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ABSTRACT: Solution processing of Cu,ZnSn(S,Se),
(CZTSSe)—kesterite solar cells is attractive because of easy
manufacturing using readily available metal salts. The solution-
processed CZTSSe absorbers, however, often suffer from poor
morphology with a bilayer structure, exhibiting a dense top
crust and a porous bottom layer, albeit yielding efficiencies of
over 10%. To understand whether the cell performance is
limited by this porous layer, a systematic compositional study
using (scanning) transmission electron microscopy ((S)TEM)
and energy-dispersive X-ray spectroscopy of the dimethyl
sulfoxide processed CZTSSe absorbers is presented. TEM
investigation revealed a thin layer of CdS that is formed
around the small CZTSSe grains in the porous bottom layer

during the chemical bath deposition step. This CdS passivation is found to be beneficial for the cell performance as it increases
the carrier collection and facilitates the electron transport. Electron-beam-induced current measurements reveal an enhanced
carrier collection for this buried region as compared to reference cells with evaporated CdS.
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B INTRODUCTION

Nonvacuum processing remains very attractive for fabricating
kesterite—Cu,ZnSn(S,Se), (CZTSSe) solar cells, taking into
account that the currently highest efficiency of 12.7% has been
achieved with a solution process using hydrazine as a solvent.!
Alternative solvents, such as dimethyl sulfoxide (DMSO), can
also be used as a safer alternative, but such absorbers suffer
often from a high porosity and a high surface roughness. After
annealing the CZTS precursor under reactive selenium/sulfur, a
bilayer structure with a dense tog) crust and a porous bottom
layer is commonly observed.’™® It was suggested that the
formation of the large top grains is due to the combination of
the solid-state diffusion of Cu and Zn species and the vapor-
phase supply of SnSe and Se.’ Once a dense top crust is
formed, it hinders further diffusion of the elements, and smaller
grains remain at the bottom. Efficiencies of over 10% for such
device structures were reported”® and it was claimed that the
porogswbottom layer has no effect on the device perform-
ance.”

Here, we demonstrate that the porous bottom layer can
contribute to the charge carrier collection and enhanced device
efficiency. By (scanning) transmission electron microscopy
((S)TEM) analysis combined with energy-dispersive X-ray
spectroscopy (EDX), we identify a CdS layer around the small
grains in the porous bottom part and suggest that its formation
is possible because of the penetration of solution, containing
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Cd?* ions and thiourea, into the absorber during the chemical
bath deposition (CBD). By optimization of the annealing
conditions, an efficiency of over 10% was achieved.

B EXPERIMENTAL SECTION

For CZTSSe absorber film preparation, thiourea (99%+ from Sigma-
Aldrich), SnCl, (98% from Sigma-Aldrich), ZnCl, (99.99% from Alfa
Aesar), CuCl, (98%+ from Alfa Aesar), and 0.1 M NaCl were
dissolved in DMSO (99.9% from Alfa Aesar) not exceeding 3.5 M of
total salt concentration, to target the metal ratios of Cu/(Sn + Zn) =
1.2 and Zn/Sn = 0.8. The precursor solution was spin-coated on Mo-
coated soda lime glass substrate following a drying step at 320 °C on a
hot plate for 1 min under atmospheric conditions. This step was
repeated several times to build up the desired film thickness of the
precursor. The precursor film was transferred to a rapid thermal
process reactor (ANNEALSYS AS-One). The annealing of the
precursor took place in a closed graphite crucible with 0.7 g of Se
pellets placed around the sample. All samples were selenized under a
nitrogen base pressure of 850 mbar for 15 min at 500 °C. ICP-MS
gave a S/(S + Se) ~ 0.15 for the CZTSSe absorbers. The CZTSSe
absorbers were KCN-etched to remove possible binary phases. For
solar cell fabrication, CdS was deposited either by CBD or by CdS
evaporation. CdS-CBD was done by immersing the CZTSSe absorber
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in an aqueous bath containing cadmium acetate, thiourea, and
ammonia for 22 min at a temperature of 70 °C. Performed under
similar conditions, by simply omitting the sulfur source thiourea, the
so-called Cd-partial electrolyte (PE) treatment was done. The
deposition of the CdS-PVD buffer took place in a high-vacuum
system at 107% mbar by thermal-evaporating CdS pellets (Umicore,
SN). After the deposition of CdS, the samples were annealed for 2 min
at 180 °C. Subsequently, an i-ZnO/ZnO:Al window bilayer was
magnetron-sputtered, followed by mechanical scribing of individual
cells of 0.09 and 0.3 cm™ For the best cell a Ni—Al grid was deposited
by electron-beam evaporation and a 105-nm-thick MgF, antireflection
coating. Table 1 gives an overview of all samples and its buffer layer

Table 1. Overview of Absorber Material and Buffer Layer
Deposition Method

sample absorber buffer layer deposition
A CZTSSe CdS-CBD
B CZTSSe CdS-PVD
C CZTSSe Cd PE
D CIGS CdS-CBD

deposition method. The non-vacuum-processed CIS solar cell was
fabricated from nanoparticle dispersion and is described elsewhere.'!

The composition of CZTSSe layers was measured by X-ray
fluorescence and EDX. The morphology was studied by SEM (FEI
Nova NanoSEM230) and (S)TEM and EDX analysis was performed
on a JEOL 2200FS TEM/(S)TEM operated at 200 kV. TEM
specimens were prepared by in situ lamella lift-out on a FEI Helios
NanoLab 600i DualBeam. A Pt/C layer was deposited as a protection
coating. In the first milling stage, 30 kV Ga milling was applied, and
then the voltage was reduced to 8, 5, 2, and 1 kV for the final milling.
Electron beam induced current (EBIC) measurements on solar cells
were performed in a FEI Strata 235 Dual Beam focused ion beam and
secondary electron microscope at an acceleration voltage of 3 kV
without applied bias. The current was measured with a SR570
Preamplifier from SRS at a gain of 10” A. An injection current of 36 pA
was used. Injection level and energy were kept low to minimize
possible artifacts related to the injection current.'” Samples were
prepared by mechanical cleaving and electrically contacting the front
and back with silver paste and indium wires. The CZTSSe solar cell
devices were characterized by J—V and external quantum efficiency
measurements under standard test conditions (AM 1.5G spectrum, 25
°C, 1000 W/m?).

B RESULTS AND DISCUSSION

An overview of the samples described below is given in Table 1.
A representative CZTSSe absorber morphology is shown in the
scanning electron microscopy (SEM) image in Figure lab. A
bilayer structure with large grains on the top and smaller grains

at the bottom is observed (Figure 1a). From the SEM top view
image one can see that the top layer is not dense and some
pinholes are visible. This device structure is typical for solution
and nanoparticle processed CZTSSe absorbers and was
described many times elsewhere.””'® The highest solar cell
efficiency obtained for our absorber is 10.5% (with antire-
flective coating, 0.3 cm? cell area). The corresponding current—
voltage (J—V) curve of the best performing cell is presented in
Figure 1c.

(S)TEM/EDX studies on the CZTSSe solar cells were done,
inter alia, to analyze the elemental distribution of the bilayer
device structure. Figure 2a—c shows an SEM image (a) of the
TEM lamella of such a CZTSSe solar cell device (sample A).
The two layers (large grain at the top and smaller at the
bottom) of the CZTSSe absorber can be clearly identified and
the large grains do not extend into the porous layer. Many
holes within the CZTSSe bottom layer are visible. The CZTSSe
lamella was further thinned as shown in the overview bright-
field (BF)-(S)TEM image (Figure 2b). To gain insights into
the composition of the CZTSSe films, (S)TEM/EDX maps
were collected of the sample area shown in Figure 2c¢. Figure 2d
shows the corresponding Cu, Zn, Sn, S, Se, and Cd maps
measured on the CZTSSe solar cell. The Sn L-lines and Cd L-
lines overlap partially. Therefore, reference EDX spectra of Sn
and Cd were used to separate the intensities of their signals by
multiple linear least-squares fitting. The elemental distributions
of Cu, Zn, Sn, and Se coincide, corresponding to the CZTSSe
phase. Nevertheless, the presence of secondary phases cannot
be excluded from these mappings. Importantly, an enrichment
of S and CdS is found around the small grains. For a better
visualization, the signals of all CZTSSe elements (blue) were
compared with the signals of all CdS elements (red) in one
map (Figure 2d), whereas the CZTSSe signal was approxi-
mated by the intensities (I), I(Cu)*I(Zn)*I(Sn)*I(S)*I(Se),
and the signal of the CdS elements by I(Cd)*I(S). The CdS
enrichment was confirmed by (S)TEM for different batches of
CZTSSe solar cells with CBD-CdS buffer layers. We assume
that the aqueous solution containing Cd** and thiourea is
absorbed by the porous layer of the CZTSSe absorber and the
penetration is accelerated due to capillary action. The
formation of the solid CdS can take place even within the
bottom layer of the absorber. After the buffer layer deposition
an annealing step was done to evaporate all the remaining
solution.

To verify the hypothesis that CdS is formed in the porous
part from the liquid phase during CBD and not by solid-state
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Figure 1. Typical SEM cross-section image (a) of a bilayer CZTSSe absorber and (b) top view. The segregation of the large crystals of the top layer
and the porous bottom layer are clearly visible. (c) J—V characteristics of the best performing solar cell with a total area of 0.3 cm? under dark and

illuminated conditions.
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Figure 2. (a—c) SEM image in (a) of the TEM lamella of finished CZTSSe solar with CdS-CBD (sample A). Bright field-(S)TEM images of the
analyzed region are shown in (b) and (c). The CZTSSe bottom layer is not dense and holes are visible within the layer. EDX maps of the elements
Cu, Zn, S, Sn, Se, and CdS is shown in (d). An overlay of all acquired maps indicates the formation of CdS layer around the small grains in the
bottom (CZTSSe-CdS).

CZTSSe-CdS

Figure 3. SEM image of finished solar cell lamella (sample B). CdS was deposited by PVD with a thickness of about 200 nm as indicated in (a). The
TEM (bright field) images of the thinned out lamella and the enlarged area are presented in (b) and (c). The EDX maps (d) show a homogeneous
distribution of Cu, Zn, Sn, S, and Se within the small grains of the CZTSSe bottom layer. No CdS was detected around the grains when CdS was
deposited by PVD. The overlay of the maps (CZTSSe-CdS) gives no indication of the CdS formation.

diffusion, CdS was deposited by thermal evaporation (sample absorber is relatively rough, ~200 nm of CdS was deposited to
B) on a reference cell. Since the surface of the CZTSSe ensure its complete coverage, yielding the highest device
12143 DOI: 10.1021/acsami.5b02435
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Figure 4. (a, b) EBIC signals (red area) overlaid with the SEM cross-sectional images of finished CZTSSe solar cell device. The integrated EBIC
signal (green graphs) in x-direction taken along the dashed white lines. (a) Cleaved CZTSSe solar cell where CdS was deposited using CBD, the
charge carrier collection expands from the large grains (top) to the small grains of the bottom layer. When CdS deposited by PVD, (b) the EBIC
signal is narrower when compared with (a). Schematic of the bilayer CZTSSe absorber solar cell visualizes the CdS passivation of the grains in the
bottom layer (c) and shows a possible band alignment of the local p—n junction at the small CZTSSe grain/CdS interface (d).

performance within an investigated range of CdS thickness
between 100 and 400 nm. Again, a lamella of a sample with
PVD-CdS was prepared for TEM analysis (Figure 3a—c). The
elemental (Cu, Sn, Zn, S, Sn) distribution in sample B is
homogeneous and equivalent to the previous sample (Figure
3d). This is expected since the CZTSSe absorber fabrication
remains the same. One can immediately identify the difference
in the EDX Cd maps. In sample B no Cd is found in the
bottom layer, indicating that the formation of a CdS shell
around the grains could be prevented.

To verify if the formation of the CdS layers can occur
without a chalcogen source, a so-called Cd-PE treatment was
performed (sample C). EDX analysis revealed only a small
amount of Cd within the porous bottom structure (Figure S1),
but no CdS was detected. We conclude that additional sulfur is
needed to form CdS. This confirms that the formation of CdS
in the porous structure is possible due to the penetration of the
solution containing Cd** and thiourea rather than by an ion
exchange from the bulk.

For analysis of the influence of the present CdS in the porous
absorber part on the electronic properties of the solar cell,
EBIC measurements were performed. It visualizes the depth (z-
direction) dependent collection of photogenerated carriers in a
solar cell device (Figure 4a,b). The SEM pictures are overlaid
with the EBIC signal (red). The green plot presents the
integrated EBIC signal in x-direction at the dashed white line.
The EBIC signal of sample A expands from the CZTSSe (top)
to the small grains (bottom) of the CZTSSe absorber (Figure
4a). In comparison, for sample B, which has CdS deposited by
PVD, the carrier collection takes place only in the top layer of
the CZTSSe absorber, whereas the porous part remains passive.
The EBIC signal of sample A is much broader than that for
sample B. Similar behaviors of the EBIC signal were observed
on different parts of the same sample (A), as well as for two
other measured samples.

12144

We suggest the following mechanism to explain the
improved current generation which is schematically illustrated
in Figure 4c. CdS passivates the surface of the small grains and
introduces local p—n junctions within the absorber (small
grains/CdS interface). The band alignment of the local p—n
junction is illustrated in Figure 4d. The electron—hole pairs are
effectively separated and photocurrent is generated from the
porous part. Furthermore, the CdS passivation can facilitate the
carrier transport within the absorber by enhancing the hole
transport through the bulk of the grain toward the back contact
and improves the electron transport toward the transparent
conductive oxide layer via the CdS path which was formed
around the grains. Finally, the CdS passivation can decrease the
recombination at the small grains.

Improved charge separation and carrier transport contribute
to a higher short circuit current (J,.) of CdS-CBD/CZTSSe
samples (Table 2). Regarding the sample where CdS was
deposited by PVD, only the large grains are modified by CdS
and hence carrier collection takes place only here. Visoly-
Fischer et al. indicated that grain boundaries can participate in
the photovoltaic processes and improve the cell performance of
the CdTe cell.” The grain boundaries can assist in the

Table 2. Device Characteristics of CZTSSe and CIS Solar
Cells”

sample Vo (mV) J. (mA/cm®) FF (%) Eff (%)
CZTSSe/CBD® 450 30.8 59 83 A
CZTSSe/PVD? 321 24.7 50 4 B
CZTSSe/PE” 257 27.8 40 2.9 C
CIS/CBD 432 29.5 66 84 D
CZTSSe/CBD best 480 35.7 61.5 10.5

“CdS was deposited by CBD or PVD. bReference CBD-CdS/CZTSSe
cell for the identical CZTSSe absorber has the following parameters:
V,. = 454 mV, J,. = 26.1 mA/cm? FF = 43%, n = 5.1%.
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photogenerated charge separation and in the transport along
the grain boundary cores.> Moreover, CBD-CdS gives much
better surface coverage, reducing surface recombination and
hence results in a higher open-circuit voltage (V,.) of 454 mV
in comparison to sample B with a V. = 321 mV. From
Cu(In,Ga)Se, (CIGS) it is well-known that CBD-CdS
deposition yields better device performance than PVD-
CdS.**'> The difference in the electrical properties, in
particular, the deficit in V. of the PVD-CdS CIGS, was
attributed to a large lattice mismatch.'* The CBS-CdS/CIGS
interface was found not to be abrupt. It is assumed that Cu
from the CIGS/CIS diffuses into the CdS layer, while Cd is
incorporated into the absorber layer,'®'” causing an inversion
of the CIGS surface'® and thus reducing recombination. Similar
observations were made for the CBD-CdS/CZTS interface and
a correlation of Cd and Zn diffusion and photovoltaic efficiency
was reported.'”*° Therefore, one could argue that the higher
V., is due to a better junction formation at the CBD-CdS/
CZTSSe interface. Table 2 summarizes the J—V device
characteristics of the different samples. The solar cell
performance of PE-Cd-treated CZTSSe absorber is much
lower compared to that of the other CZTSSe cells. The
improved J,. of PE-Cd/CZTSSe interface is due to an improved
collection in the shorter wavelength range, which is attributed
to the reduced absorption and collection losses.

To find out if the observed formation of CdS overlayers
around the small grains is common for other chalcogenide
absorbers with a porous morphology, we investigated a non-
vacuum-processed CulnSe, (CIS) solar cell which exhibits
similar layer morphology, with large grain at the top and
smaller grains and porous structure at the bottom."" A small
amount of CdS was again found in the porous structure if CdS
was deposited by CBD (Figure S2). The top layer (large
grains) of the CIS layer is not sufficiently dense to prevent the
penetration of the CBD solution. This observation combined
with the fact that the CIS cell showed an efficiency of over 8%
suggests that this phenomenon is quite universal’' and could be
expected for other non-vacuum-processed chalcogenide solar
absorbers with porous bilayer morphology.

B CONCLUSION

In summary, a CdS passivation layer was found around the
small grains in the porous part of the DMSO solution-
processed CZTSSe absorbers, which can yield up >10%
efficient solar cells. The CdS layer enables the photocurrent
generation even in the porous part by separation of
photogenerated carriers and charge transport. The same
phenomenon was observed for nanoparticle processed CIS,
and could be expected for other nonvacuum chalcogenide solar
cells that exhibit excessive porosity in the absorber layer.
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SEM images of TEM lamella and EDX mapping of CZTSSe
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