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ABSTRACT
In this work, a low cost solution-based method for the deposition of uniform Cu-In-Ga layers compatible with roll-to-roll
processing is described. As ink system we use metal carboxylates dissolved in a mixture of a nitrogen containing base and
an alcohol. This solution can be coated homogeneously under inert atmosphere using a doctor blade technique. With this
method and appropriate precursor concentrations, crack-free metal layers with dry-ﬁlm thicknesses of more than 700 nm
can be deposited in one fast step. For the controlled ﬁlm formation during the drying of the solvents a ﬂow channel has
been used to improve the evaporative mass transport and the convective gas ﬂows of any unwanted organic species.
Due to the absence of organic binders with high molecular weight, this step allows the formation of virtually pure metal
layers. Elementary analyses of the dried thin ﬁlms reveal less than 5 wt% of carbon residues at 200°C. In situ X-ray
diffraction data of the drying step show the formation of Cu-In-Ga alloys. The subsequent processing of Cu(In,Ga)Se2
chalcopyrites with evaporated elemental selenium takes place in a separate tube oven under inert atmosphere. Photoelectric
measurements of cells with CdS buffer and ZnO window layer reveal a short-circuit current of 29 mA/cm2, an open-circuit
voltage of 533 mV, and a ﬁll factor of 0.69 under standard conditions. Thus efﬁciencies of up to 11% on 0.5 cm2 area
without antireﬂective coating have been achieved. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Cu(In,Ga)Se2 (CIGS) solar cells, a thin-ﬁlm technology
with cell efﬁciencies comparable with multi crystalline
silicon cells, have the potential to spread affordable solar
energy and have been in the focus of intense research.
Due to the high absorption coefﬁcient (~105 cm 1) and a
tunable direct band gap between 1.04 (CuInSe2) and
1.68 eV (CuGaSe2), absorber layers with thicknesses at a
fraction of crystalline silicon can be produced. Today, the
absorber layers are almost exclusively fabricated using
physical deposition methods like sputtering or thermal
evaporation leading to efﬁciencies of up to 20.8% [1].
However, high facility and production costs in combination with high material waste leave room for optimization.
Copyright © 2014 John Wiley & Sons, Ltd.

For a substantial contribution to the global energy production, the manufacturing costs have to be decreased. One
answer could be the development of cheap vacuum-free
processes like printing or casting in combination with high
throughput roll-to-roll mass production facilities.
Several years ago, the efﬁciency gap between the
solution-based approaches and the sophisticated physical
deposition methods seemed insuperable. Intense research
and newly developed approaches reduced this gap signiﬁcantly. So far Nanosolar set the record for non-vacuum
processes in 2011 with a certiﬁed efﬁciency of 17.1%
[2]. However, there are many other very promising publications. In principle all non-vacuum printing processes
can be assigned to one of two categories, the particle-based
[3–5] and the solution-based processes [6–9]. While
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particle systems have the advantage of an easy solvent
removal, they have drawbacks concerning the challenging
particle formation and the fabrication of pore free, compositional uniform absorber layers. A wide range of particle
precursors like metal, metal oxide, binary, ternary, or even
quaternary particles have been used to produce working
devices. On the other hand, solution-based approaches
with dissolved metal precursors usually have problems
with organic residues from the solvents and/or additives
commonly leading to signiﬁcant carbon layers. This layer
has been found to increase the series resistance of the solar
cells leading to a decreased ﬁll factor and therefore lower
efﬁciencies [9,10]. Addressing this issue, Mitzi et al.
reported an innovative process using the carbon free and
fully decomposing but highly toxic and explosive hydrazine as solvent leading to printed CIGS absorber layers
with efﬁciencies of up to 15.2% [11].
In this work, we introduce a newly developed solutionbased approach for the printing of virtually impurity-free
copper-indium-gallium metal layers that can be converted
to efﬁcient CIGS absorber layers using elemental selenium. We use precursor materials and solvents that are reasonable hazardous, chemically stable, and commercially
available in large scales. Because many of the reported
solution-based processes have drawbacks concerning
unwanted residues of the solvents, we focus in this work
on the crucial production steps coating, drying, and
alloying of the metal layers.
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Ga/(Ga + In) = 0.2–00.25). Tetramethylguanidine (Aldrich
99%), methanol (anhydrous, Aldrich 99.8%), and 4-amino1,2,4-triazole (Aldrich 99%) are the solvents and additives
and used without further puriﬁcation and stored in an inert
atmosphere. The ink is obtained by dissolving 100 mg of
the premixed metal salts in 130 mg tetramethylguanidine
under glovebox atmosphere. The mixture is then stirred
for about 2 min at 110°C to form a clear but highly viscous
solution. To adjust the viscosity and to lower the surface
tension of the ink for the subsequent coating step,
170 mg of methanol are added. To improve the ﬁlm formation properties, about 5 mg of 4-amino-1,2,4-triazole
is added (Figure 1).
2.2. Thin-ﬁlm deposition and drying
Precursor ﬁlms were deposited in glovebox environment
on 3 mm thick Mo-coated soda lime glass by doctor blade
coating with coating speeds between 5 and 50 mm/s and a
blade gap of 350 μm (Zehntner ZAA 2300 with ZUA 2000
universal applicator). The ﬁlm formation takes place during the drying and alloying step. To improve the homogeneity of the ﬁlm, a newly developed drying channel with
an adjustable laminar nitrogen ﬂow was used to evaporate
the methanol at an elevated temperature of 40°C for 5 min
(Figure 2). The remaining highly viscous ﬁlm was then
placed on a hot plate at 140°C for 10 min followed by a
heat ramp of about 10 K/min up to 220°C.
2.3. Selenization and solar cell fabrication

2. EXPERIMENTAL
2.1. Precursor and ink formulation
As metal salts we use copper formates, indium formates, and gallium formates. These salts can be synthesized by reacting the commercially available metal
nitrates (all Aldrich, 99 999%) with formic acid
(Aldrich, 95%). Because of the highly exothermic reaction
and the formation of nitrous fumes, this synthesis should
be carried out in a fume hood. After the evaporation of the
excess formic acid, the formates are premixed in the
desired stoichiometric ratio (here: Cu/(In + Ga) = 0.9–0.92,

The selenization was performed in a tube oven with a
forced nitrogen gas ﬂow. For our process, we used evaporating elemental selenium as chalcogen source placed in
front of the substrate and heated together with the samples.
Typical selenization temperatures used were 600°C
measured at the bottom of the substrate with holding times
of 2–10 min at the maximum temperature. After the
selenization, the samples were cooled down to room
temperature under a high nitrogen gas ﬂow.
Solar cells were fabricated according to the conventional Mo/CIGS/CdS/i-ZnO/n-ZnO/Ni:Al structure. Therefore, the absorber layers were consecutively coated with an

Figure 1. Photographs of the synthesized metal-formate salts and the ﬁnal clear solution containing about 11 mass-% of the metals.
Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
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Figure 2. Combined coating/drying device. (1) substrate,
(2) polished coating plate, (3) heated base plate, (4) precision blade
coater, and (5) movable ﬂow channel with an adjustable nitrogen
gas ﬂow.

approximately 50 nm chemical bath deposited CdS layer
followed by sputtered i-ZnO and n-ZnO layers. For the
current collection, a Ni:Al grid was deposited on top.
KCN etch and antireﬂective coatings have not been used.
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and therefore require multiple coating/drying cycles. Highly
concentrated solutions can avoid this drawback of any
solution-based coating method and simplify the process
severely but, at the same time, can make the solvent drying
more challenging.
Thermogravimetric measurements in combination
with a mass spectrometer can give useful information
about the evaporation behavior of the solvents and the decomposition of the ions as a function of the temperature.
Figure 3 shows the thermogravimetric analysis (TGA)
curve of a typical ink at a heating rate of 10 K/min.
Between 25 and 100°C, an almost linear decrease in
weight can be observed due to the evaporation of methanol. At temperatures above 120°C, the sample weight
decreases signiﬁcantly, indicating the decomposition of
the salt-base complexes. For the reactions, we propose
the following reaction paths:
(I) Cu2+ + 2HCOO
(II) In3+ + 3HCOO
(III) Ga3+ + 3HCOO

➔ Cu + 2CO2 + H2
➔ In + 3CO2 + 3/2H2
➔ Ga + 3CO2 + 3/2H2*

2.4. Characterization
The dry metal layers have been characterized in terms of
residue pureness using elemental analysis. The elements
C, H, and N have been quantiﬁed using a vario MICRO
cube (Elementar), the amount of oxygen with an inert gas
fusion infrared system (TC 600, Leco). The morphology
and the surface quality of the ﬁlm have been analyzed
using scanning electron microscope (SEM) analysis
(SEM 1530, Zeiss, 4 keV). Film thicknesses have additionally been measured using a proﬁlometer (Dektak 3,
Veeco). To obtain information about the crystalline phases
occurring during the alloying and the selenization, these
process steps have been reproduced in an in situ XRD
(i-XRD, General Electric XRD 3003 Fast in situ). Ex situ
XRD measurements have been carried out using a Bruker
D8Advance DaVinci-Cu with a Cu Kα radiation source at
40 kV and 50 mA.

*reaction (III) can only take place in combination with
copper leading to a copper-gallium intermediate. Pure
gallium solutions form Ga2O3
The occurring reactions can be visualized by tracing the
formation of carbon dioxide with a mass spectrometer.
In the upper graph of Figure 3, the measured ions with
m/e = 44 are shown that can be assigned to carbon dioxide.
The two peaks between 100°C and 200°C can be correlated
with the two steps in the TGA mass loss graph below and can
be explained by the presence of the three metal salts and their
different decomposition behavior. TGA-measurements with
pure Cu, In, and Ga solutions revealed that copper is reacting
ﬁrst in the range of 120°C, followed by indium at 160°C and
gallium at 170°C (not shown). The order of the reactions can
be correlated with the different standard electrode potentials
of the metals.

3. RESULTS AND DISCUSSION
3.1. Characterization of the dried metal layers
High quality thin-ﬁlm solar cells are dependent on
extremely homogeneous functional layers. Therefore, the
deposition of the ink is a crucial step in the manufacturing
process. For the coating process, we chose blade coating
because of the high material utilization and the separation
of the process steps coating and drying. Compared with
spin coating, this method also allows us to coat on various
substrate geometries and sizes. With our current setup, we
can coat substrates with a surface area of up to 50 cm2. The
wet-ﬁlm thickness can be easily adjusted by changing the
process parameters. For a high dry-ﬁlm thickness, the
solubility of the metal salts in the solvents is important.
Low precursor solubilities lead to insufﬁciently thin layers
Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

Figure 3. Bottom: thermogravimetric analysis mass loss of a
typical ink at a heating ramp of 10 K/min. Note the existence of
two steps that can be explained by the delayed reaction of the
different metals. Top: mass spectroscopic results for m/e = 44
(carbon dioxide).
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The remaining weight after these two steps is constant
in the range of 12%, which coincides with the calculated
original mass fraction of the metals in the ink. These
results suggest an almost full decomposition of the organic
species and the salt-cations in combination with a simultaneous reaction of the metal ions below 220°C.
To proof the formation of metal intermediates during
the ﬁlm formation process and to determine the metal
phases occurring, i-XRD has been carried out. Therefore,
a substrate coated with a wet ﬁlm was dried inside of the
ﬂow channel in a nitrogen stream at 100°C (below the copper reduction temperature) for a few minutes to evaporate
the methanol and to stabilize the ﬁlm. After transferring
the sample to the XRD oven, the ﬁlm was heated up from
140 to 220°C with a constant heating rate while taking
10 XRD scans per minute in Bragg-Brentano geometry. The
substrate temperature was measured by a thermocouple at
the bottom of the sample. Figure 4 shows the i-XRD
results. The ﬁrst visible peak at 43.3° suggests an initial
reduction of the copper-formate at 140°C (JSC-04-0836).
This observation corresponds to a visual change of the
transparent ﬁlm to a dark brownish color on the hotplate
and also to the previous TGA measurement that revealed
a decomposition of the copper formates starting already
at 120°C. The copper-(111) peak appears very weak,
probably because of the small sizes of the emerging nanoparticles in the still existing organic matrix. The presence of
pure crystalline indium could not be shown with this method;
instead new peaks starting at 160°C (e.g. 42.07°) signalize
the formation of a Cu11In9 alloy (JCPDS-41-0883). This
transition occurs close to the melting point of indium
(157°C) and the decomposition temperature of the metastable CuIn2 (153°C) and can be explained by the
increased mobility of the forming indium atoms. At the
same time, the copper (111) peak disappears suggesting
the ﬁnal layer consists only of a copper indium alloy
(Figure 4, right). In agreement with previous i-XRD measurements at physically deposited metal layers, a crystalline gallium phase could not be measured. Purwins et al.
explained this by the incorporation and substitution of
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gallium atoms in copper-indium alloys and the formation
of Cu11(In,Ga)9 [12]. Due to selenium contaminations in
the i-XRD chamber, the maximum temperature for the
alloying has been limited to 220°C. To investigate further
phase transitions in the ternary Cu-In-Ga layers, ex situ
XRD measurements of samples alloyed at 200–600°C
have been carried out. Figure 4 (right) shows the diffraction patterns at different temperatures. At 200°C, the only
crystalline phase is Cu11(In,Ga)9 as has been predicted by
the i-XRD. At 300°C, a transition can be observed producing a stable η-phase of Cu16(In,Ga)9 (JCPDS-42-1475).
In agreement with the phase diagram, this transition is the
result of a peritectic decomposition of Cu11(In,Ga)9 at
307°C [13]. Simultaneously, the phase diagram indicates an increase of an In-rich liquid phase that can
be seen by a crystalline In reﬂex in the XRD pattern.
Further, phase transitions are not observed; however,
the peak widths decrease above 300°C indicating a
higher crystallinity.
In contrast to physical deposition methods, all solutionbased processes have to handle impurities from the ink
compounds. To avoid residues of halogenides in the ﬁrst
place, we chose metal carboxylates as precursor salts, only
containing volatile species out of hydrogen, carbon, and
oxygen. Carbon residues on the other hand are known to
increase the series resistance and therefore lead to a significantly lower ﬁll factor. Hence, the solvents and additives
were chosen with regard to their decomposition behavior,
preferably including high amounts of nitrogen and isolated
carbon atoms. With this approach, we expected to evade
the formation of amorphous carbon layers during the
alloying process as observed by other groups using high
molecular binding compounds [12]. To quantify the prevailing unwanted elements, elementary analyses of the
processed layers were carried out. The inﬂuence of the
temperature for constant heating times of 2 min can be seen
in Table I. The results show small amounts of carbon and
nitrogen impurities that can be decreased with the alloying
conditions. Alloyed samples at 200°C contain mass
fractions of N and C of 4.1 and 4.8, respectively. At the

Figure 4. Left: in situ X-ray diffraction pattern of a ﬁlm on a Mo-substrate alloyed between 140°C and 220°C with 10 scans/min. At
140°C, a copper (111) peak occurs followed by a Cu11(In,Ga)9 reﬂex starting at ~160°C. Right: ex situ X-ray diffraction of CIG layers
on glass alloyed at 200–600°C. At 200°C, only one crystalline Cu11(In,Ga)9 phase is visible. At 300°C and above, a phase transition
to Cu16(In,Ga)9 and pure In can be observed.
Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Table I. Elemental analysis of metal layers alloyed in inert
atmosphere for 2 min at 200–500°C.
Temp. (°C)
200
300
400
500

H (wt%)

C (wt%)

N (wt%)

0.9
0.5
0.4
0.2

4.8
2.6
1.9
1.3

4.1
3.1
2.3
1.7

highest measured temperature of 500°C, these values drop
to 1.7% for nitrogen and 1.3% for carbon. The obtained
results are in good agreement with the previous shown
TGA measurement, which suggested low amounts of
solvent residues due to the roughly constant weight between
200°C and 500°C reﬂecting the initial metal mass.
To investigate the morphology, SEM analyses of the
alloyed metal layers have been carried out. Cross-sectional
scans reveal plain, crack-free ﬁlms over large areas
consisting of homogeneously distributed uniform nanoparticles with diameters in the range of 20–50 nm (Figure 5).
The ﬁlm height can be tailored by either changing the
coating process conditions or by adjusting the ink viscosity
with methanol. The current setup allows us to deposit
metal layers with up to 700 nm ﬁlm thickness in one single
coating step. Because of the volume expansion during
selenium incorporation, one process step is sufﬁcient for
solar cell applications. Thicker ﬁlms with more than 1 μm
ﬁlm thickness can be easily produced with two or more
coating–drying cycles.

Cu11(In,Ga)9 at 0 min (A). With increasing temperature a
peak shift can be observed that can be explained by a
normalization of the lattice. At 307°C, a phase transition
to Cu16(In,Ga)9 is visible (B). Because of the slow transport of evaporated selenium to the metal surface, the ﬁrst
selenide reﬂexes appear not till temperatures of ~450°C
(C). At this temperature, the Cu16(In,Ga)9 phase decomposes and a new peak appears that can be assigned to
copper selenides. Above 500°C, the (204)/(220) CuInSe2
reﬂex (JCPDS-40-1487) can be observed (D). The incorporation of gallium into the CIS chalcopyrite is visible
after two additional minutes by a peak shift to higher
2θ values corresponding to a smaller lattice constant
due to the smaller atom size of gallium (E).
The incorporation of the gallium has been studied by
changing the selenization times of metallic precursor layers
with the composition Cu0,92In0,8Ga0,2 inside of the tube
oven. For sample A, the annealing has been stopped after
2 min where only a CIS phase is expected. Sample B has
been held at 600°C for 6 min where the incorporation of

A
B

C

D

E

3.2. Characterization of the
chalcopyrite layers
The formation of the chalcopyrite phase during the annealing with selenium can be monitored using i-XRD measurements. Therefore, a metallic precursor layer with the
composition Cu0,92In0,8Ga0,2 has been placed in the center
of the XRD oven. As chalcogen source, elemental
selenium was placed in an open graphite container above
the sample. The whole system was then heated up to
600°C in 4 min and kept at this temperature for 6 min while
taking 60 XRD scans/min. Figure 6 shows the results,
starting with the pristine metal layer containing crystalline

Figure 6. Ultra-fast in situ X-ray diffraction of the selenization of
an alloyed Cu(In,Ga) layer with elemental selenium (1 scan/s).
The graph starts with a Cu11(In,Ga)9-peak at room temperature
(A). At 307°C, a phase transition to Cu16(In,Ga)9 occurs (B). At
about 450°C, binary copper selenides can be observed (C). The
ﬁrst chalcopyrite-peak (204)/(220) appears above 500°C in the
same area (D). A signiﬁcant Ga incorporation into the CIS starts
after two additional minutes at 600°C (E).

Figure 5. Scanning electron microscope pictures of a Cu(In,Ga) metal layer on glass processed by one coating/drying cycle and alloyed
at 220°C; left: tilted view (10°), right: cross section.
Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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the Ga should be signiﬁcantly improved. Both samples
have been further processed to solar cells including the
buffer and window layers.
The ex situ XRD result can be seen in Figure 7. Short
annealing times (A) lead to two distinct (112) reﬂexes that
can be explained by a Ga-poor CIS phase and a second
Ga-rich chalcopyrite phase. An identically processed
absorber layer annealed for 6 min (B) shows one single
peak with a small peak shoulder at the right slope and
an estimated Ga incorporation of 20%, which represents
the stoichiometric fraction of the initial Ga-salt.
The thicknesses of the selenized metal precursors processed by one coating/drying step are in the range of
1100 ± 100 nm with a smooth surface as can be seen from
the cross-section micrographs in Figure 8. The morphology is dependent on the annealing time at the highest
temperature. The short annealing times of sample A lead
to the formation of two separated crystalline layers, a ﬁne
grained bottom layer with big crystals on top. This can
be explained by an accumulation of a Ga-rich phase at
the back contact as expected from the XRD measurements
and which is in agreement with the literature. Sample B

shows that longer annealing times at high temperatures lead
to a single layer of crystals with diameters in the range of the
ﬁlm thickness. Residues of the precursors could not be
observed. Elemental analyses of the selenized layers reveal
low carbon and nitrogen residues within the detection limit
(0.07 ± 0.05 and 0.15 ± 0.1 wt%, respectively). The additionally measured amount of oxygen is 0.25 ± 0.2 wt%.

3.3. Solar cell characterization
J–V characteristics of the samples A and B are shown
in Figure 9. As expected by the XRD results, the more
homogeneous gallium incorporation of sample B leads
to higher Voc but lower Jsc values. Fill factors of both
cells A and B are similar. The speciﬁc values can be
seen in Table II.

Figure 9. J–V characteristics of sample A and B.

Table II. Optoelectronic properties of sample A and B.
Sample
Figure 7. X-ray diffraction spectra of solar cells with annealed Cu
(In,Ga)Se2 layers at 600°C for 2 and 6 min. The magniﬁcation of the
112 reﬂexes in the insert shows two separate peaks in sample A,
an almost pure Cu(In,Ga) phase and a much smaller Ga-rich Cu(In,
Ga) phase. Sample B consists only of one Cu(In,Ga)Se2 phase.

Voc
Jsc
FF
η
Area

A

B

483 mV
2
33.7 mA/cm
0.68
11%
2
0.5 cm

533 mV
2
29.0 mA/cm
0.69
10.7%
2
0.5 cm

Figure 8. Cross-sectional scanning electron microscope pictures of solar cells with annealing times of 2 min (left) and 6 min (right).
Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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4. CONCLUSION
In this paper, we present a novel solution-based approach
for the formation of metallic CuInGa layers that can be
selenized to highly efﬁcient CIGS absorber layers. The
binder-free ink system consists of metal-formates dissolved in a nitrogen-rich base (tetramethylguanidine) and
methanol. The metal concentration could be increased to
11 wt% leading to plain, crack-free metal ﬁlms with thicknesses of up to 700 nm processed in one fast coating/
alloying step. i-XRD data of the alloying could proof the
metallic nature of the intermediate layer forming at temperatures below 200°C. The conversion of the metals to
chalcopyrites could be accomplished in a tube oven with
elemental selenium as chalcogen source. With low annealing times, the formation of a Ga-rich layer at the back contact was observed. Annealing times above 6 min led to
single-phase CIGS layers. Concerning the organic residues
we could show an almost complete decomposition of the
solvents and the anions by elemental analyses with close
to zero impurities in the ﬁnal layer. Solar cell performances
of CIGS ﬁlms covered with a CdS buffer and i-ZnO/ZnO:Al
window layer reach efﬁciencies of up to 11% on 0.5 cm2
area. In conclusion, we found an ink system that allows us
to process virtually impurity-free CIGS layers with already
good efﬁciencies and high optimization potential. By an easy
replacement of methanol with ethanol, this ink system is
non-toxic and non-explosive containing only ingredients
available in large scales.
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