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Abstract. This paper investigates the effects of partial substitution of zinc (Zn) in pure sulfide
kesterite (CuyZnSnS;) by cadmium (Cd) and manganese (Mn) incorporation. Thin films of CuyZnSnS,
(CZTS), CusZn, ,Cd,SnS, (CCZTS) and CusZn; ,Mn,SnS,(CMZTS) were produced chemically. A comparison
of pure CZTS with CCZTS and CMZTS was performed to study the influence of Cd and Mn incorporation on the
morphology, structure, optical and electronic properties of the films. The results show an improvement of the
morphology and an adjustment of the band gap and valence band position by partial substitution of Zn with Cd
and Mn. In addition, for the first time, the band alignment at the absorber /buffer hetero-interface is studied with
partial Zn substitution. Band alignments at the absorber/buffer hetero-interface were estimated by XPS and
UV /Visible measurements. The results show a cliff-like CBO for CZTS/CdS heterojunction, a spike-like CBO
for CCZTS/CdS and a near flat-band CBO for CMZTS/CdS heterojunction.

Keywords: Kesterite / solar cell / cation substitution / band alignment

1 Introduction

The photovoltaic (PV) cell market is dominated by 90%
crystalline silicon, but the PV conversion efficiency of this
technology is close to its Shockley-Queisser (SQ) limit
(29.1%) [1]. However, silicon-based solar cells require several
tens of microns (~180 pm) of high-quality crystalline silicon
to generate a high photovoltaic conversion efficiency. Thus,
the generation of thin-film solar cells has emerged in order to
reduce the thickness of solar cells, the production cost and to
develop thin-film solar cells suitable for various applications
such as building and product integrated photovoltaics (BIPV
and PIPV). Three technologies are currently under develop-
ment on an industrial scale: amorphous silicon (a-Si),
cadmium telluride (CdTe) and Culn; ,Ga,(S,S.)> alloys
(CIGSSe). CIGSSe-based alloy technologies have reached
efficiency levels of 23.35%, which is higher than CdTe and a-Si
[2,3]. However, the efficiency of pure sulfide CIGS is 16% as
presented recently by Barreau et al. for a bandgap close to
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1.6 eV [4]. The success of CIGS technology still depends on the
availability of indium as a key element in the CIGS
production line. This element has been considered for years
as a scarce earth element, but the latest analysis indicates
that indium resource availability could not impact the CIGS
production [5].

Asindium hasbeen considered a scarce earth material for a
long time, researchers in the field of thin-film solar cells started
to explore a new earth abundant material. In this regard,
recently, the kesterite (CupZnSnS; noted CZTS or
CwyZnSnSe; noted CZTSe) has generated considerable
interest. This family of materials (copper, zinc, tin and
sulfide or selenide) is thus becoming a promising new material
for the development of eco-friendly solar cells. This innovative
technology has rapidly improved in recent years; however, its
performance still suffers from low conversion efficiency.

The best efficiencies of kesterite solar cells are 12.6% for
CuyZnSn(S,Se) 4, 12.5% for CuyZnSnSey, 11% for CuyZnSnS,
and recently 13% for (Ag,Cu; ,)»ZnSn(S,Se), [6-9]. The
efficiency of kesterite is limited by the large V. deficit (E,/q-
Vee), which can be attributed to absorber-related defects, i.e.
anti-site defect, cationic disorder, band tailing and optical and
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electrostatic fluctuations [10-13]. Indeed, kesterite absorbers,
copper (Cu) and zinc (Zn) cations have a close ionic radius,
which leads to a partial disorder in the Cu-Zn plane [14,15].
The result a Cug,, and Znc, anti-site defect, which seems to be
the main origin to electrostatic fluctuations [16]. In addition,
there is a considerable deficit in the electronic interfaces in
kesterite solar cells. It is known that band alignments
interfaces are critical issues for solar cell performance, but in
the kesterite community there are still few experimental
studies conducted to investigate this issue.

According to the literature available, there is an
unfavorable conduction band offset (CBO) at the buffer/
absorber interface, resulting in a significant V. deficit in
kesterite [17,18]. In general, CZTS sulfide solar cells form a
type II heterojunction at the buffer/absorbers interface,
resulting in a negative CBO (cliff-like) [19]. Typically, the
ideal band alignment for heterojunction solar cells is type I,
with aslightly positive CBO (spike-like) [10]. However, if the
spike becomes too high, the photogenerated electrons flowing
from the absorber to the upper contact will be blocked by a
large electronic barrier at the heterojunction interface.
Therefore, the fundamental issues related to absorber and
heterojunction need more in-depth study to further develop
the potential of these kesterite-based solar cells.

To this end, several research works have used a new
approach based on the partial and /or complete substitution of
Cuand/or Zn by cations of larger radius to minimize /suppress
any problems associated with the Cu-Zn disorder. Some
research has reported that partial substitution of Cuby Agand
Zn by Cd can improve several properties of the absorber and
the device, namely improvement of grain size, minimization of
anti-site defects and increase in conversion efficiency [20-24].
However, the use of Ag and Cd still directs research towards
the use of toxic and /or expensive elements in solar cells, which
deviates from the main goal of developing eco-friendly solar
cells. The effects of partial cation substitution in CZTS have so
far been extensively studied in terms of their effect on the bulk
absorber and the efficiency of the solar cell, with less emphasis
on their effect on the band alignment. In this regard, several
researchers have reported the use of new wide-band gap buffers
to address band alignment issues. Significant improvements in
V.. have been achieved by using Zn;_,Sn,O and Cd;_,Zn,S as
buffer layers [25-27]. However, the V. deficit is still too large.

This work presents the cation substitution strategy
where the partial substitution of Zn by Cd and Mn is
highlighted. First, the effects of substitution on the
morphology, crystalline structure, band gap and positions
of the valence bands in these absorbers are presented.
Then, the impact of cation substitution on band alignment
is studied to adjust the interface properties and to form a
favorable CBO only by partial substitution of Zn with Cd
and Mn, which to our knowledge, has never been reported
before. Finally, the last section concludes this work.

2 Materials and methods

2.1 Thin films preparation
2.1.1 Absorbers

Thin films of CuyZnSnS; (pure), CusZn; ,Cd,SnS, (Cd
substitution) and CuyZn; ,Mn,SnS; (Mn substitution)

absorbers were coated by a sol-gel spin coating with
z=0.15. These absorber samples are referred to as CZTS,
CCZTS and CMZTS, respectively. A sol-gel solution of
pure CZTS was made by dissolving copper acetate
monohydrate, zinc acetate dihydrate, tin chloride dihy-
drate and thiourea (HoNCSNH,) in 2-methoxyethanol as
solvent at concentrations of 0.46 M, 0.27 M, 0.25M and
2M, respectively. A few drops of di-ethanolamine were
then added to the solution to stabilize it. The molar ratio
of precursors was maintained as follows: Cu/Sn=1.84,
Zn/Sn = 1.08 and S/metal = 2. The solution was stirred for
6h at 50°C until a dark yellow solution was formed.

For the partial substitution of Zn by Cd and Mn, two new
solutions were prepared following the protocol previously
used for CZTS. Cadmium acetate dihydrate was used as the
Cd source and manganese chloride tetrahydrate as the Mn
source. The Cd/(Cd+Zn) and Mn/(Mn+Zn) ratios were
taken at 0.15 each. Thin layers of CZTS, CCZTS and
CMZTS were deposited on glass substrates from sol-gel
solutions using spin coating at 4000 rpm for 30 s. The samples
were then dried in a furnace heated to 250 °C for 3 min. This
process was repeated 5 times to obtain a thick film. Finally,
the samples were again heat treated in a sulfurization furnace
at 520 °C for 30 min where the ramp rate was 10 °C /min. This
final process was performed in the presence of sulfur powder
(1.2 g) under nitrogen gas flow. The final thickness of the
films after heat treatment was ~500 nm.

2.1.2 Heterojunction

The heterojunctions were produced by chemical bath
deposition (CBD) of CdS buffer layers on CZTS, CCZTS
and CMZTS absorbers. The chemicals used in the bath
reaction were cadmium acetate dihydrate, thiourea and
ammonia with concentrations of 0.03 M, 0.15M and 1.2M
respectively, all chemicals were mixed in deionized water.
The CBD process took 10min at 70°C, and the pH of the
solution was maintained around 10. After CdS deposition, the
heterojunction samples were dried with only a nitrogen gas
flow without any heat treatment. These heterojunction
samples are respectively referred to as CZTS/CdS, CCZTS/
CdS and CMZTS/CdS.

2.2 Characterization

A scanning electron microscope (SEM) was used to study
the surface morphology of the films. The observations were
performed by a Hitachi SU8230 SEM at an accelerating
voltage of 15 keV. X-ray diffraction (XRD) was used to
study the crystal structures of the films in /26 scanning
mode. The analysis was performed with a Bruker D8
DISCOVER (CuKa; radiation, A =1.54056 A). A custom-
built epi-confocal microscope equipped with a 40x objective
(0.6, Nikon) was used for Raman analysis in order to
confirm the purity of phases. The samples were exposed to
a laser excitation wavelength of 784 nm. Raman spectra
were acquired using a spectrometer (equipped with a 1200
lines/mm array) associated with a cooled CCD camera
(1024 x 256 pixels). A wafer of silicon (111) was used for the
calibration at 520 cm™'. The absorption coefficient and
band gap were derived from UV /Visible according to the
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Tauc model. UV/Visible spectrophotometer (Thermo
Spectronic Helios Gamma) was used to collect the
transmission rate of each absorber sample as a function
of wavelength. The analysis wavelength area ranged
between 200 nm and 1100 nm with a step of 0.5 nm.

The valence band offset (VBO) measurements at the
buffer /absorber heterojunctions were performed using an
XPS PHI Versaprobe 5000 instrument equipped with the
Al monochromator Koy (h,=1486.6). The depth profile
data was obtained by applying a mild argon sputtering (at
500 e€V) to minimize the influence of ion bombardment on
the buffer/absorber heterojunctions. The sputtered area
was 2mm X 2mm and the analysis spot was 200 pm. The
photoemission spectra of the valence band (VB) near fermi
level (0eV) data were collected every 60s of etching time.
The linear region of the near fermi level photoemission
spectra was used for extrapolation to estimate the VB
position. The spectra were processed using the Edge Down
Background type in Casa XPS. The combination of the
XPS analysis of the VBO and the UV /Visible measure-
ment of the band gap allowed to estimate the band
alignments at the absorber/buffer heterojunctions and to
calculate the conduction band offset (CBO).

Time resolved photoluminescence (TRPL) was measured
on heterojunction samples using the time correlated single
photon counting technique [28]. This system is based on a
custom-built epi-confocal microscope (Nikon, Eclipse Ti)
scanned with a piezoelectric translation stage (Mad City
Labs, Nano-LP100). The carriers generated at the hetero-
junction interface and at the upper part of the absorber region
were excited by a 485nm pulsed laser diode (PicoQuant,
LDH-DC-485, with a pulse width < 90 psand arepetitionrate
of 20MHz) focused with a 40x air-objective (NA =0.6,
Nikon). An average intensity power of 0.6 wW was applied.
The resulting photoluminescence was selected with a
bandpass filter and detected with an APD (Excelitas,
SPCM-AQRH-15) with a time resolution of 300ps. The
luminescence intensity decays were recorded with a dedicat-
ed electronic system (PicoQuant, PicoHarp300).

3 Results and discussion

This section discusses the effects of the partial substitution
of zinc (Zn) by cadmium (Cd) and manganese (Mn) on
morphological, structural, optical and electronic proper-
ties. Experimental band alignment and recombination at
the heterojunctions produced with these absorbers (CZTS,
CCZTS and CMZTS) and CdS buffer layer were
investigated. The experimental optical and electronic
results were modeled by SCAPS to get an overview of
the effect of CBO on the photovoltaic conversion efficiency.

3.1 Morphological and structural characterization

An SEM analysis was performed to obtain information on the
effect of substitution on the surface morphology of absorbers.
Figure 1 shows the top view of the CZTS, CCZTS and
CMZTS samples with two different magnifications, one
lower and one higher. The low magnification images clearly

show the absence of cracks in the films for all samples. At a
higher magnification, there is a noticeable decrease in voids
due to Cd and Mn substitution and an improvement in
surface grain size for the CCZTS and CMZTS samples. As
the cross-section images are not included in this work, we
cannot concludeif the grain size in the bulk absorbers shows a
similar improvement as in the surface grain size or no.
Figure 2a shows the XRD pattern of the CZTS, CMZTS and
CCZTS samples. The common diffraction main peaks for the
samples correspond to planes (112), (220) and (312) with a
preferential direction along the plane (112). There are no
secondary phases for the CZTS and CMZTS samples,
whereas the CCZTS sample presents an additional second-
ary phase which corresponds to tin di-sulfide. The lattice
parameters derived from the Rietveld X-ray analysis of
CZTS, CCZTS, and CMZTS are shown in Figure 2b and
Table 1. The lattice constants a and c are larger for CCZTS
compared to CZTS, while those constants are smaller for
CMZTS compared to CZTS and CCZTS. This behavior may
be due to the larger radius of Cd*" and smaller radius of Mn?
compared to Zn®". Using XRD alone, it is difficult to
distinguish between the coexisting phases in the kesterite
system. Therefore, Raman spectroscopy was used to confirm
the phase purity of the grown thin films. The Raman spectra
for CZTS, CCZTS and CMTS under excitation by a laser of
784 nm are shown in Figure 3.

Figure 3a shows the Raman spectra of the CZTS
sample. The appearance of the high-intensity peaks at
about 288 cm ™' and 337.5 cm ™' corresponds to the two A
modes of the kesterite structure whereas the less intense
peaks at 366.3 cm ™ and 373 cm ! correspond to the E(LO)
and B(LO) modes [29-32]. Figure 3b shows the Raman
spectra of the CCZTS sample. Two peaks are observed, one
most intense at 334.4 cm ™' which corresponds to the A
mode and the other at 365.6 cm ™" which correspond to E
(LO) mode [33]. However, the second intense A mode does
not appear near 287 cm™'. The absence of this peak may be
due to the cation rearrangement which leads to a new
symmetry of the crystalline structure. Dimitrievska et al.
reported that the presence of a peak near 334 cm ™' may be
due to the presence of the kesterite phase with P42c
symmetry [33]. This symmetry differs from that of kesterite
I-4 in the cation arrangement. Figure 3c shows the Raman
spectra of the CMZTS sample. As for the CZTS sample,
this spectrum is characterized by the two modes A
corresponding to the intense peaks at 289 cm ' and
338.8 cm™'. In addition, the CMZTS spectrum contains the
E(LO) and B(LO) modes, which correspond to the less
intense peaks at 367.7 cm ' and 374.2 cm ™, respectively
[34]. No peaks corresponding to ZnS (at 348 cm '), Cu, ,S
(at 476 cm™'), SnS, at (315cm™') and Cu,SnSs
(at 352 cm™') are present in all samples [35-40]. The
absence of peaks corresponding to the SnS2 phase in the
Raman spectrum of CCZTS may be due to the employment
of an unsuitable laser to detect this secondary phase.

3.2 Band gap and valence band energies

The absorption coefficient and band gap (BG) derived from
the Tauc model were compared to examine whether partial
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Fig. 1. SEM micrographs of CZTS, CCZTS and CMZTS samples.

cation substitution affects optical properties. The Tauc The absorption coefficient is given by:
formula is given as follows:
— 11 1 9
(hv)? = A(hv — E,), (1) ¥ n(T)’ @)
where e is the layer thickness and T is the transmittance.
where « is the absorption coefficient, h is the Planck’s Figure 4 shows the band gap and absorption

constant, v is the frequency, A4 is the constant and E,is the coefficients of CZTS, CCZTS and CMZTS obtained
band gap energy. from UV /Visible measurements. In the pure CZTS sample,
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Fig. 2. X-ray diffractogram (a) and lattice parameters (b) of
CZTS, CCZTS and CMZTS samples.

Table 1. Lattice parameters of CZTS, CCZTS and
CMZTS samples obtained by Rietveld X-ray analysis.

Samples a (A) ¢ (A)
CZTS 5.4351 10.8451
CCZTS 5.4427 10.8616
CMZTS 5.4254 10.8187
g ——CZTS
[
en :ﬁ
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Fig. 3. Raman spectra for CZTS, CCZTS and CMTS samples.

the energy in the band gap is about 1.55eV while
the absorption coefficient near the band gap is about
1x10* em™! and 3.8x10* em™! at 3eV, which is the
maximum absorption value. However, when Cd is alloyed in
the CCZTS sample, the energy of the band gap decreases to
about 1.43eV compared to the CZTS sample, where the
absorption coefficient at 1.43 eV remains about 1 x 10*cm ™",
and the maximum absorption at 3eV becomes 4.6 x 10*
cm . In the CMZTS sample, when manganese is added, the
energy of the band gap increases to about 1.62 eV compared
tothe CZTS samgle, with an absorption coefficient at 1.62 eV
of about 1x10* em™!, however at 3eV the maximum
absorption coefficient become 5.5 x 10* em ™, which is much
higher than the pure CZTS and CCZTS samples.



6 C. Tamin et al.: EPJ Photovoltaics 13, 24 (2022)

(a): CZTS
6x10*
¥ T—czTs
5x10* <
=
&
4x10° - o
.§ Eg= 1.55+0.05 eV
< 3x10% 4 =
E s
L 3
S 2x10¢ 4 £
=
z
1x10*
o L] L] L] L] L] L] L]
1.0 1.5 2.0 25 3.0 35 1.00 1.25 1.50 1.75 2.00
hv (eV) hv (eV)

(b): CCZTS

6x10*
—— CCZTS
5x10*
=
g
4x10°* 4 %S
E Eg=143+0.05 eV
& 3x10% =
£ S
G =
S 2x10% - §
z
1x10* <
O L] L] L] L] L] L] L]
1.0 1.5 2.0 25 3.0 3.5 1.00 1.25 1.50 1.75 2.00
hv (eV) hv (eV)

(¢): CMZTS

6x10*
Y T——<CwmzTs
5x10*
=
&
4x10* 4 o~
2 Eg=1.62 £ 0.05 eV
< 3x10% 4 =
E
< =
3 2x10% A £
=)
z
1x10*
o L] L] L] T L] L] L]
1.0 1.5 2.0 25 3.0 35 1.00 1.25 1.50 1.75 2.00
hv (eV) hv (eV)

Fig. 4. Estimation of the band gap and the absorption coefficient from the UV /Visible measurement. (a) CZTS, (b) CCZTS,
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The partial substitution of Zn in the CZTS allows the
band gap to be adjusted to a lower energy by Cd
incorporation and to a higher energy by Mn incorporation.
With respect to the absorption coefficient, the partial
substitution of Zn increases the absorbance almost on the
lower wavelength, for both Cd and Mn incorporation. This
raises a potential interest to develop kesterite solar cells
with a gradual band gap and change the unfavorable CBO
type only by partial cation substitution. The optical band
gap derived from the Tauc plot represents the energy
difference between the valence band (VB) and the
conduction band (CB).

According to the previous observation, the partial
substitution of Zn adjusts the band gap to a lower energy
by Cd incorporation and to a higher energy by Mn
incorporation. However, it is not clear whether this
adjustment is due to a shift of the CB position only, or
due to a shift of the VB position as well. Therefore, the VB
positions of CZTS, CCZTS and CMZTS were studied using
the XPS measurement. Figure 5 shows the valence band
spectra of the bulk films. From the VB spectra, the VB
position of CZTS is about —0.17 €V; this position decreases
in CCZTS to about —0.20eV and to about —0.33eV in
CMZTS. It can be noted that the position at 0 eV in the VB
spectra represents the fermi level energy (Er); all values
above Ef are negative.

Figure 6 shows the VB and CB positions of CCZTS and
CMZTS in comparison with CZTS. It can be deduced from
the figure that the partial substitution of Zn by Cd and Mn
affects the VB position and/or the CB position. The VB
position of CCZTS is 0.03 eV lower than the VB position of
CZTS, but the band gap is 0.13eV lower than that of
CZTS. This means the partial substitution of Zn by Cd
does not contribute too much on the VB position but
contribute much more on the CB position to reduce the
band gap. The VB position of CMZTS is 0.16 eV lower than
the VB position of CZTS, but the band gap is 0.07eV higher
than CZTS. Since Mn alloy reduces the VB position and
does not increase it, and since the band gap increases by Mn
incorporation, it is clear that the CMZTS band gap
adjustments are mainly due to the modification of VB and
CB positions with more contribution on the VB position
which may be due to a lower doping level for CMZTS
sample.

These results open the way for design of kestetie-based
solar cells with gradual band gap as well as the modification
of the unfavorable cliff like CBO only by partial cations
substitution.

3.3 Heterojunctions band alignments

Since the partial substitution of Zn by Cd and Mn affects
the VB and CB positions, it is interesting to know their
effect on the band alignment at the absorber/buffer
heterojunctions, and to estimate the valence band offset
(VBO) and the conduction band offset (CBO) of the
heterojunctions. An ideal band alignment for heterojunc-
tion solar cells is a slightly positive CBO (spike-like). In

e CZTS
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2
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E
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7 6 5 4 a3 2 4 0 1
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Fig. 5. Estimation of the valence band position from XPS
measurement. (a) CZTS, (b) CCZTS, (c¢) CMZTS.
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Fig. 6. Valence and conduction band positions of CZTS, CCZTS and CMZTS.

their theoretical work on CIGS chalcopyrite solar cells,
Minemoto et al. (2001) argued that high efficiencies can be
achieved only when the CBO at the CIGS/CdS hetero-
junction varies between 0 and 0.4eV [41]. In the case of
pure sulfide CZTS, the CBO at the CZTS/CdS hetero-
junction is rather negative (cliff-like), however, reported
experimental values vary considerably. According to the
literature, most reported experimental values of CBO at
the CdS/CZTS heterojunction range between —0.34eV
and 0eV, as shown in Figure 7a [8,32,42-48]. Haight et al.
reported a positive (spike-like) CBO of +0.41eV [49].
Recently, Su et al. (2020) reported an optimal near-flat
band CBO of +0.05eV wusing the strategy of Cd
incorporation and device annealing [50]. In addition, the
authors achieved the new world record (no certified) of
12.6% using this approach.

Figure 7b shows the variation of CBO as a function of
device efficiency reported in the literature. An overall
correlation can be established between the CBO measured
at the absorber/buffer heterojunction by the different
groups: low efficiency cells often have alarge negative CBO,
whereas most high efficiency cells have an almost flat band.
It is important to mnote that only the pure sulfide
kesterite alloys are described in this paper along with
estimated VBO values obtained by direct XPS measure-
ment of the VB positions across the interface buffer/
absorber. In this sense, the CdS was used as a buffer layer to
form heterojunctions with the absorbers (CZTS,
CCZTS and CMZTS). The measurements were
performed by XPS through the heterojunction from the
upper layer (buffer) to the lower layer (absorber).
Low-energy argon sputtering (500eV) was used to etch

the heterojunction to reach the interface (for more
information on the determination of the VB at the
interface, please refer to our previous paper [51]). The
VBO is distinguished by the difference between the VB
position of the buffer and the VB position of the absorber at
the interface, as follows:

VBO = V By — VBa), (3)
where VB, is the buffer layer VB position and VB, is
the absorber layer VB position.

Figure 8 shows the valence band spectra at the interface
of the CdS/CZTS, CdS/CCZTS and CdS/CMZTS
heterojunctions. The value of the VBO at the CdS/CZTS
heterojunction is about —1.01 eV, while this value becomes
about —0.77¢V in the case of the CdS/CCZTS hetero-
junction. This value then becomes about —0.72eV at the
CdS/CMZTS heterojunction. It is important to note that
this estimation method does not consider the possible
charge/dipole effects at the interface between the absorber
and the buffer which may can modify the real VBO values.

Using equation (4), the CBO values were determined by
combining the VBO values obtained from XPS and the
band gap differences between the buffer and absorber
layers that were measured from the Tauc plot by UV—
visible spectrophotometer on all four samples (CdS, CZTS,
CCZTS and CMZTS)

(4)

where Ez is the buffer layer band gap and E‘; is the absorber
layer band gap. ‘

CBO = (E) — E}) + VBO
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Fig. 7. (a) An overview of all the experimental work reported in the literature on the CBO value of pure sulfide keserite. (b) An
overview of the performance of solar cells based on pure sulfide in the literature as a function of CBO value.

The CBO at the CdS/CZTS heterojunction was
—0.16eV; this value was increased in the case of the
CdS/CCTS heterojunction by Cd incorporation to
+0.20eV, while in the case of CdS/CMZTS heterojunction
with Mn incorporation, the CBO was increased to +0.06 eV
in comparison to CdS/CZTS heterojunction. It is thus
evident that the partial substitution of Zn by Cd and Mn
has a significant influence on the CBO. Moreover, it is
important to note that the CBO calculations were
performed based on the band gap of pure materials
without considering the interdiffusion effect at the
interface, which can modify the band gaps.

Figure 9 shows the band alignment diagram of the
heterojunctions, based on the previously discussed results
of VB, VBO, CBO and band gap. A negative CBO (cliff-
like), which corresponds to a type II heterojunction, can be
observed for the CdS/CZTS heterojunction. This result is
in good agreement with previous studies that have reported
a cliff-like CBO in the CdS/CZTS heterojunction.
However, in the case of the CdS/CCZTS heterojunction,
the CBO becomes positive (spike-like), which corresponds
to a type I heterojunction. A similar observation concerns
the CdS/CMZTS heterojunction, which presents a small
spike-like CBO, giving an almost flat type heterojunction.
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Therefore, alloying CZTS by Mn and Cd improves band
alignment in the case where the heterojunction occurs with
CdS as a buffer layer, resulting in favorable band alignment
within an optimal CBO range.

3.4 Time-resolved photoluminescence

Due to the significant improvement in band alignment with
the partial substitution of zinc by Cd and Mn, it is
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decay with excitation wavelengths of 488nm. Black color

CZTS/CdS, blue color CCZTS/CdS and red color CMZTS/CdS.

interesting to study the recombination mechanism at the
heterojunctions. To this end, TRPL measurements were
used to characterize the recombination at the hetero-
junction. Yan et al. (2018) found a longer heterojunction
lifetime due to the thermal treatment of the heterojunc-
tions to promote cadmium diffusion into the upper region
of the absorber [8]. The authors achieved the highest
efficiency (certified world record) of pure sulfide CZT'S solar
cells using this approach. The same TRPL heterojunction
characterization approach has been used in the present work.
A 488 nm laser excitation was used to generate carriers at the
heterojunction interface and in the upper absorber region.
Figure 10 shows the TRPL spectra of the CZTS, CCTS and
CMZTS samples. The decay time was adjusted using the bi-
exponential function [52], as follows:
I(t) = Arexp(—t/71) + Asexp(—t/12). (5)
The lifetime was derived from the bi-exponential
function, as follows:

AT + Aey

, 6
A+ Ay (©)

where T, represents the fast decay time, T, represents the
slow decay time, while A; and A, represent the amplitudes
of T and T, respectively, and T represents the derived
lifetime.

The TRPL spectrashow almost similar PL decay times for
CZTS and CCZTS samples, while the PL decay time
increased by Mn incorporation in the case of CMZTS. Using
equations (5) and (6), a lifetime of about 13 ns for CZT'S and
CCZTS and about 15ns for CMZTS is obtained. Further-
more, it can be noted that the Mn alloying may reduce the
recombination at the CMZTS/CdS heterointerface and
improve charge separation, as reported by Lie et al. [53].

4 Conclusion

This paper investigated a cation substitution strategy in
which the partial substitution of Zn by Cd and Mmn
was considered. A sol-gel process was used to perform a
partial substitution of Zn in CZTS by Cd and Mn. It
was demonstrated that alloying cadmium in CZTS
improves grain size, reduces the band gap and adjusts
the band alignment by forming an optimal spike-like CBO.
However, the Mn alloy retains the pure kesterite
phase, adjusts the band alignment to form a nearly
flat CBO, which can facilitate charge separation at the p-n
junction. Through this comparison, this study highlights
an important strategy to improve the band alignment
only by partial cation substitution. More detailed studies of
the absorber /buffer heterointerface is required to establish
the real band alignment by coupling photoemission
spectroscopy (PES), inverse photoemission spectroscopy
(IPES) and Kelvin probe force microscopy (KPFM).
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