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ABSTRACT

In this work, we obtain the highest reported power conversion efficiency (13.3%) for sulfur-free CIGSe solar cells by
solution processing. Intentional sodium incorporation is achieved directly by dissolving sodium salts in the ink. The effect
on solar cell properties of three sodium sources is investigated: NaCl, NaHCO2, and NaSCN. A comparison is made with
absorbers grown on soda-lime glass substrates and in the absence of sodium sources. The incorporation via sodium salts
yields significantly better results, which is attributed to enhanced-sodium availability. A comparison with identically
annealed sputtered metal precursor layers capable of delivering 15.1% module efficiency suggests that the cell results
are limited by the selenization procedure. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Polycrystalline Cu(In,Ga)Se2 (CIGSe)-based solar cells
yield the highest power conversion efficiencies within all
thin film technologies [1]. This record, however, is
achieved by an energy-expensive vacuum deposition
method that has high capital costs. Therefore, approaches
based on vacuum-free processes with lower equipment
costs have attracted considerable attention. Particle-free
solution-based methods are among the most promising ap-
proaches for a cost-effective CIGSe deposition, due to the
simplified precursor ink preparation. Todorov et al.
achieved a record efficiency of 15.2% (with antireflective
coating) with a Cu(In,Ga)(S,Se)2 absorber processed from
a hydrazine-based metal chalcogenide solution [2]. Despite
these promising results, the drawbacks of the potentially
explosive solvent have so far excluded this method from

mass production. Therefore various less explosive
solution-based approaches have been developed and pub-
lished [3]. However, many syntheses appear to suffer from
residual impurities of the solvents and/or additives, often
leading to significant carbon layers within or next to the
chalcopyrite layer [4,5].

In our previously published work, we described a
solution-based approach leading to carbon-free solar cells
with efficiencies up to 11% [6]. Advantages of this method
are the use of chemicals with reasonable toxicity and high
stability, the easy and fast ink preparation, and the one-step
precursor layer deposition. In fact, the ink preparation and
layer deposition take less than 5min. The subsequent short
solvent evaporation step at 200 °C leads to the formation of
an intermediate metallic layer almost free from impurities.
In contrast to several other routes, this precursor layer
needs no further heat treatment (e.g., an oxidation in air
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to burn organic residues) and can be selenized with pure
selenium to dense residue-free chalcopyrite layers (no hy-
drogen or H2Se gas is necessary).

The reported 11% efficiency devices have been proc-
essed on standard Mo-coated soda-lime glass (SLG) sub-
strates. This type of substrate is known to act as a sodium
source during the selenization step, which has been found
to improve the solar cell properties [7]. Despite the exten-
sive literature on the topic, the reasons for sodium exerting
its beneficial influence on the electrical properties are still
not fully understood; empirically, the solar-cell efficiency
is usually enhanced by 30–50% compared with Na-free
samples. This benefit mostly comes from an improved
open-circuit voltage (Voc) and fill factor (FF), induced
among other things by a higher carrier concentration and
a grain boundary passivation. One particular advantage of
Na is the significantly improved chemisorption of Se dur-
ing the annealing: Braunger et al. proposed the formation
of sodium polyselenides on the surface acting as a sele-
nium reservoir [8]. A detailed review on the influence of
Na can be found elsewhere [9].

The amount of Na supplied by diffusion from SLG de-
pends on, among others, the selenization conditions. Sev-
eral groups have reported an optimal Na content that has
been found empirically to be around 0.1 to 0.5 total atomic
percent of the CIGSe-absorber layer [10–12]. Values
above or below the optimum can lead to small grain sizes
and can be detrimental for the electrical cell properties
[13]. Therefore, controlling the amount of incorporated
Na is crucial. To address this issue, Na is usually added
in the form of an additional Na containing layer with an
optimized thickness. Additionally, a back contact with a
diffusion barrier is used to prevent the sodium diffusion
from the substrate. NaF is widely used as Na precursor
source in research laboratories, deposited by evaporation
either on top of the back contact, the precursor layer, or af-
ter the annealing on the CIGSe layer. Salome et al. provide
a thorough review of sodium incorporation methods [14].

In contrast to physical deposition methods, most
solution-based approaches for CIGSe absorber layers have
not addressed this issue so far. Sutter-Fella et al. showed in
the similar kesterite system a significant improvement of
the photovoltaic parameters of solution-processed ab-
sorbers when adding an evaporated NaF film on top of
the precursor layer prior to the annealing [15]. By
substituting the evaporated NaF film with spin-coated
NaCl solutions, comparable efficiencies could be achieved.
A similar wet chemical approach in the chalcopyrite sys-
tem without the evaporation of NaF has been introduced
by Guo et al., who dipped their precursor layer consisting
of ink-deposited sulfide nanocrystals in an aqueous 1-M
NaCl solution for 10min [16]. This led to a significantly
improved crystallinity and solar-cell parameters. However,
adjusting the incorporated amount of sodium with both
methods is complicated and dependent on several factors
such as the precursor morphology (e.g., porosity) as well
as the film thickness and the coating parameters (rotation
speed, dipping time, and temperature). Thus, the reliability

might be poor. Very recently, at the same time as this pre-
sented work, Werner et al. reported a different approach.
They added the sodium source (NaCl) directly to the ink
of their chemically deposited kesterite layers and observed
an efficiency gain from 5 to 6% [17]. The advantages of
adding NaCl directly in the ink compared with a post-
deposition of NaF are that the sodium concentration is
exactly controlled because it is independent of layer
thickness and also that the number of deposition steps is
reduced because no specific sodium-deposition step is
required.

Regarding chlorine residues, Tanaka et al. reported Cl�

ions to act as a donor in CIS layers, leading to n-type con-
ductivity [18]. Kaelin et al. and Ahn et al. reported no Cl
residues of the used metal chloride precursors in their
solution-based approaches [4,19]. However, Park et al.
noted the existence of a Cl signal by Auger electron spec-
troscopy embedded in a carbon matrix in their solution-
processed layers made with InCl3 [5]. Thus, halogen-free
sodium sources might improve the cell characteristics. Be-
cause of the many open questions, we present an investiga-
tion of two things:

- The general influence of dissolved NaCl salt in the
metal precursor ink on the opto-electronic perfor-
mance of the solar cells, compared with Na diffusion
from the glass substrate and Na-free samples. This
study was carried out to investigate the effects of the
instantaneous sodium supply during the selenization.

- The differences between three Na salt sources (NaCl,
NaHCO2, and NaSCN) are compared regarding the
chalcopyrite layer morphology, the gallium distribu-
tion, and the opto-electronic performance. This study
has been conducted to evaluate the effects induced
by the different salt anions. Additionally, the solar cell
results are compared with identically annealed state-
of-the-art sputtered precursor layers.

2. EXPERIMENTAL

2.1. Precursor salts and ink formulation

For the metal precursors, we used the respective formate
salts synthesized from the commercially available metal ni-
trates (all Aldrich, 99.999%). The formates were mixed in
the desired stoichiometry (here Cu/(In +Ga) or Cu/III = 0.9
and Ga/(In +Ga) or Ga/III = 0.2) and dissolved in
tetramethylguanidine (Aldrich, 99%) and methanol (anhy-
drous, Aldrich 99.8%) in a glovebox atmosphere. To im-
prove the film formation properties, a small amount of
4-amino-1,2,4-triazole was added [20]. More detailed
information about the ink formulation can be found in
our previous publication [6].

The work focuses on the incorporation of sodium in the
form of soluble salts. To be considered as a sodium salt
candidate in our process, the minimum requirement was a
sufficient solubility either in tetramethylguanidine or in
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methanol (preferably in both). As second criterion, we only
chose non-toxic and chemically stable Na salts containing
anions, which are expected to have little to no influence
on the CIGSe layer formation and on the opto-electronic
performance. NaF, which is often used in the physical de-
position methods, is insoluble in both solvents. Instead, the
soluble salts NaCl (Merck, 99.5%), NaHCO2 (Aldrich,
99%), and NaSCN (Fluka, 98%) have been chosen. The
salts have been dissolved in separate methanol solutions
and added to the respective ink during the formulation pro-
cedure described earlier. The sodium concentration values
mentioned in this paper are in relative at.�% referring to
the amount of Cu.

2.2. Metal layer deposition, selenization and
device manufacturing

Unless stated otherwise, a diffusion barrier has been intro-
duced between the Mo back contact and the SLG substrate
to restrict the diffusion of Na from the glass. The ink was
deposited in a glovebox by blade coating targeting a final
CIGSe layer thickness of 1.5–2 μm. Concerning the further
layer processing, the alcohol has been evaporated first in a
drying channel with a forced nitrogen gas flow to improve
the film homogeneity. The substrate was then transferred to
a hotplate and tempered at 140 °C for 3–4min. Thereafter,
the substrate was heated up to 200 °C with 5–10K/min, as
described in [6]. The selenization of the metallic layers has
been carried out in a tube oven where the substrate and the
selenium temperature can be controlled independently. This
issue limits the comparability with the previously reported
results achieved in a one heating zone oven (temperature
control at the sample position) and will be discussed in the
results. In the current oven, the selenium powder is placed
in front of the substrate, close to the gas inlet. Afterwards,
both zones were heated from room temperature to 600 °C
in 4min in a nitrogen gas flow. Unless otherwise specified,
the annealing time has been limited to 7min, followed by a
passive cooling to room temperature (reaching 300 °C after
about 8min).

Working devices from the CIGSe absorber layers have
been fabricated at the Zentrum für Sonnenenergie-und
Wasserstoff-Forschung in Stuttgart with the following
standard procedure: (i) KCN etch; (ii) chemical bath de-
posited CdS; (iii) sputtered ZnO/ZnO:Al layers; and (iv)
Ni:Al grid. All presented samples have been processed
without antireflective coating (ARC).

2.3. Characterization

Layer compositions have been analyzed using secondary
ion mass spectrometry (SIMS) measurements (CAMECA
SC-Ultra). The in-depth composition profiles were ob-
tained via bombardment with 133Cs+ ions, accelerated
with 4.5 kV. Chalcopyrite layers selenized in the tube fur-
nace have been characterized in terms of depth dependent
phase composition and Ga grading using a grazing inci-
dence X-ray diffraction (Panalytical X-Pert MPD Pro) with

monochromatic Cu-Kα radiation and incidence angles be-
tween 0.2 and 10°. With this method, the chalcopyrite
phase composition over the film height can be determined
because of different information depths depending on the
incidence angle. X-ray diffraction in theta 2-theta geometry
has been carried out on a Bruker D8 Discover with Cu-Kα
radiation. The morphology has been investigated by cross
sectional scanning electron microscopy (SEM) images
(1530, Zeiss, 4 keV). Photoluminescence (PL) maps and
point measurements have been carried out on a custom
made set up using an excitation wavelength of 514 nm.
The beam diameters were 1 μm and 100 μm, respectively.
The solar-cell performance has been independently mea-
sured at ZSW under AM 1.5 illumination on 0.5-cm2 total
cell area. To investigate the current collection and the band
gap of the cells, the external quantum efficiency (EQE) has
been analyzed using a custom-made instrument at the Uni-
versity of Luxembourg (calibrated with two reference cells
of Fraunhofer ISE).

3. RESULTS AND DISCUSSION

3.1. Precursor layer characterization

In our previous publications, the chemically deposited pre-
cursor layers were characterized regarding morphology,
the metal particle and alloy formations as well as the quan-
titative amount of solvent/additive residues [6,20]. In this
paper, we add the qualitative elemental distribution in a
layer processed at 200 °C, measured using SIMS depth
profiling. The results can be seen in Figure 1. The measure-
ment reveals an almost flat profile for all three metals over
the film thickness. The impurities C and N are also show-
ing constant-count rates throughout the film height. In
our previous publication, a quantitative elemental analysis
revealed 4.1 and 4.9 mass-% of N and C, respectively [20].

3.2. Comparison of sodium incorporation
methods

In this section, the general influence of dissolved Na salts
on the opto-electronic performance is compared with a dif-
fusion of Na from the glass substrate as well as a sodium-
free layer as control. Because of the previously reported
successful application of dipping a CIGSe precursor in a
NaCl solution [16], we chose this salt as base line. The
concentration of NaCl has been chosen to 2.5 at.�% of
copper, which is at the upper end of the reported optimum
[10,12]. All precursor layers have been processed identi-
cally. The measured jV characteristics of a minimum of
eight devices for each of the precursor types under AM
1.5 illumination are shown in Figure 2.

Several trends can be derived from these jV character-
istics. The addition of Na increases the FF as well as the
Voc—independently of the incorporation method. How-
ever, the specific values are varying significantly depen-
ding on the incorporation pathway. Regarding the Voc, Na
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incorporated by diffusion from SLG leads to an increase of
about 50mV while the presence of NaCl enhances the volt-
age up to 150mV compared with the Na-free devices. A
similar trend is observed for the FF. In contrast to this,
the average values of the short-circuit current (jsc) are sim-
ilar for all samples in the range of 36–38mA/cm2 with a
larger spread found in the sodium-free samples. The overall
trend also reflects in the efficiency values with the diffusion
samples having an average increase of 30 rel.�% and the
NaCl addition enhancing the average efficiency by more
than 70 rel.�% compared with the Na-free devices. One
possible reason for the lower efficiency of the diffusion
sample compared with the NaCl sample is that there was
insufficient time at elevated temperature during the
selenization for sufficient Na out-diffusion from the glass
substrate. Therefore, by doping the precursor ink directly
with Na, faster annealing times could be achieved, thus
reducing the energy consumption during annealing. In
further experiments, the relative concentration of NaCl in
the precursor ink was varied between 1 and 5 at.�% (of
Cu content). The resulting precursors were selenized and
completed into devices in an identical fashion, and their
jV characteristics were determined. Both lower and higher

NaCl concentrations resulted in lower device efficiencies.
Thus, the Na concentration of 2.5 at.�% has been kept
constant in the next part of the study to determine if the
anion of the sodium salt has an effect on the absorber and
device properties.

3.3. Sodium salt variations and layer
characterization

In the previous section, the positive effects of dissolved
NaCl on the solar-cell properties were shown. This sec-
tion focuses on the differences originating from the three
Na salt anions Cl�, HCOO�, and SCN�. Figure 3 shows
representative SEM cross-sectional images of selenized
precursor layers completed to solar cells. As can be seen,
the thickness of the chalcopyrite layers is similar in the
range of 1.5–2 μm with a rather rough surface. Regarding
the crystal microstructure, two layers can be observed in
all samples with larger crystals at the top and a more fine
grained structure at the bottom, which is commonly
observed for selenized Cu-In-Ga metal stacks due to sep-
aration into indium rich and gallium rich chalcopyrite
phases [21].

Figure 1. Left: SIMS depth profile of a precursor layer processed from an ink with the metal ratio Cu:In:Ga = 0.9:0.8:0.2 and heated up
to 200 °C. Right: SEM cross sectional image of a precursor layer deposited on glass processed at 200 °C.

Figure 2. Box chart graph of the solar cell parameters. The absorber layers have been processed sodium free as well as with two dif-
ferent Na sources: NaCl and Na diffusion from the SLG. The numbers in brackets correspond to the number of measured cells.
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Figure 4 (left) shows the corresponding results of the
grazing incidence X-ray diffraction measurements
(GIXRD) carried out on the same samples to investigate
the degree of chalcopyrite phase distribution. It can be seen
that the crystalline phases measured in all samples are of
similar composition. The samples show a prominent
almost Ga-free CIS peak that is slightly shifted to higher
2-theta angles with increasing X-ray incidence angles,
corresponding to a higher penetration depth within the
absorber layer. At incidence angles above 1°, a peak shoulder
be at around 27° 2-theta is visible especially in the NaCl and
the NaSCN samples, indicating an increased incorporation of
gallium into the chalcopyrite phase near the back contact.
The observed gallium separation is also consistent with
the SEM images discussed earlier showing a more fine-
grained crystal structure at the bottom. One puzzling
observation is that despite the sodium formate containing

sample having the same initial Ga concentration in the pre-
cursor, it appears to have less Ga included in the chalcopy-
rite phase, that is, the 112 peak is near to the pure CIS
position, and no large shoulder is observed at higher an-
gles. In order to further investigate the gallium segregation,
qualitative SIMS analyses have been carried out close to
the SEM measurement position. At this point, it has to be
noted that the GIXRD measures over a very large area,
while SIMS is limited to a circular area of 60 μm in diameter.
The right graph in Figure 4 shows the Ga/(Ga+ In) or
Ga/III ratio in the solar-cell layer stacks derived from the
SIMS results. In general, the qualitative Ga/III ratios are
consistent with the GIXRD results showing a Ga back
accumulation in all samples. At the absorber front, close to
the buffer layer, small deviations in the gallium fraction
can be seen. The samples processed with NaSCN and NaCl
have a slightly higher surface Ga content, which is also

Figure 3. Cross sectional SEM images of selenized precursor layers containing different sodium salt sources.

Figure 4. Left: Grazing-incidence-XRD pattern on the 112 peak of CIGSe absorber layers 3, 4 and 5. The graph on top compares the
offset XRD patterns at 10° incidence angle for all samples. The three graphs below show the individual samples measured with angles
of 0.2°, 0.4°, 0.6°, 0.8°, 1°, 2°, 3°, 4°, and 5°. Right top: Cartoon of the substrate layout highlighting the measurement areas of SIMS,
SEM, EQE, PL, jV, and GIXRD. Right bottom: Ga/III counts per second (cps) ratio in all three samples taken from the SIMS results.
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visible in the GIXRD graphs by the small peak shift at
low incidence angles (corresponding to low penetration
depths).

However, toward the back of the absorber, close to the
back contact, SIMS appears to show that the HCOO con-
taining sample has a higher concentration of Ga than the
other two, which is in apparent contradiction to the
GIXRD results. In fact, the total amount of Ga incorpo-
rated (Ga/III ratio) in the chalcopyrite phase has been cal-
culated to be around 0.11, for the NaHCOO sample, by
integrating the Ga fractions from the GIXRD results using
a model developed by Kötschau et al. [22]. In contrast to
this, the ratio in the NaCl and NaSCN containing samples
is about 0.2, which is in agreement with the initial Ga frac-
tion in the precursor ink. Because SIMS counts atoms and
GIXRD is phase sensitive, one hypothesis is that some of
the gallium in the sodium formate sample is actually part
of a non-chalcopyrite phase. To understand which other
phase might form, we need to look at the high-temperature
behavior of alkaline formate salts. In contrast to copper
formate, for example, which forms metallic copper, CO2,
and H2 above 120 °C, sodium formate only decomposes
in inert atmosphere above 300 °C [6,23]. Therefore, the
metallic precursor layer before selenization (prepared at
200 °C) still contains sodium formate. Sodium formate
decomposes to the chemically stable oxide Na2O in inert
atmosphere [23]. A rough thermodynamic calculation
shows that Na2O is able to partially oxidize the gallium
in the precursor layer to gallium oxide, while being highly
unlikely for indium and copper [24]. Any gallium oxide
formed is not further available for the selenization to chalco-
pyrites because the oxide is significantly more stable than the
selenide. Similar results have been reported by Dirnstorfer
et al. who annealed their CIGSe precursor in air and ob-
served a gallium loss in the chalcopyrite phase due to the
formation of Ga2O3 [25]. To test the hypothesis, the O over
Zn ratios from the SIMS measurements was computed, and
it is shown in Figure 5 on the left. Because oxygen should
only be associated with the ZnO layer at the front of the de-
vice, a fixed ratio should be observed. Obviously no ZnO is
expected in the actual absorber layer, but because of the

roughness of the device stack, some ZnO will be sputtered
in one part of the film while in another part, CIGSe will be
sputtered at the same time. This is a consequence of SIMS
being measured over a 250-μm2 area. Any increase in the
O/Zn ratio would therefore indicate the presence of another
oxygen-containing phase. Figure 5 does indeed show a sig-
nificant increase in the O/Zn ratio for the NaHCOO sample
in comparison with the others indicating an oxygen accumu-
lation near the back contact in accordance with the likely for-
mation of Ga2O3.

As mentioned before, many solution-based approaches
suffer from solvent or additive residues. Therefore, the
SIMS measurements have been used to investigate the dis-
tribution of carbon and nitrogen. The results are shown in
Figure 5 (right) indicating very low counts of both ele-
ments with a homogeneous distribution through the layer
height. This is in agreement with the previously published
low mass fractions of C and N in the CIGSe layer (0.07
± 0.05 and 0.15 ± 0.1 mass-%, respectively) measured by
elemental analyses [6]. Thus, the reported decomposition
of the sodium salts NaSCN and NaHCOO at low tempera-
tures [23,26] does not increase the amount of carbon and
nitrogen residues. The incorporation of additional S atoms
in the sample processed with NaSCN from the salt anion
has been investigated by SIMS. Yet, a comparison with
the two sulfur-free samples did not reveal any notable dif-
ferences. Cl residues are present in the NaCl sample. The
NaSCN layer contains traces of Cl probably due to a con-
tamination while the HCOO sample is virtually Cl free.

The sodium distribution in the layers is depicted in
Figure 6 as cps ratio to the selenium signal (Se used as
reference). Sodium is often found at the grain boundaries
[27]. Thus, the smaller the grain size, the larger the grain
boundary area, that is, the greater the sodium concentra-
tion. The high Na/Se signal close to the buffer interface
for the NaSCN sample and close to the back contact for
all samples shows larger Na concentration, which is con-
sistent with the smaller grains seen in the cross sectional
microstructures in Figure 3. The low Na/Se signal in the
NaHCOO sample may be explained by the formation of
Ga2O3, via Na2O, which results in metallic Na. The

Figure 5. Left: Cps ratio of O/Zn in the three different solar cell samples derived from SIMS measurements. Right: Distribution of car-
bon and nitrogen over the layer stack height measured by SIMS.
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elemental sodium could then have evaporated [14] or
formed volatile Na2Sex species during selenization.

Solar cells processed from the discussed absorber layers
have been evaluated regarding the external quantum effi-
ciencies (EQE) and the opto-electronic properties. Figure 7
(left) shows the results of the EQE measurement. The
graph clearly shows a very good current collection of pho-
tons in the range of 500–1000 nm for all samples with
maximum values of 92%. In the short wavelength region
only, marginal differences can be observed between 300
and 500 nm where the parasitic effects of the buffer and
window layers are visible, absorbing all (up to 360 nm,
mostly absorption of the window layer) and more than half
(up to 450 nm, absorption of the buffer layer) of the incom-
ing radiation. In the long wavelength region above
1000 nm, however, the current collection of sample made
with NaSCN is significantly lower. From the EQE results,
the band gaps of the semiconductors have been estimated

by plotting the relation [hν ln(1-EQE)]2 over (hν). The
sample with NaCl and NaHCOO has a band gap of 1.01–
1.02 eV, respectively, corresponding to a pure CIS top
layer [28]. The sample with NaSCN has a slightly in-
creased band gap of 1.05 eV indicating a near-surface gal-
lium incorporation. This is consistent with the previously
discussed SIMS results showing the best gallium interdif-
fusion for the SCN sample. The right graphs in Figure 7
show micron resolved maps of the photoluminescence
(PL) peak position in units of wavelength from the samples
processed with NaCl and NaSCN. A constant peak posi-
tion indicates the same band gap everywhere, while a spa-
tially varying peak position indicates that the band gap of
the absorber changes on a micrometer scale. It appears that
the sample with NaSCN consists of two separate phases
while the phase distribution in the NaCl sample is much
more uniform. It follows that, although the NaSCN sample
shows higher near-surface Ga incorporation compared
with the NaCl sample, the Ga distribution on its surface
is not as homogeneous as for the NaCl sample. We spec-
ulate this is because of non-homogeneous sodium and
consequently sulfur distribution in the precursor film
induced by the precursor drying stage. The presence of
two different band gaps in the NaSCN sample does
explain the shallower slope of the EQE edge at lower
wavelengths compared with the steeper slope of the NaCl
sample.

In Figure 8, the spread of achieved solar cell character-
istics are depicted. In order to show the full potential of the
chemically processed metal precursor layers, the used lab
scale selenization procedure has additionally been carried
out on industrially optimized sputtered CIG layers. More
information about the physically deposited layers can be
found in a publication by Probst et al. [29].

The graph shows that the jsc values are comparable for
all samples in the range of 35–38mA/cm2. Cells with effi-
ciencies above 12% were processed with NaCl and
NaSCN. Their higher Voc may be attributed to the higher
gallium incorporation in the chalcopyrite. The samples

Figure 6. SIMS depth profiles showing the sodium distribution
in the three samples.

Figure 7. Left: External quantum efficiency of the three samples. The inset shows the methodology for the estimation of the different
semiconductor band gaps (α = 1-ln(EQE)). Right: PL maps of the wavelength of the intensity maxima in a 80 × 80μm2 area measured

on the samples containing NaCl and NaSCN.
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containing NaSCN show the best values most likely be-
cause of the slightly higher band gap, as measured by
EQE. Vice versa, the samples processed with sodium for-
mate yield the highest jsc values and lower voltages due
to the discussed Ga depletion as a result of the likely partial
Ga oxidation by the Na salt precursor. In comparison, the
solar-cell parameters of the sputtered layers are in the same
range as the solution-deposited samples. The high jsc
values and the low voltages suggest an insufficient Ga in-
terdiffusion within the limited 7min of annealing time.
This issue leads to energy conversion efficiency values of
around 11.5%.

In this section, it was shown that all three sodium salts
lead to solar cell efficiencies above 11%. Differences
have been found especially in the achieved cell voltages
and fill factors that can be correlated to a partial gallium
oxidation with NaHCOO and an improved bandgap with
the sulfur containing NaSCN. Sulfur is known to widen
the band gap of CIGSSe [30], but SIMS measurements
could not confirm its presence in the NaSCN-processed
absorber.

3.4. Annealing optimization potential

An important result of the last section is that the solar-cell
characteristics achieved by the solution-processed precursors
are equal to those of the sputtered metal layers (Figure 8).
However, these particular sputtered layers have been shown
to reach up to 15.1% efficiency on module level [29]. It is
important to note that these values have been achieved with
additional sulfur. The incorporation mechanism for sodium
is also different, as the industrially optimized precursors usu-
ally have a separate sodium source. Nevertheless, the low
voltages of the selenized sputtered layers suggest that the
bottle neck of the presented process is most likely not the
precursor preparation but the selenization step.

In our previous publication, we showed that a
selenization time increase from 2 to 6min significantly im-
proved the gallium interdiffusion. With the new oven,
however, even at 7min annealing time, most of the gallium

is segregated at the back contact. We speculate that in the
old tube oven, the not-monitored temperature at the sele-
nium evaporation source might have resulted in different
selenization conditions. For consistency reasons, we de-
cided to extend again the annealing time. Two identical
ink deposited precursor layers containing 2.5% NaCl have
been annealed at 600 °C with the standard 7min as well as
20min. NaCl has been chosen over NaSCN to exclude any
possible effect originating from the incorporation of sulfur.
With this process modification, reproducible high cell effi-
ciencies above 13% could be achieved as shown in
Figure 9.

The efficiency gain is attributed to an improvement in
Voc and FF. The jsc value decreases slightly. An explana-
tion for the lower jsc values can be found in the decreased
current collection at long wavelengths as well as the higher
absorber band gap both derived from the EQE graph
shown in Figure 10 (left). The 7-min sample has a good
collection with a band gap of 1.01 eV corresponding to
pure CuInSe2. This is consistent with the PL and XRD
results shown in Figure 10 (center). The latter suggests
gallium segregation at the back of the absorber. In the
20-min, sample the band gap extrapolated from the EQE
increases to 1.05 eV, and similarly, the PL maximum shifts
to higher energies. The reason for this can also be found in
the XRD pattern revealing an improved gallium incorpora-
tion because the 112 peak is shifted to higher angles, and
no shoulder is visible, although the peak width is relatively
large indicating a non-uniform distribution of gallium
within the layer. However, the EQE also shows that the
longer annealing appears to reduce the carrier collection
length resulting in a slightly lower jsc.

Figure 10 (right) shows the jV curves of the best cell,
and Table I summarizes the characteristics and compares
them with the best CIGSSe hydrazine-based result of
IBM [2]. Our best cell has a 9% lower FF and 15% lower
Voc. The lower FF is presumably due to the lower Voc and
the one order of magnitude higher shunt conductance be-
cause the series resistances are similar. The absorber layer
is quite rough and in parts gets quite thin, which could

Figure 8. Box charts showing the solar cell properties of layers processed with three different Na salt anions (Na content 2.5%). The
results are compared with identically selenized sputtered precursor layers. The numbers in brackets correspond to the number of mea-

sured cells.
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conceivably make shunt paths more likely. The differences
between the Voc are reasonably explained by the 110meV
smaller band gap of our device, and this also explains the
12% higher jsc because more photons are collected. Pre-
sumably, the higher Voc of the IBM device, which is also
reflected in its lower reverse saturation current, is caused
by sulfur widening the band gap because the absorber
layers have a similar Ga content.

4. CONCLUSION

In this work, we investigate the influence of three Na salts
dissolved in the ink of a hydrazine-free solution based
process for CIGSe solar cells. Additional Na salts in the
ink and consequently also in the precursor layer can
highly improve the device efficiency compared with a
typical diffusion from the soda-lime glass substrate. A
comparison of the three Na salts with different anions
revealed differences regarding the CIGSe layer morpho-
logy, the Ga incorporation, and interdiffusion as well as
the solar-cell device parameters. GIXRD measurements

of layers containing sodium formate indicated that only
about half of the gallium has been incorporated in the
chalcopyrite. The formate anion most likely oxidizes a
significant fraction of the metallic Ga during its decompo-
sition. On the solar cell level, this gallium shortage re-
sulted in lower Voc and FF compared with the other
samples containing NaCl and NaSCN where the gallium
oxide formation was not observed. The better gallium in-
corporation also led to an improved gallium gradient, as
revealed by SIMS. The absorber produced with NaSCN
had the most surface gallium and the highest band gap.

Industrially optimized sputtered CIG layers were
selenized with the same annealing routine and yielded
comparable results, suggesting a limitation of the cell effi-
ciencies by the annealing process. Experiments on chemi-
cally processed layers carried out with longer annealing
times significantly improved the Voc and the FF leading to
reproducible power-conversion efficiencies of above 13%
without antireflective coating. The increased band gap of
these samples along with XRD and PL spectra evidence
suggest an enhanced gallium interdiffusion. This result
indicates that with this approach, further improvements to

Figure 9. Box charts showing the j-V characteristics of samples containing 2.5% NaCl selenized for 7 and 20min. The numbers in
brackets correspond to the number of measured cells.

Figure 10. EQE, XRD, PL and jV characteristics of the best solar cell devices from chemical precursor layers containing 2.5% NaCl
selenized for 7 and 20min (both without ARC). Left: EQE and band gap estimation. Center: XRD results measured in theta-2-theta ge-

ometry with the PL spectra as inset. Right: jV characteristics.

Table I. Device characteristics of the best solar cells achieved by the 20-min annealing measured under AM1.5 illumination.

Cell Material η (%) FF (%) Voc (mV) Eg (eV) jsc (mA/cm2) Rs (Ω cm2) GSL (mS/cm2) A J0 (mA/cm2) ARC

Bosch/UL CIGSe 13.3 68.5 532 1.05 36.5 0.60 1.5 1.7 2.5e-4 No
IBM CIGSSe 15.2 75 623 1.16 32.6 0.75 0.2 1.5 0.1e-4 Yes
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device performance can be expected in the future. Relative
to the IBM record hydrazine device, it is clear that the Voc

and FF require further improvement. Possible routes to in-
creasing these are a higher initial Ga ratio, the incorpora-
tion of sulfur, and longer annealing times to directly
widen the band gap. By optimizing the chalcogenization
of the metal precursor layers, the surface roughness of
the absorber might be decreased directly reducing interface
recombination.
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