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P—N Junction Passivation in Kesterite Solar Cells by
Use of Solution-Processed TiO, Layer
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Abstract—In this work, we used a solution-processed TiO- layer
between Cu, ZnSnSe; and CdS buffer layer to reduce the recom-
bination at the p—n junction. Introducing the TiO- layer showed a
positive impact on Vg ¢ but fill factor and efficiency decreased. Us-
ing a KCN treatment, we could create openings in the TiO- layer,
as confirmed by transmission electron microscopy measurements.
Formation of these openings in the TiO- layer led to the improve-
ment of the short-circuit current, fill factor, and the efficiency of
the modified solar cells.
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1. INTRODUCTION

ESTERITE Cu,ZnSn(S,Se), (CZTSSe) solar cells are be-
K ing investigated as a cost effective alternative for highly
efficient Cu(In,Ga)(S,Se)s (CIGS) solar cells. In kesterite com-
pounds, earth abundant Zn and Sn elements replace rare In
and Ga in chalcopyrite CIGS. Despite promising optoelectronic
properties of kesterite such as high absorption coefficient and
ideal band gap, the performance of kesterite solar cells is still
lower than the commercial level. A large open-circuit voltage
(Vo) deficit from the bandgap (E, /¢ — Vo) due to the bulk
and interface recombination is reported in kesterite solar cells.
The bulk recombination in kesterite absorber layer is due to
the tail states and potential fluctuations in the bands [1], [2].
The recombination at the Mo rear interface and kesterite/buffer
layer junction is also considered as a possible source of Vo
loss. There are two main concerns about these interfaces: 1)
band alignments at the Mo/absorber layer interface [3], [4] and
absorber layer/buffer layer junction [5], [6]; 2) decomposition
reactions during the fabrication process that occur at the Mo rear
interface [7], [8] and at the top surface of kesterite absorber layer
[9]. According to the theoretical calculations by Minemoto et al.
[6] the conduction band offset between the CIGS absorber layer
and buffer layer has a crucial impact on the electrical parame-
ters of CIGS solar cells. Based on this study a negative offset,
also called cliff-like band alignment, in which the conduction
band of the buffer layer is lower than the one of the absorber
layer decreases Vo in CIGS/CdS solar cells. This negative oft-
set is a barrier for injected electrons under forward bias that
leads to accumulation of injected electrons and increasing the
recombination. On the other hand, a positive offset, known as
a spike-like conformation, is not a barrier for injected electrons
but for photogenerated electrons. If this positive offset is below
0.4 eV, photogenerated electrons can pass the barrier through
the thermionic emission but when it is higher than 0.4 eV, it
suppresses the transition of photogenerated electrons leading to
the decrease of Jsc and FF [6]. The band alignment between
CuyZnSnSe, (CZTSe) and CdS is reported to be a spike-like
band alignment with an offset value of 0.48 [5] or 0.34 eV [10]
that is almost near to the optimum value.
Decomposition reactions during the fabrication process of
kesterite absorber layer lead to the poor quality of the interfaces.
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Although several groups tried to suppress the decomposition re-
actions at the rear surface by introducing interfacial layers [4],
[11], [12] and at the top surface by optimizing the fabrication
process [9], these reactions, especially at the top surface, per-
sist. The decomposition reactions at the top surface lead to the
formation of secondary phases such as SnSex and Cux Se. Even
though chemical cleanings such as KCN treatment can remove
most of these secondary phases [13], [14], the formation and
etching of the secondary phases can introduce defects, vacan-
cies, and dangling bonds.

Recently, several studies focused on passivation of the p—n
junction in kesterite solar cells by introducing n-type metal ox-
ide layers such as Al, O3 [15], [16] or TiO4 [17] layers between
the kesterite absorber and CdS buffer layers which did improve
Voc. The improvement of V¢ using the passivation layers
can be explained by reducing the interface recombination by
chemical passivation (reduction of interface trap density) and
field effect passivation (formation of a fixed charge density and
consequently decreasing the charge carrier concentration at the
interface). Wu et al. introduced an atomic layer deposited (ALD)
TiO, layer between a CZTSSe absorber and CdS buffer layer
that improved V¢ while short-circuit current (Jsc) and fill
factor (FF) were similar to the unpassivated solar cells. DLCP
and CV profiling of the solar cells revealed that the density of
states at the interface is lower in passivated solar cells [17].
Lee et al. used an ALD-coated Al,O3 layer between a high-
quality CusZnSnS, (CZTS) absorber layer and CdS. In addi-
tion, they replaced the intrinsic ZnO in the standard transparent
conducting oxide (TCO) stack of indium tin oxide/ZnO with
the ALD-coated Al; O3 layer. It was shown that together these
ALD-coated Aly O3 layers improve Vo, FF, long-wavelength
collection efficiency, and Jgc of the passivated solar cells, re-
sulting in enhanced power conversion efficiencies [16]. Erkan
et al. also used an ALD-coated Al, O3 layer between a CZTSSe
absorber layer and CdS layer. It was shown statistically that
the passivated solar cells have higher V¢, almost similar Jg¢
and lower FF as compared to the unpassivated solar cells [15].
However, in general the passivated and unpassivated CZTSSe
solar cells in their study had lower performance than the state
of the art especially due to low FF. Moreover, it is known that
the AlyO3 layer can be etched during the NH,;OH-containing
chemical bath deposition (CBD) of CdS and the etching rate
depends on the concentration of NH,OH basic etchant and the
temperature [18]. Thus, depending on the CBD conditions, the
impact of Al,O3 passivation layer can be different. TiOs pas-
sivation layer is more stable in the basic CBD environment;
however, it might have some drawbacks such as high resistivity
and nonoptimal band alignment with the absorber layer that can
suppress the charge transport. Therefore, it is very important to
control the thickness of the passivation layer to minimize these
effects. Using the ALD technique, it is possible to deposit ul-
trathin layers with controlled thickness but this technique is not
widely available, is expensive, and can be time-consuming.

In this study, we used an easy and fast route to create a TiO,
interfacial layer by using titanium dioxide dispersion in ethanol
[19]. To reduce the series resistivity and make it possible for
electrons to tunnel through the TiO, layer, a chemical etching
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TABLE I
OVERVIEW OF THE FABRICATION STEPS REQUIRED TO FABRICATE MODIFIED
CZTSE SOLAR CELLS WITH CLOSED AND OPEN T1Oy LAYERS

Step Description

1 Cleaning of 5 x 5 cm? Mo-coated soda lime glass substrates with
NH, OH/deionized water
E-beam evaporation
Selenization in 10% H Se in Ny at 460 °C
2 min KCN treatment
Deposition of closed TiO> by spin coating
2 min KCN treatment only for samples with open TiOy layer
CBD CdS deposition
(i-)ZnO/Al-ZnO window sputtering
Lateral scribing of 0.5 cm? solar cells
Annealing in Ny at 200 °C for 1 h

— 0 00 N N W

using KCN was done which led to the partial etching of the TiO,
layer and creation of openings as confirmed by transmission
electron microscopy (TEM) measurements. Passivation layers
with nanosized openings are beneficial since the interface can
be partially passivated while the photogenerated carriers can be
collected by use of the lateral openings. Passivation layers with
nanosized point openings have been already used in thin film
solar cells including Cu(In,Ga)Se, [20]-[24] (and references
therein) and CZTS [12] solar cells. Techniques such as e-beam
lithography [12], [22] have been used to create the nanosized
openings through the passivation layers.

II. EXPERIMENTAL

The processing steps of the modified CZTSe solar cells
are shown in Table I. CZTSe absorber layers were pre-
pared by a two-step approach including e-beam deposition of
Sn(310 nm)/Zn(150 nm)/Cu(160 nm) stack precursors followed
by selenization in 10% H,Se gas in the Ny atmosphere using
a rapid thermal processing system. Standard CZTSe solar cells
were processed after KCN treatment, CBD of CdS buffer layer,
sputtering of i-ZnO/Al-ZnO, and e-beam evaporation of Ni—Al-
Ni. In modified solar cells, a layer of TiO, was deposited on top
of the CZTSe absorber layer after KCN etching and before the
CdS deposition.

In the modified CZTSe solar cells, we used two types of TiO,
layers and named as 1) closed and 2) open TiO, layers. To
deposit the closed TiO, layer, an ethanol-based solution (sol—
gel) was spin coated with 1000 r/min, 5000 r/min/s? for 60 s.
The closed TiO, layer is ready directly after the coating in room
temperature and does not need any further treatment. This TiO,
sol—gel and its physical and chemical properties are explained
in more details in [19]. The open TiO, layer was deposited in
two steps, first, a closed TiO, layer was deposited on the CZTSe
absorber layers and then another KCN treatment was performed
on the samples.

The KCN treatment includes dipping the samples in a 5 wt%
KCN solution in HoO for 2 min, followed by rinsing the sam-
ples in deionized water and drying with an Ny gun. We have
previously studied the effect of duration of KCN time on our
baseline CZTSe solar cells. It was observed that KCN treatment
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Fig. 1. Overview HAADF-STEM images of the samples (a) 1, (b) 3, and
(c) 4. The corresponding STEM-EDX maps are given at the bottom. The bluish
areas inside the CZTSe region correspond to the ZnSe inclusions.

Fig.2. Elemental EDX maps of (a) sample 1 with closed TiOz and (b) sample
4 (without TiOs).

Fig. 3. Elemental EDX maps of sample 3 with open TiOy at two different
positions (a) and (b).

longer than 2 min led to the lower performance of solar cells
due to the surface damage of CZTSe samples [14]. However, in
this work, the absorber layer is only affected by the first KCN
treatment. The second KCN treatment (after deposition of the
TiO, layer) mainly affects the TiOs and not the CZTSe surface
beneath, as can be seen from the TEM analysis given below.

Solar cells were annealed in Ny atmosphere at 200 °C for
1 h and all the characterizations reported here are performed
after this postannealing step.

High angle annular dark field scanning TEM (HAADF-
STEM) images and energy dispersive X-ray (EDX) maps were
acquired using an FEI Osiris microscope and Titan® microscope
equipped with a Super-X detector and operated at 200 kV. EDX
maps are generated from the intensity of the Mo-K, Se-K,

@ [Zh][se][Cd][s |l

Cu Zn Sn
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CuZn Sn CdSOTi

o 10 20 30 40 50 d,nm

CuZn Sn CdSO

0 10 20 30 40 50 d,nm

Fig. 4. Mixed map of elements and line profile measured perpendicular to the
interface of (a) sample 1 with closed TiO2, (b) sample 3 with open TiO> in a
region where Ti exists, and (c) sample 4 without TiOs.

Cu-K, Cd-L, Zn-K, Sn-L, S—K, Ti-K, O-K, C—K lines. The
spectra for TEM were prepared using the focused ion beam
technique, on a Be support.

In this study, we present the results of one sample with closed
TiO, (as named sample 1), four samples with open TiO5 (sam-
ples 3, 5, 7, and 9), and their references (samples 2, 4, 6, 8, and
10). Each sample includes at least 12 solar cells and samples
with the TiO, layer (sample i, i = 1, 3, 5, 7, and 9) were pre-
pared along with their references (sample / + 1) at the same
processing condition to exclude the effect of irreproducibility
of the fabrication process.

III. RESULTS AND DISCUSSION

A. Characterization of CZTSe Solar Cells With Modified p—n
Junction

Overview HAADF-STEM images and STEM-EDX maps of
the samples 1 (with closed TiO2), 3 (open TiO2), and 4 (refer-
ence of sample 3) are shown in Fig. 1. The thickness of the CdS
layer is around 28 nm in sample 1 and around 30 nm in samples
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TABLE II
CELL PARAMETERS OF THE BEST SOLAR CELLS OF SAMPLES WITH CLOSED

T1O,, OPEN TIO2, AND THE REFERENCE

Solar cell Jsc Voc FF PCE Ry
(mA/cm?) (mV) (%) (%) (Q-cm?)
1-Closed TiO» 26.2 425 31.7 35 2.6
3-Open TiO2 325 426 50.0 6.9 1.7
4-Ref 26.6 391 51.9 5.4 1.9
100
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Fig. 6. EQE measurements of the best solar cells of sample 1 (with closed

TiO2), 3 (with open TiO2), and 4 (reference).

3 and 4. The bluish areas on the STEM-EDX maps correspond
to the occurrence of ZnSe grains. According to the STEM-EDX
analysis a layer of MoSey (~200-300 nm) and on top of it a
thin layer of copper selenide exists at the rear interface, in all
samples. Note that in the samples 1 and 4, the CZTSe grains
are densely packed. However, there are two different regions in
sample 3, one consists of big and densely packed grains and
the other region consists of small grains (inside the dashed cir-
cle). According to the STEM-EDX analysis, there is a 10-30
nm layer of copper and/or cadmium sulphide segregated at the
grain boundaries of this region of sample 3. These segregation of
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Iluminated and dark J-V curves of the best solar cells of sample 1 with closed TiO2, sample 3 with open TiO2, and sample 4 without TiO2 (a). Semilog

copper and/or cadmium sulphide might happen during the CBD
of CdS through the pin holes in the absorber layer. In sample
1, the segregation of copper sulphide was only observed at the
bottom part of the CZTSe layer. No segregation was observed in
the sample 4. The composition of 14 individual CZTSe grains of
samples 1, 3, and 4 was measured and in samples 1, 3, and 4 the
Composition is found to be Cul‘gg(g)an'”(@ Sn().g()(g) Seg_g5<9) s
Cuy.05(8)Z01.13(6)SN0.87(4)S€3.95(10)> and  Cuy g6(7)Zny 13(5)
Sng.g1(9)S€3.91(7)» respectively.

High magnification TEM and composition profile analysis of
these samples were performed at the CZTSe/CdS/ZnO inter-
face. HAADF-STEM images and individual elemental maps of
sample 1 with closed TiOy and sample 4 (reference of samples
3) are shown in Fig. 2(a) and (b), respectively. We performed
six EDX maps from different positions of sample 1 and a layer
of Ti was found in all measurements, an example is shown in
Fig. 2(a). We also performed six EDX maps of sample 3 with
an open TiOy layer. A layer of Ti was found in two EDX maps
of this sample, one of them is shown in Fig. 3(a). However, in
the other four EDX maps of this sample, we could not find a
continuous layer of Ti, as one shown in Fig. 3(b). Based on these
EDX measurements, we conclude that in the open TiO, layer
there are some openings in certain regions [see Fig. 3(b)] while
the closed TiO layer is continuous. Fig. 4(a) shows the EDX
compositional profile of sample 1 with closed TiO, layer. The
same characterization is shown in Fig. 4(b) for sample 3 which
has an open TiO» layer in a region where Ti exists and Fig. 4(c)
for sample 4 which has no TiO, layer. Note that the peaks of
Cd-L (3.13 keV) and Sn-L (3.44 keV) are very close giving an
unavoidable erroneous presence of Sn in the CdS layer.

B. Electrical Analysis of CZTSe Solar Cells With Modified
p—n Junction

Fig. 5(a) shows the current—voltage (J-V) curves of the cham-
pion solar cells of sample 1 (closed TiO2 ), sample 3 (open TiOs),
and its reference sample 4. Also Fig. 5(b) shows the semilog
plot of the same dark J-V curves. Solar cell parameters of these
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Fig. 7.
measured from samples containing at least 12 solar cells.

samples are also summarized in Table II. The J-V curve of the
champion solar cell of sample 2 which is the reference of sample
1 is not shown in Fig. 5(a) as it was very similar to sample 4 (see
Fig. 7). It can be observed that V¢ is ~35 mV higher in solar
cells with TiOs layers (both open and closed types). However,
the J-V curve of the sample with closed TiO; has a kink anomaly
and FF is very low. This kink behavior might be attributed to
a high positive conduction band offset at the absorber/buffer
junction. A high positive offset (>0.4 eV) can be a barrier for
the photogenerated electrons. When the recombination veloc-
ity is low in the junction (due to the passivation of defects)
and there is a positive offset at the junction, the photogenerated
electrons accumulate at the junction. At a high forward bias,
the accumulated electrons flow back to the absorber layer and
recombine there. On the other hand, when the recombination ve-
locity is high, which is the case in standard CZTSe solar cells,
the electrons can recombine at the junction at an intermediate
forward voltage [25]. By introducing a KCN etching after de-
position of TiO; in sample 3 with an open TiOs layer, Jsc is
improved. Moreover, FF is improved to match that value of the
reference solar cell. Based on the TEM analysis, the improve-
ment of solar cells with open TiO» layer can be attributed to
the formation of openings that facilitates the charge transport
through the open TiO, layer. Series resistance (R;) is slightly
higher in samples with TiO, layer. This increased resistance can

Electrical parameters of the samples with closed TiO2/open TiO» layer (red/green boxes) and their references (black boxes). Each box represents values

be attributed to the TiO4 layer and it is more pronounced in solar
cells with a closed TiO, layer as compared to solar cells with an
open TiO, layer which may have a lower thickness and lateral
openings.

Fig. 6 shows the external quantum efficiency (EQE) of cham-
pion solar cells of sample 1 (closed TiO5 ), sample 3 (open TiO),
and reference sample 4. The EQE measurements indicate that
collection of photogenerated carriers is improved in the whole
region of the spectrum and especially at the long wavelength
region. This improvement can be attributed mainly to the pas-
sivation of defects at the CZTSe/CdS junction and reduction of
recombination currents.

Fig. 7 illustrates the solar cell parameters of several samples
including sample 1 with closed TiO, layer (red boxes), samples
3,5, 7, and 9 with open TiO, layer (green boxes), and their
corresponding references 2, 4, 6, 8, and 10 (black boxes). It can
be concluded statistically that by introducing a TiO» interfacial
layer at the junction, Vo ¢ improved. Jgc, FF, and the conversion
efficiency are also statistically higher in solar cells with open
TiO, layer as compared to their reference solar cells.

IV. CONCLUSION

A few studies already reported on the passivation of kesterite
solar cells by introducing ALD-coated TiO, and Al,O3 layers
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between the kesterite absorber layer and CdS buffer layer. Here,
by using a solution processed TiO- layer, a significant improve-
ment of Vo was observed; however, a kink anomaly appeared
in samples with as deposited TiO, layer. This kink anomaly
that severely degrades the FF might be attributed to a high bar-
rier at the conduction band. By introducing an additional KCN
treatment after spin coating of the TiO layer, the kink anomaly
vanished, short-circuit current improved, and FF also improved
to match that of the reference solar cells. EDX mappings of
the p—n junction using cross-sectional TEM indicated that in
samples with as deposited TiO,, there is a continuous layer of
Ti at the junction while in samples with KCN treatment after
deposition of TiOy, the Ti layer is not continuous and there
are openings at the junction. These openings at the TiO, inter-
facial layer can facilitate the charge carrier transport through
this layer. Thus, in addition to the beneficial effect of the pas-
sivation and reduction of recombination currents, the charge
transport becomes easier through these openings in the inter-
facial layer. With a CZTSe/CdS/TiOy/(KCN treatment)/TCO
fabrication process, the best efficiency of 6.9% was achieved as
compared to the CZTSe/CdS/TCO baseline process for which
5.4% efficiency was achieved.
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