Defect Limitations in Cu,ZnSn(S,Se), Solar Cells Utilising an In,S; Buffer Layer
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Currently, kesterite Cu,ZnSn(S,Se), (CZTSSe) device architecture incorporates a CdS n-type buffer which is non-
ideal due to the presence of toxic Cd. Other buffers such as In,S3 have been proposed as an alternative. In this
study, optical and electronic characterisation techniques together with device analysis and simulation were used
to assess nanoparticle-based CZTSSe absorbers and solar cells with CdS and In,S3 buffers. Photoluminescence
spectroscopy indicated CZTSSe absorbers with In,S3 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 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 favourable band alignment as determined by X-ray photoelectron and inverse
photoelectron spectroscopy. The presence of interfacial defect states in InyS; devices as determined by C-V and
biased quantum efficiency measurements are also responsible for the loss in open-circuit voltage compared with

reference devices with CdS.

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 towards finding more abundant
elemental substitutions, with structurally similar kesterite
Cu,ZnSn(S,Se), (CZTSSe) being identified as a promis-
ing alternative PV compound. Of all the fabrication pro-
cesses available!™®, CZTSSe thin film absorbers synthesised
from nanoparticle inks offer a low cost solution-based pro-
cessing method for large scale printed roll-to-roll applica-
tion. The current record power conversion efficiency (PCE)
of 12.6% for CZTSSe-based solar cellsi® was achieved in
2013, whereas counterpart CIGSSe-based devices achieved
efficiencies up to 22.9%*.. The large disparity in perfor-
mance between kesterite and chalcopyrite PV devices is
primarily attributed to a severe open circuit voltage (V)
deficit of about 600 mV in CZTSSe solar cells compared to
values around 400 mV in CIGSSe devicest?12,

Several reasons for the V,. deficit have been cited: i)
high densities of intrinsic defects in the kesterite bulk,
such as vacancies (e.g. Vz,, Vg,), antisites (e.g. Sncgy,
Snz,) and interstitials (e.g. Zn;) which act as effec-
tive electron-hole recombination centres'®, ii) band tail-
ing which is also related to high concentrations of defects
in conjunction with a high degree of charge compensa-
tion causing electrostatic potential fluctuations*4*1® or het-
erogeneous spatial variations in crystallinity and/or com-
position leading to nanoscale bandgap fluctuations'/°
and iii) enhanced buffer/absorber interface recombination
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due to non-optimal band alignment depending on buffer
selection420i21]

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 selection of
suitable n-type buffer materials with an optimal conduc-
tion band offset (CBO). The CBO is most relevant in the
conjunction of n-type buffer with p-type absorbers, where
the minority charge carriers are electrons. In this instance,
electrons are promoted to the conduction band (CB) of the
p-type absorber and optimum device performance is gov-
erned by efficient transport of electrons across the inter-
face into the n-type buffer for onward extraction from the
device.

Band alignment at semiconductor interfaces can be cate-
gorised as Type I, II or III, however Type III are not per-
tinent to PV applications. In Type I, the CB of the ab-
sorber is lower than that of the buffer (relative to the elec-
tron vacuum levels of the materials) forming a spike-like
potential barrier which can hinder electron transport de-
pendent on the magnitude of the CBO. A theoretical op-
timal value of 0.4 eV for the spike-like offset has previ-
ously been reported in CZTSSe?2. If the CBO is below
this threshold electron transport is facilitated by tunnelling
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 bar-
rier for electrons to overcome when flowing from absorber
to buffer, there may be high concentrations of holes near
the semiconductor junction increasing the probability of in-
terface recombination?*2%, Therefore, Type I and II CBO
are preferable in order to achieve improvements in V,. and
short circuit current density J,., respectively.
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In kesterite solar cells, CdS is used ubiquitously as the n-
type material in device architecture despite the buffer hav-
ing a slightly larger than optimal CBO with CZTSSe which
can lead to enhanced interface recombination®>2®, As an
alternative, In,S3 has been considered due to the material
having a more favourable CB alignment with CZTSSe and
a large energy bandgap?/2®. In fact, Jiang et al success-
fully incorporated a thin In,S3 layer in a CZTS-based device
achieving an efficiency of 6.9%4” and Mitzi et al. demon-
strated CZTSSe devices with lowest V,,. deficit by applying
a double In,S3/CdS emitters?.

In this study we aim to demonstrate how replacing
the conventional CdS buffer with In,Ss in CZTSSe de-
vice 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 photoemis-
sion (XPS) and inverse photoemission (IPES) spectroscopy
to ascertain which material forms a more favourable
band alignment with CZTSSe absorbers fabricated from
nanoparticle inks. We then investigate whether the depo-
sition method of the buffer layer can affect changes in the
chemical and electronic properties of the absorber mate-
rial in the region near the interface. To this end, temper-
ature and excitation dependent photoluminescence (PL)
measurements of as-deposited, CdS- and In,Ss-buffered
CZTSSe thin films are conducted to elucidate details of the
main recombination mechanism present in the absorbers
and associated shallow defects which contribute towards
such recombination. By applying a number of electrical
characterisation techniques, quantitative demonstration is
made on how the application of different buffers impacts
device performance. Furthermore, device modelling us-
ing solar cell capacitance simulations (SCAPS) was done to
gain an insight on the relationship between CdS/CZTSSe
and In,S3/CZTSSe interface defects and device perfor-
mance.

II. Experimental details

A typical substrate solar cell configuration was used in
this study, i.e. glass/Mo/CZTSSe/buffer (In,S3 or CdS)/i-
ZnO/indium tin oxide (ITO)/Ni-Al. CZTSSe films were pre-
pared from CZTS nanoparticle inks. Firstly, CZTS nanopar-
ticles were fabricated using a well-established hot-injection
method following our previously published procedure3!>2,
The resulting nanoparticle inks were then deposited on
molybdenum substrates via spin coating to form the CZTS
precursor thin film with a thickness of ~1 ym. Thereupon,
CZTS precursor thin films were annealed in a selenium at-
mosphere to introduce grain growth, resulting in CZTSSe
absorbers®?. The resulting CZTSSe thin films had the fol-
lowing composition; Cu (at%): 20.25 +0.32, Zn: 11.95
+0.60, Sn: 11.75 £0.24, S: 2.90 £0.55, Se: 53.15 +1.41
and metallic ratios Zn/Sn: 1.02, Cu/(Zn+Sn): 0.85. Buffer
layers of CdS (~60 nm) and In,S3 (~70 nm) were pre-
pared by chemical bath deposition (CBD). Specifically, cad-
mium sulphate, thiourea and ammonium hydroxide were
mixed in a glass reactor for CdS deposition with details
given elsewhere®*, In terms of In,Ss deposition, samples
were immersed in a solution composed of indium chloride
(10 mM), thioactamide (0.1 M) and acetic acid (0.1 M)

at 70 °C to form an In,S3 coating on CZTSSe2?3>. After
the deposition, the samples were removed from the bath,
rinsed with deionized water and dried under a nitrogen
stream. The buffer coated samples were then annealed at
200 °C in open air for different times, i.e. CdS for 10 min
and In,S3 for 2 min. The transparent oxide layers, includ-
ing i-ZnO (~35 nm) and ITO (~200 nm) layers were then
deposited by magnetron sputtering. Front contact grids
which are composed of Ni (~50 nm) and Al (~1 pym) layers
were deposited through a shadow mask by electron beam
evaporation. Finally, nine ~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!° mbar, the
main residual gas of which was hydrogen. A monochro-
matic Al Ko SPECS XR 50 M source (hv = 1486.6 eV) op-
erating at a nominal power of 250 W was used in conjunc-
tion with a PSP Vacuum Technology Ltd Resolve 120 MCD5
electron energy analyzer. The calibration of the spectrom-
eter was performed by aligning the Ag 3d;/, and Fermi
level to their known energy positions of a clean polycrys-
talline Ag foil. By fitting the Fermi-Dirac distribution to
the Ag Fermi level, the experimental resolution of the an-
alyzer is found to be 0.37 +0.05 eV. The measured spec-
tra are charge-corrected to the C 1s peak at 285.00 eV,
due to adsorbed, adventitious carbon. The spectra were
analysed using the CasaXPS software. Core-levels were fit-
ted with pseudo-Voigt functions atop a Shirley background.
Valence band maxima (VBM) positions were found by lin-
ear extrapolation to the background. The errors on core-
level binding energies and the VBM were determined to
be +0.05 €V. IPES were performed 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 low-
est unoccupied molecular orbital of a thick Cgy multilayer,
deposited in situ, was used to calibrate the photoemission
spectra. The spectrometer resolution was determined to
be 1.00 +0.10 eV from fitting the Fermi level of a clean,
polycrystalline Ag foil. To obtain the interfacial samples, a
PSP Vacuum Ltd ISIS 3000 ion source was used to Ar™ ion
(Er=0.25 keV) etch material away from the sample with an
ion flux of 6.25 x10'3 ions cm~2s~! until the interface 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 532 nm con-
tinuous wave diode-pumped solid state (CW-DPSS) laser
was used as an excitation source. Low temperature PL
measurements were performed by placing the samples in a
Janis SHI-4-2 closed cycle refrigeration cryostat using com-
pressed He gas coupled with a Lakeshore Model 355 tem-
perature controller. All PL measurements were performed
on selenised absorber layers deposited on Mo coated glass.
For temperature-dependent PL. measurements a relatively
low laser power of ~100 mW/cm? was selected to avoid
excessive heating of the CZTSSe films.

Current density-voltage (J-V) parameters of completed



CZTSSe devices were extracted using an Abet Technolo-
gies solar simulator at 1-sun (100 mW/cm?) illumina-
tion. Capacitance-voltage (C-V) and capacitance-frequency
(C-f) measurements were performed using an Agilent
E4980a LCR meter and Ametek VersaSTAT 3 potentio-
stat/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,S3 and CZTSSe films on soda-lime glass (SLG).

ITI. Results and discussion
A. Band alignment at buffer/CZTSSe interface

The Kraut method is frequently used to experimen-
tally determine the band alignments at semiconductor
interfaces°®38, This method uses the photoelectron spectra
of a series of three samples to determine the band offsets
at an interface, namely a thick overlayer sample (buffer),
a substrate sample (CZTSSe) and an interfacial sample in
which the core-levels from both the substrate and the over-
layer (buffer/CZTSSe) are visible. By determining the rela-
tive energy positions of the core-levels (Efl"”’s“b) to the VBM
(€340 ) and the difference in energies of the core-levels in
the interfacial sample, the valence band offset (AE,) can
be determined by

AEU :( over over)_(Esub_ sub )_(Ecolver_Eglub) (1)

cl VBM cl VBM

The bandgaps of the semiconductors are given by
E;”em“b = gouersub - coversub ihys the CBO (AE,) can
be derived from

AE, = E*" — EX* — 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 semiconduc-
tor interfaces is obtained from the mean of the individual
core level values (experimental core level values are listed
in Supp. Table . Figures and [¢] show the de-
termination of the VBM as measured by XPS and d
and [l show the CBM as measured by IPES for CdS, In,S;
and CZTSSe films, respectively. Note that the spectra show
states tailing into the band gap, which is an artefact of in-
strumental broadening and not a measure of defect states,
see Supp. Fig. Using the aforementioned method, VBO
values of AE, = -1.98 + 0.10 €V and -1.21 £ 0.10 eV and
CBO values of AE. = -0.68 4 0.14 eV and 0.39 4+ 0.14 eV
were determined for CdS and In,Ss buffered samples, re-
spectively. The calculated band alignment for each sample
are represented schematically in Fig. It is apparent CdS
forms a large cliff-like CBO (Type II) at the heterojunction
with CZTSSe (greater than other reported values?>>%40)
whereas In,S; forms a modest spike-like CBO (Type I). De-
vice simulation has shown that the ideal CBO is a mod-
erate spike in the range 0 — 0.4 eV4"3, However, as the
experimentally determined CdS/CZTSSe CBO is -0.68 €V,

this cliff barrier inhibits the flow of injected electrons from
buffer to absorber under forward bias conditions causing
an accumulation of electrons at the interface. Charge car-
rier recombination is therefore elevated at the heterojunc-
tion and V,,. is reduced as a consequence??. Also, Scheer
demonstrated the activation energy of interface recombi-
nation in a generic heterojunction PV device is equivalent
to the energy difference between the CBM of the buffer
and VBM of the absorber layers®. Thus, with regard to
interface recombination, a cliff-like CBO will result in a
lower activation energy than the absorber bandgap lead-
ing to a reduction in V,.. The spike-like CBO of +0.39
eV at the pn-junction of the In,S3-buffered CZTSSe sample
is almost at the threshold for efficient electron transport
across the buffer/absorber interface (0.4 eV22). Notwith-
standing the magnitude 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 ab-
sorber type inversion®). Band alignment can also influ-
ence the degree of quasi Fermi level splitting at the het-
erojunction under illumination, depicted schematically by
the dashed lines in Fig. Vee is enhanced by the spike-
like CBO at the InyS3/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,S3 is a more appropriate buffer ma-
terial to enhance device V,. than conventional CdS. Fur-
thermore, SCAPS simulations on CdS- and In,Ss-buffered
CZTSSe devices were performed using the XPS/IPES data,
see Fig. It is clearly evident the ’spike’ CBO in the In,S3
based device translates to a significant improvement in V.
compared 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 investigate the crystal quality of as-deposited CZTSSe
reference, CdS- and In,Ss buffered CZTSSe absorbers fab-
ricated from the same batch of nanoparticle inks, see Supp.
Figure The two sharp peaks at 173 and 197 cm~* cor-
respond to CZTSe**. All three CZTSSe thin films have a
high quality kesterite crystal structure with no obvious sec-
ondary phases observed.

To determine whether the deposition of different buffers
causes any modification to the surface region of CZTSSe
films, low temperature excitation intensity PL measure-
ments were made on the CZTSSe films. As the absorption
coefficient o of CZTSSe is ~4 x10* cm~! for the laser ex-
citation wavelength of 532 nm, it can be assumed the in-
cident 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. PL spectra for all samples ex-
hibit a broad asymmetric shape where the shallower low
energy slope is related to the joint density of states (JDOS)
of CB/VB tails**8 and the steeper high energy slope de-
pends on the photogenerated carrier distribution!Z, see Fig.
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 os-
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FIG. 1. Valence band maximum regions as measured by XPS for thick samples of (a) CdS, (c) In»Ss; and (e) CZTSSe and conduction band
minimum as measured by IPES for the same samples (b) CdS, (d) In»S3 and (f) CZTSSe. Combining XPS/IPES data gives estimated
bandgaps of 2.45, 2.75 and 1.15 €V for CdS, In.S3 and CZTSSe, respectively. These values are in good agreement with bandgap values
of 2.42, 2.72 and 1.14 eV determined from UV-VIS measurements, respectively.

cillations around 0.9 eV are due to water vapour absorp-
tion. For all samples, the PL peak maxima exhibit strong
blue-shifts with increasing excitation intensity up to a sat-
uration point with no increase in PL intensity or peak shift
upon higher excitation. An indication of the radiative pro-
cess 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 P*U,
Values of k > 1 are expected for band-related recombina-
tion whereas k < 1 indicates defect-mediated recombina-
tion. Fig. shows a log-log plot of the dependence of
Ipy, 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,S3 = 0.80 +
0.04) suggesting the main recombination mechanism is re-
lated to defects within the bandgap of the absorber and
remains unchanged regardless of buffer deposition. The
presence of charge carriers localised at defects with en-
ergy levels above (below) the VB (CB) is further indicated
by the strong blue-shift of PL peak maxima with increas-
ing excitation intensity. The blue-shifting PL energy max-
ima for CZTSSe samples as a function of increasing laser
power are shown in Fig. The energetic shift param-
eter 8 has a similar value of ~14 meV/decade for the as-
deposited reference and In,S3 buffered absorbers increas-
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FIG. 2. (a) Experimentally determined band alignment from
XPS/IPES data for CdS/CZTSSe (left) and InyS3/CZTSSe (right)
interfaces. A small ‘spike’ in the conduction band offset at the
In,S3/CZTSSe interface theoretically increases V,. compared to
that of a ‘cliff’ alignment at the CdS/CZTSSe interface. The
dashed lines represent the degree of quasi fermi level splitting
at the buffer/absorber interface and (b) SCAPS device modelling
showing increased V. in In,Ss-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 has been derived from experiments on nanoparticle ab-
sorbers.

ing to ~18 meV/decade for the CdS sample. The increase
in ( value for CdS-buffered absorber indicates a higher de-
gree of charge compensation than the other CZTSSe based
films4©.

Here radiative recombination can be explained by differ-
ent models: i) quasi donor-acceptor (QDAP) and ii) spatial
electrostatic potential fluctuations®!*>°, The QDAP model is
used to describe radiative recombination in strongly com-
pensated semiconductors where the DAP model is modified
to account for the interaction between clusters of charged
acceptor and donor defects. Similarly, electrostatic poten-
tial fluctuations are characterised by a constant bandgap
with parallel shifts in the VB and CB edges due to spatial
variations in concentration of charged defects, creating po-
tential wells in the VB and CB. The presence of both elec-
trostatic potential fluctuations and bandgap fluctuations
are also expected to some degree in highly doped and com-
pensated kesterites such as CZTSSe with Cu-Zn disorder in

the crystal lattice. Bandgap fluctuations are changes in the
material bandgap at the nanoscale caused by compositional
inhomogeneities' 7186,

(@
1.0+ 1
—
o
E 2
2
(_U 05 L 4
=
—
(@] Ref
Z ——cCds
—1In,S,
0.0 : : o
0.8 0.9 1.0 11 1.2
Energy (eV)
(b)
—~ B =13.9 £ 0.4 meV/decade
% 0.88| p=17.4+0.4 meV/decade 1
~ B =13.7 £ 0.4 meV/decade
>
2
5 086} .
c
)
X
8 0.84 @ Ref 1
a Q@ cCds
@ In,S;
0.82 L L .
10° 10" 102 10°
Power (mW/cm?)
()
6L 1

k=0.76 +0.04
k=0.81+0.03
— k = 0.80 + 0.04
= 5¢ 4
(@]
o
4+ @ Ref B
@ Cds
@ @ InS;
3 1 1 1
-3 -2 -1 0

log(P/Pmax)

FIG. 3. (a) Normalised 6 K PL spectra of all films excited with
same laser intensity showing significant shift of PL peaks from es-
timated room temperature bandgap of ~1.14 €V (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) evolu-
tion of PL band maxima with increasing P and (c) derivation of k
parameter from I~ P*.

In considering the energetic blue-shift of PL peak
maxima with increasing excitation intensity, Zacks and
Halperin conclude the expected [ values for the
QDAP model should only be ~8(2) meV/decade for
CZTS(CZTSe)*Z. In comparison, the 3 values determined



for all types of CZTSSe film studied here are significantly
higher, which would indicate the observed excitation de-
pendent behaviour is also influenced by electrostatic po-
tential fluctuations. Here increasing numbers of photogen-
erated carriers due to increasing excitation intensity screen
the Coulomb potential of the charged defects, consequently
flattening the band edge fluctuations. Thus the average
depth of these potential fluctuations ~ reduces as the exci-
tation intensity increases (the potential fluctuation depth ~
will be discussed in more detail later). Electrostatic poten-
tial fluctuations give rise to a number of radiative transi-
tions, such as tail-to-impurity (TI) where electrons trapped
in CB tail states recombine with holes localised at accep-
tor levels and exhibit similar behaviour to QDAP at low
temperatures>®,

The higher degree of charge compensation in the
buffered samples could be attributed to the diffusion of el-
ements such as In and Cd across the buffer/absorber inter-
face during buffer deposition 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 centres. The large 5 value deter-
mined for the CdS-buffered sample would suggest higher
concentrations 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 [Vo,, +
Zne,] and [Zng, + 2Zn¢,] are expected to be high?®. The
observed increase in compensation in the absorbers with
buffer layers (albeit slight in the case of In,S3) could be
accounted for by the formation of additional antisite de-
fects such as Cd¢,, and Ing,, promoted by buffer deposition
conditions?28703 Dye to the valencies of Cd and In atoms,
antisites Cd¢,, and Ing,, form donor and acceptor defects,
respectively. In the case of Cd¢,, high concentrations in
the top region of CZTSSe would contribute to n-type dop-
ing 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 absorber into the CdS as a result
of an annealing step following buffer deposition®06465|

The resulting rise in density of V¢, point defects can fur-
ther 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 (dop-
ing and depletion region width from C-V profiling and ef-
fects of interface defects from C-f measurements). PL spec-
tra were fitted with asymmetric double sigmoidal function
(DSF) proposed in*’ so as to determine the position of the
PL peak maximum. The PL peaks of the as-deposited ref-
erence and In,S;-buffered films are coincidental and red-
shifted by ~30 meV compared to the CdS-buffered film.
This suggests the CdS deposition conditions modify the
absorber structure near the interface. Yan et al. investi-
gated the effect of a 300 °C post-deposition heat treatment

on CdS/CusZnSnS, (CZTS) heterojunction and found an
interdiffusion of Cd and Zn between the buffer and ab-
sorber with diffusion depths of 200 and 15 nm for Cd and
Zn, respectively®?. High-angle annular dark-field (HAADF)
imaging confirmed the presence of Cd.,, antisite defects in
the top region of the CZTS film. It is also possible for Cd to
occupy Zn sites forming alloy CuyCd,Zn; ,SnS,; (CCZTS)
with a different bandgap to the bulk material. Both ob-
servations could account for the shift in PL peak position
illustrated in Fig.

The average depth of band edge potential fluctuations
~ is directly proportional to the total charged defect den-
sity Ny (which includes both radiative and non-radiative
defects)>253166  Gjebentritt et al. determined the low en-
ergy tail in PL spectra I pr,(E) followed a Gaussian distribu-
tion which accurately described the defect-related nature
of absorption tails caused by electrostatic potential and/or
bandgap fluctuations such that

2
Ipp(E) ~ exp (—(E%E‘”) @)
where E is the average emission energy with respect to
fluctuating potentials*®. Values for v can be readily de-
duced from examination of PL emission bands and the ab-
sorber total defect concentration N; subsequently deter-
mined. The maximum value of v occurs when all QDAP
states are fully occupied, i.e. maximum Coulombic attrac-
tion between defect clusters. Hence  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 ab-
sorbers, respectively. The increase in  for the CdS-buffered
sample could be ascribed to an increase in charge compen-
sation. For a highly compensated p-type material with a
fixed acceptor density such as CZTSSe, v o< N; (where N;
is the sum of charged acceptor N4+ and donor Np~ con-
centrations and N4 ~ Np), therefore an increase in donor
concentration Np will result in an increase in potential fluc-
tuation depth ~. In this case, the total number of ionised
defects increases together with the level of compensation
which in turn reduces the number of free holes. The screen-
ing length of charge carriers is thereby reduced which also
contributes to an increase in +.

The results of temperature-dependent PL measurements
are presented in Figs. and 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 alone (and not from addi-
tional contributions due to band-related recombination,
see Supp. Fig. [S4). In Fig. [4 the PL signal for the as-
deposited film is fully quenched at temperatures greater
than 160 K which suggests carriers are efficiently redis-
tributed into non-radiative states. The appearance of a
PL peak around 0.96 eV as temperature rises to 300 K
in CdS- and In,Ss3-buffered films indicates another radia-
tive recombination mechanism becomes predominant. The
evolution of PL peak maxima with increasing temperature
for all films is illustrated in Fig. The PL peak in the
as-deposited film shows a slight red-shift in temperature
range 6 - 60 K before exhibiting a slight blue-shift as tem-
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FIG. 4. Temperature dependence of PL spectra for as-deposited
reference, CdS- and In,S3-buffered CZTSSe films at laser power P
= 1.7 W/em®.

perature is increased up to 160 K, whereupon PL emission
is thermally quenched. The buffered films demonstrate a
different behaviour. Both buffered films show a red-shift of
the band maximum at a greater rate than the as-deposited
film as 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, respectively. Similar QDAP behaviour
was observed for CZTSSe solid solutions®4©7168,

Further analysis of the temperature dependence of PL
spectra reveals the activation energies of defects involved
in the recombination mechanisms for the studied films. A
two-defect model (Fig. best describes the observed
thermal quenching:

" Tt eremp (~5p) + eacap (~ 57)

Ipr(T) (€))]

where I is the integrated PL intensity extrapolated to O
K, c; and cy are process rate parameters and E,; (for T
< Tpin) and E,o (for T > T,,:,) are the defect activa-
tion energies. The determined activation energies E,; and
Epare 14 £ 1,12 +£ 1, 7 &+ 1 meV and 62 £+ 8, 55 +

3, 46 + 7 meV for as-deposited reference, CdS-buffered
and In,S3-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 behaviour for T
< Tmin64‘67-
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FIG. 5. (a) Maximum PL peak position vs. temperature showing
a change in recombination mechanism with increasing tempera-
ture and (b) Arrhenius plot of integrated PL with derived defect
activation energies.

Activation energy E, is associated with radiative recom-
bination in the temperature regime T,,;, < T < 295 K.
Given the similarity in v and E,;5 values for all three CZTSSe
films, it would be reasonable to assume radiative transi-
tions involve tail states as T approaches room temperature.
However, in a compensated material the PL peak is ex-
pected to red-shift with increasing T, which is not the case
here where a strong blue-shift in Epy with increasing T is
observed. Levcenko et al. saw very similar temperature-
dependent PL behaviour in their CZTSSe films and con-
cluded the deeper defect level E,, is more probably a donor
state in a p-type absorber®”.

Fig.  [6] shows the room temperatutre excitation-
dependent PL response of the In,Ss-buffered film. A
change in k value indicates a change in the main radia-
tive recombination process from defect mediated at 6 K
(k < 1, k = 0.80) to band-related at 295 K (k > 1, k =
1.13). Further evidence of a band-related transition is also
demonstrated as there is no shift in the PL peak with in-



creasing excitation at room temperature. The inset in Fig.
[ shows room temperature PL spectra of the CdS-buffered
and In,S3-buffered CZTSSe films. The PL peaks at 0.962 eV
(CdS-buffered) and 0.944 eV (InySs-buffered) are signifi-
cantly red-shifted from their respective bandgaps at 1.144
eV determined from EQE measurements (see Supp. Fig.
[S3). 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 analyse accurately, it
is reasonable to assume the same acceptor defect is also
present in this film. The magnitude of the PL peak red-
shift from room temperature bandgap is roughly equivalent
to the activation energy of the acceptor defect, giving val-
ues of 182 meV and 200 meV for CdS-buffered and In,Ss-
buffered films, respectively. These activation energies are
in agreement with our previous deep level transient spec-
troscopy (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.

5 . ey ———— 1.02
7 I
o E —~~
. 3 © 11.00 3
. I g x21 g
= o ——In,S 7 O 98 —_
o)) =z 293 ()
S 3l ——cds c
- 0.8 1.0 12 (0}
Energy (eV) 0.96 x
Al AA‘IAAA“A 8
L A A
2r 4 loos &
10’ 102 10° 10* 10°

Power density (mW/cm?)

FIG. 6. Room temperature excitation-dependence of integrated
PL intensity and PL peak position of the In,S3 based CZTSSe film
with inset showing room temperature normalised PL spectra for
CdS- and In,Ss-buffered CZTSSe films with indicated bandgap of
respective films.

AD initio DFT calculations!® reveal donor defects such
as Znc,, Sng, antisites and Cu; are shallow in nature
whereas Sn-related acceptor defects such as Vg,, Cus,
and Zng, have formation energies in the range of the ob-
served activation energies of acceptor defects found in the
CZTSSe-based films studied here. Given the Cu-poor and
Zn-rich growth conditions of the absorber films, it is rea-
sonable to assume the donor and acceptor defects present
are antisites Zn¢,, and Zng,,. Such conditions also promote
higher concentrations of free hole carrier defect Vo, and
associated benign defect clusters [V¢,, + Zne,, ] and [Zng,
+ 2Zn¢,] which are expected in all analysed CZTSSe-
based films. Given the antisite defect Cd¢,, forms a shal-
low donor level with formation energy similar to Zn,/28©?
and Cd diffusion into CZTSSe absorbers has been demon-

strated experimentally®?€0, it is reasonable to assume the

presence of Cdg, defects and [Vg, + Cdc,] clusters in
the surface region of the CdS-buffered CZTSSe film stud-
ied 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 characterisation

The results of electrical device characterisation of CdS-
buffered and In,S3-buffered CZTSSe solar cells are pre-
sented in Figs. [7] and [8] with device parameters shown in
Table[[} The J-V curves for the best performing devices mea-
sured in the dark and under 1-sun illumination are plotted
in Fig. It is evident the In,Ss-based device shows a
clear drop in V,. and suffers from poor shunt resistance
R,p, (~25 Qcm?) compared to the CdS-based device (~106
Qcm?). As a consequence, the fill-factor (FF) is also re-
duced. The cause of the low shunt resistance is not imme-
diately apparent as scanning electron microscopy (SEM)
images reveal a conformal layer of In,S3 of thickness ~70
nm following CBD (see Supp. Fig. [S5). 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 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;.) ver-
sus V plot for both types of device shows the superposition
rule does not apply which is to be expected in non-ideal
thin film solar cells and the photocurrent generated in both
devices shows a slight voltage dependence, see Supp. Fig.
S6)

To gain an insight into the reduced V,., capacitance-
voltage (C-V) measurements were conducted at a fre-
quency of 100 kHz. The C-V profile curves for CZTSSe
devices with different buffers are presented in Fig.
The carrier concentration N4 and depletion region width
wy for both devices at zero voltage bias are indicated on
the plot. In terms of N4, an increase in doping density of
around one order of magnitude from 1.1 x 106 cm =3 to 1.2
x 10'7 ecm~3 is observed for the InySs-buffered compared
to the CdS-buffered device. According to’? the change in
Vo can be estimated by AV,. = kT/q In(N a1 /N 42), assum-
ing a change only in the doping density of the absorbers
being compared. The increase in doping density in the
In,S3-based device should have an associated V,,. improve-
ment of 61 mV. As V,. can be detrimentally affected by
high shunt conductance G,,°%73 this anomaly can be ex-
plained in terms of increased G, compared to the CdS-
based device (G, (InyS3) = 39.3 mS/cm?, Gy, (CdS) =
9.4 mS/cm?). Similar carrier concentrations were observed
in CZTSSe devices with In,S; buffer layers and CZTSSe ab-
sorbers intentionally doped with In30©274, The elevated



Table 1. Device parameters for the CZTSSe cells at room temperature. R, 1, Rsn,z, n and Jo 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”Y). E,, Na, wq and L, are the bandgap, apparent doping density, depletion region width and effective diffusion length,

respectively

CZTSSe i FF Voc Jsc Rs,L Rsh,L A Jo Eg NA Wq Ld
buffer %) (%) (@mV) (mA/cm?) (Qcm® (Qcm?) (mA/cm?) (eV) (em™®) (nm) (nm)
Cds 32 42,6 255 26.1 1.64 106.3 2.0 49x107% 1.145 1.1x10'® 273 532
InsSs 2.3 35.3 220 27.3 2.27 1.6 14x1073 1.144 1.2x10%7 35 681
@ < effective carrier collection length L. is also related to the
£ 100 diffusion length of the minority carrier L, and is roughly
O equal to wg + Lg.
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FIG. 7. (a) J-V curves of solar cells with CdS and In»S3 buffers i In,S, (1.55 mW/cm?)

measured in the dark (dashed lines) and under 1-Sun illumina-
tion (solid lines) with crossover points highlighted by [J and (b)
C-V depth profiles with indicated w, and N4 values at zero bias
with inset showing voltage bias dependence of defect characteris-
tic frequency faey-.

hole concentrations in these devices and ones studied here
is mainly due to the substitution of Sn** with In®*, facil-
itated by the similarity in their ionic radius®. The deple-
tion region width wy in the In,S3-buffered device is 35 nm,
which is almost eight times shorter than that of the CdS-
buffered device (wg = 273 nm). As effective charge separa-
tion occurs in the depletion region in the absorber material
of a solar cell, such a small w; due to high hole concen-
tration in CZTSSe adversely affects carrier collection. The

600 800 1000 1200
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0 Il
400 1400

FIG. 8. (a) Reverse-bias EQE plots with EQE ratio -0.5/0 V of
solar cells with CdS and In,Ss buffers and (b) light-biased EQE
plots with CZTSSe solar cells under 1.55 mW/cm? illumination.

From analysis of absorption coefficient o and internal
quantum efficiency (IQE) data (see Supp. Fig. L, val-
ues of 532 nm and 681 nm were extracted for CdS-buffered
and In,S3-buffered CZTSSe solar cells, respectively. Due
to the narrow space charge region in the In,S3-based de-
vice, the effective carrier collection length is significantly
larger in the CdS-based device (L;; (CdS) = 805 nm and
Less (IngS3) = 716 nm). Reduced carrier collection from



longer wavelength photons in the InyS3-buffered solar cell
is also evident in the EQE plots for both devices, see Fig.
The unbiased EQE curves demonstrate the In,Ss-buffered
device is generally less efficient at carrier extraction than
the CdS counterpart except in the sub 500 nm wavelength
region where extraction is enhanced due to the higher
bandgap and transparency of the In,S3 layer. The over-
all lower efficiency would suggest there is a greater barrier
for electron transport in this device. The -0.5 V reverse bi-
ased EQE curves are also shown in Fig. 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,Ss-buffered device
results in a significant increase in EQE response. The ratio
between unbiased and biased curves for the InySs-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 facil-
itates the carrier collection deeper into the absorber bulk.
These observations are concurrent with lower effective car-
rier diffusion length in the In,S3-buffered device. Compli-
mentary EQE measurements with and without white light
bias (1.55 mW/cm?) were performed, as shown in Fig.
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 recombi-
nation in the space charge region. Conversely, the In,S;-
buffered device exhibits a substantial increase in EQE over
the wavelength region below 800 nm upon light bias ap-
plication. It would appear that the InyS3/CZTSSe inter-
face is photoactive and the increase in photoconductivity of
the In,S3 layer increases the depletion region width lead-
ing to the observed higher collection efficiencies. To gain
a better understanding of the buffer/absorber interface,
capacitance-frequency (C-f) sweeps at different bias volt-
ages were performed to evaluate interface and/or bulk de-
fect characteristic frequencies fy.s. C-f plots show a sharp
decrease of capacitance at higher frequencies (see Supp.
Fig. and the inflection point in the capacitance curve
corresponds to the defect characteristic frequency. The bias
voltage dependence of fy. s is illustrated in the inset of Fig.
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 fqe s with bias voltage indicates a predominance of inter-
face defect states”>. The characteristic defect frequency for
the CdS-buffered device is roughly constant over the bias
measurement range whereas the defect frequency for the
In, S5 counterpart rises from ~60 kHz up to ~250 kHz. The
presence of high concentrations of interface defects in the
In,S3-based CZTSSe solar cell could account for the lower
V,. observed in the device.

With regard to InyS3/CZTSSe interface and device per-
formance, SCAPS device simulations were performed to
study the effect of varying interface defect concentrations,
Nin:. In these simulations, experimentally determined ab-
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sorption data for CZTSSe, CdS and In,S3 thin films were
used. The effects of donor-like CZTSSe/In,S; interface de-
fects were tested on Mo/CZTSSe/In,S3(CdS)/i-ZnO stacks.
A summary of all material parameters is listed in Supp. Ta-
ble The simulation results in Fig. [9alshow that a reduc-
tion in interface defect concentrations from 3.0 x10'* cm—3
to 0.1 x10' c¢cm™2 results in an overall increase in carrier
collection over the whole wavelength spectrum with an en-
hanced extraction in the blue photon range (< 500 nm).
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FIG. 9. SCAPS device modeling showing (a) EQE of In,Ss-

buffered CZTSSe solar cell with varying concentration of interface
defects and (b) V,. and 7 versus N;,; plots.

Higher EQE in the 550 - 1050 nm range can be under-
stood by increased photogeneration from an extended de-
pletion region due to a reduction in interface defects. The
simulated EQE curve at 3.0 x10'* ecm~2 is in good agree-
ment with experimental data (Figs. and [b). The simu-
lation results suggest a reduction in interface states in the
In,S3-buffered device would lead to J;. improvement and
consequent efficiency enhancement. Simulated J-V mea-
surements were performed with increasing concentrations
of interface defects and extracted V,. and efficiency, n pa-
rameters are plotted as a function of N;,; in Fig. It
is apparent that a reduction in N;,; leads to a significant
increase in V,,. together with a marked improvement in de-
vice efficiency.



V. Conclusions

In summary, the interface properties between CdS and
In,S3 buffer layers and kesterite CZTSSe absorber films
fabricated from nanoparticle inks have been comprehen-
sively investigated. XPS and IPES analysis revealed a pref-
erential ‘spike’ conduction band offset of +0.39 €V at the
In,S3/CZTSSe interface as opposed to a ‘cliff’ offset of -
0.68 eV for the CdS/CZTSSe junction. PL studies of CdS-
and In,S;-buffered CZTSSe thin films suggest the deposi-
tion 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 compensation is increased and free carrier concen-
tration reduced. Mott-Schottky analysis shows In,S3 based
solar cells have increased doping density, however the opti-
mised conduction band alignment and elevated carrier con-
centration does not translate to improved performance in
this type of device. Mott-Schottky analysis also indicated
a prevalence of interface defects in the In,S;-buffered so-
lar cells, accounting for the reduced V,. observed in these
devices. SCAPS device modeling of both types of CZTSSe
solar cells showed a reduction in the concentration of in-
terface defects led to an improvement in the efficiency of
the In,S3 based devices due not only to increased V,,. but
also enhanced J,. compared to that with a CdS buffer. The
results demonstrate the potential of In,S3 as a buffer mate-
rial for CZTSSe absorbers providing that interface defects
are mitigated using suitable absorber surface passivation or
barrier layer deposition.

Supplementary Material

See 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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Supplementary information

Table S1. A summary of the parameters used to obtain band offsets at the CdS/CZTSSe and In»S3/CZTSSe interfaces using the Kraut
method®®

Sample poversub over,sub E, AE, AE,
core level (eV) (eV) (eV) (eV) (eV)
CdS (overlayer) Cd 3d5, 405.41 1.96 2.45 - -
S 2p32 161.82 1.96 2.45 - -
CZTSSe (substrate) Cu 2p3 /2 932.47 0.39 1.15 -1.92 -0.62
Zn 2ps3 5 1021.96 0.39 1.15 -1.98 -0.68
Sn 3d5/, 486.55 0.39 1.15 -2.02 -0.72
Se 3ds/> 54.39 0.39 1.15 -1.98 -0.68
In,S3 (overlayer) In 3d5/2 445.34 1.94 2.75 - -
S 2p3/o 161.82 1.94 2.75 - -
CZTSSe (substrate) Cu 2p3/9 932.47 0.39 1.15 -1.22 0.38
Zn 2pg /o 1021.96 0.39 1.15 -1.12 0.48
Sn 3ds,2 486.55 0.39 1.15 -1.33 0.27
Se 3d5 /2 54.39 0.39 1.15 -1.16 0.44
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Table S2. Device simulation parameters, d: layer thickness, E,: bandgap, x: electron affinity, ¢/¢o: dielectric constant, m.*/mo:
effective mass, p: carrier mobility, N4, p: apparent doping density D:donor A:Acceptor, N;:bulk defect density, E;: defect energy level
relative to VB, o: capture cross section and N;,.: interface defect concentration. Subscripts e and h are electron and hole, respectively.

Layer properties CZTSSe Cds InsS3 i-ZnO
d (um) 1.200 0.070 0.060 0.035
E, (eV) 1.14¢ 2.42¢ 2.72% 3.37°
x (eV) 4.6° 4.5¢ 4.74 4.7¢
e/€o 8.5¢ 9.0° 13.5¢ 9.0°
me*/mg 0.1¢ 0.25% 0.25¢ 0.275°
mp*/mg 0.32¢ 0.7b 0.7¢ 0.59°
1te (cm?/Vs) 80° 160° 4007 200°
wn (cm?/Vs) 250 15° 210 93b
Ny p (cm™) A: 5x1016f D: 1 x10!7° D: 1x10'8 D: 1 x10'8?
Bulk defects (single level)

N, (cm™3) A: 109 D: 1017 D: 10'8 D: 1017
E; (cm™®) 0.099 0.10° 0.10 0.10°
N; (cm™3) A: 10149

E; (cm™3) 0.189

N; (cm—3) D: 1015%

E; (cm™?) 0.63?

Oe (cm2) 10—1417 10—17b 10—17 10—1217
on (CmQ) 10—14b 10—11b 10—11 10—15b
Interface defects between CZTSSe and CdS/In,Ss

(uniform distribution throughout interface)

N (em™3) D: varied D: varied

o (cm?) 10-13 10-13

o, (cm?) 1015 1018

2Experimentally determined from UV-VIS measurements

bReference’®

°Reference’’

dReference’®

¢Reference’?

fExperimentally determined from C-V measurements
9Experimentally determined from PL measurements and DLTS in reference*?
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FIG. S1. Fermi level of a clean silver foil sample as measured by (a) XPS and (b) IPES.
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FIG. S2. Raman spectra of as-deposited reference, CdS- and In,Ss-buffered CZTSSe absorber thin films.
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FIG. S3. (a) EQE plots for CdS- and In,Ss-buffered CZTSSe devices and (b) bandgap determination for same devices from internal
quantum efficiency (IQE) measurements.
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FIG. S4. (a) Asymmetric double sigmoidal peak fit at 0.885 eV of 6 K PL spectra from CdS based CZTSSe film under low excitation and
(b) cumulative peak fitting of PL spectra from the same film under high excitation. Fitted with asymmetric double sigmoidal at 0.872
eV and gaussian at 0.920 eV which shows the emergence of another radiative transition. Note oscillations around 0.900 eV are due to
water vapour absorption of light.
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FIG. S5. Cross-sectional SEM image of In,Ss-buffered CZTSSe thin film showing conformal coating of In,S3 layer.
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