydrogen drive-in annealing at 400 °C. Before the growth of the TiN
and CZTS layers, the SiN:H layer on the n+PolySi side was removed
by using a buffered HF solution. The SiN:H layer on the p+PolySi
side was only removed after the complete processing of the CZTS top
cell to enhance the protection of the backside of the wafer during the
different processing steps (more details are given below). The bottom
Si cell configuration used for the subsequent CZTS processing,
including the TiN barrier layers, was SiN:H/p+PolySi/TO/n-Si/TO/
n+PolySi/TiN (sequence starting from the backside). Details on the
fabrication of the bottom cell structures were mentioned in the
previous work.3 The TiN and TiON barrier layers were deposited in a
Picosun plasma-enhanced ALD (PEALD) system using TiCl4 and
NH3 precursors at 400 °C. The oxygen incorporation in TiON was
achieved by running the TiN ALD recipe without prior chamber
passivation (i.e., a sequence of dummy TiN depositions), thereby
allowing a higher oxygen background level. The TiN−Al−TiN barrier
layer was deposited by sequential sputtering of a 5 nm TiN layer, a 2
nm Al layer, and a second 5 nm TiN layer, without breaking the
vacuum. The resulting structure was then annealed in air at 350 °C for
30 min.
For the experiments with surface patterning, the front SiN layer

(used for the hydrogenation process) was patterned by means of
photolithography and wet etching in buffered HF solution for 5 min.
The surface was then cleaned thoroughly in RCA1 and RCA2
solutions prior to the barrier layer deposition.
The CZTS absorber layers for the top cell of the tandem were

fabricated by a two-step process. First, Cu, ZnS, and SnS precursors
were cosputtered directly onto the TiN/Si bottom cell stack
mentioned above and subsequently annealed in a graphite box with
a sulfur and tin sulfide-containing atmosphere by using 50 mg of S
pellets, 5 mg of Sn powder, and N2 gas. The main CZTS annealing
temperature used in this work was 575 °C, except in one set of
experiments, where temperatures of 545 and 560 °C were used to
study the TiN barrier failure threshold by measuring the resulting Si
lifetime after annealing. The heating rate was 20 °C/min, and the
dwelling time was 45 min. According to cross-section secondary
electron images (not shown here), the final thickness of the CZTS
absorbers varied between 275 and 350 nm. Following the CZTS
annealing, a 50 nm CdS layer was deposited by chemical bath
deposition to form the top cell p−n heterojunction. A 50 nm intrinsic
ZnO (i-ZnO) layer was deposited by reactive sputtering, followed by
a 350 nm Al-doped ZnO (AZO) layer deposited by Ar sputtering to
form the top electrode of the tandem cell. Finally, the SiN:H sacrificial
layer on the backside was removed in a buffered HF solution, and 500
nm Ag was evaporated to form the bottom electrode of the tandem
cell. To protect the top layers during the buffered HF etch, a
AZ5214E photoresist was spin-coated on the AZO top electrode and
subsequently removed by using acetone. A postfabrication thermal
treatment was applied to the full tandem solar cells, by annealing at
275 °C for 8 min in a N2 atmosphere, to improve the properties of the
CZTS/CdS heterojunction interface.24

The effective minority carrier lifetime maps of the Si bottom cells
were measured by the microwave detected photoconductance decay
method (μ-PCD) in a steady-state configuration at 1 sun illumination
by using an MDP lifetime scanner from Freiberg Instruments. The Si
lifetime was measured immediately before and after the CZTS
processing steps to evaluate the protecting effect of the barrier layers.
In general, the lifetime was measured from the backside (SiN:H/p
+PolySi side). However, two extra verification procedures were done
to ensure the reliability of the lifetime measurements. In one, the
lifetime values were measured before the Ag deposition (i.e., full top
cell processing included). In the other, the SiN, TiN, and CZTS layers
were chemically removed after the CZTS annealing step by using a
mixture of H2O2:4H2SO4 (piranha) and RCA1 solutions, followed by
a dilute HF dip. Afterward, the lifetime was measured on the

remaining TOPCon Si stack (PolySi/TO/n-Si/TO/PolySi). The
three different measurement configurations yielded similar results.

For the X-ray photoelectron spectroscopy measurements, the
surface of the samples was slightly sputtered off (in situ) by means of
Ar+ ions with 500 eV and 60 s for each cycle to remove the existing Ti
native oxide and possible carbon contamination before acquiring the
measurements. An Al Kα source was used, and the spot size was 400
μm.

To further compare the TiN and TiON barrier layer quality, a
separate Cu diffusion experiment was conducted. For this purpose,
100 nm of metallic Cu layers was sputtered on TOPCon samples with
TiN and TiON barrier layers and annealed at 550 °C in a vacuum (1
× 10−6 mbar) for a series of different annealing times (15, 30, 45, and
60 min). After annealing, the Cu and TiN layers were chemically
removed by using a mixture of H2O2:4H2SO4 (piranha) and RCA1
solutions, followed by a dilute HF dip. Then, the quantitative Cu
depth profiles were measured by secondary ion mass spectrometry
(SIMS). The SIMS depth profiles were obtained from a Cameca IMS-
7f microprobe. A 10 keV O2+ primary beam was mainly utilized and
rastered over 150 × 150 μm2, and the positive ions were collected
from a circular area with a diameter of 33 μm. The Cu concentration
was obtained by measuring an implanted reference sample. The crater
depths were measured by a Dektak 8 stylus profilometer, and a
constant sputter erosion rate was assumed for the depth calculation.

The J−V characteristic curves of the solar cells were measured at
near standard test conditions (STC: 1000 W/m2, AM 1.5, and 25
°C). A Newport class ABA steady-state solar simulator was used. The
irradiance was measured with a 2 × 2 cm2 Mono-Si reference cell
from ReRa certified at STC by the Nijmegen PV measurement facility.
The temperature was kept at 25 ± 3 °C as measured by a temperature
probe on the contact plate. The acquisition was done with 2 ms
between points by using a four-wire measurement probe, from reverse
to forward voltage. The Voc produced by the bottom Si cell of the
tandem was measured by mechanically scratching a small area of the
surface of the tandem, exposing the TiN surface (which, due to its
hardness, does not scratch as easily as the top cell layers above it).
Then, an additional J−V curve was measured by contacting the
exposed TiN area with the negative probe, and the Voc of the result
curve could be directly identified as the bottom cell Voc for the
tandem.

The external quantum efficiency (EQE) of the tandem cell was
measured by using a QEXL setup (PV Measurements) equipped with
a grating monochromator, adjustable bias voltage, and a bias
spectrum. The CZTS top cell was measured with light biasing of
the bottom Si cell by using a high-pass filter at 900 nm, and the Si
bottom cell was measured with light biasing of the top CZTS cell by
using a band-pass filter from 400 to 500 nm.
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Results and Discussion (supplementary) 

In the main text, it was mentioned that the barrier layer thickness (comparing the TiN-5 and 

TiN-10 cases) had no noticeable influence on the protection of the Si bottom cell, both in 

experiments with SiN patterning and without patterning. Figure S1 shows a side-by-side Si 

lifetime comparison of two non-patterned tandem wafer pieces with 5 nm and 10 nm TiN, after 

CZTS annealing. The measurement was done on a full tandem wafer, before the Ag back contact 

deposition. The lifetime mapping shows comparable lifetime values. In both cases, the original 

Si lifetime (before CZTS processing) was slightly above 1 ms, meaning that a significant 

degradation occurred in both cases.  

 

 

Figure S1 – Si minority carrier lifetime comparison for a TiN barrier layer thickness of 5 nm 

(left) and 10 nm (right). The annealing temperature for CZTS formation was 575 °C.  
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The data in Figure S1 indicates that both TiN barriers have a temperature threshold lower than 

the CZTS annealing temperature used. In the main text, the TiN-5 case is used to analyze the 

effects of Si bottom cell degradation on the J-V and EQE results. In Figure S2, the TiN-10 

results are added for comparison. The results are similar, but the lower transmittance of the TiN-

10 barrier leads to an even lower Si cell EQE overall. 

 

 

Figure S2 – (a) J-V characteristic curve and (b) EQE results of two CZTS/Si tandem cells with a 

5 nm (solid line) and 10 nm (dashed line) TiN barrier layer (TiN-5 and TiN-10). 

 

Another aspect discussed in the text was a slight tandem Voc degradation occurring after 

cleaving the tandem cells. Due to the large area difference between typical Si cells and CZTS 

cells processed in our facilities (typically several cm2 versus <1 cm2, respectively), the full 

tandem cell was cleaved in several pieces, and the tandem cell area was defined by the geometry 

of the cleaving itself. However, cleaving a Si wafer into smaller sizes exposes its edges, and 

increases the edge area proportion relative to the total area, which can increase the surface 

recombination velocity and hence reduce the Voc contribution from the Si bottom cell. We have 
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found experimental evidence of this degradation, as shown in Figure S3. The highest Voc 

measured in this case was 1064 mV before cleaving, for the TiN-5 case. A small difference in 

Voc between the 5 nm and 10 nm is visible, with the TiN-5 case showing higher Voc. Part of this 

difference is again explained by the differences in transmittance between the two barriers, but a 

small contribution can also be due to variations in the Voc produced by the CZTS top cell. 

Nevertheless, according to Figure S2 (b), the EQE of the CZTS top cells was quite comparable 

for this trial. These results suggest that the effective tandem cell Vocs achievable with this 

configuration are well above 1V.  

 

 

Figure S3 – Effect of cleaving on the total tandem cell Voc. In all trials, the uncleaved area was 

on the order of a few cm2, whereas after cleaving the area is reduced to below 1 cm2.    

 

To analyze and interpret the decrease in performance of the Si bottom cell after CZTS 

annealing, as shown from the J-V and EQE results of the main text and from Figure S2, we 

propose the following simple theoretical model. The external quantum efficiency (EQE) of a cell 
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with window layer with transmittance � and reflectance � is EQE = (1 − �)�IQE, where IQE is 

the internal quantum efficiency, defined as the spectrally resolved ratio of collected current 

density ��(�) to incident photon flux density ���(�) on the absorber (after reflection) multiplied 

by the unit charge �, i.e., 

IQE(�) =
��(�)

����(�)
 (1) 

 

The photon flux density ��(�,�) in the absorber decays exponentially with depth � into the 

absorber ��(�,�) = ���(�) exp(−��) due to absorption characterized by the absorption 

coefficient � = �(�) of the absorber. The absorption causes in turn an electron-hole pair 

generation rate � (�,�) = ���(�,�),1 and some fraction �� (�) of the generated minority carriers 

reach the separating junction, where they are collected and add to the collected current, i.e., the 

incremental current density d�� from the absorber element d� at � is 

d��(�,�) = ��� (�)�(�)��(�,�) d� (2) 

where �� (�) is the collection efficiency/probability. It follows that the incremental dIQE =

d��(�,�) �����(�)�⁄  is 

dIQE = �� � exp(−��) d�  (3) 

since the common factor ���(�) cancels out. Thus, the internal quantum efficiency is obtained 

from the integral over the thickness � of the absorber 

IQE = � �� � exp(−��) ��
�

�

(4) 

Based on this expression for the IQE, we will consider a few model cases next. The collection 

efficiency/probability ��  is easily calculated using Donolato’s reciprocity theorem,2,3 which 
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essentially says that the charge collection probability equals the excess carrier profile for a unit 

excess carrier injection at the charge collection junction. Therefore, the corresponding hole 

continuity equation becomes: 

��

��
= �

���

���
−

� − ��

�����
(5) 

where the excess carrier concentration � − �� is defined as the collection efficiency �� , ����� is 

the bulk lifetime and � is the diffusion coefficient. Using the diffusion length �� = ������� and 

considering the steady-state solution, the equation to consider is then 

����

���
−

��

��
� = 0 (6) 

In our sample, we consider a perfectly collecting junction at � = �, so the boundary condition is 

�� (�) = 1. We shall include interface recombination at the illuminated surface � = 0, with 

recombination velocity �, therefore the surface boundary condition is �
���

��
(0) = ��� (0). Then, 

the solution for the collection probability ��  (excess carrier profile) is 

�� (�) =

sinh �
�

��
� +

�
���

cosh �
�

��
�

sinh �
�

��
� +

�
���

cosh �
�

��
�

 (7) 

Neglecting bulk recombination first, then �� ≫ �, and we can make the approximation   

�� (�) ≈  �
�

�
+

�

��
� �1 +

�

��
�� (8) 

In the ideal case, �� = 1, and then the integral yields 

IQE����� = 1 − exp(−��) (9) 

In case of an extremely poor front surface (infinite surface recombination velocity) we have 

�� = �/�, and thus 
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IQE = �
�

�
� exp(−��) ��

�

�

=
1 − exp(−��)

��
− exp(−��) (10) 

Finally, in the general case (still without bulk recombination) the IQE integral is 

IQE =  �

�
� +

�
��

1 +
�
S�

�

�

� exp(−��) �� (11) 

with solution 

IQE =

�
��

(1 − exp(−��)) +
1 − exp(−��)

�� − exp(−��)

1 +
�
S�

 (12) 

The solutions to this Equation (12) for different values of � and � are plotted in Figure S4 (a) 

and (b).   

 

 

Figure S4 – Calculated internal quantum efficiency for (a) ideal and poor surface cases, where 

the dashed curves correspond to a cell thickness L = 500 µm and the full curves correspond to L 

= 350 µm, and (b) different surface recombination velocities for L = 350 µm.   
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When considering simultaneously bulk and interface recombination, we must solve the integral  

IQE =  �

SL�

� sinh �
�

��
� + cosh �

�
��

�

SL�

� sinh �
�

��
� + cosh �

�
��

�

�

�

� exp(−��) �� (13) 

Which has the solution 

IQE =  
���

2

�
SL�

� + 1�
�����

�
�� − 1

1 − ���
+ �

SL�

� − 1�
�����

�
�

�� − 1
1 + ���

�cosh �
�

��
� +

SL�

� sinh �
�

��
��

(14) 

Equation (14) was then used in the main text to simulate IQE curves for typical effective 

lifetime values of compromised Si bottom cells (10, 30 and 50 μs, in Figure 5). The shape of the 

solutions obtained from the simulations resemble the EQE of the Si bottom cell in the tandem 

cell results shown in the main text. However, the presence of the CZTS top cell and its 

absorption convolutes the results and complicates the analysis. Therefore, we have fabricated 

single junction Si solar cells where CZTS was fabricated on top of Si as in the main text (co-

sputtering + annealing in sulfur), and subsequently CZTS and TiN were selectively removed by 

chemical etching in a mixture of H2O2:4H2SO4 (piranha) and RCA1 solutions, followed by a 

dilute HF dip. The Si cells, with an area of 0.8 x 0.8 cm2 were fabricated from a quarter section 

of a wafer comparable to the wafer with a barrier layer of 10 nm TiN (TiN-10 from the main 

text), and also 25 nm TiN. Al-doped ZnO (AZO) was used as the front electrode. The contact 

area between CZTS and TiN/Si was defined through a 75 nm SiN patterned window, similar to 

the patterned window experiment shown in the main text. A photograph of the wafer is shown in 

Figure S5. The quarter used for a single junction Si cell after CZTS processing is labelled 

“CZTS Reference piece” 
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Figure S5 – The patterned wafer used for tandem fabrication in the main text. The dark 

blue/brown color is due to SiN patterning. The highlighted piece was used to evaluate the 

possible effects of CZTS processing on the performance of the bottom silicon cell.  

 

The corresponding lifetime results after CZTS annealing are shown in Figure S6. The results are 

very similar to those shown in the main text for the SiN-patterned wafer (Figure 1 of the main 

text), showing that the thicknesses here used – 25, 10 and 5 nm – had very little effect on the 

barrier properties, for the TiN barrier case. The loss in lifetime is caused mainly by a loss in 

surface passivation after CZTS processing, with a corresponding increase in surface 

recombination velocity.   
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Figure S6 – Lifetime map of the pieces used for single junction Si cell fabrication after CZTS 

annealing. The squares (shown in red) are the points of contact between CZTS and TiN/Si as 

defined by the windows in the 75 nm SiN. The left piece had a TiN barrier of 25 nm, while the 

right piece had a TiN barrier of 10 nm (the TiN-10 case of the main text). 

 
The corresponding EQE of the single junction Si solar cells is shown in Figure S8. A 

Reference is added corresponding to a standard TOPCon Si solar cell, without any CZTS or TiN 

processing. Compared to the Reference, the pieces which underwent CZTS processing show a 

very poor peak EQE and poor short wavelength response, similar to the theoretical prediction of 

our model (Figure S4 (a) and (b), and Figure 5 of the main text), and in line with the 

corresponding lifetime results of Figure S7. 
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Figure S8 – EQE of single junction Si cells, made from the CZTS Reference Piece, compared 

with a standard Si cell reference where no CZTS or TiN processing was done. The poor low 

wavelength response in samples with CZTS processing is an indication of a loss of surface 

passivation quality, resulting in an increase in surface recombination velocity. 

 

From the results of Figure S8, it could seem that the 25 nm TiN barrier was inferior to the 10 nm 

barrier, which would be counterintuitive since it is a thicker barrier. However, as we have shown 

in Figure 5 of the main text, for very compromised Si bottom cells, a small variation in effective 

lifetime can cause large variations in the IQE. Such small variations (all compromised samples 

are in a range of a few tens of µs) are not representative of the effect of the barrier, but of 

spontaneous sample-to-sample and process variability. Comparing the 25, 10 and 5 nm cases 
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(Figure S8 and Figure S9 (b)) further shows that there is no trend with thickness. In all three 

cases, the barrier layer failure leads to a two order of magnitude decrease in lifetime (from 1 ms 

to a range of 10-50 µs). Note that, additionally, in Figure S10 (b) the difference between the 5 

and 10 nm cases is also related to differences in transmittance between the TiN-5 and TiN-10 

barriers.  

In the main text, it was shown that the Si lifetime increases for lower annealing temperatures, 

as the temperature gets closer to the threshold of the barrier layers. Unfortunately, at the same 

time, our baseline CZTS efficiency progressively deteriorates as the annealing temperature 

decreases, as shown in Figure S11. This ultimately means that the TiN-5 and TiN-10 are poor 

barrier layers in the optimal temperature range found for fabricating the CZTS top cell. In the 

case of the TiN-Al-10 barrier, the barrier performance was better, but still led to a partially 

compromised Si bottom cell. We note that this is the case for our CZTS fabrication procedure, 

but different groups have optimal conditions with slightly different temperature and annealing 

time. Furthermore, different top cell materials will require different synthesis conditions, which 

will pose specific contamination and diffusion issues to the Si bottom cell. The key here is to 

develop specific barrier layers adequate to each case, which maximize the compromise between 

optical transmittance, barrier quality and lossless interconnection between top cell and bottom 

cell. 
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Figure S11 – Efficiency of the baseline single junction CZTS solar cells used in this work for 

different annealing temperatures. 
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4.3 Paper 4: Water splitting – A promising application for Si-based tan-

dem cells 

 

Note: The present section contains currently unpublished work related to the PhD external re-

search stay at the Korea Advanced Institute of Science and Technology (KAIST). Therefore, this 

section is constructed based on a general introduction, on the manuscript developed so far (which 

I have written) and on some selected results measured in DTU and in KAIST. 

 

 In this short section, we explore another interesting application of the thermally-resilient Si 

structure developed in our project: the fabrication of tandem devices for other fields of solar en-

ergy conversion, such as photocatalysis using solar photons. Instead of delivering electrical cur-

rent, the Helmholtz free energy contained in the electron-hole pairs is used to drive specific re-

duction and oxidation (redox) chemical reactions at the surfaces of the device. All the inner work-

ings are essentially the same as in a photovoltaic device, but now, instead of having passive 

electrodes collecting the current, there are two solid-electrolyte interfaces instead, where the 

charges provided by the device meet the electrolyte species to drive the chemical reactions. From 

a technological perspective, one of the most interesting processes is the reaction of water splitting 

into H2 and O2, which could allow a sustainable route for the production of H2. Hydrogen is an 

important chemical in many sectors of our society, with the two main applications currently being 

ammonia production and in the chemical and refinery industries. However, 95% of the hydrogen 

being produced today is obtained from non-sustainable sources such as natural gas reforming 

[177], so it would be desirable to develop a sustainable route for H2 synthesis. 

 The thermodynamics of the water splitting reaction is such that the difference between the 

potentials of the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER) is 

1.23 V. This would be the minimum amount of voltage output required from a photoabsorber 

However, due to the kinetics of the chemical reaction on both surfaces, the reaction will not occur 

without providing an additional voltage from the HER and OER sides, known as an overpotential. 

This effect is illustrated in Figure 58 (a) for the case of a single photoabsorber.  

 

 
 (a) 

 

(b) 

Figure 58 – (a) Illustration of the water splitting condition: the photovoltage of the absorber should be 
higher than the minimum thermodynamic potential required to split water, 1.23 V, plus the catalytic over-
potentials for the OER and HER; Figure from [178] (b) Schematic diagram of a general tandem device for 
photoelectrochemistry. Figure adapted from [179]. 
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Having introduced the theoretical efficiency limits for the conversion of energy from the sun in 

Section 1.3.4, we are now in an excellent position to understand that this photovoltage require-

ment is extremely challenging for a single absorber material. To provide a photovoltage of 1.23 

V, an ideal photoabsorber with a bandgap of at least 1.63 eV would be required due to the Boltz-

mann and Carnot voltage losses, which lower the maximum power point voltage to about 400 mV 

below the bandgap (refer to Figure 37). Furthermore, the lowest HER and OER overpotentials 

achieved to date are around 50-150 mV and >250 mV, respectively [125]. Therefore, our ideal 

absorber would require a bandgap of 2.0-2.2 eV. For practical photoabsorbers, where there are 

other voltage loss mechanisms such as nonradiate bulk recombination and interface recombina-

tion, this value further increases to 2.2-2.3 eV. Note that whereas in phovoltaics the power delivery 

curve is a continuous function, in photoelectrochemistry (PEC) there is no power transfer if the 

photovoltage supply condition is not met, because the chemical reaction does not occur. This 

means that our 2.2-2.3 eV value is a minimum threshold value. This highlights the importance of 

using efficient catalysts on the surface of these devices, to obtain the lowest possible overpoten-

tials. On the other hand, we have seen that the shape of the solar spectrum favors semiconduc-

tors with a bandgap in the region 1-1.7 eV. Below and above these values, the maximum achiev-

able efficiency decreases significantly. Therefore, the combination of these constraints indicates 

that a single absorber is fundamentally limited for photoelectrochemistry. Instead, a tandem de-

vice is much better suited, because the added voltages between the top and bottom cells meet 

the reaction requirements. A better water splitting device could then be a double junction tandem 

with suitable catalysts on each surface, as illustrated in Figure 58 (b). The maximum theoretical 

efficiency estimation for such a device proceeds very similarly to photovoltaic devices, with the 

additional minimum photovoltage and overpotential constraints. An example of this calculation is 

shown in Figure 59 (a). As expected, the best combinations of bandgaps are very similar to the 

photovoltaic case. Here, the efficiency is expressed in terms of the Solar-to-Hydrogen efficiency 

(STH), which can be defined as the energy contained in the rate of the generated H2 molecules 

divided, as usual, by the energy of the incident light [178]. For a single photoabsorber system, the 

STH efficiency is limited to 7%, which can be found by tracing the line where the top and bottom 

cell bandgaps are equal in Figure 59 (a).  

 

 
 (a) 

 

(b) 

Figure 59 – STH efficiency estimation for a 2J tandem device as a function of the bandgap combinations, 
assuming the lowest achievable overpotentials and only the ideal voltage losses for the photoabsorbers. 
(b) Effect of the OER and HER overpotentials on the overall STH tandem efficiency. The symbols mark 
experimental data points for different pH values of the ectrolyte. Both figures retrieved from [125]. 
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This very low efficiency is fundamentally a result of the very low current output of an absorber 

with such a high bandgap. On the other hand, the maximum achievable STH efficiency with a 

tandem configuration is around the 25% level. Therefore, there is a potential for a remarkable 

improvement in efficiency by nearly a factor of 4 by going from a 1J to a 2J configuration. In 

photovoltaics, the improvement factor was only 1.5 (30% to 45%). This shows that, on a funda-

mental level, 2J tandem configurations are even more advantageous in photoelectrochemical 

water splitting relative to photovoltaics. The ideal bandgap of the bottom cell matches the bandgap 

of Si, making it a suitable bottom cell candidate also for these applications. On the other hand, 

the experimental overpotentials present a severe limitation to the STH efficiency compared to the 

photovoltaics case. In Figure 59 (b), the effect of the overpotentials on the overall STH efficiency 

is illustrated. Depending on the overpotential considerations, others have estimated 1J STH effi-

ciencies up to 10-15%, and the 2J efficiencies can exceed 30% [125,180]. Therefore, it is essen-

tial to integrate efficient catalysts on the the surfaces of the tandem device. Since there is only 

one surface exposed to the light, only one of the catalysts has transparency constraints, which is 

a functional advantage of this monolithic configuration compared to a system with separate pho-

toabsorbers. In general, there are two types of designs for a water splitting tandem of this kind, 

depending on which absorber has the OER or the HER, as illustrated in Figure 60 (a) and (b). 

For each kind, there have been different material combinations proposed, and some experimental 

I-V characteristics are overlayed in Figure 60 (c) and (d).  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 60 – (a) Tandem configuration with the O2 evolution on the high bandgap absorber side; (b) con-
figuration with O2 on the low bandgap side; (c) experimental results achieved with configuration (a); (d) 
experimental results achieved with configuration (b); 

 



 

 

94 PhD thesis, August 2020 

In this work, we studied the integration of the metal oxide BiVO4 (BVO) on Si, and since BVO is 

most promising as a photoanode (i.e. for the OER), we used Si as a photocathode, corresponding 

to Design 1. Besides the integration challeges one would expect from growing BVO monolithically 

on Si, which we studied in this work, there is a significant integration challenge related to stability 

of these materials. In general, PEC devices should operate in either highly acidic or highly alkaline 

solutions, in order to insure a low electrolyte resistance [181]. Unfortunately, Si is completely 

unstable in base and only moderetaly stable in acid [179]. In fact, it is a general problem that most 

photocathodes are not stable in alkaline media, so most experiments with photocathodes are 

done in acid, as shown in Figure 61. 

 

 

Figure 61 – Reported performance and stabilities for photocathodes used in the HER. Figure from [182] 

 

Unfortunately, it happens that for photoanodes there are almost no known OER catalysts that are 

stable in acidic conditions, except RuO2 and IrO2, which use rare and expensive noble metals 

[182,183]. For that reason, most experiments on the OER side are done in alkaline media, as 

shown in Figure 62. In particular, BVO is moderately stable in neutral and slightly alkaline media 

[182]. Therefore, to successfully combine BVO and Si in a tandem, we have to develop suitable 

protection layers for our TOPCon Si photocathode. Finally, another important aspect to consider 

is that the current matching condition still applies to our PEC tandem device, as it is essentially a 

2-terminal tandem. Therefore, for the photoanode material studied in this collaboration, based on 

BiVO4, one of the most important research aspects is to maximize its photocurrent output, in 

particular near the operating voltage. In order to achieve this, BVO research is focusing on a 

combination of bulk improvements and OER surface catalyst design, as illustrated in Figure 63 

(a). In the last decade, there have been remarkable developments in the photocurrent oh BVO, 

which is illustrated in Figure 63 (b). The maximum current is ultimately limited at 7.5 mA/cm2 due 

to the high bandgap of BVO (2.4-2.7 eV, as discussed below). Therefore it would also be desirable 

to investigate methods of lowering this bandgap. 
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Figure 62 – Reported performance and stabilities for photoanodes used in the OER. Figure from [182] 

 

 Note that BVO is an n-type semiconductor, in contrast with CZTS, which is p-type. However, 

due to the flexible design of the TOPCon polySi contacts, we do not have to change anything in 

the Si design in order to accommodate this difference. The only difference is that the BVO is 

deposited on the p+PolySi side, whereas the CZTS was deposited on the n+PolySi side. Essen-

tially, the Si wafer is simply flipped compared to the CZTS experiments.  

 

 
(a) 

 
(b) 

Figure 63 – Optimization routes for BVO: bulk improvements leading to a a higher photocurrent collection 
efficiency, and surface catalyst improvements, leading to lower OER overpotentials. (b) Historical pro-
gress of the BVO photocurrent output and device design. Figures from [184]; 
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Introduction 

 

The growing demand for energy consumption and storage worldwide will require the development 

of sustainable technological solutions for the production of electricity and fuels. Even for the sim-

plest fuel in the form of hydrogen, H2, there are still major engineering challenges that need to be 

overcome for achieving sustainable, scalable and cost-efficient synthesis methods [125]. One 

promising path is using photons from the solar radiation to drive a photoelectrochemical (PEC) 

water-splitting chemical reaction in a wireless monolithic device, akin to an artificial leaf, which 

integrates both the solar absorber and the catalysts necessary to drive the oxygen and hydrogen 

evolution reactions (OER and HER, respectively). A system based on a single photoabsorber 

would require a bandgap of at least 2.3 eV, due to the high free energy cost of 1.23 eV per electron 

to split water into H2 and O2 and the additional overpotential losses resulting from nonideal cata-

lysts and charge transfer kinetics [179]. With a high bandgap, a poor absorption of the solar spec-

trum would result in a trade-off limiting the practical solar-to-hydrogen (STH) efficiency to an es-

timated range of 10-15% [125,185]. Using a dual photoabsorber system with a photoanode (OER 

side) and photocathode (HER side) stacked in a tandem configuration, a greater STH efficiency 

can be achieved due to the combined voltage output, with possible practical STH values above 

25% [125]. There are several other stringent material requirements for photoelectrodes, such as 

band edge positions straddling the OER and HER potentials and good carrier generation and 

transport properties, as one would typically find in a proper photovoltaic absorber. Additionally, to 

minimize ohmic losses and pH gradients in the electrolyte, strongly acidic or basic solutions would 

be preferred [125,178,179,182,186,187], putting difficult stability requirements on the photoab-

sorbers. Using a tandem configuration, these constraints can in principle be alleviated by design-

ing combinations of materials appropriate for each side of the water splitting reaction [185].  

 The n-type monoclinic scheelite BiVO4 (BVO) is considered a promising photoanode candidate 

due to its favorable band edge positions, with flat band potentials at 2.4V vs. RHE (reversible 
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hydrogen electrode) and <200 mV positive of the HER, potentially allowing oxygen evolution at 

lower bias compared to other metal oxides [182,188,189]. Moreover, the low toxicity [190] and 

reasonable abundance of its elements [46], combined with a relative ease of synthesizing high-

quality films using low-cost solution processing methods [191], open possibilities for technology 

upscaling. However, the performance of pristine BVO photoanodes is still currently limited by low 

carrier lifetimes, poor electrical conductivity and underwhelming OER performance due to slow 

hole transfer kinetics at the surface [184,189]. Moreover, BVO shows reasonable stability only in 

neutral electrolytes [189,192–194]. To overcome these issues, several strategies are currently 

under investigation, such as morphology and nanostructure control, doping, p-n junction fabrica-

tion, cocatalyst loading and protection layer developments [184,188,189,191,192,195–197]. The 

ultimate goal of these research efforts is to combine BVO in a tandem device for unassisted water 

splitting [184], and a number of promising BVO-based tandems have been reported. Notably Pan 

et al. recently achieved a 3% STH efficiency using a Cu2O photocathode in tandem with BVO 

[198], and Abdi et al. reported a 4.9% efficiency using single- and double-junction amorphous Si 

solar cells as the photocathode [194]. A recent overview of water splitting tandem devices using 

BVO as photoanode has been compiled by Ahmet et al. [199]. However, a common aspect of 

these tandem devices is that they are not monolithic, i.e., there are at least two physically sepa-

rated components wired in series (photoanode/photocathode or hybrid PEC/Photovoltaic sys-

tems). A monolithic device would allow for in situ separation of O2 and H2 at each side of the 

monolith, would minimize the number of interfaces and would in principle allow easy operation 

and low costs, as reviewed by Rongé and colleagues [200]. To the best of our knowledge, mon-

olithic devices with BVO photoanodes are relatively unexplored. One concrete reason for that is 

that the sintering temperatures used during BVO synthesis (generally higher than 475 °C) would 

create a cross-compatibility challenge, meaning that only thermally resilient substrates would be 

available [186]. An example is the nanostructured monolithic WO3/BVO device developed by Shi 

et al. [193], where the high thermal stability of WO3 enabled the growth of BVO at 500 °C.  

 Another possibility would be to combine BVO with crystalline Si (c-Si) wafer-based technology. 

c-Si is potentially an excellent partner for a monolithic device owing to the historical developments 

of c-Si photovoltaic (PV) cells. In fact, PV-derived c-Si buried junctions have recently shown out-

standing performance as either photoanodes or photocathodes. Thanks to their high carrier life-

time and excellent collection efficiency, c-Si PEC devices have achieved open-circuit voltages 

(Voc) exceeding 600 mV, along with high fill factors (FF) which are mostly only limited by surface 

catalyst design, in particular for the OER. Moreover, reasonable stability across all pH ranges has 

been shown using appropriate protection layers [179,182,201–203]. A state-of-the-art c-Si pho-

tocathode was demonstrated by Wang et al. using a HIT-derived structure (heterojunction intrinsic 

thin-film interfaces of hydrogenated amorphous Si, a-Si:H, on monocrystalline Si), achieving an 

onset potential of 0.64 V vs RHE and a FF above 60%. However, this structure would be unfea-

sible for BVO integration due its low thermal resilience: the BVO annealing step would degrade 

the a-Si:H interface passivation, leading to a loss in photovoltage [109]. Instead, we propose in 

this work the use of a thermally resilient monocrystalline Si photocathode derived from a tunnel 

oxide passivated contact (TOPCon) structure. The TOPCon structure consists of a SiO2 tunneling 

layer and heavily doped polycrystalline Si selective contacts on both sides of a monocrystalline 

wafer, forming a p+PolySi/SiO2/c-Si/SiO2/n+PolySi structure. Excellent photocathode perfor-

mance and stability has been demonstrated for this structure [152]. Recently, we have applied 

this TOPCon Si structure as a bottom cell in photovoltaic tandem cells where the top cell consists 

of a chalcogenide compound (such as CuGaSe2 or Cu2ZnSnS4). We observed a remarkable sta-

bility of these Si structures when annealed in harsh conditions such as temperatures up to 575 
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°C in a sulfur atmosphere and with reacting metal species from the chalcogenide precursors [204]. 

Moreover, we have shown the high design flexibility of this structure, where the different layers 

can be tuned and combined with a diffusion barrier in order to protect the c-Si base and PolySi 

surface passivation [205]. 

 Therefore, in this work, we develop a process flow for monolithically integrating BVO using a 

TOPCon Si photocathode as substrate. On the Si side, we specifically assess the degradation of 

the Si photocathode after BVO synthesis and develop specific protection strategies suitable for 

monolithic fabrication. On the BVO side, we assess the properties of BVO on Si compared to 

standard FTO/Glass substrates and develop strategies to maximize the BVO photocurrent output.  

 

Challenges of Monolithic BVO/Si PEC devices 

 

 A schematic diagram of the BVO/Si artificial leaf structure proposed in this work is shown in 

Figure 64. There are three main challenges in achieving efficient unassisted water splitting using 

this structure: C1) There is a high current mismatch between BVO and Si, C2) The BVO/Si inter-

face should allow recombination of electrons from BVO and holes from Si, protect Si during the 

BVO synthesis and serve as a good substrate for BVO growth; and C3) The back side of the 

TOPCon Si photocathode (HER side) should be protected from electrolyte corrosion.   

 

 

Figure 64 – Schematic diagram of the BVO/Si artificial leaf and integration challenges (C1, C2, 
C3) addressed in this work.  

 

 The first challenge (C1) is related to the high bandgap of BVO (2.4-2.5 eV indirect, 2.6-2.7 eV 

direct [206,207]), which means that its theoretical maximum photocurrent output is 7.5 mA/cm2. 

In a series-connected monolithic device with Si, the operating current will always be set by the 

maximum achievable current output from the BVO side. Therefore, it is fundamentally important 

to optimize the BVO and surface co-catalyst performance in order to extract the maximum possi-

ble photocurrent. Additionally, achieving a high fill factor is also crucial as it ensures that a high 

current is obtained at the operating point.  

p+ polySi 

n+ polySi

n-Si

SiN 

BiVO4

Barrier

SnO2

OER Catalyst

Protection layer  

HER Catalyst

SiO2

SiO2

O2 O2

O2 O2

H2
H2

H2

H2

BVO/Si wafer

O2

O2
O2

O2

H2 H2 H2
H2

Membrane

AM 1.5

C1

C2

C3



 

 

PhD Thesis, Filipe Martinho, Technical University of Denmark, 2020 99 

 The second challenge (C2) is designing an interfacial layer that achieves the best compromise 

between BVO performance and Si degradation while also minimizing interface losses. For solu-

tion-processed BVO, this interfacial layer should provide good wettability, and therefore may have 

a significant influence on the properties of the BVO film. On the other hand, this layer should 

protect the Si structures from unwanted oxidation or contamination during any processing step, 

in particular the high-temperature BVO sintering. This interfacial layer should also provide an 

electrical function similar to a tunnel junction typical from III-V tandem devices, that is, a low dif-

ferential resistance for injection at very low voltages, allowing the recombination of holes from Si 

and electrons from BVO at the BVO/Si interface without voltage losses. Moreover, to ensure a 

high photocurrent contribution from the Si photocathode, the transmittance of this interfacial layer 

should be as high as possible for photons with energy lower than the BVO bandgap.  

 The third challenge (C3) is protecting the Si photocathode from electrolyte corrosion. In par-

ticular, Si is highly unstable in base [208]. Therefore, a suitable protection layer is required. This 

protection layer should be compatible with the high aspect ratios of Si wafer-based structures and 

with the chosen HER catalyst. Since the light is incident from the BVO side, there are no optical 

constraints on the protection layer and HER catalyst, which is one of the inherent advantages of 

this tandem design.  

 Additionally, the total number of 11 individual layers/components in the final device implies a 

complicated sequence of processing steps, with a nontrivial order. In the chosen sequence, the 

preceding structures should not be degraded by each new layer. In this work, we apply interme-

diate protection steps through sacrificial layers based on hydrogenated silicon nitride (SiN:H), 

photoresists and chemical etchings. 

 

Results (summarized) 

 To test the integration of BVO on Si, we have developed a simple spin coating approach for 

the BVO fabrication. The BVO subcell consists of a SnO2/BVO heterojunction, both deposited by 

spin coating. First, the SnO2 is obtained by spin coating a precursor solution of SnCl2 in methanol 

on the p+PolySi side, and annealing it in air at 500 °C for 1 h. For BVO, the two precursor solutions 

are bismuth (III) nitrate in acetic acid and vanadyl acetylacetonate in methanol. The precursor 

solutions are mixed in an amount to obtain a desirable Bi/V ratio, and spin coated on the previous 

SnO2 layer. Then, the samples are annealed in air at 475 °C for 30 min, forming BVO. For BVO, 

this process is repeated 4 times to achieve a desirable thickness of ca. 250 nm.  A resonably 

uniform coating area is obtained after the SnO2 and BVO depositions, shown in Figure 65 (a) and 

(b), respectively. We have measured the effective minority minority carrier of Si after the BVO 

fabrication, using the microwave detected photoconductance decay (µ-PCD) method, following 

precisely the same protocol as we did for CZTS, described in Paper 2 (Section 4.1) and Paper 

3 (Section 4.2). The results are shown in Figure 65 (b), for two different thicknesses of the polySi 

layer. There are two notable observations from this measurement.  

 First, even though in both cases there is some lifetime degradation, this degradation is far 

less severe than in the CZTS case, even though these samples were annealed once at 500 

°C and four times at 475 °C. Note that, in this case, there is also no barrier layer – the 

SnO2/BVO are directly in contact with the polySi layer. In contrast, with CZTS, even with a 

barrier layer of 10 nm TiN there was a significant degradation of Si, with final Si lifetimes 

around 50 µs. For CZTS, final Si lifetimes above 300 µs, as shown here for BVO, could only 

be demonstrated for a Ti(O,N) barrier or for a Si with a thicker PolySi (200 or 400 nm). This 

highlights that CZTS is a much more dangerous top cell material than BiVO4. As we have 

shown in our work, this is mostly the result of the detrimental contamination effects of Cu and 
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S. Essentially, this result shows why it was useful to investigate protection structures against 

CZTS fabrication, even though CZTS is not the best top cell candidate material. CZTS is 

almost a model contamination compound due to the presence of Cu, one of the worst con-

taminants in Si photovoltaics, and the harsh S atmosphere during annealing. Therefore, using 

CZTS is essentially like preparing for a worst-case scenario in terms of Si degradation.  

 Second, the Si degradation seems to be less severe when the polySi thickness increases, 

which is in line with our most recent (unpublished) results for CZTS and (Ag,Cu)IGSe top cell 

materials. Therefore, we believe that this effect is likely due to an additional protection by the 

polySi layer, as we observed for the other top cell materials. Nevertheless, further measure-

ments are required to confirm that this effect is indeed also occurring in this case. Namely, it 

is important to look at the element distribution profiles of the different elements after the fab-

rication process, for instance with SIMS.  

 

 

 (a) 

 

(b) 

 
(c) 

Figure 65 – Picture of the TOPCon Si wafers after (a) SnO2 and (b) BVO fabrication. The piece on the 
left has a 40 nm PolySi, whereas the one on the right has a 250 nm PolySi; (c) corresponding effective 
minority carrier lifetime measurements of the respective pieces after BVO fabrication.  

 

 Another important aspect of these experiments is to validate our TOPCon Si structure as an 

efficient photocathode device, before its integration with BVO. We note that this has been done 

before for a TOPCon device with a p-type bulk Si [152]. In Figure 66 (a), we evaluate the PEC J-

V characteristic curve of our Si photocathode using Pt as the HER catalyst. In this measurement, 

and all the linear sweep J-V measurement presented in this section, we use AM 1.5G illumination. 

The Pt layer was deposited by electron beam evaporation, and different Pt thicknesses were 

tested as measured by a quartz crystal. For these samples, no protection layers were applied, 

and the light was incident from the p+PolySi side, to simulate the illumination from the BVO side. 

To ensure a low resistance connection at the p+PolySi side, an ITO layer was sputtered on the 

p+PolySi, and a wire was attached using conductive silver paste. We find that 1 and 2 nm provided 
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an insufficient Pt loading, and the optimal value was achieved with 5 nm of Pt. To simulate the 

influence of the BVO annealings on the Si J-V curve, the measurement was repeated after sub-

mitting the Si photocathode to an annealing at 485 °C for 2 h in air, without any top cell deposition. 

The results, shown in Figure 66 (b), indicate that there does not appear to be a degrading influ-

ence of the annealing step.  

 

 
 (a) 

 

(b) 

Figure 66 – Effect of Pt catalyst loading on the ITO/p-TOPCon-n/Pt photocathode J-V characteristic 
curve, under AM 1.5G illumination; (b) Effect of the air annealing on the J-V characteristic curve. 

 

However, when testing this configuration in different electrolytes, we confirmed that indeed our Si 

photocathode is not stable in high pH electrolytes. In Figure 67 (a), we illustrate the effect of 

measuring the unprotected Si photocathode in a potassium phosphate electrolyte (KPi, pH 7). 

There are indications of degradation already on the first scan by the distorted J-V characteristic, 

indicating that secondary faradaic reactions are taking place, likely associated with the corrosion 

of the n+polySi layer underneath the Pt catalyst. This is likely due to the electrolyte contacting 

with the n+polySi through openings of the Pt catalyst. With just a few scans, the performance 

continues to rapidly degrade until there is no photoactivity (not shown here). On the other hand, 

the performance in acid (H2SO4) is reasonable, and compares with the benchmark of Si photo-

cathodes, an example of which is shown in Figure 67 (b) for a HIT Si photocathode.  

 

 

 (a) 

 

(b) 

Figure 67 – Illustration of the difference in photocathode J-V performance for different electrolyte pH. A 
rapid corrosion of the Si photocathode occurs in KPi (pH 7); (b) Example of the J-V characteristic for a 
crystalline Si photocathode based on the HIT structure, retrieved from [202].  
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To attempt to improve the stability of our Si photocathodes before the integration with BVO, we 

tested two different protection layer configurations based on previous work with crystalline Si 

photocathodes. An initial layer, common to the two cases, consists in using a thin (2 nm) Ti layer 

on the n+polySi, as described by Seger et al [209,210]. Then, in the first case, we used a SiOx 

deposited on top of the Pt by solution processing of polydimethylsiloxane (PDMS) in toluene, as 

described by Labrador et al [203]. The second protection layer consisted of a reduced graphene 

oxide (rGO) layer as described by Koo et al [211], in combination with the Ti layer. For the SiOx 

protection layer, we observed reasonable J-V characteristics for different combinations of Pt and 

SiOx thicknesses, as shown in Figure 68 (a) and (b). In particular, the SiOx protection layers do 

not seem to negatively impact the performance. The increase in the saturation current could be 

related to a reduced surface reflectance by the effect of the 10 nm SiOx [203], although this effect 

needs to be further investigated.  

  

 

 (a) 
 

(b) 

Figure 68 – J-V characteristic curves for the TOPCon Si photocathode with (a) 10 nm Pt and (b) 5 nm Pt, 
for different thicknesses of the SiOx protection layer. The electrolyte used was 0.5 M H2SO4. 

 

Most importantly, this Ti/Pt/SiOx protection layer configuration led to significant increases in the 

stability of the photocathode. In Figure 69 (a), the stability for a 0.5 M H2SO4 electrolyte is shown, 

and in Figure 69 (b) the stability for a 1 M KPi electrolyte is plotted. In both cases using a Ti (2 

nm)/Pt (5 nm)/ SiOx (5 nm) protecting configuration was used. In acid, we obtain reasonable sta-

bility, comparable to other reported Si photocathodes [203]. In the KPi electrolyte, the samples 

still degrade significantly. Note, however, that without the protecting configuration, the samples 

would completely lose functionality in a matter of minutes. On the other hand, this conditional 

stability is now comparable to that of BVO in KPi [184]. 
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 (a) 

 

(b) 

Figure 69 – Chronopotentiometric stability measurements for an ITO/p-TOPCon-n/Ti/Pt/SiOx configura-
tion with 5 nm SiOx, in (a) 0.5 M H2SO4 and (b) in 1M KPi. The current density was fixed at 10 mA/cm2. 

 

Changing the thickness of the SiOx layers was not successful in increasing the improving the 

stability, as we illustrate in Figure 70 (a)-(c) for 2, 5 and 10 nm SiOx respectively. Still, these 

protection layers could be used for an initial testing of a full tandem device, although the overall 

device would only be stable up to a few hours.  

 

 

 (a) 

 

(b) 

 

(c) 

Figure 70 – Chronopotentiometric stability measurements, at 10 mA/cm2, of the Si photocathode with a 
ITO/p-TOPCon-n/Ti/Pt/SiOx configuration, for SiOx thicknesses of (a) 2 nm, (b) 5 nm and (c) 10 nm. The 
electrolyte was 1 M KPi. 

 

 For the rGO case, we were able to obtain better stabilities, exceeding our 12 h test time as 

shown in Figure 71 (a). In particular, when the chronopotentiometric stability tests are conducted 

at a constant current of 3.5 mA/cm2, the degradation rate was reasonably low, as shown in Figure 

71 (a). This value was chosen to simulate the operating current in a BVO/Si tandem device. 

Therefore, we have explored, for the first time the possibility of using this Si TOPCon structure as 

a thermally resilient Si photocathode for the direct integration of BVO photoanodes. A PEC J-V 

characteristic curve comparable to the benchmark was demonstrated, and stabilities comparable 

or superior to BVO have been demonstrated in a neutral pH electrolyte. Still, further work is re-

quired to extend the stability of these structures for longer periods of time, consistent with real-

world operation. In the future, the BVO deposition step will be included in these structures, and 

the first monolithic BVO/Si device will be attempted. On the other hand, our future research plan 

is to characterize the optoelectronic properties of the BVO grown on the Si photocathode struc-

tures, in comparison with the standard single-junction Glass/FTO/SnO2/BVO. In particular, an in-

termediate barrier layer based on sol gel FTO is currently under development to assist in the 

monolithic integration of BVO on Si.  
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(a) 
 

(b) 

Figure 71 – (a) Chronopotentiometric stability measurement at 10 mA/cm2 for a ITO/p-TOPCon-
n/Ti/Pt/rGO; (b) Chronopotentiometric stability measurement at 3.5 mA/cm2, simulating the operating cur-
rent of a BVO/Si device, for a ITO/p-TOPCon-n/rGO/Ti/Pt. The electrolyte was 1M Kpi. 

 

On the BVO side, our SnO2/BVO spin coating recipe has been developed in conjunction with a 

FeOOH/NiOOH surface cocatalyst to produce photocurrent densities close to the the state-of-the-

art, as shown in the comparison of Figure 72 (a) and (b). The OER performance of our BVO 

devices is still considerably far from the sulfite oxidation reation (SOR), which simulates a 100% 

faradaic efficiency by introducing a hole scavenger redox species in the electrolyte, and repre-

sents the ideal BVO performance for non-limiting surface kinetics. Nevertheless, the current con-

ditions for our separate photoanode and photocathode fabrication indicate that the respective J-

C curves would intersect at an operating point near 1.7 mA/cm2. 

 

 

(a) 
 

(b) 

Figure 72 – (a) Comparison between our best Si and BVO J-V curves (for the sulfite oxidation and oxygen 
evolution); (b) Example of a state-of-the-art BVO SOR and OER J-V curves, from [192]. 

 

 The next challenge will be, then, to demonstrate that these performance values can be ob-

tained in a monolithic device. However, due to the high number of layers and process steps of 

the full device, it is important to establish a process flow where all these processes are compatible. 

In order to achieve that, we use some of the same ideas that we implemented in the CZTS/Si 

fabrication process flow. Besides increasing the thickness of the polySi layers, and a possible 

diffusion barrier, the SiN:H sacrificial layers are also useful here to isolate one of the surfaces of 
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the Si wafer during processing. Since the photocathode protection layers studied in this work do 

not require high temperatures, one promising possibility is to start with the BVO side, and remove 

the SiN on the n+Poly only after the full processing of the BVO top subcell, including the 

FeOOH/NiOOH cocatalysts. We have summarized this suggested process flow scheme in Figure 

73.  

 

 

Figure 73 – Process flow for the monolithic integration of BVO on Si. The process starts with a TOPCon 

Si wafer protected by SiN:H on both sides, fabricated in a cleanroom. Then, outside the cleanroom, the 

BVO top subcell and the photocathode structures can be developed by selectively removing the desired 

SiN layer with an HF etching.  
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5. Conclusion and outlook 

 

 In this work, we have explored strategies for increasing the thermal resilience of crystalline Si 

solar cells, based on modifications of the tunnel oxide passivating contact structure, in order to 

advance their adaptability into multijunction configurations with a wide choice of top cell materials. 

There were essentially three different modifications proposed:  

 

 The introduction of an ultrathin multipurpose metallic layer at the tandem interface with Si, 

with the functions of recombination layer and diffusion barrier against contaminants from the 

top cell, while simultaneously preserving a low resistance and high transparency. We have 

explored the particular case of titanium nitride-based barrier layers. We have shown that the 

choice of barrier layer is largely influencial in the protection of the bottom cell, and a nearly 

ideal protection with lifetimes of 1 ms was achieved even with the harsh CZTS as top cell; 

 The increase in the thickness of the n+ and p+ polysilicon selective contacts, from 40 nm up 

to 400 nm. This modification is specifically possible in tandem concepts due to the smaller 

transparency losses, and we found that it has a positive effect in protecting the bottom Si bulk 

by gettering contaminants from CZTS. This simultaneously allows a reduction in the thickness 

of the diffusion barrier to <5 nm, or it eliminates the need for a barrier layer completely if the 

top cell material is not as harsh as CZTS;  

 We implemented a process flow based on a sacrificial hydrogenated silicon nitride (SiN:H) 

layer on both sides of the Si wafer during the relevant processing steps of the different top 

cells. This SiN:H simultaneously improves the passivation of the Si interfaces, and protects 

the Si backside from contamination during the different processing steps.  

 

With a combination of these three modifications, it was discovered, for the first time, that the Si 

bottom structures can be remarkably resistant to very harsh top cell fabrication conditions. Par-

ticularly, we have shown how CZTS was an almost ideal model material to develop these struc-

tures, due to its extremely harsh fabrication conditions, with temperatures up to 575 °C and reac-

tive sulfur atmosphere. By using CZTS as a model material to test the resilience of Si, we have, 

in a way, prepared for one of the worst-case scenarios in terms of compatibility, and successfully 

overengineered the bottom Si structures. Remarkaby, this allowed us to apply our developed Si 

structure successfully with other top cell materials, without any need for additional protection 

schemes. Therefore, one of the biggest contributions of our work is this general aspect of the 

resilient structures developed, which appear to be compatible with a wide range of top cell mate-

rials. For that reason, I see this work continuing into the future as a promising line of research, as 

new materials for solar energy conversion appear, and as optimizations and breakthroughs in 

some of the currently known materials are achieved. As we discussed in the introduction section 

of this work, crystalline Si is likely going to be a part of any new technological innovation in the 

field. For that reason, research in any type of next-generation Si photovoltaic concepts should be 

particularly encouraged by the scientific community. On the other hand, the flexibility and versa-

tility of the Si structures developed in this work are a very interesting platform to explore future 

applications and the expansion into less developed fields, such as photoelectrochemistry. Finally, 

we note also that the passivating contact structure used in this work (and the general polysilicon 

on oxide routes) are a relatively new trend in the field, as its excellent photovoltaic properties have 
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only been demonstrated in the last decade. It is currently a technology on the verge of industrial 

uptaking, making it a clearly relevant candidate for future research on its expansion into new 

applications. In particular, I believe that there are still many hidden possibilities for future improv-

ing the thermal resilience of these structures, namely by exploring different types of barrier layers. 

The current industrial developments and lowering costs of atomically-resolved deposition meth-

ods such as atomic layer deposition (ALD), should enable very interesting new configurations for 

ultrathin barrier layers, beyond the titanium nitrides used in this work.   
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