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Introduction

In recent years, Cu,ZnSnS,Se, , (CZTSSe) has gained signifi-
cant attention as an absorber material for thin-film solar cells
with the intention to substitute the more mature Culn,Ga,_,Se,
(CIGS). However, solar cells with CZTSSe absorber still suffer
from a high open-circuit voltage (Vo) deficit that is drastically
limiting to the efficiency.

One approach to overcome this limitation is the substitution
of Ge for Sn which increases the band gap and has been found
to improve the crystallinity of the absorber' and reduce the
amount of Sn*"-related defects.?> Significant improvements of
Voc and efficiency have been reported for adding a small
amount of Ge as dopant.® For mixed Cu,ZnSn,Ge;_,S,Se;_x
absorbers efficiencies exceeding 10% have been reported for
[Ge)/([Sn] + [Ge])-ratios between 0.25 and 0.4,*° some of them
with a drastically improved Vpc.* Consequently, the interest in
a complete substitution of Ge for Sn is also rising, which allows
the possible use as a wide band gap top cell in tandem solar
cells with a tunable band gap between 1.4 and 2.0 eV.”® So far
there are only few manuscripts reporting on the structural and
optical characterisation of Cu,ZnGeS,Se, , (CZGSSe)”*'* and
some first reports about solar cells."** In previous manuscripts,
we could demonstrate efficiencies exceeding 5%.">"

However, since CdS has a decent spike-like band alignment
with CZTSSe'*** and the conduction band minimum (CBM) of
CZGSe was reported to be about 0.5 eV higher than that of
CZTSe," it is expected to have a non-ideal band alignment with
the CZGSSe absorber. In addition for environmental reasons the
use of a Cd-free buffer material would be favourable.
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efficiency for a CZGSSe absorber.

Zn(O,S), whereas the CdS buffer gave the best efficiencies of up to 6%, which is the highest reported

Therefore, in this work four different buffer layer materials
are compared: CdS, Zn(0,S), In,S; and CdIn,S,. The first three
of them are well-established buffer materials with reported
efficiencies for CIGS exceeding 22%,"” 21% '* and 18%,"
respectively. In contrast, CdIn,S, is a rather new candidate that
was found as reaction product at the interface between CdS and
KF-treated CIGS* and might therefore be linked to the effi-
ciency improvement that is gained from the KF-treatment.

Experimental

The CZGSSe absorbers were prepared from a metal salt solution
that consists of copper(i)-chloride (0.46 M), zinc(u)-chloride
(0.32 M), germanium(v)-chloride (0.31 M) and thiourea (1.48 M)
with dimethyl formamide as solvent. The chemical composition
is chosen to be Cu-poor with metal ratios of Cu/(Zn + Ge) = 0.7
and Zn/Ge = 1.0. The solution is deposited onto a molybdenum-
coated soda lime glass substrate by doctor-blade coating and
a subsequent drying step. The resulting layer is annealed in Se-
atmosphere at 550 °C to exchange S for Se and induce the
crystallisation. Further details on the absorber formation can be
found in ref. 12.

The CdS buffer layer with a thickness of approximately
50 nm was deposited by chemical bath deposition (CBD) from
CdSO,, NH,OH and thiourea. Zn(0O,S) layers were deposited by
sputtering from mixed Zn(O,S) targets with [S]/([S] + [O])-ratios
of 0.2 (layer thickness 67 nm) and 0.4 (layer thickness 41 nm).
In,S; layers were grown by atomic layer chemical vapour
deposition (ALCVD) at 210 °C from indium(m)-acetylacetonate
and hydrogen sulphide. The film thickness was varied between
3 nm and 28 nm by adjusting the number of deposition cycles.
To improve the quality of the interface, subsequent heat treat-
ments in ambient atmosphere on a hot plate were performed at
temperatures between 180 °C and 220 °C. CdIn,S, layers were
grown by coevaporation of CdS, In and S resulting in a layer
thickness of 50 nm.
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Fig. 1 Schematic drawing of the layer stack of a complete solar cell.

To obtain functional solar cells, the samples are completed
with a sputtered undoped ZnO (i-ZnO, 40 nm) and an
aluminium-doped ZnO (ZAO, 400 nm) layer and separated to
single cells of 0.25 cm” each by mechanical scribing. A sche-
matic illustration of the layer stack is displayed in Fig. 1. For
samples with a CdIn,S, buffer, 40 nm of i-ZnO and 180 nm of
ZAO were used followed by a Ni/Al/Ni grid, the device area here
is 0.5 cm®.

Current-voltage curves were measured using a Keithley 2400
source measuring unit under simulated AM 1.5 global solar
irradiation with an WACOM 2-lamp sun simulator at
100 mWem 2. Temperature-dependent current-voltage (JV)-
characteristics were measured with a Peltier cooling element in
a temperature range from 10 °C (17 °C for CdIn,S,) to 60 °C.
External quantum efficiency (EQE) measurements were per-
formed with a setup from Optosolar.

Results

As described in the experimental section, variations of film
thickness, heat treatment and composition have been per-
formed for In,S; and Zn(O,S) buffers. Therefore, these varia-
tions are described in the following subsections, before all four
buffer materials are compared in the final subsection.

In,S;

There are numerous reports about In,S; as a buffer material for
CZTSSe absorbers. For Cu,ZnSnSe, (CZTSe) efficiencies of 5.7%
haven been achieved with In,S; deposited by co-evaporation®
and spray pyrolysis.?® Risch et al. reported an efficiency of 4.5%,
but could achieve a higher Voc in comparison to the CdS-
reference. For the Cu,ZnSnS, (CZTS)-In,S; interface a spike-
like conduction band offset (CBO) of 0.41 eV was reported,
which is still in the desired range for high-efficiency solar
cells.”® In another work, the Voc was improved by 120 mV in
comparison to the CdS-reference. However, due to a very low
photocurrent the efficiency was only 0.4%.>* With a sputtered
In,S; buffer on a CZTS absorber both efficiency (4.2%) and V¢
(531 mV) were considerably higher than with CdS.* For a CBD-
deposited In,S; layer an efficiency of 6.9% was reported.”® The
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highest efficiency with an In,S; buffer so far is 7.6%, which was
achieved with CBD-deposited In,S; on a CZTSSe absorber.””
Most reports used an additional heat treatment that improved
the interface by diffusion of Cu and Na into the buffer and In
into the absorber material, respectively.>**®* For CZGSSe
absorbers there are no reports about In,S; buffer layers so far.
However, although CZGSSe has a higher band gap, the overall
similarity to CZTSSe makes In,S; a reasonable and interesting
choice as buffer material.

In Fig. 2 the solar cell parameters of solar cells with In,S;
layer thicknesses from 3 nm to 28 nm are displayed as box plots.
Note that these parameters were obtained without an additional
heat treatment. For thin In,S; layers the short circuit current
density (Jsc) is very low. It strongly increases, until at a film
thickness of 7 nm saturation occurs. The V¢ reaches its
maximum at 7 nm and decreases again for thicker films. For the
fill factor (FF) no clear trend is visible with slightly lower values
for 5 and 21 nm film thickness. Thus the efficiency reaches its
maximum at an In,S; thickness of only 7 nm with an average
value of 2.5%. A comparison with literature is difficult, since
most other publications do not report the film thickness. In the
case of Jiang et al. it was varied between 50 and 180 nm and was
therefore considerably thicker.>

For the investigation of the effect of post-annealing all
samples were subsequently annealed for 15 min on a hot
plate in ambient atmosphere at temperatures of 180, 200 and
220 °C. For the sake of clarity, in Table 1 only the results with
an In,S; layer thickness of 7 nm are shown, because they
obtained the highest efficiencies. All solar cell parameters are
increasing with heating temperature. However, with a gain of
53 mV the effect is most pronounced for Vgc whilst the
changes in FF and Jsc are rather small. The average efficiency
after heating at 220 °C is 3.1% with a maximum value of
3.4%. The improvements after post annealing are attributed
to diffusion of and Cu and Na into the buffer, which
is commonly reported for In,S; buffers.** A comparison to
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Fig. 2 Parameters of solar cells with a CZGSSe absorber and In,Ss
buffer with buffer layer thicknesses between 3 and 28 nm.
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Table1 Average parameters and standard deviation of solar cells with
a 7 nm In,S3 buffer layer after subsequent annealing for 15 min in
ambient atmosphere on a hot plate at different temperatures

As grown 180 °C 200 °C 220 °C
n (%) 2.5 0.2 2.7 £0.3 3.0 = 0.2 3.1 £0.3
Voc (mV) 423 + 14 446 + 14 462 + 8 476 + 7
Jsc (mA Cmfz) 12.6 + 0.4 129 + 0.4 13.3 £ 0.5 13.2 £ 0.6
FF (%) 47.3 + 3.3 47.6 + 3.3 49.0 £ 2.0 49.9 £+ 2.2
other buffer materials will be done later on in this
manuscript.
Zn(0,S)

Zn(0,S) is a promising buffer layer material for solar cells with
CZTSSe absorbers since its elements are earth abundant, non-
toxic and it offers a higher band gap than CdS which can lead
to an increased absorption in the short wavelength regime. The
band gap can be tuned from 3.3 eV for pure ZnO to 3.6 eV for
pure ZnS with a minimal band gap for 50% ZnO (“bowing”)** by
varying the [S]/([S] + [O])-ratio. This is necessary, because ZnO
was reported to have an unfavourable cliff-like CBO with
CZTSSe whereas ZnS was found to have a considerably spike-
like CBO with a barrier of 1.1 eV.”” Grenet et al. reported an
efficiency of 5.8% for a ZnS(O,0H) buffer prepared by CBD.*
The performance is strongly influenced by metastabilities, since
“before LS [light soaking] treatment almost no photovoltaic
effect is observed”. In a different work, no photocurrent could
be obtained for a CZTS absorber and a Zn(0O,S) buffer, which is
attributed to a high barrier of 0.9 eV at the CBO.>* However, no
light soaking was performed. Ericson et al. demonstrated an
efficiency of 4.6% for a CZTS/Zn(0,S) system (buffer deposited
by ALCVD) with [S]/([S] + [O]) = 0.14 and the activation energy
increased with the [S]/([S] + [O])-ratio.** Recently, Neuschitzer
et al. reported an efficiency of 6.5% for CBD-deposited
ZnS(0,0H) which is the highest value for a kesterite absorber.*

In this work, sputter-deposited Zn(O,S) buffers from mixed
targets with [S]/([S] + [O])-ratios of 0.2 and 0.4 are used. These
ratios are considerably lower than what is commonly used for
CBD-based Zn(O,S) layers for CIGS, where typical [S]/([S] + [O])-
ratios are between 0.7 and 0.9.** However, a direct comparison
between sputtering and CBD is different anyway, since
depending on the concentration of precursor chemicals with
the CBD-approach also Zn(OH), species can be formed* which
is not the case for sputtered Zn(0,S).

The JV-characteristics under illumination of solar cells with
Zn(0,S) buffers from the targets with [S]/([S] + [O])-ratios of 0.2
and 0.4 are displayed in Fig. 3. The solar cell with a buffer with
[S]/([S] + [O]) = 0.2 has an efficiency of 1.4% with Vo = 232 mV,
Jsc = 14.5 mA cm™ > and FF = 42.1%. In contrast, with [S]/([S] +
[O]) = 0.4 an efficiency of 4.6% could be achieved with V¢ =
730 mV, Jsc = 13.0 mA cm ™2, FF = 48.3%. The slightly higher Jsc
of the sample with [S]/([S] + [O]) = 0.2 can be explained by the
higher band gap of the buffer that allows an increased
absorption in the short-wave regime. Additionally, the huge
difference in V¢ is remarkable. It might indicate an improved
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Fig. 3 J-V-characteristics of solar cells with Zn(O,S) buffer under
illumination.

band alignment and therefore less interface recombination for
the Zn(O,S) buffer with higher S-content. However, also other
factors such as a different doping of the buffer layer or different
tunnel recombination could influence the V.

Note that in contrast to some of the previously cited reports,
no improvement of the solar cell efficiency was obtained after
light soaking. However, this is not surprising since the J-V-
characteristics do not have a kink as it was reported by Neu-
schitzer et al. before light soaking.*

Comparison

In this section the best sample types from each buffer material
are compared. In detail that are (i) sputtered Zn(O,S) with [S]/([S]
+[O]) = 0.4 and a thickness of 40 nm, (ii) CBD-deposited CdS
with a thickness of approximately 50 nm, (iii) ALCVD-deposited
In,S; with a thickness of 7 nm and a subsequent heat treatment
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Fig. 4 Parameters of solar cells with a CZGSSe absorber and different
buffer materials.
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Fig. 5 EQE measurements of solar cells with CZGSSe absorber and
different buffer layers.

for 15 min at 180 °C on a hot plate and (iv) coevaporated
CdIn,S, with a thickness of 50 nm.

The solar cell parameters for all buffer materials are
compared as box plots in Fig. 4. In terms of efficiency, solar cells
with a CdS buffer clearly show the best performance with an
average value of 5%. All other materials only show average
efficiencies around 3%. However, solar cells with a Zn(O,S)
buffer could achieve Voc-values of up to 733 mV which is clearly
higher than all other buffer materials and indicates an
improved absorber-buffer-interface. The average Vo for In,S;
and CdIn,S, is 475 mV and 350 mV, respectively. On the other
hand, Zn(0,S) exhibits the lowest FF (37% in comparison to
around 50% for the other materials) and Jc (10.5 mA ecm™2 in
comparison to between 13 and 15 mA cm > for the other
materials). Especially in the case of Js¢ this is surprising, since
the used Zn(O,S) should have a band gap of around 2.6 eV **
which is higher than that of CdS and should therefore allow an
increased absorption of photons in the short wavelength
regime.

To investigate this in more detail, EQE measurements were
performed (Fig. 5). In the short wavelength region the sample
with CdIn,S, buffer shows by far the lowest absorption. On the
contrary, the sample with Zn(O,S) buffer indeed shows
a considerably increased absorption between 400 and 500 nm in
comparison to the CdS buffer. The same holds true for the
sample with In,S; buffer. Note that according to literature the

View Article Online

Paper

band gap of In,S; was found to vary between 2.25 eV and 3.2 eV
depending on the deposition technique used.*® For films by
ALCVD it was found to be 2.7 eV* and thus the increased
absorption in the short wavelength regime is expected. It may
additionally be mentioned that the very low film thickness of
7 nm also affects the absorption.

However, both Zn(O,S) and In,S; suffer from strongly
decreased collection in the long wavelength regime in
comparison to CdS and CdIn,S,. For this behaviour two
possible reasons can be found. On the one hand, (i) CBD-
deposited CdS is usually present not only at the interface, but
also in the bulk of the absorber, where it can reach through
small pinholes. There it is able to passivate grain boundaries
which facilitates the electron transport and is beneficial for the
carrier collection.*

On the other hand, (ii) the band gaps of the absorber layers
discussed in this manuscript are found to be slightly different. A
linear extrapolation from the squared plot of the EQE (see ESIT)
suggests 1.44 eV with CdIn,S, buffer, 1.47 eV with CdS and
1.54 eV with Zn(O,S). For the In,S; buffer the plot is not linear,
which can be attributed to strong band tailing. Thus only
a range between 1.49 and 1.54 eV can be given. The reasons for
this differences are not understood in detail yet. However, they
might be linked to diffusion of Cd into the kesterite absorber,
which can replace Zn and thereby decrease the band gap.*® This
might explain the higher band gaps of CZGSSe absorbers with
Cd-free buffer materials. Consequently, the increased absorp-
tion in the long wavelength regime with a CdIn,S, buffer could
be explained by the lower band gap of the corresponding
absorber.

To gain further understanding about the absorber-buffer-
interface, temperature-dependent JV characteristics were
measured in a temperature range between 10 °C (17 °C for
CdIn,S,) and 60 °C. From a linear extrapolation of the plot of
Voc versus temperature to 0 K the activation energy of the
dominant recombination path (E,) can be estimated. If it is
smaller than the band gap, this is indicative of dominant
interface recombination.’** The results are displayed in
Table 2. The activation energies for all buffer materials are
smaller than the band gap of the CZGSSe absorber, thus all
solar cells should be limited by interface recombination.
However, there are still distinct differences between the
different buffer materials.

Since the band gaps are slightly different, the difference
between Eg and E, was calculated to allow a better comparison.
Here with 193 meV the CdS buffer shows the lowest difference
indicating the best absorber-buffer interface. The Zn(O,S)

Table2 Band gap, open circuit voltage, activation energy of the dominant recombination path and efficiency of the best solar cells with different
buffer materials. From those parameters, the Voc-deficit Eq — Voc and the difference between Eg and Ex are calculated

Eg (eV) Voc (mV) Eglq — Voc (mV) E, (meV) Eg — Ea (meV) 1 (%)
Zn(0,S) 1.54 730 810 1307 233 4.6
Cds 1.47 617 853 1277 193 6.0
In,S; 1.49-1.54 469 1021-1071 1115 375-425 3.4
CdIn,S, 1.44 354 1086 820 620 2.6
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buffer only has a slightly higher difference between Eg and E,
(233 meV) whereas In,S; and CdIn,S, seem to have a consider-
ably lower interface quality.

However, another option to compare the different buffer
materials is the Voc-deficit Eg — Voc that is also displayed in
Table 2. In this case we get a slightly different picture, since
Zn(0,S) has the lowest Voc-deficit of 810 mV (which is, of
course, still very high). The CdS buffer shows a slightly higher
Voc-deficit of 853 mV, while In,S; and CdIn,S, have values
above 1 eV.

In summary, the comparison of Eg; — E, and Vpc-deficit
suggests an apparent contradiction since either Zn(0O,S) or CdS
seem to have the best interface quality of the investigated buffer
materials. For further increasing the solar cell efficiency the
most crucial factor is the absorber itself which has to be opti-
mized. For an improved buffer layer a combination of a very
thin CdS-layer by CBD to passivate defects in the bulk and
a Zn(O,S) layer on top might be interesting. A similar “hybrid
buffer” has been reported for a combination of CdS and In,S;
where considerable improvements in V¢ and efficiency could
be obtained.***

Conclusions

Thin-film solar cells with a wide-gap kesterite CZGSSe absorber
and four different buffer layers, namely CdS, Zn(O,S), In,S; and
CdIn,S,, have been prepared. All buffer materials resulted in
functional devices. For In,S; different film thicknesses were
compared with the best efficiency of 3.4% for an only 7 nm thick
buffer layer. The best working device was prepared with a CdS
buffer and resulted in an efficiency of 6.0%, which is the highest
value for CZGSSe absorbers. However, with Zn(O,S) a higher
open circuit voltage and a higher activation energy of the
dominant recombination path could be obtained, which indi-
cates a better band alignment compared to CdS.
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