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The relatively stagnant efficiency of Cu2ZnSnS4 (CZTS) kesterite thin film solar cells has led to the

exploration of alternative materials based on the kesterite structure. The unavoidable formation of Cu–

Zn disorder-related defects and Sn-related deep defects such as SnZn and its cluster in CZTS prompt

various attempts to substitute Zn. However, the underlying principles behind the selection of the cation

substitutes remain unclear since most studies have been performed using different synthetic strategies.

In this study, CXTS (X ¼ Zn, Mn, Mg, Ni, Fe, Co, Ba, Sr) thin films are synthesized by a facile spray

pyrolysis and sulfurization method, and their physical properties and device performance are compared.

It is found that a majority of the compounds form a tetragonal structure (kesterite or stannite); however,

Mg + CTS and Ni + CTS are unstable in their quaternary structure and form a mixture of secondary

phases, while CBaTS and CSrTS form trigonal structures. From UV-Vis spectroscopy, it is found that

CMnTS, CBaTS and CSrTS exhibit steep and clear absorption edges, which make them promising solar

cell absorbers. Meanwhile, high carrier concentrations (>1018 cm�3) are observed for the compounds

with transition metal substitutes (Mn, Mg, Ni, Fe, Co). Promising photovoltaic responses are observed in

CMnTS, Mg + CTS, CBaTS and CSrTS, with CBaTS having the highest device performance possibly due

to the lower band tailing, as observed from the photoluminescence and external quantum efficiency

measurements. From these findings, correlations among the suitable cation substitutes for kesterite-

inspired compounds are discussed and a guide for screening different cation substitutes for Zn in

alternative I2-II-IV-VI4 solar cells is provided.
1. Introduction

Cu2ZnSnS4 (CZTS) is a promising candidate for low-cost and
environmentally friendly thin-lm solar cells, but its highest
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recorded efficiency is 12.6% (ref. 2 and 3) (13% for certied
active area measurement4 and 13.5% with 5% Ag substitution5),
which is still considerably lower than the theoretical Shockley–
Queisser limit of 32.4% for CZTS.6 Although notable progress
has been made in achieving a CZTS solar cell with an efficiency
of around 12%, especially using various solution process strat-
egies,7–12 the main issue originating from the high open circuit
voltage (Voc) decit still stands. Several previous studies have
analyzed and reviewed the progress and performance limiting
factors in kesterite.13–20 In earlier studies, CuZn antisite defects
have been suggested as the main culprit for the Voc decit
(including in high quality single crystal (CZTSSe).21–28 However,
recent theoretical and experimental works have found that Sn-
related defects might be more inuential to the Voc decit
problem.29–33 Even though Sn can be replaced by other elements,
there is a limited option for Sn replacement (mainly Ge).34–41

Another alternative is to replace Zn, which forms the Sn-related
deep defects SnZn. Replacing Zn with Cd10,42–47 has shown
promising improvement, which is correlated to a decrease in
CuZn antisite defects and the suppression of deep defects,
resulting in a better carrier lifetime, sharper absorption band
edge and Voc improvement. Unfortunately, Cd is not an ideal
J. Mater. Chem. A, 2022, 10, 9137–9149 | 9137
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substitute due to its toxicity. There are several other possible Zn
substitutes that satisfy the octet rule and are less toxic andmore
abundant. Table 1 lists all of the possible cations with the +2
oxidation state from different cation groups, such as alkaline
earth metals, transition metals, post-transition metals, and
rare-earth metals. From the list, seven cations can be consid-
ered suitable as environmentally friendly substitutes for Zn,
such as Mn, Ni, Fe, Co, Mg, Sr, and Ba. All of these cations have
+2 oxidation state as their stable states and have different cation
radii with Zn/Cu in the 4-fold coordination.48,49 Based on the
abundance (atom fraction) of the chemical elements in Earth's
upper continental crust data from the United States geological
survey (USGS),50–52 these elements are considered abundant
(more than 10 atoms of element per 106 atoms of Si) and are not
categorized as precious or rare-earth metals. According to the
Agency for Toxic Substances and Disease Registry (ATSDR),53

these elements have little to no health effect aer low levels of
exposure (except for Ba in certain soluble compounds). The last
criterion is their stability as quaternary compounds, which have
been reported by several theoretical calculation or experimental
ndings. Several quaternary compounds (i.e., Cu2FeSnS4
(CFTS),83,84 Cu2MnSnS4 (CMnTS),85–88 Cu2SrSnS4 (CSrTS) and
Cu2BaSn(S,Se)4 (CBaTS)65,66,89–92 have shown promising photo-
voltaic performance. As the morphology and chemical compo-
sition of the kesterite-inspired compounds oen depend on the
synthesis approaches, it is hard to deduce a conclusive
comparison and selection criteria based on the reported data,
Table 1 List of possible cation substitutes for Zn in Cu2ZnSnS4

Cations with +2 oxidation state
Electronic
conguration

Alkaline earth metals (group
IIA)

Beryllium (Be) [He]2s2

Magnesium (Mg) [Ne]3s2

Calcium (Ca) [Ar]4s2

Strontium (Sr) [Kr]5s2

Barium (Ba) [Xe]6s2

Radium (Ra) [Rn]7s2

Transition metals Manganese (Mn) [Ar]4s23d5

Iron (Fe) [Ar]4s23d6

Cobalt (Co) [Ar]4s23d7

Nickel (Ni) [Ar]4s23d8

Copper (Cu) [Ar]4s13d10

Zinc (Zn) [Ar]4s23d10

Palladium (Pd) [Kr]4d10

Cadmium (Cd) [Kr]5s24d10

Platinum (Pt) [Xe]6s14f145d9

Mercury (Hg) [Xe]6s24f145d10

Copernicium
(Cn)

[Rn]7s25f146d10

Post-transition metals Germanium (Ge) [Ar]4s23d104p2

Tin (Sn) [Kr]5s24d105p2

Lead (Pb) [Xe]6s24f145d106p2

Polonium (Po) [Xe]6s24f145d106p4

Lanthanide Europium (Eu) [Xe]6s24f7

Actinides Nobelium (No) [Rn]7s25f14

a Metastable. b Toxic as soluble compounds. c May induce a health hazar

9138 | J. Mater. Chem. A, 2022, 10, 9137–9149
which were synthesized and characterized using different
approaches. Therefore, this study aims to comprehensively
compare the cation substitute compounds based on the facile
spray pyrolysis technique to fabricate CXTS (X¼Mn, Mg, Ni, Fe,
Co, Ba, Sr). The structural, phases, morphology and optoelec-
tronic properties are correlated with the photovoltaic perfor-
mances and their electronic conguration. Several design
considerations were also drawn and summarized from this
study, which may serve as a guide to designing alternative I2-II-
IV-VI4 absorbers.
2. Experimental section
2.1 Cu2XSnS4 thin lm preparation

The terms “Cu2XSnS4” (X ¼ Zn, Mn, Mg, Ni, Fe, Co, Ba, Sr) in
this study refer to the compounds based on the precursor
solution, and do not reect the nal composition and phases in
the lms. The precursor solution was prepared by dissolving
copper chloride dihydrate (CuCl2$2H2O, 0.072 M), tin chloride
dihydrate (SnCl2$2H2O, 0.036 M) and thiourea (CH4N2S, 0.64 M)
into 50 ml D.I. water. Following that, divalent cation (0.036 M)
was added which either zinc chloride (ZnCl2), manganese
chloride tetrahydrate (MnCl2$4H2O), magnesium chloride
hexahydrate (MgCl2$6H2O), nickel chloride (NiCl2), iron(II)
chloride (FeCl2), cobalt(II) chloride hexahydrate (CoCl2$6H2O),
strontium chloride hexahydrate (SrCl2$6H2O) or barium chlo-
ride dihydrate (BaCl2$2H2O). The chemical precursors were
Criteria

Ref.
Earth-
abundant50–52

Non-
toxic53

Quaternary
chalcogenide

3 7 3a 54 and 55
3 3 3 56–58
3 3 7 56
3 3 3 59–62
3 3b 3 63–66
7 7 7

3 3 3 67–70
3 3 3 71–73
3 3c 3 73–76
3 3c 3 77 and 78
3 3 3(as Cu+)
3 3 3

7 3 7

7 7 3 79–81
7 3 7

7 7 7

7 7 7

7 3 3(as Ge4+) 61, 68 and 82
3 3 3(as Sn4+)
3 7 7

7 7 7

7 3 7

7 7 7

d.

This journal is © The Royal Society of Chemistry 2022
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purchased from Sigma Aldrich with a purity of 99.99%. There
are two types of precursors made, the stoichiometric and non-
stoichiometric ratios. Deviations in the non-stoichiometric
ratio had Cu-poor (Cu/(Zn + Sn) ¼ 0.75) and X-rich (X/Sn ¼
1.2) composition. The stoichiometric samples were used to
perform the thin lm characterizations, while the non-
stoichiometry samples were focused on the device analysis.
Dilute HCl (0.1 mol) was added to adjust the pH value to 2. It is
to ensure solution stability specially to prevent SnO2 precipita-
tion during the spraying process.93,94 Mo-coated glass substrates
were cleaned using Alconox® detergent, ethanol, isopropyl
alcohol (IPA) and D.I. water in an ultrasonic bath. The precursor
was sprayed on substrates, which were heated. The hot plate
temperature (450 �C ¼ 280 �C substrate temperature), gas
pressure (�20 psi), and solution ow rate (1.6 ml min�1) were
the spray parameters used to obtain the 1 mm thin lm. The as-
deposited lms were sulfurized at 600 �C for 40 min in a two-
zone tube furnace. The sulfur source (300 mg) in another
zone of the furnace was heated at lower temperature (200 �C).
The tube was lled with Ar gas (�300 mBar).

2.3 Cu2XSnS4 device fabrication

The solar cell devices were fabricated with a Mo/CXTS/CdS/ITO/
Ag-paste conguration. Chemical bath deposition (CBD) of the
CdS buffer layer was operated at 80 �C for 8 min. Cd(SO4) (0.015
M), CH4N2S (0.75 M) and NH4OH (28–30%) were used to
fabricate the CdS. Following that, the Sn:InO (ITO) window
layers were sputtered on top of CdS with a thickness of around
100–200 nm. The devices were subjected to post-annealing
treatment at 300 �C for 10 min in an Ar atmosphere (�300
mBar). Aer that, the samples were manually scribed to make
a grid with each square having an area of 0.16 cm2 (active area of
0.15 cm2). Finally, the Ag paste was put on top to act as an
electrode.

2.4 Thin lms and device characterizations

Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS) characterizations were performed by
FESEM (FESEM, JOEL, JSM-7600F). X-ray diffraction (XRD)
patterns were collected by Bruker D8 Advance with Cu Ka
(1.5406 Å) as the XRD source. Raman scattering spectra were
measured in a backscattering conguration using Horiba Jobin-
Yvon FHR-640 and Horiba Jobin-Yvon iHR-320 mono-
chromators, both coupled with CCD detectors. The former
monochromator was used together with a solid-state YAG:Nd
(532 nm) laser as the excitation sources. The iHR-320 mono-
chromator was optimized to the NIR range, and was used with
a 785 nm diode laser. All spectra were normalized to the posi-
tion of the main peak of monocrystalline Si at 520 cm�1.
Absorption properties of the lms were conducted on a Shi-
madzu UV-3600 apparatus with a scanning range from 400 nm
to 1400 nm. An in-house built set-up was used for all of the
calibrated photoluminescence measurements. For excitation,
monochromatic lights of diode lasers (405 and 663 nm) were
used. The beam diameter was measured with a CCD-camera,
and the Gaussian spot size radius of 1.33 mm was used for
This journal is © The Royal Society of Chemistry 2022
probing the samples. The photon ux was set to between 1.7 �
1017 to 0.9 � 1017 photons cm�2 s�1, which is equivalent to the
ux of an AM1.5 sun spectrum of 1.4 to 2 eV, respectively. For
the intensity correction, the laser power was calibrated with
a power meter. Hall measurements were performed on exfoli-
ated samples (exfoliated from Mo to quartz substrate) in the
parallel dipole line AC Hall setup.95,96 Device characterization,
such as current density–voltage (J–V) and external quantum
efficiency (EQE), were performed in a Xe-based solar simulator
with Keithley 2612A and PVE300 from Bentham, respectively.
3. Results and discussions
3.1 Morphology and chemical composition of CXTS

Fig. 1 shows the cross-section SEM images of the CXTS thin lms.
CZTS and CMnTS have similar morphology, forming a dense lm
made of mostly grains equivalent to their thickness. Meanwhile,
Mg + CTS and Ni + CTS lms consist of small grains with an
evident layered structure for Mg + CTS. CCoTS and CFeTS lms
exhibit a dense lm with a mixture of large and small grains. In
addition, the adhesion between the lms and Mo substrate are
poor as observed from the voids in the interface. Lastly, CBaTS
and CSrTS exhibit the largest average grain sizes (Fig. S1†)
compared to the other cations, even though the large grains in
CSrTS are not uniformly distributed (Fig. S2†). This result is
consistent with the EDS measurement, as shown in Table 2.
Based on the standard deviations of elemental compositions,
most of the lms show lateral uniformity and homogenous
chemical composition, except for Mg + CTS and CSrTS. These two
compounds showed higher standard deviation than the other
substitutes, which could be related to the distinct layered and
non-uniform morphology in Mg + CTS and CSrTS, respectively.
Further examination of CSrTS by EDS revealed that the large grain
phase belongs to the CSrTS quaternary phase. Meanwhile, the
small grains did not contain Sr (Fig. S3†), thus indicating the
formation of binary or ternary secondary phases consisting of
only Cu–Sn–S. These small grains were also observed in Mg + CTS
and Ni + CTS, which might also be attributed to the formation of
similar secondary phases. Deviations from the initial stoichio-
metric composition of the precursor were observed in all
compounds to various extents, as seen from the cations' ratio.
This phenomenon is commonly found during the formation of
quaternary compounds. It is related to the high synthesis
temperature and low partial pressure of binary suldes, which
results in cation loss, as reported in the case of CZTS.97 Further
optimization on the sulfurization process for each compound
needs to be done to have better control of the layer's composition.
3.2 Crystal structure and phase analysis of the CXTS thin
lms

Fig. 2 exhibits the XRD pattern and Raman scattering spectra of
the CXTS lms. The Bragg reections at 2q ¼ 40.5�, which
corresponds to Mo substrate, are evident in all samples. The
XRD data from the CXTS lms exhibit two distinct character-
istics, which can be classied into two groups of crystal system.
The lower number of diffraction planes in CZTS, CMnTS, Mg +
J. Mater. Chem. A, 2022, 10, 9137–9149 | 9139
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Fig. 1 Cross-sectional SEM images of the CXTS films: (a) CZTS, (b) CMnTS, (c) Mg + CTS, (d) Ni + CTS, (e) CFeTS, (f) CCoTS, (g) CBaTS and (h)
CSrTS.

Table 2 Elemental composition of CXTS from energy dispersive spectroscopy measurementsa

Elemental composition (at%) Elemental ratios

Cu X Sn S Cu/(X + Sn) (X)/Sn (Cu + X + Sn)/S

CZTS 23.2 � 0.1 11.6 � 0.2 13.8 � 0.5 51.4 � 0.6 0.91 0.84 0.94
CMnTS 23.1 � 0.6 11.4 � 0.2 12.5 � 0.4 53.0 � 1.0 0.97 0.91 0.89
CFeTS 25.1 � 0.5 12.2 � 0.3 12.5 � 0.3 50.1 � 0.6 1.02 0.97 0.99
CCoTS 24.8 � 0.4 10.2 � 0.2 13.2 � 0.1 51.8 � 0.4 1.06 0.78 0.93
CBaTS 24.1 � 0.1 13.0 � 0.2 11.2 � 0.4 51.7 � 0.2 0.99 1.17 0.93
CSrTS 20.0 � 5.8 12.7 � 5.0 15.6 � 1.1 52.5 � 2.1 0.76 0.88 0.91
Mg + CTS 20.8 � 0.6 14.8 � 2.4 11.5 � 0.3 52.9 � 1.6 0.80 1.29 0.89
Ni + CTS 22.8 � 0.7 11.7 � 0.4 14.0 � 0.5 51.5 � 0.3 0.89 0.84 0.94

a The elemental composition is calculated as an average of ve different sampling areas from the plane-view SEM aer sulfurization, and the error is
the standard deviation. Elemental ratios are based on the average values elemental composition.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
3 

20
22

. D
ow

nl
oa

de
d 

on
 2

02
5-

10
-2

9 
 1

:4
7:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
CTS, Ni + CTS, CFeTS and CCoTS indicates a higher symmetry
system. These lms exhibit similar strong diffraction peaks
(reections around 28� and 48�), which is common for crystal
system compounds derived from a zinc blended structure,
including ZnS and Cu2SnS3.98–100 Meanwhile, the higher number
of diffraction planes in CBaTS and CSrTS indicates a lower
symmetry system. All of the analyzed thin lms can be catego-
rized into the tetragonal group for the higher symmetry system,
and the trigonal group for the lower symmetry system. These
categorizations are based on the identication of their indi-
vidual diffractograms with reference diffractograms and theo-
retical predictions.54,56,61,62,101

An individual investigation was conducted on each lm from
the tetragonal group (Fig. S4†). The CZTS, CMnTS, CFeTS and
CCoTS peaks correspond to their respective tetragonal peaks in
the database (JCPDS 026-0575 for CZTS, JCPDS 051-0757 for
CMnTS, JCPDS 044-1476 for CFeTS and JCPDS 026-0513 for
CCoTS).102,103 A systematic peak shi from the smallest cation (Co)
to the largest (Mn) are observed, indicating lattice expansion due
to the different ionic sizes (Fig. S5†). A peak shi is commonly
found in the substitution study due to the lattice strain intro-
duced by elements with different ionic sizes.104–106 Themain peaks
9140 | J. Mater. Chem. A, 2022, 10, 9137–9149
of Ni + CTS correspond to its quaternary compound (JCPDS 026-
0552) with an obvious presence of the NiS2 phase (grey circles).107

To further identify and conrm the formation of the
quaternary and/or secondary phases, all of the stoichiometric
thin lms were also examined by Raman spectroscopy. Fig. 2b
shows the average spectra measured in different points of the
thin lms under 532 nm excitation wavelength, and similar
spectra measured under 785 nm are presented in Fig. S6.†
Analysis of the obtained Raman spectra and comparison with
the previously published results21,76,86,108–113 allowed us to
conclude that for most of the analyzed compounds, the
quaternary phase is the dominant one. Furthermore, there was
no or only a residual amount of the secondary phases present in
the thin lms. This is expected of the Mg + CTS and Ni + CTS
compounds, for which the Raman scattering analysis exhibits
only the mixture of ternary and binary secondary phases,1,107 in
accordance with the XRD results.

The general shape of the obtained Raman spectra of all
analyzed compounds allowed for a conclusion about the
common characteristic features for the quaternaries. Indepen-
dent of the crystalline structure, the spectra were characterized
by one intense peak (its position is indicated in the brackets
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 X-ray diffraction patterns (left) and Raman scattering spectra measured under 532 nm excitation wavelength (right) for the CXTS films.
Numbers indicate the position of the most intense Raman peak of the quaternary phase. The reference Raman spectra of monoclinic Cu2SnS3 is
added for convenience.1
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close to each compound in the le panel of Fig. 2) and a series
of peaks with lower intensity. In accordance with the previous
analysis in the case of the quaternary compounds crystallized
with a tetragonal Bravais lattice (CZTS, CMnTS, CFeTS and
CCoTS), the most intense Raman peak is assigned to the anion
vibrations.21,108,110,111,113 This suggests an insignicant inuence
of the changes in the cation sub-lattice to the position of the
main Raman peak, which is in line with the presented results.
Slightly higher changes are expected in the peaks with lower
intensity, and the main ones can be seen in the range of 240–
300 cm�1 (see Fig. S7†). Nevertheless, the general shape of the
spectra of the tetragonal quaternary compounds is quite similar
even for the low intensity peaks, as seen from Fig. S7.† This,
however, is not true for the two compounds crystallized with the
trigonal lattice (CBaTS and CSrTS). The lower symmetry of these
two compounds also results in a higher amount of expected
Raman peaks (up to 138 peaks can be seen in the Raman
spectra, taking into account the LO/TO splitting and the irre-
ducible representation for the space group P31).114 As a result,
the general redistribution and the appearance of the peaks with
low intensity for the trigonal compounds are signicantly
different from those of the tetragonal compounds. However,
a notable similarity can be found between the Raman spectra of
CBaTS and CSrTS with only a small blue shi of the peaks of the
latter, which is in accordance with the smaller size of the Sr
cation and expected shorter interatomic bounds.

Several remarks can be deducted from these quaternary
compound formations. In this study, Mg + CTS and Ni + CTS do
This journal is © The Royal Society of Chemistry 2022
not form a stable quaternary phase, while CBaTS and CSrTS form
a trigonal shape instead of tetragonal. First, the unsuccessful
fabrication of Mg + CTS seems to be related to the lack of a d-
orbital in Mg. Although the d-orbital of Zn does not play an
important role in the conduction and valence band edge
formation in CZTS, it still contributes to the density of states
formation.115 A similar case for the remaining cations in this
study (Fe, Co, Mn, Ba and Sr), their d-orbital also contributes to
the density of states formation of CFeTS, CCoTS, CMnTS, CBaTS
and CSrTS.54,61,64,116,117 Even in CMnTS, the Mn d-orbital plays
a more important role as it hybridizes with the s and p-orbitals to
form a conduction band minimum (CBM).118 Second, in the case
of the Ni + CTS formation, there is a high similarity between its
secondary phase and quaternary phase structure, which tends to
make the phase separation easily occur. Ni + CTS has been
shown (theoretically and experimentally) to have a stable
quaternary P�42c polytype cubic phase, which has a similar cubic
phase with its secondary phase NiS2.73,78,119–122 Thus, it may be
more difficult to obtain the quaternary compound and reaction
kinetics during the growth of Ni + CTS must be carefully
controlled to obtain a pure quaternary compound.123 In addition,
Ni has the smallest ionic radius in 4-fold coordination among the
transitionmetal substitutes, which can increase the likelihood of
Ni leaving the lattice.49 Lastly, as observed in CBaTS and CSrTS, it
emphasizes the importance of the ionic radius difference
between the substitute and the other host cations (Cu and Sn in
this study). If the ionic size difference is too large, a different
structure will be formed.
J. Mater. Chem. A, 2022, 10, 9137–9149 | 9141
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3.3 Optoelectronic properties of the CXTS thin lms

Fig. 3 shows the absorption spectra for the CXTS samples by UV-
Vis spectroscopy. The spectra of the samples are classied into 4
gures based on the similarity in the absorption spectra shape,
i.e., CZTS and CMnTS, Mg + CTS and Ni + CTS, CFeTS and
CCoTS, CBaTS and CSrTS. The partially lled orbital congu-
ration of CFeTS and CCoTS might have different absorption
proles compared to the half-lled orbital CMnTS and fully-
lled orbital CZTS.124 Meanwhile, Mg + CTS and Ni + CTS are
similar as they possess multiple absorption edges, which
correspond to multiple band gaps due to the formed mixture of
the secondary phases, including the formation of different
polymorphs of the Cu–Sn–S system.1,98 CBaTS and CSrTS have
absorption edges at low wavelength. However, CSrTS exhibits
a prominent low band gap absorption, which can be attributed
to the small grains of the Cu2SnS3 phase found in the EDS
analysis. CZTS, CMnTS, CBaTS and CSrTS show steep absorp-
tion edges, while the rest have more gradual absorption edges.

From the absorption curve, the band gaps of these lms were
extracted based on Tauc plot (Fig. S8†)125 and are tabulated in
Table 3. The band gaps of CZTS, CMnTS, CFeTS, CSrTS and
CBaTS are comparable with the previous ndings.60,62,66,87,126–129

However, the CSrTS sample also exhibits two smaller inection
points, which can be attributed to the band gap of the Cu2SnS3
secondary phase (�0.92–0.95 eV).1,130 In Mg + CTS and Ni + CTS,
these correspond to the ternary phases' band gaps, ortho-
rhombic Cu3SnS4 (1.57 eV)130 and monoclinic Cu2SnS3 (1.10 and
�1.00 eV).1,130 As for CCoTS, the band gap is estimated to be at
a relatively smaller value than the reported values around 1.4–
1.6 eV,75,76,131 which might be due to severe band tailing for
CCoTS in this study.
Fig. 3 Normalized absorption spectra for the CXTS films.
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In terms of the electronic properties, all lms possess p-type
conductivity based on the Hall measurement. The carrier
concentration and mobility of these lms are tabulated in Table
3. In terms of the carrier concentration, CZTS and CBaTS have
similar values around 1015 cm�3, which is suitable for the solar
cell material.132 However, the carrier concentration of the other
lms are >1018 cm�3, which have been shown to possess poor
photovoltaic performances.86,133 The high concentration for Mg
+ CTS, Ni + CTS and CSrTS may be attributed to the Cu2SnS3
secondary phase.98 In terms of mobility, all of the lms have
mobility around 0.5–2.7 cm2 V�1 s�1, where CBaTS and CSrTS
have the highest mobility.

The transition metal candidates (Fe, Ni, Co and Mn) exhibit
high carrier concentration, which seems to be related to their
multivalent properties. All of these metals possess multiple
oxidation states due to their partially lled d-orbitals. Mn is
expected to be more stable as the only one with half-lled 3d5-
orbitals,134 while the rest of the substitutes possess a partially
lled orbital.135 The compound could even be more stable and
show potential in suppressing defects if the elemental substi-
tute has a fully lled orbital as observed in Cd.44,46,47 The
unpaired electrons in the partially lled orbital contributes to
the high carrier concentration either as a free electron or in
traps. As for CBaTS and CSrTS, the different crystal structures
result in a higher band gap and lower carrier concentration.
However, the conducting secondary phase for CSrTS in this
study increases the carrier concentration signicantly.
3.4 Device characterization and analysis of the CXTS solar
cells

Following the thin lm studies, solar cell devices (Mo/CXTS/
CdS/i-ZnO/ITO/Ag-paste) were fabricated and measured to
This journal is © The Royal Society of Chemistry 2022
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Table 3 Summary of the CXTS thin film characterization

Sample Structure Secondary phases
Band gap
(eV) Morphology

Hole
concentration
(cm�3)

Hole
mobility
(cm2 V�1 s�1)

CZTS Tetragonal (kesterite) I�4 Cu3SnS4 1.60 Grain size z thickness 2.55 � 1015 0.923
CMnTS Tetragonal (stannite) I�42m SnSx, Mn–S 1.60 Grain size z thickness 2.56 � 1019 0.501
CFeTS Tetragonal (stannite) I�42m — 1.20 Poor adhesion with Mo (MoS2) 1.91 � 1019 1.107
CCoTS Tetragonal (stannite) I�42m — 1.10 Poor adhesion with Mo (MoS2) 2.95 � 1021 0.466
CBaTS Trigonal P31 — 2.00 Large grains, grain size z

thickness
6.83 � 1015 2.134

CSrTS Trigonal P3221 Cu–Sn–S phases 1.88 Large grains, non-uniform 2.14 � 1018 2.762
Mg + CTS — Orthorhombic Cu3SnS4,

monoclinic Cu2SnS3
1.57 Small grains, non-uniform

(layered)
2.92 � 1018 1.083

Ni + CTS — NiS2(cubic), monoclinic Cu2SnS3 1.10 Small grains 1.97 � 1019 1.579
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further understand the effect of different cations on the
photovoltaic performance. The devices were fabricated under
several different conditions, such as stoichiometric and non-
stoichiometric ratios (Cu-poor, X-rich), without post-annealing
and post-ITO deposition annealing. The non-stoichiometric
ratio and post-annealing aer ITO depositions are
a commonly reported strategy in boosting the CZTS perfor-
mance.93,136–139 Fig. S9† shows the statistical solar cell parame-
ters of the non-stoichiometric (Cu-poor and X-rich) CXTS
devices with and without post annealing. The non-lled and
striped box represent solar cell devices without and with post-
device annealing, respectively.

The CXTS devices with the non-stoichiometric condition
perform better than the stoichiometric one, especially Voc
(Fig. S10†). CMnTS, Mg + CTS, CBaTS and CSrTS show notice-
able photovoltaic responses. On the other hand, devices with
and without post annealing show that Ni + CTS, CFeTS and
CCoTS does not produce photovoltaic response, even though
some literature reported photovoltaic response for these three
compounds.77,83,140,141 This nding is also in line with the
absorption edges gradient of the thin lms where the four
substitutes with steep slope show photovoltaic performance.
Several reasons can be attributed to this nding. First, the Ni +
CTS quaternary compound does not seem to form and there are
prominent NiS2 secondary phases in this study. Second, the
morphologies of CFeTS and CCoTS suffer from the poor adhe-
sion withMo, which creates an issue for the photovoltaic device.
Lastly, in the reported literature, the evident photovoltaic
performances for these three compounds are observed in
different device architectures, such as using different buffer
layers (Bi2S3 for CFeTS83) and in a sensitized solar cell structure
(ZnO/ZnS nanorods141). The post-device annealing also exhibits
improvement for all lms, except for CBaTS. Redistributions of
the cations and anions were commonly observed as the effect of
these post-device annealing events. As CBaTS does not seem to
suffer from a disordered structure like kesterite CZTS,61,142 it is
possible that the post-device annealing disrupts the structure,
instead of improving it.

The J–V characteristics of the respective CXTS “champion”
cells aer annealing under one sun illumination is shown in
This journal is © The Royal Society of Chemistry 2022
Fig. 4a. Ni + CTS, CFeTS and CCoTS displayed an ohmic
response, which illustrates the non-diode response from these
materials. Among these cells, CZTS as a reference performs the
best with an efficiency of 5.66%. CBaTS exhibits the second best
performing cells, and is the best among the substitutes with an
efficiency of 1.06%. The low Jsc for CBaTS is expected due to its
high band gap, but the Voc is quite low with respect to the band
gap. In comparison with the literature, the highest efficiency
CBaTS is achieved at 1.7% with Voc being �0.2 V higher than in
this study.66 The Voc decit might be due to the unoptimized
cation ratio, deposition parameters or buffer layer (CdS might
not have the best band alignment) and possible secondary
phase. Nevertheless, this result is comparable with the highest
reported, and further optimization is expected to improve the
performance. The efficiency of CMnTS (h ¼ 0.56%) is also not
far behind the record in the literature (h ¼ 0.91%).87 In fact, the
Voc and ll factor in this study is slightly higher than the record,
while the decreased efficiency is governed by the lower Jsc,
which can be improved by thickness optimization. It should be
noted that the photovoltaic responses of Mg + CTS and CSrTS
are most likely attributed to the CTS secondary phases. In
general, the poor performances for some of these devices can be
attributed to the suboptimal morphology, high carrier concen-
tration, low mobility and secondary phases of the lms.

To further understand the charge collection of these lms,
external quantum efficiency measurements were performed on
the CXTS devices. From Fig. 4b, only CZTS, CMnTS, Mg + CTS,
CBaTS and CSrTS show quantum efficiency signals, which is
consistent with the photovoltaic response. A similar trend with
their respective photovoltaic performances is also observed. The
EQEs of Mg + CTS and CSrTS show extended gradual decreasing
slopes, indicating the presence of low band gap CTS secondary
phases. The sharp drop around 600 nm for CBaTS indicates low
band uctuation and tailing, which is an issue in CZTS,143,144

while its relatively high band gap makes this compound
promising for the semitransparent and tandem applications.

A photoluminescence study was also performed on the ve
samples, which exhibited the photovoltaic response (Fig. S11†).
Table 4 tabulates the extracted parameters from the PL
response, details on the parameter extraction can be found in
J. Mater. Chem. A, 2022, 10, 9137–9149 | 9143
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Fig. 4 (a) J–V curve for the “champion” cell from each of the CXTS films. (b) External quantum efficiency for the CXTS solar cells with their
respective extracted band gap and Jsc. Each CXTS film (represented by different colors) has two EQE responses; the solid line represents the post
annealed film response and dashed line represents the response for the film without post annealing.
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a previous study.145 All of the measurements were performed at
room temperature, and were spectrally corrected by using
a commercially calibrated halogen lamp with a known spectrum
and absolutely calibrated with the help of a power meter. All of
the absorbers were passivated with 50 nm of the CdS layer by
chemical bath deposition. The PL measurements, except for Sr
and Ba substituted CXTS samples, were carried out at room
temperature with a 663 nm wavelength diode laser as the exci-
tation source. Since the band gaps of the Sr and Ba-substituted
CXTS samples are relatively higher, a blue laser (405 nm) was
used as the excitation source. Although the excitation wave-
length of the laser is higher than the bandgap of CdS, the CdS
thickness is negligible, and the absorption of the passivated
layer is nearly negligible in the band gap region of the absorber.
The external radiative efficiency (ERE) deduced from the cali-
brated PL spectrum was then used to determine the QFLS,

QFLS ¼ VSQ
oc + (KT/q)ln(ERE)

where ERE ¼ photons emitted by absorber
incident photons

and VSQoc ¼
0.93(EPL/q) � 0.176 V.145

CZTS and CMnTS exhibit well dened single peaks in their
PL spectra (1.26 and 1.357 eV, respectively), with the EPL value
Table 4 Extracted parameters from the photoluminescence for the sam

Eg (eV) ERE (%) EPL (eV) Voc[SQ

CZTS 1.6 1.904 � 10�4 1.260 0.996
CMnTS 1.6 2.697 � 10�5 1.357 1.085
CBaTS 2 7.74 � 10�3 1.133 0.878
CSrTS 0.92, 0.95, 1.88 2.74 � 10�3 1.155 0.898
Mg + CTS 1, 1.1, 1.57 3.920 � 10�5 0.920 0.678

a ERE¼ external radiative efficiency, Eg ¼ band gap from UV-Vis, EPL ¼ pho
from the EPL, QFLS ¼ quasi Fermi level splitting.

9144 | J. Mater. Chem. A, 2022, 10, 9137–9149
closer to their respective Eg. This indicates that the PL response
is dominated by the quaternary compounds without signicant
secondary phase contributions in comparison with the other
compounds. The signicant differences between the Eg and EPL
in these two compounds highlight the poor performances due
to recombination losses. The EPL, which are less than Eg, may
indicate radiative recombination via deep tail states (band-tail
to band-tail recombination).146 It is also possible that the free-
to-bound transition occurs due to the acceptor state recombi-
nation.147 In conjunction with the low mobility, these ndings
also imply the lower carrier lifetime issue. Meanwhile, the
spectral responses of the Mg + CTS, CBaTS and CSrTS lms
seem to be dominated by their secondary phases or deep defects
(Fig. S11†), which explains the very high carrier concentration
and poor performances of these devices. Mg + CTS, which forms
a lower bandgap Cu–Sn–S secondary phase in this study, shows
EPL around the band gap of Cu–Sn–S. As for CBaTS and CSrTS,
the PL peak from their respective quaternary compounds was
found to be very close to their Eg at the high energy level.
However, there are other more dominant broad peaks at lower
energy levels. These can be related to the secondary phases with
a lower band gap or deep defects in these structures, which is
oen found to generate high density of bulk recombination
ples with a photovoltaic responsea

] (eV) QFLS (eV) QFLS loss (eV) Voc (eV) QFLS-Voc (eV)

0.667 0.329 0.581 0.086
0.707 0.378 0.345 0.362
0.641 0.237 0.380 0.261
0.635 0.263 0.181 0.454
0.310 0.368 0.191 0.119

toluminescence peak, Voc[SQ]¼ Voc based on the Shockley Quisser limit

This journal is © The Royal Society of Chemistry 2022
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centers.89 The ERE and QFLS loss in CBaTS and CSrTS are more
promising than CZTS. The ERE is dened as a ratio between the
emitted photon ux and excitation ux, which means that the
quality of the radiative emission in these two lms seems to be
better than CZTS in this study.148 The QFLS loss is quantied as
the difference between the Voc[SQ] and the QFLS. This can be
related to the non-radiative recombination quality of the lm,149

which shows that CBaTS and CSrTS have fewer non-radiation
recombinations than the other lms. The last parameter is
the difference between QFLS and the devices' Voc, which can
indicate the recombination at the interface.150,151 The results
show that the four cation substitutes showing photovoltaic
responses have more detrimental interface properties than
CZTS. This indicates the need for alternative buffer layers, as
some of these compounds have a larger band gap than CZTS,
which makes CdS an unsuitable choice. Interface treatment
might also be required to improve the device performance of
these lms. A previous study reported that the combination of
CBaTS or CSrTS with a CdS buffer layer is not optimal because
the conduction bands of CBTS and CSTS lie at signicantly
higher energy levels than in CIGS and CZTS. Therefore,
although CBaTS and CSrTS are promising alternatives due to
less recombination near the band edge based on PL and EQE,
the deep defects and interface recombination require further
optimization and alternative device structure to achieve good
power conversion efficiency.

4. Conclusion

In summary, investigation on the effect of different cation
substitutes for Zn in CZTS has been performed using the spray
pyrolysis method, including the emerging material CBaTS and
CSrTS thin lms. Initial screenings of candidates based on their
abundance, toxicity and stability predictions as quaternary
compounds resulted in seven potential candidates (Mn, Mg, Ni,
Fe, Co, Ba and Sr).

Aer performing both thin lm and solar cell device char-
acterizations on various CXTS compounds, the following
interpretations and design considerations can be concluded:

(a) The cation substitute must have d-orbitals to replace Zn
and form a stable quaternary compound, as observed with the
unsuccessful attempt to form Mg + CTS.

(b) The partially lled 3d-orbital of Fe, Ni, Co and Mn in this
study increased the carrier concentration due to possible
oxidation state changes and additional free carriers.

(c) The large ionic difference between the substitute and the
host Cu and Sn may result in different quaternary crystal
structures and optoelectronic properties. The change might
also be a benecial one, as observed in the sharp EQE for
CBaTS.

(d) For substitutes that have similar structures between their
secondary phases and quaternary phase, such as Ni + CTS, the
fabrication needs to be done in a more controlled method to
achieve a pure quaternary compound.

We found a notable photovoltaic response for CZTS,
CMnTS, CBaTS, and CSrTS, and an ohmic response for Ni +
CTS, CFeTS and CCoTS. This correlates with the large grain
This journal is © The Royal Society of Chemistry 2022
size and sharper UV-Vis and EQE band edges in the rst four
compounds. On the other hand, the last 3 compounds without
a PV effect do not form a quaternary compound, do not show
any PL emission under 1 sun excitation, and/or have a small
grain size and poor interface with Mo. This suggests that more
specic synthesis parameters or post-synthesis treatments
should be applied in the case of the Ni, Fe and Co substituent
elements.

The photovoltaic response and the formation of a stable
quaternary compound for CMnTS, CBaTS and CSrTS show the
potential as emerging kesterite-inspired PV materials. The
photoluminescence results also highlight the positive indica-
tion that CBaTS and CSrTS reduce defects near the band edges,
but their deep defects and interface recombination have to be
resolved. Finally, further optimization pathways should be
considered to improve the photovoltaic response of these
alternative emerging absorbers, such as nding the optimized
stoichiometric ratio (e.g., the cations ratio) for each compound,
optimizing the annealing parameters and/or different device
congurations (e.g., different buffer layers).
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