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Abstract
Silicon-based tandem solar cells, which combine the well-established and market-
proven silicon (Si) solar cells with another high bandgap semiconductor into a single
device, can enable highly efficient devices (> 30% ) with small additional costs. Such
next-generation technology demands earth-abundant, stable, and non-toxic materials
with costs comparable to the silicon bottom cell. Thin-film chalcogenides, in partic-
ular CuZnSnS4 (CZTS), may emerge as excellent top cell candidates to partner with
silicon as they comply with all essential requirements. However, the integration of
such materials on Si is a formidable task due to their harsh fabrication process. The
fabrication process of chalcogenides generally constitutes high-temperature anneal-
ing of the metallic precursors (e.g., Cu) in reactive atmospheres (e.g., S or Se), which
could result in severe degradation of the silicon cell. Thus, research is ongoing to
develop new technology designs at the interface of the two cells, which not only pro-
vide sufficient protection to the silicon but also ensures an efficient electrical and
optical transport. In this thesis, we proposed a new monolithic tandem cell architec-
ture, which features a thermally resilient silicon bottom cell with electron and hole
selective polysilicon contacts on both sides (the so-called Tunnel Oxide Passivated
Contacts (TOPCon) structure). At the interface of the two cells, we used an ultrathin
TiN-based layer to double as the diffusion barrier and recombination layer.

Firstly, we developed and optimized the bottom cell structure inhouse in our clean-
room facility. By optimizing the passivation quality of both n-type and p-type polySi
contacts, we managed to obtain an excellent effective lifetime above 3 ms and iVoc

above 700 mV for device precursor samples. We demonstrated a high external Voc

of 681 mV and identified a moderate FF of 70% as the main limitation of our silicon
single-junction cells. By performing detailed electrical analysis, we attributed the low
FF to a high series resistance problem at the p-n junction.

Once the bottom cell was developed, we systematically investigated the mono-
lithic integration of CZTS, as a promising representative from chalcogenides, on the
silicon bottom cell using TiN as the barrier layer. A series of contamination studies re-
vealed that the TiN barrier layer successfully mitigates the indiffusion of elements into
the bottom cell. As a result, a high millisecond range lifetime in Si could be achieved
after CZTS processing. Based on these findings, the first proof-of-concept working
monolithic CZTS-Si device was fabricated with a tandem Voc of 900 mV. However,
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the tandem efficiency was severely limited by a very low FF, which we ascribed to
inefficient carrier transport across the TiOxNy barrier due to the high oxygen content.
Despite the weak performance, we successfully showed that full preservation of the
silicon bottom cell is feasible using a 10 nm TiOxNy barrier layer.

Next, we improved the performance of our CZTS-Si tandem solar cell by further
engineering of the barrier layer. We performed a comparative study among three
TiN-based barrier layers, namely TiOxNy, TiN-Al-TiN, and TiN, with different electri-
cal, optical, and barrier protection properties. We showed that lowering the oxygen
content in the TiN layer could eliminate the roll-over of the IV curve and thereby
significantly improve the FF of our tandem devices. However, we noticed that de-
creasing the oxygen content diminishes the barrier protection, which led to severe
degradation of the silicon bottom cell Jsc after CZTS fabrication.

Subsequently, we introduced a second protection mechanism in the silicon bot-
tom cell based on impurity gettering within the highly doped polySi contacts. In
this regard, we increased the front n+polySi thickness from 40 to 200 nm, which
not only improved the initial surface passivation but also increased the bottom cell
resilience significantly. The increased protection helped to reduce the necessary TiN
thickness to less than 5 nm. As a result, a new tandem record efficiency of ∼4.1%
was achieved in a CZTS-Si tandem device, i.e., the best value reported so far for this
type of structure. Ultimately, we successfully generalized our findings to other similar
high bandgap chalcogenides using CGSe and AIGSe materials, where we achieved a
tandem efficiency of 5.5% and a promising Voc around 1.3 V for the CGSe-Si tandems.



Dansk Resumé
Silicium-baserede tandem solceller, der kombinerer veletablerede og markedsaf-
prøvede silicium (Si) celler med et andet halvleder materiale med højt båndgab i en
kompakt enhed med høj effektivitet (>30% ) uden store meromkostninger. Sådan
en næste-generations teknologi kræver materialer med hyppig forekomst, som er
stabile, ugiftige og med lave omkostninger ligesom Si bundcellen har. Tyndfilms-
chalcogenider, som CuZnSnS4 (CZTS), er en fremragende topcelle kandidat til
kombination med Si og lever samtidig op til samtlige essentielle krav. Imidlertid
er integrationen af disse materialer med Si en udfordrende opgave på grund af
fabrikationsprocessens hårde miljø. Chalcogeniderne fremstilles generelt ved en
høj-temperatur varmebehandling af metalliske film (f. eks. Cu, Zn, Sn) i en reaktiv
atmosfære (f. eks. S eller Se), hvilket kan resultere i alvorlig ødelæggelse af den un-
derliggende silicium celle. Forskningsmæssigt er der derfor nu fokus på ny teknologi
til grænsefladen mellem de to celler, som ikke blot skal yde tilstrækkelig beskyttelse
af Si, men også sikre effektiv elektrisk og optisk transport. I denne afhandling
foreslår vi en ny, monolitisk tandem celle arkitektur, som indeholder en termisk
modstandsdygtig Si bundcelle med elektron- og hul-selektive polysilicium kontakter
på begge sider (såkaldt Tunnel Oxid Passiveret Kontakt (TOPCon) struktur). I
grænsefladen mellem de to celler bruger vi et ultratyndt TiN-baseret lag som både
diffusionsbarriere og rekombinationslag.

Først udviklede og optimerede vi bundcelle strukturen i Nanolab renrums-
faciliteten. Ved at optimere passiveringskvaliteten af både n- og p-type poly-Si
kontakterne, opnåede vi en fremragende effektiv ladningsbærerlevetid over 3 ms og
potentiel tomgangsspænding, iVoc, på over 700 mV for ikke metalliserede prøver. Vi
demonstrerede en høj ekstern tomgangsspænding, Voc, på 681 mV og identificerede
en moderat fyldfaktor (FF) på 70% som den primære begrænsning for vores Si
enkelt-junktion celler. Ved at udføre detaljeret elektrisk analyse kunne vi tilskrive
den lave FF en for høj serie-modstand ved pn-overgangen.

Da bundcellen var udviklet, undersøgte vi systematisk den monolitiske integra-
tion med CZTS (som en lovende repræsentant for chalcogeniderne) på Si bundcellen
ved at bruge TiN som barriere-lag. En serie kontaminerings-studier afslørede at TiN
barriere laget effektivt begrænser diffusion af grundstoffer ind i bundcellen. Som
et resultat kunne vi opnå en høj (millisekund størrelsesorden) ladningsbærerlevetid
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efter CZTS processering. Baseret på disse resultater blev den første konceptuelle,
fungerende monolitiske CZTS-Si enhed med en tandem Voc på 900 mV fremstillet.
Imidlertid var tandem effektiviteten svært begrænset af en meget lav FF, hvilket vi
tilskriver ineffektiv ladningsbærer transport på tværs af TiOxNy barrieren grundet det
høje ilt indhold. Trods den lave effektivitet viste vi succesfuldt, at fuld beskyttelse af
Si bundcellen er mulig med et 10 nm tykt TiOxNy barrier lag.

Derefter forbedrede vi ydeevnen af vores CZTS-Si tandem solcelle ved yderligere
optimering af barriere-laget. Vi udførte et sammenlignende studie af tre TiN-baserede
lag, nemlig TiOxNy, TiN-Al-TiN, og TiN, med forskellige elektriske, optiske og bar-
riere egenskaber. Vi viste, at en sænkning af ilt-indholdet i TiN-laget kan eliminere
roll-over af IV-kurven and dermed forbedre FF signifikant for vores tandem enheder.
Til gengæld opdagede vi, at det reducerede iltindhold mindsker barrierens beskyt-
telsesegenskaber, hvilket førte til betydelig reduktion af kortslutningsstrømmen, Jsc,
for Si bundcellen efter CZTS fremstilling.

Efterfølgende undersøgte vi en anden beskyttelsesmekanisme for Si bundcellen
baseret på fangst af urenheder (såkaldt gettering) i de højt-doterede poly-Si kontakter.
I denne forbindelse øgede vi tykkelsen af n+poly-Si laget på forsiden fra 40 til 200
nm, hvilket ikke bare forbedrede den initielle overfladepassivering, men øgede også
bundcellens modstandsdygtighed betydeligt. Den forøgede beskyttelse hjalp til at
reducere den nødvendige TiN tykkelse til mindre end 5 nm. Som et resultat heraf,
opnåede vi en ny rekord effektivitet på ∼4.1% for en CZTS-Si tandem celle, dvs.
den højeste værdi opnået til dato for denne type struktur. Ultimativt generaliserede
vi succesfuldt vores fund til andre lignende chalcogenider med højt båndgab ved at
bruge CGSe og AIGSe materialer, hvor vi opnåede en tandem effektivitet på 5.5% og
en lovende Voc omkring 1.3 V for CGSe-Si tandem celler.



Preface
This dissertation has been prepared in partial fulfillment of the requirements for ac-
quiring a Ph.D. degree at the Technical University of Denmark (DTU). The work pre-
sented in this thesis is part of a larger strategic project named “the ALTCELL” , which
was financed by Innovation Fund Denmark (Innovationsfonden, grant number: 6154-
00008A). The ALTCELL project was a large consortium between the National Centre
for Nano Fabrication and Characterization (DTU Nanolab) and the Department of
Photonics Engineering (DTU Fotonik) as well as several strong industrial partners
such as Haldor Topsøe A/S and Inmold A/S. The final aim of the overall project was
to develop an environmentally friendly alternative technology for the next genera-
tion photovoltaic modules. This entailed integrating earth-abundant and cheap high
bandgap materials such as Cu2SnZnS4 (CZTS) on top of the conventional silicon solar
cells in a tandem configuration. My responsibilities in this project were:

• Development and optimization of a proper silicon solar technology.

• Solving the challenges regarding the integration of the two technologies and
developing a suitable barrier layer at the interface of the two cells.

• Optimization and characterization of tandem cell performance.

The work was supervised by Director Jörg Hübner, Professor Ole Hansen, and
Deputy Director Anders Michael Jørgensen. All the work regarding the bottom cell
and barrier layer development were conducted in DTU Nanolab’s cleanroom facility,
while the CZTS top cell was fabricated at DTU Fotonik by our internal collaborators.
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CHAPTER1
Introduction

1.1 Photovoltaics: an Environmentally Friendly
Alternative?

Over the last decade, the two-fold challenge of the climate change and the increased
energy demand have been one the most prominent challenges of mankind. As re-
ported by international energy agency (IEA), the world energy demand is predicted
to expand by around 30% from 2015 to 2040, an equivalent of China and India com-
bined added to the current global consumption [1]. To date, combustion of fossil
fuels as the main energy source, has undeniably affected the climate of our planet
in various forms, such as changes in precipitation patterns, droughts and heat waves,
hurricanes, rise of sea levels, and more [2]. Therefore, replacing fossil fuels by sus-
tainable and clean energy sources is of crucial importance. There are various types
of renewable energy technologies, among which hydro power, wind and solar are the
pioneers [3]. The main common drawback of the mentioned technologies is being
intermittent, meaning that the wind may not always blow, nor the sun does not shine
all day long. However, combining these technologies together with proper storage
capability can lead to a reliable energy system, available anytime and anywhere we
desire.

Among all sources, solar energy is by far the most abundant, inexhaustible, and
ubiquitous source of energy available on earth [4, 6]. The amount of sunlight reach-
ing the surface of continents (excluding the oceans) each year is around 23000 TWa,
a value 30 times higher than the total amount of coal reserve on earth, and more than
1000 times higher than the global annual energy consumption [4, 6]. Solar energy
thereby shows an immense potential to realize a sustainable future. The incoming
radiation can be utilized in various forms of energy, such as heat, electricity (photo-
voltaic (PV) effect), and chemical energy (photosynthesis). The solar photovoltaic
technology has the benefit of transforming the sunlight to electricity directly, which
can be later converted to other forms of energies easily. Over the recent decades, the
PV technology demonstrated the fastest growth rate of 46% among other renewable
technologies, thanks to the ongoing cost reductions, technological improvements, and
high amount of investments. The PV learning curve indicates that for every doubling
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Figure 1.1: Comparison of global energy resources. The size of of each circle is
proportional to the annual average power in terawatt (TW) for renewables, and total
reservoir for non-renewables (adopted from [4, 5]).

of the cumulative PV module production, the PV module’s cost has reduced by a rate
of 23.2% from 1976 to 2018 [7]. As a result, in 2018, the cumulative capacity of PV
has increased to 505 GW, a significant climb considering the global total amount of
15 GW a decade earlier [3]. Therefore, the PV technology has proven to play a crucial
role in the future of world’s electricity production.

This thesis only addresses the photovoltaic technology, and the following sections
will give a brief overview over the current PV technological challenges and suggest
possible strategies to overcome them.

1.2 PV Constraints: Physical and Economical

1.2.1 The photovoltaic (PV) effect
The sun emits a wide range of electromagnetic waves mostly (∼99%) in the wave-
length range from 150 to 4000 nm, i.e., from infrared (IR) through visible to ultravi-
olet (UV). The solar radiation can indeed be approximated by radiation from a black
body at temperature near 6000 °C [8]. The spectral irradiance outside the Earth’s
atmosphere is denoted as AM0, and the total power density of that spectrum 1361
W/m2 is known as the “Solar Constant”. As the photons transmit though the atmo-
sphere, they may become scattered, reflected, or partially absorbed e.g., by O2, O3,
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and CO2 molecules. As a result, the irradiance at the Earth surface is reduced from
1361 W/m2 to around 1000 W/m2 at the sea level with a clear sky. In order to account
for the atmosphere attenuation, an air-mass (AM) quantity is defined as:

AM = 1
cos(θz)

(1.1)

Where θz is the angle incidence with respect to the zenith, i.e. the angle perpendicular
to the Earth surface. The spectrum just outside the atmosphere is referred to as
AM0 by definition. The AM1.5, corresponding to the zenith angle of 48.2◦ latitude,
is a good approximation of solar spectrum seen by most of the Europe and United
States of America, and therefore, has been adopted as the standard test conditions
for standard PV measurements [9].
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Figure 1.2: AM1.5G (in red) and AM0 (in gray) solar spectra. AM0 refers to the solar
spectrum just outside the earth’s atmosphere (space). AM1.5G is the global standard
spectrum at zenith angle 48.2°, which includes the ambient diffused (reflected) light.
Data taken from [10].

The incoming sunlight is then absorbed and directly converted to electricity by
a photovoltaic cell. The photovoltaic effect was discovered a long time ago by Ed-
mond Becquerel [11]; however, it took more than 100 years until the first silicon
solar cell was made at Bell Lab in 1954 with a significant power conversion efficiency
(PCE) of 6% [12]. After more than 60 years of intensive research, the efficiency of
single junction solar cells has now reached to a record efficiency of 26.7% [13] for
silicon, and 29.1% for GaAs [14] technologies (under standard AM1.5G illumination
conditions). The efficiency record advancement of all PV technologies over time is
shown in Figure 1.3. It can be seen that the efficiency progress have been incremen-
tal for most technologies, with only ∼2% improvement for silicon solar cells over the
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last 25 years, which implies that the single-junction technologies are reaching their
practical and fundamental limits. These limits will be further elaborated within this
section. A photovoltaic device is generally composed of a semiconductor material
with a typical bandgap of 0.8–2 eV, also called the absorber layer. If the energy of the
incident photons is higher than that of the bandgap (Eg) of the absorber, the photon
can be absorbed by generation of an electron-hole pair within the valence and con-
duction bands of the semiconductor. As a result, the Fermi level splits into two quasi
Fermi levels, one for holes (EFh) and one for electrons (EFe), and chemical energy is
produced. The produced chemical energy, which is proportional to the difference in
quasi-Fermi levels (i.e., EFe − EFh), can be then converted to electrical current and
voltage by separating the generated e-h pairs at the solar cell contacts before they
recombine. The carrier separation can be realized by inducing a spatial chemical
gradient for electrons and holes across the absorber thickness, e.g., by means of a
p-n junction or carrier selective contacts. Thereby, the electrons and holes are driven
towards opposite directions to be collected at the contacts. Consequently, the overall
efficiency of the solar device relies on the intrinsic and extrinsic losses during differ-
ent processes, such as absorption, generation, recombination, carrier separation, and
carrier transport.

1.2.2 Fundamental limitations
The losses in solar cells can be divided into two categories i.e., “intrinsic” and
“extrinsic” losses [16]. The extrinsic losses include among others reflection, parasitic
absorption within window layers, non-radiative recombinations, ohmic losses, which
can significantly degrade the efficiency of a solar cell. Nevertheless, the extrinsic
losses can be theoretically avoided and overcome by device optimization. The
extrinsic losses will be further discussed in Chapter 2.

On the other hand, the intrinsic losses are considered as fundamental, meaning
that they are inevitable for a given solar cell. The intrinsic losses can be divided
into five categories, which are comprehensively addressed in [16–20]. The most gen-
eral limitation in a solar cell is imposed by thermodynamics, leading the so-called
“thermodynamic limit”. For the first approximation, a solar cell can be considered as
a Carnot heat-engine (an energy converter), operating between a hot (the sun) and
cold (ambient atmosphere) heat reservoirs. Such engine is subject to energy losses
incurred by heat flowing from the engine to the cold reservoir, limiting the maximum
efficiency of the device to 95% [20]. The thermodynamic limit is accounted as the
upper limit for all kinds of solar converters, including photovoltaic devices. However,
in practice, a solar cell device is not a heat engine but a quantum converter, mean-
ing that the absorbers must also act as emitters according the Kirchoff’s law (the cell
is also a black body) [16, 18]. Hence, spontaneous emission losses (i.e. radiative
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recombination) reduces the maximum possible efficiency by 1% absolute. Moreover,
inequality of the absorption and emission angles, can introduce irreversibility by en-
tropy production, known as the Boltzmann loss, which again brings down the overall
efficiency [16].

Finally, the most important intrinsic loss in a solar cell is related to the mismatch
between the broad solar spectrum and mono-energetic bandgap of the absorber ma-
terial, which can limit the efficiency to 44% [18]. As mentioned above, the sun light
comprises a broad spectrum of photons of various energies. Any photon with energy
below the bandgap of the absorber material cannot be utilized by the solar cell and is
therefore lost. Moreover, it is assumed that the maximum electrochemical potential
achievable in a solar cell equals the bandgap of the absorber material. Thus, the pho-
ton energy in excess of the bandgap is essentially lost in form of heat due to a rapid
interaction (picosecond time scale) of the carriers with lattice phonons called the
thermalization process [19, 20]. In other words, the thermalization process results in
cooling of the photogenerated carriers to the top and the bottom of the valence and
conduction bands, respectively. Notably, the mentioned assumption can be relaxed by
advanced concepts, for example in hot-carrier solar cells [17, 18], which is outside
the scope of this thesis.

Based on detailed-balance consideration of intrinsic losses, Shockley and Queisser
in 1961 [21] formulated the maximum theoretical efficiency achievable for an ideal
single-junction solar cell, denoted as the “detailed balance” or “Shockley-Queisser
(SQ)” limit. Figure 1.4 (a) shows fundamental losses and the SQ-limit for single-
junction solar cells as function of the absorber bandgap (under standard AM1.5G
solar spectrum). It is seen that the calculated theoretical efficiency reaches a max-
imum of 33.77% for an optimum bandgap 1.34 eV. This limit for silicon solar cells
with an unfavorable bandgap of 1.1 eV is ∼32%. For the detailed balance calculation,
it is assumed that the solar cell is made of a single absorber material with a defined
bandgap, causing significant below bandgap (transmission) and above bandgap ther-
malization losses. As a result, one way to overcome the SQ limit can be to increase
the number of absorber materials to 1) maximize the absorption range, and 2) mini-
mize the thermalization. Figure 1.4 (b) shows how the theoretical efficiency and the
corresponding losses evolve as the number of absorbers increases. The concept of
multi-junction solar cells is the main topic of this thesis and will be elaborated more
in Section 1.3.

1.2.3 Economic considerations
As mentioned, the price of PV modules has been reduced dramatically over the past
few decades (see Figure 1.5). However, the levelized cost of electricity (LCOE) for
solar PV must be further reduced to reach retail grid parity and thereby become the
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Figure 1.4: a) Portions of fundamental losses occurring in a single-junction solar
cell device. b) Evolution of intrinsic losses as well as the solar cell output power as
the number of junctions (absorbers) increases, adapted from [16]. Note: for each
number of junctions optimal bandgaps were considered.

mainstream renewable technology. The total cost of PV systems can be divided into
two categories, i.e., the module costs, and the balance of system (BOS) costs. The
module costs had been the main driver of the cost reduction for many years, but
nowadays the situation has changed, and the BOS costs has dominated the future
price of PV systems by an overall share of 50-60% [7]. The balance of system costs
includes any costs related to components and services required to make a PV system
operational (except the module), such as inverters, construction, labor, wiring, rack-
ing and mounting systems among others. Since the LCOE is determined by currency
per watt peak (e.g., $/Wp), improving the efficiency of the PV modules can affect the
BOS cost indirectly, as all the BOS costs except the inverter’s are area dependent. In
other words, as the efficiency of the module increases, less area (thus less BOS costs)
is needed to produce the same amount of electricity. Thus, the matter of efficiency
improvement has been the main focus point in PV research. It is noteworthy that
such cost reduction is only viable if the efficiency improvement is accompanied by a
negligible increase in module production costs.
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Figure 1.5: Projected reductions in cost of PV systems in Europe, for systems > 100
KW (2016 represents the 100%), adapted from [7]. BOS costs constitute more than
50% of the total system’s cost.

1.3 Beyond the Shockley-Queisser Limit: Multi-Junction
Solar Cells

1.3.1 The concept
As mentioned previously, the concept of multi-junction solar cells has been the most
successful method to go beyond the SQ limit. In a multi-junction device, rather than
using a single absorber material, different semiconductor materials are combined to
harvest the solar spectrum. The bandgap of each absorber material is tuned to effec-
tively utilize a specific portion of the spectrum. In principle, the spectrum splitting
can be done in two ways. One approach is to spatially divide the solar spectrum using
an optically dispersive element, such as prism, and redirect the photons of different
energies to their corresponding sub-cell with the correct bandgap [22]. Despite the
easy concept, this approach is usually undesirable due to many practical and optical
complexities imposed by the architecture [22, 23]. On the other hand, the prefer-
able approach would be to vertically stack the sub-cells, where the bandgap of each
sub-cell progressively decreases from the top surface towards the bottom surface (i.e.
the sunny side towards the dark side), as illustrated in Figure 1.6. In this arrange-
ment, the sunlight strikes the cell with the highest bandgap first and is continuously
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absorbed by lower-bandgap absorbers as it transmits through the device. As a result,
high energy photons are harvested with larger bandgaps leading to lower thermaliza-
tion losses. Moreover, since each top cell is transparent to photons below its bandgap,
the photons which were not absorbed in one cell can still be harvested by a sub-
sequent cell with a lower bandgap. Thus, both thermalization and below bandgap
losses can be reduced significantly.

Valence band

Conduction band
Excess energy (lost)

Front

Excess energy (lost)

Material 

#1

Material 

#2

Material 

#3

Front

Sunlight

Rear Rear

Single-junction Multi-junction

Eg Eg

Figure 1.6: Simplified schematics of single-junction (left) and multi-junction (right)
solar cells, illustrating how the multi-junction concept reduces the thermalization
loss.

The simplest form of a multi-junction solar cell is a double-junction, which is
denoted as “tandem” solar cell. Increasing the number of junctions from one to two,
results in a considerable improvement of the theoretical maximum efficiency from
33% to 46% [16, 20]. However, as the number of junctions increases, the gain in
the efficiency limit declines, e.g. 51% and 55% for triple and quadruple junctions
(see Figure 1.4 (b)) [16, 24]. For an ideal cell with an infinite number of absorbers
under full concentration, meaning that the whole solar spectrum is absorbed with
no thermalization losses, the thermodynamic limit of 86.6% can be achieved [25].
However, the promise of a device with more than five junctions can be practically
and economically questionable [22]. It is noteworthy that the mentioned efficiency
improvements in multi-junction cells cannot be realized unless the bandgap of the
absorbers are perfectly matched. Figure 1.7 (a) and (b) show how the maximum
efficiency limit evolves as the bandgap of the sub-cells change for double and triple
junction solar cells. The ideal bandgaps in a tandem (double-junction) solar cell
range from 0.9–1.1 eV and 1.5–1.7 eV for the bottom and top cells, respectively.
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(a) (b)

Figure 1.7: a) Efficiency contours of an ideal double-junction solar cell as a function
of top and bottom cell bandgaps. b) Efficiency contours of an ideal triple-junction
solar cell having a silicon bottom cell, as a function of middle and top cells bandgaps.
Graphs adopted from [26].

1.3.2 Tandem architectures

Tandem solar cells (in vertical arrangement) can be divided into three major con-
figurations based on their fabrication sequence and interconnection schemes, as re-
viewed here [22, 27, 28] and illustrated in Figure 1.8. The three categories are 1)
two-terminal (2T), 2) three-terminal (3T) and 3) four-terminal (4T).

High Eg

Low Eg

High Eg

Low Eg Low Eg

High Eg

High Eg

Low Eg Low Eg

High Eg

Two-Terminal Three-Terminal Four-Terminal

(a) (b) (c) (d) (e)

Figure 1.8: Schematics of different tandem device architectures, namely two-
terminal, three-terminal, and four-terminal configurations.
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1.3.2.1 Two-terminal (monolithic) tandem (2T)

The first and foremost type is the two-terminal or monolithic configuration. In mono-
lithic tandem cells, the two sub-cells, with the same front and rear electrical polarity
(p/n or n/p), are directly fabricated on top of each other (back to front). In this
case, the top and bottom cells are connected in series through a tunnel junction [29]
or a recombination layer (i.e., a conductive layer). The performance of the overall
device strongly depends on the efficiency of the charge carrier transport between the
two cells. As the two cells are connected in series, the total voltage of the device is
summed over the voltage of individual sub-cells (Voc, total = Voc, top + Voc, bottom), while
the current is the limited by the cell with the lowest current (Jsc, total = min(Jsc, top,
Jsc, bottom). Thus, one of the main limitations for this type of structure is the current
matching problem, meaning that the current in both cells should be equal. As a result,
the efficiency of this architecture is very sensitive to spectral variations and changes
in the top cell bandgap, as shown in Figure 1.9. The current matching can be realized
by fine tuning the bandgap and thickness of the top cell absorber as well as the opti-
cal properties of other window layers, allowing sufficient number of photons to reach
the bottom cell. Additionally, monolithic tandem integration can be quite challenging.
As the cells are grown directly on one another, neither the fabrication process of the
next layer should damage the underlying layers (e.g., temperature, sputtering dam-
age, contamination, etc.), nor the surface properties of the substrate should affect the
quality of the proceeding layer (e.g., crystalline quality, integrity, etc.). Nonetheless,
monolithic tandems are the most attractive for industrial deployment due to their
simplicity in module integration and minimum number of fabrication steps, layers,
and interconnections [27]. As they resemble the structure of a conventional single-
junction cell with two terminals, they can be easily integrated into modules using
the existing well-established technology. Moreover, since the structure requires maxi-
mum one transparent electrode and no extra laminating sheets nor adhesives, higher
practical efficiency can be achieved in a monolithic structure due to less parasitic
absorption [27]. So far, the monolithic approach has been predominately used in
industry for III-V [30–32], micromorf (aSi:H/µc-Si) [33, 34], and organic tandems
[35].

1.3.2.2 Four-terminal tandem (4T)

In a four-terminal configuration, the two separately fabricated sub-cells are mechani-
cally stacked on top of each other, and each cell has its own front and rear terminals
as shown in Figure 1.8. In this case, the cells are electronically isolated from one
another while mechanically coupled, i.e. both operate at their maximum power point
independently. Therefore, the total efficiency of the tandem cell is the sum of indi-
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vidual efficiencies. Unlike the monolithic structure, the 4T configuration imposes no
constraints on the current nor the polarity (p/n or n/p) of the sub-cells [22]. Fur-
thermore, independent fabrication of each sub-cell may allow for higher degree of
freedom in design, choice of materials, processes, and characterization of the cells.
While the 4T tandem approach can be beneficial for research and prototyping pur-
poses [27], up-scaling and module integration can be challenging and costly due to
presence of several interconnections [22, 27]. In addition, the 4T structure requires
using at least three transparent electrodes (front electrodes of each sub-cell plus the
rear electrode of the top cell), which not only induces more parasitic absorption and
ohmic losses in the device [36], but also may incur additional manufacturing costs as
the deposition of such layers often requires expensive and low throughput deposition
methods, such as sputtering or chemical vapor deposition (CVD) [27].
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the efficiency of the cell. In a 2T configuration, the
sub-cells are electronically in series, so the voltages
generated by each sub-cell are added. Kirchhoff ’s law
dictates that the currents flowing through each sub-cell 
must match, meaning that the photocurrent is limited 
by the lower sub-cell current. Because the sub-cells must 
harvest different regions of the solar spectrum, achieving

photocurrent matching at the maximum power point 
condition of each sub-cell requires careful bandgap and 
efficiency engineering (FIG. 1d). In the 4T configuration, 
the sub-cells are effectively operated separately and can
be connected in whichever way desired; therefore, in this 
case, current-matching limitations are avoided and less
stringent bandgap optimizations are required (FIG. 1e).
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Figure 1.9: a) and b) Efficiency responsiveness of 2T and 4T configurations to devi-
ations from ideal bandgap pairs (graphs adopted from [37]). c) SQ efficiency limits
of silicon-based tandem solar cells with 2T, 3T (type A), 3T (type B), and 4T archi-
tectures as a function of the top cell’s bandgap (reproduced based on data from [27,
38]).

1.3.2.3 Three-terminal tandem (3T)

The three terminal architecture can be divided into two different structures i.e. type
(A) and type (B): The first 3T form, hereafter denoted as type (A), is very similar to a
2T configuration, except that a third electrode is added to the recombination layer as
shown in Figure 1.8. The additional third terminal helps to relieve the requirements
of equal currents and same sub-cell polarity, which are valid for the monolithic struc-
ture [22]. Since the added electrode is common between the two cells (either anode
or cathode), both cells operate in parallel, thereby the total open-circuit voltage (Voc)
of the tandem is determined by the cell with the lowest Voc. In Figure 1.9, the theo-
retical efficiency limit of type (A) structure appears to be independent of the top cell
bandgap. The reason for such constant profile is that both total voltage and total cur-
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rent are fixed. As the sub-cells operate in parallel, the total voltage is always limited
by the Voc of silicon bottom cell, which has a lower bandgap. Furthermore, since for
theoretical efficiency limit calculation, it is assumed that both sub-cells generate the
maximum current achievable in a single junction cell, the short-circuit current is also
practically fixed. Therefore, due to a lower efficiency potential compared to 2T and
4T configurations, only limited research can be found in literature reporting on this
type of structure, such as [39–41].

In the second form, hereafter denoted as type (B), an interdigitated back con-
tacted (IBC) bottom cell (e.g., Si) with a conductive front surface is monolithically
integrated with a top cell, as shown in Figure 1.8. In this case, the whole device is
fabricated monolithically, except a third electrode is contacted at the backside of the
bottom cell. The third electrode allows for an independent operation of both cells at
their maximum power point, making the structure less sensitive to spectral and top
cell bandgap variations [38]. Notably, since the cells operate in series in type (B), as
opposed to the type (A), the current matching is required, albeit less important com-
pared to a 2T case. The extra base contact helps to extract the excess current from
the bottom cell, which may exist due to a current mismatch [42]. Therefore, the
theoretical efficiency limit resembles to that of 4T structures as shown is Figure 1.9.
This concept was introduced first by Nagashima et al. [43], but recently has gained
increasing attention among researchers for both III-V/Si [44] and Perovskite/Si [38]
tandems as the silicon IBC cells are developing and penetrating the PV market.

1.3.3 Are there perfect candidates?

1.3.3.1 An enduring front runner: Silicon

Due to the abovementioned reasons, the research on multi-junction solar cells have
been intensified over the last decades. So far, III-V multi-junction have been the
most successful technology in terms of power conversion efficiency [29]. III-V multi-
junctions have already surpassed the SQ limit with a world record efficiency of 47.1%
[45] under concentrated light and 38.8% under AM1.5G illumination [14, 46]. De-
spite the outstanding performance, the cost of III-V technology is more than two
orders of magnitude higher than that of the conventional silicon cells, mainly due to
use of expensive GaAs substrates and epitaxial growth methods [47]. The high man-
ufacturing cost has limited their application to space satellites or concentrated PV,
where the energy per unit area is significant [48]. On the other hand, micromorph
multi-junctions, made from amorphous (aSi:H) and micro-crystalline (µc-Si) Si lay-
ers, are examples of cost-effective multi-junctions albeit with low performance [49,
50]. Due to the rather low efficiency, their deployment is niche, for example in con-
sumable electronics such as calculators [51]. Therefore, alternative multi-junction
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technologies must be developed to realize high efficiency at a low cost.

BSF

PERx (PERC/PERL/PERT) 

SHJ
IBC

Si-based Tandem

Figure 1.10: Predicted worldwide market shares of different PV technologies by
ITRPV [52].

Among all technologies, silicon solar cells have been continuously dominating
the PV industry by a market share of 95%, which is expected to remain constant
for the foreseeable future [52]. Even though the silicon industry is still maturing,
efficiency improvements have been marginal as they approach to the fundamental
limits i.e., 29.4% if we also consider the Auger recombination inevitable for indirect
bandgap materials like silicon [53]. Therefore, novel approaches, such as silicon-
based tandems, can make a new disruptive path for the Si industry to meet the targets
of lowering the LCOE and realize efficiency beyond 30%. Fortunately, Si can be an
ideal bottom cell in a two-junction device for many reasons. Apart from being the
second most abundant element in the earth’s crust, Si is a highly stable, non-toxic,
and low-cost element. Moreover, thanks to the years of knowledge gained from the
microelectronic industry, Si is the most-well known material whose technology is
well-established. More importantly, the bandgap of silicon is 1.1 eV, an ideal match
for the bottom cell in a two-junction tandem device (see Figures 1.7 and 1.9). Due
to very high material quality, very high Voc up to 750 mV [54] could be achieved,
and the infrared response (up to 1100 nm) is high [55]. In addition, silicon cells
can be made in various architectures, which adds extra flexibility in tandem design,
choice of top cell materials, contacting (e.g., IBC), temperature resilience, device
polarity, etc. Given all the advantages and the well-developed industry, it is almost
impossible for any new technology to replace silicon entirely. Therefore, a more
reasonable approach for the industry would be to leverage the existing production
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lines and modify a few steps to integrate promising high bandgap materials on top of
silicon, rather than changing it altogether. According to the ITRPV roadmap report in
2019 [52] shown in Figure 1.10, silicon-based tandem solar cells will appear in mass
production already from next year (2021), and the share is expected to continuously
grow during the current decade.

1.3.3.2 An earth-abundant newcomer: Chalcogenides

Several materials have been investigated as top cell partners with silicon. The primary
criterion for searching new materials is the top cell bandgap for the reasons men-
tioned above. Since the bottom cell bandgap is now fixed by 1.1 eV (Si bandgap), the
ideal material should have a bandgap of around 1.7 eV for the optimal case (see Fig-
ures 1.7 and 1.9). III-V/Si tandems have had the longest history of development [56],
and currently hold the best record efficiencies up to 35.9% among all silicon-based
multi-junctions [31, 32]. However, similar to their all III-V multi-junction counter-
parts, the use of of highly expensive depositions methods, such as molecular beam or
metal-organic epitaxy, make their manufacturing too costly for terrestrial applications
[57]. Moreover, large lattice missmatch between Si and III-V, makes the epitaxial
growth and monolithic integration challenging [26].

Table 1.1: Potential high bandgap chalcogenides for silicon based double- and triple-
junction solar cells, suggested by [26].

Group top cell for two-junction top cell for three-junction

II-VI

CdSe CdZnTe/Cd(Se)Te
CdZnTe CdZnSeTe/Cd(Se)Te
CdMnTe CdMnTe/Cd(Se)Te

CdSe/Cd(Se)Te

I-III-VI2

CuGaSe2 Cu(In,Ga)(S,Se)2/CuInS2
Cu(Al,In)Se2 Cu(In,Ga)(S,Se)2/Cu(In,Ga)(S,Se)2

Cu(Al,Ga)Te2 Cu(Al,In)Se2/Cu(Al,In)Se2

Ag(Al,In)Se2 Ag(In,Ga)(S,Se)2/Ag(In,Ga)(S,Se)2

Ag(Al,Ga)Te2 Cu(Al,Ga)Te2/Cu(Al,Ga)Te2

I2-II-IV-VI4
Cu2ZnGeS4, Cu2ZnGeSe4 Cu2ZnGeS4/ Cu2ZnGeSe4

Cu2ZnSnS4 Cu2ZnGeS4/ Cu2ZnSnS4

II-IV-V2
CdGeP2, ZnGe(As,P)2 ZnGe(As,P)2/ZnGe(As,P)2

ZnSi(As,P)2, Cd(Si,Ge)P2 ZnSi(As,P)2/ZnSi(As,P)2

Cd(Ge,Sn)P2

Other promising candidates for the top cell absorber are organic-inorganic halide
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perovskites, which have experienced drastic efficiency improvements both in single
junction and tandem technologies (see Figure 1.3) [37, 58]. Numerous research
groups have demonstrated efficiency above 25% in various tandem architectures (i.e.,
2T, 3T, and 4T) [38, 59–63], with the best value of 29.15% recently reported by HZB
[64]. Despite the demonstrated high efficiencies and aggressive progress, perovskite
solar cells face several instability challenges upon prolonged exposure to light, mois-
ture, and high temperature, which leads to significant degradation of the efficiency
over a short period of time [65]. As of now, the longest lifetime reported without
significant efficiency degradation is 1000 hours (0.11 yr) [66] which is far too less
than that of guaranteed by silicon technology, i.e., 25 years [67]. Moreover, the best
performing halide perovskites contain the toxic element lead (Pb) as one of the con-
stituting elements, which has raised serious concerns about its environmental impact
and sustainability of the technology [68]. Therefore, alternative technologies should
emerge to satisfy the stringent requirements of earth abundancy, low cost, stability,
and high performance needed for a sustainable PV technology.

Alternatively, thin film chalcogenides (TFCs), such as CdTe, chalcopyrites, and
kesterites can be promising replacements for perovskites. Similar to perovskites and
III-V materials, the bandgap of TFCs can be easily tuned through a wide spectral
range by alloying and change in stoichiometry [69]. Moreover, TFCs are usually
made of cost-effective elements, and their fabrication process include a variety of low-
cost deposition techniques ranging from solution-based methods, such as spray and
spin coating, to vacuum based approaches such sputtering and thermal evaporation,
as reviewed by [69, 70]. Since historically chalcogenides emerged to replace the
conventional silicon technology as low-cost alternatives and not as tandem partners,
most of the research was focused on the development of low bandgap materials such
as CuInxGa1-xSe2 [71] and CdTe technologies [72]. As a result, highly efficient high
bandgap chalcogenides are yet to be fully developed for tandem applications. Table
1.1 presents many potential chalcogenide materials whose bandgap are suitable for
tandem or triple junction devices regardless of their performance, suggested in Table
1.1. New emerging chalcogenide-perovskites, such as BaZrS3-based alloys, have also
shown to have impressive stability to water immersion [73] and high temperature
up to 550 °C [74, 75], very high absorption coefficient (α of 105 cm-1) [76], and a
simulated tandem efficiency of up to 38% when coupled with Si in a tandem device
[77].

Apart from the need for more efficient wide bandgap chalcogenides, another hur-
dle for development of silicon-chalcogenide tandems is integration challenges with
Si. Many of the mentioned chalcogenides in Table 1.1, require high temperature an-
nealing (>500 °C) steps in harsh reactive atmospheres (e.g., S or Se) during their
fabrication, which may damage the underlying silicon cell in monolithic integration.
Section 1.5 elaborates more on the integration challenges. As a result, very limited
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amount of literature is available for silicon-chalcogenide tandems so far. Garland
et al. demonstrated an efficiency of 16.7% for a Cd1-xZnxTe (Eg = 1.8 eV) on Si
using low temperature molecular beam epitaxy [78]. Noufi et al. achieved an ef-
ficiency of 5.1% with a promising Voc of 1.32 V in a CGSe/Si tandem device [79],
which was further improved recently to around 10% by Jeong et al. [80]. More-
over, an efficiency of 3.5% was realized by Valentini et al. for monolithic CZTS/Si
tandems featuring ZnO/FTO/Mo trilayer as the recombination [81]. Similarly, in this
work, we investigate sulfide kesterites Cu2ZnSnS4, a promising representative from
chalcogenide family, as the top cell due to its excellent optical properties, stability, no
toxicity, earth abundancy, and cost-effectiveness comparable to Si cells, which will be
further explained in the next section.

1.4 CZTS Technology
Among all emerging chalcogenides, Cu2ZnSnS4 (CZTS) has raised considerable at-
tention in PV community during the past decade due its several advantages. As the
chemical formula implies, CZTS is a quaternary chalcogenide compound made of
non-toxic, low-cost and earth abundant elements, making it an enticing material for
large-scale PV deployment. Besides, the ideal bandgap of CZTS varies between 1.5
and 1.65 eV, for disordered and ordered structures, respectively [82]. The bandgap
can be further tuned towards longer or shorter spectral regions by alloying with dif-
ferent elements, e.g., Se, Ag, Ge, Si [83–86], which makes it suitable for both single-
junction and tandem applications. In order to avoid confusion of CZTS with its other
Se-based derivative CZTSe, the acronym CZTS used in this thesis always refers to the
pure-sulfide case (i.e., Cu2ZnSnS4), desired for tandem applications (Eg = 1.5–1.65
eV).

1.4.1 Physical properties
CZTS and its respective solid-solutions are frequently known as “kesterites”, named
after their crystalline structure. CZTS can exist into two major (most stable) poly-
morph crystals, namely kesterite and stannite, shown in Figure 1.11. The tetragonal
(diamond-like) kesterite and stannite crystalline structures are very similar but have
different cation distributions. Both structures can be constructed from a zinc-blend
ZnS crystal, when all the S atoms are kept, and Zn atoms are partially substituted
by Cu and Sn atoms in relative amounts to ensure a correct stoichiometry [87]. Ac-
cording to the density functional theory (DFT) calculations, the kesterite structure
(space group I4̄) is thermodynamically more stable than the stannite structure (space
group I4̄2m), albeit with a very small difference in formation energies [88–90]. The
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kesterite structure is typically more favorable over stannite for PV applications due to
their superior device performance and stability. Therefore, in the current thesis, only
the kesterite CZTS is considered and discussed in the following.

S/Se

Figure 1.11: CZTS(e) crystal structures for a) ordered kesterite, b) stannite, and c)
Cu/Zn disordered kesterite (images adopted from [91]).

CZTS is intrinsically a p-type semiconductor material. The p-type conductivity is
mainly caused by numerous inherent acceptor point defects in the crystal structure,
e.g. Cu vacancies (VCu) and Cu-on-Zn anti-site defects (CuZn) [92]. Due to its direct
bandgap, the absorption coefficient is very high (>104 cm-1), meaning that only 1–2
µm of CZTS is sufficient to effectively absorb the solar spectrum above the bandgap
[93]. Due to a complex stoichiometry and typical polycrystalline synthesis, CZTS is
prone to several 0–3 dimensional defects, namely isolated point defects (0D), dislo-
cations (1D), grain boundaries and surface states (2D), secondary phases and large
voids (3D). Among these defects, the point defects are the most important as they are
responsible for the intrinsic p-type conductivity of the material. According to [88], up
to 13 different point defects were identified in CZTS, namely vacancies (VCu, VSn, VZn,
VS), anti-sites (CuZn, CuSn, ZnCu, ZnSn, SnZn, SnCu), and interstitials (Cui, Sni, Zni).
Since the formation energies of the acceptor defects are much lower than that of the
donor defects, CZTS has a p-type conductivity with hole concentration of 1016–1018

cm-3 [88, 93, 95]. Moreover, due to a very small atomic size mismatch between Cu
and Zn, CuZn antisites have the lowest formation energy in contrast to their better
performing CuInGaS2 counterparts, in which the VCu is dominant. This is indeed un-
fortunate since the energy position of such defects is around 0.1 eV deeper within the
bandgap compared to the VCu, thus inducing more carrier recombination according
to Shockley-Read-Hall (SRH) theory [20]. Therefore, instead of the stoichiometric
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Cu, Zn, Sn, and S, which may have further limit on the stable
region, shrinking it to a even smaller size. In Table I, it is
shown that negative formation energies are found at certain
chemical-potential points, e.g., at G, B, C, and D the forma-
tion energy of CuZn is negative, indicating that at these
chemical potentials Cu-rich secondary phases can exist. Ac-
cording to our calculation, the chemical-potential points that
give positive formation energy for all these intrinsic defects
are along the line F→E→A, and a deviation from this line
causes off stoichiometry. In our previous letter,21 the stable
point P ��Cu=−0.20 eV, �Zn=−1.23 eV, and �Sn=
−0.50 eV� is just at the middle point of the F→E→A line.
The shrinking of the stable region to a line indicates again
that the chemical-potential control is very important for syn-
thesizing good-quality Cu2ZnSnS4 crystals. Zn should be
poor enough to avoid ZnS secondary phase formation, but it
should not be too poor to form a large amount of Zn vacan-
cies and CuZn antisite defects.

B. Transition-energy levels and intrinsic doping limits

According to Eq. �1�, the formation energy of charged
defects also depends on the Fermi energy level EF, i.e.,
�H�� ,q� of negatively charged acceptors decreases as EF
shifts from the VBM to conduction-band minimum �CBM�,
while that of positively charged donors decreases as EF shifts
from CBM to VBM, as shown in Fig. 3. The turning points
stand for the transition-energy levels at which defects with
different charges have the same formation energy and the
slope depends on the charge state.

The calculated transition-energy levels for all intrinsic de-
fects are listed in Fig. 4. We look at the dominant defect CuZn
first, which has an ��− /0�=0.12 eV acceptor level above the
VBM. However, the higher-energy VCu acceptor has a rela-
tively shallower level at 0.02 eV above the VBM, as shallow
as that in CuInSe2�0.03 eV�. The deeper level of CuZn can
be explained by considering that the Cu on Zn antisite en-
hances the p-d hybridization between Cu and S.12 As shown

in Fig. 5, the wave function of the acceptor level has the
similar distribution character as the VBM state, localizing
mainly around Cu and S, which indicates that the CuZn ac-
cepter level has also the antibonding component of p-d hy-
bridization between Cu and S, as the VBM state. The in-
creased distribution on the atomic site of CuZn antisite in
Cu-S-Zn plane shows the replacement of Zn by Cu enhances
this hybridization, pushing the antibonding level and thus the
��− /0� level higher relative to the weakened hybridization
introduced by the Cu vacancy. The other two low-energy
defects at the chemical-potential point A, CuSn and ZnSn have
even deeper acceptor levels. It should be noted that both VZn
and ZnSn are negative-U defects, with ��2− /0� level shal-
lower than ��− /0�, because a direct transition to the closed-
shell −2 charge gains more energy. The acceptor levels re-
lated with higher valences are even deeper, close to the
middle of the band gap, e.g., ��4− /3−� of VSn and ��3− /2
−� of CuSn.

On the donor side, ��0 /+� of low-energy donors ZnCu and
Cui are about 0.15 eV below the CBM with the wave func-
tion of the donor state follows the character of the CBM
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Figure 1.12: Intrinsic point defects and their respective transition energy levels in
bandgap of CZTS (adopted from [94]).

composition, it is generally preferred to make CZTS in Cu-poor Zn-rich composition
conditions (i.e. Cu/(Zn+Sn) = 0.75−0.80, Zn/Sn = 1.1−1.2) to make the VCu forma-
tion more favorable [92]. Moreover, the negatively charged CuZn defects, also known
as Cu/Zn disorder, can incur spatial bandgap fluctuations (or narrowing) in the order
of 200 meV within the material leading to severe Voc losses [96].

Figure 1.13: Chemical potential phase diagrams of Zn and Sn for a) Cu-rich and b)
Cu-poor conditions, adopted from [97]. In red shaded regions CZTS is stable as single
phase.

Another important factor determining the CZTS device performance is CZTS com-
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position. Ternary phase diagrams are commonly used to visualize the composition
of CZTS. As shown in Figure 1.13 and 1.14, CZTS single phase can form only in a
very narrow compositional region, meaning that slight deviations can lead to forma-
tion of secondary phases (e.g, CuS, Cu2SnS3, SnS). These secondary phases not only
may induce local bandgap fluctuations in the material (by having a different bandgap
than CZTS), but also, they can act as active recombination sites, if the formed phases
have a lower bandgap compared to that of CZTS. Additionally, some of the secondary
phases are n-type, so they can create diodes on the surface and cause roll-over ef-
fects or current blocking behavior. The narrow compositional region becomes even
smaller for the desired Cu-poor region, making the formation of secondary phases
almost inevitable. The increased recombination and bandgap narrowing caused by
secondary phases can lead to lethal Voc losses up to 400 meV [98]. In addition, metal-
lic like phases, such as Cu2S, can create unwanted shunting paths within the device
[99]. Therefore, stringent control over the composition is critical for a good device
performance.

Figure 1.14: Pseudo-ternary phase diagram and crystalline structures of CZTS and its
respective secondary phases. The image is adopted from [99, 100]

1.4.2 Synthesis methods
CZTS can be synthesized through a wide variety of methods, which can be classified
into two major categories, namely vacuum and non-vacuum based (or solution-based)
techniques [99]. In many solution-based processes [101–104], the CZTS precursors,
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in form of salts or nanoparticles, are dissolved or dispersed in a solvent medium in
relative amounts. The precursor-rich solution (or ink) is then applied on a substrate
using conventional wet deposition methods such as spin-coating, spray coating, dip
coating, electroplating, etc. Even though the high-throughput and low-cost solution
techniques are more favorable in industry, unfortunately the device performances of
pure sulfide CZTS have been inferior to those made by vacuum-based techniques. In
vacuum-based techniques, the CZTS precursors are sequentially or co-deposited on
the substrate by well-established deposition methods, such as sputtering [105–110],
thermal evaporation [111–113], or pulsed laser deposition (PLD) [114–116] among
others. The precursors can be either in form of pure metallic elements (Cu, Zn, and
Sn) or in a compound form, for instance sulfide binaries (CuS, ZnS, SnS) [117]. For
this thesis, co-sputtering from pure Cu, ZnS, and SnS targets was used as the main
fabrication method, similar to the best performing devices in literature [105].

Following the precursor deposition, a heat treatment process (T: 500–600 °C) is
required to form the intended single-phase CZTS compound. During the heat treat-
ment process, which is normally done in an inert graphite box within a tube-furnace,
a sulfur-rich ambient (e.g., S or H2S gases) is used as the sulfur source to sulfurize
the precursors. Therefore, the annealing process is also denoted as the “sulfurization
process”. Controlling the sulfurization process parameters, such as annealing tem-
perature, annealing time, sulfur partial pressure, and cooling rate, are of utmost
importance to ensure the desired microstructure and composition as well as to avoid
formation of defects, e.g, secondary phases and other structural defects mentioned
previously. In many research groups including ours, due to volatile nature of Sn
species (e.g., SnS), an additional Sn powder reservoir is used in the graphite box to
compensate for any Sn losses during the sulfurization. The additional SnS partial
pressure may also lead to condensation of SnS on the surface during the cooling step,
which can be removed by a post-etching treatment in (NH4)2S solution [118].

1.4.3 Bandgap tuning
As mentioned earlier, the bandgap of chalcogenides can be easily tuned by alloying
elements, i.e., cation or anion substitution. In case of CZTS, the main strategy to
decrease the bandgap is to partially replace S anions with larger chalcogens like Se
i.e. CZTSxSe1-x. As a result, the bandgap can be tuned linearly between 1.5 eV (for
pure sulfide CZTS) to 1 eV (for pure CZTSe) by controlling the Se/(S+Se) ratio [97].
Alternatively, cation substitution results in a bandgap increase. For instance, partial
replacement of Sn with Ge (or Si [86]) increases the bandgap of CZTxG1-xS between
1.5 eV to 2.25 eV (pure CZGS) by elevating the conduction band minimum towards
higher energies [119–121]. In addition, partial exchange of Cu with Ag results in a
downward shift of the valence band in ACZTS material, thus increasing the bandgap
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up to 2 eV for AZTS [122]. Similar bandgap engineering can be realized by Zn
mutation with Ba, allowing to achieve relatively high bandgap of 1.85 eV and 2.05
eV for CBTSe and CBTS, respectively [123–125]. Despite the flexibility of bandgap
tuning in chalcogenides, low bandgap chalcogenides still have the highest efficiency
owing to a longer learning curve acquired during the single junction quest with Si
[126].

1.4.4 CZTS device architecture

The device architecture of single-junction CZTS solar cells is historically borrowed
from the CIGS technology. With the order from back to the front surface, the typical
structure consists of a substrate, metal back contact, the CZTS absorber layer, buffer
layer, window layers, and front metal grid. The archetypical structure of a thin film
CZTS solar cell is illustrated in Figure 1.15. Below, a short description of each layer is
given, however, the readers are encouraged to refer to [127–129] for a more thorough
explanation.

Soda-lime glass (SLG)
(substrate)

CZTS (absorber)

Molybdenum 
(back contact)

CdS (buffer layer)

Sunlight AZO/i-ZnO (TCO)

Figure 1.15: Schematic of a typical thinfilm solar cell device architecture (adapted
from [130]).
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1.4.5 Substrate/back contact/absorber
In contrast to the wafer-based silicon solar cells where the absorber layer is mechani-
cally robust enough to bear other layers, in thin film technology, a physical substrate
is needed to mechanically support the entire solar cell stack, which is only 1-3 µm
thick. The most commonly used substrate for CZTS (and other similar chalcogenides)
solar cells is a soda-lime glass (SLG). The reason for choosing SLG over other glass
substrates is that it contains high amount of sodium within, found to beneficial for the
performance absorber layer, especially to improve the Voc. In principle, the sodium
(Na), contained in the glass as Na2O, can diffuse into the CZTS layer during the high
temperature sulfurization process. The role of sodium in CZTS has been extensively
studied in literature [131–135], however the true mechanism for the Voc boost is
still controversial. The consensus view is that Na helps to passivate defects at the
grain boundaries by grain boundary segregation. Moreover, Na can act as a fluxing
agent during the sulfurization process leading to formation of larger grains in CZTS,
thus reducing the total grain boundary area. Regardless of the true mechanism, all
the highest efficiencies reported in literate contained a Na source either from a SLG
substrate, or in case of Na-free substrates, by deposition of a thin Na compound layer,
such as NaF on top or below the absorber (above the back contact). The SLG substrate
was used in all reference single-junction cells made in this thesis, unless mentioned
otherwise. Notably, for the monolithic CZTS-Si tandem integration, the silicon de-
vice (wafer) was used as the substrate (instead of the SLG), which will be further
explained in Chapter 3.

In general, including the current thesis, a molybdenum (Mo) layer (300-1000 nm)
is deposited on the substrate as the back contact of single junction CZTS solar cells.
The idea of using Mo as the back contact was again inherited from the success in
CIGS technology. However, there is still dispute about whether Mo back contact is
ideal for CZTS or not [136–139]. The main reason is that a MoS2 layer can form
at the interface of Mo/CZTS during the sulfurization, which can induce ohmic and
recombination losses at the back contact [140, 141]. In a tandem device, the Mo
back contact is replaced by a semi-transparent conductive layer (e.g., a TCO) in a
4T configuration, or by a barrier/recombination layer in case of a monolithic (2T)
device.

After the back contact deposition, the CZTS absorber layer is deposited and synthe-
sized on the substrate (Mo-coated glass or silicon) by the methods described above.

1.4.6 Window layers (CdS/ZnO/Al:ZnO(AZO))
In order to make a carrier separating (p-n) heterojunction with CZTS, a rather thin
layer of CdS (∼50 nm) together with a stack of ZnO/Al:ZnO are deposited on top
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of the CZTS absorber as the n-type contact. The CdS layer is denoted as the “buffer
layer” in thin film community, and similar to the other layers, it was originated from
CIGS solar cells. CdS is intrinsically an n-type semiconductor with a direct bandgap of
2.4–2.6 eV, mainly deposited using chemical bath deposition (CBD) [142]. The role
of the CdS is quite intricate as it can have several different functions in the device,
some of which are still not fully understood, but it has been shown that presence of
such layer is crucial to make an efficient device [143]. Several optical and electrical
advantages have been proposed in literature, including but not limited to, protection
of CZTS from sputter damage during the window layer deposition, favorable etch-
ing of the secondary phases during the CBD process, shunt prevention by forming a
continuous physical barrier over CZTS pinholes, forming a high quality heterointer-
face with CZTS surface (chemical passivation), enhancing the collection of carriers
by extending the depletion region [93, 144–146]. In spite of the mentioned benefits,
the band alignment at the interface of CdS/CZTS is cliff-like (i.e., a negative band
offset), meaning that the conduction band minimum (CBM) of CdS is lower than that
of CZTS, as shown in Figure 1.16. A cliff-like alignment is indeed undesirable since it
leads to a Voc loss proportional to the band offset and promote interface recombina-
tion [147–149].

The Voc loss caused by the cliff-like band offset together with the structural bulk
defects and secondary phases are the main contributors to the so-called “Voc deficit”
problem of CZTS solar cells [151]. The Voc deficit is defined as the difference between
the measured Voc and the theoretical (SQ) Voc expected from a semiconductor with
a certain Eg i.e., Eg/unit charge (q). Currently, the Voc deficit is the main culprit
in CZTS solar cells, which has decelerated their efficiency improvement during the
past decade. As a result, intensive research is ongoing to mitigate the Voc losses e.g.,
by replacing the CdS with alternative buffer layers with favorable (slight ∼0–0.4 eV)
spike-like conduction band offset, such as Zn(O,S) [117, 152–154]. In this work, only
CdS was used as buffer layer for both single-junction and tandem cells.

Subsequently, a stack of intrinsic (un-doped) ZnO (i-ZnO) and Al:ZnO (AZO) are
deposited on top of the buffer layer as the TCO. The function of the resistive i-ZnO is
to avoid shunt paths from the AZO layer to the Mo back contact through potentially
existing pinholes, while the AZO is used for lateral transport of the extracted carriers
to the front metal fingers [145].

Ideally, a metal grid (e.g., Ni/Al/Ni) is needed on top of the AZO layer to transport
the charge carriers to contact probes without significant ohmic losses (i.e., low series
resistance). An anti-reflection coating (ARC), such as MgF2, can be also used at the
surface to minimize the reflection losses [155]. However, due to convenience and
small size (3×3 mm2) of our fabricated tandem solar cells, neither a metal grid nor
an anti-reflection coating were used for most of the CZTS and tandem cells, unless
stated differently.
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Figure 1.16: Schematic band diagram of CZTS with CdS/i-ZnO/AZO window lay-
ers. Two different band bending is illustrated: a negative (cliff-like) alignment in
solid line, and a (slightly) positive (spike-like) alignment in dashed line. A, B, and
C represent photon absorption, CZTS bulk recombination, and CZTS/CdS interface
recombination, respectively. The sketch was reproduced from [150].

1.4.7 State-of-the-art
The kesterites CZTS(e) (and similar derivatives) have experienced notable efficiency
improvement over the last 20 years of development. They currently hold the best effi-
ciency values among earth abundant thin film technologies with efficiencies spanning
from 11–13 % [14, 156]. The best record efficiency reported for the high bandgap
CZTS (pure sulfide) is 11.1% demonstrated by [157], and 12.6% for lower bandgap
CZTSSe [158, 159]. As mentioned, the main hurdle for efficiency improvement, in
contrast to the mature CIGS counterpart, is the Voc deficit problem. Figure 1.17
shows the efficiency progress of the kesterite and chalcopyrite technology since the
advent of kesterites in 1996 and chalcopyrites in 1977 [156]. It can be seen that
the efficiency of the kesterites is slightly lower than CIGS technology at a compara-
ble “age” of development. Nonetheless, it is noteworthy that they exhibit a slightly
steeper learning curve, and thereby, they are expected to surpass 20% in the coming
decade [156]. For this to happen, extensive research is ongoing within the kesterite
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community with the main focus on tackling the Voc deficit problem through back
contact modifications [160–166], alternative buffer layers and interface passivation
[157, 167–172], alloying/doping [125, 173–183], etc. For more comprehensive view
on the state of the technology the readers are encouraged to refer to references [70,
105, 156].

Figure 1.17: Efficiency progress of kesterites and chalcopyrites since their first effi-
ciency report (year zero) i.e. 1997 for kesterites [184] and 1977 for chalcopyrites
[185]. The graph is adopted from [156].

1.5 Integration Challenges on Silicon
As more efficient high bandgap chalcogenides are emerging for silicon-based tandems,
the need for developing tandem technologies compatible for such materials systems
has surged. It was mentioned in Section 1.3.2.1 that the monolithic tandem struc-
ture (two-terminal) is typically preferred by industry due to the minimum number
of processing steps and interconnections. However, for a successful monolithic inte-
gration, all the processing steps should be compatible with the rest of the structure.
Unfortunately, all chalcogenides contain transition metals as their main constituting
elements, which are notoriously detrimental for silicon devices. In particular, small
ppm or even ppb amounts of transition metals, such as Cu, Fe, and Ag, can nega-
tively influence the minority carrier lifetime in silicon by inducing recombination. In
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other words, such elements in silicon can create defect energy levels deep within the
bandgap of silicon with large capture cross-sections, which according to Shockley-
Read-Hall (SRH) theory, are highly recombination active. Additionally, as mentioned
in the previous sections, high temperature (>500 °C) reactive annealing steps, e.g.,
sulfurization for CZTS synthesis, are necessary for fabrication of chalcogenides. Al-
though many silicon technologies are resistant to high temperature processes in clean
furnaces, when coupled with chalcogenides, the contaminating metallic species can
diffuse into the bottom silicon and degrade Si performance. In this sense, CZTS can
be a useful model material and representative from chalcogenides to investigate the
compatibility of the two technologies. CZTS is constituted by Cu, which is not only
highly diffusive [186] and dreadful element in silicon performance, but also exists
as a main element in most of the high bandgap chalcogenides (see Table 1.1). Fur-
thermore, CZTS has one of the harshest synthesis conditions among chalcogenides,
namely temperatures up to 600 °C in a sulfur-rich atmosphere. Therefore, CZTS can
be an ideal platform to evaluate the silicon resilience in a monolithic tandem solar
cell, and the findings may be generalized to other similar technologies by small adap-
tations. In the following, possible detrimental impacts of CZTS constituting elements
in Si are briefly reviewed.

1.5.1 Effect of Cu in silicon
Copper has been widely studied as one the most prevalent and harmful elements
in silicon devices [187, 188]. In silicon lattice, Cu may exist in various forms such
as interstitial, substitutional, donor-acceptor pairs/complexes, and Cu3Si precipitates
(agglomerates), which is vastly reviewed by Istratov and Weber [188, 189]. Due to
amphoteric nature, Cu creates at least one acceptor and one donor defect within the
bandgap. However, due to the mentioned diverse defect chemistry, usually multiple
(at least four) deep and shallow energy levels are formed by Cu species, depending
on the silicon doping, Cu concentration, heat treatment, cooling rate, presence of
other impurities, etc. Due to an extremely high diffusivity [186], Cu is very mobile in
silicon even at room temperature. For instance, only 6 hours of annealing at 200 °C is
sufficient for Cu to migrate from one surface of wafer to the other [190]. It has been
claimed by Hopkins, Davis and colleagues that interstitial Cu can be tolerated up to
relatively large concentrations i.e., 1018 cm-3, without any significant loss in the solar
cell device performance [191–193]. The tolerance thresholds of different interstitial
metallic elements are shown in Figure 1.18 (a). It can be seen that Cu has the high-
est concentration threshold among investigated elements. The reason for such high
threshold is ascribed to the shallow energy level of Cu interstitial defects (i.e. 0.16
eV above the Si valence band), in contrast to Ti, Au, and V where deep level defects
are created. Nevertheless, even though the tolerance threshold for interstitial Cu is
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high, due to a very high diffusivity and very low solid solubility of Cu at low tempera-
ture (< 1015 cm-3)[189], Cu atoms tend to form precipitates at lower energetic sites
within the Si lattice (e.g., surface, dislocations, extended defects, oxygen precipitates,
etc.) rather than staying interstitial. On the contrary to interstitial Cu, Cu precipitates
(extended defects) form rather deep energy bands inducing high recombination rate
and thereby significant Voc losses, even at concentrations as low as 1012–1013 cm-3

[188, 189]. As a result, the Cu degradation threshold decreases for lower quality
wafers with higher amounts of crystalline defects, such as multi-crystalline wafers. In
addition, it has been shown that p-type (boron-doped) wafers are less sensitive to Cu
contamination at low concentration compared to n-type wafers. The tolerance differ-
ence has been attributed to much higher capture cross sections of Cu-related defects
to holes than electrons [188]. However, it was shown that Cu contaminated p-type
wafers experience strong carrier lifetime degradation when exposed to light, known
as Cu related light-induce degradation (Cu-LID) [194–196]. Savin et al. demon-
strated a similar Cu-LID also in high quality n-type floatzone (FZ) wafers [194]. Thus,
small Cu concentration makes both doping polarities prone to significant loss in mi-
nority carrier lifetime and thereby diffusion length.
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Figure 1.18: a) Threshold concentrations of different impurities in Cz (Czochralski)
silicon wafer to significantly affect solar cell performance [188, 191, 193]. b) Minor-
ity carrier lifetime degradation of p-type (top) and n-type (bottom) Cz-Si due to Cu,
Ni, and Fe contamination. All samples underwent the same thermal treatment with
slow cooling [188].
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1.5.2 Effect of Zn, Sn, and S in silicon
Due to lower technological interest and possibly less deleterious impact, limited stud-
ies can be found on the effect of other CZTS elements in Si, namely Zn, Sn, and S, as
compared to Cu. Unlike Cu, Zn tends to sit substitutionally in Si lattice predominantly,
creating double acceptor defects above the Si valence band edge (Ev +0.33 eV and
Ev +0.65 eV) [187, 197–199]. Due to near mid-bandgap defect levels, Zn is an effec-
tive recombination center in Si and can reduce the carrier lifetime significantly if the
concentration is above 1013 cm-3 for both n- and p-type doped silicon as simulated
by Sah et al. [199]. Moreover, Zn can form defect complexes with other impurity
elements, such as Cu, inducing more recombination sites [188]. Alternatively, Sn can
be used as a dopant in silicon to improve the radiation tolerance of silicon devices
by trapping the radiation induced vacancies (Sn-V pairs). However, formation of four
Sn-related acceptor defect levels (e.g., Ec −0.51 eV) were identified within the Si
bandgap by Larsen and colleagues [200]. Similarly, sulfur was studied as dopant to
improve the infrared response of silicon photodiodes by introducing a deep narrow
band of delocalized states within the Si bandgap (the concept of intermediate band
solar cells) [201–203]. Such mid-gap energy band requires a heavy doping level in
the range of 1018 cm-3. At lower concentrations, which is most likely the case for
sulfur diffusion from CZTS, sulfur impurities form rather deep localized defect states
0.3–0.5 eV below the conduction band edge, thus reduce the carrier lifetime [204].
Similar isolated deep donor defects are expected for other chalcogens such as Se and
Te in Si [204–206]. Additionally, accumulation of S at the p-n junction may result in
an increase in the diode leakage current [207].

1.6 The Need for a Barrier Layer
Given the detrimental impacts of the contaminating species, an effective diffusion
barrier layer, hereafter denoted as the “barrier layer”, is needed at the bottom cel-
l/top cell interface to prevent any damage to the bottom cell performance during
the sulfurization process. Despite the importance, very limited amount of literature
is available addressing this issue. In reference [208], a 10 nm sacrificial ZnS layer
was suggested in between Si and CZTS layers, whereas Valentini et al. investigated
MoS2/ZnO, MoS2/FTO, MoS2/ITO, and MoS2/FTO/ZnO bi- and tri-layers to protect
silicon against CZTS diffusion [81]. Herein, shortcomings of the currently used trans-
parent electrodes are briefly reviewed, and alternative system of materials will be
suggested for a successful barrier layer.

A proper diffusion barrier must satisfy certain requirements to be successfully
applied in a tandem solar cell. In general, a suitable barrier layer must:
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• Provide good mechanical stability and adhesion between the adjacent layers,

• Have a low diffusivity for contaminating species, e.g., Cu, Zn, Sn, S, and Si,

• Be thermodynamically stable at high temperature to retain its physical proper-
ties, e.g., diffusivity, transparency, etc.,

• Neither contaminate nor react with the surrounding layers at high temperature
(except for the case of “sacrificial” diffusion barriers where the diffusing species
are entrapped by chemical reaction),

• Not damage the underlying layers during deposition.

In addition to the abovementioned requirements, the selected diffusion barrier in
a tandem solar cell also must:

• Be electrically conductive and have favorable band alignment at the top cell and
bottom cell interfaces to allow an efficient exchange of charge carriers across
the interface.

• Be optically transparent in the bottom cell’s spectral window, i.e., the near in-
frared region, to avoid unwanted parasitic absorption in the barrier layer.

Refractory transition metal nitrides have been successfully utilized as effective
copper diffusion barriers in micro/nano electronics as well as solar cell devices [209,
210]. The most used barriers are based on Ti [211–218], Ta [219–223], W [224–
226], Ru [227–230] nitrides and their respective alloys thanks to their very high ther-
modynamic stability and low diffusivity. Among these diffusion barriers, Ti-based
systems represent a highly inviting option, both technically and economically. Since
the Fermi level of TiN (and similar refractory nitrides) lies above the conduction band
(within the allowed energy states), titanium nitride (TiN) shows a metallic conduc-
tivity exceeding 104 Ω−1 cm−1 [231, 232]. In addition to low resistivity, TiN forms
ohmic contacts with highly doped n-type Si layers (n+Si), with a low specific contact
resistivity (ρc) of 10-4–10-3 Ω cm2, which has shown to remain unchanged after a heat
treatment at 600 °C [231]. Therefore, considering a typical current of 40 mA/cm2

in a silicon solar cell (or < 20 mA/cm2 in a tandem solar cell) and a full surface
coverage, a negligible voltage-drop below 0.04 mV (Vdrop = Jρc) occurs across the
n+Si/TiN contact. Furthermore, TiN has been used as a modified back contact in thin
film chalcogenide solar cells, in particular CZTS. In many cases, TiN was employed as
sulfur (or selenium) diffusion barrier to protect the molybdenum back contact from
over-sulfurization (or over-selenization), and thereby high efficiencies up to 9% were
demonstrated [163, 233–236].
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Despite the compatibility with both technologies and complying with most of men-
tioned requirements, TiN or similar refractive metal nitrides are not optically trans-
parent due to their metallic nature [237]. To mitigate the parasitic absorption, the
thickness of the barrier layer must be limited to a few nm without compromising
the barrier protection. For the same materials system, in order to make the barrier
layers thinner, there are different strategies to improve the barrier performances (i.e.
lowering the diffusivity) by [209]:

• Blocking (or stuffing) the grain boundaries (as the diffusion highways), e.g.,
using impurity elements such as O, C, Al, etc.

• Avoiding columnar grains elongated from the top to the bottom surface, e.g.,
using nanocrystalline barrier layers.

• Disrupting the crystallization and formation of grain boundaries (amorphiza-
tion) by introducing one or more of extrinsic atoms, such as Si, Al (TiAlN, TiSiN,
TiTaN, etc).

• Using single crystalline diffusion barriers with no grain boundaries, e.g., by
epitaxial growth.

Another intuitive choice of materials for the interface of the two cell components
are transparent conductive oxides (TCO), due to their high conductivity and trans-
parency. As mentioned previously, TCOs, such as indium tin oxide (ITO), aluminum
doped zinc oxide (AZO), and fluorine doped tin oxide (FTO), have been used pre-
dominantly in non-III-V tandem technologies, such as Si/perovskite and organics, as
the recombination layer. However, the process temperature window (thermal bud-
get) of the mentioned technologies is below 250 °C, on the contrary to chalcogenides,
where high temperature steps above 500 °C are involved in the fabrication process.
Even though TCOs are by far more transparent than the refractive metal nitrides at
a comparable thickness, they are generally vulnerable to elevated temperatures and
harsh atmospheres. Espindola-Rodriguez et. al. reported a significant loss in optical
transmittance (< 40 %) and electrical conductivity of FTO back electrode in CZTSSe
bi-facial solar cells during the sulfurization step [238]. Moreover, they reported that
an extra non-transparent 20–40 nm Mo overlayer is necessary to achieve an ohmic
contact with CZTS and better device performance. Such Mo layer further brings down
the overall transparency of the FTO/Mo stack to below 20% [238]. Similar TCO trans-
mittance degradation was acknowledged by Valentini et. al. in Si/CZTS tandem cell
[81], lowering the current in the Si bottom cell. Moreover, inferior chemical sta-
bility of commonly used TCOs may result in chemical reactions and interdiffusions,
which not only can deteriorate the properties and contacting of the TCO layer, but
also may poison the top and rear materials. For instance, a vigorous reaction of ITO
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with CZTS, namely substitution of Sn (in CZTS) with In (in ITO), was reported by Ge
al. during the sulfurization [239]. On the other hand, although TCOs typically form
ohmic contacts with highly doped silicon layers, an insulating SiO2 layer may form at
the TCO/Si interface at elevated temperature (> 350 °C). The insulating SiO2 layer
results in a notable rise in TCO/Si contact resistivity [240–243].

In the current thesis, a new monolithic tandem cell architecture is proposed. In-
stead of TCOs, the structure features Ti-based barrier layers with a two-fold purpose:
1) to protect the silicon bottom cell during the high temperature sulfurization 2) to
serve as the recombination layer. In this regard, TiN, TiN-Al-TiN, and TiON layers
were thoroughly investigated as promising candidates. The Chapters 3 and 4 will
discuss how engineering of the barrier layer can optically and electrically affect the
overall tandem performance and offer the best compromise.

1.7 Thesis Objectives and Outline
This study aims to develop a proper technology for integrating new emerging wide-
bandgap chalcogenide materials on crystalline silicon cells in a tandem configuration,
in order to realize high efficiency potential beyond 30%. In this regard, a thermally
resilient silicon solar cell structure was selected and developed in-house in our labo-
ratory. CZTS was employed as the top cell absorber as an environmentally friendly
and earth abundant representative from the chalcogenide family, and its compatibil-
ity with Si technology was thoroughly investigated. Different protection mechanisms
and interface engineering were deployed to successfully preserve the silicon cell in
harsh ambient and high temperature conditions. Moreover, a manifold of monolithic
devices with different barrier layer configurations were fabricated, and their corre-
sponding electrical and optical impact on the performance of the devices were stud-
ied. Ultimately, the prospect of generalizing the proposed structure to other chalco-
genides, such as CuGaSe2 and AgInGaSe2 are discussed. The thesis is structured as
the following:

Chapter 2 — presents the development of the so-called Tunnel Oxide Passivated
Contacts (TOPCon) technology, selected as a promising structure for the silicon bot-
tom cell. This includes introducing the concept of carrier selective contacts and their
stance among other silicon technologies, describing the materials and methods, de-
tailed fabrication process flow, and the main results and challenges regarding the
optimization of the structure for single-junction and tandem devices.

Chapter 3 — is based on publication I, which systematically examines the silicon
protection against CZTS fabrication. By implementing a series of diffusion experi-
ments, it highlights how using a thin TiN barrier layer can successfully mitigate the



1.7 Thesis Objectives and Outline 33

in-diffusion of contaminating CZTS elements. The findings lead to fabrication of a
proof-of-concept monolithic Si-CZTS device.

Chapter 4 — is based on publication II, which constitutes a comparative study
of different Ti-based barrier layers. It demonstrates how tuning the barrier layer
properties can optically/electrically affect the tandem device performance and reports
on a significant improvement over first working tandem device.

Chapter 5 — puts forward polysilicon gettering as a second protection mechanism
necessary to preserve the silicon bottom cell. It shows how the improved protection
achieved by gettering, enables use of ultra-thin barrier layers (< 5nm), with high
transparency (> 90% ) and efficient carrier transport. In addition, we aim towards
generalizing the proposed tandem structure to other similar high bandgap chalco-
genides, namely monolithic Si/CuGaSe2 and Si/AgGaInSe2 tandem devices.

Chapter 6 — summarizes the main findings of the work and provides perspective
outlook towards future research necessary for different components of the technology
to improve the efficiency further.
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CHAPTER2
The Silicon Bottom Cell

Development
Summary
This chapter presents the results of the silicon bottom cell, developed in-house in our
cleanroom facility (DTU Nanolab). Firstly, a brief overview and background over the
developed tunnel oxide passivated contacts (TOPCon) technology will be given. Sec-
ondly, the leading solar cell characterization techniques and the fabrication process
flows will be covered in detail. In the following, the main results regarding the op-
timization of the passivation quality as well as other front and backend films will be
presented. Lastly, using different optical and electrical characterization methods, the
main shortcomings of the fabricated devices will be discussed.

2.1 Introduction
Silicon solar cells have been dominating the PV market for years [52]. The first
commercial silicon technology was based on the so-called “Al-BSF” structure, owing
to its simple fabrication process flow and cost-effectiveness. The Al-BSF structure
constitutes a diffused phosphorous doped (n+) junction (also known as the “emitter”)
at the textured front surface of a p-type mono- or multicrystalline wafer. A SiN layer
(∼75 nm) and screen-printed Ag are used as the antireflection coating and front
contacts, respectively. At the rear side, an Al layer is used as the back contact, which
after a post-firing process at 850 °C, forms a heavily Al-doped p-type layer at the
rear side. The Al-doped layer is also denoted as Al back surface field (BSF) (i.e., an
electron reflector). Despite the ease of fabrication and the robust process, the Al-BSF
cell performance is only moderate, with a practical limiting efficiency of around 20%
[244, 245]. The main limiting factor is ascribed to a high recombination current (J0)
at the interface of metal/semiconductor contacts, limiting the Voc to 640–650 mV,
and the fill factor to 80–81% [245, 246]. Therefore, the advantage of a low module
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cost is simply lost by a larger integration area, and thus, higher BOS costs.
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Figure 2.1: Schematic cross sections of different silicon homo-junction technologies.
a) Al back surface field (Al-BSF), b) passivated emitter and rear cell (PERC), c) passi-
vated emitter and rear locally diffused (PERL), d) passivated emitter and rear totally
diffused (PERT).

To mitigate the recombination losses at the metal contacts, the so-called PERx
family penetrated the PV market as the designated successor of the Al-BSF tech-
nology. The PERx family represents PERC (passivated emitter and rear cell), PERT
(passivated emitter and rear totally diffused), and PERL (passivated emitter and rear
locally diffused) structures, which differ slightly from one another, as shown in Figure
2.1. In PERx devices, the rear blanket (full-area) Al-BSF is replaced by a patterned
dielectric layer (e.g., SiOx, SiNx, AlOx) featuring local electrical contacts to the wafer.
Therefore, in this approach, the Voc is improved simply by reducing the area frac-
tion between metal and semiconductor. However, such an approach leads to two-
or three-dimensional carrier transport paths within the absorber bulk, requiring a
careful trade-off between the Voc and FF losses by adjusting the pitch of the point
contacts [247]. The contact patterning also increases the process complexity and
thereby manufacturing costs. Nonetheless, despite the improvement over the Al-BSF
predecessor, the problem of high surface recombination at metal contacts remains for
the PERx cells [248], evidenced by a moderate Voc of 706 mV of the world record
PERL device [249]. The main reason is that a very high doping level is necessary
at the silicon/metal interface to alleviate the recombination rate and obtain a high
degree of carrier selectivity at the contacts. However, such heavy doping in silicon
activates other intrinsic recombination paths in silicon, namely Auger recombination
[250].

2.1.1 The concept of carrier selective passivating contacts
The fundamental limitation of high recombination rate at the metal contacts can be
circumvented by the concept of “carrier selective passivating contacts”, or in short,
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the “passivating contacts”.
In principle, an ideal contact scheme should satisfy the following conditions

[251]:

• Excellent (self-)passivation of dangling bonds at the surface, leading to a high
degree of Fermi level splitting hence high implied-Voc (iVoc).

• High degree of carrier selectivity, leading to high external Voc.

• Efficient carrier transport across the interface, i.e., low contact resistivity (ρc),
leading to high FF.

Following the definition of Würfel et al. [250], “carrier selective” contacts can
induce a substantial difference in local conductivity of holes and electrons, meaning
that electrons and holes tend to diffuse towards opposite directions, at which their
respective conductivity is higher. As a result, the concentration of minority carriers is
significantly reduced at one surface, or majority carriers at the opposite side. In car-
rier selective passivating contacts, the carrier recombination is effectively suppressed
by a stacked contacting scheme, as described in [251]. As the first layer, the contact
usually consists of an intermediate passivating layer (IPL) responsible for chemical
passivation of the defect states at the interface, i.e., minimizing the interface trap
density Dit. This can be realized by a thin insulating layer, e.g., intrinsic (i) hydro-
genated amorphous silicon (aSi:H) or silicon oxide (SiO2). It is noteworthy that the
thickness of the IPL is of critical importance since the primary transport mechanism
across this layer is by the quantum mechanical tunneling process.

At the same time, a carrier separating layer (CSL) is necessary on top of the IPL
to provide charge carrier selectivity, also known as “field passivation”. The CSL layer
can be based on [251]:

• High bandgap materials having asymmetric band offsets to make heterojunc-
tions,

• Highly doped semiconductor layers, to make semiconductor-insulator-
semiconductor (SIS) contacts,

• High/low function conductors, such as metals or degenerate TCOs, to make
metal-insulator-semiconductor (MIS) contacts.

The CSL layer (especially for the two latter cases) causes a strong band bending
across the interface, forming an induced junction. The advantage of such induced
junction is that the carrier generation and separation are spatially decoupled, thereby
the deleterious impact of Auger recombination is reduced [251]. Furthermore, in
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this scheme, the contact covers the full surface of the wafer, eliminating the need
for any sophisticated patterning steps nor 2D/3D carrier transport. On a side note,
in this thesis, the term passivating contacts is always used as a synonym for the full
name of “carrier selective passivating contacts” for simplicity, although both terms
are necessary for the full description.

A prominent example of passivating contacts is the silicon heterojunction (SHJ)
technology, also known as heterojunction with intrinsic thin layer (HIT) structure,
developed by Panasonic and Sanyo [252]. In SHJ devices, both sides of the wafer
are fully covered by a stack of intrinsic (i) and highly doped (n+ or p+) aSi:H at
both sides of the wafer (i.e., i/p+ and i/n+ aSi:H stacks) [253]. Due to an excellent
surface passivation quality, an outstanding external Voc up to 750 mV for a 98 µm
wafer [254], and a world record efficiency of 26.7% (for an IBC structure) have been
achieved [255]. However, the main drawback of this concept is low thermal stability.
In fact, the passivation quality of aSi:H layers degrades drastically at temperatures
above 250 °C [253]. The low thermal budget restricts the choice of materials and
methods can be used for the backend processing, namely TCO deposition and met-
allization. Moreover, such limitation becomes more critical for a monolithic tandem
cell, where more layers are involved.

An alternative passivating contact scheme can be made using an ultrathin
SiO2 layer capped with highly doped polycrystalline silicon (polySi) layers, i.e.,
SiO2/n+polySi or SiO2/p+polySi stacks. This concept was first pioneered in bipolar
junction transistors (BJT) and first integrated into a solar cell device back in 1985 by
Yablonovich et al. [256] in the form of SIPOS contacts (semiinsulating polycrystalline
silicon). Even though impressive passivation with Voc of 720 mV was achieved, such
SIPOS contacts, which are alloyed with oxygen, were too resistive for application
in solar cell devices. The concept was then revisited and further developed to its
current form by Feldmann et al. at Fraunhofer, ISE in 2014 [257]. The structure is
renowned under the name “Tunnel Oxide Passivated Contacts (TOPCon)” [257], or
less frequently by “POLycrystalline silicon on Oxide (POLO)” contacts [258]. The
TOPCon structure has shown excellent passivation quality, which in contrast to SHJ
technology, is highly resilient to high-temperature processes up to 900–1100 °C,
depending on the SiO2 thickness and stoichiometry [259]. In this structure, the
SiO2 provides chemical passivation of the surface dangling bonds (the IPL), while
the highly doped layer ensures a proper carrier selectivity and field passivation (the
CSL). Despite the young age, intensive research has been done on this technology
in various research groups [257, 260–267], and impressive results were obtained
by a variety of laboratory-scale and industrially viable depositions tools. As a result,
highly efficient devices were demonstrated so far, such as the world-record of 25.83%
for a both-side-contacted device with SiO2/n+polySi as the rear contact, and 26.1%
for an IBC device [268]. Due to its promise and simplicity, the structure has already
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been taken by industry into mass production with an average cell efficiency near
23% [269].

Figure 2.2: The TOPCon structure with full area n-type polysilicon passivating contact
at the rear side and a diffused boron-doped emitter at the front. The structure cur-
rently has the world record of 25.83 % for double-side contacted structures. Figure
borrowed from [267].

The TOPCon structure has been mostly utilized as the back contact of solar cell
devices with a conventional front homojunction [251, 257, 270, 271], as shown in
Figure 2.2. Unfortunately, similar to aSi:H layers though to a lesser extent, polySi
contacts are not fully transparent to high energy photons in UV and blue regions of
the solar spectrum. As a result, parasitic absorption occurs within the front polySi
contact, leading to a Jsc loss of 0.5 mA/cm2 for every 10 nm of polySi [272], which
makes their application at the front surface less favorable. In contrast, a double-side
TOPCon structure, shown in Figure 2.3, is an intriguing choice for the bottom cell
in a tandem configuration. In a tandem cell, the problem of parasitic absorption is
not valid anymore because the high energy photons are already harvested by the
top cell. Apart from the high-temperature resilience, the double-side TOPCon struc-
ture benefits from excellent surface passivation at both sides (high implied-Voc) along
with high carrier selectivity (high external Voc). Additionally, a simple full-area con-
tact scheme at both sides not only makes the fabrication straightforward (minimum
number of processing steps) but also provides a 1D current path for charge carriers
across the wafer thickness. A 1D current flow, together with low resistive full-area
contacts, provides a low resistive current path for charge carriers across the device,
hence eliminating FF losses. Due to the mentioned prospects of high-temperature
resilience, excellent surface passivation, and low contact resistivity, the double-side
TOPCon structure was selected in this thesis as a promising technology for monolithic
tandem integration, which will be elaborated more in the next section.
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2.1.2 Double-side Tunnel Oxide Passivated Contacts (TOPCon)

Tunnel Oxide

c-Si (n) n+polySi

Ec
EF

EV

Figure 2.3: Left) Double-side TOPCon structure with full-area polySi contacts on both
sides (adopted from [273]). A TCO layer on the front is needed for lateral carrier
transport to the metal fingers. Right) Schematic band diagram of n+polySi/TO/c-
Si(n) (adopted from [251]).

As mentioned, an interfacial thin SiO2 layer (as the IPL) and a capping highly
doped polySi layer (as the CSL) are the core components of the TOPCon structure.
The thickness of the SiO2 is of great importance. On one side, the oxide layer has to
be thick enough for effective chemical passivation of the dangling bonds and thereby
low interfacial trap density (Dit). On the other hand, the oxide thickness has to be
thin enough for efficient current transport. There are two major transport mecha-
nisms across the oxide layer reported in the literature, namely via 1) quantum me-
chanical tunneling or 2) pinhole conductivity, although the former is more relevant
for ultrathin oxides. The tunneling probability exponentially decreases with the SiO2

thickness as well as the barrier height (∆ϕ). Therefore, for efficient transport, the
thickness of the oxide must below 2 nm; otherwise, the passivating contacts become
too resistive. The oxide thickness is even more critical for hole transport as the ox-
ide imposes a larger barrier height for holes than electrons due to the larger oxide’s
valence band offset to silicon [274, 275]. Therefore, a typical thickness of 1.2–1.5
nm offers the best compromise between the contact resistivity and passivation quality
and is thus employed by most groups [276]. Under extreme experimental conditions,
i.e., annealing at temperatures above 900 °C, the integrity of the oxide layer is com-
promised through the formation of tiny pinholes. These pinholes can act as point
contacts, electrically connecting the bulk to the highly doped polySi layer. In this
case, the pinhole conductivity dominates the transport of charge carriers. Despite
the increased conductivity, pinhole formation is generally not favorable for 1.2–1.5
nm thick oxides, as it leads to drastic passivation degradation [259]. However, for
relatively thicker oxides 2–2.5 nm, it has been shown that a deliberate pinhole for-
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mation can be done in a controlled manner, providing a good pinhole conductivity
combined with high surface passivation quality [258, 265, 268]. The oxide thickness
used for this thesis is 1.3–1.8 nm, and the annealing conditions are only moderate
(< 900 °C). Therefore, the main transport mechanism is assumed to be by tunneling,
as substantiated by [274]. Hereafter, the thin interfacial SiO2 layer is denoted as the
“tunnel oxide (TO)”. The tunnel oxide can be grown by various wet and dry oxidation
methods, such as chemical oxidation in hot (90–120 °C) nitric acid, wet-chemical ox-
idation in ozonated water, UV induced photo-oxidation (UV/O3), microwave plasma
oxidation, and dry thermal oxidation [259, 277–279]. Depending on the growth
method, the stoichiometry, density, and integrity of the oxide layer can slightly differ.
For instance, Van der Vossen et al. [279] performed a comparative study of four dif-
ferent oxide growth methods, concluding that the thermal oxide marginally offers the
best passivation quality. Moreover, the thermal oxide may offer a better passivation
on a textured surface [259]. Possibly due to higher density and better stoichiometry,
the degradation threshold temperature is around 50–100 °C higher for a thermally
grown oxide, compared to chemical oxide counterparts [259]. However, since the ox-
ide growth is not self-limiting in a thermal oxidation process (done in O2/N2 mixture
at 600–700 °C), a stringent control over the oxidation process is needed to obtain a
thin oxide. On the contrary, in chemical processes, such as hot HNO3 oxidation, the
oxidation process is self-limiting, meaning that the oxide growth rate becomes negligi-
bly small after around 10 min of oxidation at ∼100 °C, leading to a limited thickness
of 1.2–1.5 nm. Therefore, the control over the thickness and uniformity can be more
straightforward. Anyhow, excellent passivation quality has been demonstrated on flat
surfaces by all mentioned methods [259, 278].

Figure 2.4: Two carrier transport mechanisms across the polySi/TO contacts. a)
Quantum mechanical tunneling 2) Pinhole conductivity. Figure adopted from [280].

The highly doped polySi layer can be deposited by two primary methods, namely
plasma-enhanced chemical vapor deposition (PECVD), and low-pressure chemical va-
por deposition (LPCVD). Both methods are attractive for large scale production and
have their pros and cons. The PECVD technique has the advantage of depositing on
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one surface, eliminating the need for extra protection on the other side. However,
a slight wrap around at the edges of the wafer can still occur in PECVD, lowering
the shunt resistance [281]. Another challenge for PECVD grown films is the risk of
blistering. The deposited films contain high amounts of hydrogen impurity, causing
blisters at elevated temperatures and putting a restriction on the maximum thickness
[281].

On the other hand, the LPCVD technique is most common for polySi deposition
at a temperature of around 600 °C [282]. The LPCVD technique allows for in-situ
growth of the tunnel oxide (by thermal oxidation) and ensures conformal deposition,
especially necessary for textured surfaces. Moreover, the degree of crystallinity of the
films can be easily controlled by the deposition temperature. Uniform in-situ n-type or
p-type doping is possible by the addition of B2H6 and PH6 dopant gases (also valid for
PECVD). However, since the deposition happens at both sides of the wafer, additional
masking and etching steps are required, in the case of in-situ doping. Nevertheless,
such limitation can be circumvented by depositing intrinsic polySi layers, which can
be doped later by using extrinsic doping methods such as ion implantation [283], or
diffusion [284, 285].

The most important parameters affecting the passivation quality of the polySi con-
tacts are the doping density and doping profile. In general, heavy doping in the range
1019–1021 is necessary to provide sufficient field passivation and band bending [285–
287]. Also, the doping density is linked to the tunneling probability, meaning that a
higher doping density increases the tunneling current (lower resistivity) [286–288].
However, excessive doping can be deleterious by inducing defects (e.g., precipitates,
clusters) at the tunnel oxide, and forming an unnecessary deep dopant profile in
the silicon bulk [277, 285]. The detrimental effects are more pronounced for boron-
doped (p-type) polySi contacts, as it can easily penetrate the interfacial tunnel oxide
and increase the fixed oxide charged states as well as interface trap density [277,
289]. As a result, surface passivation quality of p-type polySi contacts has been al-
ways inferior to the n-type contacts, with typical recombination current (J0) 10–50
fA/cm2 and < 10 fA/cm2 for p-type and n-type contacts, respectively [282].

The polySi deposition is always followed by a high-temperature annealing step re-
quired for polySi crystallization, dopant diffusion, and dopant activation. The choice
of the annealing temperature depends on several factors, e.g., doping type, doping
density, tunnel oxide, polySi thickness, etc., which has shown to have a bigger impact
on passivation than the annealing time. In general, a shallow diffusion profile is fa-
vorable for high-quality passivation [274, 285]. It has been shown that changes in
annealing temperature affect the dopant profile more significantly than the anneal-
ing time [274]. Moreover, above a specific threshold temperature, the tunnel oxide
loses integrity, causing a severe passivation degradation. The threshold temperature
is around 900 °C for chemical oxides, such as HNO3, and 950–1000 °C for thermal
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oxide [259]. The threshold temperature also increases for thicker oxides. The an-
nealing time is typically selected between 10–20 min. Longer annealing times can
adversely affect the passivation quality due to the increased dopant diffusion tail in
c-Si [285].

To further improve the passivation quality, a complementary hydrogenation pro-
cess is performed on the polySi/TO stacks. The hydrogenation process is used to
further passivate the existing trap defects at the c-Si/SiO2/polySi interfaces as well
as within the polySi layer by hydrogen atoms [290, 291]. As a result, hydrogena-
tion leads to a substantial increase in carrier lifetime, or improvement of the iVoc

by several tens of millivolts. The atomic hydrogen can be provided from various
sources. A common technique is based on annealing the samples (400–500 °C) in
a hydrogen-rich ambient, such as forming gas (H2/N2 mixture) or remote hydrogen
plasma. Alternatively, atomic hydrogen can be supplied from a sacrificial layer con-
taining high amounts of hydrogen impurities. Widespread examples of such layers
are SiNx:H, SiOx, or AlOx deposited by PECVD or plasma-enhanced atomic layer de-
position (PEALD) [282]. The atomic hydrogen is then diffused to the contacts via a
drive-in anneal process at around 400 °C. The term sacrificial refers to the fact the
layers are removed after the drive-in process. Indeed, such a technique is more ef-
fective compared to the conventional annealing forming gas method, due to a higher
amount of atomic hydrogen available at the surface [292].

2.2 Background Knowledge
In this section, the leading solar cell characterization methods, namely minority car-
rier lifetime, SunsVoc, dark/illuminated JV, and external quantum efficiency measure-
ments, are briefly described.

2.2.1 Minority carrier lifetime
The most prominent method to quantify the passivation quality of silicon wafers
(which are not yet metallized) is “minority carrier lifetime measurements”, or in
short “lifetime measurements”. The minority carrier lifetime is estimated by using
the photoconductance decay (PCD) method. In principle, the photoconductivity (∆σ)
is directly linked to the excess concentration of photogenerated carriers (∆n) by:

∆σ = q∆n(µn + µp)W (2.1)

Where µn and µp are the electron and hole mobilities, q is the elementary unit charge,
and W is the wafer thickness, which are all well-known. Therefore, ∆n can be esti-
mated through equation 2.1 by measuring the ∆σ. Since µn and µp are also depen-
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dent on ∆σ, the equation 2.1 should be solved iteratively as the photoconductivity
changes, to estimate the ∆n as a function of time, and thus the injection dependent
effective carrier lifetime (τeff). The PCD measurements can be done in two modes:
1) transient (tr-PCD) and 2) quasi-steady-state (QSSPC). In the transient mode, an
excess carrier generation is induced by a very short light pulse, after which the ∆σ(t)
is measured. In other words, the illumination decay time is much smaller than the
effective lifetime (tpulse ≪ τeff) (see Figure 2.5 (b)). In tr-PCD, the τeff reads:

τeff(∆n(t)) = − ∆n(t)
d∆n(t)/dt

(2.2)

On the contrary, for the QSSPC, a prolonged slow varying light pulse with a decay
time much larger than the τeff is used (tpulse ≪ τeff). In order words, the illumination
intensity of the pulsed light varies much slower compared to the effective minority
carrier lifetime of the sample (see Figure 2.5 (c). As a result, a quasi-equilibrium of
excess carriers ∆n forms at each illumination intensity of the light pulse. In QSSPC,
the τeff reads:

τeff(∆n(t)) = ∆n(t)
G(t) − d∆n(t)/dt

(2.3)

Where G(t) is the optical generation rate, which depends on the illumination in-
tensity (a known quantity). As the G(t) is much larger than d∆n(t)/dt in quasi-steady-
state, the τeff simplifies as:

τeff(∆n(t)) = ∆n(t)
G(t)

(2.4)

In practice, the transient measurements are suitable for samples with relatively
long lifetimes (> 200 µs), whereas the QSSPC is proper for samples with low effective
lifetime (< 200 µs) to be able to maintain the two conditions of tpulse ≫ τeff and tpulse

≫ τeff , respectively.
For the current thesis, two different setups were used for carrier lifetime mea-

surements, namely Sinton lifetime tester WCT-120, and MDPmap lifetime scanner by
Freiberg Instruments. The MDP stands for microwave detected photoconductance
(also denoted as µ-PCD). Both methods rely on the contactless measurement of the
photoconductance, albeit with slight differences in measurement principles. The Sin-
ton WCT-120 uses a flash lamp with a time constant of 30 µs for transient, and 2.1
ms for the QSSPC modes as the illumination source. The photoconductivity of the
sample is measured by means of an inductive coil underneath the sample, which is a
part of a calibrated RF bridge circuit. As the photoconductivity changes, the eddy cur-
rents formed due to interaction with the coil’s high-frequency electromagnetic waves,
are monitored and interpreted to photoconductivity. The illumination intensity (or
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on a stage, thus exciting electrons in the bulk of the sample. Underneath the sam-
ple there is a coil which is inductively couples the sample to an RF bridge. The
coil can sense the permeability of the sample and through that the conductance
of the sample can be calculated. As the excited charge carriers decay, the induced
photoconductance decays along with the density of carriers in the sample. There-
fore the photoconductance is linked to the excess charge carrier density (Dn). The
following explanation is extracted from Rein’s book: “Lifetime Spectroscopy: A
Method for Defect Characterization in Silicon for Photovoltaic Applications.” [60]

Calculating teff starts with the continuity equation below that explains how Dn
changes with time during a decay of Dn:

dDn
dt

= G(t)� U(t) (2.1)

Where G is the generation rate and U is the recombination rate. U is defined
as:

U =
Dn
teff

(2.2)

Therefore teff can be written, in a general form, as:
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(c)

Figure 2.5: a) Schematic of Sinton WCT-120 setup used for injection dependent life-
time measurements. b) and c) Comparison of the transient and quasi-steady-state
illumination pulses with respect to the decaying photoconductivity. All Figures are
borrowed from [293].

G(t)) is estimated by the voltage of a calibrated concentrated cell, located at the side.
The WCT-120 gives valuable information on τeff at different illumination intensities,
i.e., injection levels typically between 1013–1017 cm-3. Injection dependent measure-
ments can be then translated to implied JV characteristics [294], as briefly explained
here. By assuming a uniform carrier concentration across the wafer thickness, an
implied-Voc can be defined as:

iVoc = kBT

q
ln(∆n(∆n + Nbase)

n2
i

) (2.5)

Where kB is the Boltzmann constant, ∆n is the excess carrier density, Nbase is the
wafer’s doping density, and n2

i is the intrinsic carrier concentration. The resulting iVoc

versus injection level can be then converted to an implied-JV curve, assuming a linear
relationship between the light intensity (Ilight) and generated current density as:

J = Jsc(1 − Ilight) (2.6)

The resulting JV curve yields two important parameters: iVoc at 1-sun illumination
and iFF. Both parameters are used as upper limits for the external Voc and FF of the
final device. The iVoc essentially corresponds to the amount of quasi Fermi level
splitting at high injection levels, whereas the iFF represents the quasi Fermi level
splitting at the maximum power point conditions (MPP) (i.e., low injection level).
The latter can thereby give useful information on the FF losses associated with carrier
recombination free of shunt and series resistances.

The lifetime data reported by the WCT-120 tool are averaged over a large cen-
tral portion of the wafer. On the contrary, the MDPmap tool measures the lifetime
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point by point at different resolutions (0.5–5 mm2). As a result, elegant spatially
resolved effective lifetime maps can be obtained over the entire wafer using the
MDPmap. In MDPmap, a 977 nm laser along with a 405 nm bias laser is used as
the light source. The power of the lasers as well as the illumination time are adjusted
to ensure a constant illumination at 1-sun (100 mW/cm2, or ∼1015 cm-3). After
approaching the quasi-steady-state conditions, the laser light is turned off, and the
sample’s photoconductivity decay is measured in transient mode. Instead of using an
inductively coupled coil, the photoconductivity in MDP is measured by a reference
10 GHz microwave beam, which split between the sample and a reference piece. As
the photoconductivity change, the amount of microwave absorption in the sample
changes. Therefore, the conductivity is simply measured by comparing the incident
and reflected microwave beam. It is worth noting that the average measured lifetime
values are reasonably close for both WCT-120 and MDPmap measurements unless
mentioned otherwise.

2.2.2 SunsVoc

The SunsVoc method, also known as quasi-steady-state Voc [295], is a powerful
technique for solar cell characterization, especially for passivating contacts. In
this method, the photovoltage of the samples can be easily measured at different
illumination intensities in open-circuit conditions. Notably, as this method measures
the actual voltage at the external circuit, only samples with a separating junction,
namely the (asymmetric) device precursor samples after passivation, after TCO, and
metallization (finished devices) can be measured. This method is very similar to the
QSSPC measurements done by WCT-120, which is indeed an add-on to the WCT-120
lifetime tester. Similar to the QSSPC, a flash lamp generates a monotonically
decaying light pulse (transient), inducing a varying voltage in the measuring device,
which is measured externally using a voltmeter. A reference cell on the side monitors
the illumination intensity. The short-circuit current of the cells, measured from
the illuminated IV curve, is given as an input parameter for the measurement.
Considering a linear relationship between Ilight and Jsc (equation 2.6), a pseudo-JV
curve can be constructed from the measured voltages, leading a pseudo-Voc (pVoc,
also called SunsVoc), and pFF. Since the measurements are performed in open-circuit
conditions (no current), the obtained pJV curved, and thus the pFF, is free of any
series resistance losses but is sensitive to shunts. Therefore, the series resistance of
the device can be easily estimated by comparing the pFF to the actual FF measured
from the illuminated JV curves via the following equation [296]:

Rs = (pFF − FF)VocJsc

J2
mpp

(2.7)
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Apart from the series resistance, other useful parameters such as shunt resistance,
diode ideality factor (nid) (at 0.1 and 1 suns), and saturation current densities J01

and J02 of the two-diode model [250] can be obtained. In addition, at very high
illumination intensities (several hundreds of suns), the method can be used to reveal
potentially existing Schottky barrier diodes in the solar cell structure, which can be
invisible in dark-JV measurements. Such Schottky barriers can negatively affect the
performance of the device, in particular the FF. The barrier diodes induce an inward
bending to the linear semi log-plot of illumination intensity (number of suns) vs.
SunsVoc after a certain threshold intensity [297]. This technique has been widely
used to optimize the characteristics of passivating contacts, e.g., the emitter doping
density [298]. Moreover, by comparing the iVoc and pVoc a good measure for carrier
selectivity of passivating contacts can be obtained [250].

2.2.3 Current-Voltage (IV)

2.2. Characterization tools

• Voc: The open-circuit voltage refers to the voltage obtained at one-sun illumination,

when no current is extracted. Besides the intrinsic recombination processes (radiative

and Auger recombination), it depends on defect-mediated recombination (Shockley-

Read-Hall, SRH) and hence on the bulk and the interface passivation quality of the c-Si

wafer (see section 1.2.2.2, p. 7). Any of the recombination processes lowers the excess

carrier density (∆n) and hence the maximum achievable voltage, as also shown in Fig.

1.4.

• mpp: The maximum power point is, the point at which the product of current density

and voltage is maximized. Jmpp and Vmppare the current density and voltage at the

maximum power point, respectively. Besides Jsc, Voc and FF, Jmpp and Vmpp can also be

used to determine the conversion efficiency (η) of a solar cell (see below).

• FF : The fill factor represents the squareness of the J-V curve, i.e. the ratio between the

ideal, square-shaped curve—delimited by the Voc and the Jsc—and the actual, measured

curve. It gives an indication of transport properties, namely the effect of (ohmic or

non-ohmic) Rs or Rsh. It is calculated as follows:
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Figure 2.6: A typical JV (in red) and power (in dashed blue) curves of a solar cell un-
der illumination. Important opto-electronic parameters are designated on the graph
(adopted from [299]).

Light and dark Current-Voltage (IV) measurements are inherent parts of solar cell
characterization. The method is used to determine how a solar cell functions in a
closed circuit, in dark and under illumination. In light IV (L-IV) measurements, the
solar cell is illuminated by a calibrated sunlight (AM1.5G), during which a series of
voltages are swept, and the respective current is recorded by using a Keithley source
meter. A similar measurement can be done in the dark (no sun or diffused light).
The JV characteristics of a solar cell can be approximated by a simple diode equation,
known as the ideal one-diode model:
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J = J0

(
e(qV /nidkBT ) − 1

)
− JL (2.8)

Where J is the current density, J0 is the reverse saturation current density (also
called the recombination prefactor [300]), nid is the diode ideality factor, T is the
temperature in K, and JL is the photocurrent density. Ideally, an ideality factor close
to 1 and a J0 as small as possible are preferred to achieve a high Voc and FF. There are
two main modes of operation for solar cells, namely open circuit and short circuit. In
short-circuit, the generated charge carriers move freely through the external circuit
without facing opposing resistance. Since the generated carriers are not accumulating
in the device, no voltage is created (V = 0). Therefore, the current at short circuit
(Jsc) is equal to the JL, in case of moderate series resistance (i.e., < 10 W.cm2). On
the other hand, in open-circuit conditions, the carriers accumulate in the device as
no current is flowing (J = 0) through the external circuit. As a result, the maximum
voltage is achieved at open-circuit conditions, which can be derived from the one-
diode equation as:

Chapter 2. Experimental details

normally the double-diode model is used (including the second, grey diode in the figure). The

current density of such a double-diode is given by:

J (V ) = JL − J01

[
exp

(
q (V + JRs)

n1kBT
−1

)]
− J02

[
exp

(
q (V + JRs)

n2kBT
−1

)]
− V + JRs

Rsh
(2.4)

Here J L is the current generated by the photovoltaic cell, J01 and J02 are the recombination

currents that have an effect on the Voc and the FF, V is the voltage, n1 and n2 are the ideality

factors of either of the diodes, q is the elementary charge, k is the Boltzmann constant and T

is the absolute temperature in Kelvin.
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Figure 2.5 – Equivalent circuit for a solar cell for the one-diode model (black) or the two-diode model (including
the second diode in grey).

2.2.2.2 Photoconductivity decay measurement

Photoconductivity decay (PCD) measurements were used to quantify the passivation quality of

a wafer. For these measurements two types of setups were used: (1) a Sinton Instruments WCT-

100 for standard measurements and (2) a WCT-120-TS system for standard or temperature-

dependent measurements [Sinton 1996, Schmidt 2003]. This contactless method is based

on the inductive measurement of the change in photoconductivity within the wafer after

illumination by a flash of a given duration. From the decay of the photoconductivity it is

possible to calculate the injection-level-dependent (∆n) effective minority-carrier lifetime

[τeff(∆n)], hereafter denoted as τeff where we implicitly assume its injection-level-dependence.

The injection level is directly linked to a voltage and a so-called implied J-V curve can be

reconstructed. Since the latter is obtained for unfinished devices, a value for the Jsc has to

be assumed. We typically chose 37 mA cm−2 as this is the range of current we usually obtain

for finished devices. From this curve we extract the implied open-circuit voltage (iVoc) and

32

J
L

Figure 2.7: The equivalent circuit of a non-ideal solar cell for one-diode (in black)
and two-diode (the second diode in gray) (borrowed from [299]).

Voc = nidkT

q
ln

(
Jsc

J0
+ 1

)
(2.9)

In most cases, the one-diode model does not describe the JV behavior of a real (non-
ideal) solar cell, as it does not account for many extrinsic losses such as series resis-
tance (Rs), shunt resistance (Rsh), and non-radiative recombination. As a result, the
two-diode equation is used to take the non-idealities into account as:

J(V ) = JL − J01

(
exp (qV − JRs

nid1kBT
) − 1

)
− J02

(
exp (qV − JRs

nid2kBT
) − 1

)
− V − JRs

Rsh
(2.10)
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The nid1 and nid2 are the ideality factors, which are typically close to 1 and 2,
respectively. However, deviations often happen in the case of poor devices. The term
J01 saturation current density represents the band to band recombination (radiative),
whereas the J02 accounts for the non-radiative recombination [250].

In general, the power conversion efficiency (PCE, also denoted by η) of a solar cell
is described by three main parameters, namely Jsc, Voc, and fill factor (FF), as shown
in Figure 2.6. The PCE is expressed as:

η = Pout

Pin
= VocJscFF

Pin
(2.11)

The FF parameter is a measure of the squareness of the IV curve, as designated in
Figure 2.6. Therefore, the FF can be simply defined as:

FF = JmppVmpp

JscVoc
(2.12)

n = 1

n = 2

n = 3

n = 4 Ideality factor

Figure 2.8: Ideal FF0 as a function of open-circuit voltage (Voc and ideality factor (n),
plotted according to the equation 2.13.

The FF can be negatively affected by low shunt resistance (Rsh), high series resis-
tance (Rs), as well as high carrier recombination (high diode ideality factor). Since
there is always finite radiative recombination in the system, the FF is always less than
100%. For an ideal diode with ideality factor nid, an ideal FF (FF0) can be empirically
approximated by the following relation [301, 302]:

FF0 = voc − ln(0.72 + voc)
1 + voc

, voc = qVoc

nidkbT
(2.13)
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Where voc is called the normalized voltage, which should be voc > 10 for a good
approximation [301]. The FF0 is used as the upper bound for a given solar cell,
which weakly changes with Voc changes. However, an ideality factor more than 1 can
decrease the ideal FF0 drastically, as illustrated in Figure 2.8. The difference between
the FF0 and iFF obtained from injection dependent carrier lifetime corresponds to
losses arising from non-radiative recombination. Moreover, high series resistance
and low shunt resistance adversely impact the FF by inducing inclined slopes near
the open-circuit and short-circuit conditions, respectively. To maximize the FF, and
thereby the PCE, the shunt resistance should be as high as possible (in the range of
hundreds of kΩ/cm2), and the series resistance must be as low as possible (in the
order of 0.5 Ω cm2).

2.2.4 Quantum Efficiency (QE)
While the JV measurements are useful for evaluating the conversion efficiency of the
whole solar spectrum (white light) into electricity, the dependence of the measured
efficiency on photon wavelength is not resolved. In this regard, the external quantum
efficiency (EQE) method is employed to measure the spectral response of the solar
cells, which is very beneficial for current loss analysis. The EQE is defined as the ratio
between the number of incident photons with a given wavelength λ (or energy) and
the number of electrons measured at the external circuit (i.e., the electrical current)
as follows:

EQE = Number of photons (λ)
Number of collected electrons

(2.14)

Unlike the JV measurements, the measurement is carried out by monochromatic
light with a known intensity, and the corresponding generated current is measured at
the external circuit. The short circuit current (Jsc) of the device can be calculated by
integration of EQE responses over the whole wavelength range as the following:

Jsc =
∫ ∞

0

qλ

hc
EQE(λ) ΦAM1.5G(λ) dλ (2.15)

Where the ΦAM1.5G(λ) is the AM1.5G solar irradiance (Wm-2nm-1), c is the speed
of light in vacuum, and h is Planck’s constant. For a better loss analysis, the EQE
curve can be corrected by excluding the reflection (R) losses. The shape of the re-
sulting EQE/(1−R), which is denoted as internal quantum efficiency (IQE), is closely
related to different optical and electrical losses occurring in the device. The high
energy blue photons are absorbed very close to the surface of the solar cell. There-
fore, a poor blue response can be attributed to high front surface recombination or
low transmission of the window layers (parasitic absorption). On the other hand, as
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the photon energy decreases, the photons travel deeper into the wafer up to a point
where the energy is too low to be absorbed within the wafer thickness. Therefore,
a poor green and infrared response can give information about the bulk and back
surface recombination as well as the transmission losses. However, care has to be
taken, as other optical losses may also lead to an inadequate infrared response. For
instance, an imperfect infrared response can also be caused by free carrier absorption
at the front (e.g., TCO) or rear layers (e.g., back-contact). An example of such loss
analysis is shown in Figure 2.9. Moreover, an elaborate IQE analysis can be found
later in Chapter 4.
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Figure 2.9: An example of a quantum efficiency measurement overlaid with associ-
ated reflection and parasitic absorption losses (adopted from [250]).

Quantum efficiency measurement is also a rewarding method for tandem cell
characterization. However, the measurement can be more cumbersome than single-
junction samples, especially for the monolithic two-terminal configuration. As men-
tioned in section 1.3.2.1, in a monolithic device, the total current is dominated by the
sub-cell with the lowest current. As a result, it is not possible to determine the Jsc of
individual sub-cells independently by JV measurements as one cell always dominates
the total current. However, this limitation can be overcome by QE measurements with
small adaptions as the following. For a tandem EQE measurement, an additional light
source is needed to flood (or saturate) one cell with photons while the other cell is
probed by the monochromatic light source. The additional light source is called the



52 2 The Silicon Bottom Cell Development

“bias light” and is always applied to the sub-cell, which is not intended to be mea-
sured. In case of no bias light, the monochromatic photons are either absorbed at the
front cell (if hν > Eg,top) or at the bottom cell (if Eg,top > hν > Eg,bottom), meaning
that one cell is always in the dark while the other sub-cell is being illuminated. Thus,
the current in the dark cell always equals zero, which according to Kirchoff’s rule,
governs the total current. Consequently, no current is passed, and therefore no EQE
signal can be measured. However, when one cell is saturated with by a bias light, the
current in the cell probed by the monochromatic (i.e., the cell under investigation)
light always limiting the total tandem current as it is much lower than the current in
the light biased cell. Thus, its EQE signal can be recorded.

Besides, since the light biased cell operates at currents much lower than its gener-
ated current, it operates very close to its open-circuit conditions, putting the probed
cell in reverse bias. To push back the probed cell into the desired short-circuit con-
ditions (for minimum resistance), an additional bias voltage may be applied to the
tandem structure, with magnitude comparable to the Voc of the light biased cell. The
same principle is used to measure the EQE of tandem cells fabricated in this thesis.
To saturate the top cell (CZTS, CGSe, AIGSe) and thus measuring the bottom cell
response, a bias light filtered with a band-pass filter of 400–500 nm was used. Such
spectrum is selected to make sure all the bias light is fully absorbed by the top cell,
while the bottom cell was probed with the monochromatic beam light. On the other
hand, to measure the top cell, a high-pass filter of +900 nm was used to saturate the
bottom cell.

2.2.5 Contact resistance

As mentioned, a high series resistance (Rs) limits the efficiency of a solar cell by re-
ducing the FF. Therefore, contact resistance measurements can be quite beneficial to
quantify the resistivity at different interfaces within the solar cell for diagnostic pur-
poses. Transmission line measurements (TLM), or less frequently known as transfer
length method, is a well-known technique to determine the specific contact resistiv-
ity (ρc) of semiconductor/metal interfaces [303]. For TLM measurements, a series
of identical metal contact pads are placed on a semiconductor, separated with an
increasing inner pad distancing (d), as illustrated in Figure 2.10. The resistance be-
tween each pair of pads is measured using 4-contact measurements (1 current and 1
voltage probes on each pad). The measured total resistance (RT ) constitutes different
components namely, metal/semiconductor contact resistance (Rc), the underlying
semiconductor resistance (Rsemi), and the resistance in metal pads (Rm). Therefore,
the total resistance (RT ) reads:
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Figure 2.10: Top) Schematic TLM structure for contact resistance measurements. Bot-
tom) A typical plot of the total resistance (RT as a function of metal pad distance,
obtained from TLM measurements (adopted from [303]).

RT = 2Rm + 2Rc + Rsemi, Rsemi = Rsheet
d

Z
(2.16)

Since the contact resistance is much larger than the metal resistance (Rc ≫ Rm), the
Rm can be neglected, and the above equation 2.16 reduces to:

RT = 2Rc + Rsheet
d

Z
, Rc = ρc

LT Z
(2.17)

L
d

Figure 2.11: Schematic of CTLM test structure for contact resistance measurements
(adopted from [303]).

The equation 2.17 shows that RT is a linear function of the transport length (d).
Therefore, a linear plot can be constructed by performing a series of resistance mea-
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surements between contacts of different inner pad distances. The term Rc depends
on the contact dimensions as well as the specific contact resistivity (ρc). The current
transport within the semiconductor layer is uniform. However, a current crowing oc-
curs below the contact pads. In other words, the current at the edge of the contact
is high, but it diminishes towards the far edge, where no current is flowing. There-
fore, only a fraction of the contact is active for current transport, while no current
is flowing in the rest of the contact. The length at which the potential exponentially
drops (underneath the contact) by a factor 1/e is denoted as the transfer length (LT ),
which is given by:

LT =
√

ρc

Rsheet
(2.18)

The equation 2.18 then changes to:

RT = Rsheet

Z
(d + 2LT ) (2.19)

The LT and Rsheet can be easily obtained via the slope and x- and y-intercepts of
the linear graph, as shown in Figure 2.10, and the corresponding ρc can be calculated
via equation 2.18.

A disadvantage of the TLM structure is that the width of the sample should very
close to the size of the contact widths (δ ≈ 0), which requires additional pattern-
ing or precise sample dicing steps. Otherwise, for δ > 0, the contact resistivity is
overestimated due to current leaking to the contact edges. To alleviate this problem,
circular TLM (cTLM) structures are introduced. In this configuration, which is shown
in Figure 2.11, circular pads of different sizes are surrounded by a continuous metal-
lic region. Each circular pad has a different gap distance (d) to the outer region. The
measured contact resistance is related to contact dimensions by:

RT = Rsh

2π

LT

L

I0

(
L

LT

)
I1

(
L

LT

) + LT

L + d

K0

(
L

LT

)
K1

(
L

LT

) + ln(1 + d

L
)

 (2.20)

Where I and K are the first-order Bessel functions. If the contact diameter (L) is
much larger than the transfer length (L ≫ 4LT ), the equation can be simplified to:

RT = Rsh

2π

[
LT

L
+ LT

L + d
+ ln(1 + d

L
)
]

(2.21)

Additionally, if the inner diameter is significantly larger than the gap distance
(L ≫ d), the RT reads:
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RT = Rsh

2πL
(d + 2LT )C (2.22)

C = L

d
ln(1 + d

L
) (2.23)

Where C is the correction factor. Thus, a very similar cTLM linear plot can be
constructed from RT as a function of d. For a more detailed explanation of different
contact resistance measurements, the readers are encouraged to see reference [303].

2.3 Materials and Methods
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Figure 2.12: a) and b) Symmetrical n+polySi/TO and p+polySi/TO lifetime samples
used for passivation optimization. c) Asymmetrically passivated device precursor sam-
ples used for solar cell fabrication.

This section explains the process flow used to fabricate the bottom cell structure.
The process chain includes cleaning procedures, surface protection, tunnel oxide
growth, polySi deposition, hydrogenation, and bankend processing. For simplicity,
the samples are classified into two categories: 1) lifetime samples with symmetric
n-type or p-type polySi/TO passivation, 2) device precursor samples with asymmet-
ric passivation (n+polySi/TO on one side and p+polySi/TO on the other side). The
lifetime samples were used for testing and optimization purposes, whereas the device
precursors were integrated into a single junction or tandem solar cells.

2.3.1 Lifetime runs—symmetrical lifetime samples

Wafer selection and cleaning, oxide removal

For all experiments, double-side polished (DSP), n-type Czochralski (Cz) 4 inch
wafers with resistivity 1–3 Ω cm were used. Prior to any experiment, the wafers
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cleaned thoroughly by standard RCA procedure. The RCA cleaning procedure starts
with cleaning in RCA1 solution, i.e., a diluted mixture of ammonia (29%) and
hydrogen peroxide (30%) with NH4OH:H2O2:5H2O ratios, at 75 °C for 10 min. The
purpose of the RCA1 cleaning is to remove organics and particles from the surface.
After a thorough rinse in deionized (DI) water, the wafers are dipped in an HF 5%
solution for 30 seconds to strip the chemical oxide formed in RCA1, followed by a DI
water rinse. Subsequently, the wafers undergo a second cleaning in RCA2 solution, a
diluted mixture of HCl and H2O2 with HCl:H2O2:5H2O ratios, at 75 °C for 10 min.
The RCA2 effectively removes any traces of ionic metal contaminants at the surface
and regrows a thin chemical oxide protecting the sample from further commination
during the storage (bare silicon is contaminated easily).

The tunnel oxide

The tunnel oxide in this work was grown by two methods, namely chemical oxidation
in hot nitric acid, and thermal oxidation in an O2/N2 mixture. To be concise, the
tunnel oxides produced by nitric acid and thermal oxidation hereafter are termed as
chemical oxide (ChOx) and thermal oxide (ThOx), respectively.

For the chemical oxide process, 5 liters of 69% wt nitric acid is heated to 95 °C in a
clean quartz beaker. An automatic thermosensor is used to monitor the temperature
during the whole process. Once the temperature is stabilized, right before the tunnel
oxide growth, the preexisting RCA2 oxide is removed in a fresh HF5% solution for
30 sec. After rigorous rising in DI water, the wafers are immediately transferred to
the nitric acid bath for oxidation. The oxidation time is fixed to 10 min leading to an
oxide thickness of 1.3–1.5 nm.

Alternatively, after the RCA2 oxide strip, the wafers are immediately loaded to an
ultraclean tube furnace at 600–700 °C for thermal oxidation. A dry thermal oxide is
grown in a mixture of O2/N2 for 10 min. In some cases, the oxide growth is followed
by a 20 min anneal in N2. To ensure a uniform gas flow and temperature profile
during the oxidation, the wafers were placed side by side with no empty slots in
between. Also, clean dummy wafers were used to fill the empty slots at the front and
the back of the boat. Therefore, a uniform 1.5–1.8 nm oxide could be grown.

LPCVD PolySi deposition and annealing

After the tunnel oxide, within ∼30 min, the wafers are loaded to an LPCVD tube
furnace (from Tempress) for polySi deposition. Similar to the oxide growth, empty
slots are filled with dummy wafers to ensure a homogeneous gas flow, and thereby
uniform polySi deposition. In addition, a silicon wafer with a known thermal SiO2

thickness (typically SiO2 ∼200–300 nm) is added as a test wafer for thickness mea-
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surements and quality control. The polySi deposition occurs at 620 °C using silane
(SiH4), diborane (B2H6), and phosphine (PH3) gases as Si, boron, and phosphorous
precursors, respectively. The doping density of the layers can be tuned by varying the
dopant gas flows. For the baseline process, a dopant gas flow of 7 sccm (standard
cubic centimeters per minute) was used for both polarities. Samples with nonstan-
dard doping flow, such as 14 sccm, were occasionally made for comparison. Due to
the conformal nature of the LPCVD process, both surfaces are uniformly covered by
the same doping polarity. The polySi thickness is measured on the test wafer using
spectroscopic ellipsometry. After the deposition, the samples are annealed in a clean
tube furnace in an N2 atmosphere at 850 °C for 10–20 min for dopant activation and
diffusion. The samples at this stage of development are denoted as “as-passivated”
throughout this thesis.

SiN:H hydrogenation

Once the passivation stack is complete, a ∼75 nm SiN:H layer is deposited on both
sides of wafer using PECVD tool (from SPTS) at 300 °C. In the PECVD process SiH4

(30 sccm) and NH3 (30 sccm) are used as Si and N precursors, respectively. After the
deposition, the samples are annealed at 400 °C for 30 min to drive-in the hydrogen
into the polySi contacts.

Lifetime measurements

The minority carrier lifetime of the symmetrical lifetime samples was measured using
the MDPmap (from Freiberg Instruments) and WCT-120 (from Sinton Instruments)
tools. The former was used for lifetime mapping at 1-sun illumination, and the latter
was employed for injection dependent lifetime measurement at different illumination
intensities. For more information regarding the working principle of each tool, the
readers are referred to the section 2.2.1. The parameters used for MDPmap measure-
ments are summarized in Table 2.1.

For WCT-120 lifetime measurement, an optical constant is used as an input pa-
rameter to account for the wafer’s reflection. For instance, an optical constant of 0.7
was used for as-passivated wafers with ∼30% reflection, whereas an optical constant
of 0.9 was used for SiN or TCO coated samples with around 10% reflection. The re-
flection values marginally affect the reported iVoc. Most samples (τeff > 200 µs) were
measured and analyzed in transient mode. For low-quality samples (τeff < 200 µs)
QSSPC (generalized) method was the primary mode of analysis. All reported τeff and
iVoc values are at 1-sun illumination (∆n = 1015 cm-3) unless specifically mentioned
otherwise.
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Table 2.1: Parameters used for lifetime measurements with MDPmap apparatus.

Parameters

Pulsed laser Wavelength: 977 nm, Power:3 mW
Bias laser Wavelength: 405 nm, Power:10.32 mW
Pulse length 5000–30000 µs
Spot diameter 2 mm
Resolution 0.5–2 mm2

Summation 3–5 times
Exclusion margin 0.5–1 cm
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Figure 2.13: a) An example of a carrier lifetime map measured by the MDPmap set up
at 1-sun illumination. b) An example of injection dependent lifetime curve measured
by Sinton WCT-120 apparatus. The former was measured on a symmetrical n+polySi
lifetime sample, and the latter on a device precursor wafer. In (b), the red and orange
points denote the injection level, from which the iVoc and iFF are calculated.

2.3.2 The integration runs—asymmetrical device precursor
samples

The fabrication process flow of polySi contacts for solar cell devices, also called the
“integration run” in this thesis, is identical to that of lifetime samples, namely for
the wafer selection, cleaning, tunnel oxide growth, polySi deposition, annealing, and
hydrogenation steps. However, to realize the asymmetric passivation, meaning p-
type polarity (p+polySi) on one surface and n-type polarity (n+polySi) on the other,
additional polySi masking and etching steps were essential in the process flow. Figure
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n-type Si

p+ PolySi (40 nm)

n+ PolySi (40 nm)

Al (1 μm)

Al grid (1 μm)

AZO (90 nm)

SiO2 (1.4 nm)

SiO2 (1.4 nm)

Figure 2.14: Schematic cross-section of the bottom cell structure used in this work.

2.15 shows the full overview of the integration process flow from a bare wafer to
a complete single-junction solar cell. The solar cell fabrication process flow is as
follows.

Methods for SiO2 masking (protection)

A thick (∼500 nm) SiO2 layer was used to effectively protect one side of the wafer
during the LPCVD polySi deposition. In this thesis, the protecting SiO2 layer was
grown using three different methods, namely PECVD, LPCVD, and thermal oxidation.
The PECVD method was used for most integration runs as the baseline process, while
the LPCVD and thermal oxidation were utilized occasionally in large batches when
the total number of wafers exceeded 10.

Process flow with PECVD oxide protection After RCA cleaning, the fabrication
sequence starts with the deposition of ∼500 nm PECVD oxide on one side of the
wafers using SiH4 and N2O precursors at 300 °C. The protected samples are then
cleaned in RCA with shorter intermediate and final HF dips, i.e., ∼5–10 sec to avoid
too much damage to the oxide. Subsequently, the tunnel oxide is grown on the
nonprotected side, and samples are loaded to LPCVD furnace for polySi deposition
of one of the polarities. To remove the unwanted polySi from the protected side,
∼4 µm photoresist (AZ5214E) is spin-coated on the other side. The polySi is then
chemically etched in a mixture of HNO3 (69%) and buffered HF (BHF) with ratios
20HNO3:1BHF:20H2O (polySi etch rate 80–100 nm/min). Notably, the photoresist
remains intact during the etching; however, a prolonged etch more than 10 min may
compromise the resist adhesion or fully etch the underlying protecting PECVD SiO2
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Figure 2.15: Schematic of the (simplified) integration process flow with PECVD SiO2

as the polySi masking method. The orange arrows denote the intermediate RCA clean-
ing steps, and the green arrows represent the intermediate minority carrier lifetime
measurements.

layer (wafer damage). The protecting oxide is removed in BHF in around 5 min. After
the polySi and oxide etch, the photoresist is stripped in acetone or a solvent called
“microposit remover 1165” for a few minutes, and wafers are rinsed in isopropanol
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(IPA) and DI water. The cleaning, PECVD masking, tunnel oxide, LPCVD polySi, and
polySi removal sequence are then repeated for the second side (the other polarity).
Once the front and rear passivations are finished, the wafers are annealed at 850 °C
for 10–20 min, hydrogenated by SiN:H, and characterized by lifetime measurements,
as described in section 2.3.1.

Process flow with thermal or LPCVD oxide protection In the case of large batches,
other protecting oxides based on thermal and LPCVD (TEOS) processes were used.
Apart from the protective oxide, the device fabrication sequence is identical to that of
described above for PECVD oxide. In this procedure, after wafer cleaning, the samples
undergo wet thermal oxidation in water vapor at 1000 °C for 2 hours. The purpose of
the thermal oxidation is two-fold: 1) to grow a ∼500 nm silicon oxide on both sides
and 2) to perform a high-temperature treatment, the so-called “Tabula Rasa (TR)”
anneal. The Tabula Rasa thermal process improves the bulk quality by dissolving
oxygen precipitate nuclei in n-Cz silicon [304, 305]. Since the oxide is grown on
both sides, the oxide must be stripped off from one of the surfaces. Similar to the
abovementioned polySi removal step, one surface of the sample is protected by a
photoresist, while the oxide on the other surface is removed in BHF. Subsequently, the
cleaning, tunnel oxide, polySi deposition, polySi, and oxide etch steps are performed
analogously to that described before. For the second polySi deposition, an alternative
oxide is deposited using LPCVD (or PECVD) rather than thermal oxidation as it would
destroy the passivation of the former side (T ∼1000 °C). The LPCVD SiO2 deposition
is achieved using tetraethoxysilane (TEOS) precursor at 720 °C for 60 min (deposits
on both sides). The parasitic oxide is then removed (from the side to be passivated)
by photoresist protection and BHF dip, and the rest of the steps are conducted as
usual to finish the asymmetrical structure.

Backend processing

After the device precursors are ready, the existing SiN:H (which had been deposited
for hydrogenation) is removed from the n+polySi side in BHF for TCO deposition,
while a photoresist masks the p+polySi side. It is noteworthy that for the current the-
sis, the n+polySi is always the front side (sunny side) of the device, and the p+polySi
is the back side (junction at the rear side). Following the SiN removal, an AZO layer
is deposited on the front side as the TCO layer using atomic layer deposition (ALD) at
200 °C, and trimethylaluminum (TMA), diethylzinc (DEZ), H2O precursors. Al dop-
ing was realized by the sequential deposition of ZnO and Al2O3 layers, as such that
one Al2O3 cycle was introduced after 19 cycles ZnO. In total, 30 macrocycles were
used to achieve a ∼90 nm AZO with an Rsheet ∼ 190 Ω/□.
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(a) (b)

Figure 2.16: Photographs of finished devices with two different front metal grid de-
signs used in this work.

UV photolithography and lift-off processes were utilized to make the front grid.
The front pattern comprised of 7–9 main 2×2 cm2 cells, as well as TLM, CTLM, and
EQE test structures. The 2×2 cells had 25–29 metal fingers, with 60 µm widths
and 700–800 µm spacing. The overall metal shadow area (including the busbar) is
around 10%. For patterning, a 4–8 µm negative photoresist (AZ nLof 2020) was
spin-coated and exposed by a maskless aligner (form Heidelberg Instruments). After
a post-exposure bake at 110 °C for 2 min, the exposed pattern was developed in
tetramethylammonium hydroxide (TMAH) for 90 sec. Front metal contacts (1–2 µm)
were deposited by e-beam evaporation from Al or Ag targets. The lift-off process
was done in remover 1165 solvent assisted by ultrasonic. Examples of the front metal
patterns are depicted in Figure 2.16. When the front surface is finished, the front side
is masked by photoresist, and the rear SiN:H/AZO were removed in BHF. 500–1000
nm Al or Ag were deposited as the back electrode by e-beam or thermal evaporation
to finish the solar cells. Subsequently, the wafer is diced into the defined areas by
laser dicing or wafer cleaving. The pseudo-JV curves of cells were characterized by
SunsVoc measurements. The illuminated and dark JV curves were measured using a
calibrated Newport solar simulator equipped with a Keithley source meter.
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2.4 Results and Discussions

2.4.1 Optimization of passivation quality

2.4.1.1 Influence of the SiN:H hydrogenation

The initial focus for bottom cell development was to optimize the passivation qual-
ity of both electron and hole selective contacts, i.e., p+polySi/TO and n+polySi/TO
stacks. For easier optimization, symmetrical lifetime samples were prepared for both
polarities. The baseline process for both polarities were based on ChOx, 7 sccm PH3 or
B2H6 flow, 40 nm thickness, and 20 min annealing at 850 °C. The initial as-passivated
results are shown in Figure 2.17. It can be seen that very high-quality passivation was
already achieved for n-type contacts, showing τeff around 3 ms. However, the effec-
tive lifetime is more than one order of magnitude lower for the p+polySi contacts,
with τeff values ∼200 µs. As mentioned in the section 2.1.2, a similar trend has
been reported in the literature. Several explanations have been given for such infe-
rior passivation of p-type polySi, such as enhanced boron indiffusion into the bulk
due to higher diffusivity [274], the lower tendency for ionization and segregation
at the polySi grain boundaries, higher defect density in boron-doped polysilicon thin
films [306], and inducing more interfacial defects at the Si/SiO2 as a result of higher
indiffusion [307, 308].

p + polySi p + polySi n + polySi n + polySi0

1

2

3

4

5

Ef
fe

ct
iv

e 
Li

fe
tim

e 
(m

s)

As-passivated
SiN:H
Drive-in
BHF

Figure 2.17: Lifetime evolution of n+polySi and p+polySi lifetime samples (two
samples of each type) after different stages of the hydrogenation process, namely
after passivation (high temperature annealing) (red) , SiN:H deposition on both sides
(light blue), drive-in anneal at 400 °C for 30 min (dark blue), and SiN:H etch in BHF
(gray).
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As the first step, SiN:H hydrogenation was investigated to improve the passivation
quality further. For this purpose, symmetrical samples were prepared, and the carrier
lifetime was tracked at different stages of the process. Figure 2.17 shows the τeff
evolution of four samples, two for each polarity. It can be seen that both n+ and p+

polySi layers highly benefit from hydrogen passivation, albeit with a more substantial
impact on the p+ contacts (300–400% improvement). Even though an acceptable
millisecond range lifetime was also achieved for p+polySi passivation, the n+polySi
still outperforms the p+polySi by around 50 mV in iVoc and 60–80 fA/cm2 in J0.

2.4.1.2 Influence of the tunnel oxide

As mentioned, the inferior quality of the p+polySi layers is typically ascribed to the en-
hanced diffusion of boron into the substrate during the high-temperature annealing.
Therefore, it was suggested that an oxide with higher density and better stoichiome-
try, such as thermal oxide, could potentially block the boron indiffusion by acting as
a diffusion barrier [279]. To test this theory, a comparative experiment between the
thermal (4O2/6N2, 600 °C, 10 min) and chemical oxide (HNO3, 95 °C, 10 min) was
conducted. Figure 2.18 shows the thickness maps of chemical and thermal tunnel
oxides, obtained by spectroscopic ellipsometry. For ellipsometry SiO2 modeling, the
SiO2 optical constants were fixed, and the thickness was used as the only fitting pa-
rameter. Optical constants provided by different sources, such as in [309], resulted
in a negligible change of thickness in the range of 0.1 Å. It can be seen that ultra-
thin SiO2 oxide layers with comparable uniformity could be grown by both methods.
However, the average thermal oxide thickness (18.46 ± 0.14 Å) was around 0.4 nm
thicker than the chemical oxide (14.86 ± 0.17 Å).

The passivation quality of both oxides were investigated using symmetrical life-
time samples. The experimental design was a full factorial design investigating three
main factors, namely type of tunnel oxide, annealing temperature, and B2H6 doping
flow, as illustrated in Figure 2.19. Each factor had two settings (low and high) as
follows:

1. Tunnel oxide type: chemical oxide (HNO3) and thermal oxide (O2/N2)

2. Annealing temperature: 850 °C and 900 °C

3. B2H6 flow: 7 sccm and 14 sccm.

Two replicates were used for each factor setting, i.e., 2×23 = 16 samples in total. It
is worth mentioning that all 16 samples were processed together (i.e., same clean-
ing, LPCVD polySi, SiN:H, etc.), except for the tunnel oxide growth step. Analysis of
variance (ANOVA) was performed on the results to reveal the statistically significant
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(a) Chemical Oxide (b) Thermal Oxide

Figure 2.18: Thickness maps of the tunnel oxide grown by: a) chemical oxidation in
HNO3 at ∼100 °C b) thermal oxidation at 600 °C in 4O2/6N2 for 10 min followed by
20 min annealing in N2. The maps were obtained by spectroscopic ellipsometry with
fixed SiO2 optical constants.
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Figure 2.19: 23 full factorial design used to investigate the influence of tunnel oxide
type on passivaiton.

factors. The carrier lifetime results before (as-passivated) and after SiN:H hydrogena-
tion are summarized in Figure 2.20. For 850 °C annealing, the passivation quality of
thermal oxide samples seems to be slightly inferior compared to the chemical oxide
samples. However, the slight difference is compensated after the hydrogenation, re-
sulting in a comparable lifetime for both oxides. In contrast, for 900 °C annealing, the
thermal oxide samples clearly outperformed the chemical oxide counterparts, reach-
ing an average effective lifetime of ∼1.2 ms for the best sample, which is also a
significant improvement over the 850 °C samples. The superior performance of the
thermal oxide at higher temperatures can be attributed to better field passivation as
a result of higher indiffusion. As the thermal oxide is thicker, a higher temperature
is needed for sufficient dopant diffusion, and thereby band bending, compared to the
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chemical oxide. Despite the lifetime improvement in the thermal oxide samples, a
drastic decrease in the carrier lifetime was observed for chemical oxide samples at
900 °C. Such degradation can be ascribed to disruption of the tunnel oxide integrity
as a result of the too high temperature, as discussed in section 2.1.2. Notably, unlike
the “annealing temperature” and “oxide type” factors, no significant change in the
lifetime was found for the two doping flows 7 and 14 sccm in neither cases (confirmed
by ANOVA). Nonetheless, despite the insignificant effect of doping flow on passiva-
tion, the factor was still included in the following device integration experiment as it
might affect the device electrically by reducing the contacts’ resistivity and thus the
device FF.
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Figure 2.20: As-passivated (bottom row) and hydrogenated (top row) lifetime results
of p+polySi samples with thermal or chemical tunnel oxides, annealed at 850 °C (left)
and 900 °C (right). The solid and empty symbols represent two doping (B2H6) flows
of 7 sccm and 14 sccm, respectively.

Following the passivation run, asymmetric device precursor samples with chemi-
cal and thermal tunnel oxides were fabricated to evaluate their performance at the
device level. Two doping levels of 7 and 14 sccm were also included for compari-
son. Please note that the mentioned doping flows refer to the doping flow of both
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n+ and p+ polySi layers (e.g., 7 sccm means 7 sccm for n+polySi and 7 sccm for
p+polySi). As discussed in the previous lifetime run, the thermal oxide samples were
annealed at 900 °C for 20 min, whereas the chemical oxide samples were annealed at
850 °C for 20 min for the best passivation. 4–6 replicate samples were used for each
configuration.

Chemical ChemicalThermalThermal

as-pass.

SiN:H
as-pass.

SiN:H

Figure 2.21: Carrier lifetime (left) and iVoc (right) of device precursor wafers having
thermal or chemical tunnel oxides and two different doping flows. Empty and solid
symbols represent before and after hydrogenation, respectively.

Figure 2.21 shows the lifetime, and the corresponding calculated iVoc results after
passivation (as-pass.) and after SiN:H hydrogenation. The ThOx-14 sccm samples
resulted in the best as-passivated lifetime values (after 850 °C/900 °C annealing)
around 500 µs compared to the other samples, which were analogously around 300
µs. However, except for the ChOx-14 sccm samples, the lifetime difference became
negligible for all configurations, with a promising lifetime around 1.2 ms and iVoc

near 700 mV, comparable to best found in the literature [282]. It is worth to men-
tion that the lifetime values were obtained by the MDPmap tool (as the Sinton tool
was not available at the time). Therefore, the reported iVoc values in Figure 2.21
were calculated by the author using the equation 2.5, considering a 70% reflection
(corresponding to a Jsc of ∼26 mA/cm2) to estimate the injection level.

In spite of the promising passivation provided by the ThOx samples, the device
performance of the ChOx wafers was significantly superior in all optoelectronic pa-
rameters, i.e., Voc, Jsc, and FF, as shown in Figure 2.22. The possible reasons behind
the observed disparities will be discussed in the following.

The external Voc of all samples (in Figure 2.22) is markedly different than the
estimated iVoc values (after SiN:H in Figure 2.21). The difference can be partly at-
tributed to the process damages incurred during the backend processing, in particular
during the TCO (AZO) deposition and front and rear metallization. For instance, the
carrier lifetime for most samples degraded by around 30–40 % right after the AZO
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Figure 2.22: Left) Representative JV characteristics of finished solar cells with dif-
ferent tunnel oxide and doping flows. Right) The corresponding box-plots of the
important optoelectronic parameters, namely Voc, Jsc, FF, and PCE. The cells of each
factor setting belong to two different wafers.

deposition, hereafter denoted as AZO damage. The AZO damage was fatal for the
ThOx-14sccm sample, which lost more than 90% of its initial lifetime value. Note
that a similar trend in degradation was observed in different AZO deposition runs,
which excludes the possibility of being an outlier. Moreover, the front surface dam-
age induced by AZO is clearly reflected in the EQE graph in Figure 2.23, as all high
energy photons, which are absorbed near the surface, are lost due to recombination.
The drastic decrease in the lifetime was entirely unexpected, as the AZO layer is de-
posited by the ALD method at a mild temperature of 200 °C. Thus, the damage cannot
be ascribed to physical damages, such as ion sputter damage typical in sputter deposi-
tion methods. However, since the used ALD champer is multipurpose and the carrier
plate used underneath the samples were made of stainless steel, the samples might
have been contaminated (e.g., by Fe) during the deposition. Indeed, as a side note,
a similar degradation was observed after the PEALD deposition of TiN barrier layer,
which will be discussed in Chapter 3. Although the contamination might be a rea-
sonable explanation for ChOx-7, ChOx-14, and ThOx-7 sccm samples, it is unlikely
to cause such radical change in the lifetime (> 90%) to the ThOx-14 samples. There-
fore, other factors might be playing a role in AZO damage. For instance, since the
AZO layer is heavily doped and the n+polySi layer are very thin (< 40 nm), the AZO
layer might affect the band bending at the n+polySi/c-Si interface, thereby ruining
the field passivation by depleting the carriers within the n+polySi layer. In any case,
even though the exact degradation mechanism is still obscured to the author, the AZO
damage could be diminished to less than 10% by using thicker polySi layers, avoiding
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customary HF dip before the AZO deposition (depositing on the native oxide), and
using clean dummy wafers underneath the samples. Therefore, for future runs, the
AZO damage became negligibly small by performing the mentioned measures.
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Figure 2.23: a) External quantum efficiency (EQE) of finished cells with different
tunnel oxides and doping flows. b) Modelled internal quantum efficiency (IQE) for
a rear junction solar cell with infinite bulk lifetime (τbulk) and different front surface
recombination velocity (S) (courtesy of Ole Hansen). The case with S = ∞ is in good
agreement with the EQE of ThOx-14 sample. Please refer to the Chapter 4 for full
analytical derivation of the model.

Although the AZO damage can be partly responsible for the low Voc, there is
still a significant gap between the post-AZO iVoc (∼650 mV) and the final device
Voc for all samples. Therefore, the Al e-beam evaporation process may be another
cause to impair the passivation quality, especially at the rear p+polySi, where no AZO
is present to protect the contact. In principle, the high energy X-rays emitted by the
electron beam may induce defects into the SiO2 leading to the formation of hole traps,
as suggested by Deal in reference [310]. Analogous e-beam degradations have also
been reported in the literature for polySi contacts as well as in other structures [311,
312]. Apart from the X-ray damage to the tunnel oxide, the radiation may result in
unintentional heating of the substrate during the deposition. A temperature-sensitive
label at the backside of the wafer (i.e., the side facing opposite to the evaporation
source) revealed a maximum temperature of around 130 °C, which seems to be too
low for indiffusion of Al into the polySi layer. However, the possibility of Al indiffusion
cannot be excluded, since the maximum temperature is probably much higher at the
deposition side. It will be shown later in this chapter that a notable increase in Voc

could be obtained by replacing the e-beam evaporation by thermal evaporation.
Another striking difference observed between the ChOx, and ThOx samples is the

FF, which is much lower for the ThOx samples. As shown in Figure 2.18, the thick-



70 2 The Silicon Bottom Cell Development

ness of the grown ThOx was around 0.4 nm thicker than the ChOx samples. It was
mentioned that the carrier tunneling probability decreases exponentially by the thick-
ness of the oxide layer. Therefore, such a small difference in thickness can greatly
enhance the series resistance. To facilitate tunneling and hence to lower the series
resistance, slightly thinner tunnel oxide (∼1.5 nm) might be used, for instance, by
reducing the oxidation time or temperature. Another workaround for this problem
could be to increase the polySi annealing temperature or time. Increasing the an-
nealing temperature in a controlled manner could increase the pinhole density and
pinhole conductivity. Furthermore, a longer annealing time might lower the contact
resistivity of polySi contacts by increasing the dopant diffusion into the c-Si bulk
(longer P or B tale).

Moreover, the inefficient tunneling and high series resistance showed a negative
impact, albeit to less extent than FF, on the Jsc of the ThOx samples compared to
the ChOx-7 and ChOx counterparts. It can be seen in Figure 2.23, that the EQE
spectrum of the ThOx is consistently lower than the ChOx-7sccm sample. As all
layers (i.e., n+ and p+ polySi, AZO, metal contacts) except the tunnel oxide are the
same, such difference in EQE can be attributed to lower carrier collection efficiency
of the ThOx sample caused by thicker tunnel oxide. On the other hand, the different
EQE shape of the ThOx-14 sample is related to the abovementioned substantial AZO
damage to the front surface passivation. Such behavior could be simply modeled by
considering an infinite surface recombination velocity at the front surface and a linear
increase of the carrier collection efficiency (CE) across the wafer thickness towards
the carrier separating junction at the rear side. The predicted modeled behavior is
shown in Figure 2.23 (b). For a detailed derivation of the IQE model, the readers
are encouraged to refer to the EQE discussion of the tandem cells in Chapter 4. It is
worth noting that the slight difference in the blue response of the ChOx-7 and ChOx-
14 samples is related to a slight difference in the thickness of the n+polySi layer (38
nm and 43 nm for 7 sccm and 14 sccm, respectively).

Nevertheless, despite the high potential of the ThOx, the ThOx was not further
optimized in this thesis since the ChOx route already offered adequate passivation
and acceptable JV characteristics. Furthermore, since the ChOx-7 slightly outper-
formed the ChOx-14 both in passivation (iVoc) and FF, the 7 sccm doping flow was
preferred. Therefore, for future experiments and tandem cell fabrication, only the
chemical ChOx-7sccm factor setting was used.

2.4.1.3 Influence of the annealing time and temperature

To fine-tune the passivation quality, the influence of the annealing time and annealing
temperature were investigated on symmetrical lifetime samples for both p+ and n+

polySi layers. In this lifetime run, the type of the tunnel oxide and polySi layer factors



2.4 Results and Discussions 71

were fixed to chemical oxide and 7 sccm (as stated above), while the annealing time
and temperature varied as the following:

• Annealing at 850 °C for 10 min (850-10)

• Annealing at 850 °C for 20 min (850-20)

• Annealing at 800 °C for 20 min (800-20)

Each factor setting includes at least 4 replicate samples to provide enough statistics.
The effective lifetime results for both n+polySi/TO and p+polySi/TO passivation are
shown in Figure 2.24.
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Figure 2.24: a) and b) Average carrier lifetime for symmetric p+polySi and n+polySi
lifetime samples with different annealing process (measured by MDPmap). c)
p+polySi and d) n+polySi injection dependent carrier lifetime measurements (mea-
sured by Sinton WCT-120 on selected samples from (a) and (b)).
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In general, the obtained lifetime values are higher than what shown in the previ-
ous sections, mainly due to a change in the wafer bulk resistivity from 1 to 3 Ω cm.
For p+polySi passivation, increasing the annealing temperature from 800 °C to 850
°C, for a constant annealing time of 20 min, have a positive effect on the as-passivated
lifetime values. However, the hydrogenation process compensates the lifetime differ-
ence, as the samples annealed at 800 °C benefit more from hydrogenation. The best
results were achieved by decreasing the annealing time from 20 min to 10 min at 850
°C temperature, which resulted in very high as-passivated and hydrogenated lifetime
values up to 1.5 ms and 3.3 ms for p+polySi, respectively.

In contrast to the p+polySi passivation, the effect of annealing time was not signif-
icant for n+polySi as-passivated samples. Even though the as-passivated lifetime of
n+polySi at 800 °C was 1.5–2 ms lower than those annealed at 850 °C, they notably
improved in lifetime after the hydrogenation step, reaching extremely high lifetime
values up to 8 ms with a negligible difference to 850-10 samples. Therefore, for
n+polySi, both 800-20 and 850-10 annealing seem to give equally outstanding re-
sults after hydrogenation. Despite the comparable hydrogenated lifetime for 800-20
and 850-10 samples, the latter is preferred due to its initial higher lifetime. A higher
as-passivated lifetime typically implies a lower interface trap density. Therefore, in
case of partial loss of hydrogenation (e.g., by annealing the samples at elevated T
> 400 °C), lower degradation is expected for the 850-10 samples compared to 800-
20. As a result, 850-10 annealing seems to be the best choice for both n+polySi and
p+polySi samples in terms of passivation quality.

It is worth to mention that all the reported lifetime values in Figure 2.24 (a)
and (b) were measured by the MPDmap setup. Although both WCT-120 (Sinton)
and MDPmap usually report fairly close lifetime values, a significant difference was
observed in the case of very high-quality samples, such as the n+polySi samples after
SiN:H. Figure 2.24 shows examples of injection dependent lifetime measurements
obtained by WCT-120. It is evident that the 1-sun effective lifetime (at ∆n = 1015

cm-3) is around 18–20 ms for the n+polySi samples (J0 ∼5 fA/cm2), which is more
than twice the values seen in 2.24 (a) and (b). However, no such dissimilarity was
observed for p+polySi and device precursor wafers, where the lifetime values are
much lower.

Figure 2.25 shows the SIMS diffusion profiles for all three high-temperature treat-
ments for both n+ and p+polySi samples. It can be seen that the 850-10 leads to the
shallowest doping profile for both polarities, which can partly explain its superior sur-
face passivation quality. The measured doping density within the n+polySi layer was
around 2×1019 cm-3, which is a very good match to a calculated value of 2.08×1019

cm-3. The latter value was calculated using the measured sheet resistance of 800 Ω/□
(typical for 40 nm n+polySi) and the PVlighthouse resistivity calculator [313]. On the
other hand, the p+polySi SIMS doping concentration of 3–5×1019 cm-3 is around one
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order of magnitude higher than what is predicted by the resistivity calculations, i.e.,
∼4.2×1018 cm-3 for Rsheet ∼5000 Ω/□ (40 nm p+polySi). The deviation might be
due to the difference in grain size between the p+polySi and n+polySi layers. Phos-
phorous atoms are well-known to promote the grain growth in polySi by increasing
the grain boundary mobility (due to the grain boundary segregation) [314], whereas
boron doping has no effect on the grain growth [315]. Therefore, the average grain
size in the p+polySi layer is expected to be smaller than that of the n+polySi layer
and thereby may suffer more from grain boundary scattering.

p+polySi c-Si 

(a) p+polySi

n+polySi c-Si 

(b) n+polySi

Figure 2.25: Quantitative SIMS depth profiles of (a) boron in p+polySi/SiO2/c-Si and
(b) phosphorous in n+polySi/SiO2/c-Si structures with different annealing processes.
The doping gas flow was fixed to 7 sccm for both polarities. The blue region roughly
represents the polySi region, and the red vertical line signify the tunnel oxide.

Furthermore, for both doping types, a “peak” in the diffusion profile is observed at
the polySi/SiO2 interface. The observed peak can be interpreted by two phenomena,
dopant pile-up at the interface or the SIMS matrix effect. The latter is a well-known
SIMS artifact caused by differences in secondary ion yield of a given element in differ-
ent matrix compositions. It has been shown that the presence of reactive ions such as
O and Cs can enhance the ionization yield significantly [316]. While the matrix effect
could explain the less pronounced peak for the p+polySi samples, it might not be the
major reason for the n+polySi peak, as the apparent peak concentration is about a
factor of 5 higher than that of the polySi bulk. Not only the phosphorous pile-up at
Si/SiO2 interface is a popular phenomenon in literature [317–319], but also similar
doping profiles for n+polySi/SiO2/Si contacts have been observed by other research
groups, some of which validated the phosphorous pile-up assumption using other
characterization techniques such as STEM-EDX mapping [262, 274, 285]. Therefore,
the phosphorous pile-up might be the main contributor to the observed peak, though
the absolute values should be interpreted by caution. It is noteworthy that small
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horizontal peak shifts are related to slight variations in polySi thickness, caused by
inadvertent oxidation of the layers during the high-temperature annealing.

2.4.2 Cell results
After developing the baseline, device precursor samples were fabricated for single-
junction and tandem integration purposes. In this regard, two sets of samples with
two different bulk resistivity of 1 and 3 Ω cm were used. Each batch was processed
separately, meaning that slight variations in polySi and tunnel oxide properties might
exist. As discussed before, the doping flow, type of the tunnel oxide, annealing tem-
perature, and annealing time were fixed to ChOx, 7 sccm, 850 °C, and 10 min, re-
spectively, to achieve the best results.
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Figure 2.26: Effective lifetime (left) and iVoc (right) of device precursor samples
with two different base resistivity. The polySi/TO contacts had ChOx tunnel oxide, 7
sccm gas flow for both polarities, and 10 min annealing at 850 °C, for 10 min. The
empty red and solid blue symbols denote the values after passivation and after SiN:H
hydrogenation, respectively.

Figure 2.26 summarizes the lifetime results and the corresponding iVoc achieved
on the device precursor wafers. It can be seen that very promising and reproducible
values could be achieved for both batches. The 1 Ω cm resistivity samples have slightly
lower lifetime compared to the 3 Ω cm case, due to the enhanced Auger recombina-
tion. Such a difference vanishes in the iVoc values since the wafer doping density
(Nbase) is considered in the calculation (see equation 2.5). Notably, the achieved
iVoc values are comparable to the best results found in the literature [282]. From
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each batch, 1–2 samples were finished to single-junction devices, while the rest were
kept for tandem cell integration. The JV characteristics and the corresponding opto-
electronic parameters of the finished devices are shown in Figure 2.27.

Figure 2.27 depicts the measured JV characteristics of a finished single junction
device. The pseudo- (from SunsVoc) and implied-JV (from injection dependent life-
time measurement) curves together with the theoretical Richter limit are overlaid on
the graph for comparison. The Richter limit denotes the fundamental lifetime limit
imposed by Auger recombination, parameterized by Richter et. al. [320]. A promis-
ing Voc of 681 was achieved for the best sample, which is a significant improvement
on the previous results shown in section 2.4.1.2. The major reason for the Voc im-
provement can be attributed to a more optimized backend processing. As mentioned,
avoiding the HF dip right before to the AZO ALD process, and using clean dummy
wafers underneath the samples, the AZO damage problem was reduced to below
10%. Please note that the shown iJV curve was measured after the AZO deposition,
and therefore, the effect of AZO damage is included. The Al e-beam evaporation
was also replaced by thermal evaporation for the back-contact deposition to avoid
e-beam damage to the p+polySi/TO contact. Interestingly, the measured external Voc

is reasonably close to the iVoc of 696 measured on the device precursor (after AZO
deposition), implying a high degree of carrier selectivity. Therefore, even though the
SIMS doping densities of our p+ and n+ polySi layers were slightly less than typical
literature values ∼1020 cm-3, they seem to be high enough to ensure sufficient carrier
selectivity. Despite the promising Voc, the overall PCE of the devices is limited to 14–
15%, caused by low Jsc and FF. Therefore, a detailed loss analysis of the Jsc and FF
could be beneficial for better clarity.

2.4.3 The FF problem

The first limiting factor for PCE is the FF, as it can be seen in Figure 2.27. As men-
tioned in section 2.2.3, the FF can be affected by various factors, namely high carrier
recombination, low shunt resistance, and high series resistance. Therefore, a break-
down analysis was performed on the FF to identify the possible losses. The results
are depicted in Figure 2.28. Considering the Voc of ∼696 mV (iVoc) and an ideality
factor of 1 as inputs, the ideal FF0 of 84.6% was calculated from the equation 2.13
and used as the upper FF limit. The difference between the FF0 and the iFF is a
good measure to estimate the FF losses due to non-radiative recombination (J02 term
in the two-diode model). Due to proper surface passivation quality obtained by the
polysilicon contacts, an iFF of 83.09% was measured from injection dependent life-
time measurements. Therefore, a ∆FFJ02 loss of around 1.5% can be estimated for
carrier recombination.
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Figure 2.27: L-JV characteristics (red, solid symbols) of the device with the best Voc.
The corresponding pJV, iJV, and theoretical Auger limit are overlaid (dashed lines)
for comparison.
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Figure 2.28: a) FF of different cells belong to the same wafer (as in Figure 2.27). b)
Calculated absolute FF losses (∆FF) due to non-radiative recombination (J02), shunt
resistance (Rsh), series resistance (Rs) loss mechanisms. The gray bar represents the
ideal FF0 calculated by assuming an ideality factor of 1 and iVoc of 696 mV. The blue
bar denotes the L-JV FF of the device shown in Figure 2.27. Refer to the text for more
information.
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To quantify the effect of shunt resistance, the ∆FFsh can be calculated by the
following equation [321, 322]:

∆FFsh = (VmppJmppRs)2

RshVocJsc
(2.24)

Where Vmpp (501.7 mV) and Jmpp (29.33 mA/cm2 were extracted from the L-
JV curve in Figure 2.27 at the maximum power point. The series resistance Rs (2.9
Ω cm2) and the Rsh (0.9 kΩ/cm2) were approximated by SunsVoc. As a result, a ∆FFsh

loss of around 1.8% was calculated.
As mentioned in section 2.2.2, the pJVcurve is free of any series resistance effects,

but it is sensitive to shunts. Thus, ∆FFs can be simply estimated to 11.7% by taking
the difference between the pFF (80.2%) and FF (68.5%). Therefore, as it is also evi-
dent visually in Figure 2.27 and 2.28, the major cause for the obtained moderate FF is
the high series resistance (2.9 Ω cm2), which has diminished the PCE by 3% absolute
from 17.64% (pseudo efficiency) to around 14.67%. Hence, detailed contact resis-
tance measurements were required to identify the highly resistive source within the
structure. For this purpose, TLM and CTLM test structures were fabricated to measure
the specific contact resistivity (ρc) at different interfaces, namely c-Si/SiO2/n+polySi
tunneling, Al/AZO, AZO/n+polySi, and Al/p+polySi. In total, four structures were
prepared:

• c-Si/SiO2 (1.4 nm)/(patterned) n+polySi (40nm)/Al(1 µm) — Figure 2.29 (a)

• c-Si/SiO2 (300 nm)/p+polySi (40nm)/Al(1 µm) — Figure 2.29 (b)

• c-Si/SiO2 (300 nm)/AZO (90nm)/Al(1 µm) — Figure 2.29 (c)

• c-Si/SiO2 (300 nm)/n+polySi (40nm)/ (patterned) AZO (90nm)/Al(1 µm) —
Figure 2.29 (d)

Schematic cross-section of each structure is shown in Figure 2.29 (a)–(d). The
TLM test structures constituted three pad widths of 100, 200, and 2000 µm, as well
as four contact gap distance (d) increments of 50, 100, 150, and 200 µm. The outer
circle diameter for CTLM structures were 2000 and 3000 µm with gap distances of
20 and 25 µm, respectively. An example photograph of the fabricated test wafer is
shown in Figure 2.29 (e). The total resistance between each pair of contact pads was
measured by 4 contact measurements. The transfer length and the corresponding
ρc were calculated via the linear graph and equation 2.18. The measured ρc results,
along with an example measurement, are depicted in Figure 2.30.

Among the measured interfaces, the Al/AZO interface showed the lowest ρc with
the median resistivity around 10-3 mΩ cm2, and the tunneling transport across the
c-Si/SiO2/n+polySi interface had the highest resistivity in the range 1–10 mΩ cm2.
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Figure 2.29: Schematic cross section of TLM test structures used for measuring the
specific contact resistivity (ρc) of a) c-Si/SiO2/n+polySi, b) p+polySi/Al, c) AZO/Al,
and d) n+polySi/AZO interfaces. e) An example photograph of a wafer with TLM and
CTLM test structures.

Comparably, the AZO/n+polySi and p+polySi/Al showed also rather low resistivities
in the range 0.1–1 mΩ cm2. Due to the high sheet resistance of the p+polySi layer
(∼10 kΩ/□ in the TLM test sample), despite a perfect linear trend, many of the
p+polySi/Al measurements resulted in a negative y-intercept and thereby unphys-
ical negative ρc. Only two measurements lead to positive values. Therefore, the
p+polySi/Al contact might be less resistive than what is reported in Figure 2.30.

It is also noteworthy that the measured contact resistivities for samples (a) and
(d) are composed of two contributions: 1) the Al/n+(or AZO) and 2) the intended in-
terface (AZO/n+ or n+/c-Si) contact resistivities (e.g., ρc,comb. = ρc,Al/n+ +ρc,cSi/n+).
However, for the sake of simplicity and due to its small magnitude, the former was
neglected. As a result, the measured combined resistivity (ρc,comb.) was treated as the
ρc,c−Si/n+ for sample (a) or ρc,AZO/n+ for sample (d). In any case, all the measured
values are below 10 mΩ cm2, and since the contacts cover the whole surface (except
for the front grid), neither of the investigated interfaces are expected to affect the FF
significantly.

The only interface that could not be measured using TLM measurements was the c-
Si/SiO2/p+polySi interface, i.e., the pn junction, due to its diode behavior. If a similar
structure is imagined as in Figure 2.29 (a) except that the n+ polySi is replaced by
p+polySi, the current faces the diode in reverse bias either in p+/c-Si (entering the
bulk) or c-Si/p+ (exiting the bulk) directions. Since all other components of the
series resistance are known (or can be calculated) except the junction resistivity, the
c-Si/SiO2/p+polySi interface can be approximated from the total series resistance as
the following:
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Figure 2.30: a) Specific contact resistivity (ρc) at different interfaces measured by
TLM and CTLM measurements. b) An example CTLM (d = 20 µm, L = 1000 µm)
measurement for c-Si/SiO2/n+polySi interface (see Figure 2.30 (a)).

Rs = ρAl × tAl + ρc,Al/p + Rsh,p × t2
p + ρc,junc. + ρbase × tbase

+ ρc,base/n + Rsh,n × t2
n + ρc,n/AZO + ρAZO + ρc,AZO/Al × ρgrid/fc

(2.25)

The estimated values for each term is shown in Table 2.2. The resistivity of
p+polySi, n+polySi, and AZO layers was determined by sheet resistance measure-
ments using a four-point probe. The layers were deposited on wafers covered with a
thick SiO2 (∼300 nm) layer to avoid current leakage to the wafer. The area-weighted
lateral resistance in the AZO layer can be estimated by the following equation [323]:

RAZO,lateral = 1
12

Rsheet
a

LF
S2

F (2.26)

Where a is the device width, LF is the finger length, and SF is the finger spacing.
For full derivation, the readers are encouraged to see Appendix A in reference [323].
The Al resistivity was assumed to be 2.8×10-8 Ω cm, according to literature [324].
The resistivity of the metal grid was estimated using the PVLighthouse Grid Calcula-
tor. It can be seen in Table 2.2 that the sum of all contributions excluding the junction
is around 0.5 Ω cm2, primarily dominated by the front metal grid and lateral trans-
port within the AZO. Considering a total series resistance of 2.9 Ω cm2, a junction
resistivity of ∼2.4 Ω cm2 can be estimated. Therefore, the p+polySi/SiO2/c-Si junc-
tion requires more optimization to solve the high resistivity problem, which remains
as future work. The difference between the contact resistance of the n+polySi and
p+polySi contacts could be related to the larger SiO2 barrier height (ϕ) of holes (ϕh =
4.5 eV) compared to electrons (ϕe = 3.1 eV), due to differences in the valence band
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Table 2.2: The summary of series resistance (Rs) results calculated/measured for
different components of the silicon bottom cell.

Interface/Layer Resistivity Thickness (t) Rs,i (method) Rs,i (value)
— (Ω cm) (µm) — Ω cm2

Al grid 2.8×10−6 1.5 Grid Calculator 0.345
Al/AZO — Interface (C)TLM 3.6×10−6

AZO lateral 1.8×10−3 — 1
12 Rsheet

a
LF

S2
F [323] 0.109

AZO transverse 1.8×10−3 0.090 ρAZOtAZO 1.62×10−8

AZO/n+polySi — Interface (c)TLM 1.4×10−4

n+polySi 3.2×10−3 40 ρn+tn+ 1.28×10−8

n+polySi/c-Si — Interface (c)TLM 4×10−3

c-Si (base) 1 350 ρAltAl 3.5×10−2

c-Si/p+polySi — Interface Rs,total −
∑

Rs,i 2.41
p+polySi 2×10−2 0.040 ρp+tp+ 8×10−8

p+polySi/Al — Interface (c)TLM 8×10−4

Al 2.8×10−6 1 Literature [324] 2.8×10−14

Device Rs — — (pFF − FF)VocJsc

J2
mpp

2.9

and conduction band offsets of c-Si with SiO2 . Hence, a thinner SiO2 tunnel oxide
might be used to increase the tunneling probability. Alternatively, a higher annealing
temperature can potentially introduce more pinholes into the oxide layer, which facil-
itates electrical transport. A higher boron doping density for the p+polySi might also
be beneficial. One should note that the mentioned measures should not compromise
the passivation quality. Thus, a re-optimization of the contact is necessary to find the
best trade-off between the contact resistivity and surface passivation.

Nonetheless, even though the series resistance has a rather big impact on the FF
of the 2×2 cm2 silicon single-junction device, it is not expected to be restricting in
a tandem device, as the absolute current is much lower. For a rough estimation, the
maximum power can be approximated by the ideal maximum power minus the power
loss due to the series resistance. Therefore, the maximum power reads:

Ps,mpp = VmppImpp − I2
mppRs = VmppImpp

(
1 − Impp

Vmpp
Rs

)
≈ VmppImpp

(
1 − Isc

Voc
Rs

) (2.27)

Assuming that the Voc and Isc are not influenced by the Rs (which is valid for a
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Figure 2.31: a) A schematic of the silicon bottom cell used in this work. b) A
schematic of the front grid metallization used for grid and lateral resistance calcu-
lations.

moderate Rs), the fill factor affected by series resistance (FFs) is given by:

VocIscFFs = VocIscFF0

(
1 − Isc

Voc
Rs

)
= VocIscFF0(1 − rs) (2.28)

rs = Isc

Voc
Rs (2.29)

The approximate FFs then becomes:

FFs = FF0

(
1 − Isc

Voc
Rs

)
= FF0(1 − rs) (2.30)

A slightly more accurate version of the above equation 2.30 was obtained empiri-
cally to be [301]:

FFs = FF0(1 − 1.1rs) + r2
s

5.4
(2.31)

Note the above equation is valid for rs < 0.4 and voc > 10 [322]. It is clear in
equation 2.31 that the effect of Rs scales (almost) linearly by the magnitude of the
current. Considering an Rs of 3 Ω cm2, a current of 130 mA (i.e. 32 mA/cm2), and
a FF0 of 84.25% (for nid = 1 and Voc = 680 mV), the FFs is calculated to be 71.34%
for the 2×2 cm2 single-junction devices. However, in our tandem device, the current
is much lower due to the spectral splitting and smaller cell area (3×3 mm2). So far,
the best current densities achieved in our tandem devices are in the range of 10–12
mA/cm2, which translates to an absolute current around 1 mA, i.e., two orders of
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magnitude lower than the single junction case. By redoing the calculation for 1mA,
a FFs of 82.6% is achieved, which is by far more than what can be typically achieved
in best CZTS devices (60–70%) [157–159]. Hence, the bottom cell moderate series
resistance is not expected to affect the performance of our tandem device significantly.

2.4.4 Junction’s ideality factor
Another factor that can adversely influence the FF is a diode ideality factor (nid)
above 1. One common way to extract the ideality factor is via dark IV measurements,
considering the ideal one diode model (see equation 2.8). As the measurements are
performed in the dark, no photocurrent is generated, and therefore, JL = 0. By ne-
glecting the −1 term compared to the magnitude of the exponential term in moderate
to high voltages, the ideality factor can be simply determined by:

nid = q

kBT
log(e) 1

m
(2.32)

Where e is the Euler’s number, and m is the slope of the IV curve in a semilog plot

(i.e., m = d log(I)
dV

). It is worth to mention that the above equation is only valid for

ideal samples, where the effects of Rs and Rsh are negligible. For non-ideal samples,
which is the case for most real-world devices including ours, the Rs and Rsh terms
should also be included in the diode equation. The modified one-diode model then
reads [325]:

I = IL − I0

[
exp

(
q(V + IRs)

nidkT

)
− 1

]
− V + IRs

Rsh
(2.33)

The dark IV curve of the previously discussed sample (in Figure 2.27) is shown
in Figure 2.32 (a), and the corresponding calculated local ideality factor (nid as a
function of voltage) is plotted in Figure 2.32 (b). Please note that the shown dark
curve is a suitable representative of many samples, which have similar dark behavior
(except with slight horizontal shifts). In Figure 2.32 (a), three regimes can be imag-
ined. In the lower-left part of the graph, where the current and the voltage are low
(V < 0.4 V), the ideality factor is heavily affected by the shunt resistance, whereas, in
the upper-right part (V > 0.7 V), the effect of series resistance becomes dominating.
Both of the mentioned effects lead to a lower slope in the IV curve, and thereby an
artificially high (swelled) ideality factor. However, in the intermediate regime, if the
Rs and Rsh are moderately low and high, the IV curve can be approximated by the
exponential term, i.e., the ideal one-diode model. Therefore, the determined ideality
factor might be a reasonable estimation of the actual ideality factor.

It can be seen that the local ideality factor of our device reaches a minimum of
1.8–2. An ideality factor of 2 is usually ascribed to non-radiative SRH recombination,
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Figure 2.32: a) A representative Dark IV measurement of the silicon bottom cell
on a semi-log scale. The dashed gray lines are guides for the eye, showing slopes
corresponding to different ideality factors. b) The local ideality factor of the dark IV
curve (the graph on the left) calculated via equation 2.32 at different voltages. The
circle and diamond symbols represent the open-circuit and maximum power point of
the solar cell shown in Figure 2.27.

e.g., recombination at the surface or within the depletion region [326]. However,
care must be taken when attributing a physical significance to the extracted non-
unity value, since the high value can be simply caused by the combined influence of
the parasitic shunt and series resistance. Particularly, in our case where the Rsh and
Rs are not ideal.

To exclude the effect of Rs, the ideality factor could be measured by the SunsVoc.
The method reports two ideality factors at two injection levels of 1 (nid,1) and 0.1
(nid,0.1) suns, corresponding to open circuit and maximum power point conditions,
respectively. The measured nid,1 and nid,0.1 values are free of any series resistance
effects, but both can be heavily influenced by a low shunt resistance, albeit the nid,0.1
to a larger extent. For our device, nid,1 and nid,0.1 values of 1.036 and 1.867 were ob-
tained, meaning that the device behaves ideally at open circuit and deviates from the
ideal behavior near the maximum power point. This may suggest that the magnitude
of recombination increases at the lower injection levels. Nevertheless, such inference
may also be conjectural as a moderate Rsh can also increase the nid,0.1.

In Figure 2.33, the measured L-IV characteristic of the device is compared with
the one-diode model curves, fitted with different values of ideality factor and series
resistance. The curves (in Figure 2.33 (a)) are plotted assuming a Rsh=0.9 kΩ/cm2,
and Rs=2.9 Ω cm2 as discussed in the previous section. Considering Rs=2.9 Ω cm2,
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Figure 2.33: a) Comparison of the L-JV curve (from Figure 2.27) (red circles) with the
non-ideal one-diode model (equation 2.33) with Rs = 2.9 Ω cm2 and different values
of ideality factor (i.e. 1, 1.5, and 2). b) Comparison of the L-JV curve (from Figure
2.27) (red circles) with the non-ideal one-diode model for nid = 2 and different
values of Rs (i.e. 1, 2, and 2.9 Ω cm2). An Rsh=0.9 kΩ/cm2 was assumed for both
graphs.

neither nid = 1 nor nid = 2 result in proper fits to the measured L-JV curve at
the maximum power point, while an intermediate nid close to 1.5 seems to be a
reasonable match. On the other hand, a better fit can be obtained for the nid = 2 with
a lower value of series resistance around 2 Ω cm2. Therefore, one can conclude that
either the Rs or the ideality factor is slightly overestimated. The latter is more likely
to be the case, as many competing processes can falsify the true ideality factor. In
any case, regardless of the exact values, both results point towards the fact that more
junction optimization is necessary to improve the FF of the single junction device.

2.4.5 Optical loss analysis
Another factor limiting the efficiency of the device shown in Figure 2.27 is the short-
circuit current density, which was ∼31.5 mA/cm2. A detailed break-down analysis
was necessary on the EQE measurement to quantity the optical losses. In this regard,
ray-tracing optical simulations using SunSolveTM tool were implemented [327]. The
optical constants n (refractive index) and k (extinction coefficient) of the front and
rear layers, namely the AZO, n+polySi, and p+polySi, were determined by spectro-
scopic ellipsometry, which were then used as input parameters for the simulation.
The modeled optical constants for n+polySi and p+polySi layers are shown in Fig-
ure 2.34. Please note that simulation was purely optical, meaning that the possible
electrical losses (such as carrier recombination) are neglected. Therefore, a carrier
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Figure 2.34: Optical constants of the n+polySi (solid lines) and p+polySi (dashed
lines) layers obtained by spectroscopic ellipsometry, used for ray-tracing optical sim-
ulations. The blue lines denote the refractive index (n) (left y-axis) and the red lines
denote the extinction coefficient (k) (right y-axis).

collection efficiency of 100% was assumed for all wavelengths, which is reasonable
for a well-performing device. Since the EQE measurement was done on a test piece,
where the grid finger spacing was larger than the light beam spot size, neither the ex-
perimental nor the simulation data include the shadow loss caused by the front grid
(grid area ∼10%). As a result, the obtained EQE current 34.58 mA/cm2 is about 10%
higher than that of measured in L-JV. The measured EQE, together with the simulated
reflection, parasitic absorption, and IQE data, are shown in Figure 2.35 (a). The Ta-
ble 2.3 contains a summary of the simulation results. The simulation data evidently
coincide well with the measured EQE data. A current density of 34.71 mA/cm2 was
predicted by the simulation based on the photon absorption in bulk, which matches
the experimental value of 34.58 mA/cm2. As expected, due to the mirror-polished
flat front and rear surfaces, the reflection loss has the largest share, accounting for
more than 8.2 mA/cm2 of current loss. The reflection loss can be reduced signifi-
cantly by texturing in alkali solutions, such as KOH. Besides, in a tandem device, the
front reflection is mainly determined by the top cell’s properties, such as roughness,
antireflection coating, etc. Therefore, the flat surface of silicon is not as critical as in
a single junction configuration.

Apart from the reflection, the parasitic absorption in the front and rear films con-
stitute 3.4 mA/cm2 of the total current loss, among which the n+polySi layer has the
largest share. It can be seen in Figure 2.35 (a) that the parasitic absorption occurs
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Figure 2.35: a) Optical loss analysis of the a representative bottom cell (with front
grid shadow excluded). The empty blue circles denote the experimentally measured
EQE values, while the dashed lines are the simulated curves for the EQE, total reflec-
tion (R), total parasitic absorption (A), and the IQE. b) Depicts different components
of the total reflection and parasitic absorption.

Table 2.3: A summary of the ray-tracing optical simulation. The CI refers to the 95%
confidence interval. Jinc stands for the total incident current density at 1-sun.

Mean 95% CI Fraction of Jinc
mA/cm2 mA/cm2 %

Incident 46.32 — 100.0

Lost to environment
Reflected front 5.492 0.03717 11.86
Escaped front 2.712 0.01233 5.855

Absorbed in cell components
AZO 0.4671 6.423 × 10-4 1.009
n+polySi 2.220 0.001090 4.792
Solar cell bulk 34.71 0.03492 74.93
p+polySi 0.01939 1.380 × 10-4 0.04187
Rear electrode (Al) 0.7016 0.009935 1.515

mostly in the blue region of the spectrum, while it goes to almost zero for green and
red photons and then again peaks at the infrared 1000–1200 nm range due to the
free carrier absorption. Figure 2.35 (b) shows that the AZO and n+polySi layers are
mainly responsible for the blue absorption. As the significant portion of the parasitic
absorption occurs at the UV and blue region, such a problem is not a concern in a
tandem configuration since the high energy photons are already utilized by the top
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cell. However, the free carrier absorption problem still stands for the tandem device,
and a current loss of around 1 mA/cm2 is expected within the AZO (located on the
top cell), n+polySi, p+polySi, and the Al back contact.

2.5 Conclusions
The chapter focused on the development and optimization of the bottom cell structure
featuring carrier selective polySi contacts.

It was shown that the surface passivation quality of both polySi polarities largely
benefits from hydrogenation treatment using sacrificial SiN:H layers followed by a
subsequent drive-in at 400 °C for 30 min. The improved lifetime is ascribed to the
passivation of trap states within polySi and at the polySi/Si interface by hydrogen
atoms.

The effect of various parameters, namely the type of tunnel oxide, doping flow,
and annealing temperature, were investigated. It was shown that increasing the an-
nealing temperature from 850 °C to 900 °C is advantageous for the ThOx samples,
whereas it brings about drastic lifetime degradation for the ChOx samples. Unlike
the annealing temperature, no significant effect was observed in increasing the dop-
ing flow from 7 to 14 sccm. Despite the promising passivation quality achieved in
the thermally grown tunnel oxide (ThOx), the devices suffered from deficient perfor-
mance due to the increased thickness of the thermal oxide compared to the chemical
oxide samples.

The effects of annealing temperature and annealing time were investigated for
both n+polySi and p+polySi passivation. For p+polySi/TO, increasing the annealing
temperature from 800 °C to 850 °C, and decreasing the annealing time from 20 to 10
min, lead to the highest as-passivated and hydrogenated carrier lifetimes. As a result,
promising carrier lifetime up to 3.2 ms was achieved for p+polySi passivation with
corresponding iVoc ∼700 mV and J0 ∼60–70 (fA/cm2). For n+polySi passivation, an
outstanding carrier lifetime up to ∼20 ms, iVoc up to 745 mV, and J0 ∼5 fA/cm2 were
achieved for both 800 °C and 850 °C annealing temperature, however, 850 °C was
preferred due to higher as-passivated lifetime values.

Similar to symmetrical structures, excellent passivation was achieved on asymmet-
ric device precursor samples with iVoc above 700 mV and combined J0 < 20 fA/cm2.
By mitigating the damages induced by the backend processing, a promising Voc of 681
mV was achieved on the best devices, from which a high degree of carrier selectively
can be inferred. The overall efficiency of the device was limited to 14.6% (or ∼16%
excluding the grid shadow) due to moderate Jsc and FF. The former was mainly due to
the high amount of reflection (flat surface) and parasitic absorption (thick n+polySi)
of blue photons, which are not of concern in a tandem configuration. The FF was
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majorly dominated by a high series resistance of around 2.9 Ω cm2. Detailed series
resistance break-down analysis attributed the resistance to the p+polySi/SiO2/c-Si
junction. Even though further optimization of the junction seemed to be necessary
to reduce the junction resistivity (and possibly the ideality factor), such high series
resistance is not restricting for the tandem cells, as the area and the absolute current
are much smaller compared to the single junction samples. All in all, considering less
amount of reflection and lower FF losses in a tandem cell, a pseudo-efficiency above
20% can be potentially imagined for the silicon bottom cell.



CHAPTER3
Monolithic CZTS-Si

Integration: Si
Contamination

Summary

This chapter investigates the feasibility of integrating CZTS on silicon with TiN as the
barrier layer. The silicon contamination was systematically studied using manifold of
diffusion experiments followed by different characterization techniques, namely car-
rier lifetime measurements, rather Rutherford backscattering spectroscopy (RBS), sec-
ondary ion mass spectrometry (SIMS), and deep level transient spectroscopy (DLTS).
At last, a proof of concept monolithic tandem device was fabricated and the results
were discussed in detail.

Disclaimer

The content of this chapter include reprints of a previously published work (Paper
1 [328]), which presents the first steps taken for monolithic integration of CZTS on
silicon. The paper includes “Abstract”, “Introduction”, “Materials and Methods”, “ Re-
sults and Discussions”, “Conclusions”, and “Supporting Information”. All reproduced
sections (from published work) are marked with an asterisk “*”. Most of the materials
in the “Introduction” part are already covered in more detail in Chapter 1. However,
to keep the integrity of the study and refresh the memory of the reader, all sections
were included.
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The paper starts from here

Paper 1: Monolithic thin-film chalcogenide–silicon
tandem solar cells enabled by a diffusion barrier
Alireza Hajijafarassar†, 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,
Ole Hansen.
†: These authors contributed equally.

Abstract*

Following the recent success of monolithically integrated Perovskite/Si tan-
dem 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 ther-
mally 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 suc-
cessfully mitigates in-diffusion of CZTS elements into the c-Si bulk during the high
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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 car-
rier lifetime in Si exceeded 1.5 ms, i.e., a promising implied open-circuit voltage
(iVoc) 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.

3.1 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
[329–331]. However, as the Si cell efficiency approaches the Shockley-Queisser (SQ)
single-junction limit [21], further cell improvements are now only incremental, and
the focus is instead on systems cost reduction and raw material utilization [330, 331].

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% for double (also called tan-
dem) and triple-junction solar cells, respectively [302, 332]. However, to transition
the global PV market from a single- to a multi-junction solar cell technology, the fol-
lowing 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 [333, 334].

Various multi-junction cell configurations have been proposed and demonstrated
experimentally, particularly with Si and III-V semiconductors, reaching efficiencies
of 32.8% and 37.9% for tandem and triple-junction cells, respectively [31, 56, 335,
336]. In space applications, multi-junction III-V solar cells have been used almost ex-
clusively since the late 1990s, but with costs not competitive with the single-junction
c-Si technology for terrestrial applications [337, 338]. 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 technolo-
gies and minimizes the total number of processing steps. Despite all of its potential
advantages, MI-2T tandem devices are challenging to achieve in practice because ev-
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ery processing step has to be compatible and the properties of the preceding interface
and layers should not be compromised [27].

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 [56, 332]. 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% [15, 60, 339], a
value higher than that of the best Si solar cell.

Thin film chalcogenides (TFCs) such as CdTe, CuInxGa1-x(SySe1-y)2 (CIGSSe),
Cu2Zn Sn(SxSe1-x)4 (CZTSSe) and their respective solid solutions 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% Cd1-xZnxTe/Si tandem cell has been demonstrated using
low temperature molecular beam epitaxy (MBE) [78]. 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) [27, 60].
Recently, a promising monolithic Si/CGSe tandem cell with an efficiency of 10%
has been reported [80], where the CGSe layer was produced by co-evaporation and
high-temperature annealing. The authors report that the bottom Si cell JV 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 de-
vices, using the sulfide kesterite Cu2ZnSnS4 (CZTS), an earth abundant and envi-
ronmentally 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 ti-
tanium 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 Voc of 900 mV, a value higher than
that of each respective individual reference cell. Moreover, we suggest strategies for
future device improvement.
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3.1.1 The Top Cell: CZTS*
The kesterite sulfide-selenide CZTSSe attracted interest as an all earth abundant al-
ternative 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 [157]. 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 nom-
inal 1.5 eV to about 2.1 eV, an ideal range for tandem applications [177, 180, 340–
343]. Moreover, CZTS and Si are closely lattice-matched, with an a-axis lattice mis-
match of less than ± 0.1% [87, 344]. This means that heteroepitaxial growth of CZTS
on Si could be possible, and this has indeed been proven experimentally [345–347].
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 particular in the case
of CZTS, involved at least one high temperature step [87] (with the notable excep-
tions of MBE [78] and monograin technology [348]). 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.

3.1.2 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 [183, 257, 271, 349, 350]. The
structure consists of stacks of thin (∼1.2–1.5 nm) SiO2 layers (tunnelling oxide, TO)
and highly doped (Phosphorous or Boron) polycrystalline silicon layers (polySi) on
both sides of a crystalline silicon (c-Si) wafer. This structure provides excellent sur-
face passivation and carrier selectivity. Consequently, high implied Voc of 750 mV and
external Voc of up to 739 mV have been achieved [351]. In contrast to its aSi:H het-
erojunction 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 pro-
cesses. Moreover, the simple one-dimensional current transport and full coverage of
contacts at both sides allows for very low contact resistivity and thereby low fill factor
(FF) losses [352]. A major drawback of a front polySi contact in a single-junction de-
vice is the parasitic absorption losses in the blue wavelength region within the polySi
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layer. As a result, a short-circuit current density (Jsc) loss of 0.5 mA/cm2 is expected
for every 10 nm of polySi in a single junction cell [272]. 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.

3.1.3 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 metallic and chalcogen elements that should be
thoroughly assessed. In this contribution, we study the case of co-sputtered CZTS pre-
cursors 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 con-
taminate 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, be-
cause it is one of the most common detrimental contaminants known in crystalline
Si, as widely reported in the photovoltaic and integrated circuit industries [188, 189,
353]. 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 [189]. Cu exhibits a complex defect physics
in Si, leading to point defects and complexes, decoration of extended defects, precipi-
tation 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 [354], 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 [198, 355, 356]. 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 [200, 357]. Finally, sulfur was studied notably
in “black silicon” processing, where it was found that its incorporation creates deep
bandgap states, which increase the infrared light absorption in Si, making it appear
more “black” [355, 358, 359].

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
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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 [208]. 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 [353, 360, 361]. TiN has
been employed as a back contact modification and barrier against over-sulfurization
(or over-selenization) in single-junction CZTSSe cells, and proved to be compatible
with up to 9% efficiency devices [163, 233–236]. 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 [27, 60]. 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 [238, 341].

3.2 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 65 %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 Va-
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por 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 [362]. A few experiments used an alternative surface passivation with
40 nm Al2O3, deposited by Atomic Layer Deposition (ALD) using tetramethylammo-
nia (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 an-
nealed 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 simu-
lations (not shown here) and photocurrent density (Jsc) 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 (τ eff) of Si was measured by the microwave
detected photoconductance decay method (µ-PCD) in steady-state configuration at
1-sun illumination using an MDP lifetime scanner from Freiberg Instruments. The
reported lifetime values were obtained from maps of the whole wafer area with 1
cm edge-exclusion margin. The iVoc values were calculated based on the method
described in [117].

The in-diffusion depth profile were measured by SIMS and RBS on selected sam-
ples. 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 quantifica-
tion 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
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fitted using RUMP [363].

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 [162].

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 plate in air at 250 °C for 15
min, in order to improve the properties of the CZTS/CdS heterojunction (see Figure
S8).

The JV 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 ref-
erence 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 measure-
ment 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 com-
plete cells with an excitation wavelength of 785 nm using a modified Renishaw Ra-
man 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 accel-
eration voltage.
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3.3 Results and Discussion*

3.3.1 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 3.1 and illustrated in Figure 3.1. 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 Figure 3.2, the Si minority carrier lifetime of the Cu

Table 3.1: Overview of the different samples used for minority carrier lifetime mea-
surements. Note: all the samples have 25 nm TiN on the backside.

Sample TiN (nm) Annealing atm./T °C Purpose

Cu Reference 25 Vacuum/550 Compare metallic Cu to CZTS
Sulfur Reference 0, 10 Sulfur/525 Isolate the effect of S
CZTS 0, 10, 25 Sulfur/525, 550, 575 Integration of CZTS on Si

Vacuum (550 oC)

Cu Reference 

n + PolySi (40nm)

n + PolySi (40nm)

TiN (25nm)

TiN (25nm)
Cu (100 nm)

SiO2 (1.2 nm)

SiO2 (1.2 nm)

c-Si (n)

(a)

Sulfur (525 oC)

Sulfur Reference 

c-Si (n)

n + PolySi (40nm)

n + PolySi (40nm)

TiN (25nm)

TiN (0 or 25nm)

SiO2 (1.2 nm)

SiO2 (1.2 nm)

(b)

n + PolySi (40nm)

n + PolySi (40nm)

TiN (25nm)

CZTS (300 nm)

SiO2 (1.2 nm)

SiO2 (1.2 nm)

Sulfur (525, 550, 575 oC)

c-Si (n)

CZTS 

(Cu, ZnS, SnS)
TiN (0, 10, or 25nm)

(c)

Figure 3.1: Cross-section scheme of the samples used for minority carrier lifetime
measurements: a) Cu Reference, b) Sulfur Reference, and c) CZTS

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 73% loss of lifetime. The
lifetime is further degraded with increasing annealing time. These results indicate
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that, for this temperature range, the 25 nm TiN barrier layer provided insufficient
protection of the sample against Cu diffusion.

Figure 3.2: Minority carrier lifetime evolution of the Cu Reference sample with anneal-
ing time at 550 °C in vacuum.

In Figure 3.3 (a) and (b), the Si carrier lifetime results for the Sulfur Reference
and CZTS cases are shown. Here, the lifetime was monitored after each major pro-
cessing 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 Figure 3.3 (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 Figure 3.2 is included in Figure 3.3
(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 measurements are shown in the supplementary Figure S2
and Figure S3, respectively.

In Figure 3.3 (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 ex-
planation for this milder contamination effect is that the driving force for the forma-
tion of Cu2-xS phases (the binary phases in the CZTS phase diagram with the lowest
melting point [87]) 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 compara-
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ble to the Sulfur Reference case, indicating that having CZTS in addition to a sulfur
atmosphere does not lead to additional lifetime deterioration.

(a)

(b)

Figure 3.3: 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.
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The influence of the annealing temperature was also studied in the CZTS case
with a series of different annealing temperatures at 525 °C, 550 °C and 575 °C, for
the cases without TiN and 10 nm TiN, as shown in the “After CZTS” step of Figure 3.3
(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 samples
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 processing.
To further understand this behavior, we plot in Figure 3.4 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 Figure 3.3 (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
S10). However, further future investigation will be required to fully clarify this effect.

Figure 3.4: 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).

Despite the degradation throughout the processing, the final lifetimes are above
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1 ms, which corresponds to an iVoc 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 con-
tamination or TO/n+polySi surface depassivation, a complementary experiment was
conducted where a silicon wafer was passivated only at the end of the CZTS process-
ing, 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(25nm)/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 Figure 3.5,
indicate a tolerable 14 mV decrease in iVoc (∼30% lifetime decrease) for the sample
with CZTS processing compared to the clean reference sample.

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.

Figure 3.5: Comparison between the iVoc 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 grey). 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.
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3.3.2 SIMS and RBS Analysis*
To correlate the lifetime results with possible diffusion of contaminants into the Si
bulk, SIMS and RBS measurements were performed on selected Cu Reference and
CZTS-processed samples (after selective removal of the Cu, TiN and CZTS layers).
The SIMS results are illustrated in Figure 3.6. For the Cu Reference samples, the cor-
responding quantitative Cu SIMS depth profiles are shown in Figure 3.6 (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 concentra-
tion is seen with increasing annealing time, which is in qualitative agreement with the
lifetime results of Figure 3.2. In Figure 3.6 (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 Figure 3.6 (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 Figure 3.7 (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 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 Figure 3.7 (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.

3.3.3 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
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(a) (b)

Figure 3.7: 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 contam-
inant elements. The samples were annealed at 525 °C.

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 pos-
sible pre-existing defects. The results are plotted in Figure 3.8. 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 to-
wards the lower temperature side, which may be related to several overlapping defect
signatures or extended defects [364]. In the case of extended defects, an exponential
decay in emission rate may not hold, and will influence the extracted activation ener-
gies and apparent capture cross-sections from an Arrhenius plot of the corresponding
DLTS peak [365]. This peak near 175 K might come from several defects associated
with precipitates of Cu [349, 366], but further measurements would be required to
assign this unambiguosly. 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 previ-
ously been reported in Cu diffused Si and shown to originate from interstitial copper
or a complex of interstitial copper by Istratov et al [367]. 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 forma-
tion of electrically active defects in the Si bulk. This thickness was thus selected to
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Figure 3.8: 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.

prepare a full CZTS/Si tandem solar cell.

3.3.4 Fabrication of a Monolithic CZTS/Si Solar Cell*
The effective minority carrier lifetime of the silicon bottom cell was monitored at dif-
ferent steps of the fabrication process, similar to Section 3.3.1. However, the samples
are now asymmetrically passivated (with TO/p+polySi on the backside). An addi-
tional SiN hydrogenation step (to improve the passivation quality) was also included.
The corresponding iVoc is shown in Figure 3.9 as a function of process steps. Figure
3.9 shows that the iVoc of the silicon bottom cell was slightly degraded after the TiN
deposition step. As mentioned in Section 3.3.1, 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 S10).
The iVoc, 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
JV curves, EQE and schematic illustration of the tandem device are shown in Figure
3.10 (a), (b) and (c), respectively.

As seen in Figure 3.10 (a), the tandem cell shows a Voc of 900 mV, which is higher
than that expected for each individual junction separately, under the same conditions
(see supplementary Figure S6). The efficiency, however, is low (1.10%) and the light
JV curve shows a clear “rollover” effect, which is characterized by a distortion of the
JV curve, causing a very low fill factor (FF). The magnitude of the Jsc seems to be
also affected by the distortion as the EQE measurement in Figure 3.10 (b) shows a
Jsc of around 11 mA/cm2 for each individual cell. We attribute the low efficiency to a
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Figure 3.9: Changes in iVoc 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.

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 JV 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 [368]. 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 [369]. This occurs when there
is one or more barriers to current extraction throughout the solar cell under illumina-
tion. This barrier can be due to the presence of Schottky barriers in non-ohmic con-
tacts (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, this effect has
been reported for non-ideal p-n junctions in single-junction CZTS cells [370], and we
have also seen it in our internal experiments for CZTS/CdS p-n junctions when the
synthesis parameters were not ideal (see supplementary Figure S11). For the tandem
cell, our TiN barrier layer was produced in an unpassivated ALD chamber, which im-
proves 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 [371]. 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) [372]. In the case of a single Si cell, we
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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 supplemen-
tary Figure S12). 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 [373]. 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.
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Figure 3.10: (a) Tandem cell illuminated (solid) and dark (dashed) JV curves. The
insets show the region near Voc and the JV 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 measure-
ment range; (c) Tandem solar cell scheme

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 Jsc of 15.8 mA/cm2 and a
Voc of 585 mV (the JV curve is shown in the supplementary Figure S13), which is
fairly comparable to state of the art thin CZTS devices (with a record of 8.57% for
a 400 nm thick CZTS [374]). However, when compared to the CZTS growth for the
tandem cell, significant morphological differences between the two CZTS layers are
noticeable. The morphology comparison is presented in Figure 3.11. The SEM top
views of CZTS grown on the Si cell and on Mo/SLG, shown in Figure 3.11 (a) and
(b), respectively, reveal a clear difference in grain size. The SEM cross-section of the
tandem cell, in Figure 3.11 (c), shows that the CZTS exhibits a double layer structure,
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with a smaller grain size. In comparison, the CZTS grown with the same conditions
on Mo-coated soda-lime glass (SLG), shown in Figure 3.11 (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 S7). 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.

(a) (b)

(c) (d)

Figure 3.11: 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.

The results of this work show that there is a margin for monolithically integrat-
ing 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 gener-
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alized 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 semicon-
ductors as top cell alternatives.

3.4 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 investigated the use of a thin TiN barrier layer to protect
the bottom Si cell from in-diffusion of metals and sulfur 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 (except 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 Voc of 900 mV, which shows an
additive Voc effect. The iVoc 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 mentioned.

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 cop-
per — 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 al-
low for achieving high efficiency monolithically integrated tandem solar cells in the
future.

S1 Supporting Information*
The statistics for the set of 10 symmetrically n-passivated wafers is shown in Figure
S1. The representative lifetime was taken as the mean value, and the uncertainty
as the maximum deviation. The passivation quality is considered to be high, as the
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corresponding implied Voc of the silicon solar cell exceeds 700 mV. It is important to
have a good quality passivation when conducting lifetime studies, because the effec-
tive minority carrier lifetime is always a contribution from bulk recombination and
surface recombination. A high quality surface passivation minimizes the contribution
of the surface recombination term, and allows to draw conclusions about changes in
the bulk during processing. Throughout this study, it was observed that samples with
low quality passivation (or weak resistance to depassivation) would yield different
lifetime results due to the depassivation of the surface, making it difficult to study
specific changes in the bulk due to contamination. By ensuring a high quality pas-
sivation across the wafer set, we have more confidence that the lifetime results are
directly comparable and give information about changes in the Si bulk.

Figure S1: Statistical lifetime distribution of the set of 10 symmetrically n-passivated
wafers. A scheme of the passivated structure is shown as inset).

In the metallic Cu reference lifetime test, to prove unequivocally that it is the
metallic Cu that is responsible for the deterioration in lifetime (and not, for example,
the high temperature annealing of its own and possible effects on the passivation),
we conducted a similar metallic Cu diffusion test as in the main text, but patterned a
large area near the center of the wafer, where no Cu was deposited. The results are
shown in Figure S2. After annealing, the results clearly show that the Cu-free area
exhibits a lifetime close to the original as-passivated values (> 1.5 ms), whereas the
areas exposed to Cu show a large degradation in lifetime. Moreover, by keeping track
of changes the annealing time, the effect of lateral Cu diffusion into the patterned
area is evident, highlight the high diffusivity of Cu in Si.

The Sulfur reference test allowed us to decouple the effect of the S atmosphere
during the CZTS annealing from the effects of the CZTS itself. In Figure S3 a direct
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(a) (b)

Figure S2: Variation of the Cu diffusion reference of the main text with patterning
included. (a) After just 30 minutes of annealing in N2, the edges of the pattern are
already showing decreased lifetime, highlighting the effects of lateral diffusion of
Cu. The region not covered with Cu, defined by the pattern, retains a high lifetime,
similar to the as-passivated value, meaning that the surface does not depassivate
during annealing; (b) After 60 minutes of annealing in N2, some Cu already diffused
into the patterned area, as indicated by the further degradation in lifetime.

comparison of an as-passivated quarter and a quarter annealed in an S atmosphere
is shown. Both quarters are from the same initial wafer. The result indicates that
S is detrimental for the lifetime of Si, which explains the lifetime results shown in
the main text. Interestingly, the final after annealing lifetime is nearly the same for
S annealing and for CZTS annealing. Considering the SIMS, RBS, and DLTS results
from the main text, this suggests that the mechanism for lifetime degradation is dif-
ferent in these two cases: in the sulfur annealing it is sulfur contamination which is
degrading the lifetime, whereas in CZTS annealing the Cu contamination seems to
be more relevant. Still, in both cases the end lifetimes are significantly higher than in
the metallic Cu case.

In the main text, a claim was made that the interpretation of the low temperature
DLTS peak near 175 K was ambiguous due to the low temperature tail and broad-
ening. To gain further insight on this, a 4-term Gaver-Stehfest algorithm (GS4) was
used for signal extraction. The advantage of this algorithm is that it significantly
increases the detection resolution, at the cost of a lower signal-to-noise ratio [375].
The results are shown in Figure S4. Using GS4, several individual peaks can now
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Figure S3: Lifetime mapping showing the effeccts of sulfur annealing for the 25 nm
TiN case at 525 °C, compared to a non-annealed quarter from the same wafer. It
clearly shows the detrimental effect of annealing the Si wafer in a sulfur atmosphere.

be resolved. This is an indication of either overlapping or extended defects in the Si
bulk, and justifies why no activation energies were extracted for this low temperature
feature. The extraction was only done for the higher temperature peak (near 270 K).

Having identified the high temperature feature as a single peak, a rate window
variation was performed to extract the corresponding Arrhenius plot from the peak
shift. These results are shown in Figure S5 (a) and (b). Certain peaks shifted outside
the measurable temperature range, meaning that only 3 peaks could be used to make
the Arrhenius plot. As such, the extracted parameters have a large uncertainty. Nev-
ertheless, the values reasonably match well-known Cu defects in Si, as mentioned in
the main text.

In the text, it was claimed that the tandem exhibited a Voc of 900 mV, and higher
than each individual single junction solar cell. Figure S6 shows the best JV curves
of both single junction solar cells, at the time the CZTS/Si tandem was fabricated.
Although the values are currently under optimization, it can be seen that in both
cases a Voc around 600 mV is expected using the same parameters as used for the
production of the tandem cell (when applicable).

As mentioned in the main text, the transparency of the TiN layer can be improved
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Figure S4: Comparison of the main DLTS signal (lock-in) with the 4-term Gaver-
Stehfest (GS4) signal. The comparison shows that the low temperature (below 200
K) feature is a contribution of several peaks, whereas the high temperature feature
(around 270 K) is a single peak. Here, the rate window used was 640 ms (window
6).

(a) (b)

Figure S5: DLTS spectra with time window variation (with lengths 2i×10 ms, i = 1,
. . . , 6); (b) Arrhenius plot corresponding to the high temperature peak of (a). Here,
en

max is the electron emission rate, Ea is the defect activation energy, and σna is the
capture cross-section. Only 3 peaks fall within the experimental temperature range.

by incorporating oxygen into the films, albeit at the cost of increased resistivity. In this
work, the oxygen content was controlled by the amount of residual oxygen available
in the ALD reactor during the deposition. The transmission spectrum as well as the
absorption coeficient (α) of the 10 nm TiOxNy, used in the tandem cell, is compared
with 10 nm TiN and TiO2 layers in Figure S7. As can be seen in Figure S7, a high
transmission of around 90 % in the near infrared region was achieved for the TiOxNy

layer, however, the resisitivity of the film increased by several orders of magnitude
from 0.5 - 1 mΩ cm for TiN, to around 40 Ω cm for TiOxNy.

By monitoring the minority carrier lifetime of the samples throughout different
processing steps, we observed that the TiN deposition can have a negative effect on
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time of fabrication of the CZTS/Si tandem cell. In the tandem cell, the Voc reached
close to 900 mV, whereas each individual cell only shows around 600 mV.
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Figure S7: Transmission spectra (solid lines left y-axis) and aborsption coeficient
(dashed lines right y-axis) of 10nm TiN, 10 nm TiOxNy, and 10 nm TiO2 films de-
posited on fused-silica (SiO2) substrates.

the lifetime of the samples. In section 3.1 of the main text, it was argued that for
the samples in the lifetime series a mild Fe contamination could be occurring dur-
ing the ALD step, and in the tandem cell sample an additional partial loss in the
hydrogen passivation could be happening as well, as the sample had an extra hydro-
genation step using SiN:H. To further evaluate the TiN effect, special samples were
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prepared. In these samples, the front (n+polySi) or rear (p+polySi) surface of the de-
vice precursor wafers were coated by a 75 nm SiN:H layer. The SiN:H layer was then
patterned by photo-lithography and wet-etching in buffered HF to expose the underly-
ing n+polySi/p+polySi layer. Photos of such samples are shown in Figure S8 (a) and
(b) as examples. It has been confirmed by lifetime maps (before and after patterning,
not shown here) that the patterning process has no significant effect on the minority
carrier lifetime of the wafers. Moreover, these lifetime mappings have been done with
the non-patterned side facing upward (which had a blanket SiN:H layer) to exclude
any possible optical effects of the pattern on the measurements. Subsequently, 10 nm
TiOxNy was deposited on the patterned surface, and the minority carrier lifetime was
mapped over the entire wafer. The obtained lifetime maps are shown in Figure S8 (c)
and (d). As it can be noted from the lifetime maps, the exposed areas exhibit lower
minority carrier lifetime in both cases, however the p+polySi sample seems to have
more severe degradation compared to the n+polySi counterpart. A possible explana-
tion for this loss can be attributed to a partial loss of hydrogen passivation (provided
by the preceding hydrogenation process with SiN:H) in the exposed areas as a result
of the high temperature ALD process. In the non-exposed areas, this loss is not ex-
pected as the hydrogen is provided by the SiN:H layer, which contains high amount
of atomic hydrogen as impurity. If that is the case, a post-TiN hydrogenation process,
e.g., by annealing the samples in a hydrogen rich-atmosphere, such as forming gas
or remote hydrogen plasma, could help to recover the initial lifetime. Regarding the
possibility of Fe contamination, it has been seen that placing the samples on a clean
dummy wafer can mitigate the degradation (not shown here). A clean dummy wafer
was in fact used for the tandem cell fabrication (in section 3.4 of the main text), but
a degradation in lifetime was still seen after the TiN step, suggesting that the hydro-
genation loss might also be playing a role. Note, however, that in the case of a mild
contamination during the TiN deposition, the same protective effect of SiN shown
in Figure S10 would still occur, as it would block the diffusion of contaminants into
Si. For this reason, we are still not able to single out the reason for the degradation
occurring during the TiN step, and this requires additional investigation in the future.

We have seen throughout our processing that blocking behaviors can occur also in
our single junction CZTS cells, causing a roll-over effect on the JV curve. We compare
this to the tandem cell in Figure S9. In a tandem cell, we speculate that this could be
related to the lack of alkali elements in the CZTS layer or to non-ohmic interfaces at
the TiN barrier layer. In the case of the single CZTS cell, the roll-over was caused by
a non-ideal CZTS composition, and the effect was completely removed by tuning the
CZTS composition. In the tandem cell, the same ideal CZTS composition was used.
The exact cause of the rollover behavior in the tandem cell is still under investigation.

Additionally, we have found evidence that part of the roll-over effect could be
occurring on the Si bottom cell alone, due to the presence of TiOxNy between the
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Figure S8: Effect of the TiN deposition on the passivisation quality of n+polySi (left)
and p+polySi (right) TOPCon structures. Patterned SiN pictures ((a) and (b)) and
the corresponding lifetime maps ((c) and (d)) on n+polySi/TO and p+polySi/TO
structures.

n+polySi and the TCO layers. This is shown in the JV curve of Figure S10. The roll-
over is not as significant as in the tandem cell, suggesting that this is likely not the
only contributor to the overall distortion of the tandem JV curve. As mentioned in
the main text, this effect can be controlled by tuning the amount of oxygen allowed
in the TiN film.

To evaluate the performance of the top cell and the current matching condition,
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Figure S9: Comparison of a rollover effect experimentally found during the tuning of
the CZTS baseline process and the roll-over effect on the tandem cell. While this prob-
lem was resolved in our single junction CZTS baseline, the reasons for this behavior
in the tandem cell are currently under investigation.
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Figure S10: Comparison of a single junction Si solar cell with and without a TiN layer
on the top. The presence of a 10 nm TiN layer causes a roll-over effect, distorting the
JV curve.

a CZTS single junction solar cell was prepared, with a thickness similar to that of
the tandem cell, around 275 nm. The JV characteristic of this “thin single thin CZTS
cell” is plotted in Figure S11. Despite its reduced thickness, this solar cell reaches
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almost 16 mA/cm2 and has an efficiency of 5.8% , comparable to the best CZTS cells
produced at the time of the tandem fabrication. However, the tandem results do
not show this behavior, as can be seen by the severe blocking occurring in the first
quadrant of the JV curves. This suggests that the top CZTS cell in the tandem is not
performing as well as the thin single junction CZTS. The reasons for this are currently
under investigation.
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Figure S11: JV characteristic of the single junction thin CZTS solar cell. Despite a
reduced thickness of only 275 nm, the current reaches close to 16 mA/cm2.

A further indication of the top CZTS cell limiting the tandem performance was
obtained using room-temperature photoluminescence (PL) on complete devices. As
Figure S12 shows, the single thin CZTS cell has a PL yield 2 orders of magnitude
higher than the CZTS on the tandem cell, despite having been produced under the
same conditions (including all the buffer layers). This naturally comes from the dif-
ference in grain size, as shown by the SEM images in the main text, but it is also
debated that Na and other alkali metals can lead to a reduction in non-radiative re-
combination and increase in device performance [376].

It is mentioned in the experimental methods that the full tandem cell is annealed
on the hotplate in air at 250 °C. This step is used to improve the properties of the
CZTS/CdS heterojunction. The effects of this annealing step are shown in Figure
S13.
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Figure S12: Photoluminescence comparison of CZTS grown on 10 nm TiN in the
tandem device (blue) and on Mo in a 5.8% efficient thin CZTS cell (black). The
wavelength of the excitation laser was 785 nm.
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Figure S13: EQE Improvement of the top cell upon hot plate annealing in air at 250
°C: (a) before hot plate annealing; (b) after hotplate annealing.



CHAPTER4
Monolithic CZTS-Si

Integration: Barrier Layer
Optimization

Summary
This chapter presents how the barrier layer engineering can affect the performance
of the overall tandem device. A comparative study between three different barrier
layers namely, TiN, TiOxNy, and TiN-Al-TiN (stuffed TiN), having different optical
transparency, electrical resistivity, and degree of protection were performed. The pros
and cons of each barrier configuration were discussed in detail through fabricating
manifold of monolithic devices.

Disclaimer
The content of this chapter include reprints of a previously published work (Paper 2
[377]), which investigates and compares the influence of different TiN-based barriers
in monolithic CZTS-Si tandem solar cells. The paper includes “Abstract”, “Introduc-
tion”, “Materials and Methods”, “ Results and Discussions”, and “Supporting Informa-
tion”. All reproduced sections (from published work) are marked with an asterisk
“*”.

Author’s Contribution
My contribution consisted of the literature review, establishing experimental ideas,
choice of materials, barrier layer development, tandem cell design and architecture,
preparation of all silicon related samples (except for the CZTS part), characterization,
data analysis/interpretation, and manuscript preparation.
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Remarks

TiN-Al-TiN barrier layer
In the following paper, a TiN-Al-TiN barrier layer was used, where a thin Al layer
(1–2 nm) is sandwiched in between two TiN layers, inspired by the work of Nam
and colleagues [378]. The purpose of the Al layer is two-fold: 1) to disrupt the
continuous columnar growth of the TiN grains, and more importantly, 2) to stuff
the grain boundaries by Al2O3. The latter can simply be realized by a pre-drive-in
anneal of the structure in an oxygen-rich atmosphere at moderate temperatures (the
grain boundary diffusion should be much more significant than the bulk diffusion).
During the annealing, the Al diffuses into the neighboring TiN grain boundaries and
reacts with the oxygen atoms (coming from the environment) and forms Al2O3. As
a result, the columnar grain boundaries, which act as “highways” for diffusion, are
blocked by Al2O3, and thereby the barrier protection improves. Please note that in
this case, all three layers have to be deposited in an ultrahigh vacuum chamber to
avoid preoxidation of the Al layer. Therefore, we used the sputtering method to
deposit the TiN-Al-TiN barrier layer (instead of the usual PEALD method), so that all
layers could be deposited in sequence without breaking the vacuum.

To test the usefulness of the Al layer, we performed preliminary diffusion exper-
iments on simple Si/diffusion barrier/Cu diffusion test structures, annealed in vac-
uum at a constant temperature for different annealing duration until the barrier layer
failed. The barrier failure point corresponds to the time, at which significant amounts
of copper silicide (Cu3Si ) compounds form as a result of excessive Cu diffusion due
to the barrier failure. The Cu3Si can be simply detected using X-ray diffraction (XRD)
and scanning electron microscopy (SEM), or indirectly, by sheet resistance measure-
ments using a four-point probe as the formation of such compounds drastically in-
creases the Cu sheet resistance (Cu3Si is much more resistive than pure Cu). The
method is customary and has been used in numerous Cu diffusion barrier studies, for
instance in [216, 378, 379].

In this regard, Si/TiN(5nm)-Al (1 & 2 nm)-TiN(5nm)/Cu (100 nm) samples were
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Figure 4.1: Changes in sheet resistance (a) and XRD patterns (b) of Si/TiN-Al-TiN/Cu
samples with different thicknesses of the Al interlayer, namely 0, 1, and 2 nm, upon
annealing at 550 °C in a vacuum. The schematic of the annealed structure is shown
as an inset in (a).

(a) TiN (12 nm) – 60 min (b) TiN (12 nm) – 90 min

Figure 4.2: SEM micrographs of the TiN (12 nm) reference samples (no Al interlayer)
after 60 min (a) and 90 min (b) of annealing at 550 °C in a vacuum.

prepared and annealed at 550 °C for 30, 45, 60, and 90 min in vacuum. A reference
Si/TiN(12 nm)/Cu (100 nm) was also used for comparison (TiN deposited by sputter-
ing). To minimize sample to sample variation, all annealed samples belonging to each
barrier configuration was cleaved from the same sample (each wafer was cleaved into
4 quarter samples). After annealing, the samples were characterized by X-ray diffrac-
tion (XRD), four-point probe and SEM, as shown in Figure 4.1 and 4.2. In Figure 4.1
(a), the sheet resistance of the structure is almost constant until 60 min of annealing
(slightly decreases due to Cu crystallization (see Cu peaks in Figure 4.1 (b)). After
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60 min, the sheet resistance of the reference TiN (12 nm) sample abruptly increases,
while it remains intact for the other two TiN-Al-TiN samples. As mentioned, the rea-
son for the increased sheet resistance is the formation of resistive Cu3Si compounds,
which is further confirmed by XRD in Figure 4.1 (b). Moreover, the Cu3Si phases are
clearly visible in the SEM micrograph shown in Figure 4.2 (b) (bright phases), while
no such features were noticed up to 60 min annealing in Figure 4.2 (a). Thus, our
finding corresponds well with what Nam et al. [378] proposed that the thin Al layer
improves the barrier protection of the TiN films against Cu diffusion.

The paper starts from here

Paper 2: Nitride-Based Interfacial Layers for Monolithic
Tandem Integration of New Solar Energy Materials on Si:
The Case of CZTS [377]
Filipe Martinho†, Alireza Hajijafarassar†, Simón Lopez-Marino, Moises Espíndola Ro-
dríguez, Sara Engberg, Mungunshagai Gansukh, Fredrik Stulen, Sigbjørn Grini, Stela
Canulescu, Eugen Stamate, Andrea Crovetto, Lasse Vines, Jørgen Schou, and Ole
Hansen

†: These authors contributed equally.

Abstract*

The monolithic tandem integration of third-generation solar energy materi-
als on silicon holds great promise for photoelectrochemistry and photovoltaics.
However, this can be challenging when it involves high-temperature reactive pro-
cesses, which would risk damaging the Si bottom cell. One such case is the
high-temperature sulfurization/selenization in thin film chalcogenide 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 composi-
tion 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 mono-
lithic 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 con-
ventional interfacial layers based on transparent conductive oxides and pointing
to a promising alternative design in solar energy conversion devices.
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4.1 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 pos-
sibility of higher conversion efficiencies and to inherent functional advantages in the
fields of both photovoltaics and photoelectrochemistry [380]. In photovoltaics, a MI-
2T tandem solar cell minimizes the number of processing steps and interconnections
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) [27]. 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-temperature sulfurization of the thin-film chalcogenide Cu2ZnSnS4(CZTS)
[328]. To achieve functional CZTS/Si monolithic devices, it has been suggested that
strategies for protecting the bottom Si cell need to be developed [81, 208, 328]. In
this work, we approach this problem through a comparative study of CZTS/Si tan-
dem 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 passiva-
tion (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
[328]. 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 [215, 216, 381]. 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 re-
silience 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 bound-
aries, reducing the grain boundary diffusion through the columnar structure of thin
TiN films [378].

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
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layers based on transparent conductive oxides (TCOs) [81], suggesting that this diffu-
sion 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.

4.2 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 polySil-
icon layers (p+polySi and n+polySi) were grown on each side of a monocrystalline
n-Si substrate. To improve the surface passivation quality of the top and bottom in-
terfaces, 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 en-
hance 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 subse-
quent 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 fabrica-
tion of the bottom cell structures were mentioned in previous work [328]. 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 co-sputtered 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
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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 [157].

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 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 measure-
ments. 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 chem-
ically 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 sam-
ples 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 diffu-
sion 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
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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 JV 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 JV 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 us-
ing a QEXL setup (PV Measurements) equipped with a grating monochromator, ad-
justable 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.

4.3 Results and Discussions*
The effectiveness of the three TiN-based interfacial layers was evaluated by a com-
bination of measurements of the effective minority carrier lifetime on the bottom Si
cell (hereafter termed lifetime), the tandem JV characteristics and their respective
external quantum efficiency (EQE), and the optical transmittance of the TiN layers.
Figure 4.3 shows a comparison of the Si lifetime after CZTS processing of three tan-
dem 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 4.3 (a) 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 4.3 (a). The lower life-
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times 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 nonpat-
terned versions of this experiment, shown in Figure S1 of the Supporting Information
(SI). From our previous work [328], this reduction in lifetime can be connected to
contamination of the Si bottom cell with elements from CZTS and to the loss in sur-
face passivation quality of the Si front and back surfaces. However, Figure 4.3 (b)
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.

Figure 4.3: 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 win-
dows 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.

The chemical composition of the TiN-10 and TiON-10 layers was determined by
using X-ray photoelectron spectroscopy (XPS) and is shown in Figure 4.4 and Table
4.1. Figure 4.4 (a) and (b) 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) [382–384],
TiO2 (Ti 2p3/2, 458.2 eV) [384], and an intermediate oxynitride compound TiOxNy
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(Ti 2p3/2, 455.6 eV) [384]. To achieve a better fit for the TiN-10 sample, an addi-
tional 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 [382, 383]. 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 4.4 (c) and (d)) fur-
ther 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 4.1. The TiON-10 barrier layer had 37 at.%
oxygen, resulting from the coexistence of TiN, TiO2, and TiOxNy phases. In compar-
ison, 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 [384]. While no improvement in Cu barrier properties is expected
for oxygen contents up to 15% [216], it has been reported that for higher oxygen
contents a stuffing effect occurs, resulting in improved barrier properties against Cu
diffusion [381], which is in line with our results.

Table 4.1: 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

a The composition was estimated by using the Ti 2p3/2, O 1s
and N 1s peaks.

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 minutes, as described in previous work [328]. The corresponding
SIMS results are shown in Figure 4.5. 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
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Figure 4.4: XPS spectra for TiN-10 and TiON-10 samples. (a) and (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.

the JV characteristic, as we have found previously [328].
The light JV characteristics and EQE spectra of two different tandem cells with

the TiN-5 barrier layer are shown in Figure 4.6 (a) and (b), 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 4.6 (b). 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 SI (Figure S2). As mentioned above, the
decrease in lifetime and performance can be explained by a combination of loss of
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Figure 4.5: 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.

surface passivation in the bottom Si cell (increase in surface recombination velocity)
and a contamination of the Si bulk with elements from CZTS.
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Figure 4.6: (a) JV 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.

To further investigate the influence of bulk and surface recombination in our re-
sults, we have derived a simple theoretical model for the internal quantum efficiency
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(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 re-
combination velocity S at the illuminated surface. By using Donolato’s reciprocity
theorem for the collection efficiency [385, 386] and solving the appropriate minority
carrier diffusion equation with a matching flux condition on the nonideal surface, the
IQE can be shown to be

IQE = αLp
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where α is the absorption coefficient, D is the diffusion coefficient, and Lp is the
diffusion length, with Lp =

√
Dτbulk. 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 expression [387, 388]
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Using equation 4.1 and equation 4.2, we can then simulate IQE curves for silicon
with some experimentally measured τeff and find possible matching combinations of S

and τbulk. Figure 4.7 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 4.3 (a) as well as Figure S1 and Figure S6). The set of
τbulk and S values matching τeff are listed as inset in each graph in Figure 4.7, 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 [389], a thickness of L = 350 µm, and the diffusion coefficient for holes in
Si of D = 12 cm2s-1.

The expression for S in equation 4.2 was used because it is still a good approx-
imation for large values of S, unlike simpler expressions [387]. However, note that
the tangent function has an argument limit of π/2, which places constraints on the
values 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 wave-
length region (near 1000 nm, as shown in Figure 4.7 (a), (b) and (c)), which appears
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(a) τeff = 50 μs (b) τeff = 30 μs (c) τeff = 10 μs
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Figure 4.7: Simulated internal quantum efficiency curves for Si with effective mi-
nority 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 recombi-
nation (high S).

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 inter-
faces. Furthermore, we have investigated in previous work the possibility of passivat-
ing the Si surface only after CZTS annealing and etching (end-passivation), thereby
avoiding the depassivation effect [328]. It was found that end-passivated samples ex-
hibited 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 [328]. In any case, a successful barrier layer will si-
multaneously minimize the impact of both bulk and surface degradation. Another
important feature revealed by the simulations of Figure 4.7 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 4.6 (b). Even though the experimentally measured τeff for both
samples is below 300 µs, small differences due to processing variabilities and varia-
tions in lifetime near the patterned TiN windows (which can clearly be seen in Figure
4.3 (a) 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
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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 4.6 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 4.6 (a) 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 4.6 (b), which we
ascribe to baseline variability, even though the CZTS synthesis conditions were kept
as constant as possible throughout these experiments. Furthermore, because the ac-
tive 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 recom-
bination 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 4.6 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 [328]. 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 below in Table 4.2), and is approximately the expected
value of our in-house single junction Si cell when the light spectrum is filtered accord-
ing to our CZTS bandgap (1.45 eV, as determined from the inflexion 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 4.6 (a) 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 resistiv-
ity (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 [378], which further highlights the potential of the alternative tandem config-
uration proposed in this work. It is critical, then, to search for a better compromise
between the barrier function and the interconnection function.

To further explore this possibility, we investigated a modified TiN barrier layer, in
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which a thin Al layer is sputtered in-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 [378], prior to CZTS
fabrication. The JV and EQE results are summarized in Figure 4.8. The results show
that there is an improvement in the Si EQE compared to the Si compromised case
shown in Figure 4.6, 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.
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Figure 4.8: (a) Light and dark JV characteristic curves for a tandem cell using a TiN
(5 nm)-Al (2 nm)-TiN (5nm) 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.

These results can be understood by comparing the respective postprocessing life-
times, as was done previously in Figure 4.3 for the TiN-5 and TiN-10 cases. In Figure
4.9, 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 4.3 and Figure S1. This
is consistent with the EQE results of Figure 4.6 (b), Figure 4.8 (b) and Figure S2 (b),
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
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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.

Figure 4.9: 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.

For comparison, the transmittance spectra of all the barrier layers used in this
study are shown in Figure 4.10. 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 (below 1.72 eV), corre-
sponding 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 en-
ergy 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 cells [378] and bifacial kesterite cells [238].

The fundamental trade-off, then, is that while the TiON-10 appears to be a suc-
cessful 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
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Figure 4.10: Optical transmittance of the interfacial barrier layers used in this study,
as deposited on a fused silica glass substrate. For reference, the ideal bandgap match-
ing point and the CZTS bandgap measured in this work are marked.

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 4.11 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 tempera-
ture (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 compar-
ison between the interfacial layers used to produce monolithic CZTS/Si tandem cells
is shown in Table 4.2.

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 feasi-
bility of this monolithic integration, as it can make a difference between a full Si
protection and varying degrees of degradation. Future research in alternative diffu-
sion barrier materials could solve the trade-offs mentioned above. In this sense, for
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Figure 4.11: 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.

future work we suggest the possibility of using other nitride-based compounds such
as tantalum nitrides, which are especially effective against Cu diffusion [379].

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 [378]. 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 en-
ergy conversion devices. Such materials can also involve complex multistep synthe-
sis approaches and often require high-temperature steps. Some examples are the
high-bandgap CuGaSe2 (CGSe) in the photovoltaic field, and numerous high-bandgap
metal-oxide photoanode materials in the photoelectrochemistry field such as BiVO4

[390], WO3 [391] and α-Fe2O3 [392], all of which may require, in many cases, pro-
cessing temperatures above 500 °C. The feasibility of their monolithic integration
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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
before [328]), 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 CGSe/Si tandem solar
cell already exists, where almost no Si degradation occurred, in spite of the high-
temperature step involved in the CGSe fabrication [80]. 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.

S1 Supporting Information*
In the main text, it was mentioned that the barrier layer thickness (comparing the TiN-
5 and TiN-10 cases) had no noticeable influence on the protection of the Si bottom
cell, both in experiments with SiN patterning and without patterning. Figure S1
shows a side-by-side Si lifetime comparison of two nonpatterned tandem wafer pieces
with 5 nm and 10 nm TiN, after CZTS annealing. The measurement was done on
a full tandem wafer, before the Ag back contact deposition. The lifetime mapping
shows comparable lifetime values. In both cases, the original Si lifetime (before CZTS
processing) was slightly above 1 ms, meaning that a significant degradation occurred
in both cases.

The data in Figure S1 indicates that both TiN barriers have a temperature thresh-
old lower than the CZTS annealing temperature used. In the main text, the TiN-5
case is used to analyze the effects of Si bottom cell degradation on the JV and EQE
results. In Figure S2, the TiN-10 results are added for comparison. The results are
similar, but the lower transmittance of the TiN-10 barrier leads to an even lower Si
cell EQE overall.
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Figure S1: Si minority carrier lifetime comparison for a TiN barrier layer thickness of
5 nm (left) and 10 nm (right). The annealing temperature for CZTS formation was
575 °C.

Another aspect discussed in the text was a slight tandem Voc degradation occur-
ring after cleaving the tandem cells. Due to the large area difference between typical
Si cells and CZTS cells processed in our facilities (typically several cm2 versus <1 cm2,
respectively), the full tandem cell was cleaved in several pieces, and the tandem cell
area was defined by the geometry of the cleaving itself. However, cleaving a Si wafer
into smaller sizes exposes its edges, and increases the edge area proportion relative
to the total area, which can increase the surface recombination velocity and hence
reduce the Voc contribution from the Si bottom cell. We have found experimental ev-
idence of this degradation, as shown in Figure S3. The highest Voc measured in this
case was 1064 mV before cleaving, for the TiN-5 case. A small difference in Voc be-
tween the 5 nm and 10 nm is visible, with the TiN-5 case showing higher Voc. Part of
this difference is again explained by the differences in transmittance between the two
barriers, but a small contribution can also be due to variations in the Voc produced
by the CZTS top cell. Nevertheless, according to Figure S2 (b), the EQE of the CZTS
top cells was quite comparable for this trial. These results suggest that the effective
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Figure S2: (a) JV characteristic curve and (b) EQE results of two CZTS/Si tandem
cells with a 5 nm (solid line) and 10 nm (dashed line) TiN barrier layer (TiN-5 and
TiN-10).

tandem cell Vocs achievable with this configuration are well above 1V.
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Figure S3: Effect of cleaving on the total tandem cell Voc. In all trials, the uncleaved
area was on the order of a few cm2, whereas after cleaving the area is reduced to
below 1 cm2.
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To analyze and interpret the decrease in performance of the Si bottom cell after
CZTS annealing, as shown from the JV and EQE results of the main text and from
Figure S2, we propose the following simple theoretical model. The external quantum
efficiency (EQE) of a cell with window layer with transmittance T and reflectance R

is EQE = IQE (1 − R) T , where IQE is the internal quantum efficiency, defined as the
spectrally resolved ratio of collected current density JC (λ) to incident photon flux
density Jγ0 (λ) on the absorber (after reflection) multiplied by the unit charge q, i.e.,

IQE(λ) = JC (λ)
qJγ0 (λ)

(4.3)

The photon flux density Jγ (x, λ) in the absorber decays exponentially with depth
x into the absorber Jγ (x, λ) = Jγ0 (λ) exp (−αx) due to absorption characterized
by the absorption coefficient α = α (λ) of the absorber. The absorption causes in
turn an electron-hole pair generation rate G (x, λ) = αJγ (x, λ),1 and some fraction
CE (x) of the generated minority carriers reach the separating junction, where they
are collected and add to the collected current, i.e., the incremental current density
dJC from the absorber element dx at x is

dJC(x, λ) = qCE(x)α(λ)Jγ(x, λ)dx (4.4)

where CE (x) is the collection efficiency/probability. It follows that the incremen-
tal dIQE =dJC(x, λ)/[qJγ0 (λ)] is

dIQE = CEαexp(−αx)dx (4.5)

since the common factor Jγ0 (λ) cancels out. Thus, the internal quantum effi-
ciency is obtained from the integral over the thickness L of the absorber

IQE =
∫ L

0
CEαexp(−αx)dx (4.6)

Based on this expression for the IQE, we will consider a few model cases next. The
collection efficiency/probability CE is easily calculated using Donolato’s reciprocity
theorem,2,3 which essentially says that the charge collection probability equals the
excess carrier profile for a unit excess carrier injection at the charge collection junc-
tion. Therefore, the corresponding hole continuity equation becomes:

∂p

∂t
= D

d2p

dx2 − p − p0

τbulk
(4.7)

where the excess carrier concentration p−p0 is defined as the collection efficiency
CE , τbulk is the bulk lifetime and D is the diffusion coefficient. Using the diffusion
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length Lp =
√

Dτbulk and considering the steady-state solution, the equation to con-
sider is then

d2CE

dx2 − CE

L2
P

= 0 (4.8)

In our sample, we consider a perfectly collecting junction at x = L, so the bound-
ary condition is CE (L) = 1. We shall include interface recombination at the illumi-
nated surface x = 0, with recombination velocity S, therefore the surface boundary
condition is D dCE

dx (0) = SCE(0). Then, the solution for the collection probability CE

(excess carrier profile) is

CE (x) =
sinh

(
x

Lp

)
+ D

SLp
cosh

(
x

Lp

)
sinh

(
L

Lp

)
+ D

SLp
cosh

(
L

Lp

) (4.9)

Neglecting bulk recombination first, then Lp ≫ L, and we can make the approxi-
mation

CE (x) ≈
(

x
L + D

SL

)(
1 + D

SL

) (4.10)

In the ideal case, CE= 1, and then the integral yields

IQEideal = 1 − exp(−αL) (4.11)

In case of an extremely poor front surface (infinite surface recombination velocity)
we have CE = x/L, and thus

IQE =
∫ L

0

x

L
αexp(−αx)dx = 1 − exp(−αL)

αL
− exp(−αL) (4.12)

Finally, in the general case (still without bulk recombination) the IQE integral is

IQE =
∫ L

0

x
L + D

SL

1 + D
SL

αexp(−αx)dx (4.13)

with solution

IQE =
D

SL (1 − exp (−αL)) + 1−exp(−αL)
αL − exp (−αL)

1 + D
SL

(4.14)

The solutions to this equation 4.14 for different values of S and L are plotted in
Figure S4 (a) and (b).
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Figure S4: Calculated internal quantum efficiency for (a) ideal and poor surface cases,
where the dashed curves correspond to a cell thickness L = 500 µm and the full curves
correspond to L = 350 µm, and (b) different surface recombination velocities for L =
350 µm.

When considering simultaneously bulk and interface recombination, we must
solve the integral

IQE =
∫ L

0

SLp

D sinh
(

x
Lp

)
+ cosh

(
x

Lp

)
SLp

D sinh
(

L
Lp

)
+ cosh

(
L

Lp

) αexp (−αx) dx (4.15)

Which has the solution

IQE = αLp

2

(
SLp

D + 1
) e−αLe

L
Lp − 1

1 − αLp
+

(
SLp

D − 1
) e−αLe

− L
Lp − 1

1 + αLp(
cosh

(
L

Lp

)
+ SLp

D sinh
(

L
Lp

)) (4.16)

Equation 4.16 was then used in the main text to simulate IQE curves for typical
effective lifetime values of compromised Si bottom cells (10, 30 and 50 µs, in Figure
4.7). The shape of the solutions obtained from the simulations resemble the EQE of
the Si bottom cell in the tandem cell results shown in the main text. However, the
presence of the CZTS top cell and its absorption convolutes the results and compli-
cates the analysis. Therefore, we have fabricated single junction Si solar cells where
CZTS was fabricated on top of Si as in the main text (cosputtering + annealing in sul-
fur), and subsequently CZTS and TiN were selectively removed by chemical etching
in a mixture of H2O2:4H2SO4 (piranha) and RCA1 solutions, followed by a dilute HF
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dip. The Si cells, with an area of 0.8×0.8 cm2 were fabricated from a quarter section
of a wafer comparable to the wafer with a barrier layer of 10 nm TiN (TiN-10 from
the main text), and also 25 nm TiN. Al-doped ZnO (AZO) was used as the front elec-
trode. The contact area between CZTS and TiN/Si was defined through a 75 nm SiN
patterned window, similar to the patterned window experiment shown in the main
text. A photograph of the wafer is shown in Figure S5. The quarter used for a single
junction Si cell after CZTS processing is labeled “CZTS Reference piece”.

Figure S5: The patterned wafer used for tandem fabrication in the main text. The
dark blue/brown color is due to SiN patterning. The highlighted piece was used to
evaluate the possible effects of CZTS processing on the performance of the bottom
silicon cell.

The corresponding lifetime results after CZTS annealing are shown in Figure S6.
The results are very similar to those shown in the main text for the SiN-patterned
wafer (Figure 4.3 of the main text), showing that the thicknesses here used —25,
10 and 5 nm— had very little effect on the barrier properties, for the TiN barrier
case. The loss in lifetime is caused mainly by a loss in surface passivation after CZTS
processing, with a corresponding increase in surface recombination velocity.

The corresponding EQE of the single junction Si solar cells is shown in Figure
S7. A Reference is added corresponding to a standard TOPCon Si solar cell, without
any CZTS or TiN processing. Compared to the Reference, the pieces which underwent
CZTS processing show a very poor peak EQE and poor short wavelength response,
similar to the theoretical prediction of our model (Figure S4 (a) and (b), and Figure
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TiN (25 nm) TiN (10 nm)

Lifetime (μs)
0.0 100.0 200.0 300.0 400.0 500.0 600.0

Figure S6: Lifetime map of the pieces used for single junction Si cell fabrication after
CZTS annealing. The squares (shown in red) are the points of contact between CZTS
and TiN/Si as defined by the windows in the 75 nm SiN. The left piece had a TiN
barrier of 25 nm, while the right piece had a TiN barrier of 10 nm (the TiN-10 case
of the main text).

4.7 of the main text), and in line with the corresponding lifetime results of Figure S6.
From the results of Figure S7, it could seem that the 25 nm TiN barrier was inferior

to the 10 nm barrier, which would be counterintuitive since it is a thicker barrier.
However, as we have shown in Figure 4.7 of the main text, for very compromised Si
bottom cells, a small variation in effective lifetime can cause large variations in the
IQE. Such small variations (all compromised samples are in a range of a few tens of
µs) are not representative of the effect of the barrier, but of spontaneous sample-to-
sample and process variability. Comparing the 25, 10 and 5 nm cases (Figure S7 and
Figure S2 (b)) further shows that there is no trend with thickness. In all three cases,
the barrier layer failure leads to a two order of magnitude decrease in lifetime (from
1 ms to a range of 10–50 µs). Note that, additionally, in Figure S2 (b) the difference
between the 5 and 10 nm cases is also related to differences in transmittance between
the TiN-5 and TiN-10 barriers.

In the main text, it was shown that the Si lifetime increases for lower annealing
temperatures, as the temperature gets closer to the threshold of the barrier layers.
Unfortunately, at the same time, our baseline CZTS efficiency progressively deterio-
rates as the annealing temperature decreases, as shown in Figure S8. This ultimately
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Figure S7: EQE of single junction Si cells, made from the CZTS Reference Piece, com-
pared with a standard Si cell reference where no CZTS or TiN processing was done.
The poor low wavelength response in samples with CZTS processing is an indication
of a loss of surface passivation quality, resulting in an increase in surface recombina-
tion velocity.

means that the TiN-5 and TiN-10 are poor barrier layers in the optimal temperature
range found for fabricating the CZTS top cell. In the case of the TiN-Al-10 barrier,
the barrier performance was better, but still led to a partially compromised Si bottom
cell. We note that this is the case for our CZTS fabrication procedure, but differ-
ent groups have optimal conditions with slightly different temperature and annealing
time. Furthermore, different top cell materials will require different synthesis con-
ditions, which will pose specific contamination and diffusion issues to the Si bottom
cell. The key here is to develop specific barrier layers adequate to each case, which
maximize the compromise between optical transmittance, barrier quality and lossless
interconnection between top cell and bottom cell.
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Figure S8: Efficiency of the baseline single junction CZTS solar cells used in this work
for different annealing temperatures.



CHAPTER5
Monolithic CZTS-Si

Integration: Polysilicon
Gettering

Summary
In this chapter, we introduce a new protection mechanism via impurity gettering to
preserve the silicon bottom cell against contamination. In this regard, we demon-
strated how increasing the front polySi thickness could not only improve the initial
surface passivation but also resulted in markedly superior bottom cell resilience dur-
ing top cell fabrication. Moreover, the extra protection helped to reduce the necessary
thickness of the TiN barrier down to 2.5 nm, leading to a high near-infrared trans-
mittance above 90% and efficient current transport. We proved the benefit of the
proposed concept via numerous monolithic Si-CZTS devices with different polySi and
TiN barrier layer configuration. As a result, we managed to improve the efficiency
of our tandem devices to above 4%. At last, we successfully generalized our pro-
posed structure to other similar high bandgap chalcogenides using CGSe and AIGSe
as alternative top cell absorbers.

5.1 Introduction
In the previous chapter, it was shown that using a more conductive TiN with low
oxygen content can solve the “roll-over” behavior of TiOxNy and thus improve the
FF of the tandem devices. However, decreasing the oxygen content comes at the
cost of reduced barrier protection and optical transparency. We demonstrated that
insufficient protection of pure TiN (low O content) resulted in significant Jsc and Voc

losses due to the enhanced contamination-induced bulk and surface recombination
in the silicon bottom cell. To improve the Si protection, the TiN thickness must be
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increased. However, such strategy crucially reduces the optical transmittance, and on
the contrary, a reduced thickness to gain transparency would compromise the barrier
protection. Therefore, other approaches must be adopted to address such a problem.
One approach is to lower the diffusivity of the barrier layer further. For instance, by
introducing a third (or fourth) element (e.g., Al, Si, etc.) into the composition of TiN
to make it more amorphous or by using a completely different system of materials
such as TaN or RuN, which are potentially superior barriers against Cu diffusion.
However, such an approach requires a significant amount of work in optimization
of the barrier property itself, and subsequently, optimizing its performance in the
tandem device, as the new barrier layer may not be fully compatible with the CZTS.
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Figure 5.1: Quantitative SIMS Cu depth profiles on the front (left) and rear (right)
sides of a lifetime sample symmetrically passivated by using n+polySi(40 nm)/SiO2

on both surfaces. The CZTS was only deposited at one side (the front) protected by 0
and 25 nm TiN. The rear side was protected by 25 nm TiN barrier layer. The TiN and
CZTS layers were selectively etched before the measurements. The schematic of the
structure is shown as an inset on top of the graphs.

Alternatively, the extra protection of the silicon bottom cell can be realized by
the impurity gettering process, which is well-established in the silicon industry [393–
396]. Gettering is the process of segregation of harmful elements from the active
device into regions where the contaminants are less detrimental (passive regions).
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Examples of such a gettering process are, among others, intentional induced surface
damage (using a laser, sandblasting, or implantation), silicon-oxide bulk precipitates,
a layer of liquid Aluminum, and gettering by phosphorous/boron diffusion [396].
The latter two are predominant in the PV industry as the wafer bulk is the main ac-
tive region, in contrast to the micro-electronics, where a thin region near the surface
is important [395]. All the mentioned gettering processes mostly rely on two main
mechanisms of "relaxation" and "segregation". In relaxation gettering, the contami-
nants are trapped by heterogeneous precipitation sites located away from the active
device region (e.g., the back surface). On the other hand, the segregation gettering re-
lies on the gradient in the solubility of the elements in different regions, for instance,
regions with different doping concentrations. In this case, the metallic impurities are
driven from the lower solubility regions to the regions of higher solubility (a diffu-
sion sink) [396]. For a comprehensive explanation of different gettering methods
and mechanisms, the readers are referred to [393, 394, 397].

Polysilicon has also been used widely for impurity gettering in micro-electronics as
well as photovoltaic devices. In fact, both phosphorus- and boron-doped polysilicon
passivating contacts have proved to be efficient gettering sites at elevated tempera-
tures. Liu and co-workers studied the gettering of Fe impurity by polysilicon contacts
via extrinsic POCl3 and BBr3 doping at elevated temperature of ∼800 °C. They found
a polySi gettering efficiency comparable to that of conventional POCl3 and BBr3 dif-
fusion processes [398]. Similar results found by Hayes et al. for the in-situ doped
p-type and n-type LPCVD polysilicon contacts (i.e., the method that we use) [399].
The gettering can be even more beneficial for fast diffusing elements such as Cu as
it can easily diffuse to the gettering site at moderate temperatures. For instance, Cu
can be gettered effectively via low-temperature annealing at 275 °C for 30 min, dur-
ing which it can diffuse a long distance of 2000 µm, i.e., much more than a typical
wafer thickness [396]. Such a gettering effect can also be observed in our SIMS depth
profiles presented in the previous Chapters 3 and 4 (e.g., Figure 3.6 and Figure 4.7),
where Cu and other impurities peak within the polySi layer. In addition, we per-
formed SIMS analysis on the backside of CZTS processed lifetime samples (the same
sample discussed in Figure 3.6 (b), i.e., 40 nm n+polySi on both sides). Interestingly,
it can be seen in Figure 5.1 that we found a similar Cu concentration profile at the
back surface within the rear n+polySi layer. Since the back side was protected by
25 nm TiN, and the CZTS was only deposited at the front, the results clearly show
that the diffused Cu atoms travel through the bulk and segregate at the rear n+polySi
layer, where recombination is not a concern. Therefore, to take advantage of this
effect, we speculated that using a thicker polysilicon layer at the front (n+polySi) can
potentially increase the protection due to polySi gettering and the increased diffu-
sion length (acting as a spacer). In the following, the feasibility of this idea will be
investigated in detail.
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5.2 Materials and Methods
In this section, the fabrication details for the new sets of monolithic tandem devices
featuring thicker n+polySi are explained.

5.2.1 CZTS-Si tandem solar cells
For this run, a new batch of bottom cell samples (and lifetime test samples) with
a thicker n+polySi was fabricated according to the procedure described previously
in section 2.3, with minor differences in the n+polySi deposition. Two n+polySi
thickness, namely 200 and 400 nm, were chosen. For practical reasons, the n+polySi
deposition was done sequentially, meaning that the first 40 nm n+polySi (35 min) was
deposited on all wafers, then selected wafers were unloaded, and a second 160 nm
(2 h 50 min) deposition was done to achieve 200 nm. Again, and a third deposition
of 200 nm (3 h 15 min) was done on selected wafers to produce the 400 nm samples.
The native oxide on the polySi layer was removed by a ∼30 sec HF dip prior to
the second and third polySi depositions. The rest of the procedures, including the
p+polySi (40 nm), were identical to the standard baseline process (see section 2.3.2).

The barrier layer deposition was also similar to that described in Chapter 4 Section
4.2, except for the TiN thickness. Once the device precursors were hydrogenated, the
front SiN:H was removed completely (no patterning), and the n+polySi was protected
by 2.5 nm or 5 nm of PEALD TiN (low oxygen, 400 °C in passivated champer). The
rear SiN layer was kept to protect the backside during the whole CZTS fabrication
process.

Unless mentioned otherwise, the CZTS top cell of all the tandem devices pre-
sented in this chapter was fabricated during my external in the Department of Mate-
rials Science and Engineering, Solar Cell Technology division at Uppsala University1.
Therefore, minor differences exist in the CZTS fabrication, compared to our in-house
procedure, as explained in the following.

The CZTS precursors were co-sputtered on cleaved 2.5×2.5 cm2 bottom cell sam-
ples from binary compound CuS, ZnS, and SnS targets at 250 °C. The composition
of the CZTS film was ensured by balancing the powers applied to each target, and
the thickness was controlled by the deposition time. A nominal CZTS thickness of
330 nm was selected for the current matching. A reference 2.5×2.5 cm2 molybde-
num coated (300 nm) soda-lime glass (SLG), hereafter denoted as the XRF reference,
was used at the center of the sputtering carrier (surrounded by device samples). The
XRF reference was then analyzed by X-ray fluorescence spectroscopy (XRF) method
to monitor the composition and was not included in the subsequent device integra-

1The author acknowledges Nishant Saini for performing all the CZTS fabrication at Uppsala University.
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Figure 5.2: Illustration of the CZTS synthesis at Uppsala University, i.e., co-sputtering
from binary compound targets at 250 °C and the sulfurization at 580 °C in a graphite
box inside a tube furnace (adapted from [400]).
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Figure 5.3: A brief overview of the tandem cell fabrication process from the bottom
cell precursor to a finished tandem device. The carrier lifetime of the bottom cell was
mapped at different stages of the fabrication process, namely, before hydrogenation,
after hydrogenation, after barrier layer deposition (after TiN), after CZTS fabrication
(after CZTS), as shown in the bottom row.

tion steps. Along with the tandem and XRF reference samples, a second 2.5×2.5
cm2 reference molybdenum coated SLG (300 nm) piece was included on the side dur-
ing the precursor deposition, hereafter termed CZTS-ref. To monitor the process and
evaluate the CZTS performance, the CZTS-ref was processed in all subsequent steps
to a full single-junction device alongside the primary tandem samples. Following to
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the precursor deposition, the samples were loaded into a graphite box for the sulfu-
rization process (CZTS formation). Four 2.5×2.5 samples could be tightly fitted in
the graphite box for each annealing run. ∼80 mg of sulfur powder was distributed
homogenously in dedicated slots at the sides of the graphite box to ensure sufficient
sulfur partial pressure for CZTS formation. The annealing system was a tube furnace
comprised of three zones, a cold load lock (LL) (T ∼40 °C), a cooling zone (equipped
with an external Cu coil), and the main hot zone, as illustrated in Figure 5.2. Prior to
loading, the hot zone was maintained and stabilized at a constant temperature of 585
°C (i.e., the annealing temperature), with an argon background pressure of 350 Torr.
The annealing process was started by the immediate loading of the box from the cold
LL to the hot zone. The baseline sulfurization time (annealing duration) was set to
13 min; however, a few samples were annealed for only 1 min for comparison. Once
the annealing was finished, the samples were instantly pulled out of the hot zone into
the edge and then middle of the cooling zone, until they cool off to below 200 °C and
100 °C, respectively (the cooling takes around 10 min).

After the annealing, the samples were etched in KCN (potassium cyanide) for 2
min, followed by the CdS buffer layer (∼50–60 nm) chemical bath deposition (CBD)
process. A stack of i-ZnO/AZO (∼80 nm/210 nm, with a total sheet resistance of
∼40 Ω/□), was deposited by DC sputtering to finish the front electrode. Neither
front metal grid nor anti-reflection coating was used for both CZTS-Si tandem and
CZTS-ref cells.

After the top cell fabrication in Uppsala University, the rest of the fabrication steps,
as well as the characterization, were implemented as usual in DTU, namely front sur-
face protection by photoresist (AZ5214E), post-CZTS carrier lifetime measurements
(MDPmap (µ-PCD)), rear SiN:H removal in BHF, Ag back contact thermal evapora-
tion, post-annealing in N2 at 275 °C, wafer cleaving, EQE, and JV measurements (see
section 4.2). Figure 5.3 shows a brief overview of the whole tandem cell procedure.

5.2.2 CGSe-Si and AIGSe-Si tandem solar cells
The fabrication of the bottom cell samples was identical to what presented in the
previous section. Also, due to the p-type conductivity of both CGSe and AIGSe, the
tandem cell architecture resembles the CZTS-Si samples, except that the CZTS layer
was replaced by the new absorbers. For the bottom cell protection, a front n+polySi of
200 nm and TiN barrier thickness of 2.5 nm were chosen for all samples (bottom cell
precursor: SiN(75 nm)/p+polySi(40 nm)/c-Si(n)/n+polySi(200 nm)/TiN(2.5 nm)).
The size of all bottom cell substrates was a quarter of a 4” wafer. Similar to the
CZTS top cell, the CGSe and AIGSe layers presented in this chapter were fabricated
during an external stay at the Department of Materials Science and Engineering, Solar



5.2 Materials and Methods 157

Cell Technology division at Uppsala University2. The fabrication process flow of top
absorbers is described in the following.

NaF No NaF

0.5 cm2

(a)

c-Si (n)

TiN (2.5 nm)

Ag (500 nm)
p+PolySi (40 nm)

n+PolySi (200 nm)

CGSe or AIGSe
CdS (50 nm)

i-ZnO (80 nm)

AZO (210 nm)

(0.5–1 μm) 

(b)

Figure 5.4: a) Schematic of the silicon bottom cell 4" quarters, along with with the
1×0.5 cm2 front grid design, used for CGSe-Si and AIGSe-Si tandem solar cells. b)
Tandem cell structure used for CGSe-Si and AIGSe-Si samples.

Before the top absorber deposition, a thin (∼2–10 nm) NaF layer was thermally
evaporated on the bottom cell precursor wafers, as such that a silicon dummy wafer
shadowed half of the sample. As a result, one half of the bottom cell substrate (the
smaller region) had no NaF layer, as illustrated in Figure 5.4. Subsequently, the
absorber layers were deposited via thermal co-evaporation of the Cu, Ga, and Se pre-
cursors for the CGSe, or Ag, Ga, In, and Se for the AIGSe layers. The film composition
was controlled by tuning the evaporation rate and the applied power to different
targets. During the co-evaporation, the substrate temperature was set to an initial
temperature of 500 °C, which was then increased gradually to 550 °C within the first
10 min, to implement the precursor deposition and selenization concurrently within
the same evaporation chamber (one-step synthesis). The total time for precursor de-
position and selenization was around 30 min (excluding the cooling step). For each
evaporation run, the main bottom cell sample was placed at the center of the holder,
while SLG and Mo-coated SLG (2.5×5 cm2) were added to sides (left and right). The
SLG samples were characterized by XRF and used to monitor the composition of the
deposited films, hereafter denoted as the XRF reference. The SLG/Mo samples were
integrated into full single-junction devices, serving as a reference for the top cell’s
performance, hereafter termed CGSe-ref or AIGSe-ref. After the absorber deposition,

2The author acknowledges Jes Larsen for performing all the AIGSe and CGSe fabrications at Uppsala
University.
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∼50–60 nm CdS was grown by the CBD process to form the heterojunction. A stack
of 80/210 nm i-ZnO/AZO was then sputtered on the samples as the window lay-
ers, which was followed by e-beam evaporation of ∼Ni(50 nm)-Al(3 µm)-Ni(50 nm)
stack as the front grid. As shown in Figure 5.4, a tandem cell area of 1×0.5 cm2 was
realized by using a shadow mask during the e-beam evaporation. Once the top cell
fabrication was finished, the protective SiN at the backside of the wafers was removed
in BHF, the bottom cell’s lifetime was measured, and 500 nm Ag was deposited as the
back contact, according to the procedures described before. At last, the samples were
cleaved into 0.5×1 cm2 areas and characterized by JV and EQE measurements as
usual. Unlike the CZTS-Si samples, the AIGSe-Si and CGSe-Si tandems were not post
annealed after the fabrication.

RBS measurements were performed by using 2 MeV He+ primary ions on selected
lifetime samples (symmetrical n+polySi) to study the contamination depth profiles in
CZTS-Si and CGSe-Si samples3. Prior to the measurements, the top absorber, the TiN
barrier, and the rear SiN layers were removed in Piranha, RCA1, and BHF solutions
(done in sequence). An incidence angle of αRBS = 5◦ (with respect to the beam
direction) and scattering angle of θRBS = 170◦ were used for the measurements, and
each spectrum was randomized by ±2◦ to reduce possible channeling effects in the
Si substrate. The measurements were carried out in the regime of high-dose and low
current. For more details on the RBS analysis, the readers are encouraged to see
reference [401].

5.3 Results and Discussions

5.3.1 PolySi thickness—passivation quality
Before fabricating any tandem cells, it was advantageous to investigate the effect of
increasing the n+polySi thickness on the passivation quality of the Si bottom cell. In
this regard, lifetime samples, which were already passivated symmetrically by around
40 nm n+polySi on both sides, were used as the starting point. Please note the
samples were already annealed at 850 °C for 20 min, but not hydrogenated (denoted
as 40 nm (as-passivated) in Figure 5.5). After measuring the minority carrier lifetime,
the wafers were RCA cleaned, and ∼160 nm polySi was deposited on top of the
samples, making a total n+polySi thickness of ∼200 nm. The samples were then
annealed shortly at 800 °C for 5 min to activate the dopants. At last, the samples
were hydrogenated by SiN:H. The carrier lifetime results at different stages of the
process is shown in Figure 5.5. It can be clearly seen that increasing the polySi

3The author acknowledges Marcos Moro for performing the RBS measurements and the respective
data analysis, in Tandem Laboratory at Uppsala University
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thickness has a substantial positive impact on the surface passivation quality already
right after deposition, leading to a very high hydrogenated carrier lifetime up to 12 ms
(Sinton’s lifetime ∼20 ms). The increase in the lifetime can be attributed to superior
field passivation, which might suggest that the doping concentration in the n+polySi
layer (i.e., ∼2×1019 cm-3) could still be increased. A similar beneficial effect was also
observed by other groups [243, 285, 402].
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Figure 5.5: The effect of n+polySi thickness on the passivation quality symmetrical
lifetime samples at different stages of the process. The error bar denotes the standard
deviation of the lifetime maps.

It can be seen in Figure 5.6, that a similar lifetime improvement was also observed
in asymmetrical device precursor wafers (prepared for tandem integration) when
the n+polySi thickness increased from 40 nm to 200 nm, albeit with a weaker im-
pact. The reason for the small lifetime difference is that in device precursor samples,
the effective lifetime is predominated by the p+polySi/SiO2 surface (the junction’s
side), which is around one order of magnitude more recombination active than the
n+polySi/SiO2 stack (see Section 2.4.1). By increasing the polySi thickness further to
400 nm, a slight decrease in lifetime was observed; however, the as-passivated values
(Figure 5.6 (a)) were still superior to the 40 nm case. After hydrogenation, the 400
nm samples seem to be inferior to the other two thicknesses, but such inference might
be wrong since the number of samples with 400 nm n+polySi was much less than the
other two cases. In addition, since the hydrogenation process was the same for all
samples (i.e., 400 °C for 30 min, optimized for 40 nm polySi), the hydrogenation du-
ration might have been insufficient for the 400 nm as the thickness is increased by 10
times. Nevertheless, regardless of minor differences, high-quality passivation could
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be achieved for all cases, which allows for a proper comparison of their performance
in a tandem device, which will be discussed in the following sections.
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Figure 5.6: The minority carrier lifetime of device precursor samples with different
front n+polySi thickness (a) before and (b) after hydrogenation.

To investigate whether an increased polySi thickness leads to better protection
against CZTS diffusion or not, we performed simple CZTS diffusion experiments
on device precursor samples as before. The carrier lifetime of the bottom cell was
mapped after deposition and sulfurization of the CZTS on the n+polySi surface. Dur-
ing the annealing, a ∼75 nm SiN:H protected the rear side (p+polySi side) to exclude
the contamination from the backside, as illustrated in Figure 5.3. For these samples,
no TiN barrier was used neither on the front nor the backside. The post-CZTS lifetime
maps of 200 nm samples annealed at 560 and 575 °C are shown in Figure 5.7. It can
be seen that a satisfactory carrier lifetime above 600 µs could be obtained for the 575
°C case, which improves significantly by a minor decrease in the annealing tempera-
ture. On the other hand, the reference 40 nm sample intensely degraded to below
50 µs, analogous to what observed in Chapter 4. Therefore, the results imply that by
combining the increased polySi thickness with an ultrathin (< 5 nm) diffusion barrier
layer, not only sufficient protection can be realized, but also the decreased diffusion
barrier thickness leads to better optical transparency (> 90%, see Figure 4.10).

5.3.2 PolySi thickness—optical analysis
It is now clear that increasing the polySi thickness improves the bottom cell per-
formance electrically due to a better passivation quality and enhanced protection.
However, as mentioned before, polySi is not fully transparent, and therefore a thicker
polySi can potentially result in more parasitic absorption. While the high absorption
coefficient of polySi for blue photons poses no problem in a tandem device (see Fig-
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ments.

ure 2.34), free carrier absorption in the infrared region still might occur due to the
high doping density. Therefore, a simple Monte Carlo ray-tracing optical simulation
using SunSolveTM (by PV lighthouse)[327] was implemented to quantify the optical
losses (similar to section 2.4.5). It is worth mentioning that the goal of the simulation
was not to reproduce the exact bottom cell’s response but only to obtain a rough es-
timate on the loss contribution of each layer, in particular within the polySi and TiN
layers. Except for polySi contacts and the TiN barrier layer, which were measured
inhouse using spectroscopic ellipsometry, the optical constants of other layers (e.g.,
CZTS [403], i-ZnO[404], AZO[404], CdS[404]) were taken from the literature data,
having similar deposition methods. As a result, the output data should be representa-
tive of the real case; however, slight deviations are expected due to minor differences
between the true optical constants or thicknesses. Also, for the simulations, a flat
surface was assumed, which is not entirely accurate due to the increased roughness
introduced by the CZTS films.

For the simulations, the n+polySi (40, 200, and 400 nm) and the TiN (0, 2.5, and
5 nm) thicknesses varied, whereas the thickness of other layers was kept constant.
The used layer thicknesses were selected based on the tandem devices made in Upp-
sala University, which can be found in Table 5.1, where the current loss contribution
of each layer is shown for the n+polySi(200 nm)/TiN(0 nm) case, as an example. The
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Table 5.1: The simulated current loss contributions of different layers for the CZTS-Si
tandem solar cell with n+polySi (200 nm) and TiN (2.5 nm).

Mean 95% CI Fraction of Jinc
mA/cm2 mA/cm2 %

Incident 46 — 100

Lost to environment
Reflected front 8.2 0.026 18
Escaped front 1.3 0.011 2.9

Absorbed in cell components
ZnO:Al (210 nm) 1.4 2.3× 10−4 3.0
i-ZnO (80 nm) 2.0 5.1× 10−4 4.3
CdS (60 nm) 2.9 0.0011 6.2
CZTS (330 nm) 16 3.5× 10−4 35
TiN (2.5 nm) 1.1 0.0029 2.4
n+polySi (200 nm) 0.85 0.0024 1.8
Silicon bottom cell (350 µm) 11 0.022 25
p+polySi (40 nm) 0.025 1.2× 10−4 0.053
Al (500 nm) 0.68 0.0032 1.5

simulated absorption in the bottom cell is illustrated in Figure 5.8. In Figure 5.8 (a),
it can be seen that the polySi absorption rises moderately (∼45 µA/cm2 per 10 nm of
n+polySi) as the polySi thickness increased by a factor of 5 and 10. A Jsc loss of 1.74
mA/cm2 was estimated for the 400 nm case, which is still less than losses occurring
in the transparent window layers, e.g., CdS and AZO (see Table 5.1). Considering
these results, increasing the thickness to more than 500 nm will not be favorable as
the parasitic absorption starts to become significant. For instance, considering ∼4.5
µA/cm2 per nanometer (obtained by a linear fit), a Jsc loss of around 4.5 mA/cm2 is
estimated for 1 micron of n+polySi. It is also worth mentioning that the deposition
of such high thicknesses can be industrially challenging for insitu phosphorous doped
LPCVD polySi, due to the low deposition rate, as it would take more than 10 hours to
deposit 1 micron. The deposition rate in PECVD method is not of concern, albeit due
to a high amount of the hydrogen impurity, such thick PECVD polySi films are prone
to blisters during the high temperature anneal. Therefore, a maximum thickness of
500 nm may be imagined for the polySi layer, up to which the Jsc loss remains below
∼2 mA/cm2.

A similar simulation was performed by adding the TiN barrier layer on top of
200 nm n+polySi, shown in Figure 5.8 (b). It is evident that TiN absorption (∼460
µA/cm2 per 1 nm of TiN) is around 100 times more than the polySi layer, as only 5
nm TiN results in a significant current loss of 2.35 mA/cm2. Therefore, it is crucial
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to keep the barrier layer thickness as low as possible, which is easier to realize now
thanks to the extra protection offered by the polySi layer.
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Figure 5.8: a) The (simulated) effect of the polySi thickness (40, 200, 400 nm) on
the Jsc of the Si bottom cell. The solid lines denote the absorption in c-Si(n), and the
dashed lines refer to the parasitic absorption in the n+polySi layer. b) The (simulated)
effect of the TiN thickness (2.5 and 5 nm) on the Jsc of the Si bottom cell. The solid
and dashed lines illustrate the absorption in c-Si(n) and TiN layers, respectively. The
thickness of other layers are mentioned in Table 5.1.

5.3.3 CZTS-Si tandem solar cells

Table 5.2: The overview of bottom cell samples and their respective CZTS top cell
composition. The targeted composition for CZTS was Cu/Sn = 1.9 and Zn/(Cu+Zn)
= 0.36.

Sample ID n+polySi (nm) TiN (nm) CZTS (nm) Cu/Sn Zn/(Cu+Sn)

200-2.5 200 2.5 330 1.84 0.36
200-5 200 5 330 1.87 0.35
400-2.5 400 2.5 330 1.93 0.35

Following the promising results obtained on the polySi protection, monolithic
CZTS-Si tandem cells were fabricated at Uppsala University during a short external
stay. Therefore, minor differences exist in the CZTS process flow compared to our
inhouse CZTS, which was presented in Chapters 3 and 4. The readers are encour-
aged to see Section 5.2 for Uppsala University’s CZTS process flow. Since numerous
tandem devices had already been fabricated with 40 nm polySi, only 200 and 400
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nm samples were integrated into tandem devices due to their superior resilience. An
overview of the bottom cell samples with different barrier layer and n+polySi config-
urations is shown in Table 5.2, and their respective JV characteristics are shown in
Figure 5.9. Three replicate samples were made for each bottom cell configuration.
The tandem cells were fabricated in 2.5×2.5 cm2 sizes, which were then cleaved into
smaller areas step by step as the following. Firstly, since the edges of the bottom
cell were not protected during the CZTS precursor deposition, around 0.5 cm margin
was cleaved off from the perimeter to remove possible shunting paths at the edges
(the 1.5×1.5 cm2 size). Secondly, the resulting sample was cleaved into two halves
(1.5×.0.7 cm2). Lastly, due to the high number of samples, only those samples which
had a Voc above 800 mV were cleaved into three small 0.5×0.7 cm2 pieces as the last
cleaving step. The JV characteristics of the cells at each cleaving stage are shown in
Figure 5.9.

As the first note, a significant improvement in the Jsc was observed for all samples
compared to the previous tandems presented in Chapters 3 and 4, implying that the
bottom cell is not compromised. This can be further confirmed by looking at the
EQE response and lifetime maps of selected samples shown in Figures 5.10 5.12,
respectively. The Jsc improved as the size of the samples decreased, possibly due to
lower series resistance induced by the lateral resistance in the TCO layer, as none of
the samples had any metal grid. Lower series resistance is also responsible for the
monotonic increase of the FF as the size decreases (see Figure 5.9). However, in
the last cleaving step, the Jsc degraded by around 2 mA/cm2 for the 0.5×0.7 cm2

samples, which can be attributed to the enhanced edge recombination in the silicon
bottom cell, as the edge/surface ratio starts to become significant. By looking at the
1.5×1.5 and 1.5×0.7 cm2 sizes, it seems that the samples with 2.5 nm TiN (200-2.5
and 400-2.5) have slightly higher currents than the 5 nm TiN case (200-5); however,
the difference is only marginal and a high Jsc above 10 mA/cm2 was achieved for
most samples.

Despite the high Jsc and higher silicon bottom cell lifetime, a median tandem Voc

of ∼750 mV with a maximum of ∼900 mV were obtained, which are surprisingly
lower than what achieved in Chapter 4 (∼1 V) in the compromised samples. The
post-CZTS bottom cell lifetime values were between 300–500 µs (see Figure 5.18).
No clear trend between the bottom cell lifetime and the final Voc of the devices was
observed. In other words, a higher bottom cell lifetime did not necessarily lead to
a higher tandem Voc. Considering a lifetime of 300 µs and a Jsc of 11 mA/cm2, the
excess carrier density ∆n is Si can be calculated via the following equation:

∆n = Jscτeff

qW
(5.1)

Where W is the wafer thickness. Consequently, an implied Voc of around 600 mV can
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Figure 5.9: L-JV parameters of CZTS-Si tandems with different bottom cell protection,
namely, n+polySi(200 nm)/TiN (2.5 nm) (200-2.5), n+polySi(200 nm)/TiN (5 nm)
(200-5), n+polySi(400 nm)/TiN (2.5) (200-2.5), at different stages of cleaving. Note:
the cells of the last column (i.e., 0.5×0.7 cm2 size) were cleaved from the 1.5×0.7
samples which had Voc higher than 800 mV (i.e., the first three samples in the 1.5×0.7
column).

be estimated for the silicon bottom cell via equation 2.5. Even if a gap of 100 mV
would exist between the iVoc and the external Voc of the bottom cell (for any reason
such as metallization damage, poor carrier selectivity, etc.), the CZTS contribution to
the Voc is only limited to 200–400 mV. Also, the samples with lower Voc showed a
poorer CZTS EQE response shown in Figure 5.10 (d). Thus, the CZTS cell is clearly
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limiting the Voc and thereby the efficiency of the tandem cells. However, the reason
behind the inadequate CZTS performance is still obscure to the author, as further
investigation is needed. The inferior CZTS was indeed unexpected since the CZTS
single-junction counterparts showed decent performance with Voc and PCE exceed-
ing 600 mV and 6% , respectively, as shown in Figure 5.10 (c). Besides, the CZTS
compositions for all samples, shown in Table 5.2, lay within the expected ranges.
Hence, the low CZTS voltage may be ascribed to the lack of sodium, which is ab-
sent in the tandem device in contrast to the single junction samples, where Na is
supplied from the soda-lime glass substrate (see section 1.4.5). Another factor that
may have affected the CZTS performance could be poor adhesion of CZTS to the thin
TiN layer. Due to the rather intense thermal shock induced during the rapid cooling,
we observed partial delamination of the films at the edges of the tandem samples,
but not on the CZTS-ref samples (i.e., SLG/Mo substrates). A similar delamination
problem was reported by Scragg et al. at Uppsala University when CZTS is deposited
on the glass substrate without the Mo layer [405]. We noticed that the delamination
becomes more pronounced for 2.5 nm samples and reduced as the TiN thickness in-
creased. We had also faced a similar problem in our in-house CZTS process when
the CZTS layer was directly deposited on the n+polySi layer with no barrier layer
present (TiN (0 nm)). Decreasing the sulfurization dwell time from 13 to 1 min also
intensified the delamination, as no finished tandem solar cells could be obtained for
1 min annealing. Therefore, due to the thermal shock and imperfect adhesion, the
presence of micro- or nano-cracks within the CZTS layer is plausible. However, such
micro-cracks would result in a very low shunt resistance for the top cell, which did
not seem to be the case in the JV curve, for instance, shown in Figure 5.10 (a) (the
slope at V=0 is relatively horizontal).

Despite the low Voc, new record tandem efficiencies of 4.16% and 4.07% were
achieved on the bottom cell with 400 nm n+polySi and 2.5 nm TiN, which are no-
tably the best performance reported for a CZTS-Si tandem device so far. As the fun-
damental problem of the bottom cell’s protection is solved, a higher efficiency could
be potentially reachable by merely integrating a better performing CZTS top cell, e.g.,
by the addition of Na or improving the adhesion. Figure 5.10 (a) and (b) show the JV
characteristics and the corresponding EQE of the best samples. The high bottom cell
EQE response (Jsc = 11.76 mA/cm2) correlates well with the JV measurement and
indicates that the silicon bottom cell is not compromised due to the CZTS process,
further proving the favorable role of the polySi. On the other hand, even with a low
Voc, the CZTS showed a proper EQE response with a Jsc of 14.35 mA/cm2 in the best
sample. However, the CZTS on Si still performed much worse than the single junction
reference counterparts shown in Figure 5.10 (d) (Jsc= 16.61 mA/cm2), which again
highlights the beneficial effect of Na in CZTS. Moreover, the higher current in CZTS
than Si suggests that the top cell’s thickness has to be further reduced to ensure a
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Figure 5.10: a) The JV curves of the best CZTS-Si sample before (blue) and after
cleaving (green). b) The EQE of the best tandem cell (the green curve in (a)) under
different bias voltages (0, +0.5 V, −0.5 V). c) The JV curves of the single junction
CZTS-ref samples. d) The sample to sample variation of the CZTS EQE in tandem
(solid), and single-junction (dashed) devices. The associated Jsc values are shown as
inset.

suitable current matching with Si.
As the top CZTS dominated the tandem cell, a direct comparison of the three

bottom cell configurations, namely 200-2.5, 200-5, and 400-2.5, is difficult via the
JV data. However, the EQE and the lifetime data could be useful to gain revealing
insights about the bottom cell behavior. Figure 5.11 shows representative EQE curves
of bottom cells with different polySi and TiN configurations. It can be seen that
the 400 nm sample showed a higher EQE peak compared to the 200 nm case, even
though it was expected to suffer more from parasitic absorption within the polySi
layer (see Figure 5.8). The slight difference is possibly related to better protection
offered by a thicker polySi, which compensates for the optical losses. In other words,
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although more light was absorbed in the bottom cell, fewer carriers could be collected
due to enhanced recombination. The same argument is valid for the 40 nm case
(presented previously in Chapter 4), in which most of the generated carriers are lost
as a result of severe damage to the surface and bulk. On the other hand, having the
same polySi thickness (i.e., 200 nm), the samples with 2.5 nm TiN showed a slightly
higher current than the 5 nm counterpart. However, the difference is lower than
what was predicted by the optical simulation shown previously in Figure 5.8. The
difference could be simply due to inaccuracies in the simulation (e.g., in reflection
or absorption), or due to slightly better protection of 5 nm. Notably, the mentioned
differences are only marginal, and for the purpose of this thesis, in which many other
factors yet limit the tandem cell performance, all 200-2.5, 200-5, and 400.2.5 are
functioning equally well.
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Figure 5.11: The effect of n+polySi (a) and TiN (b) thicknesses on the EQE response
of the Si bottom cell. The TiN thickness in (a) is 2.5 nm, and the n+polySi thickness
in (b) is 200 nm.

As the last note, even though promising high bottom cell response could be
achieved, the bottom cell lifetime degraded by around one order magnitude from
initial lifetimes, i.e., from 2–3 ms to 250–550 µs (see Figures 5.13 and 5.18), which
accounts for a bottom cell Voc loss of 60 mV. In fact, the degradation could be
reduced by lowering the annealing duration from 13 min to 1 min. The 1 min
annealing can also potentially results in a better CZTS bulk properties and higher
a Voc, as a result of higher sulfur partial pressure during the initial stages of the
annealing process [117, 406]. Figure 5.12 compares the lifetime maps of two bottom
cell chips cleaved from the same parent wafer having the 200-5 configuration, which
were annealed for 1 and 13 min. It is evident that the lower annealing time led to
a higher lifetime, perhaps due to less amount of diffusion. Therefore, the barrier
protections must still be improved further, for instance, by using a better diffusion
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barrier. However, a more detailed investigation is required to uncover the main cause
of degradation, as other factors might also play a role. For instance, in these sets of
experiments, the edges of the bottom cell substrates were not covered during the
precursor deposition. Therefore, considering the very high Cu diffusion coefficient
in silicon, a significant amount of contamination could have been introduced in the
Si bulk from the non-protected perimeter. Such an argument can be evidence by
the lifetime maps shown in Figure 5.13, where a clear gradient in carrier lifetime is
noticeable from all edges towards the center of the chip. To avoid the deposition
of precursors on the sample’s edges, the deposition may be done on large pieces,
which can then be cleaved into smaller chips. However, due to the small size of the
sputtering carrier and the presence of the XRF reference pieces at the center, such
precaution was not practical in our case.
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Figure 5.12: The post-CZTS lifetime maps of the silicon bottom cell (200-5) for two
sulfurization duration of 13 min (left) and 1 min (right).

Another factor that might be partly responsible for the degraded lifetime is dam-
age to the hydrogen passivation (loss of hydrogenation), as also discussed in Chapter
3. As it can be seen in Figure 5.6, all bottom cell wafers substantially benefited from
hydrogenation, improving from around 300 us to above 2 ms. In several cases, we
have noticed that after removal of the SiN:H, any annealing process above 400 °C,
even in clean conditions, could negatively affect the lifetime. A similar degradation
has also been observed by other groups when samples are annealed beyond 400 °C
[407]. Although we have mitigated this loss by keeping the rear SiN:H layer (on
p+polySi layer), the front SiN:H had to be inevitably removed before the barrier
layer deposition. A workaround to this problem could be to perform a second hydro-
genation of the front n+polySi after the top cell is finished, for instance, by using a
hydrogen-rich TCO (e.g., ITO:H or AZO:H [407]) accompanied by a short drive-in
process, which remains as future work.
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Figure 5.13: The post-CZTS lifetime maps of two representative silicon bottom cells
(200-2.5 and 200-5) suffered from edge contamination.

5.3.4 CGSe-Si and AIGSe-Si tandem solar cells
Following the promising results obtained on the CZTS-Si tandems with a thick polySi
gettering layer, it was interesting to generalize our proposed tandem architecture
to other similar high bandgap materials. We already had the first attempts using
the TiON the barrier layer and newly emerging high bandgap materials such as
Cu2BaSnS4 (CBTS) and Ag3BiI6 (ABI) as top cell absorbers [125, 408]. The former
belongs to the kesterite family, where Zn is entirely replaced with Ba leading to high
a bandgap of ∼2 eV [125]. The ABI, on the other hand, is an n-type high bandgap
semiconductor with a bandgap of 1.85–1.9 eV [408]. Due to the n-type nature of ABI,
the bottom cell polarities had to be inverted compared to the CZTS-Si tandems, i.e.,
the p+polySi layer at the front side and the n+polySi at the rear side. In both cases,
we demonstrated proof-of-concept first reported working tandem devices, with tan-
dem Vocs of 860 and 1000 mV for CBTS-Si and ABI-Si tandem solar cells, respectively.
However, the short circuit current and thereby the efficiency of both tandem devices
were heavily limited by deficient top cell materials and poor current transport of the
TiON barrier layer [125, 408].

In this chapter, we briefly investigate the integration of two new emerging chalco-
genide materials, namely CuGaSe2 (CGSe) and AgInGaSe2 (AIGS), on top of our
developed bottom cells. Both materials are cousins to the already commercialized
narrow bandgap Cu(In,Ga)Se2 (CIGS) solar cells, although with lower record effi-
ciencies of 11.9% [409] and 10.7% [410], respectively. Due to their ideal bandgap
of around 1.7 eV, they hold great promise to be used as top absorber partners on Si.
To the best of the author’s knowledge, only one study demonstrated a tandem CGSe-
Si tandem, which resulted in promising Voc and PCE of 1.32 V and 9.7%, while no



5.3 Results and Discussions 171

AIGSe-Si has been reported so far in the literature. Apart from the higher bandgap
than CZTS, due to their milder synthesis process than that of CZTS (lower annealing
T and Se atmosphere), it is interesting to evaluate the bottom cell protection under
the new fabrication process regardless of the final tandem efficiency.

The overview of the CGSe and AIGSe tandem samples is shown in Table 5.3. For
each top cell material, two-quarter samples were used. The quarter samples for each
top absorber material were cleaved from the same parent wafer; however, the parent
wafers of CGSe and AIGSe were different (but processed together). Two thicknesses
of 500 nm (CGSe-500) and 1000 nm (CGSe-1000) were used for the CGSe absorbers,
but the AIGS thickness was kept at 500 nm for both samples. For each absorber, two
different NaF thickness was used, as mentioned in Table 5.3. Unfortunately, no fin-
ished devices could be obtained on the NaF part due to delamination in the CdS CBD
process. In fact, absorber layers (both CGSe and AIGSe) looked very uniform in all
regions right after the precursor deposition and selenization. However, the absorber
on the NaF part vigorously peeled off and shattered into fine particles as soon as
the samples were dipped into the chemical bath of CdS. Lowering the NaF and the
CGSe thickness to 2 nm and 500 nm, respectively, helped to mitigate the problem,
but yet was not enough and resulted in a “wrinkled (or cracked)” film. Similar de-
lamination occurred in one of the reference CGSe-ref pieces, namely the CGSe-1000
reference. The delamination reason is not apparent yet, but it might be related to the
excess of NaF within the films. It is well-known that the NaF compound is extremely
water-soluble [411]. Therefore, the excess NaF, which is possibly segregated at the
grain boundaries of the absorber or remained intact at the backside of the absorber,
can immediately react with water and detach the absorber. However, further inves-
tigation is required to find the actual cause. As future work, a workaround to this
problem can be to deposit the NaF layer after the selenization process, followed by a
second annealing at moderate temperatures (e.g., at 400 °C) to drive-in the Na into
the absorber, as also tried by Jeong and colleagues [80].

In contrast to the NaF part, very smooth films were achieved on the “no NaF”
region for both absorbers. The JV characteristics of the CGSe-Si tandem cells (with no
NaF) are summarized in Figure 5.14. It can be seen that the CGSe-500 outperformed
the CGSe-1000 sample in all parameters except the FF. This is indeed unexpected
since usually, the performance of the thin-film solar cells degrades when the absorber
becomes too thin, for instance, due to enhanced surface recombination or higher
shunting probability. In this case, the reason for such unexpected difference, however,
may be ascribed to non-ideal compositions of the CGSe films, as determined by the
XRF measurements. In Table 5.3, it can be seen that both compositions, although
CGSe-1000 to a greater extent, are a bit Cu poor and deviate from the targeted ranges.
Unfortunately, as mentioned above, the CGSe-1000 reference piece peeled off during
the CBD process, and therefore, no single junction reference is available for the CGSe-
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Table 5.3: Overview of the CGSe-Si and AIGSe-Si tandem cells along with the top
cell reference compositions. The I refers to the elements of the group 11 (Cu and
Ag in this case), and III refers to the elements of the group 13 (Ga and In in this
case), within the periodic table. The targeted I/III ratios for CGSe and AIGSe were
0.85–0.90 and 0.8–0.85, respectively.

Sample ID n+polySi TiN Top cell NaF Ga/III I/III Ag/I

CGSe-500 200 nm 2.5 nm CGSe 10 nm 1 0.83 0

CGSe-1000 200 nm 2.5 nm CGSe 2 nm 1 0.8 0

AIGSe-1 200 nm 2.5 nm AIGSe 10 nm 0.85 1.16 1

AIGSe-2 200 nm 2.5 nm AIGSe 0 nm 0.83 0.89 1

1000 sample. However, the CGSe-500 survived to the end of the process and resulted
in inferior average efficiency of 0.61% (Voc = 626 mV, Jsc = 8.3 mA/cm2, FF =34.5%,
η = 1.8% for the best device), further confirming the non-ideal composition of the
CGSe films. The difference in the top cell performance can also be substantiated by
the significantly lower EQE response of the CGSe-1000 compared to the CGSe sample,
shown in Figure 5.14 (c).
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Figure 5.14: The L-JV parameters of CGSe-Si tandem samples.

Nevertheless, despite the poor CGSe reference performance and non-ideal compo-
sitions, a median tandem efficiency above 4.5% , as well as a median Voc exceeding
1 V, was achieved in the CGSe-500 sample, which are improvements to the previous
CZTS-Si tandem devices. Figure 5.15 (a) shows the JV curves of the best two cells
with PCE of 5.45% and the Voc of 1.3 mV. The champion Voc of 1.3 mV, which is
notably very close to the world record value of 1.328 eV [80], emerged in the form of
an outlier, possibly due to a better local CGSe composition, since the cell was cleaved
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from the far right edge of the quarter wafer, as marked in Figure 5.15 (d). The result
suggests that there is considerable potential to further improve the tandem efficiency
by merely tuning the CGSe composition layer to the desired values in a second run,
which remains as future work. Despite the Voc of 1.3 eV, the Jsc of this sample (the
green curve in Figure 5.15 (a)), i.e., ∼8 mA/cm2, was among the lowest compared
to other cells (see the Jsc boxplot in Figure 5.14). The EQE measurement revealed
that the bottom cell is limiting the current, which may be partly related to the high
amount of edge recombination due to a rather small area (0.4 cm2). However, since
the size of this sample was not much smaller compared to its counterparts (0.6–0.7
cm2), other factors could play a role. A representative lifetime map of the CGSe-Si
bottom cell is shown in Figure 5.15 (d). It is evident that the edges of the quarter
piece, where this sample comes from, degraded much more than the central areas,
perhaps because of more in diffusion from the non-protected sides. Therefore, the
lower current could also stem from a lower bulk quality in that area. Nonetheless,
the high tandem Jscs exceeding 10 mA/cm2, as well as the high bottom cell EQE
response of 12.49 mA/cm2 shown in Figure 5.15 (c), imply that the bottom cell sur-
vived the fabrication process. Furthermore, as shown in Figure 5.15 (d), lowering
the CGSe thickness from 1000 nm to 500 nm increased the Jsc of the bottom cell by
around ∼1.5 mA/cm2. However, the current gain due to the lower CGSe thickness
probably made no difference in the tandem Jsc as the current was limited by the top
cell quality. As the last note, in our in-house CZTS experiments, we had observed that
the deposition of NaF underneath the CZTS precursors intensified the damage to the
silicon cell (not shown in the thesis for brevity). However, here we found no further
degradation in the NaF region (see Figure 5.15 (d) as an example).

The AIGSe-Si results, shown in Figure 5.16, were less impressive compared to the
CGSe-Si results, again due to imperfect top cell’s composition. Both samples, though
sample 1 to a larger extent, were undesirably Ag-rich, leading to zero (or negligible)
efficiency in the single junction reference pieces. In fact, the AIGSe top cells in sample
1, almost showed no photovoltaic response in the EQE measurements. Thus, it seems
as if the top cell was wholly inactive and just served as an optical filter on top of
the silicon. The top cell inactivity can be evidenced by a tandem Voc near 600 mV
and the well-behaved JV curves shown in Figure 5.17 (a), all resembling silicon cell’s
characteristics, rather than an additive tandem response.

The situation in sample 2 was entirely different. As it can be seen in Figure 5.16,
the Voc in sample 2 was very scattered with a very low median of around 250 mV.
The reason behind the low Voc is not fully apparent to the author yet. Considering a
post-AIGSe silicon lifetime of ∼700–800 µs, the bottom cell alone should contribute
at least 500 mV to the tandem Voc. Surprisingly, unlike the sample 1, rather high
tandem currents up to 11 mA/cm2 were measured for sample 2, also confirmed by
the EQE measurements shown in Figure 5.17 (c). It is noteworthy that in many cases,
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Figure 5.15: a) The JV curves of CGSe-Si tandem solar cells with the best PCE (blue)
and Voc (green). b) The EQE response of the CGSe-Si sample with the highest Voc

(the green curve in (a)) under different bias voltages (0, +0.5 V, −0.5 V). c) The EQE
comparison of the CGSe-500 and CGSe-1000 top cells, as well as the effect of CGSe
thickness (500 nm vs. 1000 nm) on the bottom cell response. d) The lifetime maps
of the silicon bottom cell (200-2.5) after the CGSe fabrication process. The location
of the cell with the record Voc is shown as an inset.

the top cell showed EQE response much higher than 100% (e.g., 200% ), which could
be intensified to even higher values (e.g., 300–400 % ) under a negative bias voltage.
Although an EQE above 100% is physically possible, e.g., by impact ionization (the
inverse of Auger recombination) in bulk or multiple exciton generation (MEG) in
quantum crystals, such phenomena are very inefficient in bulk semiconductors and
cannot be the reason behind the EQE above 100%, which we observed in our case.
Therefore, the very high EQE is probably related to the unwanted extraction of carri-
ers generated by the used bias light (filtered to +900 nm range), for example, from
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Figure 5.16: The L-JV parameters of AIGSe-Si tandem samples.

the silicon bottom cell or secondary phases in AIGSe. Also, we noticed that the EQE
response changed sign from positive to negative values under a positive applied bias
voltage (see Figure 5.17 (d)), which might imply that the top cell is behaving as n-
type (instead of p-type). The n-type behavior in AIGSe might also explain the very
low tandem Voc, as in this case, the voltages cancel each other out rather than being
constructive. Indeed, under certain conditions, for instance, when grown with Se
deficiency or annealed in vacuum, the AIGSe can become n-type [405]. However,
given the large Se overpressure in our synthesis process, such a hypothesis is highly
unlikely, although it cannot be ruled out completely. In addition, low-bandgap and
highly conductive n-type secondary phases, such as Ag9GaSe6, are likely to form in
Ag-rich compositions, which can lead to n-type behavior and shunting in AIGSe [412].
Moreover, the light and dark JV curves of all cells showed unusual kinks under the
high forward bias region, which might be due to carrier transport barriers within the
structure, or again due to the n-type behavior of the top cell. However, due to the
very poor top cell performance and the wrong composition, any explanation here is
conjectural as further investigation and more follow up runs are required for better
understanding.

Even though the AIGSe-Si tandem results were unsatisfactory, the results were par-
ticularly interesting from the bottom cell point of view. It can be seen in Figure 5.17
(c) that a very high bottom cell EQE response, corresponding to a Jsc of 14.5 mA/cm2,
was measured in the silicon bottom cell thanks to the AIGSe larger bandgap of 1.75
eV (estimated from the EQE curve), compared to the CGSe (Eg ∼1.67 eV) and CZTS
(EQE bandgap ∼1.48 eV). In addition, the higher post-AGISe bottom cell lifetime no-
ticeably showed less damage to silicon bottom cell compared to the CGSe and CZTS
counterparts, which again can result in a higher EQE. Indeed, the higher carrier life-
time in the AIGSe samples signifies the role of Cu diffusion in the degradation, since
the annealing conditions (time, temperature, and Se atmosphere) were almost iden-
tical for both AIGSe and CGSe layers, except that the Cu target was replaced with Ag
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Figure 5.17: The JV characteristics of AIGSe-Si tandem devices for (a) sample 1,
and (b) sample 2. c) The EQE comparison of AIGSe-Si samples (solid, blue and
red) with CGSe-Si and CZTS-Si tandems (dashed, gray). d) An example of a faulty
EQE measurement performed on AIGSe-Si (sample 2) samples under different bias
voltages (0, +0.5 V, and +0.7 V).

and In sources. The difference between the CGSe and the CZTS, on the other hand,
might be attributed to the lower annealing temperature of CGSe (550 °C) compared
to the CZTS case (580 °C), as shown previously in Figure 5.7 that a 15 °C decrease
in the annealing temperature could have a profound impact on the bottom cell life-
time. These results further support our initial claim that our findings regarding the
bottom cell protection against CZTS can be easily generalized to other structures, as
the CZTS has one of the harshest fabrication conditions among chalcogenides.



5.3 Results and Discussions 177

AIGS CGSe CZTS
Top cell

100

300

500

700

900

Li
fe

tim
e 

(
s)

Silicon lifetime vs. Top cell material

Figure 5.18: The silicon bottom cell lifetime after the fabrication of different top cell
materials.

5.3.5 RBS measurements

Within the previous sections, we showed the beneficial role of the polySi in Si bottom
cell protection, which we attributed to the impurity gettering within the polySi layer.
In this regard, in analogy to what has been already shown in Chapter 3 on 40 nm
n+polySi test samples, we deposited and annealed CZTS and CGSe layers on one side
of lifetime samples passivated symmetrically using 200 nm n+polySi. Two barrier
layer thickness of 2.5 and 5 nm were used for both top absorbers. The CZTS sam-
ples were annealed at 580 °C for 1 and 13 min, while the annealing conditions were
kept constant for the CGSe samples (i.e., 550 °C for ∼30 min). The CGSe samples
comprised of two regions, i.e., NaF (10 nm) and no NaF. The backside of all sam-
ples, where no CZTS or CGSe was deposited, was protected by SiN:H to exclude the
backside contamination. Figures 5.19 (a) and (b) show the minority carrier lifetime
results of the investigated samples after top absorber fabrication. Similar to the tan-
dem cell results, regardless of the TiN thickness, the CGSe generally ended up with a
higher lifetime compared to the CZTS samples, due to a lower annealing temperature.
Additionally, neither NaF nor the TiN thickness showed any significant effect on the
lifetime. Figures 5.19 (c)-(f) show the RBS measurements performed on the front
and rear sides of these samples. Similar to our previous measurements in Chapter
3, we could not find any contamination above the detection limit of the RBS method
neither on the front nor on the backside, even though more significant diffusion was
expected as the annealing temperature, in this case, was around 60 °C higher than
what already showed in Chapter 3, and the barrier layer was thinner. Although no
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Cu was detected, the results can be used as the upper limit for the Cu concentration
at the surface of the polySi as well as in c-Si bulk, which are indicated as insets on
the graph. Further investigation is required using SIMS with a better detection limit
to reveal the contamination depth profiles and the possible role of polySi in gettering,
which remains as future work.

5.4 Conclusions
In this chapter, we proposed the polySi gettering as an additional protection mecha-
nism to the TiN barrier layer to enhance the bottom cell resilience against contamina-
tion. We demonstrated that increasing the thickness of the front n+polySi layer from
40 nm to 200 nm can significantly improve the surface passivation quality, allowing
to reach minority carrier lifetime above 10 ms in symmetrical samples, and above 3
ms in bottom cell precursor wafers. However, further increase of the thickness to 400
resulted in a slightly lower effective lifetime, possibly due to the non-optimized an-
nealing and insufficient hydrogenation. Moreover, ray-tracing optical simulations on
the CZTS-Si structure revealed a short circuit minor current loss of ∼4.5 µA/cm2 per
every nm of polySi, i.e., two orders of magnitude lower than TiN parasitic absorption.
As a result, a polySi thickness up to 500 nm can be easily tolerated.

In collaboration with Uppsala University, we examined the proposed idea at the
device level by fabricating new sets of CZTS-Si monolithic tandem devices featuring
different interfacial configuration. By using only 200 nm polySi and 2.5 nm TiN,
we successfully protected the bottom call against contamination, evidenced by much
higher post-CZTS bottom cell lifetime and bottom cell EQE response. Thanks to better
protection, we demonstrated a high bottom cell Jsc up to ∼12 mA/cm2, which was a
significant improvement over our previous results in Chapter 4 as well as twice the
best value of 6 mA/cm2 reported in the literature [81]. As a result, a new world-
record efficiency of 4.16% was achieved for a monolithic CZTS-Si tandem device.
Despite the high current, the tandem cell efficiencies were generally limited by a low
Voc, which we attributed to the inferior top cell quality, due to lack of Na or improper
adhesion.

Lastly, we integrated our bottom cells with alternative top cell materials such as
CGSe and AIGSe having ideal bandgaps near 1.7 eV. Similarly, we exhibited efficient
silicon protection in both structures, leading to high bottom cell currents of 12.5 and
14.5 mA/cm2 for CGSe and AIGSe, respectively, with only 2.5 nm of TiN and 200 nm
of n+polySi. However, the efficiency of the tandem cells was unfortunately limited
by the top cell’s performance, caused by non-ideal compositions. Nevertheless, we
attained a high Voc of 1.3 V and an efficiency of 5.5% for the best CGSe-Si device. The
obtained results can be improved by merely ensuring the correct top cell composition
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or by incorporating advantageous alkali doping (e.g., NaF). Even though the AIGSe-
Si were notably inferior compared to the CGSe counterpart, the AIGSe synthesis led
to the least damage to the silicon bottom cell lifetime due to the absence of Cu in the
composition.
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Figure 5.19: The effective lifetime maps of lifetime samples passivated with 200 nm
n+polySi on both sides, and protected with 2.5 or 5 nm TiN, after the (a) CZTS and
(b) CGSe process. (c)-(f) The corresponding RBS measurements performed on the
front and back sides. All external layers (i.e., CZTS, CGSe, TiN, and SiN:H) were
selectively etched before the measurements. The schematic of the structure and the
measurement side are shown as insets.



CHAPTER6
Summary and Outlook

In this work, we developed technology for the integration of new solar energy mate-
rials with a harsh fabrication process on top of silicon, to potentially realize efficiency
above 30% in a tandem solar cell. In this regard, we used the CZTS as the model
top absorber from the chalcogenide family and studied the integration challenges in
detail. Herein, the main findings of the work will be briefly reviewed, and possible
recommendations regarding future work will be presented.

6.1 Summary
In Chapter 2, we focused on the development of the bottom cell technology. For the
tandem architecture, we selected a promising silicon structure based on highly doped
polySi passivating contacts on both sides. We chose this structure due to its several
advantages, such as simple design, high-temperature resilience, excellent surface pas-
sivation, and low contact resistivity. The main focus in the bottom cell development
was to optimize the passivation quality of both n-type and p-type polySi contacts and
develop a baseline process to fabricate such devices inhouse in our cleanroom facility.
We investigated various important parameters such as type of the tunneling oxide,
doping density, high-temperature annealing, and hydrogenation. The best results
were achieved on chemical tunnel oxide, 7 sccm doping flow, and annealing at 850
°C for 10 min. Also, we showed that both polarities significantly benefit from SiN:H
hydrogenation. As a result, we obtained excellent effective lifetime on both contacts.
However, the n+polySi/TO contacts systematically resulted in superior passivation
quality compared to the p+polySi/TO counterpart, with an effective lifetime up to 20
ms, iVoc ∼745 mV, and J0 ∼5 fA/cm2. On the other hand, an effective lifetime up
to 3.2 ms, iVoc ∼700 mV, and J0 60-70 fA/cm2 was achieved for the p+polySi/TO
contacts. Similarly, we could attain excellent passivation on asymmetrical device
precursor samples with lifetime iVoc above 700 mV and J0 <20 fA/cm2, which are
comparable to the-sate-of-art. At the device level, we obtained an external Voc of
∼680 mV and the best efficiency of ∼16% , which were limited by moderate Jsc and
FF. Optical simulations showed that the low Jsc, was related to the wafer flatness
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(high reflection) and minor parasitic absorption in the n+polySi layer, which are not
as significant in a tandem device. Detailed electrical loss analysis revealed a high
series resistance (∼2.5 Ω cm) at the p+polySi/SiO2/c-Si(n) interface, which limited
the FF of the single junction devices to around 70% . However, we argued that such
a problem would not be restricting in our tandem devices, due to their much lower
absolute current (or smaller sizes).

In Chapter 3, we focused on the integration challenges of the two technologies.
In our tandem structure, we used a thin TiN layer to protect the silicon sample against
CZTS diffusion, and at the same time to serve as the recombination layer. Firstly, we
evaluated the detrimental effects of CZTS on Si by simple CZTS diffusion experiments
via various characterization methods. Even though the Si carrier lifetime degraded
by around 40% as a result of CZTS processing, we could still achieve promising post-
CZTS lifetimes exceeding 1.5 ms, which is sufficiently high to make high-performance
devices. Moreover, SIMS analysis revealed that the main contributor to the lifetime
degradation is Cu, as no significant indiffuion from other elements were observed.
Using SIMS and DLTS measurements, we could prove that the TiN barrier layer alle-
viates the diffusion of the contaminating species. We did not detect any electrically
active deep defects in Si when only a 10 nm TiN layer protected samples. Based on
these results, the first proof-of-concept working CZTS-Si tandem solar cell, PCE of
1.1% and a Voc of 900 mV, was demonstrated using a TiOxNy barrier layer. The main
limiting factor for the performance of the tandem device was a very low FF, caused
by a severe S-shaped IV characteristic, which we attributed to the non-ohmic carrier
blocking behavior at the TiON interfaces. Despite the low efficiency, due to the out-
standing barrier protection of TiON, we managed to keep the bottom cells lifetime
(or iVoc) intact during the full fabrication of the CZTS cell.

In Chapter 4, we focused on the properties of the barrier layer. Three TiN-based
barrier layers, namely TiN, TiON, and TiN-Al-TiN with different optical, electrical,
and barrier properties, were investigated. We showed that the addition of oxygen to
TiN (to make TiON) results in an immense improvement is barrier protection as well
as optical transparency. As a result of the excellent protection, the bottom cell lifetime
remained nearly intact. However, the addition of oxygen increased the resistivity of
TiN by around 4 orders of magnitude, leading to a severe roll-over in the IV curve.
On the other hand, reducing the oxygen content in the TiON improved the FF a lot
and solved the S-shape behavior. As a result, we could obtain a new record efficiency
up to 3.9% and record Voc of 1.06 V. However, despite the improved efficiency, the
performance of the tandem device was limited by a low Jsc because of the acute dam-
age to the silicon bottom cell. To lower the TiN diffusivity, we introduced a thin Al
(1-2 nm) layer in between two TiN layers (each 5 nm) in a TiN-Al-TiN configuration.
The primary purpose of the Al layer was to stuff the grain boundaries of TiN by Al2O3

via a mild drive-in anneal in an oxygen-rich environment. We showed that the Al
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layer could indeed improve the TiN protection without compromising the conductiv-
ity. However, due to its rather high thickness, which was imposed by the deposition
method (sputtering), the tandem device again suffered from a low Jsc, limited by the
barrier layers low transparency (∼50% ).

In Chapter 5, to improve the bottom cell protection, we put forward a second
protection mechanism based on the impurity gettering within the polySi layer, in-
spired by the Cu SIMS depth profiles. We demonstrated that increasing the front
n+polySi thickness, from 40 to 200 nm, results in a significantly better initial surface
passivation, evidenced by extremely high minority carrier lifetime up to 20 ms in sym-
metrical test samples. The thicker polySi layer could notably enhance the bottom cell
resilience against CZTS processing, even without the presence of any TiN layer. By
optical simulations, we estimated a minor optical loss of 4.5 µA/cm2 per every nm
of the n+polySi layer, i.e., two orders of magnitude lower than that of the TiN bar-
rier layer. Subsequently, we fabricated new sets of monolithic CZTS-Si tandem cells
with different polySi and TiN configurations. As speculated, we could successfully
protect the bottom cell against the CZTS fabrication, by using an ultrathin 2.5 nm
TiN barrier layer coupled with 200 nm polySi. The efficient protection and optical
transparency were confirmed by much higher bottom cell Jsc up to 12 mA/cm2, and
post-CZTS carrier lifetime of ∼500 µs. As a result, we could further improve the PCE
of our CZTS-Si tandems to a new world-record value of 4.1% . However, despite the
better bottom cell protection, the tandem efficiencies were generally limited by a low
Voc of 700-900 mV, which we ascribed to the CZTS inadequate performance, possibly
due to lack of Na doping. At last, we also integrated CGSe and AIGSe materials with
ideal bandgaps of ∼1.7 eV as alternative top cell materials onto our proposed struc-
ture. Similar to the CZTS-Si results, we demonstrated efficient preservation of the
silicon bottom cell during the fabrication of CGSe and AIGSe, although the latter led
to higher bottom cell lifetimes due to lack of Cu in its composition. As a result, we
obtained promising bottom cell Jsc up to 12.5 and 14.5 mA/cm2 in the CGSe-Si and
AIGSe-Si devices. However, the overall tandem efficiency, especially in the AIGSe-Si
case, was heavily restricted by the top cells poor performance due to the nonideal
composition of the absorber layer. Nonetheless, we attained a promising Voc of 1.3 V,
along with an overall PCE of 5.5% , in a CGSe-Si tandem, which was improvements
compared to the CZTS-Si samples.

In conclusion, our work suggests that the high-temperature growth of complex
semiconductors containing critical contaminants such as Cu on silicon is technically
feasible, as in many cases, we showed that the full preservation of the silicon is
possible. Our adopted approach in combining an ultrathin nitride-based diffusion
barrier with polySi gettering not only protects the silicon cell against contamination
but also ensures sufficient electrical and optical transport, which are essential in a
monolithic tandem device. We believe that the most findings of this work can be
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easily generalized to a similar system of materials with small adaptations.

6.2 Outlook
The main goal of this thesis was to take the first steps to integrate complex and
incompatible materials on top of silicon, in a tandem solar cell. Therefore, our in-
vestigations were mostly proof-of-concept studies that deserve a significant amount
of post-optimization, to become relevant for industry. As the low tandem efficiencies
suggest, there is still a considerable gap between what we achieved in this thesis and
the theoretical potential of the investigated devices. For instance, given the CZTS
bandgap of 1.5 eV, a two-terminal tandem efficiency ∼30% and four-terminal effi-
ciency ∼40% is predicted by theoretical studies, which is by far higher than the 4.1%
achieved in this thesis. Therefore, there are still countless aspects that have to be
further improved in all components, namely the top cell, the barrier layer, and the
silicon bottom cell. Herein, we briefly review some of the possibilities.

As mentioned before in the Introduction chapter, the most critical shortcoming of
the CZTS technology is the Voc deficit, which already creates a huge gap between the
practical and theoretical efficiency of CZTS solar cells. Therefore, the most prominent
issue that has to be addressed is to increase the efficiency of the CZTS itself to above
20% , which still requires a large amount of research and is somehow outside the
scope of this thesis. Improving the efficiency should also be accompanied by increas-
ing the bandgap to the ideal value of 1.7 eV, which we did not explore in this thesis.
Apart from the efficiency improvements at the single junction level, another hurdle
for achieving higher tandem efficiency was the quality of the CZTS cell on Si, which
differed significantly from the single junction counterparts. As we explained before,
thin-film solar cells, and in particular CZTS, are very substrate sensitive, meaning
that their performance largely depends on the nature of the substrate. So far, the
best performing CZTS devices have been achieved on soda-lime glass, from which
Na indiffusion occurs. Even though there have been many studies trying to grow
CZTS on Na-free substrates (e.g., stainless steel), only a few studies investigated the
CZTS growth on top of the silicon. Therefore, detailed research on the fabrication
of CZTS on Si, which also includes additional alkali doping (e.g., NaF), is essential
to get closer to the single junction performance. Additionally, there is also immense
potential in exploring different alternative high bandgap materials. In this work, we
demonstrated promising results on CGSe and AIGSe materials, which deserves further
investigation, especially regarding the top cell optimization.

Similarly, the interfacial barrier layer also needs further improvement. Even
though we showed promising protection with TiN in combination with a thick polySi,
however, we still noticed some degradation due to CZTS processing. Therefore, a



6.2 Outlook 185

diffusion barrier that can better block the indiffusion of the Cu would be beneficial to
the device performance. For instance, we showed that the addition of oxygen and Al
to TiN could boost the barrier property. However, more optimization is yet needed to
find the best compromise between the barrier protection as well as carrier and pho-
ton transport. There are also plenty of other diffusion barrier materials, such as TaN,
that should be tested as the barrier layer. Moreover, we demonstrated that the FF of
our tandem devices could be significantly improved by using a pure TiN. Although
we measured rather high FF up to 70% in our compromised tandem cells (where Jsc

is ∼5 mA/cm2), the FF decreased to ∼50-60% when the absolute current increased
(as a result of better protection), which might be related to the barrier layer. Thus, a
detailed study on the band alignment, as well as the contact resistivities of the barrier
layer interfaces, i.e., n+polySi/TiN and TiN/CZTS, will be advantageous to reduce
the series resistance.

Regarding the bottom cell, there is also much research left to be done. For in-
stance, the p+polySi/SiO2/c-Si(n) junction should be further optimized both in terms
of passivation quality and resistivity. The junction optimization may include the
polySi doping density, high-temperature annealing (T and t), and thickness of the
tunnel oxide. Please note that such improvements are only relevant for our inhouse
devices, since fully optimized polySi passivating contacts with J0<10 fA/cm2 have
been already demonstrated for both polarities in the literature. Moreover, in this
thesis, we only investigated the effect of contamination on n-type wafers. As the im-
purity tolerance threshold, as well as the carrier capture cross-sections, may differ
in n-type and p-type wafers, it would be interesting also to examine the behavior of
p-type wafers under such harsh fabrication conditions.
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µ-PCD Microwave Detected Photoconductance Decay
µc-Si Microcrystalline Silicon (Polysilicon)
2T Two-Terminal
3T Three-Terminal
4T Four-Terminal
ABI Ag3BiI6

ACZTS (AgxCu1-x)2ZnSnS4

AIGS AgInGaSe2

ALD Atomic Layer Deposition
AlOx Hydrogenated Aluminum oxide
AM Air-Mass
AM0 Solar Spectrum just Outside the Atmosphere
AM1.5 Air Mass with the Zenith Angle of 48.2◦ Latitude
AM1.5G The Global Standard Solar Spectrum
ANOVA Analysis of Variance
ARC Anti-Reflection Coating
aSi:H Hydrogenated Amorphous Silicon
AZO Aluminium Doped Zinc Oxide (Al:ZnO)
AZTS Ag2ZnSnS4

BHF Buffered Hydrofluoric Acid
BJT Bipolar Junction Transistor
BOS Balance of System
BSF Back Surface Field
c-Si Monocrystalline Silicon
CBD Chemical Bath Deposition
CBM Conduction Band Minimum
CBTS Cu2BaSnS4

CBTSe Cu2BaSnSe4
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CGSe CuGaSe2

ChOx Chemical Oxide
CIGS Cu(In,Ga)Se2

CIGSSe CuInxGa1-x(SySe1-y)2

CSL Carrier Separating Layer
cTLM Circular Transmission Line Measurements
Cu-LID Copper Elevated Light-Induce Degradation
CVD Chemical Vapor Deposition
Cz Czochralski
CZGS Cu2ZnGeS4

CZTS Cu2ZnSnS4

CZTS(e) Kesterite Family of Materials
CZTSe Cu2ZnSnSe4

CZTSSe Cu2Zn Sn(SxSe1-x)4

DEZ Diethylzinc
DFT Density Functional Theory
DI Deionized
DLTS Deep Level Transient Spectroscopy
DSP Double-Side Polished
DTU Technical University of Denmark
EDX Energy Dispersive X-ray
EQE External Quantum Efficiency
FF Fill Factor
FTO Fluorine Doped Tin Oxide
GS4 4-term Gaver-Stehfest Algorithm
HIT Heterojunction with Intrinsic Thin Layer
i Intrinsic
i-ZnO Intrinsic ZnO
IBC Interdigitated Back Contacted
IEA International Energy Agency
IPA Isopropanol Alcohol
IPL Intermediate Passivating Layer
IQE Internal Quantum Efficiency
IR Infrared
ITO Indium Tin Oxide
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L-IV Light Current-Voltage
LCOE Levelized Cost of Electricity
LL Load Lock
LPCVD Low-Pressure Chemical Vapor Deposition
MBE Molecular Beam Epitaxy
MEG Multiple Exciton Generation
MI-2T Monolithically Integrated Two-Terminal
MIS Metal-Insulator-Semiconductor
MPP Maximum Power Point
n+ Highly Phosphorus Doped
n+polySi Highly Phosphorus Doped Polysilicon
NREL National Renewable Energy Laboratory
p+ Highly Boron Doped
p+polySi Highly Boron Doped Polysilicon
PCD Photoconductance Decay
PCE Power Conversion Efficiency
PEALD Plasma-Enhanced Atomic Layer Deposition
PECVD Plasma-Enhanced Chemical Vapor Deposition
PERC Passivated Emitter and Rear Cell
PERL Passivated Emitter and Rear Locally Diffused
PERT Passivated Emitter and Rear Totally Diffused
PERx Family of PERC, PERL, and PERT
PL Photoluminescence
PLD Pulsed Laser Deposition
POLO POLycrystalline silicon on Oxide
polySi Polycrystalline Silicon (Polysilicon)
PV Photovoltaic
QE Quantum Efficiency
QSSPC Quasi-Steady-State Photoconductance Decay
RBS Rutherford Backscattering Spectroscopy
RCA1 Mixture of NH4OH and H2O2 (NH4OH:H2O2:5H2O)
RCA2 Mixture of HCl and H2O2 (HCl:H2O2:5H2O)
SEM Scanning Electron Microscopy
SHJ Silicon Heterojunction
SIMS Secondary Ion Mass Spectrometry
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SiN:H Hydrogen-rich Silicon Nitride
SiOx Hydrogenated Silicon Oxide
SIS Semiconductor-Insulator-Semiconductor
SLG Soda-Lime Glass
SQ Shockley-Queisser
SRH Shockley-Read-Hall
STC Standard Test Conditions
STEM Scanning Transmission Electron Microscopy
TCO Transparent Conductive Oxide
TFCs Thin Film Chalcogenides
ThOx Thermal Oxide
TLM Transmission Line Measurements (or Transfer Length Method)
TMA Trimethylaluminum
TMAH Tetramethylammonium Hydroxide
TO Tunnel Oxide
TOPCon Tunnel Oxide Passivated Contacts
tr-PCD Transient Photoconductance Decay
UV Ultraviolet
V Vacancy
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
XRF X-ray Fluorescence
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α Absorption coefficient
αRBS RBS incidence angle
∆ϕ Quantum mechanical tunneling barrier height
∆σ Photoconductivity
∆n Excess concentration of photogenerated carriers (injection level)
δ The difference between the sample width (W ) and pad width (Z) in TLM
∆FF Fill factor loss
∆FFJ02 Fill factor loss due to non-radiative (SRH) recombination
∆FFsh Fill factor loss due to shunting
∆FFs Fill factor loss due to series resistance
η Power conversion efficiency
λ Wavelength
iVoc Implied open-circuit voltage (implied-Voc)
µn Electron mobility
µp Hole mobility
ν Frequency
ΦAM1.5G Standard global solar irradiance (AM1.5G)
ρc Specific contact resistivity
τeff Effective minority carrier lifetime
θz Zenith angle
θRBS RBS scattering angle
A Absorption
a Solar cell width
C Correction factor in cTLM
c Speed of light
CE Carrier collection efficiency
D Diffusion coefficient
d Pad distance (gap) in (c)TLM measurements (transport length)
Dit Interface trap density
Ec Conduction band minimum (edge)
Eg Bandgap
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Ev Valence band maximum (edge)
EFe Quasi Fermi level for electrons
EFh Quasi Fermi level for holes
Eg,bottom Bottom cell bandgap
Eg,top Top cell bandgap
fc Front grid coverage fraction
G Optical generation
G(t) Optical generation rate
h Planck’s constant
I Current
Ilight Light intensity in SunsVoc measurements (in number of Suns)
IV Current and voltage characteristics
J Current (density)
J0 Recombination current (density), Recombination prefactor
JC (λ) Collected current density
JL Photocurrent density
Jinc The ideal (incident) current density at 1 sun
Jmpp Current (density) at maximum power point
Jsc,bottom Short-circuit current (density) of the bottom cell
Jsc,top Short-circuit current (density) of the topcell
Jsc,total Total short-circuit current (density)
Jγ0 (λ) Incident photon flux density
Jγ (x, λ) Photon flux density
JV Current (density) and voltage characteristics
k Extinction coefficient
kB Boltzmann constant
L Outer circle diameter in cTLM
L Wafer thickness
LF Finger length (front grid)
Lp Diffusion length (for holes)
LT Transfer length in (c)TLM
m The slope of the dark IV curve in a semilog plot
n Refractive index
Nbase Bulk (wafer) doping density
nid,0.1 Diode ideality factor at 0.1 sun
nid,1 Diode ideality factor at 1 sun
nid Diode ideality factor
ni Intrinsic carrier concentration
P Power
p Hole concentration (under illumination)
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p0 Hole concentration (in dark)
Pin Solar cell input power
Pout Solar cell output power
R Reflection
Rc Metal/semiconductor contact resistance in TLM
Rs Series resistance
rs Normalized series resistance
RT Total contact resistance in (c)TLM
Rsemi Semiconductor resistance in TLM
Rsheet Sheet resistance
Rsh Shunt resistance
Rm Metal pad resistance in TLM
S Surface recombination velocity
SF Finger spacing (front grid)
T Temperature or transmittance
t Time or thickness
tpulse Pulse illumination decay time
V Voltage
Vdrop Voltage-drop due to series resistance
Vmpp Voltage at maximum power point
Voc,bottom Open-circuit voltage of the bottom cell
Voc,top Open-circuit voltage of the topcell
Voc,total Total open-circuit voltage in a tandem device
Voc Open-circuit voltage
voc Normalized voltage
W Wafer thickness
Z Contact width in TLM
FF Fill Factor
τbulk Bulk lifetime
τeff Effective lifetime
VCu Copper (Cu) vacancy
VSn Tin (Sn) vacancy
VS Sulfur (S) vacancy
VZn Zinc (Zn) vacancy
Cui Copper (Cu) interstitials
CuSn Cu on Sn antisites
CuZn Cu on Zn antisites
EQE External Quantum Efficiency
FF0 ideal fill factor
FFs Fill factor affected by series resistance
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iJV Implied current (density) and voltage characteristics
iFF Implied fill factor
pJV Pseudo current (density) and voltage characteristics (from SunsVoc)
pVoc Pseudo-Voc (SunsVoc)
pFF Pseudo fill factor
SnCu Sn on Cu antisites
Sni Tin (Sn) interstitials
SnZn Sn on Zn antisites
SunsVoc Suns open-circuit voltage (quasi-steady-state Voc)
ZnCu Zn on Cu antisites
Zni Zinc (Zn) interstitials
ZnSn Zn on Sn antisites
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