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ABSTRACT

Thin-film solar cells based on kesterite (CuzZnSnSes) material are a promising alternative for
photovoltaic devices due to their composition consisting of earth abundant elements, ease of
production at a relatively low temperatures and excellent optical absorption properties.
Additionally, this absorber compound allows a tuneable bandgap energy in the 1 to 1.5 eV window
range, which makes it an attractive candidate either as a top or a bottom solar cell in tandem
technologies combined with transparent carrier-selective contacts. However, conventional
kesterite devices use a toxic CdS layer as an electron-selective contact, resulting in the difficult-
to-dispose chemical waste. This work explores the use of a stack of ZnO and Al-doped ZnO (AZO)
films deposited by ALD to replace the CdS-based contacts in kesterite devices. The inclusion of a
polyethylenimine (PEI) interlayer as dipole to enhance the overall electrical contact performance
is also discussed. The transparent back contact is formed by an ALD V:Ox thin layer over a
FTO conductive electrode. Fabricated kesterite solar cells exhibit remarkable photocurrent density
values of 35 mAcm, open-circuit voltage around 260 mV and efficiencies up to 3.5% using front
illumination. The aforementioned photovoltaic parameters yield to 5.3 mAcm™?, 160 mV and 0.3%

respectively under back illumination, demonstrating the bifaciality of the proposed structure.

INTRODUCTION

The global energy demand has been on a continuous growth since the industrial revolution by
the end of the 18™ century. In the upcoming years, it will be necessary to shift from traditional
energy sources towards more sustainable and environmentally friendly alternatives. In this regard,
the adoption of renewable energy sources, such as photovoltaic energy, has emerged as a

significant imperative for both industries and households worldwide [1], [2], [3]. As a clean and



renewable energy source, photovoltaic energy provides an ideal solution to meet the growing

energy needs while minimizing the environmental impact [4].

While silicon based photovoltaic technology has been the dominant mainstream technology in
the industry [5], [6], nowadays, there is an increase in interest in thin-film solar cells. These devices
are composed of absorbers which are only ~2 um thick, a remarkable 100 times thinner than
traditional silicon-based substrates [7], [8]. The potential benefits of thin-film solar cells are
becoming increasingly attractive, including their lower cost, lighter weight, and flexibility. As a
result, a significant research and development effort is underway to improve the efficiency and
scalability of thin-film solar cells for widespread adoption in the energy industry [9], opening the

door to fabricate cheaper, lighter and more flexible solar cells.

Kesterite, also known as CuxZnSn(S,Se)s, is a material that shows excellent properties as an
absorber layer for solar cells [10]. Its high absorption coefficient and ease of synthesis makes it
particularly attractive for photovoltaic applications [11], [12]. The high light absorption of this
material is due to its crystal structure similar to chalcopyrite [13], [14], which enables it to
efficiently capture a broad range of light wavelengths in the UV-Vis-NIR part of the solar
spectrum. Additionally, it can be synthesized using low-cost and low-temperature methods, which
makes it an economical and environmentally friendly alternative to other thin-film materials such
as cadmium telluride (CdTe) or copper indium diselenide (CIS) compounds [4], [7], [15]. As a
result, there is considerable interest in researching and developing kesterite-based solar cells as a
promising new technology in the renewable energy industry [16]. Additionally, this material has,
among other properties, a tunable and direct bandgap (1 to 1.5 eV) and critical raw materials
(CRM)—free composition [17], [18]. Band gap tuning depends on the presence of selenium, sulfur

or both within its chemical composition [19]. Co-sputtering is currently the most widely applied



method for synthesizing kesterite absorbers along with the emerging solution based chemical
routes. It is considered as the most feasible and practical approach to be applied in the PV industry
[20]. However, other methods for kesterite synthesis have also been reported, including
electrodeposition of metal precursors [21], co-evaporation [22] and spin-coating techniques [23].
While these methods have shown some promise in the laboratory, they still require further
optimization to achieve the efficiency, scalability and cost-effectiveness necessary for a large-scale

production.

Despite the high potential of kesterite as PV material, the efficiency record achieved by this
technology stands at a moderate 14.9% value compared to other technologies [24]. One of the
major obstacles to improve the efficiency of kesterite solar cells is the open circuit voltage (Vo)
losses, which is often attributed to interface recombination at the contacts of the structure [25]. To
address this challenge, researchers are focusing on selecting the appropriate materials for both the
electron transport layer (ETL) and the hole transport layer (HTL) applied to kesterite solar cells.
By optimizing these contacts, it may be possible to reduce interface recombination and improve

the overall efficiency.

In this regard, transition metal oxides (TMOs) have been successfully utilized as carrier-selective
contacts in different crystalline silicon solar cell technologies [26], [27]. These materials are
semiconductors with high bandgap energies (~3 eV) offering a high transparency as well as an
excellent carrier-selective property to block one type of carrier (electrons or holes). The use of
TMOs as carrier-selective contacts represents an exciting development in the field of solar cell
technology. The continued research in this area holds significant promise to achieve higher
efficiency and lower costs in the solar cell production. Recently, TMOs have been applied as

selective contacts in kesterite solar cells and encouraging results have been reported [28], [29],



[30]. This approach has demonstrated its potential to improve the efficiency of kesterite solar cells

by enabling efficient carrier extraction.

Cadmium sulfide (CdS) is the standard ETL material applied to kesterite solar cells. CdS
compound has a bandgap of approximately 2.4 eV [31], being the typical thickness in the 30-70
nm range [32]. Therefore, residual optical absorption in the CdS layer allows only about 80% light
transmittance to the absorber [33]. Moreover, unfavorable energy band alignment at the
CdS/CZTSe interface [34], [35] causes additional recombination losses and limits the fill factor.
Another important drawback of CdS films is the well-known toxicity of Cd [36] and the toxic
waste generated during their deposition stage, which makes the CdS compound an unsuitable
material for widespread use in the PV industry. Hence, it is necessary to develop alternative ETL
materials with high transmittance, favorable energy band alignment with the absorber and low
toxicity to reduce environmental impact. With this idea in mind, ETLs based on TMOs seem to be
also a natural choice to replace CdS-based selective contact [37]. In perovskite and organic
photovoltaics, the application of ZnO as electron transport layer suggests a high performance of
this material in the selection and transport of electrons during solar cell operation [38], [39].
Several studies have already reported the replacement of CdS as an ETL in the CZTSe and CIGS
solar cells by ZnO films deposited by either atomic layer deposition (ALD) or sputtering
techniques in combination with aluminum-doped zinc oxide (AZO) electrodes, achieving a good

solar cell performance [40], [41].

Recently, some research studies have shown that the intercalation of very thin-film layers
exhibiting dipole moment can modify the work function of the metal and improve the band
alignment at the metal/semiconductor junction [42], [43]. There are several compounds that have

intrinsic dipole moments and are compatible with device manufacturing. In most of them (e.g.,



PEI PFN, PEIE) the dipole moment is due to the presence of amino groups (-NH>). In this work
we have focused on the use of polyethylenimine (PEI) amino acid polymer, due to its good results
reported elsewhere with crystalline silicon absorbers. In ref. [44], the use of PEI as polymeric
selective contact increases the efficiency of c-Si based photovoltaics devices from 14.2% to 16%.
Other studies reported the use of an interlayer dipole to enhance contact selectivity in other solar

cell technologies, either individually [45] or together with TMOs layers [46].

The standard HTL on kesterite solar cells is based on a MoSe; layer on the back of the device.
The MoSe: film grows spontaneously during the selenization stage during the kesterite synthesis
process [47], [48] . However, this HTL has the main drawback to be opaque to the light.
Developing transparent selective contacts for thin-film solar cells has become an important
challenge to fabricate semi-transparent [49], bifacial solar cells [13] or as contact for the top solar
cell in tandem structures [50]. In the previous studies, it was reported the possibility to grow
CZTSe onto semi-transparent Mo (12 nm) layers [51] and even directly onto FTO-based
conductive glass as an alternative to the Mo metal electrode [52]. The FTO material stands out,
among other transparent conductive oxides, for its robustness against high temperature processes.
Although the optical transmittance is known to decrease from 80% to 76% at 550 nm due to the
kesterite selenization process [53], the FTO sheet resistance appears to be perfectly stable at high
temperatures (up to 600 °C) [54], offering greater efficiency and stability than the Mo-based
counterparts after a standard damp heat test [55]. Replacing Mo with FTO conductive electrodes
calls for the need of alternative HTL materials. In this work, kesterite was synthesized onto
Glass/FTO/V20x layers, where the V2Ox film, deposited by ALD technique acts as the transparent
hole-selective contact. VoOx films have been successfully used as HTL on ¢-Si [56] solar cells and

other thin-film technologies [49], [57]. One advantage of incorporating a transparent HTL in the



back of thin-film solar cells is the possibility to absorb light from the albedo radiation (bifacial
solar cell). Bifacial devices in combination with transparent or semi-transparent absorbers are very
interesting for building integrated photovoltaic technologies (BIPV) [58] and agrivoltaic systems
[59], allowing to integrate solar cells to the fagades and/or windows of buildings and also in indoor

photovoltaic applications due to their bifacial absorption ability [60].

In this study, we report on the fabrication of CZTSe photovoltaic devices based on TMOs as
transparent carrier-selective contacts deposited by ALD. Concretely, the ETL layer is performed
by ZnO/AZO stack and the HTL is carried out by a V2Ox layer. To improve the performance of
electron-selective contact, the incorporation of a PEI-based dipole layer between the AZO-based
transparent conductive oxide (TCO) electrode and the ZnO film is also evaluated. Device
performance using conventional kesterite solar cells based on CdS and MoSe as ETL and HTL,

respectively, is also compared.

EXPERIMENTAL SECTION

A. CZTSe Photovoltaic Device Fabrication: at first, commercial off-the-shelf FTO-coated glass
substrates were cleaned using a sequence of water, acetone, and isopropanol baths. Then, V>Ox
layer was deposited on top of the substrates using a thermal ALD system (Savannah S200,
Cambridge Nanotech ALD system) with tetrakis(ethylmethylamino)-vanadium (IV) (VTIP from
Sigma Aldrich with a >99.99% purity) and deionized water (DI-H>O with a resistivity of 16
MQcm) as the vanadium precursor and oxidant species, respectively. The VTIP cylinder precursor

and the process chamber were heated at 58 °C and 125 °C, respectively. The ALD process



sequence of DI-H>O/purge/VTIP/purge was set to 2/5/5/5 seconds and using N as the carrier gas
(20 sccm). A total of 200 ALD cycles were applied to the samples to obtain a final film thickness

of about 10 nm.

Afterwards, to form the CZTSe absorber on the V>0« layer, a metallic precursor stack was
sputtered by a sequential deposition of Cu/Sn/Cu/Zn films with thicknesses of 20/290/190/175 nm
and using a DC power of 100/50/100/100 W. The pressure inside the Alliance Concept AC-450
DC sputtering chamber was maintained at 3.3x10° mbar. The optimized stack targeted
compositions were of Cu/(Zn+Sn) = 0.72 and Zn/Sn = 1.05. Subsequently, the precursor stack was
subjected to a two-stage reactive thermal annealing (RTA) treatment in the Hobersal three-zone
tubular furnace. The samples were loaded into a graphite box with a 100 mg of Se and 5 mg of Sn,
thus, maintaining the Se atmosphere during the whole thermal process as well as preventing the
loss of Sn from the precursor stack. The first stage of the thermal treatment was performed at a
temperature of 400 °C and a constant Ar flux during 30 min. The pressure inside the tube was
maintained at 1.5 mbar. For the second stage, the temperature was raised to a value of 550 °C
maintaining a constant pressure of 950 mbar for 15 min. Finally, the system was allowed to cool
down naturally, that is 20 °C/min, and the samples were extracted at room temperature. The
composition and thickness of the completed CZTSe absorber layer were determined through a pre-
calibrated X-ray fluorescence (XRF) measurement system. The ratios of the atomic species were
found to be Cu/(Zn+Sn) = 0.71 and Zn/Sn = 1.1 with a total thickness of the absorber about 1.4

pum.

Next, samples were cleaned with a 1% dilute hydrofluoric acid (HF) dip for 30 seconds to remove

the secondary phases from the CZTSe surface [49].



For the ETL structure, firstly a thin layer of ZnO was deposited by the same ALD Savanna
equipment, using diethylzinc (DEZ from UP Chemical Co. Ltda with a purity of 95%) as zinc
precursor and DI-H>O as oxidizing agent. A total of 115 cycles were used to achieve a thickness
of about 20 nm. ZnO films were deposited at different chamber temperatures, namely, 100, 110
and 125 °C, setting the DEZ cylinder at room temperature in all cases. In some samples, a PEI
layer with a 0.01% PEI/MetOH solution was spin-coated at 5000 rpm for 50 s over the ZnO layer.
In the other devices, the dipole layer was deposited directly over the absorber surface without ZnO.
Samples processed with dipole underwent a subsequent 5 min annealing at 80 °C to promote the
evaporation of the solvent, using a Selecta Rectangular precision hotplate Plactronic. Next, a
transparent front contact based on aluminum doped zinc oxide (AZO), was deposited by ALD at
165 °C. Al doping of ZnO films was done using trimethyl aluminum (TMA from UP Chemical
Co. Ltda with a purity of 99.99%) and using the super-cycle concept with a DEZ:TMA cycle ratio
of 19:1. A total of 65 super cycles were deposited, reaching an AZO film thickness of ~200 nm
with a sheet resistance in the range of 80 — 100 €)/sq and n-type behavior (see Figure S1 in the
Supporting Information). Finally, 150 nm thick silver fingers were thermally evaporated on top of
the AZO film by means of a magnetic metal mask. Metal evaporation was performed using silver

pellets (Sigma Aldrich; 99.99% purity) under high vacuum conditions (10~ mbar).

In all cases, isolated devices were defined with an active area of 0.3 cm x 0.3 cm by scribing the

surface with a diamond tip.

Solar cell PV performance was also compared with a conventional kesterite solar cell (same area)
fabricated using a Mo coated soda-lime glass substrate (SLG/Mo). In this case, the baseline process
starts with deposition of a Mo layer (~800 nm) onto the SLG substrate by sputtering technique

with a DC power of 330 W and a pressure inside the chamber of 1.5x107* mbar. The absorber layer



was grown in the same way as explained earlier. Note that a MoSe film in the Mo/CZTSe interface
grows spontaneously during the selenization stage during the kesterite synthesis process. Next, the
sample was cleaned in a bath of KMnO4 + H2SO4 and (NH4)2S with a subsequent KCN bath to
remove impurities and secondary phases from the surface. After the deposition of the CdS layer
(60 nm) by chemical bath deposition (CBD) technique, a stack of ZnO/ITO (50 nm/350 nm) was

deposited at 200 °C by pulsed DC sputtering as a transparent top electrode.

B. Device characterization: photovoltaic J-V curves of the fabricated solar cells were measured
in dark and under one-sun illumination (ORIEL 94021A Newport solar simulator) using standard
test conditions (AM1.5G solar spectrum 1 kWm and 25 °C). External quantum efficiency (EQE)
was measured using a spectral response measurement system device (QEX10 PV Measurement

system) with a voltage and white light bias of 0 V and 0.2 Suns, respectively.

C. Material characterization and compositional analysis: optical properties were studied using
UV-VIS spectrometer Lambda 950 By PerkinElmer. High angle annular dark field (HAADF)
scanning TEM images, in combination with energy dispersive X-ray spectroscopy (EDS) chemical
composition analysis were executed by using a Cs-corrected FEI Titan (60 — 300 kV) transmission
electron microscope. The FEI Titan was equipped with a high brightness Schottky emitter source
(X-FEG gun), a monochromator and a Gatan 2k x 2k CCD camera. The cross-section lamellas
were prepared from contact test samples, using a focused ion beam (FIB) lift-out technique. The
samples were subjected to an oxygen plasma cleaning process before introducing them into the

FEI Titan equipment.

XRF measurements were performed using Fischerscope model XDV instrument with X-ray
source energy 50 KV equipped with NilO filter. The XRF system was pre-calibrated with ICP-

OES (inductively coupled plasm optical emission spectroscopy) measurements. On each sample,



the XRF data were collected at 5 different points to have a statistical estimation of the atomic

percentage value of each constituent element of the CZTSe absorber.

RESULTS AND DISCUSSION

A. ZnO-based ETL and dipole effect on solar cell performance: To determine the performance
of ALD ZnO layers as ETL in the CZTSe solar cells, several devices were fabricated using three
different ETL configurations: devices with a single layer of ZnO (labelled S01), samples with only
a PEI dipole deposited directly over the kesterite absorber (labelled S02) and devices with a stack
of ZnO/PEI (labelled S03). The deposition temperature of ZnO films during the ALD stage was
110 °C, independently of the structure. In all cases, the HTL material was V,Ox deposited by ALD,
as it is explained in the experimental section. As it can be seen in the sketch of the S03 structure
in Figure 1a, the use of both transparent electrodes allows front and alternatively rear illumination,

resulting in a bifacial solar cell structure.

Figure 1b shows the J-JV characteristics under front illumination for the best-fabricated device in
each SO1, S02, and S03 structures. Table 1 summarizes the photovoltaics parameters of these
devices, where Vo, Jsc FF and 7 are the open circuit voltage, short-circuit current density, fill

factor and efficiency, respectively.

Results demonstrate the relevant role of the ZnO layer to select and transport the electrons in the
solar cell operation. Thus, the ALD ZnO film can be used not only as a buffer layer to avoid short
circuits [61], but also as ETL due to its inherent n-type conductivity and wide band gap property
[62], [63]. Devices using only the ZnO layer as ETL achieve efficiencies up to 1.3%, while devices

with only a PEI dipole layer yield a poor efficiency of only 0.08%. However, the best approach is



based on the ZnO/PEI stack (S03 devices), reaching efficiencies of 1.9%. Not only are better Voc

(260 mV) and Jsc (23 mAcm™) values achieved, but also the introduction of a dipole between the

AZO electrode and the ZnO layer substantially increases the F'F’ parameter, from 26% to 31%.

Table 1. Photovoltaic parameters of CZTSe solar cells with ZnO, PEI and ZnO/PEI as ETLs.

Measurements were performed using standard test conditions (AM1.5G 1 kWm?2, T = 25 °C).

DEVICE ETL Voe (mV) Jsc (mAcem?) FF (%) n (%)
S01 ZnO 248 21 26 1.32
S02 PEI 120 34 23 0.08
S03 ZnO/PEI 260 23 31 1.9
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Figure 1. Sketch of the CZTSe solar cell (a) fabricated with ZnO/PEI as ETL (S03 structure). J-V

characteristics (b) using front illumination for the three device structures using ZnO (S01), PEI

(S02) and ZnO/PEI (S03) as ETL.

To elucidate this enhancement in the electron-selective behavior of the ZnO/PEI configuration,

the plausible band diagram of complete device is discussed. Figure 2a shows the basic structure of



a solar cell, which consist of an absorber layer with two selective contacts. The HTL blocks
electrons (not allow them to recombine) and conduct holes to the external electrode (anode), while
the ETL contact blocks holes (not allow them to recombine) and conduct electrons to the external
electrode (cathode). Figure 2b shows the vacuum-aligned band diagram of CZTSe solar cells using

the work function (¢) and the bandgap reported values of V20, AZO and FTO from ref. [64], ZnO

from ref. [63] and CZTSe from ref. [65], [66] .

The inclusion of a dipole causes a displacement of the electrochemical potential of the materials
connected with it, like applying a voltage [67], see Figure 2¢. Therefore, using a PEI film between

Zn0O and AZO layers makes a work function reduction (gA) of the AZO film, resulting in an

apparent reduced work function of the TCO electrode, ¢'azo = dpazo - gA [43].
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Figure 2. Simplified solar cell structure (a) in which photogenerated carriers are selectively
collected. Vacuum-aligned band diagram of CZTSe solar cell based on V,0Ox (HTL) and ZnO

(ETL) as carrier-selective contacts (b). Illustration of the dipole effect using electrochemical

potentials (c).



A schematic of the possible alignment of the energy bands for the ETL structure without and
with the intercalation of the PEI dipole is shown in Figures 3a and 3b. When the electrochemical
potentials of kesterite and ZnO balance, a downward curvature of the conduction and valence
bands appears in the kesterite, causing an accumulation of electrons on the absorber surface, as
well as an energy barrier for the hole transport. Hole blocking in the contact is notably increased
due to the heterojunction between the kesterite absorber and the ZnO layer. In this way, electrons
can flow to the AZO electrode, reaching the external circuit through the ZnO layer, whereas holes
cannot. However, as it can be seen in Figure 3a and Figure 3b, there is still a certain energy barrier

for the electrons located in the kesterite, i.e. energy spike, to access the outer electrode.

The inclusion of the PEI layer between the ZnO layer and the AZO layer improves the electrical
performance of the solar cell. The most plausible explanation for this improvement is that the
intercalation of the layer with a dipole moment causes a mismatch of the electrochemical potentials
of the ZnO layer and that of AZO, causing a reduction in the work function of the AZO. This
phenomenon results in an accumulation of electrons and in a reduction of the energy barrier seen
by the electrons located in the kesterite, which would improve the thermionic field emission [68],
as it can be seen in Figure 3c. Summarizing, our hypothesis is that the inclusion of the dipole
reduces the energy barrier for electrons, facilitating the flow of electrons from the kesterite to the

AZO electrode, through the ZnO layer (see Figure 3c¢).

Finally, a band alignment of the HTL structure is also proposed (see Figure S2 in the Supporting
Information). The mechanism of operation of the HTL layer is the same as that which has been
reported for other devices based on crystalline silicon [69] or organic semiconductors [70]. The
high work function of V,0Ox causes a curvature of the energy bands (upwards) in the kesterite

semiconductor. This band curvature causes a buildup of holes in the kesterite (V2Ox/kesterite



interface) and a large potential barrier for electrons to flow into the V,Ox. Therefore, the
photogenerated holes in the kesterite are able to recombine with the electrons from the external
circuit through the V,Ox film, which is of note that it is an n-type semiconductor with a Fermi level

close to the conduction band [70].
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Figure 3. Proposed band alignment of ZnO (a) and ZnO/PEI (b) electron-selective contact. Zoom

of the kesterite/ZnO interface with and without the use of dipole (c).

B. Effect of ALD deposition temperature on solar cell performance: In this section we analyzed
the impact of the ALD deposition temperature on the ZnO layer the ETL electrical performance
using the aforementioned SO03 structure. Photovoltaic parameters considering different ALD

deposition temperatures, i.e. 100, 110 and 125 °C, are shown in Figure 4.
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Figure 4. Parameters of solar cells for different ALD deposition temperatures.

It is clear the improvement of the solar cell efficiency when the deposition temperature decreases.
The efficiency grows significantly from 1.7% to 3.5% when the deposition temperature decreases
from 125 °C to 100 °C. This efficiency improvement is directly correlated with a better dark diode
electrical behavior for lower deposition temperatures, as it can be seen in Figure 5. In fact, the
sample processed at low temperature exhibits higher forward currents indicative of a lower series
resistance. FF is in consequence the parameter which improves more at lower deposition
temperatures. However, the Js. parameter follows the same trend of FF, as a consequence of a
flattened J-V characteristic around 0 volts for the lower deposition temperature, i.e. short-circuit
conditions. In this case, the Js. parameter is more like the expected device photocurrent Jyn. The
origin of the improvement of the dark J-V characteristic when the ZnO deposition temperature
decreases, 1.e. lower series resistance, is not clear and a further deep study will be required in the

future to explain this behavior.



IR

p— i
< o
— o

—
(=]
=}

Current density (mAcm™)

Dark Light
———--%--100°C

b b TIE
-+ - 125°C
]()’3 P T T N N S T

—_
<
0

|

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Figure 5. Dark and light semi-log J-V characteristics for the best solar cells with the ZnO layer
deposited at different ALD temperatures, 100 °C, 110 °C and 125 °C.

Regarding the best solar cell, i.e. ZnO deposited at 100 °C and SO3 structure, the Jsc value yields
an outstanding value of ~35.0 mAcm™, even without using a light back reflector. The Voc, FF and
efficiency reach, 260 mV, 38% and 3.5%, respectively. The aforementioned parameters yield in
average, 34 mAcm2, 250 mV, 35% and 3.1%, respectively, considering all devices fabricated in

the same substrate (see Figure S3 in the Supporting Information).

Figure 6a shows the EQE response to the champion solar cell in two cases, front and back
illumination. Results are directly compared with a conventional kesterite solar cell, i.e. opaque
Mo-based HTL and CdS-based ETL. Regarding front illumination results, by replacing the
standard ETL with the Cd-free approach, the parasitic absorption related to the CdS layer is
effectively avoided at wavelengths below 600 nm (UV and a significant part of the visible
spectrum) [29], [71]. The absorption peak at 460 nm reaches approximately 90% in the Cd-free

device, while the response remains stable up to 1000 nm. Beyond 1000 nm, EQFE curve starts to



drop due to light absorption losses. It is worth mentioning that high EQF values about ~80% at
1000 nm wavelengths and non-zero back illumination EQFE response can be explained by both the
good passivation related to the VoOx-based HTL at the rear side and the relatively good behavior
of CZTSe material as light absorber, i.e. a high effective diffusion lengths considering both bulk
and rear surface recombination mechanisms [72]. Passivating the Kesterite surface has been
reported as a crucial step to achieve a significant improvement in the efficiency of CZTSe solar
cells and to resolve the absorber defects that cause a Vo deficit, as it is reported in previous studies
[73]. Surprisingly, the conventional cell exhibits a poorer EQE performance than the Cd-free
device in the 700 — 1300 nm wavelength range, which might be due to sputtering damage, indium
contamination during ITO deposition at the last stage of its fabrication process [74], [75], [76]
and/or due to a poor rear surface passivation provided by the MoSe/Mo HTL. Regardless of
recombination mechanisms (bulk or surface), a lower effective diffusion length [72] in the
conventional solar cell could explain the poorer EQE response in the IR part of the spectrum.
Integrating the EQFE curve with the AM1.5G solar spectrum yield generated photocurrents of ~35
mAcm? and ~5 mAcm? for the non-conventional cell under front and back illumination,

respectively, which confirms its bifacial behavior.

Figure 6b shows the J-J characteristics, using both front and back illumination using standard
conditions (AM1.5G 1 kWm solar spectrum, T = 25 °C) for the best solar cell in comparison to
a conventional device. Table 2, summarizes photovoltaic measurements for these cells. The J-V
measurements confirm the remarkable Js. value achieved by the Cd-free structure, reaching 34.9
mAcm? under front illumination compared to the 25.2 mAcm achieved by the CdS-based solar
cell; both values are in agreement with the EQF measurements. It is important to mention that,

although having a lower V., the Cd-free structure achieves similar efficiency than the conventional



counterpart, 3.5% and 3.4%, respectively, with the main additional advantage of not using Cd
compounds in its fabrication process. These results demonstrate the high potential of kesterite solar

cells based on Cd-free transparent TMO materials as carrier selective contacts.
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Figure 6. External quantum efficiency (EQE) curves (a) and J-V characteristics (b) for the
champion Cd-free CZTSe solar cell measured under front and back illumination. Results are

directly compared with a conventional kesterite solar cell under front illumination.

Table 2: Electrical characteristics of the best fabricated solar cell in comparison to a conventional
structure using standard test conditions (AM1.5G 1 kWm™ solar spectrum and T =25 °C). Samples

do not have any post-annealing process.

Solar cell Structure Light Voec (mV) Jse (mAcm?) FF (%) 1 (%)
Front 260 34.9 38.0 3.5
FTO/V,0,/CZTSe/ZnO/PEI/AZO
Back 160 53 35.8 0.3
Mo/MoSe/CZTSe/CdS/ZnO/ITO Front 349 252 38.1 3.4




C. Optical Analysis of ETL and HTL stacks: In order to study optical properties of
Glass/ZnO/PEI/AZO based ETL and Glass/FTO/V,;0x based HTL stacks UV-Visible-NIR

spectroscopy measurements in the 300 — 2000 nm wavelength range were made.

To evaluate the impact of the PEI dipole in the solar cell absorption, transmittance and reflectance
measurements of ZnO/AZO stacks, with and without dipole interlayer, were performed, and results
are presented through the Figure 7a. The inclusion of PEI dipole interlayer produces an
imperceptible change in the transmission and reflectance curve. Figure 7b shows the absorption
characteristic for the ZnO/PEI/AZO-based ETL as compared to ZnO/AZO. The absorption of the
glass is also shown in Figure 7b, which is practically insignificant and has no influence on the
measurements. In conclusion, both structures, with and without PEI, allow the passage of light
with minimal absorption. From an optical point of view, the replacement of the absorbent CdS
layer with a transparent TMO-based ETL contact is feasible for improving the kesterite solar cell

performance [77].
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Figure 7. Transmittance and reflectance (a) and absorption (b) vs. wavelength curves considering
Glass/ZnO/PEI/AZO, Glass/ZnO/AZ0O, Glass/FTO and Glass/FTO/V20x stacks. The absorption

of a bare glass substrate is also depicted in (b).



Figure 7a also shows the transmittance and reflectance curve of the back contact
(Glass/FTO/V20x) in comparison to a sample without V2O« (Glass/FTO). The FTO layer
unfortunately contributes to the significant optical losses. As it can be seen in Figure 7b, the
presence of the FTO layer accounts for around 20% of light absorption in the whole spectrum
under study, whereas it is almost negligible in the V>Ox film. Therefore, the FTO electrode impacts
the cell performance in different ways depending on which surface is illuminated, front or back
illumination. On the one hand, using front illumination, only the FTO absorption at long
wavelengths penalizes scarcely the EQFE response in the NIR part of the spectrum, i.e. photons not
absorbed in the kesterite material which arrive to the back electrode. It is worth mentioning that
this phenomenon will be more prominent for the thinner absorber layers. On the other hand, by
using rear illumination the FTO absorption plays, a crucial role in this case, by substantially

decreasing the EQFE response in the whole wavelength range.

D. Compositional and structural analysis: Structural and compositional analysis were
performed by means of STEM images and EDS analysis respectively using a S03 CZTSe solar
cell. Figure 8 shows STEM images which correspond to cross-section views of the whole device.
The total device thickness is about 2.2 um considering the FTO layer. As it is observed in Figure
8, the growth of the kesterite absorber onto the V>Ox layer is enough conformal and compact,
although dark areas are observed which represent void zones. These structural defects are present
in other CZTSe structures based on Mo as back contact [78], and they could be the result of the
grains growth with different orientation in the absorber. Except for these located defects, the
kesterite absorber has good morphology, the crystal grains are medium/large size and the CZTSe

thickness is about ~1.4 pum. The EDS mapping images give evidence of the presence of the



compositional elements of the absorber: Cu, Zn, Sn and Se. The oxygen compound is the whole
structure, although it has low presence in the kesterite, it is present especially in the FTO and V20O«

layers in the back electrode, and in the ZnO and AZO layers in the front contact.

Figure 8. STEM Image of Cross-sectional view of CZTSe solar cell and EDS mapping images.

Figure 9 shows a cross-section close view STEM image of the ETL contact formed by
ZnO/PEI/AZO stack. The EDS mapping show a clear view of the elemental composition of these
layers, confirming the presence of O, Zn and Al elements in the stack. However, the Al element
exists apparently in the whole structure, including the kesterite substrate. The ZnO layer can be
differentiated due to the low density of Al in the edge near the kesterite material. According to the
STEM image, the AZO and ZnO layers have a thickness of about 200 nm and 20 nm, respectively.
Unfortunately, the ultra-thin PEI film has not been recognized either under STEM images or EDS

analysis due to the resolution of the images.
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Figure 9. STEM Image of a cross-section view of the ETL stack and EDS mapping images.

Figure 10 shows the cross-section STEM image and EDS compositional mappings of the
FTO/V20x based back electrode. As it can be deduced in Figure 10, the V2Ox layer has a thickness
of about 10 nm. Oxygen is present in whole FTO/V>Ox stack as expected. The vanadium element
is located on the boundary with the kesterite, showing a conformal and uniform growth on the
FTO. The presence of Cu in the stack is due to the diffusion of this element from the absorber
towards the whole structure. This phenomenon is already reported in other studies [79]. Notice
that Se and Zn remains in the absorber showing a low diffusion of these elements to the rest of the

device layers. The FTO film has a high presence of Sn and O elements as expected.
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Figure 10. STEM Cross-section view and EDS mapping images of the CZTSe solar cell back

contact.

CONCLUSIONS

In this work, TMOs were studied as carrier selective contacts for the CZTSe kesterite solar cells.
The ETL and HTL contacts were based on transparent ZnO/PEI/AZO and V,0./FTO stacks,
respectively. In our approach the ZnO, AZO and V»Ox layers were deposited by atomic layer
deposition technique. Using these contact schemes, CdS-free bifacial solar cells were fabricated
demonstrating outstanding short-circuit current density of 35 mAcm™ with photovoltaic
efficiencies of about 3.5% (under front illumination). Using back illumination, these parameters
value were 5.3 mAcm and 0.3%, respectively. These values clearly indicate bifacial nature of the
fabricated solar cell devices though the performance is mainly limited due to get parasitic light
absorption in the FTO. The use of a PEI dipole interlayer boosts the fill factor of the solar cell

improving the contact resistivity of the electron-selective contact by improving the band alignment



between the absorber and the TCO. The hole-selective contact based on V2O improves the rear
passivation of the device and allows a conformal and uniform growth of the absorber onto
glass/FTO substrates as a replacement of glass/Mo-based substrates. From optical analysis of the
contact layers, peak transmittances of ~90% and ~80% are achieved for the front and back contact
schemes, respectively. The proposed ETL contact avoids completely the parasitic light absorption
introduced by the CdS layer used in conventional CZTSe solar cells. This novel approach opens
the door to the fabrication of Cd-free bifacial thin-film solar cells for BIPV applications, such as
agrivoltaics where some transparency is required. Moreover, the ability to collect the light from
both device sides is a key factor to boost photovoltaic efficiency in single and tandem PV

technologies.
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