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An ITO-Free Kesterite Solar Cell

Yixiong Ji, Wangxian Chen, Di Yan, James Bullock, Yang Xu, Zhenghua Su, Wentong Yang,
Jamie Stuart Laird, Tian Zheng, Na Wu, Wusong Zha, Qun Luo, Chang-Qi Ma,

Trevor A. Smith, Fangyang Liu,* and Paul Mulvaney*

Photovoltaic thin film solar cells based on kesterite Cu,ZnSn(S, Se), (CZTSSe)
have reached 13.8% sunlight-to-electricity conversion efficiency. However, this
efficiency is still far from the Shockley-Queisser radiative limit and is hindered
by the significant deficit in open circuit voltage (V). The presence of
high-density interface states between the absorber layer and buffer or window
layer leads to the recombination of photogenerated carriers, thereby reducing
effective carrier collection. To tackle this issue, a new window structure
ZnO/AgNW/ZnO/AgNW (ZAZA) comprising layers of ZnO and silver
nanowires (AgNWs) is proposed. This structure offers a simple and
low-damage processing method, resulting in improved optoelectronic
properties and junction quality. The ZAZA-based devices exhibit enhanced
Voc due to the higher built-in voltage (V,;) and reduced interface
recombination compared to the usual indium tin oxide (ITO) based
structures. Additionally, improved carrier collection is demonstrated as a
result of the shortened collection paths and the more uniform carrier lifetime
distribution. These advances enable the fabrication of the first ITO-free
CZTSSe solar cells with over 10% efficiency without an anti-reflective coating.

1. Introduction

Successive power-conversion-efficiency (PCE) breakthroughs
over the past several years have brought Cu,ZnSn(S, Se), to the
forefront of solar energy research. Although Cu,ZnSn(S, Se), is
non-toxic, exhibits excellent photostability, and can be fabricated

scaleably and cheaply, these advantages
have been overshadowed by its low PCE.
The bandgap of kesterite can be tuned
over a wide range from 1.0 to 1.5 eV, and
it has a very high absorption coefficient,
which leads to a theoretical maximum effi-
ciency of around 30%. However, the cham-
pion efficiency of 14.9% still lies well be-
hind the efficiency of its counterpart Cu(In,
Ga)Se, (CIGS) (currently 23.5%!") despite
the similar electronic structure and device
architecture.l*?]

A major challenge is improving the struc-
ture of the upper interfaces between CZTS,
the window layer CdS and the transpar-
ent conductor, ITO. The CZTS-CdS p-n het-
erojunction is affected by poor band align-
ment (conduction band offset), and sub-
optimal optoelectronic properties of the
adjacent transparent conducting films.[*’]

Hao et al. demonstrated that high-
temperature annealing of a CZTS/CdS
structure improved the conduction band
alighment and minority carrier lifetime within the depletion
region.®l Su et al. likewise found that indium diffusion from
the indium tin oxide (ITO) layer caused by annealing, re-
sulted in better carrier equilibration on both sides of the
pn junction and improved the PCE for a Cd-doped CZTS
solar cell.”l Impressively, Xin et al. achieved 13% CZTSSe
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solar cells by introducing Ag doping and preparing ITO at high
temperatures.[®] The resulting change in carrier concentration
due to element diffusion in the top layer material significantly
improved cell performance. This indicates that the structure of
the top window layers has a large impact on overall device perfor-
mance; however this is not easily captured by conventional eval-
uation metrics such as window layer transparency and conduc-
tivity.

Consequently, a meticulously optimized post-annealing pro-
cess for the ITO layer is always needed to guarantee the high
performance of kesterite solar cells.l”] Typically, the doping den-
sity of the ITO film is determined by the density of oxygen va-
cancies. The indium ions within the ITO may diffuse into the
CdS or CZTS layers, leading to changes in the doping concen-
tration of electrons and holes, respectively. Moreover, the n-type
dopant concentration within the ITO film is significantly higher
than in the CdS layer. Therefore, the ITO film serves not only as
a transparent conductive oxide (TCO) but also as a crucial n-type
semiconductor in CZTS heterojunction solar cells, whereas the
CdS functions more as a buffer layer. Consequently, all aspects
of the ITO film, including its conductivity, carrier concentration,
mobility, transmittance, and even work function, critically affect
the power conversion efficiency of solar cells. Unfortunately, op-
timizing all of these parameters is challenging due to variations
in deposition equipment used across different laboratories. Fi-
nally, the increasing scarcity of indium makes replacing it as the
TCO increasingly important.

In response to these challenges, we propose a
ZnO/AgNW/ZnO/AgNW (ZAZA) transparent electrode struc-
ture for kesterite solar cells. This structure is created by
combining low-power sputtering and solution processing, of-
fering simplicity and excellent reproducibility. The deposition
of the ZAZA top window layer minimizes crystal damage and
the number of defects at the CZTSSe/CdS heterojunction by
avoiding the prolonged high-power, plasma-assisted sputtering
needed for ITO deposition. Additionally, the ZAZA design
increases the carrier density without requiring oxygen control
or post-treatment. This leads to a higher built-in potential and
expanded depletion region with the CZTSSe absorber. Moreover,
the carrier collection path is significantly reduced from 400 to
80 nm, and defects near the CZTSSe/CdS interface are elim-
inated. As a result, the open-circuit voltage (V) is improved
from 470 mV to over 504 mV, even in the absence of added
dopants in the absorber layer.

2. Results and Discussion

The optoelectronic performance of the TCO is usually quanti-
fied using the figure of merit (FoM), defined as ¢,,/5,,(4) in the
equation:(’!

T=<1+

where Z, is the impedance of free space, o, and c,,(4) are the
direct-current and optical conductivities of the materials, respec-
tively, T is the transmittance of the TCO films (measured at a
wavelength of 550 nm), and R, is the sheet resistance. The

c -2
Z0 op(/l) ) (1)

2 Rsheeto-dc
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value of FoM = o,/c,,(4) can be obtained from Equation (1).
However, the calculation of the FoM from the properties of the
TCO films alone will lead to an overestimation of the TCO effi-
ciency. The high transmission and conductivity achieved by Ag-
NWs do not guarantee good performance since this also requires
good electronic contact with the neighboring layers in the cell.
For silver nanowires, the lower contact area and unavoidable
roughness of the wire matrix make it difficult to achieve signifi-
cant improvement in devices even if the material exhibits better
transmission and sheet resistance compared to ITO.[1%

To achieve optimal electrical contact, we explored two ZnO
and AgNW stacking transparent electrodes, which are shown
in Figure 1. Compared to ZnO/ITO layers prepared by sputter-
ing, AgNWs spun onto ZnO droop across the large kesterite
grains, resulting in poor contact over the valley regions. Be-
cause of the higher carrier recombination rate in these re-
gions, ZnO/AgNW-based devices suffer inefficient extraction of
charge carriers, resulting in non-uniform surface charge col-
lection for the corresponding solar cells."!l We found that a
ZnO/AgNW/ZnO/AgNW multi-layer composite structure over-
comes the above problem. The first ZnO layer was deposited on
CdS with a thickness of 30 nm. Then 2mg ml~! AgNWs were
spin-coated at 3000 rpm for 40 s and dried at 120°C for 15 min.
Subsequently, the aforementioned two steps were repeated to cre-
ate the ZAZA structure. Surprisingly, the deposition of a sec-
ond layer of 30 nm-ZnO helped push the spin-coated AgNWs
deeper into the trenches between the kesterite grains (shown
in Figure 1 c2,c3) and dramatically improved the quality of the
electrical contact.[*!?] Moreover, when combined with the upper
layer of AgNWs, a conductive network was formed, as shown in
Figure S1 (Supporting Information). This facilitated enhanced
charge extraction at the CZTSSe grain boundary areas and also
converted the intrinsic ZnO into a more conductive, n-type semi-
conductor material.

Photocurrent mapping with contact-mode conductive AFM (c-
AFM) was employed to study the current collection efficiency of
the devices with both ZnO/ITO and ZAZA structures. To match
the 0-3 nA measurement range of the c-AFM electronics, a weak
LED was used to illuminate the solar cell, and a resistor was con-
nected in series to enable the detection of the photogenerated cur-
rent (Figure 2a).'*!*! Typical topography and surface photocur-
rent maps are presented in Figure 2b—e. During the measure-
ments, the tip was grounded and a positive 0.3 V bias was applied
to the sample. The disparity in the current collection at grain-in
(GI) and grain-boundary (GB) sites is evident in c-AFM mapping.
The ZnO/ITO configuration is capable of efficient collection of
the photocurrent generated at GIs, while the extraction at the GBs
is comparatively poor. By studying the current collection across
both smooth and rough areas of the device, the role of surface
roughness can be taken into account. Importantly, in the ZAZA
sample, the bent silver nanowires enable the carriers to be effi-
ciently extracted even at the grain boundaries. This suggests that
better photovoltaic performance can be achieved in ZAZA-based
solar cells.

The photovoltaic performance parameters of CZTSSe devices
with ZnO/AgNW/ZnO/AgNW and ZnO/ITO window structures,
including open circuit voltage (V), short-circuit current den-
sity (J4¢), fill factor (FF), and power conversion efficiency (PCE)
are shown in Figure 3. Devices with a ZAZA window structure

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Device structures with different window layers: a1l) Mo/CZTSSe/CdS/ZnO/ITO (denoted as 'ZITO’), b1) Mo/CZTSSe/CdS/ZnO/AgNW (de-
noted as 'ZA"), and c1) Mo/CZTSSe/CdS/ZnO/AgNW/ZnO/AgNW (denoted as 'ZAZA’). The corresponding plane-view SEM images of ZITO, ZA, and
ZAZA devices are shown in (a2,b2,c2) and the cross-sectional SEM images are shown in (a3,b3,c3).

exhibit a clear and significant improvement in V., but an in-
significant improvement in current density, which is not what
we expected, based on the c-AFM results. To better comprehend
this phenomenon, a more detailed analysis of two champion de-
vices is presented in Table 1. The final current density and fill

@) (b)°

factor were not substantially increased due to higher series resis-
tance, potentially stemming from insufficient element diffusion
of the absorbers, resulting in decreased carrier density and re-
duced conductivity. However, consistent with our expectations,
the shunt resistance was notably enhanced due to more efficient

Figure 2. a) Set-up for conductive AFM mapping under weak illumination. Topography and conductive AFM mapping of ZITO device (b,d) and ZAZA

device (c,e), respectively.
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the champion ZITO and ZAZA devices, respectively.

electron collection from the ZAZA structure. This supports our
hypothesis that by avoiding ITO deposition, we can minimize
the likelihood of shunting and obviate the creation of plasma-
induced defects.

The V, in a thin-film solar cell is determined by the built-
in potential across the p-n junction, which is a function of the
carrier densities on both the n and p sides, as shown in Equa-
tion (2). Here k is the Boltzmann constant, T'is the temperature,
and q is the elementary charge. N, represents the donor densi-
ties in CdS, ZnO, ITO, or ZAZA layers, and N, represents the ac-
ceptor density in the CZTSSe layer. The change in V,; caused by
the n-side carrier density difference is described by Equation (3).
Hall measurements on ZnO/ITO and ZAZA electrodes were
used to determine the carrier densities (see Figure S2, Support-
ing Information). The ZAZA structure exhibited a much higher

Wavelength (nm)

Jso» FF, and power conversion efficiency for 38 independent ZITO and ZAZA solar cells. b,c) J-V curves and EQE spectra for

n-type doping concentration (of approximately 10** ¢cm~3) than
the ZnO/ITO films (10?! cm~3), which led to an increased built-
in potential, resulting in greater band bending and increased V-
at the heterojunction. A similar phenomenon has been observed
in previous studies of CIGS and CZTS solar cells by using Ag-
NWs in place of ITO (as listed in Tables S1 and S2, Support-
ing Information): a higher open circuit voltage is often achieved
using the AgNW-based structure.>2¢] Here, we attribute this
phenomenon to the neglected carrier density enhancement
of the ZnO window layer with embedded AgNW conductive
frameworks.[”]

kT, NpXN,
n—=——=2

V,, = —I

1

2)

Table 1. The photovoltaic and diode parameters of the best ZAZA and ZITO solar cells. The values of E, are obtained from the EQE data. The diode

parameters are extracted from dark J—V curves.

Device Voc(V) Jsc(mA cm=2) FF (%) PCE(%) A Jo(mA cm~2) Rs(ohm cm?) Gy (MS cm™2) Eg/q-Voc(eV) Ey(meV)
ZAZA 0.504 34.6 62.8 10.8 1.49 3.37x10°° 1.83 0.036 0.596 473
ZITO 0.470 35.2 60.0 9.7 1.82 8.90 x 1074 1.52 0.282 0.63 45.8
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Figure 4. Schematic diagrams of carrier extraction in a) ZITO and b) ZAZA devices. c) Plot of 1/C? versus voltage showing the variation in the built-in
potential, V;. d) CV-DLCP curves and the calculated width of the space charge region are shown as the dashed lines at 0 V bias.

T Ngd5+ZAZA
AV = 7ln NCis+2r0/ITO (3)
D
—£., N
Ney = z (4)

(d((1/C?)/dV)qA%qe,, Ny + 2¢,,

S
Nprep = 2ATe,,C, ©)
In addition to considering the built-in potential within the junc-
tion, we have conducted defect analysis on the performance of
the heterojunction with and without the high-energy plasma pro-
cess using both capacity—voltage (C-V) profile and drive-level ca-
pacity profile (DLCP) measurements (Figure 4). The charge den-
sity, width of the depletion region, and defect densities derived
from C-V and DLCP data are listed in Table 2. Based on the C-
V data, the built-in potential of the p-n junction was increased
from 0.50 V for the ITO-based device to 0.58 V for the ZAZA de-
vice. Np;-derived DLCP measurements include responses from
both the free carriers in CZTSSe and any deep-level defects, while
the N, from C-V also includes the response from interface trap
states.!?8] It is noticeable that both the N, and N ,; responses for
the devices with ZAZA structure are decreased significantly, even
though identical processes were used to prepare the kesterite ab-
sorber layers. The differences in free carrier concentration, there-

Table 2. Summary of the results derived from C-V and DLCP measurements.

fore, arise from differences in the fabrication processes for the
top TCO layers. We believe this results in differing amounts of
atomic diffusion across the interfaces during the processing. The
lack of atomic Indium is the main reason for the relatively lower
carrier concentration in the ZAZA sample.l”] In addition, the dis-
parity between the C-V and DLCP measurements at zero bias is
likely due to the presence of interface traps within the junction. A
decrease in the N-Np,; values at zero bias indicates a reduction
in the number of interface traps present at the CZTSSe/CdS junc-
tion (Table 2).

Sun-V, measurements are an effective method for analyz-
ing heterojunction quality and were performed on the champion
ZAZA device with a ZITO device serving as the reference. We
assumed that J¢. is proportional to the light intensity (Equa-
tion (6)).12] The ideality factors that directly reflect the perfor-
mance of a diode can be extracted from the Suns-V,. curves as
shown in Figure 5. The ZAZA device exhibited consistently better
diode properties (i.e., a lower ideality factor) from low injection
levels right up to high injection levels.

Suns — J1(light intensity)

(©)

Jsc (one sun )

VOC VOC VOC
J=T1—Jn <exp <V_T> - 1) —Jo2 <exp <2VT> - 1) - R_h (7)

Device Vyi (V) Ney(cm™) Np, (cm™3) Depletion width (nm) Interface state response(relative values)
ZAZA 0.58 244 x 107 9.74 x 101 332 1.46 x 101°
ZITO 0.50 6.33x 10 3.09 x 10 172 3.24x10°
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Figure 5. a) Light intensity versus V¢ for ZAZA and ZITO devices. b) Ideality factor n, as a function of light intensity. c) Device performance parameters

by fitting Suns-V¢ curves using a two-diode model.

The recombination parameters were extracted from the ob-
tained Sun-V,. data using the usual two-diode model in
Equation (7). Here, V; is the thermal voltage, and J,, and J,,
are the saturation currents for the n = 1 and n = 2 diodes,
respectively. Typically, J,, is determined primarily by the rate
of recombination within the neutral zone of the CZTSSe ab-
sorber, ie., deeper within the absorber layer, while J,, rep-
resents the recombination within the space charge region
(SCR) which lies closer to the heterojunction.?%! It is note-
worthy that while ], remains almost unchanged, J,, experi-
ences a significant decrease for cells with the ZAZA struc-
ture, suggesting that recombination within the SCR is drasti-
cally reduced. Moreover, there is a higher pseudo-FF and bet-
ter n,,,, that are consistent with higher p-n junction diode qual-
ity and/or decreased defect concentration at the CZTSSe/CdS
interface.l®!

To further understand the carrier recombination mechanisms
at the heterojunction interface of ZnO/ITO and ZAZA de-
vices, time-resolved emission microscopy (TREM) with a sub-
micrometer resolution was carried out. It is worth noticing

Small 2023, 2307242
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that a 532 nm laser was used to excite the PL signal at a
shallow depth through the whole CZTSSe absorber so that
more information about the interface and quality of the SCR
could be collected. The ZAZA and ZITO devices present com-
parable average lifetimes (zr,) of 3.40 and 3.38 ns, respec-
tively, as shown in Figure S7 (Supporting Information). The
TREM results in Figure 6 provide additional details regard-
ing the uniformity of lifetimes, including the average life-
time 7, and the biexponential fitted lifetimes 7, and 7,. In
general, 7, represents the fast decay time of photogenerated
carriers, which is mainly due to the interface recombination
and defects in the shallow depth of the material. 7, repre-
sents the slow decay time, which is related to bulk recombi-
nation and can be used to evaluate the quality of the bulk
absorbers.®! Specifically, an overall longer 7, from the ZAZA
device indicates a better CZTSSe/CdS interface and also im-
proved junction quality. Conversely, a shorter 7, is also ev-
ident for the same device, which results from insufficient
dopant interdiffusion within the low-energy processed ZAZA
solar cells. The uniformity of lifetimes is displayed in tau

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Time-resolved emission microscopy (TREM) images of the ZITO and ZAZA devices. In (al,b1,c1), the average lifetimes (z,,), fitted fast
decay times 71, and slow decay times 7, are shown for the ZITO device. (a2,b2,c2) display the respective values for the ZAZA device. Tau plots of the
corresponding lifetimes are depicted in (a3) for z,,, (b3) for z,, and (c3) for 7, with blue shadows for the ZAZA device and orange shadows for the

ZITO device.

plots, indicating obvious improvements in devices with the
ZAZA structure.

3. Conclusion

An AgNW-based ZnO/AgNW/ZnO/AgNW window structure has
been proposed as a replacement for ITO in kesterite solar cells.
Due to the increased carrier density and the avoidance of high-
energy sputtering, an enlarged built-in potential and better junc-
tion quality have been attained. The new window layer exhibits
decreased interface recombination. The open circuit voltage has
been improved from 0.470 V to over 0.504V without any doping
or post-treatment. The data clearly illustrate that the V. deficit
in kesterite solar cells can be drastically reduced through better
device architectures.
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4. Experimental Section

Reagent and  Materials: Cu(CH;COO),H,0 (99.99%), ZnCl,
(99.99%), SnCl,2H,0 (99.99%), thiourea (99.999%), CdSO,8/3H,0
(99.99%), and 2-methoxyethanol (99.8%) were purchased from Al-
addin. Ammonium hydroxide (25.0-28.0%) was from Sinopharm
Chemical Reagent Co. Ltd. AgNW was purchased from Blue Nano
with an average diameter of 20 nm and 15 um in length. The AgNW
dispersion was diluted to 2 mg mL™" with ethanol before spin coating.
Mo-coated glasses were purchased from Suzhou Shangyang Solar
Technology Co., Ltd.

CZTSSe Absorber. The CZTS precursor solution was fabricated by
dissolving Cu(CH;C0O0), H,0 (0.28 mol L"), ZnCl, (0.2 mol L"),
SnCl, 2H,0 (0.17 mol L"), and thiourea (1.33 mol L7") into 2-
methoxyethanol. The solution was kept stirred until the color of the fi-
nal solution was pale yellow. The precursor solution was spin-coated onto
Mo-coated glass at 3000 rpm for 40 s, followed by baking at 280 °C for
2 min. The above steps were repeated several times to fabricate 1.5 um

© 2023 The Authors. Small published by Wiley-VCH GmbH
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precursor films. Then, selenization was carrried outat 550°C for 10 min
in a rapid thermal process (RTP) furnace to form the final CZTSSe
absorbers.[32]

Device Fabrication: The architectures of all samples are listed below:

ZITO device: Glass/Mo/CZTSSe/CdS/ZnO (60 nm)/ITO/Ag.

ZA device: Glass/Mo/CZTSSe/CdS/ZnO (60 nm)/AgNW/Ag.

ZAZA device: Glass/Mo/CZTSSe/CdS/ZnO (30 nm)/AgNW/ZnO
(30 nm)/AgNW/Ag.

Specifically, the selenized films were immersed into a solution mixed
with 150 ml DI water, 20 ml 0.015 mol L™ CdSO, solution, 20 ml
0.75 mol L™ thiourea solution, and 25 ml ammonium hydroxide at 75°C
to complete the deposition of the 50 nm CdS buffer layer. Next, 60 nm i-
ZnO and 300 nm ITO were sequentially magnetron-sputtered on the top
of the buffer layer to complete the fabrication of the ZITO device. ITO was
replaced by AgNW in ZA devices. Spin-coating 2 mg ml"" AgNW at 3000
rpm twice (baking at 120 °C for 15 min after each coating) yields layers
with a similar conductivity and transmission to ITO. For ZAZA devices,
30 nm ZnO was sputtered first, then AgNWs were spin-coated on top.
This was then repeated to create the ZAZA structure. Finally, 300 nm Ag
grids were thermally evaporated as a top electrode. No antireflection layer
was used. All the devices were mechanically cut to yield active device areas
of 0.24 cm?.

Characterization: Top-view and cross-sectional images were collected
using a JEOL JSM-7900F field emission scanning electron microscope
(FESEM). The acceleration voltage was 5 kV. The electrical properties
of the thin films were measured using a Hall-effect measurement sys-
tem (HL5500PC, 200 Nanometrics). C-AFM images were acquired with
a Cypher ES AFM (Asylum Research, US) atomic force microscope us-
ing an ORCA holder and a conductive cantilever (ASYELEC 01-R2, spring
constant = 2.8 N/m). The tip bias was set to 0.3 V for all the sam-
ples and a scan size of 5 um. Topography and current images were ac-
quired simultaneously. The J-V characteristics of CZTSSe devices were
measured using a Xenon-lamp-based solar simulator (Newport, AM 1.5G,
100 mW cm™2) in conjunction with a Keithley 2400 SourceMeter. The ex-
ternal quantum efficiencies (EQE) were measured using a QE-R measure-
ment system (Enli Tech) and were calibrated using Enli Tech. Lab-certified
Si and Ge reference photodiodes. The capacitance-voltage (C-V) mea-
surements were performed with an impedance analyzer at a frequency
of 100 kHz with a DC bias voltage sweeping from —1.0 to 0.8 V. Drive-
level capacitance profiling (DLCP) measurements were carried out using
AC amplitudes varying from 40 to 140 mV and with DC bias voltages that
swept from —1.0 to 0.8 V. Suns-Voc measurements were collected using
a Sinton Instrument, which combines the Suns-Voc stage and a WCT-
120 lifetime testing instrument. The measurements were carried out at
room temperature. The instrument employed a Xenon flashlamp as the
light source. To investigate the minority lifetime, time-resolved photolu-
minescence measurements were conducted. Samples were excited at 532
nm with a super-continuum laser (SuperK Extreme, NKT) operating at 78
MHz. Fluorescence decay and TREM images were collected with a high
NA objective (UplanApo 100X, NA = 1.4, Olympus) on a scanning confo-
cal microscope (Fluoview 300, IX71, Olympus). To time-resolve the pho-
toluminescence of the samples, emission signals from the sample were
detected using a single-photon counting photomultiplier tube (SPC-150,
Becker and Hickl). Fluorescence decay data collection and analysis were
monitored and processed by PC-installed software packages (bh-SPCM
and SPClmage, Becker and Hickl).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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