w
=
=
&
g
w
[
B
g
™
T

12 wileyonlinelibrary.com

www.afm-journal.de

e \Eﬁﬂ}

www.MaterialsViews.com

All Solution-Processed Chalcogenide Solar Cells — from Single
Functional Layers Towards a 13.8% Efficient CIGS Device

Yaroslav E. Romanyuk,* Harald Hagendotfer, Patrick Stiicheli, Peter Fuchs,
Alexander R. Uhl, Carolin M. Sutter-Fella, Melanie Werner, Stefan Haass,
Josua Stiickelberger, Cédric Broussillou, Pierre-Philippe Grand,

Veronica Bermudez, and Ayodhya N. Tiwari

Solution processing of inorganic thin films has become an important thrust in
material research community because it offers low-cost and high-throughput
deposition of various functional coatings and devices. Especially inorganic
thin film solar cells — macroelectronic devices that rely on consecutive deposi-
tion of layers on large-area rigid and flexible substrates — could benefit from
solution approaches in order to realize their low-cost nature. This article criti-
cally reviews existing deposition approaches of functional layers for chalco-
genide solar cells with an extension to other thin film technologies. Only true
solutions of readily available metal salts in appropriate solvents are consid-
ered without the need of pre-fabricated nanoparticles. By combining three
promising approaches, an air-stable Cu(In,Ga)Se; thin film solar cell with
efficiency of 13.8% is demonstrated where all constituent layers (except the
metal back contact) are processed from solutions. Notably, water is employed
as the solvent in all steps, highlighting the potential for safe manufacturing

with high utilization rates.

1. Introduction

Thin film solar cells (TFSC) are photovoltaic (PV) devices that
are made by depositing multiple layers of different functionali-
ties with a total thickness on the order of 1-5 micrometers on
rigid or flexible substrates. Within the past few years not just
one but several thin film PV technologies have demonstrated
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remarkable improvements in conver-
sion efficiency.l! The highest efficiency of
21.0% has been achieved for two thin film
technologies so far: Cu(In,Ga)Se, (CIGS)?
and CdTe.’l Remarkably, both CIGS and
CdTe records are exceeding the highest
value of 20.4% for the market leading
polycrystalline silicon wafer technology.
Kesterite Cu,ZnSn(S,Se), (CZTSSe) solar
cells are often considered as low-cost alter-
natives to CIGS and CdTe because they
consist of only earth-abundant and non-
toxic elements although the efficiency
is currently limited to 12.6% (12.7% not
certified).!  Well-established ~dye-sensi-
tized solar cell (DSSC) and amorphous
silicon (a-Si) technology peak at 12.3%
and 13.4%, respectively.!!l The most recent
boom in TFPV - organometallic halide
perovskite cells — has shown an incredible
spurt by advancing efficiency from below
5% to 17.9%(!) within just 3 years.’] On the border to classical
TFSC is the thin crystalline silicon technology that employs lift-
off of 50-micrometer-thick Si wafers to yield up to 21.2%-effi-
cient solar cells.[®!

These massive research and development efforts in the field
of TESC clearly reflect their commercial value for manufac-
turing inexpensive efficient solar modules — rigid or flexible.
Functional layers for the high efficiency devices are depos-
ited mostly in a batch-to-batch manner using vacuum-based
methods such as evaporation, sputtering, or chemical vapor
deposition. For example, Figure 1 exhibits a cross-section of a
>20% efficient CIGS solar cell in the so-called substrate con-
figuration, where 5 out of 6 functional layers are deposited by
evaporation or sputtering. In this respect, non-vacuum depo-
sition methods are often promoted as alternative approaches
to reduce capital investment costs, offer fast roll-to-roll (R2R)
processing and eventually reduce the PV module prices. Par-
ticularly desirable among non-vacuum approaches are solution-
based techniques due to their relative simplicity and potential
economy. Switching to low-cost non-vacuum manufacturing is
justified, however, only if the material performance comparable
to the reference vacuum processes can be maintained. While
vacuum-based methods typically result in higher-quality mate-
rials, there are several encouraging examples when non-vacuum
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Figure 1. Structure of a typical chalcogenide thin film solar cell in sub-
strate configuration. State-of-the-art deposition methods employed for
the highest-efficiency devices are listed.

processed solar cells outperform their vacuum-based analogues.
CZTSSe absorbers deposited from hydrazine-based pure solu-
tions yield the record of 12.7% efficient solar cells — higher than
any evaporation or sputtering approach.! The best organo-
metallic perovskite cells currently reaching 16-18% efficiency
values are also produced by depositing constituent layers with
low-temperature solution methods (typically spin-coating).l’!

There are several recent reviews that praise liquid-processed
photovoltaics, starting from the comprehensive book edited
by D. Mitzi,” an extensive overview of Habas et al.,l¥! followed
by more specific reviews of chalcopyrite” and kesteritel!%-12]
absorbers, as well as interface engineering concepts.’] In
this article we would like to critically evaluate various solution
deposition methods for creating a high-efficiency chalcogenide
thin film solar cell, in which not just one but several functional
layers are obtained by a scalable solution approach. The thin
film CIGS or CZTSSe solar cell in the so-called substrate con-
figuration (Figure 1) is chosen as the model system although
our conclusions may be extended to other technologies
employing similar functional layers. The discussion is limited
only to pure (true) solution approaches that do not require pre-
fabricated nanoparticles or complex organometallic precursors.
With this restriction one should be able to fully exploit the low-
cost nature of liquid processing so that readily available, cheap
metal salts with long storage time (weeks to months) can be
used as starting agents for reproducible, industrial scale man-
ufacturing. To enhance the cost benefit even more, wherever
possible, this approach is realized with deposition techniques
exhibiting a high degree of material utilization (e.g. electrodep-
osition with utilization of up to 90%). Finally, the preference is
given to water as solvent in order to promote ecological manu-
facturing and diminish problems of liquid waste.

Thin films can be grown or coated from solutions with a
number of deposition techniques, which could be convention-
ally divided into two categories depending on whether the

Adv. Funct. Mater. 2015, 25, 12-27

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Yaroslav E. Romanyuk
received his Ph.D. from the
Swiss Federal Institute of
Technology, Lausanne in
2005. After his postdoctoral
stay at the University of
California, Berkeley, he joined
Empa as a group leader in
the Laboratory for Thin Films
and Photovoltaics headed by
Prof. Dr. Ayodhya N. Tiwari.
His research interests include
novel energy materials, TCOs
and other functional films deposited by vacuum and non-
vacuum techniques. He holds several patents and has
co-authored more than 70 research articles.

-

Harald Hagendorfer

received his PhD from the
Swiss Federal Institute of
Technology, Lausanne in 2011.
He joined the Laboratory of
Thin Films and Photovoltaics
as a PostDoc in 2012. His
research interfaces environ-
mental and material sci-

ence with an emphasis on
inorganic chemistry. Currently
he works on environmentally
friendly, sustainable, and low-
cost solution-based methods for deposition of TCOs. He is
co-author of more than 20 research publications in the field
of analytical chemistry, environmental and material science.

Cédric Broussillou received
his M.Sc. from Ecole
Polytechnique with a specialty
in Materials for Energy in
2007 and obtained his PhD
from Ecole des Mines de
Paris in 2011. His Ph.D. thesis
dealt with the comprehension
of the CIS absorber formation
and was conducted partly at
the Institute of Research and
Development on Photovoltaic
Energy (IRDEP) in Paris

and at the University of Paris-Sud. He is presently project
manager for the company NEXCIS, working on efficiency
improvements of CIGS modules. His research interests
encompass photovoltaics, low-cost absorber processing,
buffer and TCOs improvements, topics on which he has
co-authored several articles and patents.

substrate is immersed in a liquid (A) or the substrate is coated
with a liquid (B):

A: growth methods can be defined as deposition methods
where the substrate is immersed into a precursor solution
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during the layer growth. In the process of chemical bath depo-
sition (CBD), the solution conditions (e.g., temperature, con-
centration, pH) are tuned in order to obtain a supersaturated
solution and thus induce nucleation and subsequent layer
growth. Nucleation can occur either in the solution (homog-
enous) or on the surface of the immersed substrate (heterog-
enous). For a successful deposition of dense and uniform films
heterogenous nucleation should be promoted.l'* In the process
of electrochemical deposition (or simply electrodeposition —
ED), electrolysis is used to grow thin films onto a conducting
substrate that is immersed in a solution bath containing the
ions of interest. ED can be used either to directly grow a desired
phase or, more commonly, to first deposit (electroplate) metallic
precursors which are later converted into a desired phase (e.g.,
annealing of electrodeposited Cu/In precursors in selenium
atmosphere to form CulnSe, as described in Section 2.2.1).
While ED always requires a conductive substrate, a major
advantage of ED is a high material utilization since the bath
can be reused multiples times when salts are replenished and
no electrolyte degradation occurs. Other growth methods such
as successive ionic layer adsorption and reaction (SILAR) —
a CBD like process with multiple dipping cycles — are only
used for research purposes. Several books and comprehensive
reviews describe the basics and technology of CBDI>™"] and
ED.[1819)

B: coating methods are characterized by distributing a liquid
onto the surface of a substrate, followed by necessary thermal/
chemical treatments to achieve the desired phase. Numerous
liquid coating methods have been summarized previously.>20:21]
Coating techniques such as dip- and spin-coating, knife blading
(aka. doctor blading), or ink-jet printing are commonly used
on small scale. Slit-, slot- and die- casting as well as spraying
methods (spray-pyrolysis, spray ion layer gas reaction (ILGAR),
aerosol jet) are adapted for larger area substrates. High-produc-
tivity printing methods encompass screen-printing, flexography
and gravure printing. In order to evaporate the solvent resi-
dues and obtain the desired phase, the coated precursor layer is
heated in inert or reactive atmosphere, although activation with
electromagnetic radiation may also be used. Coating methods
such as spray-pyrolysis are capable of yielding the final phase
just in one step, without the need of additional post-annealing
(e.g., spray-pyrolysis of sulphides or oxides described in
Sections 2.3.3 and 2.4.2).

There is a vast amount of literature describing how indi-
vidual layers of the CIGS and CZTS solar cell can be prepared
using almost all methods from both categories. It is, however,
strongly desirable to limit the method of choice to potentially
scalable approaches which allow achieving dense, homog-
enous, phase pure and polycrystalline thin films required for
high efficiency devices. Since the criteria to judge the layer
quality can be broad in terms of physical properties and
depend on available characterization methods, we will consider
the solar cell efficiency as the ultimate parameter to compare
different solution approaches. By critically analyzing solution
approaches in subsequent sections, we demonstrate that the
polycrystalline semiconductor layers produced by the growth
methods (category A) yield, on average, more efficient chal-
cogenide solar cells than those obtained by coating methods
(category B).
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2. Solution Deposition of Individual Layers

2.1. Metal Back Contact

A highly conductive thin metal layer is typically used as the
cathode (hole-collecting) contact in both substrate and super-
strate chalcogenide thin film solar cells. Molybdenum pre-
pared by magnetron sputtering in vacuum is preferred for
high-efficiency CIGS solar cells because of its high electrical
conductivity of 5 x 10 Q cm, an acceptable corrosion resist-
ance, and importantly, the ability to build a MoSe, interme-
diate layer providing a quasi-Ohmic contact at the CIGS/
Mo interface. Since the Mo back contact is deposited on
non-conductive substrates (glass or polymer) to enable the
monolithical interconnection of individual cells, only electro-
less solution approaches may be considered as alternatives to
sputtering. The electroless metal deposition consists of sev-
eral electrochemical partial reactions, such as the cathodic
deposition of the respective alloy components and the anodic
oxidation of the reducing agent, typically phosphorous or
boron-containing.[??l The electroless deposition of pure Mo is
challenging.l?¥l There are a few reports of co-depositing nickel-
molybdenum alloys with up to 17 at% Mo thanks to a better
catalytic action of Ni ions,?*! but the electrical properties of
such back contacts in CIS solar cells are inferior due to adhe-
sion problems.?’! Metal diffusion into the absorber layer, detri-
mental for solar cell performance, also has to be considered,2°!
and therefore, alternative options such as highly conduc-
tive Ag, Cu, Al and Ni metals or alloys printed from metal-
containing inks® are not useful. Solution-processed graphitic
materials?”! or conductive metal oxides could be promising,
although their applicability to CIGS solar cells has still to be
proven, and several associated challenges, such as the ability
to provide an adequate Ohmic contact, sufficient corrosion
and temperature stability, and tolerable diffusion of impurities
into the absorber have to be resolved. Therefore, we consider
the conventional molybdenum layer prepared with vacuum-
based magnetron sputtering as currently the cheapest and the
most appropriate back contact material onto which other func-
tional layers can be deposited from solutions.

2.2. Absorber Layer
2.2.1. CIGS

CIGS is a direct band gap material with an optical absorp-
tion coefficient of 3 X 10* cm™ and the core light-absorbing
functional layer of a CIGS solar cell. Polycrystalline CIGS
absorber layers for cells with efficiencies >20% are obtained
by vacuum deposition methods such as co-evaporation!?2%29
or sputtering.?% Non-vacuum deposition methods have been
intensively investigated as reflected in several reviews,31-33
and among them the most promising are two-step approaches
where a precursor layer is coated from solutions, nanoparticle
dispersions, or by ED followed by an annealing step under S, Se
and/or H,Se atmosphere. The nanoparticle route has achieved
the highest efficiencies to date of up to 17.12% reported by
company Nanosolar Inc.?¥ Other nanoparticle routes exhibit

Adv. Funct. Mater. 2015, 25, 12-27
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a) Processing sequence of solution-based deposition of CIGS layers on Mo-coated glass using knife-coating followed by drying and crystal-

lization steps. b) True solutions of metal salts in 1,2-propane-diol solvent are employed. c) Dried precursor layer contains Cu, In, Ga cations embedded

into the organic matrix. d)

Upon annealing in the selenium atmosphere the precursor is converted into a crystalline CIGS layer that is further covered

with a CdS buffer, TCO layer, and Ni/Al grid to yield a CIGS solar cell with up to 7.7% efficiency.3] The carbon-rich layer formed at the Mo/CIGS interface
as a result of the pyrolysis of the organic matrix is undesirable but still provides an adequate electrical contact. Part d) reproduced with permission.[*3]

Copyright 2012, Wiley-VCH.

lower conversion efficiencies of devices?*>>’! and often employ
H,, H,Se, or H,S gasses requiring special safety measures.>®!

True solution inks naturally overcome the need for particle
pre-fabrication and stabilization, and thus present an up-scal-
able and less sophisticated option. Typically, approaches thereby
utilize a multistep process including the solution formulation,
ink deposition by a coating technique, a drying step to remove
the solvent residues and form a stable compound precursor,
and a final conversion step at 400-600 °C under chalcogen
atmosphere (Figure 2a).

High efficiency devices with solution deposited precursors
have been obtained by the IBM group that published record effi-
ciency values of up to 15.2% for Cu(In,Ga)(Se,S), devices from
hydrazine-based inks.*¥! From a chemistry perspective, hydra-
zine can be considered an ideal solvent as it directly dissolves
metal chalcogenides as well as chalcogen surplus, and can
decompose cleanly without leaving any oxygen or carbon impu-
rities. The major downside of hydrazine is its highly toxic and
explosive nature, and this fact stimulates the research of safer
non-hydrazine routes. Efficiencies up to 10.1% were obtained
by Zhao et al. utilizing a molecular precursor derived from
butyldithiocarbamic acid.*) Other groups substituted toxic
reagents with benign solvents or added binder materials to sta-
bilize the metals but failed to improve device efficiencies.*!4?!
Uhl et al. have shown that even the omission of additional
binder materials in the ink can still lead to residual carbon-
rich layers between the absorber and back contact (Figure 2c
and 2d).[*! The in situ formation of carboxylic acids from the
redox reaction of nitrates with propanediol solvent leads to
strong organic coordination of metal cations that prevents the
loss of metals during heat treatments but results in the forma-
tion of a carbon-rich layer. Nevertheless, conversion efficiencies
up to 7.73% were obtained with absorber thicknesses of only
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500 nm.* Wang et al. substituted nitrates with acetates and
actylacetonates and employed a mixture of H, and N, gasses
for the conversion to avoid the formation of the residual carbon
and improve efficiencies to 8.01%.*4 Low levels of residual
carbon were also reported by Ahn et al. for a 7.72% efficient
solar cell from ethanol solutions with monoethanolamine as
coordinating ligand.[*! Park et al. developed a precursor route
that resulted in up to 8.28% efficient cells utilizing wide band
gap CIGS absorber layers.*®l The ink was based on methanol
solutions of metal nitrates with polyvinyl acetate binder mate-
rial which was seen to decompose during the conversion with
diluted H,S vapors to leave a minimum of carbon residue and
low degree of porosity.

The most established solution-based method for CIGS
absorbers is electrodeposition (ED) which emerged in the early
80s as a promising low-cost industrial alternative to PVD.[*/48l
ED can serve either to directly deposit the compound semi-
conductors CulnSe, or CulnS,**>! or to electroplate metallic
Cu-In or Cu-In-Ga precursors.’?~# In the case of metallic pre-
cursors, an annealing step at temperatures between 500 and
600 °C is used to react the precursor with chalcogens (S, Se)
to form the semiconductor phase. In the case where all the
precursor elements (Cu-In-Se-S) are already deposited by
ED, the annealing is still mandatory to enable grain growth
and improve layer crystallinity. An effective annealing is per-
formed in closed reactors in order to maintain a high partial
pressure of chalcogen which is favorable for the p-type doping
of CIGS.P536 Research on ED-based processes and subse-
quent annealing led to efficiency improvements up to 11.3%
in 2004.47) In the 90s, NREL developed an alternative hybrid
method to improve cell efficiencies further. It included an
additional annealing step while co-evaporating In, Ga and Se
in order to tune the stoichiometry of the absorber resulting
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Figure 3. a) Sequential electrodeposition of Cu, In, and Ga metal layers from aqueous solutions, followed by rapid thermal treatment in selenium-
containing atmosphere to obtain the crystalline chalcogenide layer. b) SEM cross-section of the complete solar cell. ¢) Photographs of Cu, In, and Ga
electrodeposited metallic layers for 60 x 120 cm? commercial CIGS modules.

in efficiencies of up to 15.4%.°7) That proved that high effi-
ciency cells can be obtained from ED precursors even though
the NREL process still involved a vacuum step. Another hybrid
approach with one step electrodeposited Cu-In-Ga oxide pre-
cursor, which was reduced in hydrogen and then annealed in
selenium, yielded an 12.4% CIGS device.P? Persistent indus-
trial research of electrodeposited Cu/In/Ga stacks enabled the
fabrication of electrodeposition-based CIGS cells with efficien-
cies of 15.3% by company Solopower” and 15.8% by company
Nexcis.) The Solopower ED process includes several steps
where a Cu-In-Ga layer is electrodeposited first, followed by
deposition of ITIA-VIA layers such as In-Se or Ga-Se. This stack
is then subjected to rapid thermal annealing (RTA) to form the
CIGS absorber. Nexcis uses a versatile process of the succes-
sive electrodeposition of Cu, In and Ga elemental layers from
water-based solutions (Figure 3a), which can be subsequently
reacted either into CulnS,®! Cu(In,Ga)Se,®? or Cu(In,Ga)
(S,S€),% during RTA between 500 and 600 °C in a chalcogen-
containing atmosphere under the atmospheric pressure and
without the use of hazardous gases (e.g., H,S and H,Se). One
of the strengths of this ED process is that the precursor can be
easily engineered to deposit the Cu-In-Ga elemental layers with
a tuneable compositional gradient across the absorber thick-
ness. The annealing serves for grain growth and can also be
used to reorganize elements in the absorber, which is particu-
larly important for the two-step processes where Ga is known
to segregate towards the back contact. The successive ED and
chalcogenation of Cu-In-Ga layers yield absorbers with tightly
stacked grains in the micrometer range (Figure 3b) similar to
the morphology of PVD-grown material.

Table 1 presents a comparison of opto-electronic parameters
for high-efficiency CIGS cells prepared by co-evaporation (the
20.4% solar cell from Empa on a flexible polymer foil®% and
ED.®I The main difference between co-evaporation and ED
cells is in open-circuit voltage Voc and fill factor FF being lower
for the ED cell. The difference in Voc is due to a lower content
of gallium in the ED absorber, which results in a lower band
gap of 1.01 eV versus the band gap of 1.12 eV for the evaporated
absorber. Noteworthy, the difference between Eg/q and the Voc
is 0.39 V for both the evaporated as well ED cells, indicating a
comparable quality and number of voltage-limiting defects in
both CIGS materials. To match the Voc of the co-evaporated cell
the ED process must be tuned to produce an absorber with a
higher gallium or sulfur content to reach a band gap close to
1.1-1.15 eV while keeping defects at the same low level. Further
improvements of ED devices can be envisaged when applying
the potassium-induced surface modification recently reported
for evaporated absorbers.[?’!

High deposition rate and high material utilization are two
important advantages of ED as compared to other vacuum and
non-vacuum techniques. The deposition of each of Cu, In and
Ga layers takes only a few tenth of seconds, and the material
utilization of In and Ga species in the bath is expected to reach
95% in full production. One of the often encountered argu-
ments against ED is that it is less homogeneous than PVD pro-
cesses because the ED growth is strongly dependent on local
substrate conductivity. The Mo coating on the substrate for
ED must therefore be tuned and optimized to ensure a high,
uniform lateral conductivity. Once these conditions are found,
thickness deviations below 5% and typically 3% are feasible for

Table 1. Comparison of photovoltaic parameters of two high efficiency CIGS solar cells where the CIGS absorber is deposited by co-evaporation and
electrodeposition. The electrodeposited cell has a lower band gap E, due to a lower Ga content.

Method Efficiency Voc Jsc FF Eg/q-Voc Ref.
(%] [mV] [mA/cm?] (%] [mV]

Co-evaporation 20.4 736 35.1 789 384 [29]

Electrodeposition 15.8 619 346 73.8 390 [60]
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all metallic layers as calculated from over 200 points measured
with X-ray fluorescence analysis on 60 x 120 cm? substrates. To
compare, typical uniformities expected from co-evaporation in-
line system are in the 5% rangel®! while the uniformity of the
two-step sputtering processes have been reported in the range
of 2%.1%4 Taking into account the above arguments, the ED of
individual metallic layers from water-based solutions with a
subsequent annealing in a chalcogen atmosphere is suitable
to obtain high-quality CIGS layers in an industrially scalable
manner.

2.2.2. CZTS
Kesterites, the compound chalcogenides comprising
Cu,ZnSnS, (CZTS), Cu,ZnSnSe, (CZTSe) and mixed

Cu,ZnSn(S,Se), (CZTSSe), are often considered as possible
alternatives to CIGS, where the costly In and Ga are replaced
through cheaper and more abundant Zn and Sn. Kesterites are
intrinsically p-type doped semiconductors with a high absorp-
tion coefficient o > 10* cm™ and the direct band gap tunable
in the range of 1.0-1.5 eV by changing the S/(S+Se) ratio.l'*¢]
Since the device structure of kesterite solar cells is identical to
that of CIGS, research and deposition strategies for kesterite
absorbers are described hereafter.

www.afm-journal.de

Most research groups follow a two-step approach comprising
a low temperature precursor deposition followed by a high tem-
perature annealing in chalcogen-containing atmosphere, taking
into account the thermal instability of the kesterite phase.[°0:¢7]
The currently highest efficiency achieved from sputtered pre-
cursor stack followed by sulfurization is 10.8%.° The metal
precursor can also be produced by the sequential electrodeposi-
tion of Cu, Zn, and Sn metalsl® or one-step ED of Cu-Sn-Zn
layers!”% to yield up to 7% and 5.8% devices, respectively. The
most efficient kesterite solar cell to date with the conversion
efficiency of 12.7% was fabricated by a solution approach in
which Cu and Sn chalcogenides and a zinc salt were dissolved
in hydrazine.! Hydrazine is an ideal solvent with a strong
reducing action and clean decomposition that yield high-quality
CZTSSe absorbers but its use is restricted due to its toxicity
and explosive nature. Another promising and less toxic route
employs dimethyl sulfoxide (DMSO) as the solvent for metal
salts and thiourea (TU).”Y The highest reported efficiency
following the DMSO route is >10.0%.72 The precursor solu-
tion in DMSO is typically spin-coated in multiple cycles onto
Mo-coated glass with an intermediate drying at 200-320 °C
resulting in the fine-grained Cu-Zn-Sn-S containing precursor
(Figure 4a). The morphology of the final crystallized CZTS(Se)
layer strongly depends on the annealing conditions as illus-
trated in Figure 4, where the precursor was annealed in a N, or

% Se flow |
& NaF

9) .

NaF layer \%el SEEpan

“¢ L i) liquid NayS
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N
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CZTS 5}_(;

Precursor gjass

Figure 4.
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a) SEM cross section images of the Cu-Zn-Sn-S precursor that is converted into a crystallized layer upon annealing in N, flow in a tube

furnace (b), in selenium flow with N, carrier gas in a tube furnace (c), in selenium atmosphere in a closed graphite box (d), with selenium overpres-
sure in a sealed quartz ampule (e), and with additional 7100 nm NaF top layer during selenization in a tube furnace (f). The increased grain size in
(f) as compared to (c) can be explained by the liquid Na,Se,-assisted crystallization mechanism (g). The presence of the NaF top layer does not only
influence the layer morphology but also changes electrical properties of the semiconductor layer, which can be seen from the variation of the defect
activation energy derived from temperature-dependent capacitance-voltage measurements (h). Part (g) is reproduced with permission./’¢! Copyright
2014, American Chemical Society.
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mixed N,+Se atmosphere in a tube flow furnace, or in closed
systems such as a graphite box or sealed quartz ampoules
with Se pellets.”3] Annealing in an inert atmosphere yields a
large-grain CZTS material only if an excess of Sn is present
in the precursor (Figure 4b), whereas the annealing in Se
results in a smaller grain material and a significant loss of Sn
(Figure 4c).’* The Sn loss can be partially reduced when sin-
tering in closed systems providing a higher partial overpressure
of chalcogen (Figure 4d and 4e), which yields the sintered top
layer with large crystals. Despite the observed bi-layer mor-
phology (Figure 4d) such an absorber can be processed into a
solar cell with a conversion efficiency of 8.3%, especially if Na
dopant is present in the precursor solution.””!

A promising approach to promote the grain growth in chal-
cogenide absorbers is to employ a pre-deposited NaF top layer
which can lead to significantly improved layer morphology
and grains extending over the whole layer thickness as seen
in Figure 4f.7° The proposed recrystallization mechanism
(Figure 4g) involves three steps: i) enhanced chemisorption of
Se molecules due to the high affinity between Na and Se,/””]
ii) the formation of quasi-liquid Na,Se, phase at the surface,
and iii) recrystallization of the CZTSSe solid by the reaction of
the metal species with the reactive Se. An optimum amount of
sodium not only improves the sintering but also enhances the
solar cell performance. Temperature-dependent capacitance-
frequency measurements!’®! performed in the 120-300 K range
reveal that an optimum amount of Na (which corresponded to
an equivalent NaF thickness of 10 nm in that particular case)
results in the lowest activation energy of trap levels inside the
CZTSSe absorber.”]

To conclude, the CZTSSe absorbers can be processed by
solution routes but the material quality and the corresponding
solar cell efficiencies are currently inferior to those for solution-
processed CIGS absorbers.

2.3. Buffer Layer

A thin layer of n-type semiconductor — the so called buffer
layer — is used in high-efficiency chalcogenide solar cells in
order to create a p-n heterojunction for efficient charge sepa-
ration. Apart from being an n-type semiconductor, the thin
buffer layer should have a low absorption, a small lattice

motor
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mismatch to the CIGS (CZTS) absorber, and importantly, to
ensure a beneficial band alignment between the absorber and
the front TCO contact. High efficiency CIGS devices typically
employ an n-type CdS as the buffer whereas alternative Cd-free
materials such as Zn(S,0,0H), ZnO, (Zn,Mg)O and In,S; are
being actively investigated too.”% Several “buffer-free” concepts
have also been reported but in each case a special treatment of
the absorber surface was required or variations of ZnO were
employed.®% A number of review papers comprehensively
describe the deposition of buffer layers by CBD, atomic layer
deposition (ALD), ion-layer gas reaction (ILGAR), ultrasonic
spray pyrolysis (USP), metal organic chemical vapor deposi-
tion (MOCVD), ED, sputtering and evaporation (PVD).781-84
The “soft” non-vacuum methods prevail because they offer a
conformal and uniform deposition of thin (30-100 nm) layers
on the rough absorber surface without the concern of plasma-
induced damage as in the case of sputtering. In the following
three sub-sections we will review three solution approaches
proven to yield high-efficiency CIGS devices.

2.3.1. Chemical Bath Deposition of CdS and Zn(S,O,0OH)

CBD is the most common method for depositing thin (tens of
nanometers), conformal and pinhole-free CdS layers. Aqueous
solutions of cadmium acetate or sulfate, thiourea (TU) as
sulfur source and ammonia are mixed. The samples are then
immersed into the stirred solution and left for 10—45 minutes
during constant heating of the bath at 60-80 °C. The basic
ammonium solution ensures the coordination of Cd and the
controlled chemical reaction to sulphide, although it is also
thought to be crucial for the cleaning of absorber surface by
removing oxides and other impurities.”” In addition, n-type
doping of the CIGS region close to the surface by Cd or Zn
cations from the CBD solution has been reported.”*#
ZnS-based alternative buffer layers by CBD are of particular
interest as they can match the CdS buffered devices in perfor-
mance with the highest efficiency of 20.9% announced by Solar
Frontier.*”! Zn-compound buffer layers exhibit wider band gaps
and therefore less light absorption than CdS, which should lead
to higher current densities of solar cells. Most CBD recipes for
Zn-compound buffers follow a deposition route very similar
to CdS as seen in Figure 5. Aqueous solutions of zinc sulfate,

Figure 5. a) Scheme of Zn(S,0,0H) growth by CBD from the educts zinc sulfate, ammonium hydroxide, and thiourea, very similar to the growth of
CdS by CBD. b) SEM image of an approximately 30 nm thick CBD Zn(S,0,0H) buffer layer on polycrystalline CIGS. Reproduced with permission.[8"]

Copyright 2014, Wiley-VCH.
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thiourea as sulfur source and ammonia are mixed together, and
the deposition temperature is typically 60-80 °C.[8%86-88] Other
than ZnSO, and TU, zinc acetate and thioacetamide can also be
used as metal and chalcogen source, respectively.® After the
deposition, samples are immediately rinsed with an ammonia
containing solution to avoid the precipitation of undesirable
Zn(OH),.B7%) 1t has been confirmed that the mixing order is
crucial to facilitate the complex formation of either Zn(TU)2*
or Zn(NH;),2* complexes.”!] While the molar concentrations of
Zn and TU are seen to increase deposition speeds, increasing
the NH,OH concentration decreases the reaction by promoting
the intermediate complex formation. More detailed description
of the reaction chemistry can be found in literature.*>%3

One of the most apparent differences between CdS and
Zn(S,0,0H) buffer layers is the compositional variety in the
latter. This can be explained by looking at the solubility prod-
ucts between the respective hydroxides, oxides, and sulfides
which are considerably closer for the zinc compounds than
for cadmium.[™® Therefore it is more difficult to control the
Zn(S,0,0H) stoichiometry, since zinc hydroxides and oxides
tend to co-precipitate at pH of 10-12 typically used for the
growth of buffer layers. The compositional ratio between zinc
hydroxides, oxides, and sulfides determines the band gap of
the buffer layer as well as the band gap alignment between
the window, buffer, and absorber layer. Chemical gradients
from sulfur-poor to sulfur-rich®® and vice versa®! have
been reported in these buffer layers. The performance of
Zn(S,0,0H)-containing devices can vary depending on the
absorber surface state,” whereas their electrical characteris-
tics are often metastable due to the decomposition of residual
hydroxides®® and the photo-doping of defects in the buffer
layers.”’l Therefore, various post-deposition treatments,®®!
modifications in the absorber stoichiometry or i-ZnO thick-
ness,® and the substitution of i-ZnO for more resistive
(Zn,Mg)OP?! are being intensively investigated in order to
obtain stable devices at maximized efficiency.

2.3.2. ILGAR of In,S3 and ZnS

Ion Layer Gas Reaction (ILGAR) is a sequential deposition
method consisting of two steps: in the first step an interme-
diate precursor layer (ion layer) is deposited which is converted
to the final thin film material employing a reactive gas such
as H,S (gas reaction).'®! The cycle of precursor deposition
and gas reaction can be repeated numerous times resulting in
a uniform and high quality thin film layer with desired thick-
ness. Originally ILGAR was carried out by dipping a substrate
into a salt solution following a gas phase reaction. To overcome
issues with low growth rates (1-2 nm per cycle) and to adapt
the process for inline manufacturing, the process was extended
to spray-ILGAR.U With this procedure high quality buffer
layers (mainly In,S;) or window layers (ZnO) can be deposited
directly on the CIGS solar cell absorbers. By utilizing deposi-
tion temperatures below 200 °C for the In,S; buffer the highest
efficiency of 16.8% was achieved.l'%2l The deposition of ZnS by
spray-ILGAR is also possible using zinc acetylacetonate pre-
cursor solution and H,S as reactive gas, although no compact
layer but a self-assembly of ZnS nanocrystals is obtained.%’]
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This is attributed to a gas phase reaction and nucleation pro-
cess with decomposition of the metal-organic precursor to ZnO
and subsequent conversion to ZnS above reaction with H,S.
The ILGAR-deposited ZnS nanocrystals can act as a passivation
layer on the CIGS surface, and in combination with an In,S;
buffer the solar cell efficiency can be improved by about 1.5%
absolutely as compared to a pure In,S; buffered cell.'* There
are, however, numerous unresolved questions related to the
influence of the ILGAR solution chemistry on surface defects
depending on the pH value, ionic species, side reactions, etc.['%]

2.3.3. Spray Pyrolysis of In,S;3

Spray pyrolysis (SP) is another coating method which can be
integrated into a R2R processing line for large area deposi-
tion on glass or flexible foils. SP was first described in 1966 by
Chamberlin and Skarman!'® and has been used since then for
various thin films.'%”] The substrate temperature determines
the film morphology and crystallinity, and it is limited to about
250 °C in order to avoid the degradation of the CIGS/buffer
interface and the oxidation of the absorber surface. Two buffer
layers for CIGS solar cells, namely CdS!%! and In,S;,1% were
deposited by SP. The precursor solution for the In,S; deposi-
tion consisted of InCl; and thiourea dissolved in acetone and
the substrate temperature was kept around 200 °C during
spraying. The best efficiency achieved with that spray deposited
In,S; buffer layer on a CIGS absorber was 13.1%.11%]

To sum up on available buffer approaches, the CBD of CdS
from aqueous solutions remains a reliable and reproducible
way of processing CIGS solar cells in the 18-20% range. The
Cd-free Zn(S,0,0H) deposited by CBD or ILGAR have been
proven to yield a comparable or even better performance but
in that case a careful adjustment of the CIGS absorber and
the TCO layer is required, and the device performance may be
strongly affected by undesirable metastable effects. Solar cells
with In,S; buffers currently exhibit inferior efficiencies.

2.4. TCO Front Contact

An electrically conductive and transparent front con-
tact is employed in chalcogenide solar cells to collect the
photogenerated electrons while allowing the light to enter
the solar cell absorber.™% Transparent conducting oxides
(TCOs) are a unique class of materials that combine a high
optical transparency (>85%) with a low electrical resistivity
(€107 Q cm). Transparency in the visible range stems from the
wide (>3 eV) band-gap, whereas the low resistivity is a result of
intrinsic and extrinsic doping of the oxide host resulting in a
degenerate semiconductor with a high free electron concentra-
tion. Indium tin oxide (In,05:Sn or ITO) is often considered as
a benchmark TCO that combines an extremely low resistivity
of <1 x 10 Q cm and a high optical transmittance of >90%
together with a high corrosion stability.''!l Because the high-
quality ITO is typically sputtered at elevated temperature of
200-300 °C and the high market price of indium is dictated by
its scarce availability,[''? cheaper ZnO-based TCOs grown with
low temperature PVD are currently preferred for chalcogenide
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solar cells.' Intrinsic ZnO (i-ZnO) is highly resistive because
native point defects such as Zn-on-O antisite (Zno), the Zn
interstitial (Zn;) and the O vacancy (V,) cannot deliver suffi-
ciently high donor concentrations.'!3] Substitutional doping
with Al, In, Ga, B, Cl, or F does not only lead to high carrier con-
centrations of 102°-10%! cm~ but also improves the film corro-
sion resistance.''* High performance ZnO:Al (AZO) films with
resistivity as low as 1-2 X 107* Q ¢m are deposited on industrial
scale by magnetron sputtering!''®! whereas ZnO:B (BZO) is
grown by CVD.[M% Non-vacuum approaches for preparing con-
ductive ZnO-based layers include sol-gel,''”~1'%] printing nano-
particle dispersions,[120121] ED,[122] CBD,[123-12%] SILAR,[126-128]
and SP,['?’l but high deposition or post-annealing temperatures
of 300-600 °C are usually needed to achieve an adequate elec-
trical resistivity in the range of low 10 Q cm. The solution
growth of functional ZnO films and nanostructures is reviewed
by Lincot,!'* whereas the recent comprehensive review by Pas-
quarelli et al.'3!) summarizes available solution approaches for
TCOs and alternative transparent conductors.

The biggest challenge for preparing a highly conductive TCO
contact is the limitation in maximum deposition/processing
temperature because the CIGS/buffer p-n junction degrades
irreversibly once heated above 250 °C.'*2 While coating
methods have failed to overcome this hurdle yet, solution
growth methods such as ED!'*3 and CBD!'**l were successful.
In the case of ED, an aqueous solution of Zn salt with dissolved
oxygen and/or nitrates as electrochemically active agents were
used to grow conductive Cl-doped ZnO.[1?2133] Such ZnO:Cl
films exhibited remarkable optoelectronic properties with car-
rier density up to 10 cm™, mobility of 20 cm? V! s7! and
transmission in the visible range of 90% without exceeding a
process temperature of 150 °C. An evaporated CIGS solar cell
with the ED ZnO:Cl window layer showed an efficiency of
15.8% — comparable to the reference cell with a sputtered AZO
contact that gave 16.2%.133 The ED approach is, however, appli-
cable only on conductive substrates and may not always result
in a homogeneous TCO layer because of local fluctuations in
conductivity of the underlying glass/Mo/CIGS/CdS stack.

2.4.1. Chemical Bath Deposition of AZO

CBD offers the opportunity to use aqueous-, non-toxic solutions
and low deposition temperatures (<100 °C) coupled with fast
growth rates and easy up-scaling.'*>~'37] The CBD approach
does not require a conducting substrate as in the case of ED,
and is therefore, more versatile for applications on insulating
ceramic, glass and polymer substrates. Examples are the
electroless deposition of ZnO with a catalyst (e.g., dimeth-
ylaminoborane, DMAB)[138 or the deposition with a Zn-ion
chelating agent in alkaline solution.'?! The Empa group has
demonstrated recently a new route to deposit highly conduc-
tive (€5 X 102 Ohm cm) and transparent (>90% in the visible
range) AZO thin films using aqueous CBD without exceeding
90 °C at any process step.!'*!l The two main challenges to obtain
appropriate doping of the ZnO and omit the high tempera-
ture annealing have been overcome with metallic aluminum
as dopant source and a post-deposition UV treatment. Due to
the corrosion of Al in basic aqueous solutions (Equation (1), a
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controlled and gradual release of Al ions to the CBD precursor
solution is possible.

Al’ +20H" +2H,0 — [Al(OH),] +H, (1)

This is of the utmost importance because Al ions (existent
as [Al(OH),]” species in solution) suppress the ZnO growth at
high Al concentrations. Using metallic Al as the dopant source
ensures an auto-controlled release of the dopant species: low Al
concentrations at the beginning of the deposition process for an
undisturbed nucleation and initial growth and then gradually
increasing Al concentrations for an efficient doping of Zn0.[34

In Figure 6a the aqueous CBD approach is schematically
illustrated. In the first step seeding of the substrate is per-
formed to ensure the nucleation of a continuous film. Sol-gel
processed ZnO!3! or solution precipitated MnO,*% can act
as the seed. Very uniform AZO layers can also be grown on
the ZnO seed layers which are obtained by spin-coating a satu-
rated ZnO solution in 5M NH;."*!l The growth of AZO takes
place at from a supersaturated ZnO solution kept at 80-90 °C
with ammonium citrate as organic modifier, and an ammonia/
ammonium nitrate buffer to keep pH at 11-12.134 For doping,
an uncoated Al foil is immersed in the precursor solution right
from the beginning of the deposition. After 60 minuntes of
deposition, dense 2 pm thick AZO films are obtained, which
consist of c-axis-oriented columns (Figure 6d) and exhibit a
transmittance of 90% in the visible range (Figure 6f).

To enhance electrical conductivity a low temperature UV
treatment is performed. In the UV/Vis spectra a distinct increase
in the free carrier electron absorption is observed after the UV
treatment (Figure 7a) going along with a decrease in sheet
resistance by 4 orders of magnitude, — from about 200 kQ sq
to 20-50 Q sq. In XPS spectra the Oy signal is affected by the
UV treatment (Figure 7b), where a shift from binding ener-
gies assigned to hydroxides to lower energies typical for metal
oxides is observed. The aqueous solution process can be con-
trolled in various ways as depicted in Figure 7c—f. By changing
the immersed Al metal surface, the doping level can be tuned
from 0.1 to 0.6 at%. Deposition time from 15 to 120 minutes
results in the film thickness from 0.8 to 3 pm. When the Al
metal is immersed from the beginning a gradient in Al con-
cetration is obtained in the layer, whereas the removal of Al
during deposition leads to an almost constant doping level.
This allows creating the doping profile similar to the i-ZnO/
AZ0 stack in the same CBD run.

To make the process independent from the Al corrosion
kinetics, the constant increase of dopant concentration can be
realized by the continuous addition of an Al-salt, thus mim-
icking the release of Al during metal corrosion.'*!! With this
approach sheet resistance and optical performance are com-
parable to those with metallic Al as the doping source, which
paves the way for the incorporation of other dopant elements
(e.g., halogens, B, Ga, or In).

2.4.2. Spray Pyrolysis of TCOs
Spraying is another versatile method for depositing transparent

and conductive TCO layers. It is a non-contact and large area
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Figure 6. a) Schematic illustration of the aqueous CBD of conductive AZO layers. SEM top view and cross section images demonstrate the effect of

the solution chemistry on the layer morphology: b) with Al salt as dopant,

c) with Al metal as dopant, and d) with Al metal as dopant and citrate as

organic modifier. e) Transmittance, reflectance and absorptance of a 2 ym thick AZO layer grown on a glass substrate. f) XRD pattern of as deposited

AZO layer. Reproduced with permission.'*!l Copyright 2014, Wiley-VCH.

deposition method that can be used as either liquid coating
method or the direct growth method if the substrate tempera-
ture is high enough to induce the complete decomposition
of the precursor solution. The latter variation is commonly
referred to as spray pyrolysis (SP). Depending on how the solu-
tion mist is created, one distinguishes between pneumatic
spray, ultrasonic spray, and electrostatic-assisted spraying.
Effects of various spraying parameters on layer quality are dis-
cussed in reviews of Patil['*?l and Perednis and Gauckler.l'"”]
Low viscosity (<10 cP) solution are required for spraying and
the droplet size is typically in the range of 5-50 pm depending
on the nozzle configuration and the drive frequency in case
of ultrasonic spray. It is possible to spray more viscous solu-
tions with aerosol jet, which allows a wider viscosity range of
1-2500 cP and can handle even particulate inks.['3!]

Despite the versatility of SP, F-doped SnO, (FTO) is the
only commercial TCO for which this solution deposition is

Adv. Funct. Mater. 2015, 25, 12-27
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preferred. SP of solutions of tin chlorides in water or alcohols
takes place at 350-550 °C directly on the hot surface of the
floating soda-lime glass during its manufacturing.'l With
this inexpensive approach not requiring an additional heating
step, FTO hard coatings are deposited on million m? scale pri-
marily for fenestration and also as substrates for PV applica-
tions. Doped In,0;™4 and ZnOI*! were deposited first with
SP, which later was fully replaced by PVD offering higher elec-
trical conductivities even without the need to keep the glass
above 500 °C. There is a considerable amount of literature data
on sprayed ZnO thin films over the last 40 years.[2%146-151 I 3
typical deposition process, salts of zinc and appropriate dopant
are dissolved in water or organic solvents such as methanol,
ethanol or isopropyl alcohol, and the solution is sprayed with
an inert carrier gas onto a substrate heated to 300-600 °C. The
lowest resistivity was obtained for In-doped ZnO by Major et al.
in 1983,°% when they reported the value of (8-9) x 107 Q cm
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and an average visible transmittance of 85%, the record that
still stands today. The lowest resistivity value reported for AZO
is around 3 x 1073 Q cm.[129151]

Despite the numerous investigations of sprayed AZO films,
only a few groups did actually implement them as front con-
tacts in thin film solar cells.’>'=154 SP is attractive for depos-
iting TCOs on thermally stable materials as glass, which can
be used as a substrate for chalcogenide solar cells in the super-
strate configuration, e.g., for CdTe solar cells.'>!] The need for
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high substrate temperature or post-annealing appears to be
the main hurdle for using sprayed TCOs in CIGS solar cells.
Some novel concepts, such as low-temperature ZnO precursors
based on zinc ammine and hydroxyl nitrate compounds!>!
or combustion synthesis approaches to fabricate amorphous
TCOs at temperatures as low as 200 °Cl15% should certainly be
investigated to prove their potential for achieving conductive
(<100 Q sq) and transparent (>90%) contacts. While the elec-
tron mobility of solution-processed amorphous TCOs is already

Adv. Funct. Mater. 2015, 25, 12-27
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high enough for numerous demonstrations of thin film tran-
sistors (TFT),5”) PV applications do require a better in-plane
charge carrier transport.

2.5. ARC and Metal Grid

Anti-reflection coating (ARC) is often employed in high-effi-
ciency chalcogenide solar cells to decrease reflection losses
from the front TCO contact, whereas metal grids are used to
collect photogenerated electrons and transport them with
low resistive losses. In “classical” CIGS solar cells a thin (ca.
100 nm) MgF, layer is used as ARC due to its low refractive
index of 1.38 between that of air (1.0) and AZO (ca. 2.0). A
bilayer of Ni/Al and not Ag is often preferred for metal grids
due to its good adhesion and high corrosion resistance. Both
MgF, and Ni/Al are typically prepared by e-beam evaporation
and no reports about solution-processed MgF, or Ni/Al could
be found in literature. We will, therefore, briefly review two
alternative solution-processed materials, namely ZnO-based
ARCs and Ag metal grids.

By depositing nanostructured ZnO on top of the AZO con-
tact, or by structuring the AZO surface it is possible to decrease
the effective refractive index of the surface for an antireflecting
effect. Simultaneously, one increases scattering and enhances
light trapping, which is important for very thin CIGS absorber
layers suffering from insufficient light absorption. Such light
management can be realized with ZnO nanoscale cones, nee-
dles, sheets, or nanorod arrays (NRAs) that display the so-
called ‘moth eye’ effect for a reduced reflectance.l'*8! Methods
of choice for the fabrication of ZnO-based ARCs are mainly
CBD,!"8 hydrothermal growth,'> and ED.['®0161 Since the
underlying AZO layer is conductive, ED can be applied and
the morphology and optical performance of NRAs can be con-
trolled by the cathodic potential and deposition time that deter-
mine ZnO nanorod density and length, respectively.[60161]
Using hydrothermally grown ZnO NRAs on top of sputtered
AZO contacts it was possible to reduce the reflection losses
from 6.14% to 1.46% and thus to boost the cell efficiency from
10% to 11.5% (the efficiency rise, however, could not be attrib-
uted solely to the increased photocurrent due to reduced reflec-
tion).[%2] Beside ZnO-derived ARCs, SiO,- and polymer-based
coatings are worth mentioning since they can be prepared
using sol-gel routes with post-curing at temperatures below
200 °C.1163]

Silver grids and contact lines are typically prepared from par-
ticle inks by screen-printing, but it is also possible to achieve
highly conductive lines by ink-jetting true solutions.®! Ther-
mally unstable Ag salts like silver nitrate, neodeconoate, and
other carboxylates can be decomposed into metallic silver when
processed at or above 150 °C. Ink-jet printed lines from such for-
mulations achieve resistivity values of 2-3 x 10° Q c¢m, which
is only slightly higher than the bulk Ag (1.6 X 107° Q cm).?®l The
thermal post-annealing can be eliminated if reducing agents
such as alcohols and amines are added directly to the ink. For
instance, Ag electrical contacts for CIGS cells were prepared
by ink-jet printing a solution of Ag trifluoracetate in ethylene
glycol onto a substrate preheated to 200 °C. Even though a line
resistivity of 2.06 x 10° Q cm was achieved, the prolonged
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exposure to the high temperature caused some degradation and
limited the conversion efficiency to 11.4%.1!

3. All-Solution Processed CIGS Thin Film Solar
Cell

3.1. Available Literature Data

There is a vast amount of reports on CIGS (CZTS) solar cells
where one or two functional layers were deposited with a solu-
tion approach. No examples of a solution processed metal
back contact have been reported. The main focus has been on
absorber layers, and the highest efficiencies of 15.2% and 15.8%
have been achieved for CIGS absorbers prepared by hydrazine
solution coatingB®? or ED,I® respectively. All high efficiency
CIGS cells do employ CBD grown CdS or Zn(S,0,0H) buffers.
The solution processing of the front TCO contact, and specifi-
cally the i-ZnO/AZO bilayer, has been challenging because of
the requirement of low (<250 °C) processing temperature. Only
recently conductive ZnO:Cl and AZO layers could be grown by
ED and CBD on top of sputtered i-ZnO/CdS/evaporated CIGS/
Mo/glass structures to yield up to 15.8%/'3} and 14.7%!['34] effi-
cient devices, respectively. All-solution processed solar cells
are rare. There are reports on solution processed polymer bulk
heterojunction, ' small organic molecule,'®] CdSe-CdTe
nanocrystal,l'%®l  Cu,0-ZnO,l'*”l amorphous silicon,['®® and
finally, mixed halide perovskite solar cells,[') but in all those
examples one electrode — typically the transparent conductive
electrode — was deposited by sputtering. A noteworthy example
is the CZTS solar cell with a CBD grown CdS buffer and a sol-
gel processed i-ZnO/AZO bilayer, which exhibited an efficiency
of 1.6%.170

3.2. Experimental Results for All-Solution Processed Solar Cell
(This Work)

Here we demonstrate an air-stable CIGS thin film solar cell
in which all functional layers except metal back but including
the conductive i-ZnO/AZO contact are deposited from true
solutions of metal salts. Based on the argumentations from
the previous sections, we have chosen the following methods
for maximizing the solar cell efficiency: magnetron sput-
tering for the Mo back contact, ED of metal precursors fol-
lowed by reactive annealing in Se atmosphere for the CIGSSe
absorber, CBD for the CdS buffer, spin-coating for the i-ZnO
interlayer, and finally, CBD for the AZO transparent conduc-
tive contact.

Molybdenum back contact was deposited by dc magnetron
sputtering on soda-lime glass (SLG) substrates. The Cu/In/
Ga multistack was electrodeposited from aqueous solutions
with the technology of Nexcis company and converted into
the CIGSSe absorber by RTA under S and Se atmosphere.
The CIGSSe absorbers had a Cu/(In+Ga) content of 0.9 and
a low sulphur content resulting in a band gap of 1.01 eV.
The CdS buffer layer was deposited from an aqueous solu-
tion bath with cadmium acetate, ammonium, and thiourea
as the sulfur source. The resistive layer of i-ZnO, which later
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Figure 8. a) SEM cross section image of the solar cell with solution-deposited CIGS absorber, CdS buffer and i-ZnO/AZO front contact. b) Photovoltaic
parameters of CIGS cells (average of three best cells) with sputtered and solution-grown i-ZnO/AZO on identical CIGS/CdS stacks. c) J-V and d) EQE
curves of respective champion cells. Cell area was 0.09 cm? and no antireflection coating or metal grid was applied.

served as the seed layer for the AZO growth, was deposited
by spin-coating a saturated solution of ZnO in 5M NHs.
After drying at 100 °C, a homogeneous i-ZnO layer with
grains up to 50 nm was obtained. Finally, the growth of AZO
took place in a basic aqueous solution saturated with ZnO
at 80-90 °C, with the addition of ammonium citrate (1 mM)
as organic modifier to ensure a dense crystal growth and
an ammonia/ammonia nitrate (1M/0.05M) buffer to adjust
pH = 11-12. An uncoated Al foil was immersed in the pre-
cursor solution right from the beginning of the deposition
to provide doping. To improve the electrical conductivity of
as-deposited AZO contacts, the UV treatment (70 mW/cm?
UVA) was conducted for 10 min without intentional sub-
strate heating, resulting in a sheet resistance of 20 Qsq.
During the UV curing the substrate temperature did not
exceed 140 °C at any point, as measured by a handheld ther-
mocouple. Individual cells of 3 X 3 mm? were defined by
mechanical scribing. No additional antireflection coating or
metal grid was applied. The cross-section of the cell is pre-
sented in Figure 8a.

Electrical characteristics of the three best cells are listed in
Figure 8b highlighting the efficiency of 13.8 + 0.1% for the
solution-processed CIGS solar cells. For comparison, three best
cells with a sputtered i-ZnO/Al:ZnO bilayer on identical Mo/
CIGS/CdS stack showed an average efficiency of 14.9 + 0.3%.
The slightly lower short circuit current J, can be attributed to
the four times thicker CBD AZO layer as compared to sputtered
AZ0 (2800 nm vs 700 nm) to ensure a comparable sheet resist-
ance. The lower open circuit voltage V,. is probably related to
the not-optimized CdS/i-ZnO interface, whereas the fill factor
is similar for both cells.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4, Conclusions

By combining three solution approaches we have demonstrated
the 13.8%-efficient CIGS solar cell in which all functional layers
(except the metal back contact) were processed from aqueous
solutions. In particular, the CIGS absorber was obtained by ED
with subsequent annealing in Se atmosphere, the CdS buffer
and the AZO front contact were grown by CBD, whereas the
intermediate i-ZnO seed layer was prepared by spin-coating.
The absolute device performance could certainly be improved
by adding an antireflection coatings or metal grid on top.
Another step for improvement is to replace the CdS buffer with
a Cd-free Zn(S,0,0H) buffer that can also be grown with CBD.

The chosen solution approaches for CIGS, CdS, and AZO
belong to the category of growth methods. This category seems
to be more suitable to produce compact, uniform layers of
polycrystalline semiconductors than the category of coating
methods. The carrier transport in solution-processed covalent
semiconductors is limited mostly by recombination at grain
boundaries, voids, or impurities. In this respect, the growth
methods such as ED or CBD, which inherently profit from the
high mobility of ions in the liquid medium, can yield more
compact layers with a lower content of solvent-induced impuri-
ties. The only drawback of the growth methods is that they can
be performed mostly in a batch-to-batch manner.

Even though solution based methods can be considered low-
cost and easy up-scalable, deposition of high quality functional
layers remains challenging, and the quality and homogeneity
of vacuum deposited layers in many cases is better. Therefore
many industrial manufacturers still prefer vacuum deposition
processes, simply due to superior performing devices justifying
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higher capital investment and running costs for vacuum depo-
sition tools. Switching to solution technologies indeed makes
sense only if comparable (or better) device performance is
achieved, and (not or!) the cost of ownership can be reduced. In
fact this is well demonstrated for the CdS and ZnS-based buffer
layer in chalcogenide thin film solar cells, where the CBD is
preferred over vacuum deposition due to better performance
with lower cost of equipment. Another interesting approach
as a possible alternative to vacuum deposition (although still
in the research stage) is the growth of conductive Al- or Cl-
doped ZnO contacts by ED or CBD. Further examples how
solution processing can substitute vacuum deposition methods
for chalcogenide based thin films solar cells are presented by
companies like Nexcis or Solopower pursuing the ED of CIGS
absorbers on large industrial scale. Their progress during the
last years certainly gives a lot of confidence that solution pro-
cessed solar cells have a great commercialization potential. In
any case, the solution processing will certainly remain a very
vibrant research field, where new low-temperature approaches,
novel materials and post-treatment concepts are waiting to be
explored for applications not only in the field of photovoltaics.
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