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ABSTRACT

Alternative n-type buffer layer such as In,S; has been proposed as a Cd-free alternative in kesterite Cu,ZnSn(S, Se), (CZTSSe) solar cells.
In this study, optical and electronic characterization techniques together with device analysis and simulation were used to assess nanoparticle-
based CZTSSe absorbers and solar cells with CdS and In,S; buffers. Photoluminescence spectroscopy indicated that CZTSSe absorbers with
In,S; buffer had a lower density of detrimental non-radiative defects and a higher concentration of copper vacancies V¢, responsible for p-type
conductivity in CZTSSe, in comparison to the absorber with CdS buffer. Capacitance-voltage (C-V) measurements revealed that the In,S;
buffer-based CZTSSe devices had a three times higher apparent doping density and a consequently narrower space charge region than devices
with a CdS layer. This resulted in poorer collection of photo-generated charge carriers in the near-IR region despite a more favorable band
alignment as determined by x-ray photoelectron and inverse photoelectron spectroscopy. The presence of interfacial defect states in In,S;
devices as determined by C-V and biased quantum efficiency measurements is also responsible for the loss in open-circuit voltage compared
with reference devices with CdS.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002372

I. INTRODUCTION

Chalcopyrite  photovoltaic  (PV)  materials, such as
Cu(In, Ga)(S, Se), (CIGSSe), were developed as absorber layers in
thin film solar cell (TFSC) technology to proffer an alternative to
market-dominant silicon PV. The limited supply of compositional
elements In and Ga in CIGSSe has directed research efforts toward

CZTSSe solar cells compared to values around 400 mV in CIGSSe
devices.' "'

Several reasons for the V,. deficit have been cited: (i) high
densities of intrinsic defects in the kesterite bulk, such as vacancies
(e.g> Vzn, Vsn), antisites (e.g., Sncy, Snzy), and interstitials (e.g.,
Zn;), which act as effective electron-hole recombination centers,"”
(ii) band tailing, which is also related to high concentrations of

finding more abundant elemental substitutions, with structurally
similar kesterite Cu,ZnSn(S, Se), (CZTSSe) being identified as a
promising alternative PV compound. Of all the fabrication processes
available,' ™ CZTSSe thin film absorbers synthesized from nanoparti-
cle inks offer a low cost solution-based processing method for large
scale printed roll-to-roll application. The current record power con-
version efficiency (PCE) of 12.6% for CZTSSe-based solar cells*” was
achieved in 2013, whereas counterpart CIGSSe-based devices now
reach efficiencies up to 22.9%."" The large disparity in performance
between kesterite and chalcopyrite PV devices is primarily attributed
to a severe open-circuit voltage (V,.) deficit of about 600 mV in

defects in conjunction with a high degree of charge compensation
causing electrostatic potential fluctuations'*'® or heterogeneous
spatial variations in crystallinity and/or composition leading to nano-
scale bandgap fluctuations,'”™"? and (iii) enhanced buffer/absorber
interface recombination due to non-optimal band alignment depend-
ing on buffer selection.'>***'

A suitable strategy to reduce the V,, deficit in kesterite-based
solar cells is the investigation of band alignments at the buffer/
absorber interface to facilitate the selection of suitable n-type
buffer materials with an optimal conduction band offset (CBO).
The CBO is most relevant in the conjunction of n-type buffer
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with p-type absorbers, where the minority charge carriers are elec-
trons. In this instance, electrons are promoted to the conduction
band (CB) of the p-type absorber and optimum device perfor-
mance is governed by the efficient transport of electrons across the
interface into the n-type buffer for onward extraction from the
device.

Band alignment at semiconductor interfaces can be catego-
rized as Type I, II, or III; however, Type III are not pertinent to PV
applications. In Type I, the CB of the absorber is lower than that of
the buffer (relative to the electron vacuum levels of the materials)
forming a spike-like potential barrier, which can hinder electron
transport dependent on the magnitude of the CBO. A theoretical
optimal value of 0.4 eV for the spike-like offset has previously been
reported in CZTSSe.” If the CBO is below this threshold electron
transport is facilitated by tunneling and/or thermionic emission.
A small “spike” CBO has been shown to create an absorber type
inversion in the vicinity of the heterojunction, which consequently
creates a large hole barrier.”” In contrast, the CB of the absorber
layer at a Type II interface is higher than that of the buffer layer
forming a cliff-like alignment. Although there is no barrier for elec-
trons to overcome when flowing from absorber to buffer, there may
be high concentrations of holes near the semiconductor junction
increasing the probability of interface recombination.””** Therefore,
Type I and II CBOs are preferable in order to achieve improvements
in V,, and short circuit current density J, respectively.

In kesterite solar cells, CdS is used ubiquitously as the n-type
material in device architecture despite the buffer having a slightly
larger than optimal CBO with CZTSSe, which can lead to enhanced
interface recombination.”””° As an alternative, In,S; has been con-
sidered due to the material having a more favorable CB alignment
with CZTSSe and a large energy bandgap.”** In fact, Jiang et al.
successfully incorporated a thin In,S; layer in a CZTS-based device
achieving an efficiency of 6.9%’ and Kim et al. demonstrated
CZTSSe devices with lowest V,. deficit by applying a double
In,S3/CdS emitter.™

In this study, we aim to demonstrate how replacing the con-
ventional CdS buffer with In,S; in CZTSSe device architecture can
potentially lead to an improvement in V.. First, we determine the
nature of the CBO at the buffer/absorber heterojunction using
x-ray photoemission (XPS) and inverse photoemission (IPES) spec-
troscopy to ascertain which material forms a more favorable band
alignment with CZTSSe absorbers fabricated from nanoparticle
inks. We then investigate whether the deposition method of the
buffer layer can affect changes in the chemical and electronic prop-
erties of the absorber material in the region near the interface. To
this end, temperature and excitation-dependent photoluminescence
(PL) measurements of as-deposited, CdS- and In,S;-buffered CZTSSe
thin films are conducted to elucidate details of the main recombina-
tion mechanism present in the absorbers and associated shallow
defects, which contribute toward such a recombination. By applying a
number of electrical characterization techniques, quantitative demon-
stration is made on how the application of different buffers impacts
device performance. Furthermore, device modeling using solar cell
capacitance simulations (SCAPS) was done to gain an insight on the
relationship between CdS/CZTSSe and In,S;/CZTSSe interface
defects and device performance.

ARTICLE scitation.org/journalljap

Il. EXPERIMENTAL DETAILS

A typical substrate solar cell configuration was used in this
study, i.e., glass/Mo/CZTSSe/buffer (In,S; or CdS)/i-ZnO/indium
tin oxide (ITO)/Ni-Al. CZTSSe films were prepared from CZTS
nanoparticle inks. First, CZTS nanoparticles were fabricated using
a well-established hot-injection method following our previously
published procedure.”"”* The resulting nanoparticle inks were then
deposited on molybdenum substrates via spin coating to form the
CZTS precursor thin film with a thickness of approximately 1um.
Thereupon, CZTS precursor thin films were annealed in a selenium
atmosphere to introduce grain growth, resulting in CZTSSe absorb-
ers.”” The resulting CZTSSe thin films had the following composi-
tion; Cu (at. %): 20.25 + 0.32, Zn: 11.95 + 0.60, Sn: 11.75 + 0.24,
S: 2.90 + 0.55, Se: 53.15 4 1.41, and metallic ratios Zn/Sn: 1.02,
Cu/(Zn+Sn): 0.85. Buffer layers of CdS (approximately 60 nm) and
In,S; (approximately 70 nm) were prepared by chemical bath depo-
sition (CBD). Specifically, cadmium sulfate, thiourea, and ammo-
nium hydroxide were mixed in a glass reactor for CdS deposition
with details given elsewhere.”* In terms of In,S; deposition, samples
were immersed in a solution composed of indium chloride (10 mM),
thioacetamide (0.1M), and acetic acid (0.1M) at 70°C to form an
In,S; coating on CZTSSe.”””> After the deposition, the samples were
removed from the bath, rinsed with de-ionized water, and dried
under a nitrogen stream. The buffer coated samples were then
annealed at 200°C in open air for different times, ie., CdS for
10 min and In,S; for 2 min. The transparent oxide layers, including
i-ZnO (approximately 35nm) and ITO (approximately 200 nm)
layers, were then deposited by magnetron sputtering. Front contact
grids, which are composed of Ni (approximately 50 nm) and Al
(approximately 14m) layers, were deposited through a shadow mask
by electron beam evaporation. Finally, nine approximately 0.16 cm?
cells were defined by mechanical scribing on each substrate.

XPS measurements were performed in a standard UHV
chamber, which had a base pressure <2%x107 9 mbar, the main
residual gas of which was hydrogen. A monochromatic Al Ko
SPECS XR 50 M source (hv = 1486.6eV) operating at a nominal
power of 250 W was used in conjunction with a PSP Vacuum
Technology Ltd Resolve 120 MCD5 electron energy analyzer. The
calibration of the spectrometer was performed by aligning the Ag
3ds/; and Fermi level to their known energy positions of a clean
polycrystalline Ag foil. By fitting the Fermi-Dirac distribution to the
Ag Fermi level, the experimental resolution of the analyzer is found
to be 0.37 + 0.05eV. The measured spectra are charge-corrected to
the C 1s peak at 285.00 eV, due to adsorbed, adventitious carbon.
The spectra were analyzed using the CasaXPS software. Core levels
were fitted with pseudo-Voigt functions atop a Shirley background.
Valence band maxima (VBM) positions were found by linear extrap-
olation to the background. The errors on core level binding energies
and the VBM were determined to be +0.05eV. IPES were per-
formed in the same chamber using a PSP Vacuum Technology BaO
cathode dispenser electron source and an isochromat NaCl photon
detector, both of which were at 45° to the sample normal. The
lowest unoccupied molecular orbital of a thick Cgp multilayer, depos-
ited in situ, was used to calibrate the photoemission spectra. The
spectrometer resolution was determined to be 1.00 + 0.10eV from
fitting the Fermi level of a clean, polycrystalline Ag foil. To obtain
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the interfacial samples, a PSP Vacuum Ltd ISIS 3000 ion source was
used to Ar" ion (Ex =0.25keV) etch material away from the
sample with an ion flux of 6.25x10'* ions cm~2s~! until the inter-
face was visible in XPS measurements. This typically corresponds to
an overlayer thickness of 2-3 nm.

PL spectra were measured using a Horiba Jobin Yvon fully
automated spectrometer fitted with an InGaAs PMT detector
cooled to —30°C to reduce noise. A 532nm continuous wave
diode-pumped solid state (CW-DPSS) laser was used as an excita-
tion source. Low temperature PL measurements were performed by
placing the samples in a Janis SHI-4-2 closed cycle refrigeration
cryostat using compressed He gas coupled with a Lakeshore Model
355 temperature controller. All PL measurements were performed
on selenized absorber layers deposited on Mo coated glass. For
temperature-dependent PL measurements, a relatively low laser
power of approximately 100 mW /cm? was selected to avoid exces-
sive heating of the CZTSSe films.

Current density-voltage (J-V) parameters of completed CZTSSe
devices were extracted using an Abet Technologies solar simulator at
1-Sun (100 mW/cm?) illumination. Capacitance-voltage (C-V)
and capacitance-frequency (C-f) measurements were performed
using an Agilent E4980a LCR meter and Ametek VersaSTAT 3
potentiostat/galvanostat, respectively. External quantum efficiency
(EQE) measurements were performed using a Bentham PVE300
system calibrated using a combined Si/InGaAs photodiode. A
Shimadzu UV-2600 spectrophotometer was used to obtain
transmittance/reflectance data for CdS, In,S;, and CZTSSe films
on soda-lime glass (SLG).

I1l. RESULTS AND DISCUSSION
A. Band alignment at buffer/CZTSSe interface

The Kraut method is frequently used to experimentally deter-
mine the band alignments at semiconductor interfaces.”*™*® This
method uses the photoelectron spectra of a series of three samples
to determine the band offsets at an interface, namely, a thick over-
layer sample (buffer), a substrate sample (CZTSSe), and an interfa-
cial sample in which the core levels from both the substrate and the
overlayer (buffer/CZTSSe) are visible. By determining the relative
energy positions of the core levels (E5“"**) to the VBM &
and the difference in energies of the core levels in the interfacial
sample, the valence band offset (AE,) can be determined by

AB, = (B3 — ) — (E3" — Eim) — B3 —E3). ()

The bandgaps of the semiconductors are given by E;"e”“‘b =
oversub 1 goversitb thus the CBO (AE,) can be derived from

AE, = EQ"" — E;“h — AE,. )

In order to determine the band alignment at the CdS/CZTSSe
and In,S3;/CZTSSe interfaces, the valence band offset (VBO) and
CBO are measured for individual 3d core levels in Cd, In, Sn, and
Se and 2p core levels in S, Cu, and Zn and the final VBO and CBO
for the semiconductor interfaces are obtained from the mean of the
individual core level values (experimental core level values are

ARTICLE scitation.org/journalljap

listed in Table S1 in the supplementary material). Figures 1(a),
1(c), and 1(e) show the determination of the VBM as measured by
XPS and 1(b) and 1(d) show the CBM as measured by IPES for
CdS, In,S; and CZTSSe films, respectively. Note that the spectra
show states tailing into the bandgap, which is an artifact of instru-
mental broadening and not a measure of defect states (see Fig. S1
in the supplementary material). Using the aforementioned method,
VBO values of AE, = —1.98 + 0.10eV and —1.21 + 0.10eV and
CBO values of AE. = —0.68 + 0.14¢eV and 0.39 + 0.14eV were
determined for CdS and In,S; buffered samples, respectively. The
calculated band alignment for each sample is represented schemati-
cally in Fig. 2(a). It is apparent CdS forms a large cliff-like CBO
(Type II) at the heterojunction with CZTSSe, whereas In,S; forms
a modest spike-like CBO (Type I). The larger CBO relative to previ-
ous reports” """ can arise due to the error introduced by the
low-resolution IPES measurements.

Device simulation has shown that the ideal CBO is a moderate
spike in the range 0-0.4eV."'™ However, as the experimentally
determined CdS/CZTSSe CBO is —0.68 eV, this cliff barrier inhib-
its the flow of injected electrons from buffer to absorber under
forward bias conditions causing an accumulation of electrons at the
interface. Charge carrier recombination is, therefore, elevated at the
heterojunction and V,, is reduced as a consequence.’” Also, Scheer
demonstrated the activation energy of interface recombination in a
generic heterojunction PV device is equivalent to the energy differ-
ence between the CBM of the buffer and VBM of the absorber
layers.z’1 Thus, with regard to interface recombination, a cliff-like
CBO will result in a lower activation energy than the absorber
bandgap leading to a reduction in V,. The spike-like CBO of
+0.39 eV at the pn-junction of the In,S;-buffered CZTSSe sample
is almost at the threshold for efficient electron transport across
the buffer/absorber interface (0.4 eV*?). Notwithstanding the mag-
nitude of the spike offset in this sample, interface recombination is
still expected to be reduced due to a limited supply of holes at the
junction caused by absorber type inversion.”” Band alignment can
also influence the degree of quasi-Fermi level splitting at the heter-
ojunction under illumination, depicted schematically by the dashed
lines in Fig. 2(a). Vi is enhanced by the spike-like CBO at the
In,S3/CZTSSe interface in comparison to cliff-like offset at the
CdS/CZTSSe junction. Based on XPS and IPES measurements of
nanoparticle-derived CZTSSe device-like stacks, In,S; is a more
appropriate buffer material to enhance device V,. than conven-
tional CdS. Furthermore, SCAPS simulations on CdS- and
In,S;-buffered CZTSSe devices were performed using the XPS/IPES
data [see Fig. 2(b)]. It is clearly evident the “spike” CBO in the In,S;
based device translates to a significant improvement in V,. com-
pared to the device with CdS buffer.

B. Photoluminescence measurements

In order to rule out the existence of possible binary and
ternary compounds, Raman spectroscopy was performed to investi-
gate the crystal quality of as-deposited CZTSSe reference, CdS- and
In,S; buffered CZTSSe absorbers fabricated from the same batch of
nanoparticle inks (see Fig. S2 in the supplementary material). The
two sharp peaks at 173 and 197 cm™! correspond to the A-mode of
pure selenium CZTSe.”* All three CZTSSe thin films have a high
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quality kesterite crystal structure with no obvious secondary phases
observed.

To determine whether the deposition of different buffers causes
any modification to the surface region of CZTSSe films, low temper-
ature excitation intensity PL measurements were made on the
CZTSSe films. As the absorption coefficient @ of CZTSSe is approxi-
mately 4x10* cm™! for the laser excitation wavelength of 532 nm, it
can be assumed that the incident laser light is fully absorbed within
the first 250 nm of the CZTSSe absorber in all three samples.”” The
results of the excitation-dependent PL of all CZTSSe samples at 6 K
are presented in Fig. 3. PL spectra for all samples exhibit a broad
asymmetric shape where the shallower low energy slope is related to
the joint density of states (JDOS) of CB/VB tails""™** and the steeper

E relative to E. (eV)

high energy slope depends on the photogenerated carrier distribu-
tion'” [see Fig. 3(a)]. The asymmetric nature of the PL bands is
indicative of a semiconductor with a high degree of band tailing due
to spatial fluctuations of VB and/or CB edges.”” The oscillations
around 0.9 €V are due to water vapor absorption. For all samples,
the PL peak maxima exhibit strong blue-shifts with increasing
excitation intensity up to a saturation point with no increase in
PL intensity or peak shift upon higher excitation. An indication of
the radiative process is given by evaluating the so-called k value,
which can be determined from the power law relation between the
integrated PL intensity and excitation power, Ip; oc PX.*’ Values of
k > 1 are expected for band-related recombination, whereas k < 1
indicates defect-mediated recombination. Figure 3(c) shows a log-log

J. Appl. Phys. 127, 205305 (2020); doi: 10.1063/5.0002372
Published under license by AIP Publishing.

127, 205305-4


https://aip.scitation.org/journal/jap

Journal of

Applied Physics ARTICLE

scitation.org/journalljap

(@)
&40 . . .
£ |
§ |
LV, =041V
= 201 L J, =27.6 mAom? 7
- ! FF=529%
> i =59% P
-— Tt o
i) 0 k=== : TS O Gl
c bV, =058V
% i J,, = 33.2 mAiom’
' FF=61.0%
e 201 bn =118% 7
o : - CdS |
= : -e-——1n,S,
= _40 . 1 . I . 1 R L
O -02 0.0 0.2 0.4 0.6
Voltage (V)
(b)
Energy Typelll Type |
€V) © cds  czrsse Ins,  CzTsse

------ 25c)

__________________________

AE=-121eV
AE=-1.98¢V

+0.05 eV

FIG. 2. (a) Experimentally determined band alignment from XPS/IPES data for
CdS/CZTSSe (left) and In,S3/CZTSSe (right) interfaces. A small “spike” in the
conduction band offset at the In,S3/CZTSSe interface theoretically increases
Vo, compared to that of a “cliff” alignment at the CdS/CZTSSe interface. The
dashed black lines represent the degree of quasi-Fermi level splitting at the
buffer/absorber interface and (b) SCAPS device modeling showing increased
Voe in InpS;-buffered CZTSSe device related to better band alignment. The
dashed lines are J-V measurements in the dark and solid lines under 1-Sun
illumination. Data for the CZTSSe have been derived from experiments on nano-
particle absorbers.

plot of the dependence of Ip; on P for all CZTSSe absorber samples,
where k can be evaluated from the gradient of a straight fit to the
data. The k values for all samples are less than unity (k—Ref =
0.76 + 0.04, k—CdS = 0.81 + 0.03, and k—In,S; = 0.80 + 0.04)
suggesting that the main recombination mechanism is related to
defects within the bandgap of the absorber and remains unchanged
regardless of buffer deposition. The presence of charge carriers local-
ized at defects with energy levels above (below) the VB (CB) is
further indicated by the strong blue-shift of PL peak maxima with
increasing excitation intensity. The blue-shifting PL energy maxima
for CZTSSe samples as a function of increasing laser power are
shown in Fig. 3(b). The energetic shift parameter § has a similar
value of approximately 14 meV/decade for the as-deposited
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FIG. 3. (a) Normalized 6 K PL spectra of all films excited with same laser inten-
sity showing significant shift of PL peaks from estimated room temperature
bandgap of approximately 1.14 eV (the oscillations around 0.9 eV are due to
water vapor absorption, the thin blue line is asymmetric double sigmoidal fit to
PL spectra), (b) evolution of PL band maxima with increasing P, and (c) deriva-
tion of k parameter from | ~ P,

reference and In,S; buffered absorbers increasing to approximately
18 meV /decade for the CdS sample. The increase in the 8 value for
CdS-buffered absorber indicates a higher degree of charge compensa-
tion than the other CZTSSe-based films.*
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Here, radiative recombination can be explained by different
models: (i) quasi-donor-acceptor (QDAP) and (ii) spatial electro-
static potential fluctuations.” > The QDAP model is used to
describe radiative recombination in strongly compensated semicon-
ductors, where the DAP model is modified to account for the inter-
action between clusters of charged acceptor and donor defects.
Similarly, electrostatic potential fluctuations are characterized by a
constant bandgap with parallel shifts in the VB and CB edges due
to spatial variations in concentration of charged defects, creating
potential wells in the VB and CB. The presence of both electrostatic
potential fluctuations and bandgap fluctuations is also expected to
some degree in highly doped and compensated kesterites such as
CZTSSe with Cu-Zn disorder in the crystal lattice. Bandgap fluctu-
ations are changes in the material bandgap at the nanoscale caused
by compositional inhomogeneities.' ">

In considering the energetic blue-shift of PL peak maxima
with increasing excitation intensity, Zacks and Halperin conclude
the expected S values for the QDAP model should only be approxi-
mately 8(2) meV /decade for CZTS(CZTSe).”” In comparison, the 3
values determined for all types of CZTSSe film studied here are sig-
nificantly higher, which would indicate the observed excitation-
dependent behavior is also influenced by electrostatic potential
fluctuations. Here, increasing numbers of photogenerated carriers
due to increasing excitation intensity screen the Coulomb potential
of the charged defects, consequently flattening the band edge fluc-
tuations. Thus, the average depth of these potential fluctuations y
reduces as the excitation intensity increases (the potential fluctua-
tion depth y will be discussed in more detail later). Electrostatic
potential fluctuations give rise to a number of radiative transitions,
such as tail-to-impurity (TI) where electrons trapped in CB tail
states recombine with holes localized at acceptor levels and exhibit
similar behavior to QDAP at low temperatures.”

The higher degree of charge compensation in the buffered
samples could be attributed to the diffusion of elements such as In
and Cd across the buffer/absorber interface during buffer deposi-
tion forming additional acceptor and donor defects in the absorber
near the heterojunction. Alternatively, the deposition of a buffer
layer could act to passivate the CZTSSe film surface by reducing
the number of non-radiative defect centers. The large 3 value deter-
mined for the CdS-buffered sample would suggest higher concen-
trations of self-compensated defect cluster in the CZTSSe material.
The CZTSSe absorbers in all thin film samples studied here are
non-stoichiometric, grown in a Cu-poor and Zn-rich environment.
Under such conditions, the concentrations of self-compensated
defect clusters [Vcy + Zncy] and [Zng, + 2Zng,] are expected to
be high.”® The observed increase in compensation in the absorbers
with buffer layers (albeit slight in the case of In,S;) could be
accounted for by the formation of additional antisite defects such
as Cdcy and Ing, promoted by buffer deposition conditions.””"%=%
Due to the valencies of Cd and In atoms, antisites Cdc, and Ing,
form donor and acceptor defects, respectively. In the case of Cdcy,
high concentrations in the top region of CZTSSe would contribute
to n-type doping effectively reducing the overall p-type doping
density, increasing charge compensation and enlarging the deple-
tion region. Conversely, p-type doping would rise in the interface
region of CZTSSe absorber due to acceptor state Ing,. It has also
been reported by several groups that Cu diffuses from the CZTSSe
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absorber into the CdS as a result of an annealing step following
buffer deposition.®”*>*

The resulting rise in density of V¢, point defects can further
increase the Cu depletion and p-type doping of the CZTSSe surface
region. The effect of buffer deposition on apparent doping density
will be discussed later (doping and depletion region width from C-V
profiling and effects of interface defects from C-f measurements).
PL spectra were fitted with asymmetric double sigmoidal function
(DSF) proposed in Ref. 47 so as to determine the position of the
PL peak maximum. The PL peaks of the as-deposited reference and
In,S;-buffered films are coincidental and red-shifted by approxi-
mately 30 meV compared to the CdS-buffered film. This suggests
that the CdS deposition conditions modify the absorber structure
near the interface. Yan et al. investigated the effect of a 300 °C post-
deposition heat treatment on CdS/Cu,ZnSnS, (CZTS) heterojunc-
tion and found an interdiffusion of Cd and Zn between the buffer
and absorber with diffusion depths of 200 and 15 nm for Cd and
Zn, respectively.”” High-angle annular dark-field (HAADF) imaging
confirmed the presence of Cdc, antisite defects in the top region of
the CZTS film. It is also possible for Cd to occupy Zn sites forming
alloy Cu,Cd,Zn;_,SnS, (CCZTS) with a different bandgap to the
bulk material. Both observations could account for the shift in PL
peak position illustrated in Fig. 3(a).

The average depth of band edge potential fluctuations y is
directly proportional to the total charged defect density N, (which
includes both radiative and non-radiative defects).”””>** Siebentritt
et al. determined the low energy tail in PL spectra Ip (E) followed a
Gaussian distribution, which accurately described the defect-related
nature of absorption tails caused by electrostatic potential and/or
bandgap fluctuations such that

2
_ M) (3)

Ip.(E) exp( 27
where E, is the average emission energy with respect to fluctuating
potentials.”’ Values for y can be readily deduced from examination
of PL emission bands and the absorber total defect concentration N;
subsequently determined. The maximum value of ¥ occurs when all
QDARP states are fully occupied, i.e., maximum Coulombic attraction
between defect clusters. Hence y values of 54.8 + 0.1, 55.0 + 0.1,
and 56.8 + 0.1 meV were determined for as-deposited reference,
In,S;-buffered and CdS-buffered absorbers, respectively. The
increase in y for the CdS-buffered sample could be ascribed to an
increase in charge compensation. For a highly compensated p-type
material with a fixed acceptor density such as CZTSSe, y o< N;
(where N; is the sum of charged acceptor N and donor N, concen-
trations and N, ~ Np), therefore an increase in donor concentration
Np will result in an increase in potential fluctuation depth y. In this
case, the total number of ionized defects increases together with the
level of compensation, which in turn reduces the number of free
holes. The screening length of charge carriers is thereby reduced,
which also contributes to an increase in y.

The results of temperature-dependent PL measurements are
presented in Figs. 4 and 5. Here, PL spectra were obtained using
laser excitation intensity just below the saturation of PL peak
energy to ensure emission stems from QDAP/TI recombination
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FIG. 4. Temperature dependence of PL spectra for as-deposited reference,
CdS-, and In,S;-buffered CZTSSe films at laser power P = 1.7 W /cm?.

alone [and not from additional contributions due to band-related
recombination (see Fig. S4 in the supplementary material)].
In Fig. 4, the PL signal for the as-deposited film is fully quenched
at temperatures greater than 160 K, which suggests that carriers are
efficiently redistributed into non-radiative states. The appearance
of a PL peak around 0.96 eV as the temperature rises to 300 K in
CdS- and In,S;-buffered films indicates that another radiative
recombination mechanism becomes predominant. The evolution of
PL peak maxima with increasing temperature for all films is illus-
trated in Fig. 5(a). The PL peak in the as-deposited film shows a
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FIG. 5. (a) Maximum PL peak position vs temperature showing a change in
recombination mechanism with increasing temperature and (b) Arrhenius plot of
integrated PL with derived defect activation energies.

slight red-shift in temperature range 6-60 K before exhibiting a
slight blue-shift as the temperature is increased up to 160 K, where-
upon PL emission is thermally quenched. The buffered films dem-
onstrate a different behavior. Both buffered films show a red-shift
of the band maximum at a greater rate than the as-deposited film
as the temperature rises from 6 K. The PL peaks of both films then
blue-shift significantly at temperatures higher than T, = 60 K
and 100 K for CdS-buffered and In,S;-buffered samples, respec-
tively. Similar QDAP behavior was observed for CZTSSe solid
solutions.” "%

Further analysis of the temperature dependence of PL spectra
reveals the activation energies of defects involved in the recombina-
tion mechanisms for the studied films. A two-defect model [Fig. 5(b)]
best describes the observed thermal quenching,

Iy
L+ aexp(—34) +aexp(—78)

Ip(T) = (4)

where I is the integrated PL intensity extrapolated to 0K, ¢; and
¢, are process rate parameters and E,; (for T < Tj,;,) and E,, (for
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T > Tyy) are the defect activation energies. The determined activa-
tion energies E;, and Eg are 14 £ 1, 12 + 1, 7 + 1meV, and
62 + 8,5 + 3,46 + 7meV for as-deposited reference, CdS-buffered,
and In,S;-buffered films, respectively. Previous studies have attributed
the shallow level E,; to the CB average potential well depth rather
than a discrete defect level based on temperature-dependent PL peak
behavior for T << Typin." "’

Activation energy E,, is associated with radiative recombination
in the temperature regime Ty, < T < 295K. Given the similarity
in ¥ and E,; values for all three CZTSSe films, it would be reason-
able to assume radiative transitions involve tail states as T approaches
room temperature. However, in a compensated material, the PL peak
is expected to red-shift with increasing T, which is not the case here
where a strong blue-shift in Ep; with increasing T is observed.
Levcenko et al. saw a very similar temperature-dependent PL behav-
ior in their CZTSSe films and concluded that the deeper defect level
E,, is more probably a donor state in a p-type absorber.”’

Figure 6 shows the room temperature excitation-dependent PL
response of the In,S;-buffered film. A change in k value indicates a
change in the main radiative recombination process from defect
mediated at 6 K (k < 1, k = 0.80) to band-related at 295K (k > 1,
k = 1.13). Further evidence of a band-related transition is also dem-
onstrated as there is no shift in the PL peak with increasing excita-
tion at room temperature. The inset in Fig. 6 shows room
temperature PL spectra of the CdS-buffered and In,S;-buffered
CZTSSe films. The PL peaks at 0.962eV (CdS-buffered) and
0.944 eV (In,S;-buffered) are significantly red-shifted from their
respective bandgaps at 1.144 eV determined from EQE measure-
ments (see Fig. S3 in the supplementary material). As the CZTSSe
absorber has p-type conductivity, a CB-acceptor transition is most
likely responsible for the room temperature PL observations.
Although the PL signal from the CdS-buffered film was too low to
analyze accurately, it is reasonable to assume that the same acceptor
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FIG. 6. Room temperature excitation-dependence of integrated PL intensity and
PL peak position of the In,S; based CZTSSe film with inset showing room tem-
perature normalized PL spectra for CdS- and In,S;3-buffered CZTSSe films with
indicated bandgap of respective films.
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defect is also present in this film. The magnitude of the PL peak red-
shift from the room temperature bandgap is roughly equivalent to
the activation energy of the acceptor defect, giving values of
182 meV and 200 meV for CdS-buffered and In,S;-buffered films,
respectively. These activation energies are in agreement with our pre-
vious deep level transient spectroscopy (DLTS) study of CZTSSe
solar cells.”” Thus, it is speculated that radiative recombination in the
buffered samples involves a band-to-impurity (BI) transition where
recombination occurs between the CB and a deep acceptor defect.

Ab initio density functional theory (DFT) calculations'” reveal
that donor defects such as Zncy, Snc, antisites, and Cu; are shallow
in nature, whereas Sn-related acceptor defects such as Vg,, Cugy,
and Zng, have formation energies in the range of the observed acti-
vation energies of acceptor defects found in the CZTSSe-based
films studied here. Given the Cu-poor and Zn-rich growth condi-
tions of the absorber films, it is reasonable to assume that the
donor and acceptor defects present are antisites Znc, and Zngy.
Such conditions also promote higher concentrations of free hole
carrier defect V¢, and associated benign defect clusters
[Vcu + Zngy] and [Zng, + 2Znc,] which are expected in all ana-
lyzed CZTSSe-based films. Given that the antisite defect Cdc,
forms a shallow donor level with formation energy similar to
Zncy **? and Cd diffusion into CZTSSe absorbers has been dem-
onstrated experimentally,””*” it is reasonable to assume the pres-
ence of Cdc, defects and [Vcy + Cdcy] clusters in the surface
region of the CdS-buffered CZTSSe film studied here. It would
account for the increase in the degree of charge compensation
determined from PL measurements for this thin film.

Based on all PL observations, radiative recombination in the
CZTSSe-based films probably changes from QDAP or TI at low
temperature to BI at higher temperatures involving the same deep
acceptor defects, which are most likely Sn-related.

IV. ELECTRICAL DEVICE CHARACTERIZATION

The results of electrical device characterization of
CdS-buffered and In,S;-buffered CZTSSe solar cells are presented
in Figs. 7 and 8 with device parameters shown in Table I. The J-V
curves for the best performing devices measured in the dark and
under 1-Sun illumination are plotted in Fig. 7(a). It is evident that
the In,S;-based device shows a clear drop in V,. and suffers from
poor shunt resistance Ry, (approximately 25Q cm?) compared to
the CdS-based device (approximately 106Qcm?). As a conse-
quence, the fill-factor (FF) is also reduced. The cause of the low
shunt resistance is not immediately apparent as scanning electron
microscopy (SEM) images reveal a conformal layer of In,S; of
thickness approximately 70 nm following CBD (see Fig. S5 in the
supplementary material). Also highlighted are the crossover points
in the dark and illuminated J-V curves. Such a crossover can occur
as a result of a voltage-dependent photocurrent due to a low
built-in potential, the cause of which may be the presence of a
Schottky barrier at the back contact or a depleted front layer.”’ In a
previous work,”* there was no evidence of a blocking barrier at the
back contact, which suggests that the crossover issue may be due to
the buffer-absorber interface. The log(J—J,.) vs V plot for both
types of device shows that the superposition rule does not apply,
which is to be expected in non-ideal thin film solar cells and the
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FIG. 7. (a) J-V curves of solar cells with CdS and InyS3 buffers measured in
the dark (dashed lines) and under 1-Sun illumination (solid lines) with crossover
points highlighted by and (b) C-V depth profiles with indicated wy and Ny
values at zero bias with inset showing voltage bias dependence of defect char-
acteristic frequency fyer.

photocurrent generated in both devices shows a slight voltage
dependence (see Fig. S6 in the supplementary material).

To gain an insight into the reduced V,, capacitance-voltage
(C-V) measurements were conducted at a frequency of 100 kHz.
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The C-V profile curves for CZTSSe devices with different buffers
are presented in Fig. 7(b). The carrier concentration N4 and
depletion region width wy, for both devices at zero voltage bias are
indicated on the plot. In terms of Ny, an increase in doping
density of around one order of magnitude from 1.1x10' cm~3 to
1.2 x 107 cm™ is observed for the In,S;-buffered compared to
the CdS-buffered device. According to Ref. 72, the change in V,,

TABLE I. Device parameters for the CZTSSe cells at room temperature. R, Rsn., 0, and Jy are the series resistance, shunt resistance, ideality factor, and reverse saturation
current, respectively, measured using the light J-V data (parameters were determined using methods described in Ref. 71). Eg, Na, Wy, and Ly are the bandgap, apparent

doping density, depletion region width and effective diffusion length, respectively.

CZTSSe n FF Voc ]sc Rs,L Rsh,L A ]0 Eg NA Wq Ld
buffer (%) (%) (mV) (mA/cm?) (Qcm?) (Qcm?) (mA/cm?) (eV) (cm™) (nm) (nm)
Cds 32 426 255 26.1 1.64 106.3 20 49x107% 1145 1.1x10% 273 532
In,S; 23 353 220 27.3 227 254 1.6 14x107° 1144 12x10"7 35 681
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can be estimated by AV, = kT/qIn (N4;/Na;), assuming a change
only in the doping density of the absorbers being compared. The
increase in doping density in the In,S;-based device should have an
associated V,, improvement of 61 mV. As V,. can be detrimentally
affected by high shunt conductance Gg,,°>’” this anomaly can be
explained in terms of increased Gy, compared to the CdS-based device
[Gen (InyS3) = 39.3mS/cm?, Gy,(CdS) = 9.4mS/cm?]. Similar
carrier concentrations were observed in CZTSSe devices with
In,S; buffer layers and CZTSSe absorbers intentionally doped
with In.””°>”* The elevated hole concentrations in these devices
and the ones studied here are mainly due to the substitution of
Sn** with In®", facilitated by the similarity in their ionic radius.”’
The depletion region width wy in the In,S;-buffered device is
35nm, which is almost eight times shorter than that of the
CdS-buffered device (wy = 273nm). As effective charge separa-
tion occurs in the depletion region in the absorber material of a
solar cell, such a small wy; due to high hole concentration in
CZTSSe adversely affects carrier collection. The effective carrier
collection length L. is also related to the diffusion length of the
minority carrier Ly and is roughly equal to wy + Lg.

From analysis of absorption coefficient o and internal
quantum efficiency (IQE) data (see Fig. S7 in the supplementary
material), Ly values of 532nm and 681 nm were extracted for
CdS-buffered and In,Ss-buffered CZTSSe solar cells, respectively.
Due to the narrow space charge region in the In,S;-based device,
the effective carrier collection length is significantly larger in the
CdS-based device [Les(CdS) = 805nm and Lgs(In,S3) = 716 nm].
Reduced carrier collection from longer wavelength photons in the
In,S;-buffered solar cell is also evident in the EQE plots for both
devices [see Fig. 8(a)]. The unbiased EQE curves demonstrate that
the In,S3-buffered device is generally less efficient at carrier extrac-
tion than the CdS counterpart except in the sub-500 nm wave-
length region where extraction is enhanced due to the higher
bandgap and transparency of the In,S; layer. The overall lower effi-
ciency would suggest that there is a greater barrier for electron
transport in this device. The —0.5V reverse biased EQE curves are
also shown in Fig. 8(a). By applying a reverse bias, photogenerated
electrons can overcome the barrier leading to an enhancement in the
EQE signal. The application of a reverse bias to the In,S;-buffered
device results in a significant increase in EQE response. The ratio
between unbiased and biased curves for the In,S;-based solar cell
shows a gradual increase over the wavelength range 500-1100 nm
indicating improved extraction of carriers at longer wavelengths.
Reverse-biasing a solar cell increases the space charge region in the
absorber and facilitates the carrier collection deeper into the absorber
bulk. These observations are concurrent with lower effective carrier
diffusion length in the In,S;-buffered device. Complimentary EQE
measurements with and without white light bias (1.55 mW/cm?)
were performed, as shown in Fig. 8(b). Considering the CZTSSe
device with CdS buffer, the EQE response under light bias is slightly
lower than that with light bias over the entire spectrum. Comparable
results were observed in CZTS devices with CdS buffer layers.*”*
The reduction in EQE was attributed to increased recombination in
the space charge region. Conversely, the In,S;-buffered device exhib-
its a substantial increase in EQE over the wavelength region below
800nm upon light bias application. It would appear that the
In,S3/CZTSSe interface is photoactive and the increase in
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photoconductivity of the In,S; layer increases the depletion region
width leading to the observed higher collection efficiencies. To gain a
better understanding of the buffer/absorber interface, capacitance-
frequency (C-f) sweeps at different bias voltages were performed to
evaluate interface and/or bulk defect characteristic frequencies fus.
C-f plots show a sharp decrease of capacitance at higher frequencies
(see Fig. S8 in the supplementary material) and the inflection point
in the capacitance curve corresponds to the defect characteristic fre-
quency. The bias voltage dependence of fu is illustrated in the inset
of Fig. 7(b). Varying the bias voltage changes the band bending near
the buffer/absorber interface and adjusts the crossing point of the
interface defect level and Fermi level. A shift of far with bias voltage
indicates a predominance of interface defect states.”” The characteris-
tic defect frequency for the CdS-buffered device is roughly constant
over the bias measurement range, whereas the defect frequency for
the In,S; counterpart rises from approximately 60kHz up to
approximately 250 kHz. The presence of high concentrations of
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FIG. 9. SCAPS device modeling showing (a) EQE of In,Sz-buffered CZTSSe
solar cell with varying concentration of interface defects and (b) V,c and 7 vs
Nint plots.
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interface defects in the In,S;-based CZTSSe solar cell could accounts
for the lower V,. observed in the device.

With regard to In,S;/CZTSSe interface and device performance,
SCAPS device simulations were performed to study the effect of
varying interface defect concentrations, Nj,. In these simulations,
experimentally determined absorption data for CZTSSe, CdS and
In,S; thin films were used. The effects of donor-like CZTSSe/In,S;
interface defects were tested on Mo/CZTSSe/In,S;(CdS)/i-ZnO
stacks. A summary of all material parameters is listed in
Table S2 in the supplementary material. The simulation results
in Fig. 9(a) show that a reduction in interface defect concentra-
tions from 3.0x10™ cm™3 to 0.1x10' cm™ results in an overall
increase in carrier collection over the whole wavelength spec-
trum with an enhanced extraction in the blue photon range
(<500 nm).

Higher EQE in the 550——1050 nm range can be understood
by increased photogeneration from an extended depletion region
due to a reduction in interface defects. The simulated EQE curve
at 3.0x10" cm™ is in good agreement with experimental data
[Figs. 8(a) and 8(b)]. The simulation results suggest that a reduc-
tion in interface states in the In,S;-buffered device would lead to J,.
improvement and consequent efficiency enhancement. Simulated
J-V measurements were performed with increasing concentrations
of interface defects and extracted V,. and efficiency, n parameters
are plotted as a function of Ny, in Fig. 9(b). It is apparent that a
reduction in Ny, leads to a significant increase in V,. together with
a marked improvement in device efficiency.

V. CONCLUSIONS

In summary, the interface properties between CdS and In,S;
buffer layers and kesterite CZTSSe absorber films fabricated from
nanoparticle inks have been comprehensively investigated. XPS and
IPES analysis revealed a preferential “spike” conduction band offset
of +0.39 eV at the In,S;/CZTSSe interface as opposed to a “cliff”
offset of —0.68eV for the CdS/CZTSSe junction. PL studies of
CdS- and In,S;-buffered CZTSSe thin films suggest that the depo-
sition of CdS induces chemical and electronic changes in the
surface region of the CZTSSe film, probably caused by Cd diffusion
into the absorber. As a consequence, the level of charge compensa-
tion is increased and free carrier concentration reduced. Mott-
Schottky analysis shows that In,S; based solar cells have increased
doping density; however, the optimized conduction band alignment
and elevated carrier concentration do not translate into improved
performance in this type of device. Mott-Schottky analysis also
indicated a prevalence of interface defects in the In,S;-buffered
solar cells, accounting for the reduced V,. observed in these
devices. SCAPS device modeling of both types of CZTSSe solar
cells showed that a reduction in the concentration of interface
defects led to an improvement in the efficiency of the In,S; based
devices due not only to increased V,. but also enhanced J,. com-
pared to that with a CdS buffer. The results demonstrate the poten-
tial of In,S; as a buffer material for CZTSSe absorbers providing
that interface defects are mitigated using suitable absorber surface
passivation or barrier layer deposition.
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SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
the structural, optical, and electronic properties of the studied
CZTSSe thin films and solar cells.
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