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ABSTRACT: Maximum conversion efficiency of 6.9% was
obtained over an electrodeposited Cu,ZnSnS,-based thin film
solar cell with a Cd-free In,S, buffer layer by applying a rapid
post-heat treatment to the In,S;/Cu,ZnSnS, stacked layer. It
was found that post-heating of the In,S;/Cu,ZnSnS, stack
promoted an increment of the acceptor density of the
Cu,ZnSnS, layer close to the In,5,—Cu,ZnSnS, heterointer-
face of the In,S,/Cu,ZnSnS, stack. Moreover, the diffusion of
In also resulted in a red-shift of the band gap energy of
Cu,ZnSnS, from 1.47 to 1.40 eV. Due to extension of external
quantum efficiency response of the solar cell to the long
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wavelength region, the solar cell based on tl'amst-heated In,S;/ Cu,ZnSnS, stack reached appreciably large short circuit current
density of more than 20 mA cm™> The energy difference between the conduction band minimum of In,S; and that of
Cu,ZnSnS, at the In,S,/Cu,ZnSnS, heterointerface was determined to be a slightly positive value of 0.11 eV, indicating
formation of a “notch-type” conduction band offset for eflicient suppression of the interface recombination.

1. INTRODUCTION

Kesterite Cu,Zn5nS, has attracted much interest as a promising
light-absorbing material for next-generation photovoltaic
devices because of its optimal photoelectric properties such as
a high photoabsorption coeflicient and ideal band gap energy
for efficient sunlight absorption with theoretical light-to-
electrical power conversion efficiency (i) of above 30%.'°
Although maximum #’s of currently available devices are only
9%, a2 CuwZnSnSybased solar cell would be the leading
candidate for an altemative to the current Cu(In,Ga)(Se,S),-
based solar cell because constituent elements of the absorber
are not rare and are less toxic.”™* However, one critical
problem for the use of a Cu,ZnSnS,-based solar cell is that a
toxic CdS buffer layer has been used in almost all of the
reported solar cells with relatively high efficiencies. Besides, the
CdS buffer is not likely to be the best candidate to fabricate a
highly efficient Cu,ZnSnS -based solar cell from the viewpoints
of conduction band offset (CBO),””* leading to appreciable
interface recombination of photoexcited carriers. Therefore, the
CdS buffer should be replaced with other environmentally
favorable compounds having adequate structural and electronic
properties.
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As a good substituent of the CdS buffer layer to prepare an
efficient Cu,ZnSnS,-based solar cell, the compound should
have sufficient transparency of sunlight radiation in the
absorption range of Cu,ZnSnS,. An electrical property suitable
for efficient transfer of photoexcited electrons from the
Cu,ZnSnS, absorber is also required. Zinc sulfide (ZnS),
indium sulfide (In,S,), and their partially oxidized forms are
promising candidates because ZnS has an appreciably wide
band gap (3.6 eV) and In,S; has a low photoabsorption
coefficient due to its indirect semiconductive characteristic
despite its relatively narrow band gap (2.1 eV).? ™ In fact,
pe compounds have been proved to work as eficient buffer
ayers for a Cu(In,Ga)(Se,S),-based solar cell. For applications
to a Cu,ZnSnSy-based solar cell, record efficiencies of 5.8% and
6.3% were achieved by Hiroi et al. using ZnS-based and In,S,-
based buffer layers, n:s;]:n:ctivel},r.;i In both cases, appropriate
surface treatments of Cu,ZnSnS, were shown to be effective for
obtaining better solar cell performances, though there has been
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Figure 1. (2) Vg (b) Jsc, (c) FF, and (d) 5 of In,S,/Cu,ZnSnS,-based solar cells with different thicknesses of In,S; layers without and with

applying post-heat treatment at 300 °C in air for 1.5 min.

no structural/electrostructural information to explain effects of
such treatments. Since a relatively favorable CBO was expected
based on spectroscopic analyses of the In,S;/Cu,ZnSnS,
heterointerface,” solar cell properties based on the In,S,/
Cu,ZnSnS, heterointerface were discussed by other groups.
However, the reported efficiencies have not achieved i of larger
than 2%,”** and thus further improvements of conversion
efficiency by optimizing deposition conditions and/or adding
appropriate treatments are needed. In this study, therefore, we
glsed on the use of an In,S;-based buffer layer, which was

eposited by a chemical bath deposition (CBD) technique
using an acidic bath. Specifically, effects of applying a post-heat
treatment to the In,S,/Cu,ZnSnS, stack on solar cell
performances are discussed in relation to structural, electric,
optical, and electroenergetic properties.

2. EXPERIMENTAL SECTION

Preparation of a Cu,ZnSnS, Thin Film. Cu,ZnSnS, films used in
this study were obtained by sulfurization of preannealed electro-
deposited Cu/Sn/Zn stacks on a Mo-coated glass substrate. The
detailed procedure has been reported previol.ls]y.n_:" Briefly, on a
Mo-coated soda lime glass substrate (Mo/glass), Sn(II) methanesul-
fonate and Zn(II) sulfate, respectively, were deposited by a
potentiostatic mode using an electroplating bath containing Cu(1I)
sulfate. After heating thus-obtained Cu/Sn/Zn precursor stacks at 310
°C for 200 min in an evacuated borosilicate glass ampule, these
precursors were sealed again in an evacuated borosilicate glass ampule
containing sulfur powder; the ampule was then put in a 590 °C heated
furnace for 10 min to facilitate sulfurization. As confirmed by
inductively coupled plasma (ICP) analysis using a PerkinElmer
OPTIMA 3000-XL ICP emission spectrometer, Cu/(Sn + Zn) and
Zn/Sn ratios of used Cu,ZnSnS, thin films were 0.85 and 1.15,
respectively.

Device Fabrication. The thus-obtained Cu,ZnSnS$, film with the
thickness of about 1.2 yrm deposited on Mo/ glass was treated with 1

mol dm™ aqueous potassium cyanide (KCN) solution for 1 min.
Then the sample was immersed in an a solution composed of 25 mol
dm™ indium sulfate, 0.1 mol dm™ thioacetamid, and 0.1 mol dm™
acetic acid at 65 °C to form an In,Sycovered Cu,ZnSnS, sample.
Thickness of the In,S; layer was controlled from 50 to 180 nm by
changing the deposition duration from the 8 to 30 min, e.g,, a 90 nm-
thick In,S;-covered Cu,ZnSnS, was obtained by deposition of In,S,
for 15 min (Figure S1). Some of the In,S,-covered Cu,ZnSnS,
samples were subjected to being put onto a hot plate preheated at
300 °C for 1.5 min in open air. An ITO/ZnO bilayer was deposited on
top of the In,S, layer by radio frequency (RF) magnetron sputtering.
Finally Al back contact was deposited by evaporation to form a
device with a structure ;'1’1"0onOXInZSJXCuzZnSnS4!Mo,/g]ass.

Characterizations. Current density—voltage (J—V) and external
quantum efficiency (EQE) characteristics of solar cells were
determined in air with a Bunkoh-Keiki CEP-015 photovoltaic
measurement system under a simulated amplitude modulation of
AM 1.5G irradiation (100 mW em™). XP spectroscopy was performed
by using a Shimadzu AXIS ULTRA X-ray photoelectron spectrometer
in monochromated Al Ka radiation. The Ar” ion etching was
performed at beam energy of 3.7 keV. Depth profiles of Cu, In, Mo, §,
Sn, and Zn elements in typical 90 nm-thick In,S;-covered Cu,ZnSnS,
films were analyzed by using a ULVAC-PHI SAM-670 Auger Electron
Microscope. For this measurement, the Ar™ jon etching was also
performed at beam energy of 3.0 keV. Depth profiles of In and Cu in
these films were also analyzed by using a HORIBA GD-Profiler2 rf-
GDOES apparatus. Scanning capacitance microscopy (SCM) measure-
ments were performed by using a Digital Instruments Dimension 3100
scanning probe microscope equipped with an Nanoscope IVa
controller and an SCM application module. Capacitance—voltage
(C—V) characteristics of typical solar cells based on 90 nm-thick In,S;-
covered CuyZnSnS, films were measured by using a HP-HEWLETT
PACKED 4284A apparatus. Photoluminescence (PL) spectra of these
films were obtained by using a Hamamatsu C12132 Compact NIR
Fluorescence Lifetime Spectroscopy System with laser power and
wavelengths of 2.08 mW and 532 nm, respectively.
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Figure 2. Left: Cu 2p and In 3d XP spectra of (a) In,S;—Cu,ZnSnS, w/o and (b) In,S;—Cu,ZnSnS, PH films after Ar” etching with various
durations. Right: plots of peak area ratios of Cu 2p3/2 to In 3d5/2 as a function of Ar™ etching duration.

3. RESULTS AND DISCUSSION

3.1. Effects of Post-Heating on Solar Cell Properties.
The Cu,ZnSnS, absorber used in this study was obtained by an
electrochemical technique reported previously: the Cu,ZnSnS,-
based solar cell gave the best 5 of more than 8% upon
combination of the conventional CdS buffer layer.”* In this
study, In,S; buffer layers with different thicknesses were
deposited by CBD, and solar cells were fabricated by
subsequent depositions of ZnO and indium tin oxide (ITO)
I@¥8s and an Al top contact. Averages of open circuit voltage

oc), short circuit cumrent density (), fill factor (FF), and 5
of several Cu,ZnSnS-based solar cells fabricated by using the
CBD-deposited In,S; buffer layers with different thicknesses are
plotted as filled markers in Figure 1. Compared to the cell
fabricated without deposition of In,S; (ie, In,S, thickness of 0
nm), deposition of an In,S; buffer significantly improved all of
the parameters, though a relatively thick In,S, buffer layer (180
nm) greatly reduced Jsc and FF probably due to its high level of
resistance. The best cell with Vi, Jsc, FF, and 57 of 585 mV, 17
mA cm 7, 0.450, and 4.5% was obtained by using a 90 nm-thick
In,S, buffer layer. Since a cell using a CdS buffer layer was
reported to have relatively high values of V. (705 mV), Jsc
(18 mA em™), and FF (0.632),14 it should be possible to
improve such device parameters by modifying the In,S4 layer
and/or the In,5,—Cu,ZnSnS, heterointerface. For this purpose,
we applied an open-air heat treatment at 300 °C in air for 1.5
min just after deposition of In,S, during fabrication of the solar
cell. Average solar cell parameters of resulting devices with
different thicknesses of the In,S; layer are shown as red markers
in Figure 1. Regardless of the In,S; thickness, all of the
parameters were improved by applying the post-heating. As
expected from the above results for the cell without application
of the post-heating, the best cell with Vi, [, FF, and 1 of 621

mV, 20 mA/cm?, 0.545, and 6.9%, respectively, was obtained by
using a 90 nm-thick In,S, buffer layer. To the best of our
knowledge, the achieved 5 is the highest for Cd-free
Cu,ZnSnS,-based thin-film solar cells reported so far. When
focusing on solar cell parameters of the cell without In,S,, there
was no significant improvement in any of the parameters by
post-heating, suggesting that the post-heating modulates
structural and electric properties of the In,S; buffer, the
In,S;—Cu,ZnSnS, heterointerface (i.e, the depletion region of
Cu,ZnSnS, ), and/or bulk properties of Cu,ZnSnS,,

3.2. Changes in Properties Induced by Post-Heating.
Figure 2 shows Cu 2p and In 3d XP spectra of the typical 90
nm-thick-In,S,-deposited Cu,ZnSnS, films without and with
post-heating (labeled n,S$;(90)/Cu,ZnSnS; w/o and
InzSa{Ew);’CI.IZZnSnS4 _PH, rcspcctivel)r) after etching with
argon ion (Ar") for various durations. In both samples, intense
In 3d peaks were solely observed for both samples after Ar*
etching shorter than 15 min; they gradually decreased with
increase in the etching duration accompanied by monotonic
increases in Cu 2p peaks. Similar results were also obtained for
5n 3d and Zn 2p peaks, as shown in Figure 52a. In addition,
there was almost no oxygen component observed in the Ar'-
etched samples: both Inzsa(QO)XCLIZZnSnS+_w/D and
Ir125i3(5;‘0)/’CI.IZZ.nSnS4 _PH showed appreciable oxygen mainly
at their extemal surfaces (Figure S2b). Moreover, all of the
metallic elements in both Ar*-etched samples appeared at fixed
chemical shifts. These results indicate that there should be no
appreciable change in chemical environments of elements
presented at the In,S;—CuyZnSnS, interface before and after
the preheating treatment.

Since the rate of Ar' etching in the present condition was
approximately 4 nm min~" (see Experimental Settiun), more
than 100 nm thickness of the upper parts of these films, ie.,
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most of the In,S; layer, should be removed after Ar" etching for
more than 25 min. However, intense In 3d peaks were still
observed when the etching durations were more than 30 min,
even without application of the post-heat treatment, as shown
in Figure 2a. These results suggest that appreciable amounts of
In,S; components penetrated into the grain boundary of the
polycrystalline Cu,ZnSnS, film during the CBD process.

As has been predicted in the literature,” one of the probable
events induced by the post-heating was diffusion of elements
between In,S; and Cu,ZnSnS, in the vertical direction of the
In,S;—Cu,ZnSnS, stack. In order to examine the occurrence of
such events, peak area ratios of Cu 2py, to In 3d, of
In,S;(90)/Cu,ZnSnS,_w/o and In,S,(90)/Cu,ZnSnS, _PH
samples were plotted as a function of etching duration (Figure
2, right). As a result, there was almost no difference between
these samples: there was almost no Cu component at the
surface region (<ca. 60 nm) observed even after the post-
heating, and slopes of the plots over the etching duration of 20
min were comparable. For the further evaluation of
distributions of elements included in the In,S;—Cu,ZnSnS,
stack, depth profiles of Cu, In, §, Sn, and Zn elements were
analyzed by using an auger electron microscope (AES). Figure
3 shows AES results on In,S;(90)/Cu,ZnSnS, w/o and
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Figure 3. Depth profiles of elements in (a) In,$,(90) /Cu,ZnSnS, w/
o and (b) In,$,(90)/ Cu,ZnSnS, PH films obtained by AES analyses.

In,S5(90)/CuyZnSnS, _PH films. It is clear from the figure
that there is almost no difference between the samples: all of
the elements in both films had comparable distributions along
with the vertical direction. Similar results were also obtained by
depth profile analyses of In and Cu distributions in the solar
cell in the region between the In,S; buffer and the top part of
the Cu,ZnSnS, photoabsorber by using radio frequency glow
discharge optical emission spectrometry (f-GDOES): depth
profiles of In and Cu components in In,5,(90)/
Cu,ZnSnS, PH were just changed slightly when compared to
those in In,$,(90)/Cu,ZnSnS,_w/o (Figure 53). These results
indicate that the present post-heat treatment did not
significantly enhance interdiffusion of these elements.

Another noticeable feature of depth profiles obtained by AES
analyses is that appreciable gradients of In distribution at the
In,S;—Cu,ZnSnS, interface was observed even for the sample

without applying the post-heating. These results were in good
agreement with the above XPS analyses (Figure 2), indicating
penetration of In,S, into the Cu,ZnSnS, layer during the CBD
process.

Since the atomic radius of In is similar to that of Sn, the
formation energy of Ing, (i.e, the Sn site in Cu,ZnSnS, being
replaced by In) is likely to be low. Hence, the post-heating was
expected to result in formation of Ing, defects due to atomic-
scale diffusion of In into the Cu,ZnSnS, layer (i.e., formation of
In-doped Cu,ZnSnS,). Since amounts of valence electrons of
In are lesser than those of Sn, Ing, should lead to p-type doping
in Cu,ZnSnS,.""** In order to examine this, SCM was applied
for cross sections of In,S$,(90)/Cu,ZnSnS, w/o and
In,$;(90)/Cu,ZnSnS, _PH films (Figure 4). In the

ITO /i-Zn0O

Cu,ZnSps,

+dC/dV
(p-type)

-dC/dV 0
(n-type)

Figure 4. Cross-sectional SCM images of solar cells based on (a)
In,S,/Cu,ZnSnS, w/o and (b) In,S,/Cu,ZnSnS, PH films.

In,$;(90)/CuyZnSnS,_w/o film, appreciably bright blue
regions (i.e., largely negative dC/dV regions) were observed
at the In,S; part, as shown in Figure 4a, indicating that the
CBD-deposited In,S; layer had a relatively high donor
concentration. For the Cu,ZnSnS, layer near the In,S,—
Cu,ZnSnS, interface region in the film, relatively low acceptor
concentration was confirmed by its dark appearance (i.e., giving
a low dC/dV value). In contrast, the Cu,ZnSnS, part near the
In,S;—Cu,ZnSnS, interface in the In,S;(90)/Cu,ZnSnS, PH
film was bright red, indicating that the part had a largely
positive dC/dV value due to a high acceptor concentration
(Figure 4b); the width of such an obvious p-type region was
extended to ca. 300 nm from the In,S;—Cu,ZnSnS, interface.
Based on the results of CV measurement (Figure $4) of devices
composed of In,$3(90)/Cu,ZnSnS,_w/o and In,5,(90)/
Cu,ZnSnS, PH, acceptor densities of them were determined
to be 1.2 X 107 em™ and 2.2 x 10'7 em™, respectively: the
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(a)

Figure 5. Schematic structural models of () In,S$,(90)/Cu,ZnSnS, w/o and (b) In,$,(90)/Cu,ZnSnS, PH films.

significant increase of the value induced by the post-heating is
well consistent to the above SCM results.

The above results indicate that the application of post-
heating of the In,S;—Cu,ZnSnS,; heterojunction induced
interface enhancement of the p-type semiconductive prop-
erty/acceptor concentration of the Cu,ZnSnS, absorber due to
the diffusion of In components existed as In,5; at voids of
Cu,ZnSnS, grains, as schematically shown in Figure 5. The In
doping would be beneficial for improving the built-in potential
across the n-type buffer layer/Cu,ZnSnS, junction, leading to
improvement of V. of the solar cell. The results showing a
significant improvement of V¢ in the final solar cell device
(see Figure 1a) are attributed to change in the electric property
of the Cu,ZnSnS, film. This is the first time to strong evidence
to prove such obvious enhancement of p-type doping intensity
of Cu,Zn via In doping has been given.

Typical current density—voltage (J—V) curves of solar
cells based on In23_3(90),/(:1122.n3n34_w/0 and In25_3(90)/
Cu,ZnSnS, PH films are shown in Figure 6. Ideality factor (1)

CdS-based
0
wi/o post heating

o -54
g with post heating
<
£ 104
-
-

-154

T

T T T T T
06 -04 -02 00 02 04 06 08
potential / V

Figure 6. Dark |-V curves of solar cells based on (blue) In,S,/
Cu,ZnSnS,_w/o, (red) In,S;/Cu,ZnSnS, PH films, and (gray) the
CdS/Cu,ZnSnS -based solar cell. The detailed device properties of the
CdS/Cu,ZnSnS,-based cell were given previously.”

and saturation current density (J,) were estimated by fitting
their dark J-V curves to the standard diode equation:

J = J{ep(qV/nkT) — 1} (1)

where ¢, k, and Tdenote elementary charge, Boltzmann
constant, and temperature, respectively. As expected from the
above-described results, the device based on the In,$,(90)/
Cu,ZnSnS, PH film had a relatively low n value (2.79)
compared to that of the In,$3(90)/Cu,ZnSnS, w/o-based
device (3.1) owing to its better electrical rectification in the
forward applied bias region. These results suggest effective

reduction of the recombination current through the Shockley—
Read—Hall recombination path achieved by reducing deep
defects at the In,S;—Cu,ZnSnS, heterointerface when applying
the post-heat treatment. The lowering of the n value for the
device based on the hZS_5(90)/CltzZnSnS4_PH film also
implies a successful decrease in series resistance (R;) by
applying the post-heat treatment, leading to improvements of
Jsc and FF. As discussed above, the appreciable increase in
acceptor density of the p-type Cu,ZnSnS, layer would
contribute to improvement of the conductivity of the
CwyZnSnS, layer. On the other hand, a higher J; value was
obtained for the device based on the In,S;(90)/
Cu,ZnSnS, PH film (7 X 107" mA cm ™) than for the device
based on the In,5,(90)/Cu,ZnSnS, w/o film (1.4 X 107 mA
em™?). These results indicate a significant dark current flow of
the In233(90)/CLIEZnSnS4_PH-bast:d device in the reversed
applied bias region due to the enhancement of the shunt
induced by the post-heat treatment. It should also be noted that
the thus-obtained n and J; values of the present device was
much larger than the device based on the CdS/Cu,ZnSnS, film
(ie, n and J, value of our best device composed of the CdS/
Cu,ZnSnS, film™* determined from its dark J—V curve (given in
Figure 4) to be 2.29 and 3 X 107 mA cm™, respectively. The
relatively high J, values of our In,S;/Cu,ZnSnS, solar cell
implies strong space charge region (SCR) recombination or
that the tunneling enhanced interface recombination would be
the dominant limiting factor. Hence, we can expect further
improvement of device parameters of the present solar cell by
improvement of the device quality and interfacial condition to
suppress shunt and recombination.

Figure 7 shows extemal quantum efficiency (EQE) spectra of
solar cells based on In,$,(90)/Cu,ZnSnS, w/o and In,S,(90)/
Cw,ZnSnS, PH films. The spectra showed similar shapes, ie,,
steep rises in the ultraviolet (UV)-blue region (<400 nm),
maximum at ca. 450 nm, and gradual decreases to their onsets
at around 850—960 nm. For the usual device based on the
CdS/Cu,ZnSnS, film, an appreciable drop of the EQE response
was observed in the wavelength shorter than ca. 500 nm due to
photoabroption of the CdS buffer la}rer.h_

37,38

** As discussed in
our previous reports,” transmittance spectra of In,S; and
CdS films deposited by the same CBD process on a glass
substrate indicated that the In,S; film had much higher
transmittance than that of the CdS film because of its low
photoabsorption coefficient derived from its indirect semi-
conductive property. Thus, the use of In,S; instead of CdS
should be advantageous for efficient utilization of sunlight of
the blue region.

By comparison of the EQE spectra for solar cells based on
InZS_3[90)fC1IZZnSnS+_PH and In23_3(90)!C1IZZnSnS4_wfn
films, moreover, good carrier collection efficiency of the former
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Figure 7. EQE spectra of solar cells based on (blue) In,S,/
Cu,ZnSnS, w/o and (red) In,S,/Cu,ZnSnS, PH films. Inset shows
plots of he{ln(l — EQE)}]* versus hv to determine E, values of
Cu,ZnSnS, absorbers in these devices.

In,8,(90)/Cu,ZnSnS, PH-based device in the entire wave-
length region was confirmed when compared to the EQE
spectrum of the device based on the latter In253(90)f
Cu,ZnSnS, w/o film, as expected from significant improve-
ment of Jsc of the device. However, regarding the EQE drop
observed in the intermediate wavelength region (ca. 450—700
nm), the best device showed a relatively steep drop compared
to the In,S;(90)/Cu,ZnSnS, w/o-based device. Since the
Cu,ZnSnS, film in the best device had relatively high carrier
density (see above), the width of the depletion region of the
Cu,ZnSnS, film close to the In,5;—Cu,ZnSnS, heterointerface
should be shortened. Although the carrier doping should
improve Vi, the observed appreciable reduction of carrier
collection efficiency was attributable to such an affect.

Another noticeable feature is that the EQE onset of the solar
cell based on In253(90)/C1IZZnSnS4_PH shcpl a significant
shift to the longer wavelength region. The band gap energy
(E,) of the Cu,ZnSnS, film estimated from the EQE data by
applying extrapolation of the [hv{ln(1 — EQE)}*—hv plot to
the hu axis was 1.40 eV, while E; of Cu,ZnSnS; in In,$4(90)/
CuyZnSnS,_w/o was 1.47 eV (inset of Figure 7). Since the
observed photocurrent should be generated primarily in the
depletion region of the Cu,ZnSnS, film close to the In,S5,—
Cu,ZnSnS, hetercinterface, the observed reduction of E; would
have resulted from the diffusion of In into the Cu,ZnSnS, layer.
This hypothesis was supported by the fact that such a shift of
the EQE onset was not observed for the cell based on the CdS/
Cu,ZnSnS; film even after applying the same post-heat
treatment (data not shown).

Figure & shows photoluminescence (PL) spectra of
Inzsa(g‘{])fCI.IZZnSnS4 and lnzsa(%),/(:uZZnSnS+_PH films
measured at room temperature. The vertical lines in the figure
indicate E, values estimated from the above EQE spectra. The
PL spectrum of In,S;(90)/Cu,ZnSnS, w/o exhibited an
asymmetry-shaped broad peak with peak energy of ca. 1.32
eV, similar to the spectrum obtained by a Cu,ZnSnS, single
crystal.;u"m The observed smaller peak energy than the E, value
indicates the existence of band-tail states derived from high
densities of donor and acceptor states such as Zng, and Cug,."!
The peak energy of the In,$,(90)/Cu,ZnSnS, PH film shifted
toward the lower energy region, being consistent with the red
shift of E, estimated from the above EQE spectrum, though the
degree of energy shift was relatively small. Since similar degrees

1.32eV

g
5

post heating

with post heati & :

I T I
1.1 1.3 14 1.5 1.6 1.7
hv/eV

intensity (a.u.)

Figure 8. PL peak spectra of (bule) In,S;/Cu,ZnSnS; w/o and (red)
In,S;3/Cu,ZnSnS, PH films. Dotted lines indicate E, values of
CuwyZnSnS, in these films determined by above EQE analyses.

of dependence of defect-derived PL peak energies on E; values
were also observed for a Cu,ZnSn(S,Se), film with different S/
(S + Se) content™ as well as a chalcopyrite AgInS,-based
nanoparticle system,™ the observed peak shift is an item of
collateral evidence of the E shift induced by diffusion of In.
Another possible explanation of the observed E, shift was
predicted by a theoretical investigation reported by Wei and co-
workers:”” the E, narrowing was possibly induced by formation
of a defect cluster composed of Sn on Zn site and Cu on Zn site
(ie,, the Sny,—Cuy, cluster). Although there is no experimental
evidence at present, formation of the Sny,—Cugy, cluster would
be enhanced by In doping since the doped In forces out the Sn
from its regular site in the Cu,ZnSnS, crystal. Hence, the use of
In diffusion would be a unique strategy of E, engineering for
the pure sulfide Cu,ZnSnS, to approach the optimal bandgap
(1.34 eV) energy for sunlight (AM1.5G) utilization™* without
using the highly toxic selenium and/or Cd as substituents for
sulfur and Zn, respectively.‘hi% In addition, a decrease in peak
intensity was also observed for the In253(90)/C1122nSnS4_PH
film compared to In,$,(90)/Cu,ZnSnS, w/o, suggesting
increment of nonradiative recombination channels induced as
an negative effect of the post-heating used.

3.3. Electronic Structure of the In,S;—Cu,ZnSnS,
Junction. In order to examine the electronic structure of the
In,S;—Cu,ZnSnS, heterointerface of the In,S;(90)/
Cu,ZnSnS, PH film, relative energy positions of the valence
band maximums (VBMs) of In,S; and Cu,ZnSnS, layers in the
film were determined by XP spectroscopy using the method
reported by Kraut and co-workers.” In this method, core level
XP signals closest to VBMs were employed. Hence, in the
present In,S,/Cu, ZnSnS, heterojunction, Zn 3d and In 3d core
level energies were evaluated by direct XPS analysis of the
In,S;—Cu,ZnSnS, heterointerface. Figure 9a shows typical XP
spectra of the Inzsa(QO)XCLIZZnSnS4_PH film at a shallow
binding energy (BE) level region (<25 eV). Before the
measurement, the flm was bombarded by Ar* within a short
duration (S5 min) to expose a clean In,S; surfaces. The thus-
obtained film showed an intense peak derived from the In 4d
core level with BE (BE,) of 17.75 eV in addition to a weak
broad spectrum in the valence band region. Assuming that the
onset BE (042 V) of the valence band spectrum is VBM of
In,S; (VBMy,q3), the energy difference between BE;, and
VBM,y55 (AE¢ ypy for the In,S, buffer layer) was estimated to
be 17.33 eV. After the surface of the In,$;(90)/Cu,ZnSnS, film
had been bombarded by Ar* for 30 min to be etched to some
extent, a Zn 3d core level peak appeared in addition to the In
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Figure 9. (a) XP spectra of In,5,(90)/Cu,ZnSnS, PH in valence and shallow regions obtained after Ar’ ion etching for 5, 30, and 60 min. (b)
Energy diagram of the In,5,(90)/Cu,ZnSnS, PH heterojunction estimated from XP spectroscopy and photoabsorption data.

4d peak due to the appearance of the In,S,/Cu,ZnSnS,
heterointerface. The difference in these two peaks, defined as
AE., was calculated to be 8.20 ¢V. When further Ar' ion
etching for 60 min was performed, the XP spectrum would
show the surface structure of the bottom Cu,ZnSnS, layer
doped with In components: the energy difference between BE
of the Zn 3d core level and VBM of Cu,ZnSnS (AEq yyy for
Cu,ZnSnS,) was determined to be 9.86 eV.

As shown in our previous btl.ld}f,;?ﬁﬁ E, values of the CBD-
deposited In,S; film were determined to be 224 eV. In
accordance with the above discussion, moreover, E; values of
Cu,ZnSnS, in In,S$3(90)/Cu,ZnSnS, PH (ie, the In-doped
Cu,ZnSnS,) of 1.40 eV was applied. Based on these values and
the above parameters obtained by XP spectra, a schematic
energy diagram of the In,5,(90)/Cu,ZnSnS, PH interface was
drawn down as shown in Figure 9b. The most significant result
of the analyses of electronic structures is CBO (AE gy defined
as the potential energy of CBM of the buffer layer relative to
that of Cu,ZnSnS,). In the present device, the thus-obtained
AEcgy value is slightly piﬂ]jsi‘t‘ivc (0.11 eV). Being consistent
with a few literature works,”™"" the results indicate formation of
a “notch-type” conduction band alignment for efficient
suppression of the interface recombination, similar to the
CdS-Cu(In,Ga)Se, interface of a highly efficient solar cell >0
As has been reported in the literature,”"” the conduction band
offset between CdS and Cu,ZnSnS, (ACBM¢q cysznsss) i
the conventional CdS/Cu,ZnSnS, junction has largely negative
band offset, ie, formation of a “cliff-type” conduction band
alignment. Based on these facts, the present In,S,/Cu,ZnSnS,
heterojunction should be more favorable for increasing Vi, to
suppress the Ve deficit (defined as Eg/q — Vye), while the
achieved Vi deficit (0.78 V) of the device was still slightly
larger than that of the previously reported device based on the
CdS—Cu,ZnSnS, junction (0.73 V).

4. CONCLUSION

In summary, a solar cell based on electrodeposited Cu,ZnSnS,
and a Cd-free In,S; buffer layer with maximum conversion
efficiency of 6.9% was obtained by applying a post-heat
treatment to the thus-formed In,S;—Cu,ZnSnS, heterojunc-
tion. Due to the relatively high transparency of In,S; compared
to that of CdS, the EQE response in the short wavelength

region was improved. Moreover, enhancement of the
replacement of the Sn component by In in the Cu,ZnSnS,
layer induced by the post-heating resulted in an obvious
increase in acceptor concentration of the Cu,ZnSnS, film close
to the In,S,—Cu,ZnSnS, heterointerface. The In doping into
Cu,ZnSn§, also induced a change in the EQE response: E, of
Cw,ZnSnS,; was reduced by the In doping As a result,
appreciably large Jsc was obtained. Moreover, the In,S;—
Cu,ZnSnS, junction was found to be a more preferable notch-
type CBO, apart from the usual CdS-Cu,ZnSnS, junction
having a dliff-type CBO. Therefore, the solar cell based on the
In,S;—Cu,ZnSnS, junction is promising to overcome the
currently saturated efficiencies of the standard pure sulfide
Cu,ZnSnS,-based solar cell by various suitable optimizations.
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