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Preface 

This thesis was prepared at the Department of Photonics Engineering at the Technical 
University of Denmark in fulfillment of the requirement for acquiring a Ph.D. degree in 
Photonics Engineering. The work was supervised by senior researcher Stela Canulescu as the 
main supervisor and Dr. Scient. Jørgen Schou as the co-supervisor. 

This work is part of the alternative abundant, environmentally friendly solar cell absorber on a 
silicon-tandem cell (ALTCELL) project, which was supported by the Innovation Fund 
Denmark (grant number 6154-00008A). The project involved three Ph.D. students, several 
senior researchers at the Technical University of Denmark and partners.  

The goal of the ALTCELL project was to integrate earth-abundant, non-toxic Cu2ZnSnS4 
(CZTS) as a top and a well established Si as a bottom cell to make a CZTS/Si tandem cell. 

CZTS was made by three deposition techniques, which are pulsed laser deposition (PLD), co-
sputtering, and solution processing. My role was to fabricate CZTS by PLD. I was privileged 
to pursue my interest within the research field. 

Roskilde, May 27, 2020 

Mungunshagai Gansukh 
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Abstract 

Cu2ZnSnS4 (CZTS) is a promising p-type solar cell absorber material that consists of earth-
abundant and non-toxic elements. It has a high absorption coefficient and an ideal bandgap of 
1.5 eV for single-junction solar cells. This work has been focused on improving all aspects of 
CZTS solar cells made of Pulsed Laser Deposition (PLD). PLD is a versatile, non-equilibrium 
technique for depositing complex materials. The studies are divided into PLD improvements, 
CZTS absorber properties, device performance and CZTS/Si tandem devices. 

PLD is a technique that in principle is simple to operate, but many of the subprocesses are 
difficult to control. We have found that the deposition of oxide and sulfide precursors depends 
in a similar way on the laser fluence. The deposition can be carried out with high reproducibility, 
lower deposition time and more homogeneous films over a large area. We have in previous 
studies done by our group deposited Cu-poor precursor films from a stoichiometric target at 
low fluence. By changing the stoichiometric target to a Cu-poor/Zn-rich target it was possible 
to deposit Cu-poor films with shorter deposition time and better reproducibility at high fluence 
(2 J/cm2). Decreasing the spot-size also enabled us to obtain a more spherical-shaped plasma 
and deposit larger-area samples with a smaller thickness gradient compared to the previously 
used more forward-directed plasma onto the substrate. When the deposition conditions were 
set, various targets could be exchanged to deposit precursors of the desired composition. 

A number of fundamental properties of CZTS have been investigated as well, ranging from 
synthesis from oxide precursors, Ag alloying and Ba alloying of CZTS and Cu/Zn ordering of 
CZTS. UPS and XPS depth profile measurements were performed at Ag alloyed CZTS 
absorbers to investigate the band structure at the interface between the buffer layer of CdS and 
the Ag alloyed CZTS. From the data, we have estimated that the Ag alloying reduced the 
conduction band offset (CBO) at the interface. Ba alloyed CZTS absorbers have been 
synthesized and we have observed differences in the Raman and photoluminescence spectra 
relative to the pure CZTS. However, the efficiency improvement was negligible compared to 
pure CZTS. Without establishing the baseline process it was difficult to draw conclusions. We 
have also studied the formation mechanism of CZTS from oxide precursors. The SnO2 phase 
was the last one to convert to sulfide and SO2 gas formed a bubble-like structure during the 
oxide route process, and it was possible to obtain high-quality CZTS with large grains with an 
oxide route. We have increased the in-house PLD efficiency from 2.6% to 5.4% by using the 
oxide route. This achievement was only marginally better than the previous PLD record cell of 
5.2%, which was sulfurized and annealed at UNSW, Sydney, Australia. However, if we use 
anti-reflective coating as in 5.2% solar cell we can still increase the efficiency. 
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On the device level, the post-annealing process has been studied extensively. It is a heat 
treatment process that is common for kesterite solar cells and a process that involves many 
layers and different effects on the layers. We have tried a combination of pressure and 
temperature at the different stages of the fabrication process to rule out the possible 
interpretations. At least two major processes contribute to the enhancements after the post-
annealing, the quality of the buffer layer CdS and the formation of a high bandgap barrier layer 
that reduces non-radiative recombination.  

The first tandem device based on a Si-bottom cell with a top layer of CZTS deposited by PLD 
has been made. We have compared the oxide and sulfide routes for synthesizing thin films of 
CZTS on Si. The oxide route showed the most promising result because it limited the sulfur 
exposure on the Si bottom part. Moreover, the TiN barrier was partly oxidized into TiON, 
which is a better diffusion barrier against Cu and a more transparent layer. However, it also has 
a higher resistance and a lower fill factor (FF). When Si with the bandgap of 1.1 eV is used as 
a bottom cell for a tandem device, ideally the top cell should have a gap of 1.7 eV. By 
synthesizing more Cu/Zn ordered CZTS absorbers, we have increased the bandgap from 1.5 to 
1.6 eV to better match the CZTS/Si tandem device.  
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Dansk abstrakt 

Cu2ZnSnS4 (CZTS) er et lovende solcelle absorber materiale, der består af hyppigt 
forekommende og ufarlige grundstoffer. Det har en høj absorptions koefficicnt for sollys og et 
bånd gap på 1.5 eV, der netop passer til sollysets bølgelængde for enkelt grænselags-(junction) 
solceller. I dette arbejde bliver der redegjort for forbedringer af CZTS solceller, der er 
fremstillet med Pulsed Laser Deposition (PLD). PLD er en alsidig, ikke-ligevægts teknik, der 
er velegnet til at pålægge tyndfilm af materialer med kompliceret sammensætning. 
Undersøgelserne dækker forbedringer af PLD-teknikken, studier af CZTS absorptionslaget, 
egenskaber ved CZTS, solcellen og den udviklede tandems celle (CZTS/Si)s funktion.  

PLD er en teknik, der kan bruges til produktion af tynde film uden større forberedelse, men en 
præcis tyndfilmsdeponering kræver deltaljeret kendskab til delprocesserne i PLD. Et af 
resultaterne er, at deponeringen af sulfider og oxider til CZTS absorbere afhænger på same 
måde af fluence, d.v.s. laser energi per areal. Samtidigt har vi forbedret deponeringen til kortere 
pålægningstid og mere homogene film over større arealer. Tidligere måtte vi benytte lav 
fluence og dermed lange kørsler for at få en film med lavt Cu-indhold, som er den 
sammensætning et absorber materiale af CZTS skal have for at blive en effektiv solcelle. Ved 
at benytte et kobber-fattigt target kan man opnå den samme sammesætning af en film ved en 
høj fluence (på 2 J/cm2), men med langt kortere deponeringstid. Samtidigt kunne man også 
reducere laser beam pletten, således at det laser-deponerede plasma under PLD processen blev 
mere kugleformet og materialet dermed mere homogent fordelt over et større areal. Efter at 
deponerings parametrene var fundet, kunne man indsætte forskellige targets for at opnå den 
ønskede startfilm for CZTS.  

Af fundamentale egenskaber for CZTS har vi undersøgt ændringer, når CZTS blev fremstillet 
fra en startfilm af en oxid, legeringer med Ag og Ba samt ordning af Cu/Zn.  UPS and XPS 
dybde profiler blev udført med en legering af Ag og CZTS  for at undersøge bånd strukturen i 
i grænselaget mellem CdS/Ag og CZTS. Vi har beregnet, at i en legering med Ag blev 
ledningsbåndets offset reduceret i grænsefladen. Endvidere blev CZTS absorber materialet 
legeret med Ba og vi observerede ændringer i deres Raman and fotoluminescence spektre. 
Derimod var ændringerne af effektiviteten i forhold til rent CZTS meget små, og det var ikke 
muligt uden en nul-linie at uddrage nogen konklusion.  

Vi har også studeret omdannelsesprocessen fra oxid start-laget til CZTS. SnO2 fasen er den 
sidste fase, der bliver omdannet the sulfid og SO2 gas byggede en  boble-agtig struktur op i 
oxid rute processen. Det var muligt at fremstille CZTS med store korn med  oxid ruten. Vi har 
samtidigt forøget DTU rekorden med film fremstillet med PLD fra en effektivitet på 2.6% op 
til  5.4%. Denne præstation var dog kun marginalt bedre end den fra den tidligere rekordcelle 
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med PLD på 5.2 %. Den tidligere rekord var dog opnået med et antireflektivt lag i modsætning 
til den nye værdi. Bliver cellen forsynet med en anti-reflektiv coating, vil effektiviteten normalt 
stige. 

På celle niveau er post-annealing processen studeret grundigt. Det er en opvarmnings 
process, ”udglødning”, som er almindelig for kesterit solceller med mange forskelige lag og 
som indvirker på mange forskellige processer i cellen. Vi har prøvet en kombination af gastryk 
og temperatur på forskellige stadier af udglødningen for at identificere de vigtigste processer 
under udglødningen. Vi har demonstreret at to vigtige processer bidrager til den forøgede 
effektivitet, den bedre crystal kvalitet af CdS og dannelse af en høj bånd gap barriere der 
formindsker rekombination af ladningsbærer uden lysudsendelse.   

Den første tandem celle bestående af et toplag af CZTS deponeret med PLD ovenpå en bund-
celle af silicium er blevet bygget. CZTS laget blev bedst, når det blev fremstillet med et oxidlag 
som startlag i stedet for et sulfidlag, da der så ikke var nogen svovl diffusion ind i det 
underliggende silicium. Derudover blev barriere-laget af TiN delvist oxideret til TiON, som er 
en bedre diffusionsbarriere end  TiN og også mere transparent. Til gengæld er modstanden i 
TiON større, således at fill factor (FF) bliver mindre. Når Si med et bånd gap på 1.1 eV  bruges 
som bundcelle, er topcellens optimale energi gap 1.7 eV. Det er mere end hvad man kan opnå 
med CZTS, men det er tænkeligt at man kan lave en CZTS celle med en større grad af Cu/Zn 
orden, således at man kan få energigabet op fra 1.5 eV til 1.6 eV og dermed give et bedre match 
til silicium i bundcellen.  
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Chapter 1 
Introduction 

1. Introduction
1.1. Energy outlook

In most cases, projections and predictions do not hold true. Usually, it is not because 
the predictions were wrong but circumstances and assumptions they are based on 
constantly change in a dynamic environment. Even if the prediction holds true, it could 
have completely different timing of an event. This chapter will discuss many possible 
future scenarios, which might or might not happen. Therefore, I apologize to the reader 
who may have a different scenario of future events. However, it is better to have a 
rough estimate of what could happen in the future. So here it goes. 

Back in the days, humans discovered many tools to make life easier and one of them 
was the fire. We began by burning woods and then proceeded to coal, oil and gas, 
which are called fossil fuels. The fossil fuels are simply the result of plants and animals 
that have accumulated energy in organic form for millions of years. By burning these 
fuels, we have turned the wheel of the industrial revolution and opened the door for 
new technologies. As life becomes easier, the global population increases, and so does 
the consumption of fossil fuels. As of now, if we continue to burn fossil fuels at this 
rate without change we would have 115 years of coal and about 50 years of gas and oil 
reserves1. This is not taking into account a higher energy demand in the future. Yes, 
we are running out of fuel soon unless somebody discovers another huge fossil fuel 
reserve. However, the main issue is not about the shortage of fuel supply. It is about 
the environmental effects of burning fossil fuels.  

Many side effects are arising from the burning of fossil fuels. However, the one that 
got the most attention is the increase in CO2 emission, which is changing the 
atmosphere and could potentially change the climate. One of the possible predictions 
we have concerning the effect of increased CO2 emission is that the global average 
temperature will increase, as the accumulation of CO2 in the atmosphere will result in 
a greenhouse effect. Triatomic molecules like CO2 are good at absorbing infrared 
radiation (around a wavelength of 10 µm) that is emitted from the surface of the Earth. 
The absorbed infrared radiation warms the atmosphere, which will also emit heat to 
the surface of the Earth and increase the average temperature. An increase in the global 
average temperature can have devastating effects on wildlife. The most vulnerable 
ones might be the coral reefs, which would mostly die at an increase of 2 °C. However, 
global warming predictions have many flaws. For example, it is not possible to account 
for how water, which makes 70% of Earth's surface, will behave with an increase in 
average temperature. Water is too complex to add to the climate model. One can argue 

1 https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-
energy/downloads.html 
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that the small temperature increase will evaporate more water and form more clouds. 
This could actually make Earth more reflective to incoming radiation and become 
cooler with an increase in CO2 emission. The honest answer is that we do not know 
what will happen if there is too much CO2 in the atmosphere. Global warming is just 
one of the scary scenarios that could happen. There could be other domino effects such 
as a small increase in Earth’s temperature will release methane under the permafrost 
leading to even higher temperatures, the rise of ancient virus under the permafrost, and 
the World War 3 over the dominance over the warming Arctic ocean, etc. I want to 
add that things are not certain and that not knowing what will happen is actually scarier 
than the global warming scenario.  

The year 2020 is becoming an interesting year due to the COVID-19 pandemic. Many 
airlines, factories and industries were shut down for a short time. Even the 2020 
Olympics were postponed until 2021 due to the COVID-19. Followed by the low 
consumption of energy, fuel prices have dropped into the negative region for some 
days in the USA2. Even with the shutdown in 2020, the forecast shows that the CO2 
emission will only fall back to where it was a decade ago (Fig. 1.1). So, we can clearly 
see how dramatic a change we have to make to decrease the CO2 emission that has 
been growing over the years. This might show how much drastic change would be 
required for lowering the CO2 emission.  

Fig. 1.1. Global CO2 emission from 1900 to the present3  

Luckily, instead of just trying to shut down everything there are alternative energy 
sources available, such as nuclear, wind, solar, hydro, and geothermal energy. Nuclear 
energy is a decent candidate for replacing fossil fuels because it has the scale and 
technology to actually supply the global energy demand. However, it has its own 
drawbacks due to its risk of managing, environmental issues, and possible use in 
nuclear weapons that can kill even more lifeforms. Locations that can be used for 
geothermal energy sources are a jackpot if you have it close to a fresh water source 
and highly populated cities. Unfortunatly, there are not many places fulfilling these 

2  https://www.bbc.com/news/business-52350082 

3 https://www.bbc.com/news/science-environment-52485712 

2
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requirements. The cost of producing energy from geothermal sources is much cheaper 
and resources can be used for other things than energy (such as tourism, sauna, and 
central heating). Hydroelectric power generation is also a good source of renewable 
energy that is also restricted to certain locations. Then come wind and solar energy, 
which are my favorites. Wind and solar energies are less location-specific than hydro 
or geothermal. However, some places are less windy or do not get enough sunshine 
that are not economically justifiable. The most suitable places for harvesting solar 
energy are close to the equator which receives the highest amount of sunlight. Wind 
and solar energies can be utilized for making small self-sustaining island systems that 
do not need heavy investment in infrastructure. Especially solar energy can provide 
energy from small portable devices that can charge your phones or gadgets wherever 
you go.  

Fig. 1.2. Global energy source transition outlook. Source: https://www.bp.com/ 
(2019) 

Natural gas and renewable energy account for 85% of the growth in primary energy 
consumption. In Fig. 1.2 renewable energy is growing 7.1% annually which is the 
fastest-growing energy source. Unfortunately, even at this pace, it will take a few more 
decades for renewables to become the primary source of energy. As I mentioned before, 
nothing is linear and predictable. Renewable energy production may grow at an even 
faster rate. The photovoltaic (PV) technology converts solar energy directly into 
electricity, it needs less power infrastructure contrary to conventional power 
generation, and it is a DC source.  

3

https://www.bp.com/


1.2. Solar energy 

Fig. 1.3 Renewable energy growth by power generation source and region. 
Source: https://www.bp.com/ (2019) 

Each year 23000 TWy of energy from the sun hits the Earth's surface, whereas the 
annual global energy consumption of 18.5 TWy (2015) 4 . Even the largest non-
renewable reserve energy of coal is just 830 TWy. Solar energy is projected to grow 
anywhere between 5 to 10% per year (Fig.1.3). The growth rate will depend on the 
price of energy production and policies. Based on the learning curve, this growth will 
be aided by the cost reduction as the production increases. Therefore, the initial 
funding and support are necessary for it to decrease the cost to make it suitable for the 
market. 

In my opinion, harvesting solar energy still has lots of room for improvement. Firstly, 
we need to find a low-cost fabrication method for earth-abundant, high-quality 
absorber materials. As shown in the Fig.1.4, the learning curve for thin-film technology 
has almost the same price but a lot less cumulative production compared to Si. It will 
be much easier to reduce the cost of thin-film technologies and at some point, the cost 
should be less than that of Si. Secondly, there are other alternative materials, which 
don’t use scarce elements, like In and Ga in the CIGS and Te in CdTe. Thirdly, there 
are also conceptual improvements being developed, such as tandem solar cells or 
photochemical cells. 

One of the main challenges for solar power is limited control over electricity 
generation. The sun is not always shining and it changes its positions based on our 
reference. The sun’s position is quite easy to track but the cloud coverage is 
uncontrollable. On the other hand, fossil fuel power generation supply could be 
controlled according to the demand. There is a possibility of using the generated solar 
power only when it is available or make a grid with other types of power plants to 
balance the supply and demand. Therefore, storage is a necessary part of a PV system 

4 http://asrc.albany.edu/people/faculty/perez/index.html 
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for providing independent energy supply. The battery adds to the cost of the PV system 
as a necessary element.  

Fig. 1.4. The learning curve of module price as a function of cumulative 
production for GW scale PV technologies. Source: Fraunhofer ISE 2018 

There are rural areas without power infrastructure in many countries. Usually, it costs 
a lot to initiate infrastructure for conventional power grids. There is also a problem of 
supplying raw materials such as coal, gas and oil to the power plant. We can say that 
solar energy is available everywhere. Scalability is not an issue for solar power, as it 
can be as small as to charge your phone or big as a power plant. One could potentially 
make a local DC power grid. With electrical power, technological advancement in 
household electronics such as freezer, internet, and lights will greatly improve the 
living standards.  

1.3. Thin-film solar cell 

Fig. 1.5. Best research cell efficiencies to date[1] 

At the moment, the global PV market is dominated by modules made of crystalline Si 
solar panels. Almost 94.5% of the modules are made of crystalline Si solar cells and 

5



the rest is divided into thin-film technologies of CdTe (4.2%), amorphous Si (0.1%), 
and CIGS (1.2%)5. Si technology is much more mature than technologies used in any 
other material. Si also dominates the semiconductor industry. Microchips, 
photodetectors, thermometers, camera sensors are all made of Si. 30% of the earth’s 
crust consists of Si, making it the second most abundant element after oxygen. It is 
also a non-toxic element. It is a good intrinsic semiconductor that can be changed to 
p- and n-type conductivity with a small amount of doping with other elements. The
record power conversion efficiency (PCE) achieved by the c-Si solar cell is 26.7% (Fig.
1.5) compared to its theoretical Schockley-Quiesser[2] limit of 29%.

However, there is a drawback due to its indirect bandgap of 1.1 eV, which gives Si a 
poor light absorption. A bandgap value of 1.1 eV is below the ideal bandgap of 1.4 eV 
for optimum solar harvesting. Thin-film solar cells have thicknesses around 1 µm 
compared to the 200-300 µm thick c-Si solar cells. They are much thinner than c-Si 
due to the superior light absorption properties and do not need thick layers to absorb 
the incoming light like c-Si. With less thickness, they have the advantage of using less 
material. In addition, when materials become as thin as 1 µm they become more or less 
flexible. Flexibility is an important property, which makes it possible to enhance the 
durability and ease of transportation.  

GaAs thin-film solar cells are used for space and military applications where the 
performance is important and costs are non-essential. The power conversion efficiency 
(PCE) record GaAs cell has reached 29.1% (Fig. 1.5), which is also getting closer to 
the theoretical Schockley-Quiesser [2] limit of ~33.5% for the single-junction solar 
cell under the standard condition AM1.5. CIGS and CdTe are the commercially 
available thin-film technologies that have reached 20% efficiency (Fig. 1.5).  As 
mentioned before, based on the learning curve, thin-film technologies have a much 
brighter future than c-Si solar cells in terms of performance.  

Fig. 1.6. A set of screening conditions for solar cell absorber materials[3] 

5 Fraunhofer ISE 2020 
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1.4. CZTS 

To understand the success of Si and other technologies and why we are studying CZTS 
we have to think about what properties an ideal solar absorber material should have. 
Solar cell absorber materials are screened by their properties such as bandgap, 
absorption coefficient, presence of defect and ease of device production (Fig. 1.6)[3]. 
In addition, solar cell absorber materials should consist of non-toxic and earth-
abundant materials to be safe and feasible for mass production. In 2011, the European 
Commission decided to support the technologies free of Critical Raw Materials (CRM), 
which excludes In, Ga and Te6. GaAs (green in Fig.1.7) is almost a perfect material for 
solar cells, as we have mentioned in the previous section. It has a direct bandgap of 1.4 
eV, a high absorption coefficient and low-level defects. The only downside of GaAs is 
the expensive epitaxial growth used for production that limits the possibility of mass 
production. CIGS (purple in Fig.1.7) consists of Ga and In which are not considered 
as abundant elements. CdTe (pink in Fig.1.7) on the other hand consists of toxic Cd 
and non-abundant Te. CdTe is produced and used in the United States (US). The 
European Union (EU) and most non-EU countries limit the usage of Cd. CZTS solar 
cells are developed by changing In, Ga to abundant Zn, Sn (purple arrows in Fig. 1.7). 
CZTS consists of non-toxic and earth-abundant elements. It has naturally occurring p-
type conductivity from intrinsic point defects. A direct bandgap of 1.5 eV and a high 
absorption coefficient of 104 cm-1 are ideal properties for single-junction solar cells. It 
is the most promising inorganic solar cell material in terms of basic properties.  

Fig. 1.7. Elements used for organic (black), Si (red), GaAs (green), CIGS 
(purple), and CdTe solar cell absorbers 

6 https://eur-lex.europa.eu/legal-content/EN/ALL/? uri=COM:2017:0490:FIN (accessed 14 February 
2017). 

7



The CZTS power conversion efficiency is increasing continuously over the last decade 
and has reached 11% (Fig. 1.8) [4]. The Se substituted Cu2ZnSn(S,Se)4 solar cells have 
even reached a research-cell efficiency of 12.6%[5]. Compared to other earth-abundant 
and non-toxic element absorbers, it has reached the highest efficiency and also more 
papers have been published (Fig. 1.9).   

Fig. 1.8. Efficiency development of CZTS solar cell over the years. 

In a broad base, Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S,Se)4 
(CZTSSe) are called kesterites due to their crystal structure. The structure of kesterite 
absorbers is tetragonal (𝐼𝐼4� space group). The bandgap of CZTS can be tuned by adding 
Se or by cation substitution with Ag, Cd or Ge, etc., as will be discussed further. The 
technologies used in CIGS thin-film solar cells are highly compatible with CZTS thin 
films solar cells. Most of the advancements in CIGS, like alkali doping, bandgap tuning, 
and solar cell structure are directly implemented to kesterite.  

Fig. 1.9.Number of publication each year for different earth-abundant and non-
toxic thin film absorber materials[3] 
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1.5.  Challenges of CZTS 

Cu and Zn have a similar atomic radius of 0.128 nm and 0.137 nm, respectively. They 
are also isoelectronic elements. Due to this reason, it is relatively easy for them to 
change lattice sites and form CuZn and ZnCu antisite defects. However, Cu and Zn 
antisites are not believed to be major issues for the performance of the device and only 
form shallow defects.  

Sn loss in CZTS absorbers is known for hampering the performance of the device. It is 
due to the fact that Sn forms a volatile SnS phase during the annealing process with the 
sulfur atmosphere. Adding Sn powder during the annealing process has resulted in a 
dramatic increase in performance[6], by replacing the lost SnS in the film during the 
annealing. 

In addition to volatility, Sn is also a multivalent element that has Sn+2 and Sn+4 
valence states. Most of the deep level defects are assumed to be Sn-related defects. Sn 
on Zn antisite defects, namely SnZn and Cu on Sn defects, CuSn, could be potential 
recombination traps (Fig. 1.10). It is consistent with the most widely known fact that 
CZTS requires Cu-poor and Zn-rich composition.  

Fig. 1.10. Thermodynamic charge transition levels in CZTS[7] 

1.6. Doping with alkali elements 

Another common fact for good performing CZTS is that it needs alkali elements, either 
by intentional doping or by employing a soda-lime glass substrate. CIGS solar cells 
have achieved great results by doping with alkali elements and alloying (Fig. 1.11). 
Although it is difficult to decouple the effects of doping from the change in reaction 
path, morphology and composition in each study, it is generally shown that alkali 
doping improves the performance. Alkali elements such as Li, Na K, Cs and Rb 
increase the acceptor density and improve the morphology[8].  
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Fig. 1.11. Kesterite and chalcopyrite solar cell efficiency (a) and VOC deficit (b) 
as a function of bandgap[9] 

Fig. 1.12. Average CZTSSe device efficiency as a function of nominal Sn 
content and the high alkali concentration[10]  

Stefan G. Haass et al. showed that the effect of alkali doping of different elements has 
a strong dependence on Sn content (Fig. 1.12)[10]. For each alkali element, the Sn 
content has to be adjusted accordingly. From lighter Li to heavier Cs, the best 
performing cells have Sn/(Cu+Zn+Sn)  metal ratio from 33.3 to 26.5%. In this study, 
lighter elements were more effective dopants with the order of Li >Na> K> Rb> Cs. 
Many issues however directly or indirectly point towards Sn. Understanding the 
reasons might advance the performance of CZTS solar cells.  

1.7. Alloying 

Alloying of Li, Ag to the substitution of Cu and Mn or Cd for substitution of Zn are 
some alloying-routes for CZTS (Fig. 1.13). In CZTSSe solar cells, Li/(Li+Cu) ratio of 
3-7% alloying gives the best results[11]. Ag doping of kesterite has shown promising
results. Due to the larger atomic radius of Ag compared to Cu, the Cu-Zn disorder seems
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minimized. However, the full substitution of Cu with Ag changes the conductivity from 
p-type to n-type. Ag doping of Ag/Cu of 7% has shown ideal results[12]. Obviously,
Ag is a precious metal. Its use in mass production thin-film solar cells could be only
justified if it is used in a minuscule amount. For the research purpose of understanding
CZTS absorbers using Ag, it is fully justified to include it. Substituting of Zn with Mn,
Fe and Cd are shown to tune the bandgap. Cu2FeSnS4 and Cu2MnSnS4 have bandgaps
of 1.46 and 1.28 eV, respectively, compared to the CZTS bandgap of 1.51 eV[13].
However, alloying with Fe and Mn did not result in a meaningful increase in
performance. Alloying of Cd, on the other hand, reached an efficiency up to 11%[14],
where reduced band tailing and VOC deficit were observed. Double cation substitution
of 5% Ag and 25% Cd demonstrated that it improves different performance-limiting
effects[15]. Cd affects the valence band maximum (VBM) position while Ag decreases
the acceptor charge carrier density.

Fig. 1.13. Doping and alloying used in kesterite solar cells[8] 

1.8. Device structure 

The CIGS device structure is directly applied for CZTS solar cells. Most of the devices 
still use a Mo back contact deposited on soda-lime glass (SLG) as a substrate. CZTS 
precursors are deposited on the Mo/SLG substrate and then annealed at a temperature 
of around 570 °C in the presence of sulfur powder. In the next step, a CdS n-type buffer 
layer is deposited by chemical bath deposition (CBD). Transparent conductive oxide 
layers, such as ZnO, fluorine-doped tin oxide and indium tin oxides are used as the top 
contacts (Fig. 1.14 (a)).  

There is a significant number of studies of using different back contacts, interlayers at 
CZTS/Mo and buffer layers. Although the structure of the CZTS device has been 
updating from that of the CIGS solar cells, up to now, the most efficient CZTS solar 
cells have the same structure. The Mo back contact and CdS buffer layer proved 
themselves more stable and reproducible. 
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Transparent FTO and ITO back contacts have been demonstrated in kesterite solar cells 
(Fig. 1.14 (b))[16,17]. Transparent back contacts allow the solar cell to absorb light 
from both sides that make it a bifacial solar cell. Bifacial solar cells have huge potential 
if they reach high efficiency and find their applications. However, the high-temperature 
annealing process in the chalcogen atmosphere (S or Se) degrades the transparent 
backcontacts[18]. 

Interlayers between CZTS and Mo back contacts are studied more in-depth. Most 
notable ones are TiN[19], ZnO[20–22], MoOx[23,24] and Al2O3[25]. Actually, the 
record efficiency of 11% CZTS device has a 3 nm thick Al2O3 layer[4]. These 
interlayers protect Mo back contact from excessive chalcogenation in Mo(S,Se)2. Cd is 
a toxic element that should be avoided if possible Also, CdS has a bandgap of 2.4 eV, 
which results in absorbing the higher energy photons in the solar spectrum for CZTS 
absorber. It also reportedly results in a cliff-like conduction band offset (CBO) at the 
CdS/CZTS interface. Cd-free buffer layers such as ZnS[26], Zn(O,S)[27], Zn1-

xSnxO[28,29], In2S3[30,31], have been demonstrated. Better devices with Zn1-xSnxO 
buffer layers compared to CdS have achieved due to an increase in VOC.  

Monolithic integration of third-generation solar cell material (bandgap around 1.7 eV) 
with Si (bandgap of 1.1 eV) has the potential for exceeding the efficiency of the 
Schockley-Quiseser limit for single-junction solar cells as a tandem solar cell. A 
CZTS/Si tandem solar cell has been demonstrated with tunnel oxide passivated contact 
(TOPCon) structure shown in Fig. 1.14 (c)[32]. Although the CZTS bandgap is 1.5 eV, 
which is not ideal for 1.7 eV used in Si tandem solar cells. However, alloying CZTS 
with other materials and by using Cu-Zn ordered CZTS to get higher bandgap is still 
possible. TiN diffusion barrier was used for limiting defect inducing elements from 
CZTS to Si. The performance of CZTS/Si tandem solar cells is limited by the high-
temperature chalcogenation process used for the CZTS layer and largely depends 
largely on TiN barrier layer properties[33].  

Fig. 1.14. CZTS absorber used in a standard, bifacial and CZTS/Si tandem solar 
cell structures 

(a) (b) (c) 
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Chapter 2 
Pulsed laser deposition of 
CZTS 

2. Pulsed laser deposition of CZTS
2.1. Brief introduction

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) technique that uses 
high energy laser pulses to ablate a target material and deposit it onto a substrate (Fig. 
2.1). Due to its pulsed nature, selective materials can be grown with good thickness 
control. Each pulse accounts for the deposition of less than 0.1 nm, which make it 
suitable for the deposition of 2D materials[34,35]. Moreover, there is more freedom of 
using a background gas, because a vacuum or low-pressure condition is not necessary 
for deposition. The first successful application usage of PLD was in growing high-
temperature superconductor YBa2Cu3O7-x. One of the well-known features of PLD is 
the congruent material transfer from the target to the substrate. This feature could be 
useful for complex materials, such as the quaternary CZTS. Of course, there should be 
certain conditions that have to be met, like the laser fluence should be above 2 J/cm2 
for CZTS. At a low fluence, below 0.6 J/cm2, a non-stoichiometric transfer of Cu from 
the CZTS target to the substrate has been reported[36,37].  PLD can also be time-
consuming and difficult to reproduce for depositing thin films. There are good reviews 
on the detailed explanation of PLD if one is interested. I would recommend Ashfold et 
al.[38] and Schou’s[39] review papers.  

Fig. 2.1. Pulsed laser deposition of Cu-Zn-Sn-S target from the side view 
(actual) and the top view (schematics) 
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In this work, we used a KrF excimer ultraviolet (UV) laser with 248 nm wavelength 
and pulse duration of 25 ns. The targets were made by sintering of binary powders. 
When a high power pulsed laser hits the target surface, complex photon electron 
interactions occur on the surface. Electrons get excited by the photons and release their 
energy to lattice phonons[40]. The temperature of the surface will increase rapidly 
resulting in breaking down the material into atoms and ions. An increase in pressure 
will eject these species from the target surface forming a plasma.  

The ablated species are in non-equilibrium, meaning their energy distribution is not 
entirely described by Maxwell-Boltzmann distribution. High kinetic energy atoms and 
ions (energy between 1 to 10 eV) are reactive when landing onto the substrate and can 
easily overcome the barrier energy for forming crystal[41].  For example, when using 
the equilibrium method (0.1-0.3 eV) such as the molecular beam epitaxy (MBE) to 
grow Ge films, the process requires 700 °C, while for PLD, the Ge layers are reported 
to require a temperature as low as 300 °C.  The ejected species will collide with each 
other and obtain a velocity normal to the surface. The shape of the plasma plume and 
distribution of the deposited material depends on the spot size, background pressure 
and laser fluence. When the spot size is large, the distribution of ablated species is best 
described by the Anisimov model[42]. However, in a simple form, it follows the 
𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛(𝜗𝜗) where 𝜗𝜗 is the angle normal to the target surface and n is the factor that 
depends on the spotsize, background pressure and fluence[40,41]. The spot size used 
in this work was below 2 mm2  to form a more spherical looking plasma and increase 
fluence. The advantage of the spherical plasma was a small thickness gradient. 

2.2. Achieving consistent results 

We have received the 248 nm KrF excimer laser from DTU Physics, Prof. Jørn Otto 
Bindslev Hansen, now Docent emeritus and the PLD chamber from Prof. Nini Pryds 
fat DTU Energy. My supervisors Jørgen Schou and Stela Canulescu have helped to 
organize and handling most of the things. We have placed the optics for the PLD 
system on an optical table (Fig. 2.2). It gave the flexibility of the changing paths 
between different chambers by simply adding or removing a 248 reflective mirror 
placed on a magnetic holder. Moreover, it has the potential of adding more components 
to the path. My main supervisor is working on adding an in-situ Raman spectrometer 
to the system. 
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Fig. 2.2. Photo of the PLD system at DTU Fotonik. Laboratory under 
construction. (The purple line indicates the laser beampath). 

The laser fluence changes minimally during the deposition, thanks to the use of an 
intelligent window from PVD products. The intelligent window is a component that 
has a large rotating sacrificial window. When it rotates, a fresh optical surface is 
exposed and used for transmitting the laser beam. However, after many depositions, 
the optical transmission decreases anyway (Fig. 2.3 (a)). The advantage of using an 
intelligent window is that the window transmission during the deposition, or the laser 
fluence, will remain roughly constant. As you can see in Fig. 2.3(b), when using the 
intelligent window fewer fringes are observed as compared to the normal window, 
meaning the thickness uniformity is considerably improved.  
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Fig. 2.3. The transmission of the laser viewport for the normal versus intelligent 
window as a function of number of depositions(a). Pulsed laser deposition of the 
CZTS precursors using intelligent window (fewer fringes) and normal window 
(more fringes) (b). 

2.3. High fluence vs low fluence deposition 

The ablation of the CZTS target at low fluence allows the deposition of non-
stoichiometric films, meaning Cu-poor/Zn-rich precursors, highly relevant for solar 
cells. However, there are several reasons I did not favor low-fluence depositions.  

Firstly, it is time-consuming. The laser output is 300 mJ/pulse and when the laser 
reaches the target it will be reduced to only 20 mJ/pulse. Most of the optical losses are 
accounted to the mirrors, iris, window and imperfect focusing, which we cannot 
improve easily. We could increase the laser output to 400 mJ/pulse and increase the 
laser energy in front of the chamber by ∼30%. However, the recommended laser output 

a)

b)

16



was 300 mJ/pulse due to an increased risk of malfunction at higher operating voltage 
and the frequent need for a gas refill of the excimer laser.  

Secondly, the target surface morphology changes after deposition. My assumption of 
why the pyramid-like structure appears (see Fig. 2.4) is that during the low fluence less 
volatile components of the target remain unablated, as also reported in earlier work in 
the group[37].  These stable parts could be due to phase segregation or morphological 
difference. Formation of these structures has been reported many times [43–45]. 
Droplets found on PLD deposited precursors could have been induced partially from 
the tip of these structures. 

Thirdly, the main problem is that when the pyramid-like structure's form (Fig. 2.4) the 
roughness of the target increases. With larger surface area, the laser fluence will 
become less and less during deposition. The plasma formation from ablation will not 
be normal to the surface, which means less material will be deposited. 

Fig. 2.4. CZTS target surface after ablation at a low fluence 

Fig. 2.5. The change in the composition of the CZTS precursors as a function of 
the laser fluence (Cu content slope is shown in black line). The overlaid notes 
highlight the difference in the deposition time.  
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Changing the PLD target to an even more Cu-poor composition could be the easier 
approach because we have more control of the target content than control over the 
fluence. When synthesizing CZTS absorbers, the precursor content is very important 
and as is the annealing process. In Fig. 2.5, we can see that when using a target with 
Cu/(Zn+Sn) of 0.75 (labeled as second target in table 2.1 and Fig. 2.6), we can deposit 
Cu-poor/Zn-rich precursors even at high fluence. At a fluence above 2 J/cm2 the 
deposition time can be greatly reduced (Fig. 2.5). For example, it takes 20 min 
(repetition rate 15 Hz) to deposit films with a thickness of around 350 nm at 25% 
window transmission at 2 J/cm2. On the other hand, when using with low fluence 0.6 
J/cm2 it takes 5 hours to deposit a 350 nm film. The Cu content slope is steep at lower 
fluence (<1 J/cm2), which indicates that change in the laser condition or fluence have 
big impact on the composition in low fluence. On the contrary, Cu content slope is 
gaadual at a fluence above 2 J/cm2, providing more reproducible composition on the 
deposited films. 
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Fig. 2.6. Cu/Sn ratio of precursors made by PLD from different targets with 
varying Cu content. The composition of first, second and third targets are given 
in Table 2.1. 

Table 2.1 Oxide targets with different metal ratios used in PLD 

Cu/Sn at% Cu/(Zn+Sn) at% Zn/Sn at% 

First target 2.05 0.87 1.37 

Second target 1.69 0.75 1.24 

Third target 1.28 0.47 1.72 
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2.4. Lateral uniformity of the films grown by PLD at high fluence 

There is a clear tendency that the films grown at high fluence exhibit a great uniformity 
in terms of thickness (see Fig. 2.7). To remind the laser fluence is defined by the laser 
energy normalized to the spot size. Controlling the fluence by changing the laser 
energy was not an option because the laser was already operating at 300 mJ/pulse (the 
maximum recommended parameter to ensure good energy stability). Nevertheless, the 
laser fluence in the deposition chamber would inherently change due to the gradual 
change of the transmission of the window during the growth. The reason for a more 
uniform deposition at higher fluence may be related to the laser spot size. There is no 
particular reason why films should be deposited evenly at higher fluence. But when 
you decrease the spot size you will create more like a spherical plasma than the plasma 
projected more to the center of the deposition area.  

Fig. 2.7 Thickness uniformity of films grown by  PLD at three different laser 
fluences. CZTSAE and CZTO denote stoichiometric CZTS target from the 
supplier American Elements and Cu-Zn-Sn-O targets, respectively. The arrows 
highlight the thickness of the films at a given location. The sketches indicate four 
samples placed simultaneously in the PLD chamber. 
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Chapter 3 
Pulsed laser deposition of a 
monograin CZTS target 

3. Pulsed laser deposition of a monograin CZTS target
3.1. Pulsed laser deposition of chalcogenide sulfides from multi- and single-

component targets: the non-stoichiometric material transfer 

• Jørgen Schou, Mungunshagai Gansukh, Rebecca B. Ettlinger, Andrea Cazzaniga,
Maarja Grossberg, Marit Kauk-Kuusik, and Stela Canulescu. Pulsed laser
deposition of chalcogenide sulfides from multi- and single-component targets: the
non-stoichiometric material transfer, Appl. Phys. A Mater. Sci. Process. 124 (2018)
1–7.

This study is a continuation of the work of previous Ph.D. students' efforts to 
understand the laser ablation of chalcogenide sulfides[37,45,46]. When the 
Chalcogenide Solar Cells of CZTS (CHALSOL) project began, stoichiometric targets 
were used in PLD for the growth of CZTS films. PLD is known as a method that 
delivers the congruent material transfer from a target to a substrate. However, Cu-poor 
and Zn-rich composition were needed for CZTS solar cells to operate[47]. So, there 
was a challenge to deposit Cu-poor Zn-rich precursors from the stoichiometric target 
in order to fabricate devices. The project participants were actually getting a different 
Cu composition from time to time. When they plotted the composition with the laser 
fluence, an “Aha” moment came to them. They were actually able to tune the Cu 
content in the films by changing the fluence[37]. Cu-poor films can be grown at low 
fluence and in this way the first CZTS working device was produced. A previous Ph.D. 
student, Rebecca Ettlinger, has observed a similar Cu-content vs. laser fluence 
dependence for the deposition of Cu2SnS3 (CTS) films by PLD. 

The question of why Cu-poor films were deposited at low fluence remained partially 
unclear and it was assigned to the difference in the cohesive energy of the different 
elements in the target, and perhaps the fact that many grains of the different sulfides 
were hit simultaneously inside the much larger laser beam spot. To test this hypothesis, 
I have been depositing CZTS films from a single-crystal CZTS target produced in 
collaboration with Prof. Maarja Grossberg from Tallinn University of Technology, 
Estonia. The results of the single-crystal target showed the same trend with fluence. 
The results matched with the previous deposition results and supported the theory that 
the cohesive energy is a determining factor for material transfer. My co-supervisor, 
Jørgen Schou, collected the results and wrote the paper.  

My contribution: Deposition of CZTS from single-crystal target at various fluence, 
EDX measurement, Plotting figures, Discussion 
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Abstract
The mass transfer from target to films is incongruent for chalcogenide sulfides in contrast to the expectations of pulsed laser 
deposition (PLD) as a stoichiometric film growth process. Films produced from a CZTS  (Cu2ZnSnS4) multi-component target 
have no Cu below a fluence threshold of 0.2 J/cm2, and the Cu content is also very low at low fluence from a single-component 
target. Above this threshold, the Cu content in the films increases almost linearly up to a value above the stoichiometric 
value, while the ratio of the concentration of the other metals Zn to Sn (Zn/Sn) remains constant. Films of a similar material 
CTS  (Cu2SnS3) have been produced by PLD from a CTS target and exhibits a similar trend in the same fluence region. The 
results are discussed on the basis of solid-state data and the existing data from the literature.

1 Introduction

Pulsed laser deposition (PLD) has become an important 
technique for fabricating thin films of materials with a com-
plex composition [1, 2]. The material transfer from target 
to substrate in vacuum with PLD can be handled without 
or with a background gas, which may supply the growing 
film with the most volatile component. Typically, oxide films 
and nitride films can be grown in an oxygen or a nitrogen 
atmosphere, such that the films have the desired composi-
tion. The production technique for such films by PLD has 
been an overwhelming success and been utilized by the thin-
film community for more than 30 years [1, 2].

It is well known that films of composite materials or 
multi-element compounds produced by PLD may not have 
the same stoichiometry as the target, if one of the elemental 
components has a high vapor pressure, in particular oxygen 
from oxide films [3, 4]. The deviation from stoichiometric 

material transfer has been reported in a considerable number 
of publications, in particular for multi-component targets or 
alloys with a volatile element [5–10].

Films of chalcogenides are becoming increasingly impor-
tant because of their suitable properties as absorbers in 
thin-film solar cells. These absorbers are typically sulfides, 
selenides, or tellurides, of which CIGS (Cu(Ga,In)Se2) and 
CdTe have been studied comprehensively during the last 
30 years [11, 12]. A promising, but less studied absorber 
material is CZTS  (Cu2ZnSnS4) for which solar cells recently 
have reached an efficiency about 11% [13]. This material 
has the advantage that it consists of abundant and non-toxic 
elements. It has been found that the absorbers in the best 
cells do not have the strictly stoichiometric composition 
 Cu2ZnSnS4, but are slightly Cu-poor and Zn-rich [12].

We have recently produced solar cells with CZTS absorb-
ers with an efficiency of 5.2% by PLD [14]. Similar to the 
first absorber film made with PLD by Moriya et al. [15], 
the successful film was copper deficient as deposited. The 
solar cell was produced subsequently by a sulfurization post-
deposition treatment of the film in a furnace with a sulfur 
and tin sulfide atmosphere at 560 °C [14].

Ablation and evaporation can be handled by the classical 
scheme based on the macroscopic properties such as melting 
and evaporation enthalpy, for example, outlined by Bäuerle 
in his monograph [4], in particular for simple solids. How-
ever, systematic data are only available for a limited number 
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of pure elements and two-component solids. In addition, this 
treatment does not give direct information on ablation or 
evaporation of specific atoms from a multi-component solid.

In this paper, we will discuss the role of the laser fluence 
on the composition of the film for both multi-component 
and single-component targets. An important result is that we 
can use the fluence to control the composition of the film. 
In addition, the results for PLD of the similar material, CTS 
 (Cu2SnS3) will be included in the discussion. In the present 
work, we will mostly use the cohesive energy as a guideline 
for the analysis. The cohesive energy is the energy required 
to split a solid into neutral atoms (at 0 K), i.e., largely the 
same process which happens during laser ablation.

2  Experimental

The films were deposited onto 1.5 × 3  mm2 molybde-
num–coated soda-lime glasses in a PLD system with a vac-
uum chamber under high vacuum (base pressure ~ 5 × 10−6 
mbar). The ablation was induced by a KrF laser beam with 
a wavelength of 248 nm, a pulse width of 20 ns, and a 15-Hz 
repetition frequency. The beam was striking the target at an 
angle of 45° with respect to the normal on a spot size in the 
range 2–8  mm2. The fluence was varied from 0.2 to 1.2 J/
cm2 by changing the spot size while keeping the laser pulse 
energy constant. Some measurements were performed in a 
similar PLD system equipped with a Nd:YAG laser operat-
ing at 355 nm with a pulse length of 7 ns and the geometry 
as the system with the KrF laser. Details are described in 
Cazzaniga et al. [14] as well as in Ettlinger et al. [17].

Rastering of the laser beam and rotation of the target were 
used to maximize film uniformity and target utilization. The 
target-substrate distance was set to 4 cm and the substrate 
was kept at room temperature. The chemical composition of 
the films was measured by energy-dispersive X-ray spectros-
copy (EDX) with a Hitachi table-top TM 3000 SEM with a 
Bruker XFlash 430 silicon drift detector, Bruker´s Quantax 
70 software, and a beam voltage of 15 kV [18] using the 
same instrument to measure all films. The films were typi-
cally of a thickness around 1 µm.

The range of the electrons has partly been evaluated 
from the CASINO program [19] and from classical electron 
microscopy work. The result from the CASINO program 
was that about 99% of the signals originated from the film 
material within 1 µm. From Reimer’s monograph [16], one 
can estimate the range of 15-keV electrons in Cu (our aver-
age material for CZTS) to 1.2 µm, but the distribution of 
inner shell excitations peaks close to the entrance of the 
beam at about 0.28 µm inside the material. In general, the 
distribution of electronic excitations peaks much closer to 
the surface than the electron penetration depth distribution 
computed by Valkealahti et al. [20], such that the thickness 

of the films is not a critical parameter. Of the signals that 
are used for EDX, the K-lines for Cu and Zn, and the L-lines 
for Sn and S, the smallest attenuation length, 1 µm, (cor-
responding to a decrease with a factor of e) is the Sn line 
in Cu and thus of the size of film thickness [21]. Repeated 
measurements gave a variation of the signal of less than 
1%. The error in absolute numbers is larger and depends on 
the instrument calibration as well as local homogeneity in 
composition, surface roughness, and possible difference in 
roughness from one film to another [18]. Subsequent meas-
urements for different fluence gave a variation of 6.6% on 
the average in composition. This value of error bars has been 
inserted in Fig. 2.

The multi-component targets of CZTS and CTS were 
25.4 mm in diameter and produced from sintered powder 
of the binary chalcogenides with CZTS as (2CuS:ZnS:SnS) 
and CTS as (2CuS:SnS). The resulting targets had individ-
ual phases of each component from a few hundred to a few 
thousand µm2, visible by optical and electron microscopy. 
This means that the laser beam spot covered many phases 
simultaneously and that the local ablation conditions varied 
significantly from one micro-area to another.

The single-component target was produced by a two-step 
process. In the first step, elemental precursors of Cu, Zn, 
Sn, and S were mixed with the compositional ratio 2:1:1:4, 
sealed in a quartz ampoule and annealed at 100  °C for 
15 h, then at 500 °C for 24 h, and, finally, at 700 °C for 1 h. 
Finally, the ampoule was cooled to room temperature in air. 
In the second step, the ingot of CZTS material was ground 
in mortar. The ground material was sealed into evacuated 
quartz ampoule with flat bottom, and the sintering of target 
was performed at 900 °C for 168 h followed by slow cooling 
to room temperature.

3  Results and discussion

3.1  Fluence dependence of composition

The performance of a CZTS-based solar cell depends criti-
cally on the composition. As mentioned above, a good cell 
typically has an absorber which is Cu-poor and Zn-rich rela-
tive to the original composition, i.e.,  Cu2ZnSnS4 [12].

The metal ratios Cu/(Zn + Sn) and Zn/Sn in films made 
from the multi-component target as a function of the laser 
fluence are shown in Fig. 1. The most remarkable feature 
is that there is no Cu in the films deposited at low fluence, 
and apparently, there is a threshold around 0.2 J/cm2, above 
which the Cu atoms begin to be transferred from the target to 
the film. With increasing laser fluence, the Cu content rises 
steadily and reaches the stoichiometric value at about 0.7 J/
cm2. At higher fluence values, the Cu content increases to 
a level 20% above the stoichiometric level. The Cu/S ratio 
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also increases to a value above the stoichiometric level. In 
contrast, the Zn/Sn ratio is practically constant throughout 
the fluence region considered. The surprising result from 
these data is thus that a stoichiometric metal concentration 
can only be obtained in a narrow fluence interval around 
0.7 J/cm2.

The metal ratio Cu/(Zn + Sn) for the single-component 
target as well as the multi-component target is shown in 
Fig. 2. The interesting feature is that there is no significantly 

different behavior between the films produced from the two 
different targets.

The same trend with a strongly increasing ratio of Cu/Sn 
from a threshold about 0.2 J/cm2 is also seen for the com-
pound CTS, as shown in Fig. 3. For high fluence values, the 
Cu/Sn ratio exceeds the stoichiometric value of two similar 
to the behavior for CZTS.

The picture seen for the deposition at 248 nm changes 
substantially for films deposited at 355 nm from a multi-
component target (Figs. 4, 5). The Zn/Sn ratio remains 
below the stoichiometric value for all values of the fluence, 
while the Cu/(Zn + Sn) ratio starts at a level around 0.7 at the 
lowest fluence measured (Fig. 4), and rises to above the stoi-
chiometric value as the fluence is increased. For the CZTS 
films, there is a deficit of Zn at low fluence (Fig. 4), which is 
again caused by the lack of supply from the ZnS grains in the 
composite target. ZnS has an energy gap of 3.7 eV, which is 
slightly above the photon energy of the laser (3.49 eV) and 
thus at the limit for one-photon excitation by the laser beam. 
It was unfortunately not possible to use a low fluence with 
the laser at 355 nm, since the deposition rate is very low in 
that fluence region and the laser beam energy was not suf-
ficiently stable below 0.25 J/cm2.

Here (as in the majority of other PLD experiments), we 
consider the deposition on a substrate parallel to the target, 
such that the ablated particles are collected in normal direc-
tion (θ = 0°) within a relatively small solid angle.

Since any background gas introduces preferential scat-
tering of the lightest species, not necessarily the most 
volatile ones, the composition of the films may exhibit 
large variations [18, 22]. If the background gas is oxygen, 

Fig. 1  Ratio of elements from CZTS  (Cu2ZnSnS4) in films measured 
by EDX depicted as a function of the laser fluence at 248 nm [14]. 
The substrate is at room temperature in vacuum. For reproducibility, 
see Fig. 2. The dashed lines indicate the stoichiometric values

Fig. 2  Ratio of Cu/(Zn + Sn) as a function of fluence at 248 nm for a 
multi-component and a single-component target of CZTS. The error 
bars indicate maximum and minimum values for repeated measure-
ments 

Fig. 3  Ratio of Cu/Sn from CZTS  (Cu2ZnSnS4) and CTS  (Cu2SnS3) 
in films measured by EDX depicted as a function of the laser flu-
ence at 248 nm. The substrate is at room temperature in vacuum. For 
reproducibility, see Fig. 2. The dashed line indicates the stoichiomet-
ric value
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this may also lead to chemical reactions that influence the 
stoichiometric mass transfer [23]. Finally, one should keep 
in mind that the ratio between the species may depend on 
the precise impact point on the substrate and that the ratio 
of the elements in the deposited film may depend on the 
angle θ to the normal of the substrate [22–26].

3.2  Analysis of the non‑stoichiometric behavior 
at low fluence

The stoichiometric transfer of multi-component material 
in pulsed laser deposition in vacuum is based on the pic-
ture that a “slice” of target material is ablated by one laser 
pulse, arrives at the substrate without any interactions on 
the path from target to substrate, and remains on the sub-
strate without any loss to the surroundings. In the case 
of preferential ablation, the remaining excess material of 
one component will be ablated in the subsequent pulses. 
In principle, a non-stoichiometric behavior may originate 
from deviations of the stoichiometry caused by preferential 
evaporation from the target (in particular at low fluence) 
and by preferential reflection and sputtering processes at 
the substrate. Since the fluence range of these processes is 
overlapping, one may only expect a distinct stoichiometry 
in a limited fluence interval. In the presence of a back-
ground gas, the expansion dynamics of the plume atoms 
maybe even more complicated [22–26].

The overall behavior of the Cu/(Zn + Sn) ratio for the 
single-component target as well as the multi-component 
target shown in Fig. 2 demonstrates that there is no signifi-
cant difference between the processes during deposition. At 
low fluence, the Cu content is low or absent in the films, 
while there is a surplus of copper at a fluence above 1 J/
cm2 for both target types. As discussed below, the dominant 
process at low fluence is evaporation from the target pos-
sibly combined with a contribution from ablation, whereas 
the important process at high fluence is sputtering of the 
films by high-energy ablated ions. The sequence leading to 
a gaseous release of Cu via the formation of  Cu2S from CuS 
discussed in ref. [14] may contribute to the films made from 
the multi-component target, but cannot be a major contribu-
tion to the film formation, since there is no bulk component 
of CuS in the single-component target.

Before making any quantitative analysis of preferential 
evaporation, let us briefly consider the processes initiated 
by the laser beam impact on the targets. The laser heating of 
the sulfides occurs via exciton production which eventually 
ends up in kinetic energy of the atoms (i.e., heat) via repul-
sive states. With increasing local laser intensity, more and 
more bonds will be broken and the target area will become 
a mixture of single atoms, molecular fragments, and intact 
molecules prior to ejection. At moderately high fluence, all 
bonds of the molecules will be broken except in the begin-
ning of the laser pulse and in areas where the local intensity 
is low, e.g., at the edge of the laser beam spot.

For targets of pure elements as well as for alloys consist-
ing of two elements, it is frequently possible to estimate the 
evaporation rate on the basis of the enthalpy (in thermody-
namic equilibrium), which has also been carried out in ref 
[4]. According to ref [27], the ratio of a vapor flux of two 

Fig. 4  Ratio of elements from CZTS  (Cu2ZnSnS4) measured by EDX 
in films depicted as a function of the laser fluence at 355  nm. The 
substrate is at room temperature in vacuum. For reproducibility, see 
Fig. 2. The dashed line indicates the stoichiometric value

Fig. 5  Cu/Sn  ratio from CZTS  (Cu2ZnSnS4) and CTS  (Cu2SnS3) 
measured by EDX in films depicted as a function of the laser flu-
ence at 355 nm. The substrate is at room temperature in vacuum. For 
reproducibility, see Fig. 2. The dashed line indicates the stoichiomet-
ric value
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elements deposited from an alloy AB can be expressed as 
follows:

where the Knudsen flux JA depends on the concentration cA, 
the vapor pressure pv,A of the pure element at constant vol-
ume, and the molar weight MA. The vapor pressure depends 
exponentially on the evaporation enthalpy which leads to 
large changes in the vapor pressure for small variations of 
the enthalpy at a fixed temperature. However, in most cases, 
it is not possible to find a suitable value of the evaporation 
enthalpy, and strictly speaking Eq. (1) is only valid for alloys 
[27]. An alternative way is to consider the cohesive energy, 
which, for the present elements, is a factor of 1.1–1.3 larger 
than the enthalpy of evaporation, as an indicator of the rela-
tive evaporation rate between the metallic components.

The cohesive energy of the elements is tabulated for all 
elements (see Table 1) and gives an approximate guideline 
for estimating the relative contributions to evaporation, 
apparently also for multi-component targets. Actually, the 
cohesive energy as the energy per atom required to split a 
solid into neutral atoms makes sense for solids irradiated by 
strong lasers. Except for the energy spent to excitation and 
ionization of the ablated atoms, the laser pulse energy drives 
the atoms from the solid to a gas state in the plume.

The cohesive energy of the metals in CZTS is increasing 
in the order Zn, Sn, and Cu (see Table 1). Cu is the least 
volatile one and is thus not transferred to the film below the 
threshold at 0.2 J/cm2, whereas Zn and Sn are deposited on 
the substrate, mainly by evaporation (Fig. 1). For Figs. 4 
and 5, the Cu concentration does not reach zero, probably 
because the laser wavelength is above the critical value for 
one-photon absorption in ZnS.

Actually, the ablation yield for metals (number of atoms 
ablated per pulse) depends strongly on the cohesive energy 
U0 of the pure metal [25]. While the value of the cohesive 
energy for a metallic element is clear, the value of an atom in 
an alloy is much less studied. A few alloy systems have been 
studied, and apparently, the outcome is that the atom with the 
lowest cohesive energy in the pure element also has the low-
est cohesive energy in an alloy. One may consider this as a 
measure of the bonds in pure elements and in alloys. A strong 
example of a substantial deviation from stoichiometry was 
recently reported by Klamt et al. [8] for a WCu-alloy (80 wt% 

(1)JA∕JB =
(

cA∕cB
)(

pv,A∕pv,B
)(

MB∕MA

)1∕2
,

W and 20 wt% Cu). With increasing fluence films could be 
grown from 0 wt% W up to 90% from a single target. The 
authors explained the behavior with a pronounced evaporation 
at low fluence, which favored the transfer of the comparatively 
volatile Cu atoms, up to a strong ablation for both atoms at 
high fluence. In the following sub-section, the behavior at high 
fluence will be explored.

3.3  Analysis of the non‑stoichiometric behavior 
at high fluence

At the arrival at the substrate, the ablated particles may suffer 
from two processes that lead to preferential deposition on the 
substrate, reflection of the ablated particles with an atom-spe-
cific rate, and preferential sputtering of the film atoms. While 
preferential ablation of the target does not change composition 
of the flow of atoms and molecules from the target averaged 
over many pulses as discussed previously, preferential sput-
tering of the film by fast ablated ions leads to the build-up of 
layers that all are deficient in the most sputtered component. 
In this way, a film of a composition different from that of the 
target will be formed. With increasing laser fluence, the num-
ber of ions with an energy about and above 100 eV increases 
significantly [9, 22, 28].

The results from Dittrich et al. [9] are a good starting point 
for our analysis of non-stoichiometry. These authors showed 
that the strong enrichment of the W in a WCu film produced 
from a 60 wt% W–40 wt% Cu at high fluence was primar-
ily caused by (re)sputtering of the most volatile constituent, 
Cu, and reflection of the lightest atoms, also the Cu atoms. 
The probability of reflection of Cu atoms in this system was 
estimated to about 10 % because of the large mass difference 
between the two atoms. In our case, only the Sn atoms, a minor 
fraction of the film atoms, are active in backscattering, which 
means that the reflection of light ions is much less than 10%.

As mentioned earlier, the sputtering yield is determined by 
the cohesive energy as well. For a two-component material (A 
atoms and B atoms) with mass mA, the ratio of the sputtering 
yield YA of A atoms to the yield YB of B atoms is as follows 
[29, 30]:

It means that for sputtering of a growing film, the govern-
ing quantity is the cohesive energy rather than the atomic 

(2)YA∕ YB∼

(

cA∕cB
)(

U0,B∕U0,A

)0.9(

mB∕mA

)0.1
.

Table 1  List of cohesive 
energy: energy/atom at 0 K (eV/
atom) in the same element

*The value of sulfur is determined by the binding of  S8 rings, which is not typical for sulfides. Values from
C. Kittel, Introduction to Solid State Physics, [36], or http://www.knowledgedoor.com/2/elements_hand-
book/cohesive_energy.html

Cu Zn Sn S In Ga Se W

3.50 1.35 3.12 2.86* 2.6 2.78 2.46 8.90
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mass. It is also important to note that the mass of the particle 
that produces sputtering does not enter Eq. (2), and the ratio 
of the sputtered atoms is thus independent of the mass of 
the incoming ion. In the present case with CZTS, the fast 
ions produced from the target at high fluence will primarily 
remove the most volatile components, Zn and Sn, in the film 
as observed, while the ratio, Eq. (2), does not change from 
impact of the heaviest ion, Sn, to that of the lightest ones, 
S and Cu. Sputtering of films produced by PLD has been 
demonstrated earlier, e.g., in [8, 31], as well.

While the sulfur deficiency of the film has been 
observed earlier, e.g., [32], as well as the oxygen defi-
ciency [6], the deviation from stoichiometry of the metal 
elements in a PLD film has drawn much less attention. In 
the work by Dittrich et al. [9], the fast ablated ions at the 
highest fluence reduced the number of Cu atoms in the 
film to a concentration below the stoichiometric value by 
preferential sputtering.

In Fig. 1, the least volatile element Cu evaporates with a 
much slower rate than that for Zn and Sn (a local evapora-
tion of SnS may take place, as well). In the fluence regime 
ranging from 0.6 to 0.8 J/cm2, the laser ablation process 
brings a stoichiometric, material “slice” out of the solid, 
which is deposited on the substrate with the same compo-
sition as the target. Above 0.8 J/cm2, the fast ions produced 
by the laser beam impact start to sputter the volatile Zn 
and Sn atoms preferentially, such that a film with excess 
Cu is formed.

The application of the cohesive energy is clearly an 
oversimplification for many reasons. The cohesive energy 
for specific species in multi-component solids is an almost 
unknown quantity, even though the relative order (most 
volatile, less volatile, etc.) seems to be maintained. Never-
theless, it seems that the element-specific cohesive energy 
can be used also for predictions of the general trend, which 
is also confirmed for the WCu system discussed in [8, 9]. 
An even more complex system emerges in multi-composite 
targets such as the present targets, in which each grain 
has different physical properties, such as the cohesive 
energy (and enthalpies) of each local component. Wibowo 
et al. also found a considerable excess of Zn in films of 
 Cu2ZnSnSe4 produced by PLD at 1064 nm, where heating 
and thus the low cohesive energy of Zn are important [33]. 
Kotani et al. produced films at 0.5 J/cm2 with a Cu content 
below and above the stoichiometric value [34]. However, 
the results from Kotani et al. may have been influenced by 
the high substrate temperature during deposition in vac-
uum. Films of the related chalcopyrite material CIGS (in 
this case,  CuIn0.7Ga0.3Se2) were produced, as well, by PLD 
at a fluence of 10 J/cm2 and a surplus of Cu and deficit of 
Se were found in agreement with the expected behavior at 
high fluence from the values of the cohesive energy [35].

4  Conclusion

The composition of the CZTS films depends strongly on 
the fluence for targets irradiated with a KrF laser at 248 nm, 
and in fact, the film stoichiometry can be controlled by the 
fluence. At low fluence (< 0.2 J/cm2), only the metals with 
the lowest cohesive energy, Zn and Sn, are transferred to 
the substrate. With increasing fluence, gradually more and 
more Cu is transferred to the deposit, and at about 0.7 J/cm2, 
the stoichiometry of the film is similar to that of the target. 
At higher fluence, sputtering by the fast ions reduces the 
content of the metals with the lowest cohesive energy. This 
trend agrees very well with that observed by Dittrich et al. 
[9] and by Klamt et al. [8] for the alloy WCu, for which W is
the least volatile and Cu the most volatile element.

The surprising outcome of this work is that the film 
composition is independent of the target type, i.e., a single-
component or multi-component target for these chalcogenide 
sulfides. In both cases, one can use the cohesive energy to 
estimate the behavior of the lightest and heaviest compo-
nents in the film. For high fluence, preferential sputtering 
leads to an enrichment of the atoms with the highest cohe-
sive energy in the growing film, independent of the target 
type. For a single-component area or full target at low flu-
ence, the evaporation from target to substrate and thus the 
composition of the film depend on the evaporation enthalpy 
and, therefore, indirectly also on the cohesive energy. Sur-
prisingly, the composition of metals in a film produced from 
a multi-component target at low fluence exhibits a similar 
dependence on the cohesive energy as that from the single-
component target.

This depletion of volatile elements at high fluence is seen 
at angles close to the target normal, where fast ions are arriv-
ing from the plume. In this specific area, one may observe 
the fluence dependence reported in the present work.
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Chapter 4 
Ag alloying of CZTS 

4. Pulsed laser deposition of Ag doped CZTS
4.1. Nanometer-scale depth profiling of the heterointerface between CdS and CZTS:

the effect of Ag alloying 

• Mungunshagai Gansukh, Zheshen Li, Moises Espindola Rodriguez, Sara Engberg,
Filipe Mesquita Alves Martinho, Simon López Mariño, Eugen Stamate, Jørgen
Schou, Ole Hansen, and Stela Canulescu, Nanometer-scale depth profiling of the
heterointerface between CdS and CZTS: the effect of Ag alloying, Submitted to
Scientific Reports

Fig. 4.1. Depth-resolved valence band position determination by ultraviolet 
photoelectron spectroscopy (UPS) 

This work was proposed by Stela. She also applied for beamtime in ASTRID 2 in 
Aarhus. The concepts was to determine the band alignment of Ag alloyed CZTS. CZTS 
is susceptible to a lot defects which reduces open circuit voltage. Alloying with larger 
covalent radius element like Ag with Cu is one of the approaches to reduce the defects. 
It was also important to check whether Ag was fully incorporated into the CZTS. 
Several studies have shown benefit of Ag alloying. In ASTRID 2, there were two 
possibilities of measuring conduction band offset (CBO). One way was to measure the 
bandgap and valence band edge of both absorbers and CdS buffer layers to estimate 
the CBO which can also have additional information of depth profile. Other way was 
to measure S L2,3 edge by x-ray absorption spectroscopy XAS to show the difference 
in the CBO.  

Based on this concept, I synthesized series of CZTS and Ag-CZTS and designed the 
experiment with bare absorber, thin CdS, normal CdS. This was my first experience in 
synchrotron experiments. Together with Stela, we have measured the samples together 
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in ASTRID 2 with time shifts. Based on the experiments, I did the initial data curation 
and analysis. The work has been presented in Kesterite workshop 2019. A lot of 
suggestion came from experts in the field and how to interpret data. Ag doped CZTS 
had lower CBO which could hint to lower VOC deficit by both method. Thereafter Stela 
has made the initial draft of the paper. In the initial draft, I have only contributed to the 
abstract, introduction, and experimental part.  

My contribution (detailed): Synthesis of CZTS and Ag alloyed CZTS absorber thin 
films, designing the experimental plan, performing UPS, XPS and XAS experiments, 
characterizations of reflectance, data processing, interpretation and analysis, review 
and editing, 
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ABSTRACT 

Energy band alignment at the heterointerface between CdS and Cu2ZnSnS4 (CZTS) or its alloys 

plays a crucial role in determining the efficiency of the kesterite solar cells. Whereas Ag alloying 

of CZTS has been shown to reduce anti-site defects in the bulk and thus rise the efficiency, the 

electronic properties at the interface with the CdS buffer layer have not been extensively 

investigated. In the present work, we present a detailed study on the band alignment between n-

CdS and p-CZTS upon Ag alloying by ultraviolet photoelectron spectroscopy (UPS) and X-ray 

photoelectron spectroscopy (XPS). By mild sputtering of the CdS top layer, the change in the 

valence band structure across the heterointerfaces is revealed. The Cd 4d core-level emission peak, 

as well as the valence-band edge of CdS exhibits a significant shift to a lower energy during 

etching, which is interpreted using a simplified model based on charge depletion layer 

conservation. Ag alloying of CZTS lowers the valence-band edge of CZTS with respect to the 

Fermi level and results in a larger band bending at the interface with the CdS layer. A significantly 

larger total charge region depletion width was determined in Ag-alloyed CZTS as compared to its 

undoped counterpart. Our findings reveal a negative conduction-band offset of -0.25 eV for 

CdS/CZTS and -0.09 eV for CdS/ACZTS, which implies a cliff-like band alignment. However, 

the conduction-band offset decreases upon Ag alloying of CZTS.  
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INTRODUCTION 

The Cu2ZnSn(SxSe1-x)4 (CZTSSe) solar cells have currently reached a power conversion 

efficiency of 12.6%1, which is slightly more than half the efficiency of CuInxGa1-xSe2 (CIGS) solar 

cells2. The progressive improvement in efficiency of the CZTS cells has been limited by 

difficulties related to the rather low open-circuit voltage (Voc). The Voc deficit of the CZTS devices 

(defined as Eg/q-Voc, where Eg  is the optical bandgap and q is the elementary charge) is 

substantially higher than that of CdTe and CIGS solar cells with absorbers of comparable band 

gap3. Alloying of the absorber layer has been proposed as an approach to address the issue of the 

low Voc, typically associated with a high density of defects in the bulk, which results in reduced 

minority carrier lifetimes4,5,6,7. In particular, alloying of CZTS with Ag has been theoretically 

predicted to reduce the density of the CuZn anti-site defects by one order of magnitude. While in 

pure CZTS, the Cu and Zn atoms are nearly completely site-disordered upon high temperature 

processing, in the case of Ag2ZnSnS4 (AZTS), the swap between Ag with Zn is not favored because 

of the large radius mismatch (Ag has a covalent radius that is ∼15% larger than that Cu). The high 

formation energy of the AgZn anti-site defects in AZTS can lower the bulk defect density and 

enhance the Voc
8. Nevertheless, there is an optimum value for Ag alloying of CZTS because: i) a 

high Ag content reduces the p-type conductivity and it becomes an n-type semiconductor in the 

case of AZTS, and ii) the band gap increases from 1.5 eV for pure CZTS to 2.1 eV for AZTS, 

which is no longer an optimum value for single junction devices. Therefore, optimized solar cells 

of (AgxCu1-x)2ZnSnS4 (ACZTS) alloys can benefit from a larger Voc while still maintaining a near 

optimum band gap. An increase in the device performance from 4.9% to 7.2% has been 

demonstrated for ACZTS solar cells9. Although several experimental studies have shown the 

benefits of Ag alloying of CZTS9, an experimental determination of the band alignment at the 
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hetero-interface upon Ag alloying of sulfides is still lacking. The band alignment at the hetero-

interface is crucial for device performance, and to achieve high-performance solar cells, the focus 

should be directed toward engineering of the interface. In particular, for a high-efficiency device, 

the conduction band minimum of the n-type semiconductor must be slightly higher than that of the 

p-type semiconductor at the interface, i.e., a spike-like or positive conduction band alignment. A

positive conduction-band offset (CBO) of ∼ 0.25 eV has been experimentally determined in 

CdS/CIGS devices with a power conversion efficiency better than 18%10.  Spike barriers  up to 0.5 

eV are considered beneficial for solar cells, while larger CBO offsets result in a decrease of the 

short-circuit current and efficiency11. On the other hand, when the CBO is negative, that is, the 

position of the conduction band minimum (CBM) of the n-type semiconductor is lower than that 

of the p-type semiconductor (cliff-like band alignment), the cell performance is poor due to 

enhanced carrier recombination at trap states near the interface. The latter case applies for the 

CdS/CZTS heterostructure12. 

In this study, we perform a systematic study on the band alignment at the CdS/CZTS and 

CdS/ACZTS interfaces using in situ X-ray photoemission spectroscopy (XPS), ultraviolet 

photoemission spectroscopy (UPS), while the conduction band states of CdS, CZST and ACZTS 

were studied by S L2,3 x-ray absorption spectroscopy (XAS). Our approach in measuring the band 

offset was to perform a mild Ar+ ion etching of the CdS overlayer. Photoemission spectra were 

obtained after each etching step to observe the development of the electronic structure at the 

heterojunction at the nanometer scale and to obtain a direct determination of the valence band 

offset. Simultaneously, the binding energy of the core levels was obtained by XPS to estimate the 

band bending at the hetero-interface. Finally, based on a combination of the different techniques, 
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the conduction band offsets at the CdS/CZTS and CdS/ACZTS heterojunction interfaces is 

revealed. 

EXPERIMENTAL SECTION 

Materials 

CZTS and ACZTS films were grown by pulsed laser deposition (PLD), using a similar procedure 

which leads to the highest efficiency solar cells achieved using PLD absorbers (power conversion 

efficiency of 5.2%)13.The CZTS and ACZTS films were deposited at room temperature on Mo-

coated soda-lime glass substrates placed at a distance of 5 cm from the target. The precursors were 

made by ablation of CZTS and ACZTS targets in vacuum using a KrF excimer laser (λ=248 nm, 

τ=20 ns,ν=15 Hz) and a laser fluence of ∼0.6 J/cm2. The CZTS and ACZTS targets (from 

American Elements) consist of a mixture of their corresponding binary sulfide phases. The targets 

were rotated during deposition and the laser beam was rastered across the target to ensure uniform 

ablation. After the growth, the films were thermally annealed in a graphite box in a furnace at a 

temperature of 5750 C in the presence of S and SnS powders. The as-annealed absorber layers were 

submitted to a (NH4)2S etching step for a duration of 5 minutes14, and  immediately after, the 

samples were coated with a thin layer of 50 nm thick layer of CdS by chemical bath deposition15. 

The CdS deposition was performed simultaneously by placing the CZTS and ACZTS samples in 

the same bath. The samples were then vacuum-sealed and transported to the beamline for 

measurements. 

Methods 

The UPS, XPS and S L2,3 x-ray absorption spectroscopy (XAS) measurements were carried out 

at the Matline end-station at the ASTRID storage ring facility, ISA, Denmark. The measurements 

were taken in a UHV chamber (base pressure below 1 × 10–9 Torr) equipped with an electron 
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energy analyzer. The UPS band spectra and XPS spectra at the Cd 4d, Zn 3d, Ag 3d and S 2p core 

levels were obtained using an excitation energy of 60 eV and pass energy of 20 eV. Selected XPS 

measurements were carried out using an energy of 130 eV. The beam spot size was ∼0.7×1 mm2. 

To access the interface, a mild sputtering of the CdS top layer was carried out using an Ar+ ion 

gun (Varian) at an angle of 40 degrees with respect to sample surface and ion energy varying from 

0.5 to 1 keV. The ion gun was rastered over an area of 10×10 mm2. To enable a direct comparison 

between samples, the sputtering of the top CdS layer was carried out simultaneously on both 

specimens by loading the samples together in the vacuum chamber. The sputtering depth was 

monitored by measuring the ion current, as discussed in the Supporting Information.  The XAS 

spectra at the S L2,3-edge  CdS, CZTS and ACZTS were measured in total yield mode using a pass 

energy of 75 eV. The energy scale at the different excitation energies was calibrated using a metal 

piece of Al foil. Prior to the measurements of the electronic properties of the bulk CdS, CZTS and 

ACZTS, the samples were heated to 1500C and/or a mild sputtering using an ion energy of 0.5 to 

1  keV was performed. The surface cleaning was performed until clear signals from the surface 

were seen (such as vanishing of the O1s peak and onset of a clear Cd 4d peak in the case of CdS). 

RESULTS 

Theoretical background 

XPS is a suitable tool for investigation of the electronic properties of a semiconductor due to its 

great surface sensitivity. It can be used to determine the heterojunction offsets, as demonstrated 

previously for the CdS/CIGS heterostructure16. To measure the band offsets, the valence band 

spectra can be monitored as a function of etching (or deposition) of a second semiconductor 

material17. Band offsets and band bending are then monitored as a function of the overlayer 

thickness. In a favorable case, which is, when the valence-band offset (VBO) is large compared to 
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the instrumental resolution, the valence band emission at the interface exhibits two valence-band 

edges, which can allow for a direct determination of the VBO10.  

With the alternatively and most commonly used approach, the VBO can be determined by the 

difference in the binding energy of the cation core levels of the two semiconductors with respect 

to the corresponding valence-band maximum (VBM) position11. The VBO value of n-CdS/p-

CZTS heterojunction can be determined using the following equation:  

VBO =  𝐸𝐸VBM
CZTS − 𝐸𝐸VBM

CdS − 𝐸𝐸ibb        (1), 

where 𝐸𝐸VBM
CZTS and 𝐸𝐸VBM

CdS  are the VBM of CZTS and CdS, respectively, and 𝐸𝐸ibb is the interface-

induced band bending.  

Given an interface position of the Fermi level, EF, the band-bending (𝐸𝐸ibb) will extend on either 

side of the heterojunction and on a length scale, which depends on the doping level of the two 

semiconductors. The 𝐸𝐸ibb can therefore be determined from the sum of the interface-induced 

changes due to band bending induced in both CdS and CZTS: 

𝐸𝐸ibb = (𝐸𝐸Cd4d
CdS − 𝐸𝐸Cd4d

i )+(𝐸𝐸Zn3d
i − 𝐸𝐸Zn3d

CZTS)       (2), 

where 𝐸𝐸Cd4d
CdS  and 𝐸𝐸Zn3d

CZTS are the binding energies of the Cd 4d and Zn 3d core levels of CdS and 

CZTS, respectively, while the index i denotes the interface.  

Finally, the conduction-band offset (CBO) at the n-CdS/p-CZTS heterojunction can be estimated 

as: 

CBO = 𝐸𝐸𝑔𝑔(CdS) − 𝐸𝐸𝑔𝑔(CZTS) − VBO       (3), 

where 𝐸𝐸𝑔𝑔(CdS) and 𝐸𝐸𝑔𝑔(CZTS) are the optical band gap of the CdS and CZTS, respectively. 

UPS depth profiles- an overview 

Figure 1 shows UPS spectra of CdS/CZTS and CdS/ACZTS after each etching step of the CdS 

layer. The sputtering parameters were converted to a global sputtering depth (in arbitrary units), 
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as described in the Supporting Information. The photoemission spectra were acquired using an 

excitation energy of 60 eV. Each spectrum represents the photoemission intensity (normalized 

units) in the energy range from 0 to 10 eV and reflects the density of states in the valence band 

(VB). The binding energy (BE) is referenced to the Fermi level (EF) and all values below EF are 

denoted as negative. The top of the valence band of the CdS layer consists primarily of a mixture 

of Cd 5s and S 3p orbitals, and has two maxima at around 3.5 eV and 6.4 eV (see also Fig. 2), 

which is in good agreement with DFT calculations18. Upon partial removal of the CdS top layer, 

the photoemission spectra weight distribution changes and a broad shoulder appears in the energy 

range from 0.8 to 2 eV assigned to the valence band states of CZTS or ACZTS  (red curves in 

Figure 1). A striking difference between the UPS spectra of CZTS and ACZTS is the pronounced 

peak at a binding energy of ∼5.7 eV, which appears due to the change in the density of states of 

CZTS upon Ag alloying. This feature can be assigned to the emission from the Ag 4d core level. 

The top of the valence band of pure CZTS consists mainly of Cu 3d and S 3p hybrid orbitals, and 

upon partial substitution of Ag by Cu,  new Ag 4d orbitals hybridized with the S 3p orbitals are 

formed. Indeed, according to DFT calculations on both partial and total density of states of 

AZTS, the new band associated with the Ag 4d states is located in the energy range from 4 to 

6 eV below the Fermi level, which is in good agreement with the experimental UPS curves 

shown in Figure 1 (b). 

Valence band offset- direct determination 

Due to its great surface sensitivity, UPS is a suitable tool to determine the relative position of the 

VBM on both sides of the heterojunction. Experimentally, the VBM can be determined from the 

valence band emission as a function of the overlayer thickness. If the valence band offset between 

the two semiconductors is large, which is the case of the CdS/CZTS heterostructure, the 
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individual valence band edges can be apparent in the UPS curves at the heterointerface. In 

other words, the photoemission spectra at the interface can be regarded as a superposition of 

the substrate and overlayer-related valence band spectra.  

Figure 2 shows the UPS spectra of three representative depths, i.e., bulk CdS (sputtering depth 

of 1000 a.u.), interface (sputtering depth of 2340 a.u.) and bulk CZTS or ACZTS (sputtering depth 

of 3500 a.u.). Since the photoelectron escape depth in CdS is 0.6 nm19, the photoemission spectra 

reflect entirely the band structure of the surface. While the data on CZTS are not readily available, 

the inelastic mean free path of electrons in CZTS is likely to be of the same order of magnitude. 

The position of the valence band maximum was determined by extrapolating the linear fit of the 

leading edge of the valence band spectra to the background level (red solid lines). The VBM of 

bulk  CdS (𝐸𝐸VBM
CdS ) resides at -2.10 ± 0.02 eV below the Fermi level, which is similar to the value 

determined for the CdS layer in the CdS/Cu2Zn(Sn1−xGex)Se4 (CdS/CZTGeSe)20. The valence 

band edge of CZTS (𝐸𝐸VBM
CZTS) was determined to be −0.46 eV. The data indicate that the valence 

band edge of CZTS lowers by 0.14 eV upon Ag alloying (𝐸𝐸VBM
ACZTS = −0.6 eV). This is in good 

agreement with DFT calculations, which predict a down shift of the valence band edge of the 

Ag2ZnSnS4 (AZTS) by 0.74 eV with respect to that of CZTS6. This can be rationalized by the fact 

that the valence band of AZTS consists of Ag 4d states hybridized with S 3p states; and since the 

hybridized states of Ag 4d orbitals are localized deeper in the valence band (by 2 eV as compared 

to the Cu 3d states in pure CZTS) that would result in a lower valence band edge of AZTS. In a 

crude approximation, and neglecting the band bending, a VBO of 1.64 eV and 1.52 eV was 

determined for CdS/CZTS and CdS/ACZTS, respectively.  

Finally, the valence band spectra at the interface are shown in Figure 2, middle plots. As the top 

layer thickness decreases, the band bending at the interface will affect the local charge distribution 
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resulting in a shift of the valence-band edge of CdS, as observed in Figure 2. In a crude 

approximation, we can assume that the high-energy band edge correspond to the CdS layer and 

the low-energy edge to the CZTS/ACZTS layer. Hence, the VBO values derived from the 

difference between the two edges are +1.09 eV and +0.89 eV for the CdS/CZTS and CdS/ACZTS 

heterostructures, respectively.  

The evolution of the VBM as a function of the sputtering depth, z, for the CdS/CZTS and 

CdS/ACZTS heterostructures is shown in Figure 3 a) and b), respectively. The data points were 

extracted from the experimental UPS depth profiles shown in Figure 1. A notable shift in the VBM 

of the CdS layer of ∼0.3 eV to a lower energy was determined from the difference between the 

VBM of 2.1 eV in the bulk to 1.8 eV at the interface. In case of the CdS/ACZTS system, the 

valence-band edge of CdS shifts by ∼0.45 eV (from 2.12 eV in the bulk to 1.67 eV at the interface). 

For CZTS, the valence-band edge shifts by 0.25 eV to a higher binding energy from the interface 

to the bulk, while that of ACZTS shifts by 0.15 eV. At a depth above ∼3500 a.u., the UPS spectrum 

is dominated entirely by photoemission from CZTS/ACZTS. A VBO of 1.09 eV was determined 

for the CdS/CZTS and 0.89 eV for the CdS/ACZTS, from the difference in the VBM of the two 

semiconductors at the interface. Finally, the conduction-band offset can be calculated using eq. 

(3), assuming an optical band gap of 2.46 eV for CdS, 1.49 eV for CZTS and 1.57 eV for ACZTS. 

The optical band gaps of CZTS and ACZTS were experimentally determined using the Kubelka-

Munk formalism described previously21 (Supporting Information).The CBO was found to be -0.12 

eV and 0 eV for the CdS/CZTS and CdS/ACZTS interfaces, respectively (see Table 1).  

Interface-induced band bending 

Strictly speaking, the determination of the VBO using the direct method may imposes some 

challenges as the band bending at the heterointerface affects the valence band-edge of the top and 
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bottom-layers. Furthermore, the precise determination of the VBM of CdS at the interface becomes 

difficult due to the presence of the spectral features of the CTZS/ACZTS layer.  

The alternative method for measuring band bending and thus indirectly determine the band offset 

is possible by means of XPS16,22,23, since the binding energy of the core levels at the interface 

shifts within the band bending zone as compared to the bulk, following a bending potential, Eibb. 

One obvious advantage of this approach is that the Cd 4d and Zn 3d core-level peaks are isolated 

in the spectrum and not affected by the overlayer features, as opposed to the UPS spectra. 

However, the peak position can be strongly affected by the formation of new chemical bonds at 

the interface due to inter-diffusion, etc. For a finite escape depth of less than one nm, the core level 

peaks can reflect the energy-shifted spectra of atoms at different levels across the band bending 

region, and thus a change in the surface potential across the depletion region at the nanometer-

scale.  

The XPS/UPS spectra were measured at an energy of 60 eV, which corresponds to a large 

photoionization cross-section for both Cd 4d and Zn 3d subshells of 22.37 and 9.38 Mb, 

respectively24. Additionally, selected spectra were measured at an energy of 130 eV, which 

corresponds to a photoionization cross-section of 6.21 Mb of Zn 3d versus 0.2 Mb for Cd 4d 24. 

This yields a higher signal for the Zn 3d peak as compared to the Cd 4d peak, and thus allows 

identification of the CZTS or ACZTS layers with a higher sensitivity. The XPS spectra taken at 

60 eV and at different etch levels across the CdS/CZTS and CdS/ACZTS layers are shown in Fig 

4 (a) and (b), respectively. The S 2p core levels were also measured but since sulfur is contained 

in both compounds, the data are not easy to interpret (Figure 1S, Supporting Information). Since 

the spin-orbit coupling of both Cd 4d and Zn 3d peaks cannot be resolved, the spectra were fitted 

using only a single peak. All spectra were fitted with Gaussian−Lorentzian functions after 
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background removal according to the Shirley method. The relative shifts in the binding energy of 

the Cd 4d and Zn 3d peaks as a function of the sputtering depth, z, across the CdS/CZTS and 

CdS/CZTS hetero-interfaces are illustrated in Figure 4 (c) and (d), respectively. The values were 

determined according to eq. (2). We note a relatively good agreement between the XPS data points 

taken at 60 eV and 130 eV. Moreover, at an excitation energy of 130 eV, the Zn 3d peak can be 

distinguished closer to the interface (red dots in Figure 4 (c) and (d)). At a sputtering depth of 

∼3000 a.u., the Cd peak drops below the detection level and we interpret this as a complete removal

of the CdS layer and expose of the CZTS/AZCTS surface to vacuum level (CdS layer thickness 

equal to zero). The sputtering depth, z (a.u.), was then converted thickness (50 nm thick-layer in 

the case of CdS), hence the top-x axis of Fig. 4 (c) and (d).  

The Cd 4d peak associated with the n-type CdS layer exhibits a substantial shift of 0.36 eV to a 

lower binding energy from the bulk to the interface region. The Zn 3d core-level emission of the 

CZTS layer shifts by 0.06 eV from the interface to the p-CZTS layer. In the case of the 

CdS/ACZTS system, the Cd 4d peak shifts by 0.46 eV to a lower binding energy from the 

CdS to the interface. Furthermore, the XPS data indicate a pronounced broadening of the Cd 4d 

peak at the CdS/ACZTS interface (Figure 4b). The XPS fitting revealed the presence of a thin 

mixing layer at the interface. Since the binding energy of the intermediate peak varies between 

that of the Cd 4d peak and Zn 3d peak, the layer may be associated with an alloyed intermixed 

layer (Figure 2S, Supporting Information. Finally, the Zn 3d peak shifts by 0.07 eV across the 

CdS/ACZTS interface. The 𝑬𝑬ibb values determined according to eq. (2) are listed in Table 2. 

The shift of an XPS core level can be associated with i) interface band bending and/or ii) 

chemical shift due to intermixing between layers, presence of secondary phases, graded 

composition within the absorber. The Cd 4d peaks exhibit a significant shift across the interface. 

41



13 

The full width of half-maximum (FWHM) of the Cd 4d peak estimated from the XPS spectra at 

60 eV shows an increase from 1.30 eV to 1.55 eV across the interface (Figure 2S, Supporting 

Information). However, this apparent large peak broadening appears because the Cd and Zn peaks 

are not well resolved across the interface and the contribution of the Zn 3d peak to the peak tail of 

Cd 4d peak results in an overestimation of the FWHM. Indeed, the FWHM of the Cd 4d peak 

determined from XPS data taken at 130 eV was found to vary by ∼0.05 eV across the interface. 

Since a large peak shift occurs at the onset of the interface, we interpret the change in the 

binding energy of the Cd 4d core level at the CdS/CZTS heterojunction due to the interface-

induced band bending. 

Conduction band states 

Lastly, XAS allows probing the unoccupied states (conduction band states) and thus the position 

of the conduction band minimum (CBM)25,26,27. For simplicity, the term XAS will be used 

throughout the paper. While the top of the valence band of CZTS is dominated by hybridized 

antibonding Cu 3d-S 3p states, the bottom of the conduction band is dominated by hybridized Sn 

5s-S 3p states25. Due to the hybridization of the S 3p states with the Sn states, the S L2,3 XAS can 

be used to probe the electronic structure of the CZTS, as demonstrated prevoiusly25. In particular, 

the leading edge of the spectrum can be used to determine the CBM of CZTS by extrapolation of 

the linear fit of the absorption onset to the baseline. Figure 5 shows the S L2,3 XAS spectra of the 

CdS, CZTS and ACZTS samples on an energy scale from 158 to 170 eV. Both the CZTS and 

ACZTS exhibit a prominent peak at ∼162.6 eV, which is in close agreement with the previous 

report on CZTS25. The intensity of the peak decreases upon Ag alloying, as shown in Figure 5 (b), 

in which the spectra are normalized to the background level. This can be associated with a weaker 

hybridization between the Sn 5s and S 3p states upon Ag alloying. Qualitatively speaking, this can 
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be understood by the fact that the newly formed Ag-S bonds in ACZTS are longer than the Cu-S 

bonds in pure CZTS (due the larger radius of Ag compared to Cu), and this would result in a 

decrease in the hybridization between the Cu/Ag-S states. The CBM values extracted from the 

XAS spectra are shown in Figure 5 (c). The data indicate that the CBM of CdS resides 0.3 eV 

lower in energy compared to the conduction edge of CZTS. In the case of ACZTS, the CBO 

remains negative, but the barrier height is reduced by ∼70 meV. The combination of S L3 XES (X-

ray emission spectroscopy) and S L2,3 XAS can be used to estimate the electronic band gap25. In 

this study, in the absence of XES data, the surface band gap cannot be determined. 

DISCUSSION 

Our data reveal a significant shift of the Cd 4d peak associated with the n-CdS layer at the 

interface, suggesting a change in the surface potential. Using the depletion approximation, this can 

be explained if one considers the dependence of the electrostatic potential on the width of the 

charge depletion layer, as shown schematically in Figure 6. Far away from the interface, the 

etching does not affect the charge neutrality region. When the width of the CdS layer becomes 

smaller than the pristine depletion layer thickness W10 on the n-CdS side, the depletion region 

begins to shrink. Consequently, the width of the depletion region on the p-CZTS side will shrink 

as well in order to maintain charge neutrality. Consequently, the surface potential will vary with 

the width of the depletion layer and thus erosion/sputtering depth. The corresponding electrostatic 

potentials for pristine and eroded samples are shown in Figure 6 b. When WCdS< W10, such that the 

depletion region is exposed to vacuum, the surface potential (band bending voltages across both 

sides of the junction), 𝑉𝑉bb, will vary as 𝑉𝑉bb0(𝑧𝑧−𝑊𝑊CdS0
𝑊𝑊10

)2, where 𝑉𝑉bb0 is the initial surface potential, 

𝑊𝑊CdS0 and 𝑊𝑊10 are the CdS thickness and depletion layer thickness of the pristine sample, 

respectively. Detailed calculations are given in the Supporting Information.  
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The shift in the binding energy of the Cd 4d core level of 0.42 eV and 0.53 eV for the CdS/CZTS 

and CdS/ACZTS heterojunctions, respectively represents a change in the surface potential across 

the depletion region (Table 1). Due to high surface sensitivity of the XPS at an energy 60 eV, the 

largest signal arises from the top CdS layer, allowing for a nanometer-depth profiling of the surface 

potential at the interface. The width of the depletion region on the n-type CdS side, Wn, is estimated 

to be around ∼6.5 ± 2 nm. The width of the depletion regions on the n- and p-type sides are related 

by: 𝑉𝑉bb𝑛𝑛𝜀𝜀𝑛𝑛
𝑊𝑊𝑛𝑛

= 𝑉𝑉bb𝑝𝑝𝜀𝜀𝑝𝑝
𝑊𝑊𝑝𝑝

 and 𝑉𝑉bb𝑛𝑛𝜀𝜀𝑛𝑛𝑁𝑁𝐷𝐷 = 𝑉𝑉bb𝑝𝑝𝜀𝜀𝑝𝑝𝑁𝑁𝐴𝐴, where 𝑉𝑉bb𝑛𝑛 and 𝑉𝑉bb𝑝𝑝 are the band bending 

voltages on the either sides of the heterojunction, 𝜀𝜀𝑛𝑛 and 𝜀𝜀𝑝𝑝 are the static dielectric constant of the 

n-CdS and p-CZTS semiconductors, respectively, and 𝑊𝑊𝑛𝑛 and 𝑊𝑊𝑝𝑝 are the corresponding

depletion widths, while ND and NA are the donor and acceptor densities, respectively (Supporting 

Information). Since the doping density of the p-type CZTS is much larger than that of n-type CdS, 

band bending is expected to occur largely in the p-CZTS layer. Assuming 𝑉𝑉bb𝑛𝑛=0.02 eV and 

𝑉𝑉bb𝑝𝑝 = 0.40 𝑒𝑒𝑉𝑉, such as the total the surface potential is 0.42 eV, and 𝜀𝜀𝑛𝑛=10.2 and 𝜀𝜀𝑝𝑝 = 7, we 

estimate a width of the depletion layer on the p-CZTS side, 𝑊𝑊𝑝𝑝, of∼89 ± 20 nm. The estimated 

total depletion width of CZTS of 𝑊𝑊CZTS∼95.5± 20 nm is in a reasonable good agreement with 

previous data13,28. In the case of ACZTS, assuming 𝑉𝑉bb𝑛𝑛=0.51 eV and 𝑉𝑉bb𝑝𝑝 = 0.02 𝑒𝑒𝑉𝑉), a total 

of the depletion width of  𝑊𝑊ACZTS∼114 (± 20)  nm is obtained. The data suggests that the total 

charge-depletion width in CdS/ACZTS is significantly wider than in CdS/CZTS.  

Furthermore, the doping concentration of the p-CZTS layer 𝑁𝑁𝐴𝐴 =2𝜀𝜀0
𝑒𝑒
𝑉𝑉bb/𝑊𝑊𝑝𝑝(𝑊𝑊𝑛𝑛

𝜀𝜀𝑛𝑛
+ 𝑊𝑊𝑝𝑝

𝜀𝜀𝑝𝑝
) 

(Supporting Information) was estimated to be 𝑁𝑁𝐴𝐴∼1.2×1016 cm-3, which is a surprisingly good 

agreement with the expected concentration for CZTS (∼1×1016 cm-3). For CdS, a doping 
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concentration of 𝑁𝑁𝐴𝐴∼1.67×1017 cm-3 was determined. The doping concentration of ACZTS was 

estimated to be∼9.73×1015 cm-3, which is slightly lower than that of CZTS. 

The reduced Voc in the CZTS solar cells has often been associated with Fermi level pinning due 

to a very high density of bulk/interface defects29. In particular, in the case of Cu-poor CZTS, the 

CuZn anti-site defects are the most likely pinning defects due to their low formation energy. The 

presence of these defects plays an even larger role at the interface where the upwards shift of the 

Fermi level reduces the energy barrier for formation of the anti-site defects. Theoretical predictions 

have shown that the concentration of the anti-site defects in AZTS would be reduced/suppressed 

since the newly formed AgZn anti-site defects would have a much larger energy of formation29. 

This study indicates that the incorporation of Ag in the kesterite lattice lowers the valence-band 

edge of CZTS with respect to the Fermi level. More importantly, the nano-scale depth profiling of 

the surface potential at the interface reveals a larger band-bending at the CdS/ACZTS 

heterojunction as compared to pure CZTS, which can ultimately result in a higher Voc. 

Furthermore, a significantly larger total charge depletion width in CdS/ACZTS as compared to its 

undoped counterpart can increase the probability of charge carrier collection in a solar cell. It is 

also worth mentioning that Ag alloying of CZTS enhances significantly the grain size (Figure 5S, 

Supporting Information). 

The band alignments at the hetero-interface between the n-CdS/p-CZTS and n-CdS/p-ACZTS 

are illustrated in Figure 7 (a) and (b), respectively. The scheme is constructed based on the 

experimentally determined VBM positions of the CdS and CZTS or ACZTS layers by the 

indirect and direct method (in parenthesis).  A negative CBO is revealed in both systems, 

indicating a cliff-like band alignment is present upon Ag alloying of CZTS. However, the 
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barrier height is significantly reduced, while the band-bending at the CdS/ACZTS 

interface is enhanced. 

CONCLUSIONS 

We have shown that depth-profile XPS and UPS analysis of the CdS/CZTS and CdS/Ag-CZTS 

heterostructures can reveal detailed information nanometer-scale evolution of the valence band 

structure at the interface. Ag alloying of CZTS lowers the valence-band maximum of CZTS with 

respect with Fermi level and reduces the hybridization between the Cu-S states. Furthermore, a 

large band bending and a wider total depletion width has been determined. For the first time, a 

combination of various spectroscopic tools (XPS/UPS depth profiling and XAS) has been applied 

to determine the conduction-band offset at the CdS/CZTS and CdS/ACZTS interfaces. A cliff-like 

band alignment has been determined at both heterointerfaces. However, the conduction band offset 

is reduced from -0.25 eV to -0.09 eV upon Ag alloying. The methodology applied here allows for 

investigating the nano-scale electronic properties of the CdS-kesterite junctions, and can bring a 

step forward on the development of kesterite-based solar cells utilizing either alloyed kesterites or 

alternative buffer layers. This work can be potentially used as a guideline for designing high-

efficiency devices using band-alignment engineering. Our data suggest that band gap engineering 

at the CdS/kesterite interface can be optimized by further lowering the energy barrier at the 

interface. This can be achieved by reducing the band gap of CZTS by heat treatment, which is 

predicted to reduce the conduction band edge of CZTS.  
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Table 1 Valence band maximum of CdS (𝐸𝐸VBM
CdS ), CZTS (𝐸𝐸VBM

CZTS), ACZTS (𝐸𝐸VBM
ACZTS), and valence 

band offset (VBO) determined from the UPS spectra. All energy values are determined with 

respect to the Fermi level. 

Layer 
Valence band offset 

(VBO) at the interface(*)

Conduction band offset 

(CBO) 

CdS/CZTS +1.09 eV -0.12 eV

CdS/ACZTS +0.89 eV -0.01 eV

(*) Values determined from UPS depth profiles at the interface 
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Table 2 The interface band bending values, Eibb, determined from the depth profile XPS 

spectra of the CdS/CZTS and CdS/ACZTS layers.  

Layer 𝐸𝐸ibb 𝐸𝐸VBM
CZTS 𝐸𝐸VBM

CdS  
Valence 

band offset 
(VBO)

Conduction 
band offset 

(CBO) 

CdS/CZTS +0.42  eV -0.46 eV -2.10 eV +1.22 eV -0.25 eV

CdS/ACZTS +0.53  eV -0.6 eV -2.12 eV +0.99 eV -0.09 eV
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Figure 1. (a) UPS spectra at 60 eV taken at different sputtering depths across the CdS/CZTS (a) 

and CdS/ACZTS (b) hetero-structures. The red plots indicate the interface/CZTS region. EF 

denotes the Fermi level.  
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Figure 2. (a-b) UPS spectra of CdS, interface and CZTS/ACZTS. The term VBM denotes the 

valence band maximum position with respect with the Fermi level (EF), while the valence-band 

offset (VBO) was determined from the difference in the VBM positions at the interface.  
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Figure 3 The valence-band maximum with respect to the Fermi level as a function of sputtering 

depth, z, for the (a) CdS/CZTS and (b) CdS/ACZTS heterostructures. VBO was determined from 

the difference between the VBM of the respective semiconductors at the interface. 
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Figure 4. (a-b) Depth-profile XPS spectra at 60 eV of the CdS/CZTS and CdS/ACZTS layers, 

respectively. The red curves indicate the interface region; (c-d) The relative shift in the binding 

energies (BE) of the Cd 4d and Zn 3d core levels (with respect to the bulk values) as a function of 

depth for the CdS/CZTS and CdS/ACZTS hetero-structures. The BE were derived from XPS 

spectra taken at 60 and 130 eV. 
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Figure 5 (a) The S L2,3 XAS spectra of CdS, CZTS and ACZTS. The linear extrapolation of the 

absorption edge used to determine the conduction band minimum (CBM); (b) Zoom on the XAS 

spectra (normalized to the background level) indicating the decrease in the intensity of the peak at 

163.4 eV upon Ag alloying; (c) Sketch indicating the relative positions of the conduction band 

edges of the three materials (CdS, CZTS and ACZTS).  
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Figure 6 Left: The evolution of the charge depletion layer at the CdS/CZTS interface as a function 

of etching of the top CdS layer. Right: Electrostatic potential, normalized to the total band bending 

potential Vbb0, in the pristine CdS/CZTS device as a function of position, normalized by the CdS 

depletion width W10 (black curve). Normalized electrostatic potential of the eroded device 

calculated for a device with CdS eroded to a thickness of half the pristine CdS depletion layer 

thickness (blue curve). Normalized total band bending potential of the device during erosion as a 

function of normalized eroded surface position (red curve), This potential affects the UPS/XPS 

measurements due to the inherent surface sensitivity. The curves are calculated for a device that 

has a CZTS depletion width four times larger than the CdS depletion width, i.e., W20=4W10. WCdS 

is the total CdS thickness of the pristine device, and the bottom axis is shifted by this amount in 

order to align the origin to the hetero-interface.   
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Figure 7 Band alignment at the CdS/CZTS and CdS/ACZTS hetero-interfaces 
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Pulsed laser deposition of 
oxide target 
5.1 Oxide route for production of Cu2ZnSnS4 solar cells by Pulsed Laser Deposition 
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Canulescu, Oxide route for production of Cu2ZnSnS4 solar cells by Pulsed Laser
Deposition, Sol. Energy Mater. Sol. Cells. 215 (2020) 110605.

In this chapter, the idea was to study the formation of kesterites from oxide precursors. 
The company involved in the project, Haldor Topsøe, has produced binary oxide targets 
(CuxO2-x:SnO2:ZnO) with the desired composition. At the beginning of the project, it 
was difficult to synthesize good absorbers with targets of monocrystalline CZTS and 
binary CZTS (CuS:SnS:ZnS) target. The Cu-poor precursors were typically grown at 
low fluence, but the approach was time-consuming and had poor reproducibility. Films 
produced from oxide binary targets had a good quality confirmed by Raman, XRD, 
EDX and UV-VIS absorption spectroscopy. This was due to that oxide target was 
initially Cu-poor, and it was originally planned to be used for the solution-processed 
CZTS. The PLD films deposited at high fluence were usually Cu-rich, so a Cu-poor 
target resulted in the desired composition. Annealing normally also results in Sn 
deficiency. However, oxide films seem to be less susceptible to Sn loss. So even before 
having an established baseline for sulfide precursors, we started to develop oxide 
precursors. The optimization of the sulfide precursors came after that.  

However, one problem was that we have observed bubble-like structure in the films 
after annealing and the cross-sectional SEM images show that they were actually 
hollow structures inside. Unsulfurized SnO2 phase was also detected by Raman at the 
back contact. This result led us to hypothesize that gas is trapped inside the film. We 
have compared oxide, oxy-sulfide and sulfide precursors to study the oxide route 
conversion for CZTS. During this work[48], the postdoc Simón López Mariño working 
in the group helped greatly. He contributed to the composition optimization of the films, 
CdS deposition, SEM measurements, synthesizing some absorbers and even suggested 
the theory of SO2 gas being trapped inside in absorber during the annealing.  

My contribution: Synthesis of samples, the idea of lowering pressure during 
sulfurization, characterization of XRD, Raman, EDX, IV, EQE, writing original draft 
and visualization 
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A B S T R A C T

In this work, we have investigated Cu2ZnSnS4 (CZTS) solar cells made from oxide, oxy-sulfide and sulfide pre-
cursors produced by pulsed laser deposition (PLD). Although sulfide precursors are widely used to fabricate CZTS 
solar cells, Sn loss is commonly observed due to the high volatility of SnxSy species during high temperature 
sulfurization. This can lead to a non-ideal absorber composition and a high density of detrimental Sn-related 
defects that severely affect the performance of the device. By using oxide precursors, we have shown that the 
Sn loss can be significantly reduced due to the higher thermal stability of SnxOy species when compared to their 
sulfide counterparts. However, the reaction mechanism for the oxide route results in rough CZTS films. We 
hypothesize that the SO2 gas that forms during the conversion from oxide to sulfide is trapped in the film during 
sulfurization, and can lead to grains with hollow cavities and thus increase the surface roughness. Therefore, we 
have developed an annealing route for the oxide precursors at lower annealing pressures, which leads to 
improved film morphology and device performance. As a result, we report a power conversion efficiency of 5.4% 
for solar cells made from oxide precursors. This is the highest value reported for a CZTS absorber produced by 
PLD.   

1. Introduction

Cu2ZnSnS4 (CZTS) is a promising p-type solar cell absorber material
that has a nearly ideal bandgap for single junction solar cells (~1.5 eV) 
and a high absorption coefficient [1–4]. It consists of earth abundant and 
non-toxic elements. The CZTS solar cells have reached an efficiency of 
11% [5] and the Cu2ZnSn(S,Se)4 (CZTSSe) solar cells an efficiency of 
12.6% [6]. The challenges associated with the moderate efficiency of the 
kesterite devices include low open circuit voltage (VOC), which stems 
from a large density of Sn- and S-related deep level defects [7–9]. 

Most of the CZTS absorbers are made from metallic or sulfide pre-
cursors. This is a logical choice as there are no foreign elements included 
in these compound, such as oxygen, and the conversion into a sulfide 
material is easy [10]. Nevertheless, due to the volatile nature of SnxSy 
species, the final composition of the film after conversion will likely 

have less Sn compared to the initial composition [11,12]. It has been 
shown that adding a small amount of Sn powder during annealing 
process improves the overall performance of the solar cells [13]. Alter-
natively, one can employ oxide compounds as a precursor for the 
fabrication of CZTS devices. In this case, oxides are advantageous over 
their sulfide counterparts due to their high temperature stability. In 
addition, they can be used for an additive-free solution processing route 
that can be processed on large scale [10]. In a solution-processing route, 
solvents and additives typically contain carbon and halogens. Removing 
these species can be difficult, and their incomplete removal can hamper 
the device performance. When using oxide precursors, it is possible to 
use pre-annealing in air to effectively burn out and thus remove 
remaining organic species and halogens. Combustion occurs when 
organic material is heated in air, and it will leave the films with less 
carbon residues [14,15]. Moreover, pre-annealing of oxides in air could 
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be a low-cost and relatively environmental-friendly process [10,15]. 
This approach may open new opportunities for the mass production of 
high quality CZTS films made from a low-cost solution-processing path. 

However, there are only a few cases in which CZTS made from oxide 
precursors have been studied. Washio et al. have reported on a 6% 
efficient CZTS solar cell by an open atmosphere type chemical vapor 
deposition method, which is the highest efficiency of a cell made from 
oxide precursors [16]. Jin et al. have reported on CZTS solar cells made 
by pulsed laser deposition (PLD) from oxide precursors, and achieved an 
efficiency of 4.94% [17]. They also studied the formation mechanism of 
CZTS from an oxide powder and observed that SO2 gas is formed during 
sulfurization [14]. First principles simulations suggest that the 
Cu2ZnSnSxO4-x (CZTSO) alloy might exist [18], but to the best of our 
knowledge, this has not been validated yet. While the possibility of 
tuning the band gap by varying the S/O ratio may enable the use of 
CZTSO in tandem solar cell configurations [19,20], oxygen alloying of 
CZTS remains to be demonstrated. PLD is an emerging technique for the 
synthesis of chalcogenide materials and it allows deposition of com-
pounds with complex stoichiometry, while providing a fine control over 
the deposition rate. PLD relies on nearly stoichiometric transfer of the 
ablated material from a target to a substrate on a typical time scale of 
microseconds after the laser pulse [21]. The plasma plume features 
species with kinetic energies of tens of eV [22], which upon landing on 
the substrate leads to the formation of a uniform film (“the precursor 
film”). It is worth noting that the laser ablation process can lead to a 
pronounced decrease in the optical transmission of the laser window, 
resulting in a significant reduction of the laser fluence [23]. 

In this study, we have investigated the formation mechanism of CZTS 
from oxide precursors produced by PLD. We find that CZTS grains with 
hollow cavities, a kind of bubble-like structure, were formed when oxide 
precursors were used. The burst of these bubbles results in a non- 
compact film which affects device performance. We hypothesize that 
the release of SO2 during the sulfurization process is the main reason for 
the non-compact films, and that it potentially could be controlled by 
changing the annealing pressure. By studying the influence of the N2 
pressure on the sulfurization process, we show that a low pressure re-
sults in a more compact film and a complete sulfurization of the oxides. 
Finally, we compare solar cells made from oxide, oxy-sulfide and sulfide 
precursors. 

2. Experimental

2.1. Materials and device fabrication

Oxide, oxy-sulfide and sulfide precursors were grown by PLD, using a 
procedure described in previous studies [23,24]. The oxide (from Haldor 
Topsøe), oxy-sulfide (from Haldor Topsøe), and sulfide targets (from 
Testbourne Ltd) made of oxide and sulfide binary compounds with metal 
ratios of Cu/(Zn þ Sn)~0.5 and Zn/Sn~1.1 and O/(O þ S) ratios of 1, 
0.3 and 0, respectively were used. The targets were ablated by focusing a 
laser beam from an excimer laser (248 nm KrF, 20 ns FWHM and 15 Hz 
repetition rate) onto an area of 1.7 mm2 at an angle of incidence of 45�. 
The average fluence was 2 J/cm2. To avoid the previously mentioned 
decrease in optical transmission of the window and maintain a relatively 
constant fluence during deposition, an intelligent window (from PVD 
products) consisting of a rotating UV-graded silica disc in vacuum was 
used. The disc acts as a sacrificial window between the laser window and 
the plasma plume, which rotates during deposition exposing always a 
new optical surface. The typical deposition rates for oxide, oxy-sulfide 
and sulfide were 4.1, 7.3 and 8.7 nm/min, respectively, and the time 
for a deposition varied from 2 to 4 hours (at a laser frequency of 15 Hz). 
This suggests that the ablation yield of sulfides is much higher than that 
of oxides, presumably due to their highly volatile components. The 
precursor films were deposited in vacuum, with a base pressure below 
10-6 mbar, on 2.5 � 2.5 cm2 Mo-coated soda lime glass substrates (from
the Center for Solar Energy and Hydrogen Research 

Baden-Wuerttemberg, ZSW). All films were grown at room temperature 
to minimize sulfur loss for the targets containing sulfur. The precursor 
films were cut into 1.25 � 1.25 cm2 and placed in a graphite box with 
120 mg S (99.998%, Sigma-Aldrich) and 5 mg Sn powder (�99%, 
Sigma-Aldrich) and loaded into a tube furnace evacuated to a base 
pressure below 10-2 mbar. The precursors were then subjected to a 
two-step annealing procedure in nitrogen atmosphere: first, the samples 
were heated to 200 �C for 30 min under a flow of 1.5 mbar N2, followed 
by heating to different temperatures of 540 �C, 560 �C and 580 �C for 30 
min. For the morphological study of the oxide precursors, we have 
employed temperatures of 540 �C and 560 �C (Table 1) and the rest of 
the samples, including oxide precursors for solar cells, were annealed at 
580 �C. The nitrogen pressure in the high temperature annealing step 
was varied from 50, 250, 500–1000 mbar for comparing the oxide, 
oxy-sulfide and sulfide routes. The temperatures and nitrogen pressures 
in the second step of the annealing are listed in Table 2. Additional 
samples for each precursor were annealed at a pressure of 250 mbar 
without intentionally added Sn powder. To enable Raman measure-
ments of CZTS from the backside, an oxide precursor film was deposited 
on sapphire substrate and annealed at 250 mbar, 580 �C for 30 min. The 
final thickness of the annealed CZTS layer is around 1 μm. After the 
annealing, the absorbers were etched in a (NH4)2S solution [25] at room 
temperature for 5 min. Chemical bath deposition was used to produce a 
65 nm CdS buffer layer. Finally, full solar cells were finished by 
depositing a 50 nm i-ZnO layer and 350 nm Al-doped ZnO layer as 
window layers by sputtering using a procedure described elsewhere 
[26]. All samples were post annealed at 250 �C for 1 min and cooled with 
the rate of 1 �C per min in N2 atmosphere. 

2.2. Characterization methods 

Raman and photoluminescence (PL) measurements were done on 
finished solar cells using a Renishaw inVia Reflex confocal Raman mi-
croscope equipped with two excitations sources: a diode-pumped solid- 
state laser at 532 nm and a diode laser at 785 nm. The laser beam was 
focused onto the sample with a VIS-NIR 50 � objective (NA 0.75). The 
scattered light was collected by the same objective lens and dispersed 
using a Renishaw inVia Reflex Spectrometer. Either a grating with 1800 
grooves/mm or 2400 grooves/mm was used. X-ray diffraction (XRD) 
patterns were obtained in Bragg-Brentano configuration on a Bruker D8 
diffractometer. Scanning electron microscopy (SEM) images were ob-
tained by a Merlin field emission electron microscope from Carl Zeiss at 
5 kV acceleration voltage with a HE-SE2 detector. Energy dispersive x- 
ray spectroscopy (EDX) measurements were done by TM3000 tabletop 
microscope from Hitachi at 15 kV electron acceleration voltage in order 
to measure the elemental composition of the precursors, absorbers and 
PLD targets. External quantum efficiency (EQE) measurements were 
performed in a QEXL system from PV measurements on finished cells. 
Current density-voltage (JV) measurements were done with a Newport 
Sol2A Class ABA steady state solar simulator under standard test con-
ditions, calibrated with a Si reference cell. 

3. Results and discussion

3.1. Morphological studies of oxide precursors

The cross-sectional and the top view SEM images of the oxide pre-
cursors sulfurized under different conditions are shown in Fig. 1 and 

Table 1 
Annealing parameters used for the oxide to sulfide conversion for morphological 
study. The S powder was kept constant at 120 mg.  

Precursor type Annealing N2 pressure (mbar) Annealing temperature (�C) 

Oxide 250, 500, 1000 540 
250 560  
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Fig. S2, respectively. The elemental composition of the oxide precursors 
is given in Fig. S1. When oxide samples are annealed under the typical 
annealing conditions used for sulfide precursors (Fig. 1 (a), 540 �C, 
1000 mbar), the films exhibit a high roughness. The image reveals the 
formation of bubble-like structures and a small-grained layer at the 
CZTS/Mo interface. Decreasing the N2 pressure during sulfurization to 
500 and 250 mbar as in Fig. 1 (b) and (c), respectively, results in a 
significant change in morphology and a reduction of the bubble-like 
features. Furthermore, a small increase in the annealing temperature 
from 540 �C to 560 �C at 250 mbar results in a more uniform films with 
larger grains, as shown in Fig. 1 (d). However, the small-grained inter-
face layer persisted even at 560 �C. 

In order to understand the formation of the small-grained layer at the 
back of CZTS, Raman scattering measurements were performed on an 
oxide precursor annealed on a sapphire substrate (Fig. 2). The oxide 
precursor was annealed at 250 mbar and 580 �C with 5 mg Sn powder. 
Raman spectra were measured from the front and back of CZTS (through 
the sapphire substrate). CZTS, SnS, SnS2 [27–29] and SnO2 phases were 
identified at the back of the absorber layer [30–32], while the front 
surface only shows the CZTS phase. Due to the limited Raman infor-
mation depth in CZTS (~100 nm for an excitation wavelength of 532 
nm), measurements only show surface local phases [28]. A comparison 
between Raman spectra “Back 100 and “Back 200 taken at different posi-
tions on the backside of CZTS indicate that the tin sulfide/oxide 
small-grained layer is not continuous. Furthermore, our findings reveal 
an incomplete sulfurization of the oxide precursors. 

3.2. Comparison between sulfurization of oxide, oxy-sulfide and sulfide 
precursors 

Fig. 3 shows the cross-sectional SEM images of solar cells based on 
oxide, oxy-sulfide and sulfide precursors annealed at 250 mbar, 580 �C 
for 30 min. As the oxygen content in the precursor increases, an increase 
in grain size is observed. Moreover, the grain size increase is indepen-
dent of annealing pressure at 580 �C (not shown). Several studies have 
reported an enhancement in grain size under oxygen-annealing condi-
tions, e.g. by employing open air oxidation of CZTS nanoparticles [33], 

by adding a MoO2 layer on the back contact [34], or by adding a 
Na2MoO4 layer on the back contact [35]. The SnOxSy layer at the 
CZTS/Mo interface is present in oxide and oxy-sulfide samples. The 
thickness of this layer increases with higher oxygen content in the pre-
cursors. For longer thermal exposure during sulfurization, such as 50 
min annealing time at temperature of 580 �C, it was possible to eliminate 
the SnSxOy rich layer (Fig. S3). 

Fig. 4 (a) depicts XRD patterns for the different precursors sulfurized 
at 1000 mbar, 580 �C for 30 min. In agreement with the Raman data 
shown earlier, CZTS (ICSD 23626), SnO2 (ICSD 9163) and SnSxOy phases 
were observed. We did not detect any other oxide phases, such as CuO 
(ICSD 16025), ZnO (ICSD 65120) or Zn2SnO4 (ICSD 28235). These re-
sults show that SnO2 is a resilient compound even at 580 �C, and thus the 
last oxide phase to convert to sulfide. Jin et al. and Chen et al. [14,36] 
showed that the relative stability of oxide phases increases from CuO to 
ZnO and finally SnO2, which is consistent with our results. Increasing the 
oxygen content in the absorber results in larger SnO2 peaks (Fig. 4 (a)). 
The results support the SEM images in Fig. 3, where the thickness of the 
small-grained layer at the back contact increases as the oxygen content 
in the films increases. The low intensity peaks observed in the XRD 
measurement matches the Sn2(S2O4)2 (ICSD 32684) database. As there 
are many phases and structures of SnSxOy, XRD diffraction patterns are 
difficult to analyze. Without Raman measurements (Fig. 2) it would 
have been difficult to assign SnSxOy phases. 

The XRD patterns of oxy-sulfide precursors sulfurized at different N2 
pressures are shown in Fig. 4 (b). In the oxy-sulfide series, as the pres-
sure decreases from 1000 mbar to 500 mbar, the SnO2 peaks become less 
intense and almost vanish at 250 mbar and 50 mbar, suggesting a more 

Table 2 
Overview of the annealing parameters used for CZTS absorbers prepared via the 
oxide, oxy-sulfide and sulfide routes. All samples were annealed at 580 �C. The S 
powder was kept constant at 120 mg.  

Precursor type Annealing N2 pressure 
(mbar) 

Sn powder during annealing (mg) 

Oxide 50, 250, 500, 1000 5 
250 – 

Oxy-sulfide 50, 250, 500, 1000 5 
250 – 

Sulfide 50, 250, 500, 1000 5 
250 –  

Fig. 1. Cross-sectional SEM images of oxide precursors sulfurized at various temperatures and N2 pressures: (a) 540 �C, 1000 mbar, (b) 540 �C, 500 mbar, (c) 540 �C, 
250 mbar and (d) 560 �C, 250 mbar. The scale bar applies to all images. 

Fig. 2. Raman spectra (λ ¼ 532 nm) of CZTS produced from oxide precursor on 
a sapphire substrate measured from the front (bare absorber surface) and 
backside (through the sapphire substrate) at two positions. 
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efficient conversion from oxide to sulfide as pressure decreases. One 
possible explanation for the observed trend is that the SnO2 converts to 
SnSx, as we have seen SnSx phases in Raman measurements (Fig. 2). 

Our results indicate that the low pressure of ~ 250 mbar is optimum 
for the CZTS absorber made from oxide precursor films. In the 50 mbar 
case, we could not produce good solar cells, probably due to a large 
composition change in the films after annealing (Fig. S4). As a quater-
nary compound, the composition of CZTS is sensitive to synthesis 

conditions. Secondary phases and compositional gradients readily form. 
The best performing CZTS devices are made with Cu/(Zn þ Sn)~0.8 and 
Zn/Sn ~1.2 [37]. For sulfide films, we expect that Sn and S are more 
easily evaporated at lower pressure, which would inherently lead to Cu- 
and Zn-rich films [38]. On the other hand, for oxide films the more 
stable SnO2 is present in the precursor, which could be one of the reasons 
why there is a large difference in composition at 50 mbar. Thus, the 
optimum annealing conditions for oxide samples are at a temperature of 
580 �C, N2 pressure of 250 mbar and dwelling time of 30 min. 

3.3. Proposed synthesis routes for the formation of CZTS from oxide and 
sulfide precursors 

We next discuss the synthesis routes for the formation of CZTS from 
oxide and sulfide precursors. The chemical equilibrium reaction for the 
sulfide route shown in Eq. (1) was proposed by Redinger et al. [13]. It 
involves solid phases of Cu2S and ZnS and volatile gaseous phases of SnS 
and S2. It was shown that an additional Sn source in the annealing 
process can boost the performance of the cells, since it accommodates 
for the volatility of the SnS phase [11,12,39]. 

Cu2SðsÞþZnSðsÞ þ SnSðgÞ þ
1
2
S2ðgÞ⇆Cu2ZnSnS4ðsÞ (1)  

10CuOðsÞþ 3ZnOðsÞ þ Zn2SnO4ðsÞ þ 4SnO2ðsÞ þ
65
4

S2ðgÞ⇆5Cu2ZnSnS4ðsÞ

þ
25
2

SO2ðgÞ

(2) 

An illustration of the formation of CZTS via the sulfide route is shown 
in Fig. 5 (a). According to Jin et al. [14], the equilibrium reaction of the 
oxide route to CZTS in Eq. (2) involves solid phases of CuO, ZnO, 
Zn2SnO4 and SnO. This route has only one volatile reactant, S2, which 
can be compensated by additional sulfur powder during the annealing. 
However, the oxide-to-sulfide conversion produces SO2 gas, as depicted 
in Fig. 5 (b) and Eq. (2). 

The formation of bubble-like structures (Figs. 1 (a) and 5 (b)) sug-
gests that SO2 gas is trapped inside the CZTS film. By lowering the N2 
pressure to 250 mbar during the annealing (Fig. 1 (b,c)), the SO2 gas 
may be released at an earlier stage, and thus avoiding the pressure build- 
up inside the absorber that would inherently lead to the formation of 
bubbles. These observations are also supported by the XRD data, which 
show that a low N2 annealing pressure leads to a lower SnO2 peak (Fig. 4 
(b)). As shown previously, SnO2 is accumulated at the Mo back contact. 
By releasing the trapped SO2 gas, it should be easier to sulfurize SnO2 as 
the oxygen source is eliminated. Thus, it seems that the SO2 gas trapped 
inside the CZTS layer during the sulfurization process is the main reason 
for the incomplete sulfurization and non-compact surface with bubble- 
like structures. These features could potentially lead to shunt paths 

Fig. 3. Cross-sectional SEM images of CZTS solar cells made by oxide (a), oxy-sulfide (b) and sulfide (c) precursors annealed at 250 mbar, 580 �C for 30 min. The 
CZTS absorber layer (blue) and small grained SnOxSy-rich phase (red) are highlighted in colour for visualization purpose. The scale bar applies to all images. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. XRD patterns of oxide, oxy-sulfide and sulfide precursors sulfurized at 
1000 mbar (a), and oxy-sulfide precursors sulfurized at 580 �C with different N2 
pressures (b). 
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and increased surface recombination, which degrade device parameters, 
particularly the fill factor. 

There are previous reports on synthesis of CuInSe2 (CIS) [40], Cu(In, 
Ga)Se2 (CIGS) [40–43], Cu2SrSnS4 (CSTS), Cu2FeSnS4 (CFTS) [44] and 
CZTS [14,17] from oxide precursors. The commonly encountered 
problems were a segregation of the more stable phases such as gallium 
oxide [41–43,45], the formation of a small-grain layer [40–43,46] as 
well as voids [40–43,46] at the bottom interface. CFTS has shown 
increased roughness as annealing temperature increases [44]. The CSTS 
absorbers made from oxide films have unknown phases at 
low-temperature sulfurization [46], which resembles the SnO2 phase in 
our experiment. Moreover, the films display large, uniform grains, but 
pinholes appear upon the removal of Na-Sr-Sn-S based secondary pha-
ses. Jingjing et al. [47] have reported on the synthesis of CuIn(S,Se)2 
from a DMF solution, with absorbers selenized at different Ar pressures. 
At low pressure (~ 0 MPa), large grains with pinholes and a rough 
surface were observed. At high pressure (0.06 MPa), large grains 
without pinholes, but with a small-grain layer and voids at the back 
contact were observed. Their explanation for the void formation and 
small-grain layer at the back contact was migration of Cu and In to the 
surface leaving voids. 

It is worth mentioning that O/(O þ S) ratio in the oxide, oxy-sulfide 
and sulfide samples were comparable after annealing at 250 mbar, when 
measured by EDX (Table S1). It seems that the oxide samples are 
completely sulfurized at 250 mbar, or at least they have the same O/(O 
þ S) ratio as the sulfide samples. When oxide and oxy-sulfide samples
are annealed at a pressure above 250 mbar, we see an increased O/(O þ
S) and bandgap (Fig. S5). This result might indicate CZTSO alloying is
possible [18]. However, we have not detected any significant change in
XRD and Raman measurements that indicate oxygen alloying of the
samples.

3.4. Device characterization 

The J-V curves and EQE spectra of CZTS solar cells produced from 
precursors sulfurized at 250 mbar, 580 �C are shown in Fig. 6 (a) and (b), 
respectively. The corresponding device parameters, including open cir-
cuit voltage (VOC), short circuit current (JSC), fill factor (FF) and power 
conversion efficiency (PCE) are summarized in Table 3. When compared 
to earlier reports on solar cells made by PLD, for example by Jin et al.15 

(PCE ¼ 4.94%, VOC ¼ 0.684 V, JSC ¼ 16.8 mA/cm2, FF ¼ 43%), our best 
device has a higher FF. Furthermore, the efficiency of our best device of 
5.4% (active area) exceeds that of 5.2% (active area) achieved earlier by 
our group for PLD of sulfides (VOC ¼ 0.616 V, JSC ¼ 17.6 mA/cm2, FF ¼
48%) [23] Moreover, in our previous work, an antireflective MgF layer 
was used, which may account for the larger JSC. Devices made from 
oxide films annealed at 250 mbar exhibit the highest VOC of 0.673 V, 
even though the experimentally determined bandgap of 1.52 eV is the 
lowest among all precursors (Table 3). As a result, these cells have the 
lowest VOC deficit of 0.85 V. We emphasize that the oxides have a better 

Fig. 5. Proposed synthesis routes for the formation of CZTS from (a) sulfide and (b) oxide precursors.  

Fig. 6. J-V curves (a) and EQE spectra of the oxide, oxy-sulfide and sulfide cells 
(b) produced by sulfurization at 250 mbar.

Table 3 
J-V parameters of the oxide, oxy-sulfide and sulfide based solar cells produced
by sulfurization at 250 mbar.

Precursor 
type 

J-V parameters EQE VOC 

deficit 
(V) VOC 

(mV) 
JSC 

(mA/ 
cm2) 

FF 
(%) 

PCE 
(%) 

JSC 

(mA/ 
cm2) 

Eg 

(eV) 

Oxide 673 15.2 53.0 5.4 15.5 1.52 0.85 
Oxy- 
sulfide 

634 14.3 57.7 5.2 14.4 1.54 0.91 

Sulfide 652 12.5 41.9 3.4 12.0 1.59 0.94  
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performance because all samples were compared under the best 
annealing conditions for oxides that are described in section 3.1 and 3.2. 
The JSC values derived from the illuminated J-V curves are in good 
agreement with those obtained by integration of the EQE curves (see 
Table 3). Moreover, the EQE is higher below 500 nm in oxides due to a 
thinner CdS, and thus less absorption will occur in the buffer layer. This 
suggests that the thickness of the CdS layer can be further optimized. 

Finally, we discuss the effect of both annealing pressure and pre-
cursor type on the device performance given by J-V parameters of the 
best solar cells (Fig. 7). The corresponding J-V curves, EQE spectra and 
boxplot of all devices made under the same conditions can be found in 
the supplementary information (Fig. S6, S7 and S8). The best efficiencies 
follow the same trend as the median of all data, as can be seen in Fig. S8. 
Fig. 7 (a) shows that all solar cells have VOC values above 600 mV for 
oxides, oxy-sulfides and sulfides at different N2 pressures (except the 
oxy-sulfide-based solar cell at 50 mbar). However, without Sn powder, 
the samples annealed at 250 mbar exhibit a drop in VOC by several 
hundred mV (empty circles in Fig. 7). The poorer performance is most 
likely associated with a higher density of Sn-related deep level defects in 
the CZTS absorber [7,37]. The VOC drop is more pronounced for the 
sulfide device at 250 mbar than for the oxide or oxy-sulfide devices. This 
could be due to a higher Sn supply in the form of SnSxOy in the oxide and 
oxy-sulfide films. Furthermore, there is a trend of decreasing FF in the 
absence of Sn during processing, much like VOC (Fig. 7 (a), (c)). The JSC 
for oxy-sulfide- and sulfide-based solar cells is highest at 500 mbar 
(Fig. 7 (b)). For solar cells made of oxide precursors, the largest JSC of 
15.5 mA/cm2 is obtained for films annealed at 250 mbar. All devices 
have JSC values lower than state of the art devices, probably due thicker 
CdS layer and no antireflection layer. The effect of the small-grained 
SnSxOy-rich layer on device performance is difficult to assign due 
similar general trends of VOC and JSC observed for different precursors. 
As a result, for oxide and oxy-sulfide samples, the best performing solar 

cells were obtained at an annealing pressure of 250 mbar, as expected 
from the morphological studies of the oxide precursor (Section 3.1). 

4. Conclusion

In conclusion, we have shown that reducing the annealing pressure
for the sulfurization of oxide precursors reduces the bubble-like struc-
tures and increases the fill factor of CZTS devices. The rough 
morphology of CZTS absorbers was associated with SO2 gas accumula-
tion during the annealing. Reducing the annealing pressure improves 
the sulfurization process and aids the SO2 gas release. The optimum 
annealing pressure was 250 mbar for the oxygen-containing precursors 
and 500 mbar for the sulfide-containing precursors. SnO2 is the last 
compound to convert into a sulfide. Initially SnO2 accumulates at the 
back contact, then it is converted to SnSxOy as the annealing progresses, 
and finally Sn may be absorbedin the CZTS as the annealing runs to 
completion. 

The grain size increases considerably with increasing precursor ox-
ygen content. This increase in grain size was independent on the 
annealing pressure or on the use of a Sn source during annealing. All 
oxides fully convert into the sulfide CZTS at a pressure of 250 mbar. 
Finally, the CZTS solar cells based on oxide precursors have a power 
conversion efficiency of 5.4%, open circuit voltage of 0.673 V and fill 
factor of 53%. This study reports the highest efficiency for CZTS solar 
cells based on PLD-grown absorbers. 
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Fig. 7. Device parameters: open circuit voltage (VOC) (a), short circuit current (JSC) (b), fill factor (FF) (c) and power conversion efficiency (PCE) (d) of oxide, oxy- 
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Chapter 6 
Post annealing in CZTS solar 
cells 

6.1 Post deposition annealing on Cu2ZnSnS4 properties 

As early as we have started making working cells, we have started post-annealing 
experiments. However, the initial results were not favorable. We did not have an N2 
glovebox or an appropriate tube furnace. Hence, post annealings were made in air on 
full cells. The statistical errors of the sample performance were also quite high and 
didn't seem to improve much. For some time, post-annealing studies have been 
abandoned. When we looked under the SEM, the AZO layer of the CZTS cells appeared 
to have been peeled off after post-annealing. The assumption was that a usual 300 °C 
post-annealing temperature was too high for our AZO layer. I thought we can avoid the 
delamination of the AZO during the post-annealing in two ways. First, we should 
decrease the post-annealing temperature. Second, we could just post-anneal samples at 
300 °C after CdS deposition, meaning before AZO deposition. In this way, there will 
be no problems with the AZO delamination. Surprisingly, both approaches worked well. 
The low-temperature post-annealing was a clear progress. Because post-annealing was 
made on full cells and it was possible to directly compare device performance before 
and after post-annealing. For the post-annealing before depositing AZO, statistical 
errors were not allowing us to confidently say that performance improved. However, 
we have observed a distinct change in the device parameters such as bandgap of the 
absorver (Fig. 6.1), Photoluminesce (Fig. 6.2), VOC and JSC. Only the power conversion 
efficiency seems to be improving marginally. Thus at the beginning post-annealing, the 
full cells at 150 °C were in the main process.  
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Fig. 6.1. Normalized EQE measurement at each post-annealing temperature 

Fig. 6.2. Normalized PL spectra after post-annealing at different temperature 
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6.2 Post deposition annealing on Cu2ZnSnS4 solar cells and the effect of Cu-Zn 
disorder at high temperatures 

• Mungunshagai Gansukh, Simón López Mariño, Moises Espindola Rodriguez,
Filipe Mesquita Alves Martinho, Sara Engberg, Niels Christian Schjødt, Eugen
Stamate, Nini Pryds, Ole Hansen, Jørgen Schou and Stela Canulescu, Post
deposition annealing on Cu2ZnSnS4 solar cells and the effect of Cu-Zn disorder at
high temperatures, IEEE 46nd Photovoltaic Specialist Conference (PVSC)

Things only got more interesting thereafter. As the post-annealing time was around 15 
min, doing additional Raman measurements in the next lab was not hard. Raman and 
photoluminescence measurements showed clear trends at different post-annealing 
temperatures.  

So, I did a temperature-dependent post-annealing experiment on PLD solar cells. The 
idea was that using a single solar cell, we will post anneal it at each temperature starting 
from low (150 °C) to high temperature (300 °C). The advantage of this method was 
that the statistical errors were reduced significantly, as it is the same cell that is going 
through the process. The disadvantage was that our cell had to dwell at each 
temperature before it reached a certain higher temperature. In other words, reaching 
300 °C directly is different than stopping at 150 °C and going to 300 °C. We have 
compared Raman, photoluminescence and UV-Vis absorption in cells dwelled at each 
temperature and cells that were annealed at each temperature separately. We have 
observed a very similar trend in both cases. Therefore, the cumulative effect on the cell 
was minimal and it was reasonable to use a single cell for post-annealing experiments 
over a wide temperature range in a condition that lower temperature experiments will 
be executed first.  

My contribution: Design of experiment, sample processing, writing the original 
draft, annealing, post-annealing, analysis of results 

6.3 Detailed study of post-annealing in CdS/Cu2ZnSnS4 solar cells 

• Mungunshagai Gansukh, Filipe Martinho, Moises Espindola Rodriguez, Simon
López Mariño, Denys Miakota, Zheshen Li, Sara Engberg, Eugen Stamate, Jørgen
Schou, Ole Hansen, and Stela Canulescu, Post deposition annealing on Cu2ZnSnS4

solar cells and the effect of Cu-Zn disorder, In preparation

When we received a new tube furnace oven in our laboratory, the statistical errors of 
the device performance narrowed down greatly. In addition, the CdS deposition was 
performed in an even more controlled manner. The AZO delamination after post-
annealing at high temperature seemed not to be occurring anymore. Now, it was the 
time for a comprehensive and systematic study for post-annealing experiments. The 
co-sputtered precursors were used in this study due to its high sample throughput and 
reproducibility. In September 2019, everything went almost seamlessly. We had a new 
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AZO target, co-sputtering targets were still sufficient, CdS deposition was running 
quite nice, and we had a new furnace which gave us a smaller temperature gradient. 
Because we have observed improvements at both low and high temperatures, we 
decided to do a temperature-dependent post-annealing study. Filipe provided me with 
precursors made by co-sputtering. The composition of these precursors was quite 
similar and the performance of the devices made by these precursors was comparable. 

The problem of understanding the post-annealing effect on the performance of the solar 
cells is that several phenomena happen at the same time. It involves all layers of the 
CZTS device, and we usually observe the overall improvement on the performance due 
to the multiple effects.  

In this paper, we have designed experiments such that the post-annealing process is 
done at different stages of solar cell fabrication. The set of samples for the post-
annealing study were 1) CZTS absorbers, 2) CdS/CZTS or after CdS deposition, and 3) 
full cells or after AZO deposition. From the literature, there were similar studies of 
post-annealing in an inert atmosphere and air. Therefore, in this work, all post-
annealings were carried out in N2 and air for each set. In total, a minimum of 60 samples 
were investigated (6 sets of samples, 10 samples each). Afterward, we did additional 
experiments on AZO/CdS/CZTS in N2 and CZTS in air because these were giving the 
best results.  

My contribution: Designing the experiment, annealing, post-annealing, Raman,  
photoluminescence, J-V curve measurement, EQE, XPS and UPS beamline 
measurement, data analysis, writing original draft and visualization 
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Cu-Zn disorder at high temperatures 
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1 DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark 
2 DTU Nanolab, National Center for Nano Fabrication and Characterization, Technical University of 
Denmark, DK-2800 Kgs. Lyngby, Denmark 
3 Haldor Topsoe A/S, Haldor Topsøes Allé 1, DK-2800 Kgs. Lyngby, Denmark 
4 DTU Energy, Technical University of Denmark, DK-4000 Roskilde, Denmark 

Abstract  —  Post deposition annealing is a frequently used 
approach in CZTS(Se) research community to boost the efficiency 
of the cells. In this study, we investigate the influence of post 
deposition annealing in air on CZTS devices performance, 
produced by pulsed laser deposition. There are competing 
beneficial and detrimental effects depending on the temperature. 
We suggest that Cu-Zn ordering at 150°C and diffusion of Cd into 
CZTS from 250°C to higher temperature could be the main 
beneficial effects that increase the efficiency. A record efficiency 
for pulsed laser deposition of 5.4% was obtained at 150°C and 15 
min post deposition annealing.  

I. INTRODUCTION

Cu2ZnSnS4 (CZTS) is a promising p-type solar cell absorber 
which consists of earth abundant and non-toxic elements. It 
was proposed as a replacement for other thin film solar 
materials, such as CIGS and CdTe, with efficiency exceeding 
22%, but relying on scarce and toxic elements [1]. However, 
the CZTS performance is only 11% [2]. The main parameter 
that is limiting the efficiency is the VOC deficit. There are 
several suggestions for the VOC deficit. Cu-Zn disorder is one 
of the candidates that creates charged defects caused by 
position swapping between Cu and Zn due to their similar 
radii[3]. Non-optimal band alignment at CdS and CZTS 
interface is also another possible candidate.  
 Post deposition annealing (PDA) has been reported to 
increase all device parameters of CZTS solar cells, i.e., fill 
factor (FF), VOC and short-circuit current (JSC). PDA in a 
temperature range varying from 270°C to 330°C has led to a 
solar conversion efficiency of 11%, which is the highest 
reported value up to date [2][4]. PDA studies in wide range of 
temperature have been reported for CZTSe. However, a 
detailed study of PDA as a function of temperature in CZTS 
has not been reported yet. Elemental interdiffusion of Cd into 
CZTS and Cu/Zn into CdS is believed to dominate at high 
temperature, and can result in a better band alignment at the 
newly formed interface, and thus a higher solar cell 
efficiency[2]. However, the elemental interdiffusion at the 
interface is not the only effect, and there are other possible 
interrelated effects. One of them could be disorder in the 
absorber layer. CZTS is fully Cu-Zn disordered above the 

critical temperature TC=260°C. Nonetheless, if CZTS is 
annealed below 260°C it starts to get more Cu-Zn ordered. 
The effective temperature for reordering is determined to be 
150°C, and 24 hours were required to reach significant 
reordering[3]. 
 In this work, we perform a systematic study on the effect 
of PDA on a CZTS cell performance as a function of 
temperature. We observed an efficiency increase in two 
different regimes around 150°C and 300°C, correlating with 
the highest VOC and the highest JSC respectively. At the higher 
temperature regime of 250°C to 300°C, the performance is 
likely to be dominated by interdiffusion of elements and Cu-Zn 
disorder. At the lower temperature regime around 150°C the 
Cu-Zn ordering might be the most relevant effect. With the aim 
to mitigate the Cu-Zn disorder effect at high temperatures, a 
long time re-annealing at 150°C up to 2400 min has also been 
performed. Raman spectroscopy, PL, and optoelectronic 
parameters from J-V analyses from full solar cells are discussed 
in the results. 

II. EXPERIMENTAL

CZTS absorber layers were produced by sulfurization of 
oxide precursors deposited at room temperature by pulsed 
laser deposition. 2.5x2.5 cm2 Mo/soda lime glass (SLG) were 
used as substrates. Oxide precursor films were deposited by 
pulsed laser deposition (PLD) using a compound oxide target 
and a 248 nm KrF excimer laser under vacuum pressure 
<5×10-6 mbar. The multicomponent oxide target (Haldor 
Topsoe A/S) consists of CuO, ZnO and SnO in a non-
stoichiometric ratio of Cu/Sn=1.69, Cu/(Zn+Sn)=0.75 and 
Zn/Sn=1.24. The precursors were annealed at 575°C for 50 
min in a quartz furnace in nitrogen at 250 mbar. The samples 
were placed in a graphite box with 120 mg of sulfur.  

Solar cells were completed by the following steps: i) etching 
of the absorbers in (NH4)2S solution at room temperature for 5 
minutes; ii) CdS buffer layer deposition (60 nm) by chemical 
bath deposition, using a CdSO4 precursor; iii) Transparent top 
layers of i-ZnO (80 nm) and ZnO:Al (400 nm), deposited by 
radio-frequency (RF) magnetron sputtering. Finally, 3 × 3 mm2
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solar cells were mechanically scribed. Neither antireflective 
coatings nor metallic grids were used.  

We performed PDA on a single full cell at temperatures 
starting from 150°C for 15 min and quenched it to measure IV 
parameters. The temperature was increased by 25°C after each 
IV measurement. After reaching 300°C, the cell was re-
annealed at 150°C for 15 (0.25), 180 (3), 1200 (20) and 2400 
(40) minutes (hours) to decrease the Cu-Zn disorder. All PDA
experiments were performed in air.

Near-resonance Raman and photoluminescence (PL) spectra 
were measured with Renishaw inVia system at room 
temperature. The laser wavelength and spot size are 785 nm 
and 5 µm, respectively.  

Device characteristics of solar cells were measured using 
Newport Sol2A Class ABA steady state solar simulator under 
standard test conditions, calibrated using a Si reference cell.  

III. RESULTS

The main Raman modes of CZTS are apparent in each PDA 
in Fig. 1 at peak positions at 288, 302, 339, 367 and 376 cm-1. 
Paris et al. showed that normalized Raman modes peak 
intensity ratio of Q´=I339/(I367+I376) have a strong correlation 
with Cu-Zn disorder by comparing with solid state NMR[5]. 
As PDA temperature increases, Q´ decreases and Cu-Zn 
disorder increases. At 300°C the Q´ reaches the lowest value 
of 0.68. When re-annealing time at 150°C increases Cu-Zn 
disorder decreases. However, to reach initial ordered state with 
high Q´ the CZTS cell needs more time.  
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Fig. 1. Normalized Raman spectra of a CZTS solar cell after each 
PDA. The excitation wavelength is 785 nm.  

PL spectra of the CZTS solar cell after each PDA treatment 
are shown in Fig. 2. In the high energy side, the Raman peaks 
of CZTS are visible, due to the near resonant condition using 
785 nm laser. All PL spectra have been fitted using single 
Gaussian function to extract its center and FWHM (Table 1). 
Although there might be several peaks overlapping in a single 

PL spectra  the fitted Gaussian curve can be used to estimate 
the Cu-Zn disorder, which also connects to potential 
fluctuation at the bandgap structure[3]. PL peak position 
changes from 1.40 eV to 1.31 eV with increasing temperature 
from room temperature to 300°C, resulting in a redshift. 
However, the FWHM decreases as temperature increases. In 
principle, if the CZTS absorber was fully ordered, PL peak 
should reach the bandgap value of 1.5 eV.  
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Fig. 2. Normalized PL spectra after each PDA on a CZTS solar cell 

Temperature (°C) Time (min) PL peak (eV) FWHM (eV) 
Ref. 0 1.40 0.195 
150 15 1.39 0.187 
200 15 1.37 0.183 
250 15 1.34 0.155 
300 15 1.31 0.152 
150 180 1.34 0.164 
150 1200 1.36 0.188 
150 2400 1.36 0.176 

Table 1. Post deposition annealing (PDA) conditions and 
photoluminescence peak position and FWHM from single Gaussian 
fitting.

Fig. 3 shows the J-V parameters of different post annealing 
conditions of the same CZTS solar cell. The short-circuit 
current, JSC is nearly constant in the low-temperature annealing 
150 to 225°C range and shows a rapid increase from 250°C. 
The VOC decreases with increasing annealing temperature, 
except for the dip around 200°C. The decrease in the VOC can 
be associated with the Cu-Zn disorder, as indicated by the 
Raman and PL data. The subsequent increase around 250°C 
could be attributed to the Cd and Cu-Zn interdiffusion between 
CdS/CZTS interface which reduces disorder and promotes 
better band alignment [2].  

The efficiency change as a function of annealing temperature 
shows two distinct regimes. Post annealing at a relatively low 
temperature of around 150°C results in a significant 
improvement of the efficiency as compared to the reference 
cell. This enhancement could be mostly attributed to an 
increase in the VOC due to Cu-Zn ordering. However, no 
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significant change in the Raman spectra (Fig.1) between the 
reference and after 150°C PDA can be observed. In the case of 
PL, a slight 0.01 eV shift and FWHM decrease from 0.195 to 
0.187 eV can be observed. The reason for this significant 
efficiency increase is not yet completely understood and needs 
to be further studied. 

The VOC decrease with increasing temperature up to 200°C 
could be explained by the absorber layer becoming more 
disordered at higher temperatures. Afterwards, VOC increases 
again above 225°C. In contrast with this observation, Pilvet et 
al. showed that PL position and VOC correlate with each other 
without any dip at 200°C in the CZTS monograins without 
CdS [4]. However, in our study a full cell was investigated. 
Therefore, Cd from CdS and Zn from CZTS layers diffuse to 
each layers. Due to the different atomic size of Cd compared to 
Cu and Zn, Cd diffusion into CZTS absorbers increases order 
in the CZTS films. JSC increases further as temperature keeps 
increasing. From 300°C, VOC starts to significantly drop again, 
which might indicate that ordering effects induced by Cd 
diffusion into CZTS no longer dominate. It should be noted 
that 300°C is higher than the critical temperature TC=260°C 
that induces fully disordered CZTS [3]. 
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Fig. 3. JV parameters of CZTS solar cell with different PDA 
conditions: (a) temperature variations for 15 min and (b) 150°C for 
different times. 

In the first 15 minutes re-annealing, it can be observed the 
ordering effect by VOC increase and JSC decrease. As time keeps 
increasing, this trend of VOC increase and JSC decrease remains 
for this re-annealing step. However, the solar cell efficiency 
was decreasing due to fill factor decrease (not shown here), 
evidencing that additional effects such as ZnO:Al layer 
degradation might play a relevant role. Nonetheless, an 
additional study to take into account the influence of PDA in 
every relevant layer, including ZnO:Al is discussed further on. 

IV. DISCUSSION

In order to separate the effects of interdiffusion and Cu-Zn 
disorder on the performance of the cell at higher temperature, 
the cell was re-annealed at 150°C up to 2400 min. It is well 
known that full ordering will require longer time at lower 
temperature. Although VOC increases in the low temperature 
regime, JSC did not stabilize due to fill factor degradation. The 
VOC improvement after re-annealing should be mostly coming 
from Cu-Zn reordering  

A future study of the PDA effects on bare absorbers, CdS 
coated absorbers and full cell both in air and inert atmosphere 
will be carried out. A comparison of these samples could allow 
to distinguish between interdiffusion phenomena, Cu-Zn 
disorder and other possible degradation effects.  

By using a PDA in air at 150°C for 15 min, we recently 
obtained a 5.4% efficient solar cell. This is the highest 
efficiency reported by PLD. 

IV. SUMMARY

We have performed a detailed study of PDA in air over a 
wide range of temperatures on CZTS full cells. It was 
confirmed that Cu-Zn disorder decreases VOC and increases 
JSC. Compared to the results of Timmo et al.[4], based on 
CZTS monograins annealing, a full cell in our study had a VOC 
dip at 200°C and much higher VOC drop at 300°C (above 
TC=260°C). We have concluded that Cd diffusion into the 
CZTS absorber might be the cause. The Cu-Zn disorder was 
partially reversed after PDA temperature reached 300°C by re-
annealing at 150°C.  

REFERENCES 

[1] M. A. Green et al., “Solar cell efficiency tables (Version
53),” Prog. Photovoltaics Res. Appl., vol. 27, no. 1, pp. 3–
12, Jan. 2019.

[2] C. Yan et al., “Cu2ZnSnS4solar cells with over 10% power
conversion efficiency enabled by heterojunction heat
treatment,” Nat. Energy, vol. 3, no. 9, pp. 764–772, 2018.

[3] J. J. S. Scragg et al., “Cu-Zn disorder and band gap
fluctuations in Cu2ZnSn(S,Se)4: Theoretical and
experimental investigations,” Phys. Status Solidi Basic Res.,
vol. 253, no. 2, pp. 247–254, 2016.

[4] K. Timmo et al., “Influence of order-disorder in Cu 2 ZnSnS
4 powders on the performance of monograin layer solar
cells,” Thin Solid Films, vol. 633, pp. 122–126, Jul. 2017.

[5] M. Paris, L. Choubrac, A. Lafond, C. Guillot-Deudon, and S.
Jobic, “Solid-State NMR and Raman Spectroscopy To
Address the Local Structure of Defects and the Tricky Issue
of the Cu/Zn Disorder in Cu-Poor, Zn-Rich CZTS
Materials,” Inorg. Chem., vol. 53, no. 16, pp. 8646–8653,
Aug. 2014.

77



Detailed study of post-annealing in CdS/Cu2ZnSnS4 solar cells 

Mungunshagai Gansukh1, Filipe Martinho1, Moises Espindola Rodriguez2, Simon López Mariño3, 

Denys Miakota1, Zheshen Li4, Sara Engberg1, Eugen Stamate3, Jørgen Schou1, Ole Hansen3, and Stela 

Canulescu1 

1 Department of Photonics Engineering, Technical University of Denmark, DK-4000 Roskilde, 
Denmark 
2 Department of Energy Conversion and Storage, Technical University of Denmark, DK-2800 Kgs. 
Lyngby, Denmark 
3 DTU Nanolab, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark 
4 ISA, Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark 

Abstract 

Cu2ZnSnS4 (CZTS) solar cells are often post annealed before or after CdS deposition to improve the 

device performance. Post-annealing affects the performance in many ways due to Cu-Zn disorder, Na 

diffusion from the back contact, CZTS grain boundary passivation, elemental interdiffusion at the 

interface between CdS/CZTS, and CdS crystallization. These effects happen at the same time during 

the post-annealing. Decoupling these effects and assessing how much they contribute to the device 

performance is therefore important. In this study, we have post annealed samples at different stages of 

sample production. To eliminate the effect of Cu-Zn disorder, we have only used fully Cu-Zn disordered 

absorbers. Post annealing has been done at temperatures from 125 °C to 300 °C in both nitrogen 

atmosphere and air. Our findings suggest that the previously reported beneficial post-annealing 

temperature around 275 °C could be a convolution of CZTS absorber surface passivation at 300 °C and 

CdS crystallization at 225 °C.  

1. Introduction

Cu2ZnSnS4 (CZTS) is earth-abundant and non-toxic p-type solar cell absorber material. Its high 

absorption coefficient enables less than 1 µm thick absorber layers, while the bandgap of 1.5 eV is ideal 

for single-junction solar cell1–4. The power conversion efficiency (PCE) of CZTS has increased 

gradually over the last decades and has reached 11%5. However, the performance is still low compared 

to other thin-film solar cells such as CdTe and Cu(In,Ga)Se2 (CIGS) with PCEs 22.1% and 23.4%, 

respectively6. CZTS is mainly limited by a low open-circuit voltage (VOC) or in other words a high VOC 

deficit. Numerous reasons have been discussed for low VOC, such as deep level defects7,8, bandgap 

fluctuations caused by cationic Cu-Zn disorder, Cu-poor Zn rich composition, secondary phases and 

low carrier lifetime. A simple process that improves the CZTS solar cell performance is post-annealing. 
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This process consists of heating the sample in various atmospheres, temperatures and/or at different 

stages of solar cell production after the main annealing process, which forms CZTS from precursors. 

For example, post-annealing of Cu2ZnSn(S,Se)4 (CZTSSe), Cu2ZnSnSe4 (CZTSe) and CZTS bare 

absorbers have shown to improve the device performance, especially when done in air between 300 °C 

and 400 °C9,10. In this case, SnOx formation, Cu depletion at the CZTS surface and Na diffusion from 

the soda-lime glass substrate were reported to improve the performance. 

When samples are post annealed after CdS deposition or on full cell, elemental interdiffusion of Zn and 

Cd, and Na accumulation and Cu depletion at the CdS/CZTS interface are considered as the main 

reasons for device performance 5,11. In particular, due to Zn/Cd interdiffusion a CdxZn1-xS alloy forms 

at the interface that improves band alignment. Yan et al. showed that post-annealing at 270 °C (in a 

two-zone tube furnace, N2 atmosphere) after CdS deposition gave the best results and they achieved a 

PCE of 11%5. S. Tajima et al. and M.G. Sousa et al. report the best results for post-annealing at 330 °C 

(without specification) and 300 °C (on a hot plate, N2 atmosphere), respectively12,13. Both post-

annealing after CdS deposition or on full cell show improvement. The advantage of post-annealing full 

cells is that you can directly compare the performance of solar cells before and after post-annealing. To 

the best of our knowledge, comparisons between post-annealing after CdS deposition and on full cells 

have not been made.  

Cu-Zn disorder is not considered as the main culprit for open-circuit voltage deficit14, but it has been 

shown to affect the device parameters. Low-temperature post-annealing at 160 °C for 24h induces Cu-

Zn ordering which improves VOC, but the fill factor (FF) and short-circuit current (JSC) decreases15. To 

the best of our knowledge, Cu-Zn disorder effects have not yet been decoupled from the studies made 

on the effect of different post-annealing treatments16.  

Post-annealing of kesterite-based solar cells has, therefore, become an essential step for enhancing the 

device efficiency. However, many effects happen at the same time during post-annealing and the 

complexity of the process will increase with the number of layers involved. The beneficial temperature 

for post-annealing temperatures varies from 160 °C to 400 °C. Despite numerous studies on the 

influence of post-annealing on the performance of CZTSSe devices, a systematic study on the influence 

of the different stages of post-annealing on device performance is lacking.  

In this study, we investigate the effect of post-annealing at three different stages of sample production. 

The sets of samples include bare absorbers (CZTS/Mo/SLG), after CdS deposition 

(CdS/CZTS/Mo/SLG) and on finished cells (Al:ZnO/i-ZnO/CdS/CZTS/Mo/SLG). As air annealing 

was beneficial in some cases we performed post-annealing in air and inert N2 atmosphere on each set 

for temperatures ranging from 125 °C to 300 °C, and in certain cases above 300 °C. We have only used 

fully Cu-Zn disordered absorbers to decouple its effect on the device parameter. 
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2. Experimental

CZTS precursors were deposited on Mo coated soda-lime glass (from ZSW) by co-sputtering Cu, ZnS, 

SnS targets. The CZTS absorber layers then formed by annealing the precursors in the N2 atmosphere 

enclosed in a graphite box with additional S and Sn powder, 50 mg and 5 mg, respectively. The 

annealing has been done in a quartz tube furnace at 250 mbar, 575 °C for 45 min. The ramping rate was 

20 °C per min and the cooling rate was 20 °C until it reached 300 °C. The lid of the tube furnace was 

opened at 300 °C to cool down the samples faster and induce fully Cu-Zn disordered samples.  

To form the CdS buffer layer, the CZTS absorber was first etched in (NH4)2S solution for 5 min. Then 

60 nm CdS was deposited by chemical bath deposition on the CZTS absorber layer by using a mixture 

of CdSO4, NH4Cl, ammonia and thiourea at 70 °C for 4 min 30 sec17. A 50 nm resistive i-ZnO layer 

and 350 nm transparent conductive Al-doped ZnO layer were formed by RF magnetron sputtering. The 

post-annealing was done in the same quartz tube furnace as used in the annealing process, but with a 

different quartz tube and flanges in order to limit sulfur contamination.  

The post-annealing studies were carried out in air and N2 atmosphere after precursor annealing (CZTS), 

after CdS deposition (CdS/CZTS) and on full cell (AZO/CdS/CZTS). An overview is showed in Fig … 

and Table 1. The temperature for post-annealing was varied from 125 °C to 300 °C. Additional 

temperatures of 325 ° and 350 °C were applied to CZTS air and AZO/CdS/CZTS N2 sets. 

Room temperature photoluminescence (PL) and Raman spectra were measured on full cells with a 

Renishaw inVia Reflex microscope at two different excitation wavelengths of 532 nm and 785 nm. The 

laser spot size with 50X objective (NA 0.75) is 1.3 µm for the 785 nm laser and 0.9 µm for the 532 nm 

laser. The laser power for PL and Raman measurements were 0.05 and 0.5 mW, respectively. A QEXL 

system (PV measurements) calibrated with Si photodiode was used for measuring external quantum 

efficiency (EQE) on full cells at 0 V and -1 V bias, from 300 nm to 1000 nm.  

Energy-dispersive X-ray spectroscopy (EDX) measurements are performed in a TM3000 tabletop 

electron microscope with a Bruker Quantax 70 system to measure the composition. The acceleration 

voltage was 15 kV. A Newport Sol2A ABA steady-state solar simulator is used for J-V characterization 

under standard test conditions (AM 1.5, 1000 W/cm2 and 25 °C). A Si reference cell was used for 

calibrating the irradiance.  

XPS (x-ray photoelectron spectroscopy) core level measurements were acquired at the Matline 

beamline in ASTRID 2 synchrotron radiation source. Samples of air post annealed CZTS were placed 

in an ultra-high vacuum chamber (<10-9 Torr). Measurements were performed with a beam size around 

1 mm2 and an electron energy analyzer. No heat treatments were applied to the samples due to the 

possible change in Cu-Zn ordering and surface composition. Instead, mild sputtering with an Ar-ion 

gun at 0.5 keV energy and an area of 10×10 mm2 was used for cleaning the surface. The core levels 
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Na2p, S2p, Zn3d, Sn3d, O1s and Cu3p were measured at 180, 230, 470, 610, 610 and 1100 eV, 

respectively.  

Table 1. Temperatures and atmospheres used for preparing post-annealed samples.  

Atmosphere / Sample sets CZTS CdS/CZTS AZO/CdS/CZTS 

N2 125-300 °C 125-300 °C 125-350 °C 

Air 125-350 °C 125-300 °C 125-300 °C 

Figure 1. Schematics of sample structures used to study the effect of post-annealing in air and N2 
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3. Results and discussion3.1. Post annealing effects on CZTS device performance

Figure 2. The effect of air post-annealing on the performance of CZTS devices. The change in the 

device parameters, namely VOC (a), JSC (b), FF (c) and efficiency (d) as a function of temperature for 

devices where the post-annealing was performed on CZTS (red), CdS/CZTS (green) and 

AZO/CdS/CZTS (orange). 

To study the influence of the post-annealing on the performance of CZTS solar cells, we compared the 

parameters of the J-V curve of devices for which the post-annealing was carried out in air and for a 

temperature range from 100 to 300 0C.  The main device parameters are shown in Figure 2, while the 

corresponding J-V curves are shown in Figure 1S, Supplementary Information. In general, devices made 

from post-annealed CdS/CZTS and AZO/CdS/CZTS follow a similar trend as a function of annealing 

temperature, whereas those from post-annealing of CZTS alone show distinct dynamics.  

Figure 2 (a) shows that the VOC of devices for which the post-annealing was done after CdS deposition 

(i.e., CdS/CZTS air and AZO/CdS/CZTS air) monotonically increases with post-annealing temperature 

and nearly reaches a plateau at ∼225 °C. Notably, there is a significant increase in VOC of around 50 

mV even at a low post-annealing temperature of 150 °C which raises a question whether it is a diffusion 

related enhancement as diffusion is more likely to happen at a higher temperature. On the other hand, 
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the VOC of devices based on air post-annealed CZTS absorbers (CZTS air) did not change significantly 

until a temperature of 250 °C, where it increases sharply and reaches a comparable value to the other 

devices at ∼300 °C.  

The short-circuit current (JSC) of CdS/CZTS and AZO/CdS/CZTS devices increase slightly with 

temperature and reach the highest values between 250-275 °C. Further increasing the post-annealing 

temperature to 300 °C resulted in a significant drop in JSC (same as FF), which is due to a sudden drop 

in RSH.  

Lastly, the FF of the samples that have been post annealed after CdS deposition (CdS/CZTS air) 

decreases slightly with increasing temperature, however with a more abrupt drop at a post-annealing 

temperature of 300 °C (Figure 2 (c)). In contrast, the high-temperature post-annealing of CZTS 

absorbers (between 275 °C and 300 °C) results in a significant increase in the FF from 58 to 65%, which 

is the highest values achieved in this work.  

As a result, we find that devices in which the post-annealing was performed after CdS deposition show 

the best efficiency between 250 °C and 275 °C. In the case of air-annealed CZTS, the highest 

performance devices were achieved at 300 °C. Although the reported best post-annealing temperatures 

range from 270 °C to 330 °C, there could be a temperature variation depending on how the temperatures 

are measured5,12,18. 
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Figure 3. EQE curves of AZO/CdS/CZTS (a), CdS/CZTS (b) and CZTS (c) samples post annealed in 

air at different temperatures. Bandgaps extracted from the EQE measurement (d).  

Figure 3 shows the corresponding EQE spectra of the air post-annealed samples. As can be seen from 

Figure 3 (a), the air post-annealed AZO/CdS/CZTS devices exhibit an increased EQE response with 

temperature in the wavelength region between 600 to 900 nm. Moreover, the maximum of the EQE 

curve shifts towards longer wavelengths from 450 nm to 500 nm as temperature increases. This effect 

is more pronounced at post-annealing temperatures above 225 °C. While a similar trend can be observed 

for the CdS/CZTS structure in Figure 3 (b), no shift is seen for the CZTS structure in Figure 3 (c), 

suggesting a change across the heterojunction upon thermal treatment. Indeed, the EQE response in the 

wavelength region between 360 and 500 nm is attributed to light absorption in the CdS buffer layer. 

Therefore, the shift in the EQE maximum can be attributed to Cu and Zn diffusion in the CdS layer, in 

agreement with the previous studies5,11,13. Similarly, Cd diffusion into CZTS and CZTSe absorbers have 

been observed previously after post annealing5,19. Since the bandgap of Cu2CdSnS4 is 1.42 eV20,21 Cd 

alloying of CZTS will shift the bandgap to a lower value, which is in agreement with the trend of the 

EQE curves at long wavelengths, 800 nm and above (Figure 3 (d)).  There is no visible shift of the 

CZTS absorption edge on the CZTS air post annealed set at longer wavelengths, which further 

demonstrates that Cd diffusion changes the CZTS rather than the heat treatment itself (Figure 2 (c) and 

(d)).    

3.2 Separating the post-annealing effect into the AZO, CdS, and CZTS layers 

Next, we investigated the effect of the post-annealing atmosphere (air versus N2) on the J-V 

characteristics of AZO/CdS/CZTS, CdS/CZTS and CZTS sets. A striking difference was observed for 

devices in which the CZTS absorber was post annealed in air, for which the FF increases significantly 

from 58 to 65% above an annealing temperature of 275 °C, which are the highest values achieved in 

this work (Figure 4). CZTS absorber post annealed in N2 is the only set that has constant FF.  
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Figure 4. Fill factor versus post-annealing temperature in air and N2 for AZO/CdS/CZTS, CdS/CZTS 

and CZTS.  

While the high-temperature process can be beneficial for CZTS and heterojunction band alignment, it 

can reduce the quality of the CdS and AZO. This is reflected in the decrease in FF (both from series 

resistance RS and shunt resistance RSH) of the CdS/CZTS and AZO/CdS/CZTS devices post-annealed 

in air and N2 at a temperature of 275 °C and above (Figure 4 (a)). It is worth mentioning that the 

AZO/CdS/CZTS in N2 has a much higher FF than the air set above 250°C. This FF difference comes 

from the difference in RS. AZO becomes resistive when exposed to O2 during growth. Post annealing 

the AZO/CdS/CZTS in N2 might have limited the O2 exposure and increased the series resistance RS. 

For all sets after CdS deposition,  the FF drop caused by low RSH is the main reason for performance 

degradation. This FF drop is therefore related to the CdS layer. From these results, we can say that air 

post-annealing CZTS samples at 300 °C and N2 post-annealing AZO/CdS/CZTS at 275 °C give the best 

results. 

We see that 275 °C is a critical post-annealing temperature for bare CZTS absorbers, as the FF changes 

abruptly. The critical temperature to fully disorder Cu-Zn in CZTS is 260 °C22. This could imply that 

the VOC enhancement could stem from changes in the CdS layer or the CdS/CZTS interface, as CdS has 

low annealing temperature. 
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Figure 4. Stacked Raman spectra (a) and CdS peak-normalized Raman spectra (b) in the N2 post 

annealed AZO/CdS/CZTS set with a 532 nm laser.  

Stacked Raman spectra of the N2 post-annealed AZO/CdS/CZTS set are shown in Figure 4 (a). We have 

subtracted the background caused by photoluminescence for comparison. The most noticeable effect is 

that the intensity of the CdS peak at 304.5 cm-1 increases with post-annealing temperature up to 225 °C. 

This could be due to an increase in the crystalline quality or alloying of the CdS buffer layer. Further, 

the Raman peak associated with  CZTS shifts from 337.5 cm-1 to 336.2 cm-1 at post-annealing 

temperatures above 250 °C, which might suggest that Cd diffuses from the CdS layer to CZTS. The 

pure Cu2CdSnS4 main A mode peak is at 331.3 cm-1, which indicates that the alloying of CZTS with 

Cd is small21. It is noteworthy to point out that the bandgap of CdS may also change due to enhanced 

crystalline quality, which will inherently lead to an increase in the intensity of the Raman signal due to 

a resonance effect with the excitation wavelength of 532 nm. Therefore, we have normalized the CdS 

peaks, as shown in Figure 4 (b). As the post-annealing temperature increases, the width of the CdS peak 

decreases, which may stem from improved crystalline quality. Moreover, the peak position shifts from 

304.5 to 303 cm-1 as temperature increases. Although this shift is small (instrumental resolution at 532 

nm is ∼ 1 cm-1), it indicates that the CdS layer changes upon the thermal treatment, which could be due 

to elemental interdiffusion with CZTS, strain or crystallization of CdS itself.  
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Figure 6. Room temperature photoluminescence measurements on the air post annealed 

AZO/CdS/CZTS set at different temperatures (a) and the corresponding 2D contour plot with the x, y 

and z-axes as photon energy, post-annealing temperature and PL intensity, respectively (b).  Fitted peak 

positions are shown in dashed lines. P2 peak position of all air sets as a function of post-annealing 

temperature (c) 

The photoluminescence (PL) spectra of air post annealed AZO/CdS/CZTS devices are shown in Figure 

6. At the excitation wavelength of 532 nm used in this work, the PL spectra will consist of a convolution

of emission from both the absorber and buffer CdS layers. The laser goes through a thin CdS layer and

reaches the CZTS. So this wavelength is sensitive to both CdS and CZTS. In Figure 6 (a,b), the below

175 °C, the room temperature PL measurements show two distinct peaks. The first peak at ∼1.35 eV,

which is named P1, is due to PL emission of CZTS, which is known to reside at lower photon energy

than the bandgap of CZTS of 1.5 eV. This offset is attributed to bandgap fluctuations and defect states

in CZTS. The second peak at 1.6 eV, which is named P2, could originate from the triplet state of Cu2+

in CdS as reported in literature23. Interestingly, the P2 peak is observed before post-annealing (reference
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sample in Figure 6 (a)), which indicates that it is not induced by elemental diffusion. At a temperature 

of 250 °C, a third peak at ∼2.25 eV, which is called P3, is observed. This peak becomes visible around 

250 °C, and therefore, it could be induced by elemental diffusion of Cu and/or Zn from CZTS to CdS 

or be the VCd as reported elsewhere23. 

The P2 peak around 1.6 eV for all air annealed sets are shown in Figure 6 (c). A significant shift to 

lower energies above 200 °C is seen for samples post annealed after CdS. This is also when the PL 

intensity increases significantly. In the case of air annealed CZTS, P2 experiences no shift. Also, this 

P2 peak was present in the reference samples. Thus, P2 is more likely to be emitted from the CdS layer. 

If P2 was related to the CZTS peak, it should also have shifted to lower energy for CZTS post annealed 

samples.  

Interestingly, bandgap values extracted from these sets in Figure 2 (d) display the same trends as the 

PL P2 peak positions. For CZTS post-annealing samples the bandgap increases 0.01 eV. However in 

the case of post-annealing after CdS, the bandgap decreases. Two things could cause this bandgap 

decrease: Either Cd diffusion to CZTS is changing the bandgap, or CdS is absorbing some of the light 

below its bandgap that contributes to the CZTS EQE response. In this case, the P2 peak could be an 

indicator of this transition.  

Figure 7. Near resonant Raman measurements of air post annealed AZO/CdS/CZTS with a 785 nm 

(1.58 eV) laser. 

In Figure 7, we have shown near-resonant Raman measurements on air post-annealed AZO/CdS/CZTS 

with a 785 nm laser. As the 785 nm (1.58 eV) laser has much lower energy than the bandgap of CdS 

(2.2 eV) and is closer to the CZTS bandgap (1.5 eV), CZTS is in pre-resonant Raman measurement 

conditions. Thus, Raman peaks of CdS and ZnO are not visible in the spectra even if measured on full 

cells.  We can see CZTS Raman peaks at 263, 287, 302, 316, 338, 367 and 377 cm-1. The Cu-Zn 
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order/disorder in CZTS thin films can be measured qualitatively by peak intensity ratios of 338 with 

367 and 377 cm-1 in near resonant Raman measuments22. As we have mentioned before, decoupling the 

Cu-Zn order/disorder effect is important in studying post-annealing effects on CZTS. As we show in 

Figure 7, no changes were observed in Raman peak features. Thus all absorbers have remained fully 

disordered and post-annealing has not affected the Cu-Zn order disorder22.  

Figure 8. Surface composition of CZTS absorbers post-annealed in air. High-resolution core-level XPS 

spectra of Cu2p (a), Zn3d (b), Sn3d (c), S2p (d), Na2p (e), and O1s (f) core levels taken at 1100, 470, 

610, 230, 610 and 180 eV, respectively. The post-annealing temperatures are indicated in the column 

on the right.  

Figure 8 shows XPS measurements of CZTS absorbers post-annealed in air at selected temperatures 

between RT and 350 °C. The most pronounced effect is that the Cu2p peak intensity decreases 

significantly at 275 °C and even further at 350 °C (Figure 8(a)). It is worth mentioning that at the 

excitation energy used in these measurements reflect mostly the top 1-2 nm from the surface of the 

CZTS absorber. The significant drop in the Cu 2p peak signal reveals a depletion of Cu of the surface 

of the CZTS absorber annealed in air at high temperature. The Zn3d, Sn3d, and Na2p peaks have shifted 

from their reference position associated with kesterite CZTS. Moreover, the presence of additional 

sulfo-oxides peaks in the S2p spectra underlines the oxidation of the surface of CZTS, which also 

coincides with the beneficial effects at 275 °C and 350 °C (Figure 8(d)). As we have seen earlier, we 

observed increased VOC and FF at 275 °C for bare CZTS absorbers annealed in air (Figure 2(a,c)). 

Although all samples were exposed to oxygen through air, the S2p oxidation states at 275 °C and 350 °C 

are not observed at lower temperatures. We can conclude that this oxidation only occurs at higher 

temperatures.  

3.3 Post annealing studies in air versus nitrogen 
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Figure 9. VOC of AZO/CdS/CZTS in N2 and CZTS in air annealed samples (a) and hypothesized 

deconvoluted VOC of the CdS/CZTS alone (b). VOC deficit calculated as the difference between the EQE 

bandgap and the VOC from the J-V measurements (c).  

The CdS/CZTS post-annealing samples will naturally include post-annealing of the CZTS layer too, 

and it is therefore impossible to induce the effects caused by CdS post-annealing alone. However, we 

hypothesize that the effects of post-annealing the CZTS and CdS layers can be super-positioned.  If the 

post-annealing effects on the CZTS layer are subtracted from the effect on the full cell and the post-

annealing effect on AZO is not significant, we could show the effect of post-annealing on the CdS layer 

itself.  Therefore, we have shown the VOC of AZO/CdS/CZTS in N2 (Figure 9(a)) and CZTS air annealed 

samples (Figure 9(b)). The VOC includes the least errors while JSC is susceptible to cell isolation, 

irradiation and thickness variation of the layers. In Figure 9(b), we can see that the VOC increases until 

225 °C consistent with CdS PL intensity (Figure 4(a), 5(a,b)). At higher temperatures of 275 °C and 

above, the VOC decreases which is consistent with the formation of the CdS defect peak P3 in Figure 6. 

If the CdS layer benefits more from annealing at 225 °C.  Temperatures above 275 °C might be 

detrimental to CdS. We achieved the best results with air post-annealing at 300 °C of bare CZTS 

absorbers. From these results, we assume that the best annealing condition we have seen at 275 °C 

might be a superposition of two effects namely CdS crystallization and CZTS surface passivation shown 

in Figure 8. 
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Figure 10. Post annealing in air versus subsequent air –nitrogen treatment. VOC (a), JSC (b), FF (c) and 

PCE (d) of combined air annealing on CZTS and N2 annealing on AZO/CdS/CZTS 

To prove that two main superpositioned beneficial effects are occurring during the post-annealing, we 

first post annealed CZTS in air at 325 °C and then the finished cells in N2 at 225 °C. The corresponding 

VOC, JSC, FF and PCE are plotted in Figure 10. As a result, we see incremental increases in the VOC, FF, 

and PCE, while no significant difference was seen in JSC. The spread of the PCE was much wider in the 

combined PA experiment, but the maximum PCE was much greater compared to the reference cases. 

This combined post-annealing will be even more meaningful if it is tested on the state of the art devices. 

4. Conclusions

In this study, we have confirmed that at least two beneficial processes are occurring during post-

annealing treatments. First, the CdS layer is affected during the annealing process. Its crystalline quality 

increases and the absorption onset changes to lower energy. Second, the CZTS surface is passivated 

during post-annealing with exposure to oxygen. We have observed oxygenated surfaces and Cu 

depletion. Third, post-annealing is not favorable for the CZTS bulk. As a result of the combined effect 

of CdS crystallization at 225 °C and CZTS surface passivation at 300 °C, the best post-annealing 

temperature becomes 275 °C. The influence of the Cu-Zn order effect on J-V parameters is decoupled 

by using fully disordered samples. The impact of Na diffusion was negligible or not present in our study. 
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Chapter 7 
CZTS/Si tandem solar cells 
7.1 Monolithic thin-film chalcogenide–silicon tandem solar cells enabled by a 

diffusion barrier  

• Hajijafarassar, Alireza, Filipe Martinho, Fredrik Stulen, Sigbjørn Grini, Simón
López-Mariño, Moises Espíndola-Rodríguez, Max Döbeli, Stela Canulescu, Eugen
Stamate, Mungunshagai Gansukh, Sara Engberg, Andrea Crovetto, Lasse Vines,
Jørgen Schou, and Ole Hansen. (2020). Monolithic thin-film chalcogenide–silicon
tandem solar cells enabled by a diffusion barrier. Solar Energy Materials and Solar
Cells, 207, [110334].

Producing a CZTS/Si tandem device was the aim of the ALTCELL project, funded by 
Innovation Fund, Danmark. A working CZTS/Si tandem device had not been produced 
at the time the project started. Just like Si, CZTS consists of earth-abundant and non-
toxic elements. More importantly, CZTS is quite stable. I would say the project was 
done quite successful. Our collaborators in DTU Nanolab were in charge of the Si part 
and we in DTU Fotonik were in charge of the CZTS part. The main challenge for 
integrating CZTS to Si solar cell structure was that CZTS requires a high temperature 
(570 °C) sulfurization process. During the high-temperature process, elemental 
diffusion of Cu and S into Si will harm the device performance. Therefore, a TiN 
diffusion barrier, which will also serve as a recombination layer was used between the 
top CZTS and bottom Si cells. We have demonstrated that TiN successfully restricts 
diffusion of elements, such as Cu from CZTS to the Si part. A proof of concept 
CZTS/Si tandem solar cell with an efficiency of 1% was produced. This study[32] is 
largely a combined effort of Alireza Hajijafarassar and Filipe Martinho’s PhD work. 

My contribution: Post annealing conditions, CZTS annealing condition 
optimization, commenting and discussion 

7.2 Nitride-based interfacial layers for monolithic tandem integration of new solar 
energy materials on Si: The case of CZTS  

• Filipe Martinho, Alireza Hajijafarassar, Simón Lopez-Marino, Moises Espíndola-
Rodríguez, Sara Engberg, Mungunshagai Gansukh, Fredrik Stulen, Sigbjørn Grini,
Stela Canulescu, Eugen Stamate, Andrea Crovetto, Lasse Vines, Jørgen Schou, and
Ole Hansen. Nitride-Based Interfacial Layers for Monolithic Tandem Integration
of New Solar Energy Materials on Si: The Case of CZTS, ACS Appl. Energy Mater.
3 (2020) 4600–4609.
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In this work[33], TiN interfacial diffusion barrier with different thicknesses, 
composition and properties for tandem structure. It showed that the performance was 
mostly dependent on the diffusion barrier and by improving it, the PCE increased to 
3.9%. This study also suggested that monolithic integration of Si with other absorber 
materials such as BiVO4, WO3, and α-Fe2O3 instead of CZTS. For further improvement, 
using heavily doped selective contacts could be used for protecting bulk Si. This study 
is largely a combined effort of Alireza Hajijafarassar and Filipe Martinho’s PhD work.  

My contribution: Post annealing conditions, CZTS annealing condition optimization, 
commenting and discussion 

7.3  Cu2ZnSnS4 from oxide precursors for monolithic CZTS/Si tandem solar cells 

• Mungunshagai Gansukh, Alireza Hajijafarassar, Filipe Martinho, Simon Lopez-
Marino, Moises Espíndola-Rodríguez, Sara Engberg, Eugen Stamate, Jørgen
Schou, Ole Hansen, Stela Canulescu, Cu2ZnSnS4 from oxide precursors for
monolithic CZTS/Si tandem solar cells, under preparation

When studying the oxide route for CZTS we have found that the sulfurization begins 
from the exposed precursor surface and gradually sulfurizes towards the back-contact. 
Sulfur is one of the detrimental contaminating elements for Si at high-temperature 
annealing process. Therefore, the oxide route could have limited sulfur exposure on 
the Si bottom cell. In addition, there was speculation that when oxide precursor was 
used it might form a TiON that will give a more transparent diffusion barrier. We have 
produced Cu/Zn ordered CZTS absorber layer to increase the bandgap to match with 
the bandgap of Si. 

My contribution: Design of the experiment, PLD deposition of precursors, annealing, 
Raman, photoluminescence, J-V curve measurement, analysis of results and writing 
original draft and visualization 
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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
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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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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
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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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Abstract 

Cu2ZnSnS4 (CZTS) is a promising earth-abundant and non-toxic material as the top cell absorber in 
silicon-based tandem solar cells. One of the grand challenges for integrating CZTS with Si is the high-
temperature sulfurization process required in CZTS synthesis, during which the in-diffusion of sulfur 
and other metallic species (e.g., Cu) can damage the Si bottom cell. Therefore, the CZTS/Si tandem 
device performance depends largely on the barrier layer properties at the CZTS/Si interface. In this 
work, we synthesized the CZTS top cell via oxide precursors, namely Cu2-xOx, SnO2, and ZnO, to limit 
the sulfur exposure to the bottom Si.  We have compared the oxide and conventional sulfide routes for 
the CZTS top cell by depositing precursors with the pulsed laser deposition (PLD) method. For the 
oxide and sulfide route CZTS/Si tandem devices, we have achieved a tandem efficiency of 3.4% and 
1.5%, respectively.    

Introduction 

The global photovoltaic (PV) market is dominated by single-junction crystalline Si (c-Si) modules that 
make ~95% of the market share. The remaining ~5% is divided into CdTe, CIGS, and amorphous Si 
modules[1].  The development of CdTe and CIGS looks promising; however, the well developed c-Si 
technology is difficult to overtake due to its well-established manufacturing process and accumulated 
knowledge of the material. The efficiency of c-Si and other conventional PV technologies are also 
approaching their theoretical limit described by the Schockley-Quiesser limit[2]. Thus multi-junction 
solar cells have been the most successful strategy to improve the performance of existing modules 
beyond 30% [3]. For instance, a two-junction solar cell, which is also denoted as a tandem solar cell, 
can theoretically reach up to an efficiency of 45%[4]. Apart from its well-developed technology, Si can 
be an excellent bottom cell material due to the bandgap of 1.1 eV. Wide bandgap materials with a 
bandgap close to 1.7 eV would match with Si as a top cell. Wide bandgap perovskite/Si tandem devices 
have been demonstrated with an efficiency of 29.1%[3]. Cu2ZnSnS4 (CZTS) is also a promising 
candidate not only consists of earth-abundant and non-toxic elements but also is a stable compound. 
The bandgap of CZTS is considered as 1.5 eV. However, the bandgap can further be increased by Cu-
Zn ordering up to 1.67 eV [5]  or alloying with various elements such as Ag, Ge and Ba, etc[6].  

Recently, CZTS/Si tandem solar cells have been demonstrated with TiN-based barrier layers at the 
CZTS/Si interface[7]. It has been shown that the performance of the CZTS/Si tandem devices depends 
highly on the intermediate layers [8–10]. A high-temperature annealing process around 570 °C was 
reported to degrade the bottom Si layer in the TiN case due to the in-diffusion of metals and chalcogens 
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[7]. However, the insertion of a thin Al layer in between two TiN layers (in TiN-Al-TiN configuration) 
could improve the bottom cell protection significantly [8]. CZTS absorbers are generally made by 
annealing metallic (Cu, Zn, and Sn) or sulfide binary precursors (CuS, ZnS, and SnS). The oxide route 
could be particularly interesting for monolithic tandem integration since the oxide phases at the bottom 
of the precursor sulfurize later than the top CZTS surface [11]. As a result, the gradual sulfurization 
could potentially protect Si bottom layer from the long exposure of sulfur. Furthermore, PLD is a non-
equilibrium method that requires a lower temperature for synthesis than thermal deposition techniques 
when the substrate is heated during the deposition [12]. High-quality CZTS has been synthesized by 
PLD at 450 °C compared to the more common temperature around 570 °C [13]. Even though we have 
used room temperature to deposit the precursors and annealed with separate steps, PLD could be a 
promising method to limit the damage to the Si bottom cell by lowering the thermal exposure. In this 
study, we fabricated the CZTS absorbers using the pulsed laser deposition technique via two different 
routes, i.e.,  the oxide route from oxide binary precursors and the sulfide route from sulfide binary 
precursors. Similar to our previous work, we used a bottom cell structure featuring full-area polysilicon 
(poly Si) passivating contacts at its both sides, protected by a thin Al-stuffed diffusion barrier (TiN (5 
nm)-Al (2 nm) -TiN (5 nm)) diffusion barrier.  

Experimental 

The fabrication details of the Si bottom, as well as the TiN-Al-TiN barrier layer, are described elsewhere 
[8]. Pulsed laser deposition (PLD) was used to deposit oxide and sulfide precursors of CZTS absorbers 
at room temperature. In the PLD process, a KrF excimer laser with 248 nm wavelength was focused 
onto the target material with a 4 cm target-substrate distance to deposit precursors. Pulse width, 
repetition rate, and fluence were 25 ns, 15 Hz, and 2 J/cm2, respectively. The oxide and sulfide targets 
used in the PLD consist of Cu2-xOx, ZnO, SnO2 (from Haldor Topsøe A/S) and CuS, ZnS, SnS (from 
Testbourne Ltd.) sintered binaries. 

After depositing the oxide and sulfide precursors, samples were annealed at 580 °C at 250 mbar for 30 
min with 100 mg S and 5 mg Sn. The cooling rate was 1 °C per minute from 300 °C to room temperature. 
Chemical bath deposition was used for producing the 100 nm CdS layer on top of the CZTS layer. 70 
nm intrinsic ZnO (i-ZnO) and 440 nm Al-doped ZnO (AZO) layers were deposited by reactive 
sputtering. 

Raman measurements were performed by a Renishaw inVia confocal Raman microscope equipped with 
a 532 nm diode laser and Si CCD detector. The external quantum efficiency (EQE) was measured using 
a QEXL setup (PV measurement) equipped with a monochromatic light source, and adjustable bias 
voltage and bias spectrum. A scanning electron microscopy (SEM) was done using an SEM Zeiss 
Merlin setup at 10 kV, and secondary electrons in the confocal mode. Current density- Voltage (JV) 
measurements were performed in standard test conditions (1000 W/cm2, AM1.5G and 25 °C) by 
Newport Sol 2A class ABA solar simulator.  

Table 1.The current density and voltage (JV) parameters of CZTS/Si tandem devices. 

VOC (mV) JSC (mA/cm2) FF (%) PCE (%) 
Oxide PLD 946 9.12 39.85 3.4 
Sulfide PLD 660 3.95 56.31 1.5 

Sulfide sputtering 896 5.7 53.6 2.8 

Results 
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Fig. 1. Light (solid line) and dark (dashed line) JV characteristics of the oxide and sulfide route 
CZTS/Si tandem devices. 

The JV measurements of the oxide and sulfide routes are shown in Fig. 1. The device parameters 
extracted from the JV curve in Fig.1 are listed in Table 1. The JV parameters of a co-sputtered device 
made in parallel on the same cell structure are also added for comparison [8]. The oxide and sulfide 
route devices had 3.4% and 1.5% power conversion efficiency, respectively. The oxide route CZTS/Si 
device was superior in open-circuit voltage (Voc) (946 mV) compared to the sulfide route (660 mV). 
The higher Voc achieved in the oxide route can be ascribed to two factors. i.e., 1) better bottom cell 
protection and  2) better performing top cell. Both arguments can be evidenced by a significantly higher 
EQE response of the bottom and top cells of the oxide precursors compared to the sulfur counterparts, 
as shown in Fig. 2. It can be seen that the tandem short circuit current density (Jsc) of the oxide route 
device is 9.12 mA/cm2, while the sulfide route sample showed a poor bottom cell Jsc of 3.95 mA/cm2. 
We previously demonstrated that a high bottom cell response can be directly linked to superior barrier 
protection (higher post-CZTS bottom cell lifetime), due to less amount of contamination-induced 
recombination (reference). However, the high value of Jsc of 9.12 ma/cm2 is remarkably higher than 
expected, since the optical transmittance of the TiN-Al-TiN layer is around 50% [8]. A previous study 
done with TiN-Al-TiN by co-sputtering had a Jsc of 5.7 mA/cm2, which is close to the sulfide route 
device with a Jsc of 3.95 mA/cm2. Despite the higher Jsc and Voc, the fill factor (FF) of the oxide route 
device 39.8% was lower compared to the sulfide route device with 56.3%. The observed difference 
might be attributed to the interlayer between the CZTS and Si. If there were problems in other layers 
than CZTS and interlayer, it should have appeared in the sulfide route device.  
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Fig. 2. External quantum efficiency (EQE) measurements of oxide and sulfide route devices 

The EQE measurements of the oxide and sulfide route devices are shown in Fig. 2. For the oxide route, 
the top CZTS and bottom Si layer current densities are 9.11 mA/cm2 and 12.57 mA/cm2, respectively. 
The total current is limited by the top CZTS layer in this case. As mentioned, the optical transmission 
measurement of the TiN-Al-TiN layer is around 46 to 57% in the Si bottom cell absorption region [8]. 
However, in this case, we got more than 59% EQE maximum in the Si part. Therefore, it is highly likely 
that the TiN-Al-TiN barrier layer, in the oxide route synthesis, is at least partially oxidized due to the 
high oxygen content present in the precursors. The oxidation hypothesis can be further substantiated by 
the much lower FF of the oxide route compared to the sulfide route, as we showed previously that high 
oxygen content in the TiN barrier layer could result in a significant role-over in the JV behavior of the 
tandem device [8]. The partial oxidation can also explain the improved barrier protection with respect 
to the sulfide case [8]. In fact, the oxidation of the back contact has also been reported before, when 
oxide precursors were used, e.g., in the synthesis of Cu2BaZnS4 (CBTS) [14]. However, further 
characterization of the barrier layer, for instance, using X-ray photoelectron microscopy (XPS), is 
required for a concrete conclusion.  

For the sulfide route device, the top CZTS and bottom Si layer current densities are 4.68 mA/cm2 and 
4.22 mA/cm2, respectively. In this case, the total current is limited by the Si bottom part, which is the 
same as the sulfide co-sputtered device. The EQE measurement of the top CZTS cell includes a part of 
the Si bottom cell response, which means measurement conditions were not ideal, or the quality of the 
performance of the top cell was so poor that the bottom cell response could not be excluded. The 
bandgaps extracted from the EQE of CZTS part of the oxide and sulfide route devices are 1.58 and 1.57 
eV, respectively. These values are higher than the usual CZTS bandgap of 1.5 eV due to the slow 
cooling after the annealing stage, which results in a more Cu-Zn ordered in CZTS absorbers [15,16]. 
The higher bandgap is indeed favorable as it potentially causes less bandgap mismatch. Based on a 
bandgap of 1.5 eV, a CZTS thickness of 300 nm was desired to match the photocurrents of two cells 
(obtained from the optical simulations (not shown here)). However, due to the increased bandgap to 
around 1.6 eV, we targeted a slightly higher nominal thickness of 400 nm for better current matching. 
Nonetheless, regardless of the higher thickness, due to the inferior top cell quality, the CZTS Jsc was 
much lower than anticipated in both cases, albeit to a greater extent for the sulfide precursors.  

Table 2. Bandgap and short circuit current density Jsc extracted from EQE measurement. Thickness 
measured with cross-sectional scanning electron microscopy (SEM). 

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

EQ
E 

(%
)

Wavelength (nm)

 Oxide tandem top
 Oxide tandem bottom
 Sulfide tandem top
 Sulfide tandem bottom

121



CZTS 
Bandgap (eV) 

CZTS Jsc

(mA/cm2) 
Si bandgap 

(eV) 
Si Jsc 

(mA/cm2) 
CZTS 

thickness (nm) 
Oxide PLD 1.58 9.19 1.153 12.57 324±27 
Sulfide PLD 1.57 4.68 1.113 4.22 414±22 

Sulfide sputtering 1.45 11.1 N.A. 6.1 N.A. 

Fig. 3 Raman spectra of devices from the oxide and sulfide route for CZTS on Si with a 785 nm laser 

Raman spectra measured by the 785 nm wavelength laser of oxide and sulfide route devices are shown 
in Fig. 3. Oxide and sulfide route devices have similar CZTS peaks at 288, 339, 367, and 376 cm-1[17]. 
The higher intensity of the peak at 339 cm-1 compared to the 367 and 375 cm-1 peaks indicate that the 
CZTS is Cu-Zn ordered [16] and should have a higher bandgap than 1.5 eV [5], which is consistent 
with the bandgap measured by EQE. The intensity of the Si peak at 520 cm-1 is higher for the oxide 
route CZTS peak at 339 cm-1 than the sulfide route device. This was due to the difference in CZTS film 
thickness (Table. 2). No visible secondary phases were found at 785 nm and 532 nm (not shown here) 
Raman measurements. Since the 785 nm (1.58 eV) laser was used for the measurements, Raman peaks 
of higher bandgap CdS (2.4 eV) and ZnO (3.4 eV) peaks are not visible. 

Conclusion 

In this work, the pulsed laser deposition of the CZTS absorbers on silicon has been successfully 
demonstrated. The oxide route for synthesizing CZTS on a Si bottom cell could limit the prolonged 
exposure to the Si bottom cell to the sulfur atmosphere. Also, the partial oxidation of the TiN-Al-TiN 
layer resulted in better barrier protection and higher transparency. Both effects led to a higher current 
in the bottom cell, and therefore, a higher overall tandem efficiency of 3.4% was achieved. However, 
the oxidation of the barrier layer might have led to a poorer electrical conductivity in the barrier layer, 
which resulted in a lower FF. Moreover, the slow cooling rate after the sulfurization process resulted in 
a more Cu-Zn ordered CZTS and a higher bandgap near 1.6 eV, which is a better match for the Si 
bottom cell.  
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Conclusion 
 

Fabricating earth-abundant, non-toxic Cu2ZnSnS4 (CZTS) solar cell absorber material through 
Pulsed Laser Deposition (PLD) technique is the main focus of this work. We have done studies 
on understanding and improving the PLD process of CZTS, on the fundamental properties of 
CZTS, band alignment of CdS/CZTS, the effect of post-annealing each layer of the device and 
integrating a CZTS top cell with a Si bottom cell to produce a tandem solar cell. 

In the PLD process, deposition at the high laser fluence (>2 J/cm2) allowed us to reduce the 
deposition time, increase the output and achieve a better reproducibility. It was obvious that 
increasing the fluence will deposit more materials. However, the composition of the deposited 
materials was too Cu-rich to be used as a solar cell absorber. The high-fluence deposition was 
only possible by changing the target composition to Cu-poor and Zn-rich. The deposition time 
was decreased at least five times, which greatly improved the output of samples. Unexpectedly, 
at high fluence the composition of the deposited films was less susceptible to the change in 
laser conditions, which also increased reproducibility. Decreasing the spot-size of the laser 
helped to form a more spherical plasma plume compared to that of the laser plasma from our 
initial setting. As a result, the thickness gradient decreased in the deposited films. I hope that 
these findings may help and save some time for other people who are interested in chalcogenide 
solar cells made by PLD. I have to emphasize that having a baseline process is critical in PLD. 

The composition of the deposited films deviates largely from the target composition at different 
laser fluence, especially Cu. We have shown that the cohesive energy was the determining 
factor by depositing from the single crystal monograin and binary sulfide targets. Depositing 
films from oxide targets displayed similar fluence dependence as the sulfide targets. The 
deposition of the Ag alloyed target was almost similar to the pure sulfide target. Ag was well 
incorporated in the CZTS absorbers by PLD, compared to some observed phase segregation of 
other deposition methods such as solution processing. We can conclude that when the setup is 
tested and well established, PLD can be a versatile tool for depositing similar materials and for 
comparison studies just by changing the targets. There should be no need for adjusting the 
parameters that are necessary for most of the deposition methods.  

Fundamental properties of CZTS have been studied by using an oxide route for the CZTS 
production, Ag alloying, annealing and post-annealing profiles. The oxide route is also an 
interesting process sequence for solution-processed CZTS absorbers as it can be used as a 
suitable air pre-annealing to burn off the organic species. After sulfurizing the oxide precursors, 
we have measured a small difference in XRD peaks, bandgap and PL peaks that depends on 
final low, residual oxygen content. However, there was no solid evidence of oxygen alloying, 
and if there were oxygen alloying it would be very small. One of the clear differences was that 
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the oxide route resulted in huge grains compared to the sulfide route. Oxide precursors 
sulfurized from the exposed surface and gradually to the entire layer. SnO2 was the last 
compound to convert into sulfide and SO2 gas release deformed the morphology. When the N2 
pressure was decreased, the sulfurization and SO2 gas release were more effective. As a result, 
we have fabricated a record efficiency of 5.4% CZTS solar cell produced by PLD.  

A significant effort has been made to understand the band alignment of CdS/CZTS and CdS/Ag 
alloyed CZTS. The depth profile of the core level XPS and UPS analysis has been performed 
with the addition of a Sulfur L2,3 XAS measurement. The conduction band offset was reduced 
by 140 meV and could imply that the VOC can be increased as well. The total depletion width 
was estimated to have increased 20 nm based on a charge neutrality model which can also be 
applied for other heterostructures. 

For the annealing process, Cu/Zn ordered CZTS samples with higher bandgap (1.65 eV) 
compared to the commonly accepted 1.5 eV have been obtained by applying a slow cooling 
rate at the end of the annealing process. We have measured Raman, PL, UV-Vis and EQE 
spectra to determine how the annealing affects the solar cell. Post annealing is a common 
procedure in the kesterite community for improving device performance. However, post-
annealing involves many effects and can be done at different stages of sample production. 
Decoupling the effects from each other is an important step to understand the post-annealing 
process. We have decoupled Cu/Zn ordering from post-annealing by using fully disordered 
CZTS, and the post-annealing at different stages of the sample production has allowed us to 
isolate the effects to a certain layer. Furthermore, temperature and pressure dependent studies 
also helped to understand which effects that occur and why. The CZTS bulk properties were 
unaffected by the post-annealing and further research is needed for the bulk. However, we have 
found that at least two beneficial effects occur during post-annealing. The CdS quality 
improvement occurred at 225 °C and CZTS surface passivation occurred at 325 °C. The 
combination of these two effects resulted in a common post-annealing temperature of 275 °C 
which has been reported numerous times. 

The oxide route has also been employed for CZTS on Si-bottom cells to fabricate a monolithic 
tandem device of 3.5% efficiency. The oxide route was attractive due to the fact that 
sulfurization gradually starts from the exposed surface. This could potentially protect the Si 
bottom cells from the harmful sulfur atmosphere. Furthermore, we found that the TiN barrier 
layer oxidized partly during the annealing process which resulted in a more transparent and 
better barrier layer. This was confirmed by the high current generated from the Si bottom cell. 
We have used Cu/Zn ordered samples to produce a high bandgap CZTS (1.6 eV) which matches 
the Si (1.1 eV) layer in a better way. The non-equilibrium property of PLD can also be 
advantageously used for a CZTS/Si tandem device in the future. It has been demonstrated that 
one can grow high-quality CZTS layers at  450 °C with PLD rather than at the most commonly 
used temperature 570 °C. This could potentially limit the damage to the Si bottom cell and 
allow the growth of epitaxial layers. 
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Appendices 
 

a) Raman spectroscopy 
 
Raman spectroscopy is a quick and non-destructive approach to check the quality of 
the absorber. Combined with optical images, a rough grain size estimate could be made 
and visible phase segregation could be identified. When using spectroscopy 
measurements, we can see which secondary phases are present in the absorber and also 
an indication of the crystalline quality of the absorbers. Moreover, Raman 
spectroscopy is the most reliable way of measuring ZnS secondary phases in CZTS. 
The shape of the CZTS Raman spectra depends on the wavelength (Fig. A.1). The 785 
nm laser is the most sensitive to the CZTS peaks, due to the pre-resonant Raman 
condition. When using a 325 nm laser, it is possible to show the presence of the 
secondary phase of ZnS in the sample. A 532 nm laser on the other hand is more 
sensitive to the secondary phases, such as SnxSy and Cu2-xS phases. It is difficult to 
measure absolute PL quantum yield. However, the relative difference in the PL 
intensity tells us about the quality and differences in the minority carrier lifetime. An 
increase in the PL intensity does not always correlate to a higher performance of 
devices, unfortunately. The PL peak position also important information about the 
defects and bandgap energy levels.  

 
Fig. A.1. Raman measured on CZTS bare absorbers from sulfurized oxide precursors 
at different wavelengths. Color preferences are used only to closely present laser 
color. Except for ZnS peak at 350 cm-1, all other peaks are CZTS related peaks 
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Fig. A.2. Schematics of Raman measurement with 532 nm (2.33 eV-green photons) 
and 785 nm (1.58 eV-red photons) on CZTS solar cell. 

 
As shown in Fig A.2, at an excitation wavelength of 532 nm, the corresponding photon 
energy of 2.33 eV is close to CdS bandgap, but much lower than the ZnO bandgap. 
The typical CdS thickness is around 60 nm. Therefore, it is thin enough for 532 nm to 
reach CZTS and measure Raman and PL. Raman peaks of both CdS and CZTS are 
observed as shown in Fig A.3 (b). The CdS Raman peak at 302 cm-1 overlaps partially 
with the 289 cm-1 peak. The relative intensity of the highest peaks of CdS (302 cm-1) 
and CZTS (340 cm-1) changes with the change in the crystallinity. This is shown in Fig 
A.3 (a), where the post-annealing of the CdS/CZTS stack at different temperatures 
results in a change in the Raman peak relative intensities. The intensity of the CdS 
peak at 302 cm-1 starts to increase even at a temperature low as 150 °C. The increase 
in intensity is unlikely generated from bandgap change of CdS due to interdiffusion 
with elements from CZTS, which typically occurs above 250 °C. 
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Fig. A.3. Raman measurements at 532 nm (a) and 785 nm (b)on CZTS/CdS samples 
postannealed at different temperatures. The CdS peaks are not visible at 785 nm due 
to the photon energy being lower than the CdS bandgap of 2.5 eV. 
 
Raman spectra taken at 785 nm are sensitive to the changes in post-annealing. These 
changes in relative peak intensities are assumed to be due to Cu-Zn disorder. Ordering 
parameter can be estimated with an intensity ratio of peaks at 340, 369, and 377 cm-1 
with the following equations Q= I340/(I369+I377)[49]. Depending on the post-annealing 
temperature, the PL peak of CZTS changes 1.37 eV reference sample to 1.32 eV at 
275 °C (Fig. A.4).  
 

 

 

Fig. A.4. The PL peak position measured at 785 nm on CZTS/CdS samples post 
annealed at different temperatures. CdS peak are not visible due to its higher 
bandgap of 2.5 eV 

 
 

 
b) Electroluminescence 
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Fig. A.5. Electroluminescence measurement performed on GaAs and Si solar 
cells at the Raman setup 

 
 
 
 
 

 
Fig. A.6. Electroluminescence measurements on CZTS solar cell of 1.8% PCE. 
Electroluminescence was measured at different bias voltage 

 
Performing electroluminescence on Raman setup was possible (Fig. A.5 and A.6). DC 
power source and performing solar cells were needed in the case of 
electroluminescence. From the best of my knowledge, the electroluminescence spectra 
of CZTS solar cells has not been measured before. There is an electroluminescence 
study on CZTSSe solar cells for measuring the radiative limit of VOC[50]. Just like the 
common PL peak of CZTS, an electroluminescence peak of CZTS was observed 
between 1.33 and 1.38 eV. The solar cell used for this measurement had an efficiency 
of 1.8%. Probably, it is not an ideal cell for electroluminescence measurements. 
However, to measure a signal, a minimum of 3.4 V was used, which would destroy the 
device. Sacrificing the best cells for this measurement was not an option. Interestingly, 
at 4.5 V electroluminescence peak shifted to the higher energy side. This is probably 
due to the damage done by applied bias.  
 
 

c) Annealing optimization and growth process 
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Fig. A.6. Simulated CZTS device JV curves based on Schockley-Quiesser limit, 
world record and the best in house device parameters 

In terms of VOC, the best performing devices in our laboratory were not far behind the 
state of the art device of 731 mV compared to 697 mV our device. A FF of 61.85% of 
our device is also not much lower as compared to 69.27 % in the state of the art 
device[4]. The only major downside comes from the short circuit current JSC. At the 
current level, JSC can be increased with two methods (Fig. A.6 and Table A.1). First, 
we have been using CdS of 60 nm which is relatively thick for a CZTS device, but it 
was needed due to the high roughness of the CZTS layer. This leads to the less current 
generation from wavelengths above CdS bandgap. If we can decrease the surface 
roughness of the CZTS absorber, by decreasing the CdS thickness we might increase 
the current density by roughly 1 to 2 mA/cm2. Secondly, we can also increase the JSC

by depositing antireflection coating. This could also give us roughly 1 to 2 mA/cm2. 

Table A.1. CZTS device parameters used for simulating JV curves of Schockley-Quiesser 
limit, world record and the best in house device 

VOC (V) JSC (mA/cm2) FF (%) Eff (%) 

In house 0.697 15.35 61.85 6.62 

World 0.731 21.74 69.27 11.01 

S-Q limit 1.215 28.97 89.9 31.64 
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