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The energy crisis has become the greatest global challenge in this era of cutting-edge technology, driving
researchers to utilize novel renewable energy resources via solar cells to satisfy the energy demand. To
date, the popular silicon solar cell technology has achieved a power conversion efficiency (PCE) of more
than 26% at the laboratory scale and is superior to other technologies with a commercial panel efficiency
in the range of 14-20%; however, it is very costly. Alternatively, organic solar cell engineering is cheaper
but the resulting PCE is very low. Second-generation technology is dominated by CdTe and CIGS solar
cells, having an efficiency of more than 22%. In 2009, perovskite solar cell technology was invented with a
PCE of 3.8%, which has now reached up to 25.7%. Considering the Shockley—Queisser limit, the maximum
efficiencies of these technologies may be around 30% for single-junction devices with 33% for GaAs solar
cell devices. Currently, to meet the global energy demands, high-efficiency solar cell devices are required
that can surpass the limit for single-junction devices, which can be achieved by tandem structures. In this
case, the CdZnTe (CZT) material is a promising candidate for the fabrication of solar cells, where CdZnTe
thin films are applied as absorber layers in devices possessing a tandem architecture. Furthermore, the
physical properties of these films can be tuned by varying factors such as thermal annealing, Zn

Received 19th March 2023, concentration and chloride treatment. Accordingly, this review presents an overview of CdZnTe as a

Accepted 15th October 2023 suitable absorber material in solar cell devices together with the development employing different
techniques, impact of thermal annealing and chloride treatments and variation in composition on the
physical properties and performance of devices. Also, future road map is presented with

recommendations to surpass the PCE limit through tandem designs.
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to the production of electricity. The PV effect was invented in
1839, but more than a century later, photovoltaic research was

1. Introduction

Due to the limited fossil fuel resources, attention has been
focused on the development of renewable energy resources. In
this case, solar irradiance is abundant on the Earth’s surface,
and therefore solar energy is more attractive than other potential
renewable energy resources, namely, wind, biomass, hydro, tidal,
and geothermal." Furthermore, solar photovoltaic or solar cell
devices are environmentally friendly and exhibit unique advan-
tages compared to other types of renewable energy.>™

Solar cells function on the principle of the photovoltaic (PV)
effect, wherein incident sunlight leads to a photo-excitation
process, creating excitons (electron-hole pairs), which contribute
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only focused on the development of asymmetric junctions. In
1954, the first silicon-based solar cell device was demonstrated at
Bell Laboratories with a power conversion efficiency of ~6%,
followed by research on various solar cell technologies, which
were classed based on the name and nature of the associated
absorber layer. In the 1990s, developed countries started funding
research and development of solar cell technology.”® An over-
view on the globally installed renewable energy resource
capacity” based on PVs is presented in Table 1.

According to the data in Table 1, the continuous enhance-
ment in the last decade reveals that countries around the world
are committed to the development of clean energy resources
and solar energy-based photovoltaics. Based on their develop-
ment history, solar cell technology can be categorized into three
generations. Specifically, first-generation solar cell technology
is dominated by the conventional crystalline Si together with
GaAs technology but it consumes a large amount of absorber
material, and consequently are very expensive. The thin-film-
based second-generation technology includes amorphous and
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Table 1 Renewable energy capacity (in MW) based on PVs in the last ten
years worldwide,” where the data indicate a continuous enhancement in
installed capacity

Year Solar energy (MW) Solar photovoltaic (MW)
2013 141417 137475
2014 180777 176177
2015 229067 224215
2016 301307 296 336
2017 396 352 391280
2018 492 575 486763
2019 595808 589429
2020 728058 721546
2021 872403 866 027
2022 1061632 1055030

polycrystalline Si, CdTe and CIGS solar cells. The third
generation is comprised of CZTS, organic, dye-sensitized, per-
ovskite and quantum dot solar cell technologies.>* ™"
However, according to the detailed balance limit of these single
junction devices, their maximum limit is confined to around
30%, while that of GaAs solar cell devices is 33%. Thus, to
surpass this limit, tandem devices are needed to harvest the
maximum sunlight, in which the bottom and top blocks are
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comprised of narrower and higher band gap materials,
respectively.'> ™

To address the issue of plateaued PCE of thin film solar cells
(TFSCs), the development of novel, efficient and cheap multi-
junction devices is necessary. Currently, a variety of absorber
layer candidates are being investigated for tandem solar cell
applications. Among them, cadmium zinc telluride (CdZnTe) is
a II-VI compound semiconductor known for its outstanding
characteristics to serve as the absorber layer in solar cells'*>?
and physical properties of CdZnTe materials can be tuned or
altered not only via heat and chloride treatment but also by
varying the content of Zn. The performance of CdZnTe-based
solar cells can be enhanced by addressing the transmission
losses, thermalization and recombination losses, etc. and
improving the physical properties of the CdZnTe absorber
layers. Furthermore, CdZnTe material-based thin films are
potential candidates for a wide variety of applications such as
detectors,?*® nano wires,>® substrates,*** and tandem solar
cells,***! which can be applied as the top block, while Si-based,
CIGS, organic or perovskite sub cells are potential bottom blocks
for the development of multi-junction or tandem devices. Similar
to CdZnTe, the band gap and associated properties of perovskite

Sun light

An'Cu metal contact

Fig. 1 Pictorial illustration of the various experimental tools used for the deposition and characterization of CdZnTe thin films, surface modifiers and the

CdZnTe-based solar cell device architecture.
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devices can be altered by varying the content of their constituents,
and also be optimized to act as the bottom block in CdZnTe
tandem devices. Thus far, significant efforts have been devoted
to simulation modeling and device design employing CdZnTe
materials for their application in specific technology.*>™® Conse-
quently, frontier research has been undertaken employing
CdZnTe thin films as the absorber layer in single-junction and
multi-junction solar cells. Herein, a comprehensive review is
presented on CdZnTe thin films together with their potential
applications in the corresponding photovoltaic device technologies.
Briefly, their associated properties, crystal structure, deposition
techniques, device applications, effects of thermal annealing and
chloride treatment (using CdCl,, MgCl, and NH,CI) and impact of
elemental variation on the physical properties such as structural,
optical, electrical, surface morphological, topographical and ele-
mental characteristics and device fabrication are comprehensively
discussed. Based on the literature to the date on CdZnTe thin films
and their corresponding devices, the future perspectives and scope
of these materials are presented in detail to maintain interest in them
although they have a few drawbacks including a toxic constituent and
achieving desirable performances comparable to that of the cham-
pion technologies dominating the market globally. Fig. 1 pictorially
summarizes the various experimental tools used for the deposition
and characterization of CdZnTe thin films, surface modifiers and the
CdZnTe-based solar cell device architecture.

2. Crystal structure and properties of
CdZnTe material

CdZnTe is a tertiary alloy composed of CdTe and ZnTe materi-
als in the appropriate ratio depending on its application.
CdZnTe has a cubic phase zinc blende crystal structure, which
includes two merged face centered cubic (fcc) lattices. Fig. 2(a)
presents the zinc blende atomic array of CdZnTe, where
depending on its composition, the Cd or Zn atoms are located
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at the vertices and the face centers, whereas the Te atoms are
situated at the four out of the eight tetrahedral corners. Hence,
the CdZnTe lattice contains Cd*" and Zn>" cations and Te*~
anions, where all the ions are arranged in a tetrahedral manner
in the lattice and the four outer electrons are shared with the
surrounding ones.*” Accordingly, the obtained iso-structural
CdZnTe offers desirable properties such as band gap tunability,
constituents with high atomic numbers, high absorption coef-
ficient and carrier mobility, low leakage current, long-term
stability, and diverse lattice parameters possibility,">® which
are pictorially depicted in Fig. 2(b).

As stated, the CdZnTe material can be used in the form of
thin films as the light-absorbing layer in single-junction and
multi-junction solar cells, and therefore the next section is
devoted to the deposition techniques used for the growth of
CdZnTe absorber layers and their impact on the properties of
these films in the corresponding applications.

3. Thin film deposition

Generally, a thin film is a thin layer of materials such as metals,
insulators and semiconductors with a thickness ranging from a
few nanometers to several micrometers on a substrate. Thin
films can be developed for a wide range of applications and to
realize the expectations of the corresponding architectures,
their thickness can be varied and evolved. The properties of
thin films are controlled by various pre- and post-treatments
such as deposition methods and associated parameters, inclu-
sion of dopant and additives, annealing temperature, duration,
atmosphere, and grain boundary passivation treatment. The
properties of thin films are different from their bulk counter-
parts, which can be attributed to their larger surface to volume
ratio and smaller thickness. The deposition of a thin film
involves applying a thin layer on a substrate, which can be
solid, i.e., glass or metal supported, or flexible depending on
the requirements. Presently, numerous advanced techniques
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Fig. 2 (a) Crystal structure and (b) properties of CdZnTe material.
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are available for the deposition of thin films. These techniques
are classified into two categories, namely, physical and
chemical routes, which have certain merits and drawbacks.
The selection of the deposition technique for the corres-
ponding application depends on the properties of the materials
employed such as purity, stability, melting point, and charac-
teristics. Thus far, efforts have been devoted to the develop-
ment of new recipes for film deposition to modify and improve
the properties of CdZnTe thin films, reproduce the appropriate
performance and cause the least deviation from the actual
composition to develop high-performance devices.**° Fig. 3
presents an overview of the thin film deposition methods.

Considering the routes presented in Fig. 3, the physical
route-based thermal evaporation-based resistive heating and
sputtering techniques and chemical route-based gas phase and
liquid phase recipes are briefly detailed in the following sub-
sections together with the corresponding review of the target
material.

3.1 Physical routes for the deposition of CdZnTe thin films

The physical route involves thermal evaporation and sputtering
recipes, including evaporative and glow discharge processes.
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Typically, the physical route is also recognized as physical vapor
deposition (PVD). In the evaporative process, vapors or evapor-
ants are produced via a suitable process, and then allowed to
adhere to the substrate, resulting in formation of a thin film. In
the glow discharge process, a chemical reaction is initiated in
the gas phase, which creates a glow discharge of the reactant
gas, and consequently the source material is deposited on the
substrate.*®>"? In the physical route, various deposition tech-
niques include electron-beam vacuum evaporation,”*™° resis-
tive heating-based thermal evaporation,®®™®* sputtering,®®°
molecular beam epitaxy (MBE),”””" pulsed laser deposition
(PLD)">”3 and close-space sublimation (CSS).”*””® The thermal
evaporation technique is a vapor deposition technique follow-
ing the physical route for the deposition of thin films. Based on
the heating of the source material, this technique is further
classified into two processes, namely, electron-beam vacuum
evaporation and resistive heating thermal evaporation.”"**
3.1.1 Electron-beam (e-beam) vacuum evaporation. The
electron beam vacuum evaporation technique is a physical
vapor deposition technique, in which the source material is
placed in a crucible, and then heated using a high intensity,
high energy electron beam. The heating of the source material

Thermal
Evaporation
1. Thermal "\ / ' .
ﬂg‘]iiriljo'i('e-\ (I.Glow‘db_chrge\
‘heating) 2.Triode
2.Flash sputtering
__evaporation 3.Getter sputtering
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- R

1. Chemical vapor
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Fig. 3 Overview of the various thin film deposition techniques.*®
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by an accelerated electron beam results in its evaporation,
which moves towards and adheres to the substrate, followed
by the deposition of a thin film via the dominant mechanism,
i.e., coalescence, channel, hole and continuous thin films.%°
The main advantages of this technique are its controllable
deposition rate, simple substrate loading, high purity of the
resulting films, optimum utilization of the source materials,
morphological and structural control of the films, etc.®" Due to
these exception properties, researchers utilize the electron
beam evaporation technique to grow CdZnTe thin films having
enhanced properties as the absorber layer in solar cells. How-
ever, although this technique results in the formation of fasci-
nating films, it also associated with some drawbacks. This
technique is not preferred to develop multi-component thin
films given that different materials have different melting points
and vapor pressures, which may result in the formation of non-
stoichiometric thin films. Also, degradation of the electron gun
filament may occur during the deposition process, resulting in a
non-uniform evaporation rate, which is the main disadvantage
of this technique.®* Therefore, other techniques have been
developed, which are described in the following sections.

Employing the electron beam vacuum evaporation techni-
que, Cdy,5Zng,5Te thin films with varying thicknesses (500-
2000 nm) were deposited on both glass and ITO substrates,
where the ultra-vacuum of 5 x 10~° Pa was maintained.>* Also,
films having a thickness of 400 nm were developed on glass,
ITO and silicon wafers under high vacuum of 1.5 x 10~ ° torr™*
and films with a thickness of 300 nm were deposited on ITO
substrates under high vacuum (~2 x 10~° mbar), as measured
by Penning and Pirani gauges.” CdZnTe thin films were
deposited on an Mo-coated glass substrate via the vacuum co-
evaporation of CdTe and ZnTe powders, where the temperature
of the CdTe and ZnTe evaporants was 893 K and 993 K,
respectively, with a substrate temperature of 673 K.>® CdZnTe
thin films were fabricated using the e-beam vacuum evaporation
technique on glass and Si substrates, where the temperature of
the substrate was maintained at room temperature and the
pressure inside the vacuum chamber was kept at 2 x 10~* Pa.”’
Cd,»Zn, gTe thin films were prepared at room temperature using
the e-beam technique onto glass substrate having a thickness
of 1 um.*® Cd,,Zn, ¢Te thin films were deposited by employing
the e-beam vacuum evaporation technique at different substrate
temperatures, Ze., 300 K, 373 K, 473 K and 573 K, and base
pressure of 2 x 10~ torr.> Typically, the devices are fabricated by
stacking metal contacts thus far using the resistive heating recipe,
and thus in the following section, the resistive heating-based
thermal evaporation recipe is discussed, which has also been
employed thus far to develop CdZnTe thin film layers.

3.1.2 Resistive heating thermal evaporation. The resistive
heating thermal/filament evaporation technique is one of the
most popular deposition methods, wherein the source material
is heated to its melting point using electrical energy, and
consequently the atoms/molecules are vaporized and moved
vertically towards the substrate and adhered on it, resulting in
the formation of the desired thin films. The deposition process
is ensured in a vacuum system, which is comprised of a

1984 | Energy Adv., 2023, 2,1980-2005
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diffusion pump backed by a rotary pump, where the desired
vapor pressure is obtained by heating the source material to a
suitable temperature.*’

In this method, maintaining a high vacuum in the order of
107" to 10~° mbar is essential to ensure the purity of the
deposited films. To obtain deposited films with a uniform
thickness, the substrate holder is rotated continuously a manner
that each point on the target substrate surface receives the same
amount of the vapor material. This technique is advantageous
given that a wide variety of materials can be deposited using it.*°
Cd;_,Zn,Te thin films having varying Zn concentrations were
deposited on glass and ITO substrates via thermal evaporation,
where the working vacuum of ~1.2 x 10~> mbar was main-
tained by sustaining a base vacuum of ~2.8 x 10~® mbar.*
Cd;_,Zn,Te thin films were developed for photovoltaic applica-
tions employing the resistive heating-based thermal evaporation
technique, where the working vacuum of 1 x 10~> mbar was
maintained.®' The influence of the deposition technique on the
physical properties of CdZnTe films was investigated, where
CdZnTe layers were grown employing the electron beam and
resistive heating techniques at a substrate temperature of
25 °C.%

3.1.3 Sputtering. Sputtering is another physical vapor
deposition technique, in which when the energetic beam of
ions collides with the surface of the source material, atoms/
molecules are ejected from the surface by momentum transfer
due to the bombardment of high energy ions/electrons and
transferred to the substrate, resulting in the formation of a thin
film. The type of interaction that occurs after collision depends
primarily on the energy of the ions, type of ions and surface
atoms. This technique is suitable for the deposition of metals,
oxides and materials having high melting points.’’* The
two main advantages of this technique are the homogeneity
of the deposited films and constant sputtering rates of
various materials.

Depending on the type of power supply used, the sputtering
process is primarily classified into two categories, namely,
direct current (DC) sputtering and radio frequency (RF) sputter-
ing. Besides, the other prevalent sputtering processes are diode
sputtering, bias sputtering, reactive sputtering, ion-beam sput-
tering and magnetron sputtering.>"**%%% Cd,_,Zn,Te thin
films were deposited on ITO substrates by repeated RF magne-
tron sputtering using a Cd, 9Zn, ;Te target at different substrate
temperatures (200 °C, 300 °C and 400 °C), where the sputtering
gas was set at a pressure of 5 Pa with a deposition time of 3 h.®?
CZT thin films were fabricated on glass substrates employing
DC magnetron sputtering at room temperature using a CZT
target with a diameter of ~ 2 inches and composition of 30 wt%
Cd, 20 wt% Zn and 50 wt% Te, where the base pressure of
~10"* Pa was developed in the sputtering chamber.®
Cd,_,Zn,Te multilayer films having a thickness in the range
of 1360-9230 nm were deposited employing repeated RF
magnetron sputtering on ITO-coated glass substrates using
Cdo.oZn, 1Te as the target material, where the substrate tem-
perature was fixed at 300 °C with a sputtering power of 60 W.°>
Aluminum (Al)-doped CdZnTe thin films were prepared using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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RF magnetron sputtering on ITO-coated glass substrates employ-
ing aluminum-induced crystallization (AIC) technology,®® where
high-purity Al and Cdy¢Zny,Te crystal target were used. To
implement AIC technology for the deposition of the CdZnTe/Al
layer, the samples were heated for 60 min at 200 °C. Cdg ¢Zn, 4Te
thin films were deposited on FTO and cadmium sulphide (CdS)
substrates employing RF magnetron sputtering.®” CdZnTe thin
films of thickness 800 nm were grown on ITO substrates employ-
ing RF magnetron sputtering by fixing the sputtering power and
pressure at 66 W and 1.5 Pa, respectively, where the applied
target was developed by cutting a Cd,¢Zn, ;Te ingot.°® CdZnTe
thin films were produced using RF magnetron sputtering on
glass substrates at two substrate temperature of 200 °C and
400 °C by keeping the sputtering power at 80 W.%°

3.1.4 Molecular beam epitaxy (MBE). Molecular beam epi-
taxy is a physical vapor deposition process, which requires
ultra-high vacuum, and therefore avoids the presence of a large
amount of impurities during the epitaxial growth of materials
on substrates but its deposition rate is very slow. Considering
its nomenclature, the word epitaxy is comprised of “epi” and
“taxis”, which refer to “surface” and ‘‘arrangement”, respec-
tively. Epitaxy growth is classified as homo-epitaxy and hetero-
epitaxy. In homo-epitaxy, both the thin films and the substrate
are comprised of the same material, while in hetero-epitaxy, the
thin films and the substrate are different materials.*® The
epitaxial re-growth of double heterostructures (CdTe/CdZnTe
and CdTe/CdMgTe) and CdTe was studied using the MBE
method,”® where CdTe/InSb (100) was used as the substrate
together with an arsenide (As) cap. HgCdTe/CdZnTe thin films
were grown using the MBE method, and for the MBE-grown
HgCdTe layers, (211) B CdZnTe or CdTe/Ge were used as the
substrate.”*

3.1.5 Pulsed laser deposition (PLD). Pulsed laser deposi-
tion is a physical vapor deposition method, wherein the source
material is kept in a crucible under high vacuum and a laser
beam is used for heating, and consequently the source material
is evaporated and adhered to the substrate through
condensation.®® Cd,_,Zn,Te thin films with a thickness of
~200 nm were deposited on SiO, and glass substrates using
the PLD method by varying the concentration of zinc. The vapor
pressure was maintained at 1 x 10~ ° torr and a KrF excimer
laser beam was used to ablate the target at an energy density of
0.75 J cm™2.”? Polycrystalline Cd;_,Zn,Te thin films with a
thickness of 1 pm were deposited on glass substrates employing
the PLD method, where the base pressure acquired was 5 x 10~7
torr and the target and substrate distance was kept either at
35 mm or 55 mm. An XeCl excimer laser with a wavelength of
308 nm was used to obtain an energy density of ~2-2.5] cm ™ 2.”?

3.1.6 Close-space sublimation (CSS). Close-space sublima-
tion (CSS) is a vapor deposition process, which is based on the
sublimation phenomenon, where both the source and sub-
strate are kept at a distance of ~1-2 mm under constant
temperature condition. The sublimation process takes place
under high vacuum, and consequently good-quality thin films
are developed on the substrate. The CSS technique is known for
its high deposition rate and cost effectiveness.®> CdznTe thin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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films with a thickness of 150 um were deposited on Si, glass,
and also polished CdZnTe thin films employing the CSS
method. Polished CdZnTe thin films were also used as the
substrate for thin film deposition employing the CSS method,
followed by polishing the films for 120 min using Al,O;
powder.” Polycrystalline CdZnTe thin films were deposited
on GaN substrates using CSS method at varying intervals,”
where the source and substrate temperatures were 600 °C and
500 °C, respectively, and distance between the source and
substrate was 4 mm. The nucleation and island growth of
CdZnTe thin films was studied employing the CSS method,
where Cd, ¢Zn,;Te bulk polycrystals were used as the source
and gallium arsenide (GaAs) (001) as the substrate. During the
deposition process, the pressure was kept at 1 x 10~ Pa and
the source to substrate distance was maintained as 5 mm.”®
CdZnTe thin films with a thickness of 300 pm were deposited
on glass substrates using the CSS method’” and polished using
the mechanical polishing (MP) method, where the Cd, ¢Zn, ;Te
powder was used as the source material with a 4 mm source-
substrate distance. Polycrystalline CdZnTe thin films were
deposited onto FTO-coated glass substrates employing the CSS
method,”® where the thickness, pressure and source to sub-
strate distance were maintained as 270 pm, 5 Pa and 4 mm,
respectively. These films were etched for 30 s by 0.1% Br-MeOH
(BM), followed by washing through methanol solvent. CdZnTe
thin films were deposited on an FTO-coated glass substrate
employing the CSS method using a Cd;_,Zn,Te plate as the
source material, which was heated to 650 °C with a substrate
temperature in the range of 100-500 °C.”°

3.2 Chemical routes to develop CdZnTe thin films

The chemical route based deposition processes are classified
into two categories, namely, gas and liquid phases. In both
processes, a chemical reaction takes place either in the gas-
phase or liquid phase, which results in the deposition of the
desired thin film on the corresponding substrates.>"**%” The
chemical process can also be further classified based on the
type of precursor, applications, reactors used and chemical
reactions.®® Among the chemical routes, techniques such as
metal-organic chemical vapor deposition (MOCVD),**® electro-
deposition/electro-plating®®** and liquid-phase epitaxy” have
been frequently applied thus far to develop the CdZnTe thin films
and the corresponding devices. These growth techniques are
briefly discussed in the following sections together with a review
of the corresponding target.

3.2.1 Metal-organic chemical vapor deposition (MOCVD).
Metal-organic chemical vapor deposition (MOCVD) is a gas
phase-based chemical technique, which relies on the principle
of depositing a compound material on a substrate under high
vacuum using organo-metallic precursors. Carrier gases such as
argon (Ar) and nitrogen (N) are used to transfer the precursors
to the substrates, where they are condensed, leading to the
formation of thin films.** Cd, _,Zn,Te thin films were deposited
on glass substrates using the MOCVD method, where hydrogen
(H,) was used as the transporter gas and diethyl-zinc, diethyl-
tellurium and dimethyl-cadmium were applied as organo-
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metallic precursors. The growth rate was varied in the range of
5-7 um h™" and the employed glass substrates were heated up to
480 °C.% polycrystalline Cd,_,Zn,Te thin films having a thickness
of ~0.1 um were deposited on glass and Si/SiO, substrates using
the MOCVD method,*® where diethyl-zinc, diethyl-tellurium, and
dimethyl-cadmium were used as organo-metallic precursors
together with hydrogen (H,) as the transporter gas.

3.2.2 Electro-deposition/electro-plating. Electro-deposition
is a liquid phase-based chemical deposition technique, wherein
electrical energy is applied to electrodes immersed in an
electrolytic solution; consequently, the negative and positive
ions move towards the positive and negative electrodes, respec-
tively, resulting in the deposition of thin films.* CdZnTe thin
films were developed using the electro-deposition technique,
where an electrochemical bath of aqueous solutions of Cd and
Zn salt and Te metal were undertaken. To calculate the com-
position of the bath mixture, linear sweep voltammetry (LSV)
measurements were performed. The Cd-solution concentration
was varied in the range of 0.05-0.1 M. By adding the appro-
priate amount of HCI aqueous solution, the pH of the electro-
chemical bath was varied in the range of 1.5-2.5. Polycrystalline
Cd;_,Zn,Te thin films were deposited in a non-aqueous med-
ium on ITO substrates using the electro-deposition method.
The electrochemical bath consisted of a mixture of 0.16 M KI
and 0.01 M TeCl,, where the bath temperature was fixed at
160 °C.°" CdZnTe thin films with a thickness of 0.2-1 pm were
deposited using the electro-deposition technique, where the
electrochemical bath was prepared using an aqueous solution
of CdCl,, ZnCl, and Te, and the pH and temperature of the
electrochemical bath were kept at 2 and 25 °C, respectively.®>

3.2.3 Liquid-phase epitaxy (LPE). Liquid-phase epitaxy
(LPE) refers to the epitaxial growth of thin films on a substrate
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involving epitaxial growth employing solutions either having
the same chemical composition (homo-epitaxy) or different
chemical composition (hetero-epitaxy) to that of the substrate.
The required characteristics of an appropriate substrate are
chemical compatibility of solution and layers together with sui-
table lattice matching.”>°® Cd,¢Zn, ;Te thin films having a thick-
ness of 10 pm were deposited on CdTe single-crystal substrates
using the LPE method, where the photoluminescence (PL) proper-
ties of these films were studied as a function of the gamma
irradiation dose.”® The merits and drawbacks of the different thin
film deposition techniques are summarized in Table 2.

Besides the deposition techniques, numerous post-treatments
also affect the physical properties of CdZnTe thin films, which
ultimately affect the target device performance. In the following
section, we discuss the impact of surface modifiers, namely,
thermal and chloride treatment and variation in Zn content on
the physical characteristics of CdZnTe thin films.

4. Effect of thermal and chloride
treatments and variation in Zn content
on physical characteristics

The physical characteristics of CdZnTe thin films are affected
by surface modifiers such as thermal and chloride treatment
and variation in Zn composition, as described in Fig. 4(a)—(c),
respectively. The surface of CdZnTe single crystals is comprised of
defects such as Cd vacancies, Te interstitials, and dislocations.*®*°
Hence, to minimize the presence of these defects and enhance the
surface quality of CdZnTe thin films, surface modifiers are
required. Firstly, thermal annealing or heat treatment at
specific temperatures modifies the surface of CdZnTe thin films,

and considered a liquid-based chemical deposition technique, and also reduces the number of surface defects.'®® Secondly,
Table 2 Merits and drawbacks of the thin film deposition techniques
Technique(s) Route(s) Merits Drawbacks Ref.
Thermal evaporation Physical e Operation affability. o Not suitable for fabricating multi-component thin films. 82
(e-beam and resistive e Low cost. e Varying evaporation rates and vapor pressures of
heating) e Can be used with a wide variety of materials. different materials.

o Provides deposited films with homogeneity.
Sputtering Physical o Constant sputtering rate for various materials. ® Requires appropriate control of the different deposition 52

parameters.

Molecular beam epi- Physical e Capable of producing high-purity layered epi- e Requires ultra-high vacuum for its operation. 84

taxy (MBE) taxial thin films.

Pulsed laser deposi- Physical e Effective for the development of epitaxial thin

tion (PLD) films and fabrication of multi-layered hetero-
structures.

Close-space sublima- Physical e Cost-effective.

tion (CSS)
Metal-organic
chemical vapor
deposition (MOCVD)
Electro-deposition

e High deposition rates

semiconductors.
Chemical e Cost-effective.
e Easy manufacturing.

Chemical e Used with a wide variety of substrates.
e Employed for both wide and narrow band gap e Requires appropriate selection of the organo-metallic

o Slow deposition rates.

e Requires appropriate control of the different deposition 84
parameters.

e Requires appropriate control of the process parameters. 85

e Complexity of design and operation. 95

precursors.
e Operation does not require a vacuum system. 97,
e Limited for the deposition of only metals. 98

o Appropriate for large-scale applications.

Liquid phase epitaxy Chemical e Provides a high growth rate.

(LPE) e Provides a wide selection of dopants.
e Absence of any toxic by-products.
1986 | Energy Adv, 2023, 2,1980-2005

e Only suitable for the growth of single-layered epitaxial 95
films.
o Solution removal is complex.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pictorial illustration of (a) thermal annealing, (b) chloride activation treatment and (c) variation in Zn content on CdZnTe thin films.

polycrystalline thin films are comprised of grain boundaries,
which act as trap states and recombination centers for charge
carriers, and in the Cd-based layer, they be inverted by chloride
activation, where the chlorine atoms are segregated in the grain
boundaries, leading to their inversion or passivation. Therefore,
the effect of chloride treatment has been widely studied by various
researchers. Subjecting thin films to chloride treatment is an
effective way to enhance their properties, given that it not only
passivates the grain boundaries but also promotes grain growth,
recrystallization, and the carrier lifetime and reduces the trap
states and recombination centers.

Chloride treatment is performed in two ways, namely, wet
and dry chloride procedures. In ex situ wet chloride treatment,
the samples are exposed to a CdCl, solution having a specific
concentration using the drop cast method, followed by annealing
at suitable temperatures, and subsequent removal of the residual
solution. In contrast, in in situ dry chloride treatment, a thin layer
of CdCl, is deposited in the same chamber on a previously
deposited Cd-based layer, followed by annealing at suitable
temperatures.®”"'*"1% Moreover, the Zn content chosen for the
fabrication of ternary composites of Cd, Zn and Te also impacts
the physical properties of CdZnTe thin films and needs to be
further explored depending on the desired application.®>%*

To optimize deposited films for desired applications or
device development, their characterization is necessary, and
therefore deposited thin films are usually studied using differ-
ent characterization tools such as X-ray diffractometry (XRD),
UV-Vis spectrophotometry, source meter (current measure-
ments), scanning electron microscopy (SEM), atomic force

© 2023 The Author(s). Published by the Royal Society of Chemistry

microscopy (AFM) and energy dispersive spectroscopy (EDS)
to optimize their structural, optical, electrical, morphological,
topographical and elemental properties, respectively. A pictor-
ial representation of the various characterization techniques is
shown in Fig. 5. The performance parameters for solar cells

UV-Vis
(Optical
characteristics)

Fig. 5 Graphical representation of the various techniques for the char-
acterization of thin films where UV-Vis stands for UV-Visible spectro-
photometry and the tools are indicated by their prevelant abbreviations.
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such as short circuit current density, open circuit voltage, fill
factor, and power conversion efficiency can be obtained by
subjecting the prepared devices to supported electronics com-
prised solar simulator. Moreover, admittance parameters of
developed CdZnTe solar cells can be determined by employing
an LCR meter setup and the acquired short circuit current can
be verified by performing quantum efficiency measurements.
In the following sections, a comprehensive analysis is pre-
sented on the influence of surface modifiers on the structural,
optical, electrical, topographical, and morphological properties
of CdZnTe thin films for solar cell applications. In this section,
the utilization of CdZnTe films is also highlighted as proficient
absorber layers in the corresponding single-junction and tan-
dem devices.

4.1 Structural characteristics

X-ray diffraction (XRD) is recognized as the most powerful tool
to probe the structure and phase of materials, where the
diffracted beam is comprised of a large number of scattered
rays mutually reinforcing each other. The XRD technique is
based on Bragg’s law of diffraction, which states that when an
X-ray beam undergoes diffraction, it is scattered in all direc-
tions and the scattered rays are found to be in phase following
the condition of constructive interference, and accordingly
bright fringes appear.’®™%” The assighment of the crystal
structure, phase and Miller indices can be achieved by compar-
ing the obtained crystallographic patterns with that of the Joint
Committee on Powder Diffraction Standards (JCPDS) data.
Based on the measurements, structural parameters such as
crystallite size, crystallinity, lattice constant, lattice/inter-planar
spacing, dislocation density, number of crystallites per unit
area, texture coefficient, and stacking fault probability can be
determined for a wide variety of materials and thin films.'*”"***

The structural properties of Cd;_,Zn,Te thin films were
investigated using XRD,*® which showed that with an increase
in the substrate temperature from 200 °C to 400 °C, the thin
films possessed a polycrystalline structure with a (111) pre-
ferred orientation, the intensity and height of which increased
with an increase in the substrate temperature. The associated
full width at half maximum (FWHM) and dislocation density
were found to decrease for the heated substrates, whereas the
grain size increased, indicating the compact structure of the
deposited films.® The structural properties of as-deposited and
300 °C-annealed CdZnTe thin films were studied,®* where the
as-grown films were amorphous in nature but the presence of
humps in their diffraction patterns indicated that they tend to
possess a zinc blende structure. Among the peaks, the peak
corresponding to the (111) plane appeared to be dominant,
while its intensity and the corresponding grain size increased
and the FWHM decreased for the 300 °C-annealed CdZnTe thin
films. The structural properties of Cd,_,Zn,Te thin films depos-
ited using the electro-deposition method were studied,” where
the films were grown using identical chemical baths at four
different potentials, ie., —550 mV, —650 mV, —750 mV and
—850 mV, and annealed at 300 °C for 1 h. The XRD patterns
confirmed the crystallization of the CdZnTe films along the

1988 | Energy Adv, 2023, 2,1980-2005
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cubic phase, where the presence of some other peaks in the
XRD patterns was attributed to the substrate (SnO,) used for
their deposition. Also, it was observed that an increase in the
negative growth potential led to a decrease in the grain size of
the CdZnTe films.

The impact of annealing on the structural parameters of
e-beam-evaporated CdZnTe thin films was investigated,"*?
where the annealing temperature was varied in the range of
150-400 °C. The grain size was enhanced in the range of 26-
72 nm upon heat treatment, indicating the improved crystal-
linity of the deposited films.'*> The structural properties of
CdZnTe thin films were also studied using one-step and two-
step growth processes, where the substrate temperatures were
varied in the range of 350-600 °C, and the results showed
dominant diffraction peaks corresponding to the CZT (004)
reflection, indicating the zinc blende structure of the films, and
the other peaks corresponding to the CZT (002) reflection
indicated the epitaxial growth of the deposited films."** The
XRD patterns of CdZnTe thin films under different mechanical
polishing conditions and time'** revealed that all the CdZnTe
thin films showed stronger diffraction peaks at around 26 =
23.76°, corresponding to the preferential (111) orientation.
The obtained (220), (311), (400) diffraction peaks were found
to be very weak, indicating that the films preferentially grew
along the (111) plane. The intensity of the diffraction peak
corresponding to the (111) plane significantly increased with an
increase in the polishing time. After polishing, the position of
the (111) diffraction peak shifted slightly towards a smaller
angle, which can be attributed to the influence of different Zn
contents on the surface of CdZnTe. Also, with an increase in the
mechanical polishing time and Zn content, the grain size was
found to decrease."**

The XRD patterns of chemically prepared Cd,Zn,_,Te sam-
ples annealed at 300 °C using ammonia solution as the pre-
cipitating agent and NaBH, solution as the reducing agent were
recorded,'’® and the patterns displayed three main diffraction
peaks for Cd,Zn; ,Te at the 20 values of approximately 24°,
39.44°, and 46.9°, which were identified corresponding to the
(111), (220) and (311) planes of the cubic phase, respectively.
In another work, the unit cell parameters were found to
decrease from CdTe to ZnTe and the Cd,gZn,,Te sample
showed the lowest crystallite size of 22 nm with a higher micro
strain and dislocation density. Also, with an increase in Zn
content, the grain size improved from 22 nm to 71 nm."*?
CdZnTe thin films having a thickness in the range of 450-
1400 nm were deposited via the vacuum evaporation technique
on unheated glass substrates using a multilayer method and
the structural properties of both the as-deposited and heat-
treated samples were investigated at different CdTe source
temperatures.’'® As observed, the preparation conditions and
Zn content in the CdTe/Zn samples played a significant role in
the modification of their structural characteristics. During heat
treatment of the Zn sub-layers between the CdTe layers, Zn
diffusion in the CdTe adjacent layers resulted in an improve-
ment in the crystallinity of the films via the inclusion of Zn
atoms in the CdTe lattice. The effect of varying annealing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions (air, CdCl, and MgCl, treatment) on the structural
properties of thermally evaporated CdZnTe thin films was
reported,’"” where the dominant (111) plane was observed for
all the films and their grain size was enhanced, whereas the
amount of defects was reduced for the air-annealed and
chloride-treated films. Several other reports®”''®
that chloride activation treatment led to an enhanced domi-
nant peak intensity and crystallinity in CdZnTe thin films,
indicating the crucial impact of chloride treatment on improv-
ing the film quality.

Cd,Zn, _,Te films having varying Zn concentrations (x = 0.0-
1.0) were deposited via the vacuum co-evaporation method,'*
where the X-ray diffractograms of the films (in normal and
enlarged views) are shown in Fig. 6(a) and (b), respectively,
which revealed the (111) dominant orientation for all the films.
Also, the intensity of the dominant peak and other structural
parameters such as the grain size, dislocation density and
micro-strain varied with a change in the Zn concentration.

The effect of various surface modifiers on crystallite size
calculated using XRD for physically and chemically deposited
CdZnTe films is shown in Table 3.

Due to the instrumentation resolution limit, the crystallite/
grain size of more than 50 nm acquired using the XRD
technique should be verified via transmission electron micro-
scopy (TEM) measurements. The structural parameters such as
crystallinity and grain/crystallite size for the constituent absor-
ber layers in thin film solar cells should be higher and the grain
boundary (GB) density should as low as possible. The other
structural parameters such as inter planar spacing, lattice
constant, internal strain, dislocation density and number of
crystallites per unit area are typically found to be consistent
with the grain size and position of the dominant peak. There is
a stronger correlation between the structural properties and
other physical properties such as optical, electrical, surface
morphological and topographical properties. Therefore, the

also revealed
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aim is to achieve the largest possible grain growth for the single
constituent layer, followed by its implication in the corres-
ponding device to enhance the performance of developed solar
cell devices.

4.2 Optical characteristics

The investigation of the optical properties and parameters such
as optical energy band gap, spectral behavior of the refractive
index, lattice dielectric constant, dispersion energy, single
oscillator energy, Urbach energy, absorption coefficient, extinc-
tion coefficient, surface energy loss function (SELF), and
volume energy loss function (VELF) of materials can be typically
carried out employing UV-Vis spectroscopy by measuring absor-
bance, transmittance and reflectance spectra in the near-
ultraviolet (190-380 nm) and visible (380-780 nm) range, where
the associated instrumentation wavelength range is from the
minimum of 190 nm to the maximum of 1100 nm. UV-Vis NIR
spectrophotometers are used to measure spectra in the wave-
length range of 190-3300 nm. The typical manufacturing and
associated instrumentation are based on solar irradiance,
which is dominated by the visible range not only at the earth
but also near the sun. This radiation provides sufficient energy
for electronic transitions, and consequently the optical spec-
trum of the sample under observation is obtained. The amount
of radiation absorbed by the sample is related to its concen-
tration and path length and is governed by Beer-Lambert’s law,
which states that the absorbance of a sample is directly
proportional to its concentration and path length of the asso-
ciated sample holder."**"*! The optical energy band gap can be
estimated using different approaches such as Tauc plots,
derivative transmittance spectroscopy, and diffuse reflectance
spectroscopy. The spectral behavior of the refractive index can
be determined using the Swanepoel envelope method. Different
dispersion parameters of materials and thin films can be
obtained using the Wemple-Di Domenico (WDD) model.

20 (degrees)

(a) XRD patterns of Cd;_,Zn,Te thin films at varying Zn concentrations and (b) enlarged portion of the diffractograms in 20 range of 23-27°,

showing the position of the dominant peak. Reproduced from ref. 119 with permission, Copyright (2020), Elsevier Ltd.
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Table 3 Effect of surface modifiers on crystallite size determined using XRD for CdZnTe films grown employing the physical and chemical deposition

techniques

Surface modifier(s) Deposition technique(s) Crystallite size (D) nm Ref.
Annealing Sputtering 38-81 63
Annealing Electron beam evaporation 26-72 112
Zn content variation Close-space sublimation 34-45 114
Zn content variation Chemical bath deposition 22-72 115
Annealing Electron beam evaporation 29-41 117
Chloride treatment (CdCl,) Electron beam evaporation 29-44 117
Chloride treatment (MgCl,) Electron beam evaporation 29-42 117
Zn content variation Vacuum co-evaporation 18-42 119

Thus, by using UV-Vis spectroscopy, a comprehensive analysis
of the optical parameters considering the associated applica-
tions can be performed.'**>*

Numerous researchers have investigated the influence of
different modifiers on the optical properties of CdZnTe thin
films, with the aim to align and optimize their properties
considering their utilization in single- and multi-junction solar
cells. The optical characteristics of sputtered Cd,_,Zn,Te thin
films were analyzed as a function of the substrate temperature
(200-400 °C) and the transmittance of the films attained was in
the range of 5-20%, where the films exhibited a lower trans-
mittance and higher absorbance. Also, with an increase in the
substrate temperature, the optical energy band gap decreased
in the range of 1.514-1.507 eV due to the increment in the grain
size and decrease in the amount of defects.®® The optical properties
of Cd;_,Zn,Te thin films deposited using the electro-deposition
technique were analyzed® and it was observed that the transmis-
sion spectra of the films grown at —800 mV and —850 mV showed
a step-like nature in the region where absorption occurred for both
samples. This step-like nature indicated nanocrystalline behavior,
resulting from the discrete nature of the energy levels and step-like
density of states. Also, it was observed that with an increase in the
Zn content from 0 to 0.4, the optical energy band gap varied in the
range of 1.55-1.8 eV.”” Similar results were reported by Chander
et al.,""> where the energy band gap decreased upon heat treatment
for e-beam-evaporated CdZnTe thin films.

The Tauc plots of chemical bath-deposited Cd,Zn, ,Te films
with varying Zn contents of 0.0, 0.2, 0.5, 0.8 and 1.0 were
reported,''® where their E; was found to be 1.37 eV, 1.5 eV,
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1.65 eV, 1.8 eV and 2.1 eV, respectively. The reported work
showed that the addition of Cd to substitute Zn metal led to
a decrease in E, or an increase in Zn content led to an increase
in band gap. The effect of different annealing conditions, i.e.,
air annealing and CdCl, and MgCl, treatments, on the optical
properties of e-beam-evaporated CdZnTe thin films was
investigated,""” where in the case of the pristine films, E, =
1.55 eV was attained. In the case of the air-annealed, CdCl,- and
MgCl,-treated films, the optical energy band gap decreased not
only for the air-annealed films but also for the chloride-treated
films, which was in the range of 1.44-1.54 eV, 1.43-1.53 eV and
1.41-1.52 eV, respectively.

The impact of chloride activation treatment on the optical
properties of sputtered CdZnTe thin films was studied''® and
chloride activation corresponding to different atmospheres of
hydrogen, nitrogen and dry air led to a decreased E, from 1.82 eV
to 1.61 eV. The optical characteristics of Cd,Zn, ,Te thin films
having a low Zn concentration (x = 0.0-1.0) deposited using the
vacuum co-evaporation method were reported,''® where their
transmittance spectra revealed the presence of an absorption
edge corresponding to the wavelength range of 500-820 nm.
Also, the optical energy band gap decreased with an increase in
Zn content and determined to be in the range of 1.53-2.17 eV.
Fig. 7(a) and (b) show the Tauc plots and achieved optical energy
band gap as a function of Zn content for Cd; ,Zn,Te thin films
for reference to understand this empirical recipe graphically.

The optical properties of vacuum-annealed Cd, ,Zn,Te thin
films were reported,'*® where the films were deposited via the
vacuum evaporation method. The films were annealed in the

(b) -]

@ Experimental
Vegard's law

Energy band gap (eV)

X

Fig. 7 (a) Tauc plots where vertical scale bears unit (cm~* eV)? and (b) variation in optical energy band gap as a function of Zn content for Cd;_,Zn,Te
thin films. Reprinted from ref. 119 with permission, Copyright (2020), Elsevier Ltd.
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Table 4 Influence of surface modifiers on the optical energy band gap estimated using Tauc plots for CdZnTe films deposited employing various
physical and chemical deposition techniques

Surface modifier(s) Deposition technique(s) Optical energy band gap (E,) eV Ref.
Annealing Sputtering 1.507-1.514 63
Zn content variation Electro-deposition 1.55-1.8 92
Annealing Electron beam evaporation 1.76-2.17 112
Zn content variation Chemical bath deposition 1.37-2.1 115
Annealing Electron beam evaporation 1.44-1.55 117
Chloride treatment (CdCl,) Electron beam evaporation 1.43-1.55 117
Chloride treatment (MgCl,) Electron beam evaporation 1.41-1.55 117
Chloride treatment (CdCly) Sputtering 1.61-1.82 118
Annealing Physical vapor deposition 1.38-2.0 126

temperature range of 300-450 °C and their energy band gap was
determined to be in the range of 1.38-2 eV. The reduced energy
band gap for the 325 °C- and 400 °C-vacuum annealed films
may be due to the presence of defects and impurities in the
films. Hence, the optical parameters of CdZnTe thin films are
significantly altered by various treatments. The evolution of the
optical energy band gap with different surface modifiers esti-
mated using Tauc plots for films deposited employing various
physical and chemical deposition techniques is presented in
Table 4.

The absorber layer in solar cells should have a high absorp-
tion coefficient and low transmittance in the visible region. As
stated, CdZnTe thin films are used as the absorber layer in solar
cell devices, and thus attempts have been made to optimize their
optical energy band gap around the optimal energy band gap,
which is about 1.4 eV for single-junction devices considering the
solar irradiance available on the Earth’s surface and the Shock-
ley-Queisser limit based on the principle of detailed balance.

To apply these absorbers in tandem devices as the top block,
the E, should be optimized in the range of 1.5-2.0 eV for the
corresponding sub cell to harvest the maximum incident
spectra, where low optical energy band gap absorber layer
based sub-cells such as Si-based, organic and perovskite solar
cells can be applied as the bottom block by optimizing their E,
in the range of 1.0-1.4 eV depending on the device architecture.

4.3 Electrical characteristics

The electrical properties of films such as current and voltage
behavior, resistivity, conductivity, carrier concentration, and
mobility can be investigated using a source meter/electro-
meter''” and Hall measurement system."”” Generally, a source
meter/electrometer is a device used to measure the electrical
properties of materials and thin films precisely, which mea-
sures the current flow or potential difference of charges. By
coupling a source meter with a solar simulator, it can also be
employed to determine the electrical properties and perfor-
mance parameters of solar cell devices. A source meter has
merits compared to the common current-voltage measuring
devices, including it can perform both voltage and current
measurements simultaneously in the forward and reverse
directions, covers a wide operating range, high resolution, user
friendly interface owing to numerous applications in batteries,
solar cells and other devices and allows measurement of basic
physical quantities at faster rates with high accuracy and

© 2023 The Author(s). Published by the Royal Society of Chemistry

sensitivity. Thus, it is used to perform current voltage measure-
ments to determine the electrical properties of thin films and
performance of devices.

The dark current-voltage (I-V) characteristics of Au/CdZnTe/
ITO and Au/CdZnTe/Au sandwich-structures were determined
as a function of Zn concentration, where non-linear and linear
behaviors were observed, respectively, and the resistivity of the
films increased with an increase in Zn concentration due to the
widened optical energy band gap.>° The photo-induced electric
bi-stability properties of sputter-deposited pristine and 300 °C-
annealed CdZnTe thin films under light and dark conditions
were analyzed, where the I-V curves indicated high conductivity
under illumination, i.e., the electrical bi-stability was enhanced
under light conditions for both samples. Under dark condi-
tions, the films revealed no electric bi-stability and the con-
ductivity of the 300 °C-annealed CdZnTe thin films was found
to be much higher than that of the pristine films.®* The
current-voltage characteristics of CSS-deposited Au and Au/
ZnTe:Cu electrodes on pristine and polished CdZnTe thin films
were investigated”” and found to be non-linear (non-Ohmic)
and linear (Ohmic), respectively. The electrical properties of
vacuum-evaporated CdZnTe thin films were reported,"** where
their I-V characteristics indicated linear current behavior with
voltage. The electrical conductivity was found to increase with
annealing owing to the increase in grain size or grain growth
due to the recrystallization of the grains and decrease in grain
boundaries. The electrical properties of CdZnTe thin films
prepared under different annealing conditions (air, CdCl, and
MgCl,) were studied, where in the case of the air-annealed and
CdCl,-treated films, their conductivity decreased, whereas that of
the MgCl,-treated films varied with the treatment temperature.''”
Moger et al.'™ studied the electrical properties of vacuum co-
evaporated Cd,Zn,_,Te thin films as a function of Zn concen-
tration (x = 0.0-1.0) and observed that the electrical resistivity
varied with the Zn content. The samples with x = 0.0 and x = 1.0
concentration (ZnTe) exhibited p-type and n-type conductivities,
respectively. The resistivity measurements were performed
employing the van der Pauw method and the results revealed
that the chosen Zn content had a significant impact not only on
the carrier type and mobility but also on the resistivity of the thin
films. The electrical properties of Cd; ,Zn,Te thin films were
investigated via Hall effect and resistivity measurements,'*® where
the positive sign of the Hall coefficient (Ry) confirmed the p-type
semiconducting nature of all the Cd,_,Zn,Te thin films. The
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resistivity of the films varied, which increased initially, attained
the maximum value at a Zn composition of x = 0.2, decreased to
the minimum value at x = 0.8, and then slightly increased again at
X = 1.0. The carrier concentration also varied, ie., initially
increased with an increase in x up to 0.4, and then slightly
decreased at x = 0.6. The maximum carrier concentration was
observed at x = 0.8, and later found to decrease at x = 1.0. The
maximum and minimum mobilities were found to be about
11.54 em®* V' 57" and 0.17 em® V' 57! for the films having
x = 0.6 and x = 0.2 concentrations, respectively.

The effect of surface modifiers on the electrical resistivity of
CdZnTe thin films deposited via various physical and chemical
deposition routes is presented in Table 5.

To develop high-efficiency solar cell devices, the current-
voltage (I-V) characteristics of CdZnTe thin films should be
linear or films should possess Ohmic character and the elec-
trical parameters such as carrier concentration, mobility and
conductivity of the absorber films should be high, while their
electrical resistivity should be as low as possible.

4.4 Morphological characteristics

The surface morphological features such as shape, size and
orientation of the grains play a vital role in modification of the
quality of films and performance of the corresponding devices.
The visualization of the grain boundaries and defects such as
cracks, pinholes, and voids can be explicitly done using differ-
ent microscopy techniques. The surface morphological and
micro-structural characteristics of nano-materials and thin
films can be observed employing scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), which are
described herein in detail in the context of CdZnTe thin films
with the appropriate scientific interpretation.

4.4.1 Morphological characteristics using scanning electron
microscopy. Scanning electron microscopy (SEM) is conven-
tionally used for the determination of the surface morphologi-
cal properties of specimens. It is an electron microscope, which
also provides information about the shape and size of grains of
a sample and works on the principle of scanning of the speci-
men/sample under observation using a high intensity beam of
electrons in a raster scan manner. The basic SEM instrument
includes a column, specimen stage and detectors. The column
consists of an electron gun, apertures, lenses such as objective
and condenser lens and scanning coils. The specimen stage
is used for controlling the specimen position and the detectors
collect the scanned images of the specimen and analyze
them.129_131
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The impact of different surface modifiers on the morpholo-
gical properties of CdZnTe thin films has been widely investi-
gated by various research groups employing SEM. The SEM
micrographs of sputtered CZT films deposited at different
substrate temperatures (200-400 °C) were recorded,’® where
their morphology was enhanced with an improved grain size or
grain growth and decreased grain boundaries with an increase
in the substrate temperature. The results showed that the
substrate temperature had an explicit impact on the crystal-
lization quality, which may help to reduce the trapping effects
among grain boundaries by improving the charge carrier
collection.®®

The surface morphological properties of PLD-deposited
Cd,Zn, ,Te thin films from two targets (hot-pressed and
annealed) over several compositions (x = 0.00, 0.03, 0.06, 0.10,
0.20, and 1.00) were investigated, where all the films were
found to be uniform, having the same thickness and crystal
size. Also, a low temperature reduced the grain growth, while
regardless of the target type, as the Zn concentration increased,
the porosity decreased.”” The surface morphology of CdZnTe
thin films with an increase in the substrate temperature and
growth time, namely, A1 (substrate temperature of 350 °C and
growth time of 27 s), A2 (substrate temperature of 430 °C
and growth time of 53 s), B1 and B2 (substrate temperature
of 350 °C and growth time of 230 s) is shown in Fig. 8(a)-(d) for
the clarity and understanding the grain growth mechanism.
The surface morphology of the A1l film (Fig. 8(a)) revealed
surface coverage with a layer of continuous and homogeneous
islands, indicating that the nucleation process was faster and
lesser sensitive to the surface asymmetry of GaAs. The islands
in the A2, B1 and B2 films (Fig. 8(b)—-(d), respectively) were
larger in size or had larger grain growth compared to the A1l
film, which was less compact even with a longer growth time.
The size of the islands in the CdZnTe films estimated from the
SEM images was in the range of 30-300 nm, which was much
larger than that of the crystallite/grain size, as calculated
employing XRD measurements.”®

SEM micrographs of CSS-deposited CdZnTe thin films over
different substrate temperatures (100-500 °C) were recorded,”®
which revealed that as the substrate temperature increased,
some voids and pitfalls appeared in the surface morphology of
all the films. Also, the grain size increased with an increase in
the substrate temperature up to 400 °C, and thereafter
decreased. The field-emission scanning electron microscopy
(FE-SEM) images of 300 °C-annealed Cd,Zn, ,Te samples (x =
0.0, 0.2, 0.5, 0.8 and 1.0) synthesized via the wet chemical

Table 5 Impact of surface modifiers on the electrical resistivity of CdZnTe thin films deposited via different physical and chemical deposition techniques
Surface modifier(s) Deposition technique(s) Resistivity (p) Q cm Ref.
Zn content variation Close-space sublimation 2 x 10%-6.5 x 10° 20

Annealing Electron beam evaporation 0.64-2.68 x 10> 117
Chloride treatment (CdCl,) Electron beam evaporation 0.64-2.56 x 10” 117
Chloride treatment (MgCl,) Electron beam evaporation 0.53-2.01 x 10* 117

Zn content variation
Zn content variation

1992 | Energy Adv, 2023, 2,1980-2005

Vacuum co-evaporation
Close-space sublimation

2.84-5.36 x 10°
1.73 x 10°-1.28 x 10°

119
128
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Fig. 8 Surface morphological images of (a) A1, (b) A2, (c) B1 and (d) B2
CdZnTe samples. Adapted with permission from ref. 76 Copyright (2018),
Elsevier Ltd.

method were studied,'*® which showed cloud-like structures in
the Cdg,Zny ¢Te thin films. The CdgysZnysTe thin films had
dense network-like structures and the CdggZny,Te films
showed a prismatic-like morphology with better crystallinity
than the other films. The impact of cadmium chloride activa-
tion on the morphological properties of CdZnTe thin films was
investigated,"'® where in the case of the as-grown films, they
possessed a spherical uniform morphology. For the samples
thermally treated at 380 °C and 400 °C, spherical large-sized
grains were observed owing to the coalescence and recrystalli-
zation of the grains upon chloride treatment. The morphologi-
cal micrographs of vacuum co-evaporated Cd,Zn, ,Te thin
films were studied as a function of Zn content (x = 0.0-1.0),
where the SEM images revealed a spherical homogenous and
crack-free morphology for all the films.**°

The surface morphological properties of CSS-deposited
Cd,Zn,_,Te thin films with varying Zn contents were reported,
where an increase in the Zn concentration from 0.0 to 1.0
resulted in a decrease in the grain size from 9 um to 1.8 um."*®

The effect of surface modifiers on the grain size estimated
employing SEM for films deposited via different physical and
chemical deposition techniques is shown in Table 6.

The surface morphology of CdZnTe thin films should be
compact and homogenous without any crystallographic defects
such as pinholes and voids and the grain size of the corres-
ponding absorber or constituent layers should be higher to
achieve devices with better performances. As stated, TEM also
gives information about the surface morphology, grain growth
and microstructure of the constituent thin film layers, and
therefore the next sub-section includes an overview of TEM
with a detailed analysis.

4.4.2 Morphological characteristics using transmission
electron microscopy. Transmission electron microscopy
(TEM) is used to observe grains at a much higher magnification
and resolution than SEM and provides information about the
crystallographic planes and orientations of the sample surface.
It uses an accelerated electrons beam, which is transmitted through
the specimen under observation, enabling the morphological

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Impact of surface modifiers on the grain growth estimated using

SEM for films deposited via various physical and chemical deposition
techniques

Surface modifier(s)  Deposition technique(s)  Grain size (D) Ref.

Zn content variation Pulsed laser deposition 20 nm 72
Annealing Close-space sublimation ~ 30-300 nm 76
Annealing Close-space sublimation  0.4-1 um 79
Zn content variation Chemical bath deposition 1-2.5 pm 115
Zn content variation Close-space sublimation = 1.8-9 um 128

properties of the specimen to be studied. High-resolution
transmission electron microscopy (HRTEM) is an imaging
mode of specialized TEM that allows for the direct imaging
of the atomic structure of a specimen and can provide
images having more clarity and higher resolution then the
conventional TEM.

To perform an in-depth micro-structural analysis of CdZnTe
thin films, researchers have analyzed the impact of surface
modifiers using TEM. TEM and HRTEM micrographs of
annealed and pristine samples of Cd,;_,Zn,Te thin films were
captured®® and the results showed that the thickness and grain
size of these films were of the same order of ~5 um and
multiple twinning was observed. Also, no transitional layer was
observed between the films and bottom glass substrate. At a
temperature of up to 300 °C, the grain size did not change
significantly in the films; however, twins and stacking faults
were observed on the sample surface. The HRTEM micrographs
revealed the presence of dislocations near the grain bound-
aries, which formed glide bands inside the grains. For reference
and understanding, the TEM micrographs of Cd, ,Zn,Te thin
films deposited using the MOCVD method are depicted in
Fig. 9, where the effect of annealing on these films was studied
at 200 °C and 300 °C. In these films, their surface was modified
by four processes, as follows: (a) recrystallization started at
200 °C, increasing the grain size, and at 300 °C, the grain size
increased from 0.1 um to 1.5 pm; (b) the mechanical twinning
process produced thin-lamella-like structures on the surface of
the films; (c) spinodal decomposition started at temperatures
> 250-300 °C, where TEM selected area diffraction (SAD)
indicated broadening of the diffraction rings owing to the
phase transformation; and (d) ordering process, in which the
ordered areas showed strong absorption and referred to as
“black clouds” in the TEM micrographs. Thus, thermal anneal-
ing below 300 °C modified the surface of the films by these four
processes, i.e., recrystallization, twinning, decomposition and
ordering.®’

The TEM images of CdCl,-treated CdyZn,4Te thin films
were analyzed,'** where the effect of chloride treatment on the
sample surface was found to be prominent given that obvious
recrystallization and grain growth started at the surface and
proceeded towards the CdS/CdZnTe junction. Initially, the sur-
face consisted of columnar-shaped grains having a high density
of stacking faults below the recrystallized region, whereas after
recrystallization, the morphology changed to oval-shaped. The
effect of the metal-semiconductor interface of gold contacts on
85 °C-baked CdZnTe thin films was investigated employing the

Energy Adv, 2023, 2,1980-2005 | 1993
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Fig. 9 TEM images of (1) Cdg 48Zngs2Te thin films: (a) as-deposited state, (b) after in situ annealing for 15 min at 250 °C, and (c) HRTEM images. (2) In situ
Cdo.48ZNno s Te thin films annealed at 250 °C for (a) 30 min and (b) 33 min and (c) HRTEM images. Reproduced from ref. 89 with permission, Copyright

(2002), Wiley-VCH.

electro-less deposition method,'** where the TEM micrographs
of these films revealed the presence of bright grains deep in the
subsurface, which were dispersed throughout the surface,
indicating their uniform deposition.

In the case of CdZnTe thin films, TEM analysis provides
information not only about the grain size of the deposited films
but also visualizes processes such as recrystallization, mechan-
ical twinning, decomposition and spontaneous ordering in thin
films. These processes offer evidence about significant changes
associated with the morphology, phase transformation and
defects present on the surface of the thin film.

In the present section, the surface morphological properties
of CdZnTe thin films are described carefully together with their
implication in order to enhance performance of the corres-
ponding devices. Besides morphology, the surface topography
of each layer also influences the properties and performance of
the devices because a higher surface roughness is required for
the absorber layer to enhance the absorption probability of
incident photons through multiple scattering based on the
principle of total internal reflection. Therefore, in the next
section, an overview of the surface topography of the target
domain is presented, which is typically observed employing
atomic force microscopy (AFM).

4.5 Topographical characteristics

AFM is a particular type of scanning probe microscopy (SPM),
which is based on the piezoelectric effect and uses the inter-
atomic forces between the tip and specimen for the topogra-
phical characterization of the surface of the sample under
investigation. AFM produces both two-dimensional (2D) and
three-dimensional (3D) images of the specimen and can be
used with non-conducting specimens, where 2D images are
real, while the 3D images are artifacts.'***** The basic set-up of
a typical AFM includes a specimen holder, spring cantilever,
laser and detector. The specimen holder holds the specimen
(sample) under observation, the spring cantilever is used

1994 | Energy Adv, 2023, 2,1980-2005

together with an integrated tip at one end, the laser beam
measures the inter-atomic forces between the tip and specimen
and the detectors process the collected information related to
the specimen surface. Upon rastering the cantilever tip over the
specimen surface, an inter-atomic potential is developed between
the tip and sample surface, and consequently the cantilever moves
upwards and downwards and these deflections are measured
by the detector, producing 2D, and then 3D images of the
specimen.’*%*® The measurements of topographical character-
istics using AFM can be performed in three modes, ie., contact,
non-contact and semi contact or intermediate mode.

The effect of thermal treatment on the topographical properties
of vacuum-evaporated Cd,,ZnggTe thin films was investigated,’®
where homogeneously distributed grains were attained and the
RMS roughness of the annealed Cd,,Zn,gTe thin films was
determined to be 6 nm. Prabakar et al.’® explored the impact
of substrate temperature (300 °C) on the 2D AFM images of
Cdy.»Zn, gTe thin films, where the films had a spherical-shaped
granular morphology/topography and their RMS roughness
changed with the substrate temperature. The effect of different
Zn contents (x = 0.05-0.15) on the topographical properties of
300 °C-annealed Cd,Zn,_,Te thin films was analyzed,*® where
the films were deposited via the resistive heating-based thermal
evaporation technique. All the films revealed a hill-like topo-
graphy comprised of small-large height hills and the root mean
square (RMS) roughness varied in the range of 7-16 nm with
a variation in the Zn concentration. The AFM images of RF-
sputtered CZT thin films deposited at varying substrate tem-
peratures of 200 °C, 300 °C and 400 °C were analyzed, which
showed that the films deposited at 200 °C had pebble-like
crystal grains with a size of 130 nm. The CZT films deposited
at 300 °C exhibited a complete grain shape with a size of
253 nm and better degree of crystallinity, whereas the films
deposited at 400 °C demonstrated a denser structure with a
grain size of 300 nm. As the substrate temperature increased,
the grain size increased, which may be due to the kinetic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 2D AFM images of CdZnTe thin films deposited at one-step
growth temperature of 350 °C and second-step growth temperatures of
(a) 350 °C, (b) 430 °C, (c) 530 °C, and (d) 600 °C. Reprinted from ref. 113
with permission, Copyright (2019), Elsevier Ltd.

limitation at low temperature.®® The topographical properties
of RF-sputtered CdZnTe thin films were observed,*® where the
substrate temperature was set at 300 °C and pebble-like struc-
tures were formed, having a mean diameter of 143 nm. Cao
et al.'™® studied the topographical images of CSS-deposited
CdZnTe thin films corresponding to the first-step and second-
step growth temperatures in the range of 350-600 °C, as shown
in Fig. 10(a)-(d), where ridge-like topographies were acquired
for all the films and their RMS roughness was in the range of
0.33-1.23 nm. The 3D topographical images of vacuum co-
evaporated Cd,Zn; _,Te thin films were studied as a function of
Zn content (x = 0.0, 0.4 and 1.0) and the AFM images revealed a
medium to large height hill-like topography. Also, the RMS
surface roughness varied from 4.01 nm to 5.66 nm with an
increase in the zinc content."*’

The effect of surface modifiers on the topographical features
such as surface roughness and mean grain size calculated using
AFM for CdZnTe thin films deposited via various physical and
chemical deposition techniques is presented in Table 7.

To prepare high-quality CdZnTe thin films, their grain size
should be high, while AFM findings should be correlated with
the SEM and XRD findings, and if any deviation is observed,
appropriate scientific interpretation of the facts is necessary to
mitigate the problem in the future. The surface roughness of
the corresponding absorber layer should be high given that it
enhances the chances of absorbing of incident photons by the
phenomenon of multiple scattering or total internal reflection
as stated earlier.

4.6 Elemental characteristics

The compositional analysis of thin films and materials can be
undertaken via energy dispersive spectroscopy (EDS)/energy
dispersive X-ray spectroscopy (EDAX), which is based on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fundamental principle of the spectroscopy, i.e., each atom has a
unique atomic structure, and consequently produces character-
istic X-rays, appearing as a unique set of peaks. A typical EDS
consists of four main components, ie., an excitation source,
X-ray detector, pulse processor and analyzer. An e-beam or
X-rays can be used as the excitation source, the X-ray detector
is used to collect information, the pulse processor is utilized for
processing the collected information and the analysis is accom-
plished by an analyzer."?”*°

EDS has been widely employed by the scientific community
to investigate the composition and confirm the stoichiometry
to implicate the optimized films in the targeted domain. For
readers to understand EDS, a the elemental analysis of
annealed CdZnTe thin films is shown in Fig. 11(a)-(c), where
Cd, Zn and Te peaks confirmed the successful deposition.
Besides these peaks, oxygen (O) and silicon (Si) peaks are also
present in the spectra due to the indium-doped tin oxide (ITO)-
coated glass substrate underneath the deposited CdZnTe thin
films. The Cd and Zn concentrations increased, whereas the Te
concentration decreased upon annealing, indicating a shift in
the preferred diffraction peak towards a higher side.>® These
alterations in the peaks can be supported and correlated by
other physical characteristic findings depending on the aim of
the researcher.

The EDS spectra of CZT films deposited at different sub-
strate temperatures were studied, where a decrease, increase
and no variation were observed for the applied concentrations
of Zn, Cd and Te, respectively. The lower Cd content than Zn
content may be due to the loss of Cd during deposition and its
associated low sticking coefficient.®® The elemental properties
of sputtered CZT thin films were studied, where their EDAX
spectra confirmed the deposition of the pristine and 300 °C-
annealed films, and the chemical composition was found to be
13.39%, 27.87% and 58.74% and 12.95%, 28.14% and 58.91%
for Cd, Zn and Te elements, respectively.** To introduce sui-
table grain growth, CdCl,-treated RF-sputtered CdgeZng,Te
films were explored, where their EDAX spectra confirmed the
deposition, and a considerable loss was observed in Zn content
given that the CdCl, vapors reacted with Zn, resulting in the
formation of ZnCl,.*” The elemental analysis of Cd;_,Zn,Te
thin films synthesized via the electro-deposition method®*
revealed the dependence of the Zn content on the ionic
composition of the starting solution, where the Zn/Cd ratio in
the films increased consistently with an increase in the ionic
Zn/Cd ratio in the chemical bath. Moger et al.'* studied the
elemental characteristics of Cdy4Zng¢Te thin films deposited
via the vacuum co-evaporation method and the EDS mappings
revealed the presence of Cd, Zn and Te peaks, indicating the
successful growth of the ternary alloy.

The EDS patterns of CSS-deposited Cd;_,Zn,Te thin films
were analyzed as a function of Zn content (x = 0.0-1.0), where
the patterns revealed the presence of cadmium, zinc and tell-
urium elements in the thin films, confirming the deposition.
Considering the stoichiometric compositions of the materials,
an excess of Zn atoms was observed in all the developed films,
whereas in the films with a low Zn content (x = 1.0), an excess of
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Table 7 Effect of surface modifiers on surface roughness and mean grain size evaluated using AFM for CdZnTe thin films deposited via various physical

and chemical deposition techniques

Surface modifier(s) Deposition technique(s) RMS roughness (nm) Mean grain size (nm) Ref.
Annealing Vacuum evaporation 6 — 58
Annealing Vacuum evaporation 3.2-5.8 — 59
Zn content variation Resistive heating thermal evaporation 7-16 — 60
Annealing Sputtering — 130-300 63
Annealing Sputtering — 143 68
Annealing Close-space sublimation 0.33-1.23 — 113
Zn content variation Vacuum co-evaporation 4.01-5.66 . 119

T ™ T LARaas aaas; Al iaRiasa
2 4 6 8 10 12 14 16 18 20
keV

Fig. 11 EDS spectra of CdZnTe thin films thermally annealed at (a) 100 °C,
(b) 200 °C, and (c) 300 °C. Adapted from ref. 55 with permission. Copyright
(2017), Elsevier Ltd.

Cd atoms was observed in the acquired CdTe films.'?® The
compositional properties of chemically prepared and 300-
500 °C annealed CdZnTe thin films were studied, where their
EDAX spectra confirmed the deposition of CdZnTe thin films
and the Cd content was found to be higher than that of Zn in
the pristine and annealed films. Other elements such as Au, Pd
and Mg were also present due to formation of impurities during
the deposition of films."*® The elemental composition of the
developed thin films not only plays an important role to ensure
the development of appropriate films and nanomaterials but

1996 | Energy Adv., 2023, 2,1980-2005

presents information about any type of impurities together with
optimizing the single constituent layers to implicate them
in corresponding devices. The developed layers should be
stoichiometric, which also affects all the properties, where a
deviation from stoichiometry/non-stoichiometry may reduce
the quality of the constituent single layers and performance
of the corresponding device. Therefore, attempts should be
made to develop stoichiometric constituent layers.

Beside the above-mentioned properties, characteristics such
as vibrational group, defect analysis, and band stretching are
also important, which can be investigated by the analysis of the
corresponding Raman, PL and FTIR spectra. Raman spectro-
scopy provides information about vibrational modes to the
materials or individual constituent thin layers. The photolumi-
nescence (PL) properties of individual thin film layers are
important to explore defects present and optimize them for
development of devices and and other field of applications.
Fourier transform infrared spectroscopy (FTIR) provides infor-
mation on the band stretching and functional group of indivi-
dual constituent layers. Considering the literature, analyses
employing Raman, PL and FTIR spectroscopy in the target
domain are discussed in next section.

4.7 Other significant characteristics using Raman, PL and
FTIR spectroscopy

Raman spectroscopy is a molecular spectroscopic technique,
which provides information about the characteristics of a
material based on the interaction of light with matter, whereas
infrared (IR) spectroscopy relies on the absorption of light. The
basic principle of the Raman spectroscopic technique is the
interaction of light with molecules present in gas, liquid or
solid, and consequently the scattering of a large number of
photons bearing identical energy to that of the incident
photons. This process is termed elastic/Rayleigh scattering,
while a small fraction of photons is scattered at a different
frequency than that of the incident photons.
Photoluminescence (PL) is a light emission process, where
photo-excited carriers decay from one energy level to another.
The energy of a particular luminescence transition depends on
the relative spacing/energy of its initial and final energy states.
These states may be localized impurity or defect levels, con-
tinuum levels in conduction or valence bands or exciton states.
Fourier transform infrared spectroscopy (FTIR) is another
important spectroscopic technique, which is used to obtain
an infrared spectrum (IR) of absorption or emission by a solid,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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liquid or gas to identify materials and determine the different
functional groups present in a specimen. FTIR spectroscopy is
based on the principle where a beam comprised of a wide range
of frequencies falls on the sample surface and the amount of
light absorbed by the sample can be measured. The beam is
modified to contain a different combination of frequencies,
giving a second data point. This process is speedily repeated
many times over a short period and the data collected to deduce
the amount of absorption at each wavelength. An FTIR spectro-
meter is used to collect high-spectral-resolution data over a
wide spectral range, which is advantageous in comparison to
a dispersive spectrometer, measuring the intensity over only a
narrow wavelength range.

To date, Raman, PL and FTIR spectroscopy have been
employed by the scientific community to investigate the asso-
ciated characteristics of the targeted CdZnTe thin films.
The effect of annealing on the Raman and PL spectra of
DC-sputtered CdZnTe thin films was investigated,®* where the
Raman spectra of the pristine and 300 °C-annealed films in the
wavenumber range of 100-300 cm ' demonstrated peaks at
119.7 em ! and 139.2 em™?, corresponding to the longitudinal
optic (LO) mode. The peaks observed at wavenumbers of
118.6 cm ™" and 137.6 cm™ " correspond to phonons having Al
symmetry in the 300 °C-annealed films, which are tellurium
rich, whereas the peak observed at the wavenumber of
262.5 cm ' is due to presence of secondary phonons having
Al symmetry. Also, the PL spectra of CdZnTe thin films corres-
ponding to an excitation wavelength of 620 nm at room
temperature® revealed a strong emission band at 630 nm,
and after irradiation, the intensity of the emission peak was
reduced significantly. The presence of imperfections in the
films was observed, which were activated during excitation
and a higher-order band was observed at 720 nm for the
annealed films owing to the tellurium-rich phase segregation.
Hence, the PL studies showed strong red emission together
with the presence of defect sites.

For readers to understand the PL spectra, Fig. 12 depicts
that of the Cd;_,Zn,Te films possessing a higher Zn content
(0.10 < x < 0.42) at different substrate temperatures (100-
500 °C). The spectra showed the appearance of a single broad
peak, corresponding to the electronic transition from the
conduction band to valence band, and no other peak associated
with the single phase of CdTe or ZnTe compound was obtained.
In the case of the films grown at different substrate tempera-
tures (100-300 °C), no considerable variation was observed in
the peak position. However, at a substrate temperature
above 400 °C, the PL peak of the CdZnTe thin films showed a
blue shift.”®

The normalized PL spectra of Cd; ,Zn,Te films (x = 0.0-1.0)
deposited via the MOCVD method were reported,®® where the
reference PL spectra of the monocrystalline Cd,_,Zn,Te films
revealed the existence of the narrow and high intensity peaks
corresponding to the band gap dealt recombination together
with some wide and weaker intensity sub-band peaks owing to
the defect-impurity associated recombination mechanism.
Also, the normalized PL spectra of polycrystalline CdZnTe films
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Fig. 12 Photoluminescence spectra of CdZnTe thin films deposited at
varied substrate temperatures. Reproduced from ref. 79 with permission,
Copyright (2016), Elsevier.

revealed wide peaks due to the much higher defect-impurity
recombination compared to the narrow peaks owing to the con-
siderable plastic deformation in Cd;_,Zn,Te films. The Raman
and FTIR spectra of CSS-deposited Cd;_,Zn,Te thin films having
different Zn contents were measured,'*® where the Raman spectra
revealed the occurrence of Te (Al) phonons at the wavenumber
of 116 cm ™" for all the compositions. In the case of CdTe films,
the CdTe (1TO) + Te (E) phonon modes were observed at
the wavenumber of 137 em™', for ZnTe films, the Te (E)
phonon mode at the wavenumber of 137 cm™ ' and the ZnTe
(1LO) phonon mode at the wavenumber of 198 cm ™. The FTIR
spectra of the Cd;_,Zn,Te thin films showed the presence
of two dominant absorption peaks at around 550 cm ™' and
825 cm ! for all the concentrations. The first peak shifted
towards a lower energy at 542 cm ™', which may be attributed
to the shorter bond length of Zn-Te compared to that
of Cd-Te."*®

The effect of laser annealing on CZT films was studied
by Raman spectroscopy, where annealing was performed
using a micro-Raman IR laser. In the case of the pristine
samples, as the concentration of Zn increased, the CdTe(LO,)
mode was blue-shifted, whereas the ZnTe(LO;) mode was
red-shifted. In the case of the annealed samples, the Te
concentration was noteworthy and an A;(Te) mode of high
intensity was observed and the intensity of the E(Te) mode also
increased. The obtained results indicated that laser annealing
led to an enhancement in the characteristics of the CZT
films."**

In the case of CdZnTe thin films, the obtained Raman peaks
should have high intensity and the corresponding modes
should depict detailed information about the impact of the
concentration of Cd, Zn and Te elements in CdZnTe thin films.
Also, the intensity of the peaks depends on several factors such
as quantity of sample, structural defects, and crystallinity.
Therefore, the deposited films should have low defects, large
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grain size and high crystallinity to develop efficient devices.
In the case of CdZnTe thin films, PL studies are based on their
emission spectra, which should be comprised of strong emis-
sion lines and peaks of high intensity, indicating the presence
of a small amount of crystal defects or imperfections. The FTIR
spectra of CdZnTe thin films must demonstrate their actual
chemical structure and the bonding present in the films
efficiently.

An overview of the merits and drawbacks of the different
characterization tools discussed in this review is depicted in
Table 8.

Among the physical characterization tools depicted in
Table 8, transmission electron microscopy is a destructive tool,
while the other techniques are non-destructive, where the
subjected sample can also be utilized in further measurements.
Hence, the present section comprehensively described the
different physical characteristics of individual CdZnTe thin
films. The optimized conditions can be further applied in the
development of CdZnTe thin film single-junction and tandem
solar cells. The next section of the present review is dedicated to

View Article Online
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the development and characterization of the corresponding
CdZnTe solar cell devices.

5. CdZnTe thin film-based solar cell
devices

Nowadays, cost-effective and highly efficient CdTe thin film
solar cells are the leading choice among research communities
and industrialists based on their associated merits compared to
drawbacks. By altering the thickness of the various layers used
in CdTe-based devices and via various post-treatments, they
may achieve a comparable performance to that of crystalline
silicon (c-Si) solar cell devices. However, although CdTe-based
devices have achieved a high efficiency of 22.1%, the require-
ment of an appropriate metal for rear contact in the superstrate
configuration as lacking bears open circuit voltage loss, high
recombination rate and density of surface states are the draw-
backs those need to be overcome. Accordingly, to achieve this
and exceed the efficiency limit of single-junction cells, CdZnTe

Table 8 An overview of the merits and drawbacks of the various characterization techniques considered in this review

Technique(s) Property Merit(s)

Drawback(s) Ref.

e Provides information about
structure and phase with:

(a) Crystallinity.

(b) Crystallite size.

(c) Dislocation density.

Structure and
phase

X-ray diffraction
(XRD)

e Not suitable for measuring small crystalline structures given 142
that small structures present in trace amounts remain

undetected in XRD measurements.

(d) Number of crystallites per unit

area.

(e) Internal strain.

e Useful for obtaining optical
parameters such as:

(a) Absorbance, transmittance
and reflectance spectra.

(b) Refractive index.

(c) Extinction coefficient.

(d) Optical energy band gap.
e Determines electrical para-
meters such as:

(a) Carrier concentration.

(b) Mobility.

(c) Conductivity.

(d) Resistivity.

UV-Vis Spectro-
photometry or
UV-Vis NIR
Spectrophotometry

Optical

Source meter/ Electrical

electrometer

Surface
morphology

Scanning electron

microscopy (SEM) gical parameters such as:

(a) Shape and size of grains of

sample under observation.

e Useful for obtaining micro-
structural and morphological
parameters such as:

(a) Planes and orientations of
sample surface.

(b) Grain size.

e Provides information about:
(a) Surface roughness.

(b) Root mean square (RMS)
roughness.

(c) Grain size.

e Provides information about:
(a) Elemental composition

Surface mor-
phology and
structure

Transmission
electron microscopy
(TEM)

Surface
topography

Atomic force micro-
scopy (AFM)

Elemental or
compositional

Energy dispersive
spectroscopy (EDS)

and concentration of different

elements present in samples.

1998 | Energy Adv., 2023, 2,1980-2005

e Useful for obtaining morpholo-

e Requires careful operation given that factors such as electronic 143

noise and outside contamination can influence measurements.

e Requires careful operation. 144

e Requires high vacuum for samples those are non- 145

conductive and volatile.

o Ionizing radiation can damage samples used in TEM. 146

e Destructive technique.

o In comparison to SEM and TEM, AFM has a relatively slower 147

scanning process.

e Provides poor energy resolution of peaks. 148
e Has low peak to Bremsstrahlung background ratio.

e Low detection limit to the lighter elements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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has emerged as a promising material that can be applied as an
absorber layer not only in single-junction thin film solar cells
but also in tandem architectures owing to its high absorption
coefficient, mobility and tunable band gap.''”**° CdznTe thin
film solar cells are fabricated with two configurations, either in
the substrate (with architecture of metal substrate or metal
coating substrate/p-CdZnTe/n-CdS/ITO/glass) structure or
superstrate (with architecture Glass/ITO/CdS/CdZnTe/metal
contact) structure. When a metal sheet or metallic-coated
glass substrate with the desired dimensions as the base is
employed, it is recognized as the substrate configuration,
whereas the conducting transparent oxide-coated glass sub-
strate comprising architecture is known as the superstrate
configuration.>®'>°

In both configurations in CdTe or CdZnTe devices, n-type
CdS material is typically used as the window layer, which
transmits the maximum incident light to the absorber layer,
while the CdS optical window can also be replaced by a suitable
layer considering cost effectiveness and environment friendly
aspects.”® Fig. 13(a) and (b) depict a pictorial view of the
substrate and superstrate configurations. Fig. 13(c) shows the
energy band diagram of a CdZnTe thin film-based solar cell
device, explaining the position of the valence and conduction
bands and metal contact work function. Also, the schematic

Sun light

(@

-
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structures together with energy levels and charge transfer
mechanism in a CdZnTe based solar cell device is shown in
Fig. 13(d) where transport layer engineering needs to be under-
taken by materials evolution in order to enhance performance
by reducing open circuit voltage loss. To establish a metal
contact in these devices, either gold (Au) with copper (Cu) or
silver (Ag) is used due to their good electrical conductivity and
corrosion resistivity, where the combination of Cu with Au has
been employed thus far in these devices given that Cu provides
p-type doping in the CdTe layer and establishes better contact
than pure Au and Ag materials.

To assess the performance of a solar cell device, the char-
acteristic performance parameters, namely, short circuit cur-
rent (), short circuit current density (Js.), open circuit voltage
(Voo), fill factor (FF) and power conversion efficiency (1), are
considered, which are typically obtained from current-voltage
measurements performed under AM 1.5G illumination and
standard test conditions of 25 °C temperature, where the
incident solar power density is considered 100 mW c¢m 2 or
1000 W m > for simplicity. Further quantum efficiency
(QE) measurements are performed to confirm the exact short
circuit current.

The role of the CdS barrier reducing Zn loss during CdCl,
treatment of a CSS-deposited CdZnTe thin absorber layer was

Sun light ®)

nergy level (¢V)

.

E

Fig. 13 Typical device architecture in (a) substrate (where instead of metal coated glass, metal sheet could be employed) and (b) superstrate
configurations (in both the architectures, Cd free environmental friendly optical window could also be applied but needs comparable performance),
(c) energy band diagram and (d) schematic structures and energy levels of individual layers along with charge transfer mechanism in a CdZnTe thin film
solar cell device, where (c) is reprinted with permission from ref. 151, Copyright (2018), Elsevier Ltd.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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studied, and the results showed that the thin films of CdS acted
as a barrier to prevent the escape of Zn during CdCl, treatment.
Also, the CdZnTe-based devices revealed Jy, V., FF and y values
of 12.5 mA ecm™?, 0.60 V, 45% and 3.3%, respectively.'?>
CdZnTe-based solar cell devices having the architecture of
ITO/CdS/CdZnTe/Au were fabricated using the vapor deposition
technique,™" followed by treatment under vacuum and differ-
ent annealing atmospheres, i.e., H,, N, and Ar + O,. Among the
devices, the findings revealed the highest PCE of 8.49% for the
device annealed at 400 °C and treated in an Ar + O, atmosphere.
CdCl,-treated CdTe solar cell devices corresponding to different
durations and CdZnTe solar cell devices having device archi-
tectures of ITO/CdS/CdTe/CdCl,/Cu-Au and FTO/CdS/CdZnTe/
Cu-Au, respectively were fabricated employing the vapor eva-
poration technique'®* and the associated performance para-
meters of Iy, V,., FF and n were found to be 1.535 mA, 0.85 V,
66% and 8.11%, respectively. The CdCl,-treated CdTe solar cell
devices demonstrated a slightly lower performance than the
CdZnTe device. The QE characteristics of the CdTe solar cell
device showed the photovoltaic nature of these cells with
average peaks at 450 nm, 540 nm and 675 nm and the CdZnTe
device revealed almost square-shaped behavior with average
peaks at 440 nm and 625 nm.">”

The influence of CdCl, heat treatment on the ZnTe electron
reflector layer was investigated in MOCVD-grown thin film
CdTe solar cells'>® and the associated performance parameters
of Jse, Voo, FF and n were determined to be 16 mA cm ™2, 0.53 V,
40% and 3.4%, respectively. This study demonstrated that
CdZnTe can be explored as an alternative electron reflector
layer in solar cell devices. To explore impact of annealing and
CdCl, and ZnCl, treatments on CdZnTe solar cells, devices were
developed by incorporating a sputtered CdZnTe absorber,'>*
where the better photovoltaic performance was observed for the
absorber treated and annealed at 430 °C, attaining Jgc, Voe, FF
and 5 of 19 mA cm ™2, 0.74 V, 51% and 7.2%, respectively. The
efficiency was improved for the CdCl,- and ZnCl,-treated
devices compared to the untreated devices, and thus annealing
in hydrogen and argon atmospheres was performed to demon-
strate the better device efficiency of the CdCl,- and ZnCl,-
treated devices.

ZnTe and CdZnTe alloys were grown as the back contact on
CdTe thin film solar cells,"* where CdZnTe and nitrogen-
doped ZnTe layers were first grown on glass and GaAs sub-
strates employing the MBE method, and later ZnTe films
having a lower Zn to Te ratio were grown on CdTe thin films
using the CSS method. For the device architecture of CdS/CdTe/
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Cdg.5Zng sTe:N/Au, Voo = 0.68 V, FF = 49%, 5 = 7.46% and Jy. =
22.60 mA cm™ > were obtained for a 0.2 pm-thick ZnTe layer.
CdTe and CdZnTe solar cells were developed using the MOCVD
and MBE methods in both the p-i-n and n-i-p configurations on
glass/SnO,/CdS substrates and the effect of CdCl, treatment on
these solar cells was investigated. The PCE for the CdZnTe and
CdTe solar cells was observed to be 4.4% and 10%, respectively. A
higher PCE was attained for the CdTe solar cells, which may be
due to the effective chloride treatment, promoting grain growth,
reducing defects, and also improving the J,. and V,. of the
corresponding solar cell devices.'>® CdTe and CdZnTe thin films
were deposited on CdS/SnO,/glass substrates as the top subcell in
tandem devices using the MOCVD and MBE methods, where the
impact of annealing (in the range of 100-400 °C) on these films
was explored.” The J., Vo, FF and 7 for the CdTe and CdZnTe
solar cells were found to be in the range of 20.7-22.1 6 mA cm 2,
0.73-0.76 V, 59-72% and 9.7-10.8% and 3.21-14.4 mA Cmfz,
0.429-0.646 V, 29-58% and 0.62-3.6%, respectively.">’”

Thus far, persistent efforts have been devoted for developing
the high-performance solar cell devices comprised of CdZnTe
absorber layers, but they are still far away from realizing
performances to rival to the champion devices. Based on this
review, Table 9 summarizes the performance parameters of the
CdZnTe-based devices developed using various physical and
chemical deposition techniques.

Considering the above-mentioned detailed analysis on the
work reported thus far on CdZnTe-based devices, herein, an
n-type CdS window layer forms an asymmetric junction with
the corresponding CdZnTe absorber layer to develop a suitable
built-in-potential, which efficiently separates the generated
charge carriers/excitons and drives them towards the respective
electrodes to generate electricity. The window layer should be
highly transparent to enable the maximum amount of sunlight
to be transmitted to the absorber layer, i.e., no photocurrent
generation should take place in the respective optical window
layers. The p-type CdZnTe absorber layer should have a high
absorption coefficient to absorb or harvest the maximum
amount of incident sunlight transmitted by the window layer,
followed by generating the maximum amount of charge car-
riers. Also, the solar cell parameters such as Jg, Vo, FF and 7 of
the corresponding device should be as high as possible as a
consequence of the efficient conversion of sunlight into elec-
tricity. An advancement in the performance parameters of solar
cells can be achieved by enhancing the quality of the CdZnTe
layers via pre- and post-treatments such as doping, varying Zn
concentration, annealing, and chloride activation.

Table 9 An overview of the performance parameters of the CdZnTe-based solar cell devices developed employing various physical and chemical

deposition techniques

Short circuit current

Short circuit

Open circuit Fill factor

Deposition techniques density (Jo.) (mA cm™>) current (I,.) (mA) voltage (Vo) (V)  (FF) (%) Efficiency (1) (%) Ref.
Close-space sublimation 12.5 — 0.60 45 3.3 132
Electron beam evaporation — 1.54 0.85 66 8.11 152
Metal organic chemical vapor deposition 16 — 0.53 40 3.4 153
Sputtering 19 — 0.74 51 7.2 154
Molecular beam epitaxy 22.6 — 0.68 49 7.46 155

2000 | Energy Adv, 2023, 2,1980-2005
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Besides, although numerous simulation modeling tools
have also been introduced to predict the performance to
demonstrate high performance devices to meet the current
energy demands together with compliance of global mandate
for the production of energy with zero carbon emissions, these
simulation tools do not consider the impact of grain bound-
aries, which are recognized as trap states and recombination
centres those ultimately impact the performance of the devices,
and thus experimental validation of the predicted performance
is not possible.

6. Conclusion and future roadmap

The conversion of solar energy into electricity not only satisfies
the demand of power generation but also contributes to tackling
the severe climate change globally. However, although solar
energy has been proven to be a major contributor in curbing
environmental issues, there is a huge room for further improve-
ment in the effective harvesting of sunlight and achieving the
anticipated electrical power without harming the environment.
Also, to address the issue of CO, emission and satisfy the energy
demand in a cost-effective manner, thin film solar cells have
been emerged as potential candidates, wherein II-VI compound
semiconductors are used to fabricate these devices due to their
fascinating traits suitable for solar cell development.

Among the II-VI compound semiconductors, CdTe has
attracted significant attention owing to its desirable properties
and CdTe-based thin film solar cells have significantly contrib-
uted to meeting the global power requirements. However, to
reduce the parasitic resistance and open circuit voltage loss and
enhance their photovoltaic performance, an alternative absor-
ber is required. Accordingly, based on the present detailed
review, an amalgamation of CdTe and ZnTe, i.e., CdZnTe, has
been investigated in thin film solar cells due to its capable
properties such as tunable energy band gap, high absorption
coefficient and mobility, low leakage current and diverse lattice
parameters. Despite the work done thus far, the required
properties of CdZnTe thin films still have scope for enhance-
ment for their application in single-junction and tandem
devices not only in bearing mankind energy need but also
satellite or space applications. However, although thin film
technology has emerged and new technologies are being
invented to develop cost-effective high-quality devices, there
are still some drawbacks those need to be overcome. Drawbacks
such as high production cost of PV modules, limited lifetime,
material availability, life cycle constraints, efficiency, and toxi-
city are the future challenges for solar cell technology. Never-
theless, despite these issues, mature technologies for the
preparation of CdZnTe thin films such as CdCl, passivation,
concentration evolution, post-annealing treatment, CdZnTe
nanostructures, nanowires, quantum dots, and quantum wells
have been employed thus far, which would be helpful in
achieving the expected power conversion efficiency and open
wider domains in the field of CdZnTe thin film solar cell
devices in due course. Considering the above-mentioned facts,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the present review provides useful insights, and also meticu-
lously deals with the properties, physical and chemical deposi-
tion techniques and impact of thermal and chloride treatment
and variation in zinc content on the physical characteristics of
CdZnTe thin films and corresponding device development
employing CdZnTe as the absorber layer.

To demonstrate high performances, CdZnTe-based solar cell
devices need appropriate simulation modeling for designing
suitable device architectures to predict a higher PCE for CZT-
based single and tandem devices, which can be validated
experimentally. Also, there are still many challenges in the
development of highly efficient CZT-based single junction
devices compared to the champion Si-based and competent
perovskite solar cell devices considering the Shockley-Queisser
limit. To break this limit, CZT-based tandem devices can be
fabricated, wherein CZT can be applied as the top block. If CZT-
and perovskite-based sub-cells are used as the top and bottom
blocks, respectively, then the stability of perovskite solar cell
devices may be enhanced due to the reduced degradation.
Furthermore, the optical energy band gap of both CZT- and
perovskite-based solar cells can be altered according to the
needs of the developer by varying the concentrations of their
constituent elements, and accordingly, high-PCE devices can be
fabricated. Although the authors tried their best to incorporate
almost all the available literature, they apologize if any work
was inadvertently omitted.
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