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Role of carbon quantum dot for enhanced
performance of photo-absorption in Cu,CoSnS,
superstrate solar cell device

D. Sivagami (2 *® and B. Geetha Priyadarshini (2°

In the present work, superstrate type ITO/CdS/Cu,CoSnS, (CCTS) and Cu,CoSnS4:CQD (CCTS:CQDs)/Al
thin-film solar cells are reported. An attempt was made to fabricate CCTS and CCTS:CQD thin-film
absorbers using spray pyrolysis at a deposition temperature of 170 °C. In order to increase the
crystallization performance, thin films were annealed at 250 °C for 30 min under N, atmosphere using
rapid thermal annealing. The XRD results showed the formation of the stannite structure for both CCTS
and CCTS:CQD and the phase purity was confirmed by Raman analysis. The XPS spectra indicated
oxidation states of Cu, Co, Sn, and S to be Cu*, Co®*, Sn**, and S?~ in CCTS and CCTS:CQD films. The
band gap of the films was obtained as 1.35 and 1.26 eV for CCTS and CCTS:CQD. The CCTS:CQD
device shows an improved efficiency (0.07%) over the CCTS device (0.003%). Impedance measurement
was performed to analyze the interface between contacts and the bulk. These results showed that
carbon quantum-dot-based chalcogenides can effectively absorb UV-visible photons and separate
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1. Introduction

Solution-processed solar cell devices collect abundant solar
energy to convert it into electrical energy while maintaining
low manufacturing costs compared to conventional crystalline
semiconductor devices." The size of quantum dot changes the
band gap that allows an efficient absorption throughout the
solar spectrum among the emergent materials for the third
generation of photovoltaics.” Solar cells based on quantum dots
have attracted a lot of attention during the past few years due to
the possibility of enhancing the energy conversion efficiency
beyond the conventional Shockley-Queisser limit of 32% for
Si-based solar cells.® In addition, the device configuration is
also important to improve the electrical performance of a
device. An absorber material used in a solar cell as a superstrate
configuration exhibits a better electrical behavior than the
substrate configuration. In the superstrate configuration, a
glass substrate performs as a support structure, as windows
for illumination and as an encapsulation of the device.
Superstrate-type solar cells have the merits of lower costs and
easier processing than substrate solar cells and could serve as a
top cell in tandem solar cells. Berruet et al. reported the
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electrons and holes as potential candidates for future low-cost large-area inorganic solar cells.

efficiency of the CZTS superstrate type as 3.5%. They used n-
type and top electrode as In,S; and graphite.® Yan et al. found
an efficiency of 2.15% for CZTS in superstrate configuration;
they incorporated a P3HT layer into a p-type layer with a Cu
electrode.® Tumbul et al. revealed the efficiency of a solar cell
with superstrate type CZTS as 0.7%. They used In,S; as buffer
layer and silver paste as electrode.” Moreover, an absorber
material of a chalcogenide semiconductor offers a tunable
optical band gap, high photo-absorption and a favorable band
alignment, which were used in solar cell applications.® Carbon-
based materials provide an exciting opportunity in the fields of
material chemistry and nanotechnology. In this scenario,
carbon-based quantum dots (CQDs) have emerged as potential
candidates for solar devices. In recent years, CQD materials
have been widely used in dye-sensitized and organic solar cells
to improve light absorption® and promote multiple excitons,®
charge transfer'' and separation.’ The stability of organic and
dye-sensitized solar cells is poor compared to that of inorganic-
based chalcogenide materials. It is important to understand the
interaction of such novel carbon dots with quaternary chalco-
genide nanocomposites. The carbon-based materials are a very
promising material for the transport of charge carriers and are
not degraded with temperature. Thus, these are highly stable
and flexible materials to absorb photons, having a size of a few
nanometers.

CQDs have a high photon absorption capability which
can be utilized in organic (9.64%), dye-sensitized (10%) and
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perovskite (~19%) solar cell devices."*™"> Moreover, CQD-
based nanocomposites, such as chalcogenide materials, can
lead to improved device performance. In this regard,
Cu,CoSnS, (CCTS) has emerged as one of the potential absor-
ber materials for thin-film solar cells, due to direct band gap
energy (1.4 eV) and high absorption coefficient (10* cm™")."®"”
A CCTS thin film can be deposited by numerous methods, such
as spin coating,'® spray pyrolysis'’® and RF magnetron
sputtering.'® Among the different existing methods, the spray
pyrolysis technique is broadly used and has several advantages,
such as non-vacuum and large surface area for deposition.
Maldar et al. stated that the efficiency of CCTS was 1.78%
achieved at 350 °C in a photoelectrochemical method.'® The
photon energy was greater than the band gap (E > Eg), which
means that photons have the potential to be absorbed and
generate a photocurrent.’®*' Sivagami et al. reported that CQD-
based CCTS can be used as a potential absorber layer for thin-
film solar cells. They obtained quantum-confined carbon with
CCTS nanostructures and observed a photosensitivity of ~40%
higher than that of CCTS.>* Thus, we attempted to utilize
CCTS:CQD as an absorber layer for further fabrication of a
superstrate solar cell and studied the performance of the
device.

In the present work, a thin-film solar cell was fabricated in
the superstrate configurations: ITO/CdS/CCTS/Al and ITO/CdS/
CCTS:CQD/AL CCTS and CCTS:CQD nanocomposite powders
were synthesized by the direct pyrolysis method. The photo-
sensitivity enhancement of CCTS:CQD can improve the elec-
trical performance of the device. In this aspect, CCTS and
CCTS:CQD thin films were deposited on an ITO/CdS layer by
the spray pyrolysis technique. Novel CCTS:CQD-based hetero-
structures executed the effective separation of photogenerated
electrons and holes for the solar cell.

2. Experimental work

2.1. Substrate cleaning

Before the deposition started, ITO-coated glass substrates were
cleaned with a soap solution, ethanol and acetone under
sonication for 5 min each. A pattern (20 mm x 5 mm) was
formed on ITO substrates (10 ohm per sq.) using dilute hydro-
chloric acid at 55 °C for 10 min. Subsequently, the patterned
substrates were cleaned with distilled water, ethanol and
acetone in an ultrasonication bath for 10 min each and then
dried under nitrogen flow.

2.2. Device fabrication

The ITO substrates (2 x 2 cm?) were coated with a thin layer of
CdS. Subsequently, the absorber layers (CCTS and CCTS:CQD)
were deposited using the spray pyrolysis technique. Finally, an
Al electrode was deposited on the absorber layer by the thermal
evaporation method. The configurations of the devices were
ITO/CdS/CCTS/Al and ITO/CdS/CCTS:CQD/Al. The process of
each layer can be explained as follows.
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2.2.1. Deposition of CdS on cleaned ITO substrates (n-type
layer). A thin film of CdS was deposited on patterned
ITO substrates as reported in our previous work.>® Briefly,
a chemical bath was prepared containing 0.025 M cadmium
acetate (Cd(OOCCH3),.2H,0), 1 M ammonium acetate
(CH3CO,NH,), thiourea (H,NCSNH,) and 30% ammonium
hydroxide (NH,OH). A beaker containing the solution was kept
in an oil bath at 60 °C. Subsequently, the cleaned and patterned
ITO-coated glass substrates were immersed in the solution.
After 3 h, the glass substrates were removed from the reaction
bath. Subsequently, the films were rinsed with de-ionized water
followed by drying with N, and annealed at 200 °C for 1 h. The
pH value and viscosity of CdS solution were optimized (by
tuning buffer solution and complexing agent) in order to obtain
a uniform thin film that can function as an n-type layer in thin-
film solar cells.

2.2.2. Deposition of CCTS and CCTS:CQD absorber layer
on ITO-coated glass/CdS films. The absorber layers were depos-
ited on CdS films. CCTS and CCTS:CQD powders were synthe-
sized by the pyrolysis technique, the preparation procedure
being explained in previous work.>”> The precursors of 0.1 M
CuCl,-2H,0, 0.05 M CoCl,-6H,0, 0.05 M SnCl,-5H,0 and 0.4 M
CH4N,CS and 0.2 M citric acid were mixed homogeneously in
water and stirred for 30 min. The final solution was allowed to
evaporate at 80 °C in a hot water bath until a dry powder was
obtained. The powder was dried in a vacuum oven at 60 °C to
further remove moisture and pyrolyzed at 180 °C for 4.5 h.
CCTS was synthesized without using the carbon source of citric
acid. The precursors of CCTS and citric acid ratio was 10: 3 for
CCTS:CQD nanocomposite. Crystallization was also confirmed
at the powder stage. However, the materials mentioned were
dissolved in a suitable solvent to deposit them as a thin film
to observe the photosensitivity. The viscosity of the solution
was adjusted by the ratio of solvent and synthesized material
(v/wt%). Zhang et al also reported that as-synthesized
Cu,CoSnS, nanocrystals were dissolved in hexane to form a
colloidal ink to deposit the thin film on the substrate. No
changes were observed in the crystalline structure due to the
value of pH used.”® We have shown that the proposed ratio
(10:3) leads to better electrical performance for solar cell
application.?” The optimized ratio was used for further thin-
film deposition in order to analyze the CCTS and CCTS:CQD
thin films in this work.

The synthesized powders of CCTS and CCTS:CQD were
dispersed in 2-methoxyethanol at 1.33 wt% for the deposition
of thin films. The substrate temperature for spray pyrolysis was
chosen at 170 °C for 2 min at a flow rate of 2 ml/min and a
pressure of 2 bar. The ITO/CdS/CCTS and ITO/CdS/CCTS:CQD
thin films were annealed by a rapid thermal annealing process
(RTP) at 250 °C for 30 min under N, atmosphere. The CdS
compound was not affected at 250 °C because the ITO/CdS layer
was annealed at 200 °C before the deposition of absorber
layer.>® The CdS/CCTS interface was annealed at over 300 °C,
as reported in the literature.”®>” Interesting properties have
been reported that RTP generates for the absorbers such as:
improvements in the grain size, reduction of S defects and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increase in crystalline quality of films with short cycle times
and low thermal budgets.>®

Finally, Al electrodes were deposited by thermal evaporation
on the CCTS and CCTS:CQD films using a shadow mask of
dimensions 20 mm x 2 mm (length x width). Each device had
a total area of approximately 0.4 cm?.

2.3. Characterization

X-Ray diffraction (XRD) patterns were recorded using CuKo
radiation (k = 1.5406 A; Empyrean, Malvern Panalytical multi-
purpose diffractometer, Netherlands). The Raman analysis was
carried out with a confocal Raman spectrometer at an excita-
tion wavelength of 532 nm of a He-Ne laser as an excitation
source with 3 mW power. The X-ray photoelectron spectroscopy
(XPS) analysis was done using a PHI 5000 VersaProbe II
(ULVAC-PHI Inc., USA) equipped with micro-focused (200 um,
15 kV) monochromatic Al-Ka X-ray source (hv = 1486.6 €V). The
optical transmittance was recorded by a UV-Vis-NIR spectro-
photometer (UV-Vis-1800, Shimadzu, Japan) over a wavelength
range of 300-900 nm. The surface morphology, cross section of
the devices and their corresponding EDS mapping were
obtained using a Carl Zeiss Sigma with Gemini Column (USA)
with EDAX (NanoXFlash detector, Bruker, Germany). The sur-
face topology and roughness were observed using an atomic
force microscope (NTMDT, INTEGRA Prima model, Russia).
Photoluminescence (PL) measurement was carried with an RF
5000 (Shimadzu). I-V characteristics were measured using a
Keysight source meter under light illumination by a solar
simulator (AM 1.5, 100 mW cm™ 2), the measurements being
carried out in air at room temperature. The impedance
measurement was carried out using a Keysight E4990A (20
Hz-20 MHz) impedance analyzer and the equivalent circuits
were fitted by the software EC-Lab V10.40.

3. Results and discussion

3.1. Structural properties

XRD patterns of the CCTS and CCTS:CQD thin films are shown
in Fig. 1(a). A strong peak was observed for the plane (112) and
weak reflections for (204) and (312). The spray-deposited CCTS
and CCTS:CQD thin films have a stannite structure confirmed
by the standard JCPDS card no. 00-026-0513."*

2000
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E 5 cCTs:cQD Jos
> S
2 258 ‘E
£ 200 51.0
= 150 €
100 ccTs 0.5 ccTs
50
0 0.0
0 20 30 40 50 60 70 300 600 900 1200 1500 1800
20 (degree) Raman Shift (cm-1)
Fig. 1 (a) XRD patterns and (b) Raman spectra of CCTS and CCTS:CQD
thin films.
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Table 1 Structural parameters of CCTS and CCTS:CQD thin films for (112)
plane

Standard Obtained

diffraction  diffraction FWHM Crystalline
Material angle (20)  angle (260)  (rad) d(A) size (nm)
CCTS 28.59 28.12 0.014 3.17 10.1
CCTS:CQD 28.29 0.005 3.15 26.7

The average crystallite size of CCTS and CCTS:CQD was
obtained by Scherrer’s formula as follows:

K
" PBcosO

where K is a constant (0.9), 4 is the wavelength of the incident
X-rays, 0 is the Bragg angle of the (112) peak and f is the full
width at half maximum (FWHM) of diffraction peak (112). The
values of FWHM, inter-planar spacing (d), and crystallite size
(D) for the dominant peak are mentioned in Table 1.

The structural parameters of CCTS and CCTS:CQD thin
films for the plane (112) are shown in Table 1. The crystallite
size was increased from 10.1 to 26.7 nm for CCTS and
CCTS:CQD nanocomposite. Further, the phase purity of CCTS
and CCTS:CQD thin films was confirmed by Raman analysis.

The peak intensity depends on the volume of diffracted
matter. Intensity is proportional to the number of scatterers
per unit area of a given atomic plane and therefore the peak
intensities in an XRD experiment will vary. The peak intensity
increases when the number of layers increases, where the
thickness of the material has an important role. The crystal
structure describes the atomic arrangement of a material.
Interatomic distances determine the positions of the diffrac-
tion peaks. In Fig. 1(a), the relatively intense and sharp peaks
were observed to become more pronounced in the presence of
CQD. As the peaks in the XRD patterns intensified, the FWHM
was observed to be reduced. This observation reveals the
improvement of the crystallinity of the films which has been
induced by CQD.?® CQD can improve not only the stability of
CCTS but it also enhances the crystal quality of the CCTS:CQD
thin films. For the CQD-substituted CCTS films, the intensity of
the predominant peak was comparatively higher than that of
the CCTS film and also FWHM of the CCTS:CQD peak was less
than that of the CCTS peak, indicating improved crystalline
quality of the film samples by CQD substitution. In addition,
the crystalline quality of the films also depends on the nuclea-
tion and structural refinements.>**° The halo curve of CCTS (20
values) rises due to the sample holder.*

3.2. Raman analysis

Raman analysis was used to confirm the phase purity of thin
films deposited by spray pyrolysis, as shown in Fig. 1(b). The
Raman spectra of CCTS and CCTS:CQD were observed in the
range of 300 to 1800 cm . A high-intensity CCTS peak was
found at 320 cm™ !, which confirms the formation of CCTS
material."® Second order peaks also appeared at 667 cm™'. In
addition, the CCTS:CQD spectrum reveals the presence of CCTS
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material with carbon composites of D and G band values at
1391 and 1528 cm '. The strongest peak of CCTS can be
attributed to the A1 symmetry. The A1 phonon mode is a pure
anion mode which corresponds to the vibration of S atoms
surrounded by stationary neighboring atoms.?” Thus, the phase
formation of CCTS and CCTS:CQD was confirmed by Raman
analysis.

3.3. XPS analysis

Fig. 2 shows the typical survey spectrum of CCTS thin film with
corresponding valence state elements of Cu 2p region, Co 2p
region, Sn 3d region and S 2p region. In addition to these
elements, the presence of C from reference and O from impur-
ity was noticed. In addition, N 1s element was present due to
RTP annealing under N, atmosphere as shown in the survey
spectrum of Fig. 2(a). The Cu 2p region shows two peaks at
binding energies of 932.4 eV and 952.3 eV for Cu 2p;, and Cu
2p4,, with peak splitting of 19.9 eV, which was attributed to the
existence of Cu'" in CCTS as shown in Fig. 2(b).'®3373°

It represents the peak splitting of 16.1 eV as shown in
Fig. 2(c), which indicates the presence of Co>".'®***3 In
Fig. 2(d), Sn 3d displays two peaks at binding energies of 486
eV and 494.4 eV for Sn 3ds/, and Sn 3d;,, with peak splitting of
8.4 eV, denoting the Sn*" valence state in CCTS."®**° The S 2p
region depicts the two peaks of S 2p;/, and S 2p,,, at binding
energies of 168.4 eV and 168.9 eV respectively as shown in
Fig. 2(e). The difference in these peaks was calculated to be 0.5
V, which was consistent with 160 eV to 164 eV range expected
for S in sulfide phases. Hence the obtained values were in good
agreement with the existence of $>~ in CCTS."®**** From the
XPS analysis of CCTS, we can conclude that valence states such

0 200 400 600 800 1000
Binding Energy (eV)
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as Cu (+1), Co (+2), Sn (+4), and S (—2) were present in the
CCTS films.

Fig. 3 shows the typical survey spectrum of CCTS:CQD thin
film with corresponding valence state elements of Cu 2p region,
Co 2p region, Sn 3d region and S 2p region. The presence of
C from reference and O from impurity was noticed in
CCTS:CQD. In addition, N 1s element was present due to RTP
annealing under N, atmosphere as represented in Fig. 3(a). The
peak splitting of Cu 2p, Co 2p, Sn 3d and S 2p was observed as
19.7 €V, 15.8 eV, 8.1 eV and 0.4 eV as displayed in Fig. 3(b-e).
The elements of Cu 2p, Co 2p, Sn 3d and S 2p also exhibited the
valence states of Cu (+1), Co (+2), Sn (+4), and S (—2) in the
CCTS:CQD thin film. The composition of each element with
impurities is presented in Fig. 3(f). Fig. 3(f) clearly shows that
the carbon content was higher for CCTS:CQD than for CCTS
due to the presence of CQD.

Also, the presence of carbon can slightly change the atomic
percentage of other elements. The composition ratio was
calculated for CCTS and CCTS:CQD thin films based on the
values shown in Fig. 3(f). The composition ratio of CCTS
was calculated to be 0.487, 0.15 and 0.69 at% for Cu/(Co +
Sn), Co/Sn and S/(Cu + Co + Sn). For CCTS:CQD, the calculated
values were 0.03, 0.16 and 0.2 at% for Cu/(Co + Sn), Co/Sn and
S/(Cu + Co + Sn).

3.4. Optical properties

Fig. 4(a) shows the absorption spectra of CCTS and CCTS:CQD
thin films, having a longer absorption wavelength range of
400 to 900 nm. CCTS:CQD shows a higher absorbance than
CCTS, which reveals that more photons were absorbed by the
CCTS:CQD material. The incident photons can interact with the
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Fig. 2 XPS analysis of CCTS thin film: (a) survey spectrum with corresponding elements of (b) Cu 2p, (c) Co 2p, (d) Sn 3d and (e) S 2p.
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thin films.

valence electrons, and move them to the conduction band to
increase the flow of electrons. The electronic transition of the
films was observed via the relation of absorption coefficient
and photon energy:*®

ahv = A(hy — Ep)"

where o is the absorption coefficient, E, is the band gap energy,
A is a constant, Av is the energy of the photon, and n = 1/2 or 2
for the direct or indirect transition allowed between the valence
band (VB) and conduction band (CB). CCTS was a direct band
gap material (n = 1/2). The band gap of the films was calculated
by plotting («¢1/)* against hv as shown in Fig. 4(b). The absorp-
tion coefficient of both films was measured as ~10" cm ™. The
band gap of the films was obtained as 1.35 and 1.26 eV for
CCTS and CCTS:CQD films. It was important to note that the
band gap of samples decreased with the addition of carbon in
the films. It was known that there was a strong relation between
the crystallite size and the optical band gaps for solar absorber

© 2022 The Author(s). Published by the Royal Society of Chemistry

materials. The band gap of the samples decreased due to the
enhancement of crystallite size, owing to strong quantum
confinement in nano-sized crystals.”’*° Further, Maldar
et al."® observed a red shift in the band gap values. The decrease
in the band gap energy was ascribed to improvement of the
crystallinity of thin film with increasing temperature.

The high absorption coefficient and optimum band gap of a
film can allow it to act as an absorber layer for solar cells
allowing efficient photon absorption and subsequent genera-
tion of electron-hole pairs. However, the absorption property
might be changed with a change in the composition and
morphology of the surface, which was analyzed by studies
described in the following.

3.5. Morphology of CCTS and CCTS:CQD thin films with EDS
mapping
Fig. 5 depicts the FESEM images and the EDS mapping of
CCTS thin film. Fig. 5(a) reveals agglomerated particles in a few
spots. The presence of elements was confirmed by EDS analysis
(Fig. 5(b)) and mapping on a 5 pm scale was analyzed (Fig. 5(c)).
The elemental mapping clearly shows the existence of all
quaternary elements such as Cu, Co, Sn and S (Fig. 5(d-g)).
The EDS analysis of CCTS indicated that Cu, Co, Sn and S
were present in the sample and distributed uniformly through-
out the layer. Meanwhile, the corresponding average atomic
percentage of Cu, Co, Sn and S was obtained as 28.12, 14.13,
26.56 and 31.19 at%. The atomic ratio of Cu:Co:Sn:S slightly
deviated to 2:1:1:4. The composition variation can be repre-
sented in terms of Cu/(Co + Sn), Co/Sn and S/(Cu + Co + Sn) as
0.69, 0.53 and 0.45 for CCTS, and 1.28, 0.73 and 0.88 for
CCTS:CQD films, as shown in Table 2. Specifically, the Cu, Co

Mater. Adv,, 2022, 3, 2405-2416 | 2409
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Fig. 5 (a) FESEM image of CCTS. (b) EDS spectrum and elemental map-
ping of CCTS as (c) morphology at 5 um for mapping (d) Cu, (e) Co, (f) Sn
and (g) S.

and Sn ratio increased and the sulfur ratio reduced due to the
sulfur deficiency in RTP annealing.

Fig. 6 shows the FESEM images of CCTS:CQD thin film and
the elemental mapping. The high- and low-resolution images of
CCTS:CQD are shown in Fig. 6(a) and its inset. The morphology
reveals the presence of nanorod-like and flake-like structures
found throughout the film. The nanorod structure could be
formed due to the aggregation of CCTS:CQD, which creates a
transformation in the structure. The nanorod structure was
observed for CCTS:CQD nanocomposite, which could be
because diffusion arises from the thermal behavior of clusters.
The formation of nanorod structure consists of the following
nucleation and aggregation steps.*® CCTS:CQD was nucleated
during thermal annealing, which was aggregated in a direction
rapidly. The primary CCTS:CQDs undergo a nucleation process
and further growth can exhibit the rod-like structure. This struc-
ture has been formed only with the presence of C-dots, the C-dots
being responsible for the formation of rod-like morphology. The
rod-like CCTS:CQD was formed through the flake-cracking
mechanism, the flakes were cracked in the form of nanorods
during RTP and materials were transformed into rod-like mor-
phology with the presence of carbon. Due to the size in the
nanometer range, we could not determine whether the atomic
center was carbon or CCTS. The FESEM images clearly show that
the small grains coalesced and formed a rod-like structure.

When the temperature or annealing time increased, a larger
nucleation and growth process could be enabled to afford an

Table 2 Chemical compositions of CCTS and CCTS:CQD thin films
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Fig. 6 (a) FESEM images of CCTS:CQD thin film (inset at high magnifica-
tion). (b) EDS spectrum. (c) Surface morphology for elemental mapping of
(d) Cu, (e) Co, (f) Sn, (g) S and (h) C.

even more rod-like structure. However, the composition analy-
sis of CCTD:CQD shows lower atomic percentages for all
constituents of Cu, Co, Sn and S, although the amount of
carbon (54.17 at%) was high. The EDS spectrum clearly shows
the presence of Cu, Co, Sn, S and C in Fig. 6(b). The stoichio-
metry and crystalline quality of the absorbing material have an
important influence on the performance of solar cells.* The
chemical composition of the deposited thin film depends on that
of the coating solution. The ratios of Cu/(Co + Sn) and Co/Zn were
decreased from 1.28 to 0.73 in the starting material. Yeh reported
that defect clusters should be avoided to maintain the Cu/(Zn +
Sn) atomic content ratio at less than 1, the Zn/Sn atomic content
ratio should be more than 1, and the S/(Cu + Zn + Sn) in CZTS thin
films can approach 1.*" This shows Cu-rich and Co-poor composi-
tion, which creates antisite defects such as Cug, and Sng.
However, the constituent elements were distributed uniformly.
The shortage of quaternary constituent elements can lead to the
poor performance of solar cell devices. Cu-poor kesterites show
less Cu/Zn disorder than Cu-rich kesterite.**

The variation in composition ratio leads to antisite defects
in CZTS and reduced efficiency of a device.**™* The excess
amount of carbon (confirmed by mapping) could be aggregated
with the quaternary material. The nucleation and aggregation
of carbon dot formed a rod-like structure.

The composition variation of CCTS (Cu: 28.12, Co: 14.13, Sn:
26.56 and S: 31.19%) and CCTS:CQD (Cu: 13.73, Co: 4.50, Sn:

Atomic composition (%)

Thin film/elements Cu Co Sn S C Cu/(Co + Sn) Co/Sn S/(Cu + Co + Sn)
CCTS 28.12 14.13 26.56 31.19 — 0.69 0.53 0.45
CCTS:CQD 13.73 4.50 6.20 21.40 54.17 1.28 0.73 0.88
2410 | Mater. Adv., 2022, 3, 2405-2416 © 2022 The Author(s). Published by the Royal Society of Chemistry
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6.20 and S: 21.40%) thin films was observed, which could be
because of the different evaporation rates for different metal
precursors. In contrast, the stoichiometric ratio for both CCTS
and CCTS:CQD thin films was close to 2:1:1:4. Indeed,
additional peaks were not observed in XRD and Raman ana-
lyses, which supports the formation of single-phase CCTS and
CCTS:CQD. The sharp XRD peak of the nanocomposite
indicates that the CCTS:CQD nanorods were almost aligned
and the direction of growth was nearly perpendicular to the
base surface. The variation of the chemical composition had no
influence on the XRD pattern of the material, which could not
lead to secondary phases or other prominent peaks.*’ The
possibility of reduced amounts of Co and Sn was considered
to be due to evaporation, since the CCTS thin films contained
no secondary phase.** In XRD, the crystallite size of CCTS:CQD
(26.7 nm) was higher than that of CCTS (10.1 nm) due to the
increase in the Cu/(Co + Sn) ratio, indicating an improvement
in grain growth under Cu-rich condition.*> Chen et al. reported
that the composition (mixed cations) retained the pure kester-
ite structured CZTS and CZTSSe.*® Shyju et al. obtained the
structure of single-phase CZTS kesterite even if the stoichio-
metric ratio deviated.’” According to the first principle calcula-
tion, kesterite CZTS (Cu-poor, Zn-rich) creates defect clusters
such as [V, + Zncy], [Znsn + 2Zng,] and [2Cugy, + Sny,].*® These
intrinsic defects act as shallow acceptors and show p-type
conductivity. The distribution of the elements in CCTS:CQD
was observed by elemental mapping for the area of 5 pm as
shown in Fig. 6(c-h), suggesting that elements were evenly
distributed.

Fig. 7(a and b) shows the cross-sectional FESEM images and
related EDS elemental mapping of a device (ITO/CdS/
CCTS:CQD/Al). The elemental mapping clearly shows the dis-
tribution of the elements present in ITO, CdS and CCTS:CQD
and Al, as presented in Fig. 7(c-i). The individual layers were
clearly observed. In the absorber layer the elements Cu, Co, Sn,

S pm
—
se M CiEsn 8 colin

®

(h)
LA

Fig. 7 (a) Cross-sectional FESEM image of ITO/CdS/CCTS:CQD/Al
device. (b) Cross section in 5 um scale for elemental mapping. The
elemental distributions of (c) Cu, (d) Co, (e) Sn, (f) S, (g) Cd, (h) In.and (i) Al

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and S were distributed uniformly. The uniform distribution of
elements promoted the adhesion of the final CCTS:CQD layer
on the CdS/ITO substrate.

Additionally, there was no clear boundary of ITO and Al
contacts, indicating the inter-diffusion of In and Al across the
p- and n-type layer observed from mapping of Fig. 7(h and i).
The reason could be the thermodynamically unstable feature of
ITO back contact and the subsequent layers.**° The thickness
of CdS, CCTS and CCTS:CQD was measured after annealing by
RTP. The thickness of CdS and CCTS:CQD was observed from
the FESEM analysis, as shown in Table 3.

3.6. Surface topography of CCTS and CCTS:CQD

The surface topography of CCTS and CCTS:CQD was shown in
Fig. 8(a and b). CCTS has a large grain size of ~13.2 nm
compared to CCTS:CQD at ~19.8 nm. The agglomeration of
CCTS:CQDs was observed in Fig. 8(b). These grain sizes were
larger than the crystallite sizes of these samples obtained from
the XRD patterns, due to agglomeration of many nanocrystal-
lites forming the grains.”® The composite material shows a
reduction in size compared with CCTS, which leads to improve-
ment in electron transfer. However, the grains were stretched in
one direction (rod-shaped), which was corroborated by the SEM
morphology. The rod-like structure provides a direct path for
photogenerated electrons that could reduce electron recombi-
nation on the grain boundaries, which might promote the
efficiency of current nanocrystal-based solar cells.>® It is plau-
sible that carbon-containing ligands in CZTS limit the grain
growth by acting as barriers between neighboring nanocrystals.
Therefore, CZTS reveals abnormal grain growth at high carbon
concentrations (>35 at%) (some grains grow faster than
others).>® Based on this, the presence of CQD could limit the
grain growth of CCTS and lead to a rod-like shape. The root
mean square roughness value of CCTS and CCTS:CQD thin
films was measured as 4.8 nm and 2.1 nm. These values show
that the surface was quite smooth. The rough absorber layer
implies a larger interface with the n-type semiconductor. The
enlarged area can lead to increased recombination at the
interface between the n-type and the absorber layer, the carrier
collection between the absorber layer and Al contact being
limited, as a result of which the overall performance of the
device was reduced.”® Thus, the smooth surface (less than
~100 nm) enables good physical contact with the resulting
layer and limits the Voc and FF of the cell.’® The grains were
evenly distributed over the surface of the samples.

3.7. PL analysis

PL spectra of CCTS and CCTS:CQD are shown in Fig. 9. PL
emission of CCTS exhibits one broad asymmetric band which

Table 3 Different types of solar cell configuration with thickness of
individual layers

Device name Configuration Thickness (nm)
Device 1 Glass/ITO/CdS/CCTS/Al CdS: 50 CCTS: 320
Device 2 Glass/ITO/CdS/CCTS:CQD/Al  CdS: 50 CCTS:CQD: 370

Mater. Adv,, 2022, 3, 2405-2416 | 241
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Fig. 8 AFM 2D images of (a) CCTS and (b) CCTS:CQD thin films.
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Fig. 9 (a) Room-temperature PL spectra of CCTS and CCTS:CQD. (b)
Schematic band diagram of CCTS:CQD (1" represents electron—hole
recombination process and ‘2’ represents photoinduced electron transfer
process).

CCTS

was peaked at 1.39 eV, which was considerably lower than the
band gap energy value calculated from UV spectra. Similar
asymmetric broad band and lower energy values were observed
for CZTS as previously reported®®>® and has been attributed to
conduction band to acceptor transitions and related recombi-
nation paths in CCTS.>”*® The intensity of CCTS emission was
decreased and shifted to the red region. In addition, the PL
spectrum response was relatively broad for CCTS:CQD, which
could arise from the inhomogeneous size of CCTS:CQD. Nota-
bly, CCTS:CQD shows an increased emission intensity com-
pared to CCTS due to the photoinduced electron transfer from
CCTS to CQD in CCTS:CQD, which provides a non-radiative
decay path. Earlier reports have demonstrated that carbon-
based materials can act as good electron acceptors, and charge
transfer has been enhanced in carbon-based composite
systems.>*® Electron transfer from CCTS to CQD was therefore
energetically favorable when CCTS was coupled to CQD. Owing
to the competition between electron transfer mechanism and
electron-hole recombination, as shown in Fig. 9(b), the photo-
excited electrons could be partially transferred into CQD that
can carry electrons without any emission, while the remainder
of electrons provides for a reduced emission by the electron-
hole recombination process. However, all the photoexcited
electrons were provided for reduced emission by the electron—
hole recombination process in CCTS.

3.8. Solar cell performance

A schematic diagram of the CCTS solar cell structure and the
energy levels of the superstrate type are shown in Fig. 10(a and
b). The n-type layer (CdS) was deposited on an ITO substrate,
and then the heterojunction was formed by depositing an
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Fig. 10 (a) Scheme for superstrate-type solar cell device. (b) Energy level

diagram. J-V curves for (c) CCTS and (d) CCTS:CQD solar cell devices.

absorber layer followed by Al deposition. The thickness of the
layers is shown in Table 3. Under light illumination, electron-
hole pairs generated in the depletion region were separated by
the built-in electric field with electrons drifting to the Cds layer
and holes drifting to the CCTS layer. When the device terminals
are shorted, excess electrons in CdS flow through the external
circuit to recombine with the excess holes on the CCTS side.
The electron transfer between CCTS and CQD within the
CCTS:CQD nanocomposite was explained in our previous
work.?*> Current density-voltage (J-V) curves of the CCTS and
CCTS:CQD solar cells are shown in Fig. 10(c and d). The
efficiency of the solar cells was calculated for the fabricated
devices, presented in Table 4.

The fill factor and power conversion efficiency were calcu-
lated by the following equations:

Jmax X Vmax
J; sc X Voc

FF =

= e X Voo, BF 100
Pin

where Vo¢ is the open circuit voltage, Jsc is the short circuit

current density, Viax is maximum voltage, Jmax 1S maximum

current density, FF is fill factor, and P;, is input power density

of illuminating light.

The electrical parameters of the solar cell showed an open
circuit voltage of 0.24 V, short-circuit current density of
1.1 mA cm ™2, a fill factor of 26% and a conversion efficiency of
0.07%, which was lower than that of superstrate-type CZTS
solar cells.®" To the best of our knowledge, the superstrate type
of CCTS solar cell has not yet been reported. Therefore, Table 4
shows a comparison of the photovoltaic performances with
other reported CZTS superstrate solar cells. Reports on the type
of superstrate show that the efficiency can be reduced due to
the band alignment between the layers of solar cells.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Photovoltaic performances of present work compared with previously reported superstrate-type solar cells

Device structure Deposition method ~ Jo. (MAem™2) V. (V) FF 5 (%) Active area (cm®)  Ref.
ITO/CdS/CCTS/Al Spray pyrolysis 0.010 0.70 36  0.003 0.4 Present work
ITO/CdS/CCTS:CQD/Al Spray pyrolysis 1.1 0.24 26 0.07 0.4 Present work
FTO/CdS/CZTS/C Spray pyrolysis 0.46 0.38 24 0.15 0.12 40
FTO/TiO,/In,S;/CZTS/C Screen printing 8.76 0.25 27 0.6 0.25 11

Carbon paste/CZTS/TiO, NP/TiO, NP/TCO  Spray pyrolysis 2.85 0.56 43 0.51 — 42
Mo/CZTS/In,S;/TiO,NP/FTO Doctor blading 7.82 0.24 29 0.55 1 43

It has been observed that the low efficiency of the devices
was due to the inter-diffusion of elements in the cross-sectional
elemental mapping of FESEM. The complexity of the morphol-
ogy has a detrimental effect on the electron/hole collection.
Therefore, the performance of the solar cell was dictated by
balancing the influence of the morphology of the active layer on
the dissociation of excitons and the charge transport.’>?
Kowalczewski et al. reported that with increasing thickness of
the absorber layer (um to 10> um), the current density of the cell
increases (16 to 35 mA cm™?).%* A higher crystallite size in the
absorber is preferred in p-n junction solar cells to avoid
recombination of charge carriers at grain boundaries.®® A larger
size was found for CCTS:CQD than CCTS, improving the
efficiency of the cell by reducing grain boundary effects.®®
The thickness of the absorber layer plays an important role in
determining the solar cell efficiency. The thickness of the
absorber layer influences the diffusion length of the carriers.
If the absorber layer was very thin, the absorption decreases,
and ultimately the efficiency decreases. On the other hand, if
the absorber layer was very thick, the charge carriers can
recombine before they migrate to the charge collecting layers,
and the efficiency decreases. The optimization of the absorber
layer thickness was therefore very important in order to achieve
good efficiency.

Bag et al.%” reported that the short circuit current density
(Jsc) increases with thickness due to improved light absorption.
It increases rapidly from ~17.76 mA cm™ > to ~24.59 mA cm >
for a change in thickness of 100 nm to 500 nm and furthermore
increases at a decreasing rate until all light was absorbed and
then to ~25 mA cm 2 at saturation. At 100-200 nm, Jsc was
very low due to the lower absorption and the use of thicker
(>700 nm) films was of no advantage. An absorber thickness
of 600-700 nm was therefore suitable. The fill factor decreases
with thickness due to an increase in the series resistance across
the cell.” With a change in thickness from 100 nm to 1000 nm,
the fill factor constantly decreases from 83% to 67%.%°
The decrease in the fill factor value with the increase in
thickness was due to the build-up of internal power depletion,
which leads to a decrease in the fill factor. Vo increases
with increasing thickness due to low electron-hole recombina-
tion and high generation rate. If we increase the thickness
further (>1000 nm), the rate of recombination compensates
for the rate of generation and V¢ remains the same. On the
other hand, a larger increase in thickness leads to a decrease in
Voc due to a high recombination rate and a low generation
rate.®®

© 2022 The Author(s). Published by the Royal Society of Chemistry

Maximum light absorption occurs when the thickness (~1
pum) of the absorber layer is sufficient for superstrate-type solar
cells.®”7> The reason might be that a long lifetime of the
carriers is provided by a thicker absorber.”>”* The CdS/CCTS
interface shows a lower efficiency of 0.003%, which might be
because of more defects on the interface between n- and p-type
layer analyzed by impedance measurements.

3.9. Impedance spectroscopy analysis

Electrochemical impedance spectroscopy was employed to
evaluate the resistance for charge carrier transfer between
CdS and CCTS and CCTS:CQD thin films. The frequency-
dependent impedance measurements of the CCTS- and
CCTS:CQD-based solar cell devices were carried out at room
temperature. In general, the impedance data are indicated in
the complex-plane impedance, termed a Nyquist plot. The
Nyquist plots for CCTS- and CCTS:CQD-based devices are
shown in Fig. 11 and the inset shows the equivalent circuit
used to obtain the probable resistive and capacitive compo-
nents for the solar cells. The equivalent circuit represents that
R; =R and C; = Cgq), where R, is the charge transfer resistance
and Cy is the double layer resistance.

The equivalent AC circuit of a p-n heterojunction solar cell
consists of three elements: the series resistance (Rs) as Ry
occurring due to bulk and contact resistances, the parallel

ITO/CASI/CCTS/AI (D1)
= D1 Fit
== TO/CAS/CCTS:CQD/AI (D2)
D2 Fit

Z' (kQ)

Fig. 11 Nyquist plots of the impedance data of the CCTS and CCTS:CQD
heterojunction films in the dark.
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Table 5 The parameters obtained by fitting the experimental data with
the equivalent circuit

Device C: (F) R: (Q) G, (F) R, (Q)
Device 1 0.0737 x 107° 2523 0.2192 x 107° 1584
Device 2 0.7507 x 10~° 508.879 0.3672 x 10~° 559

resistance R, due to recombination in the depletion region and
the total capacitances (due to diffusion and depletion
capacitances).””’® The parameters obtained by fitting the
experimental data to the equivalent circuit are presented in
Table 5. The series resistance of R, was obtained for CdS/CCTS
and CdS/CCTS:CQD interfaces as 2523 and 508.879 Q. The
lowest charge-transfer resistance (R..) indicates that it improves
charge transfer in the CdS/CCTS:CQD layers. The parallel
resistance of R, was lower for the CdS/CCTS:CQD interface at
559.37 Q than for the CdS/CCTS interface, which represents the
reduction in the recombination rate. The semicircular nature of
these Nyquist plots corroborates the control of space charge
region in the ITO/CdS/CCTS:CQD/Al solar cell device. The CdS/
CCTS interface not exhibiting such behavior could be because
of an interface between the layers of n-p type, which confirms
the presence of a dominant single space charge region in the
heterojunction.*® The two capacitive values (0.0737 x 10~° and
0.7507 x 10~°) signify that the charge transfer was limited at
the interface of CdS/CCTS or CCTS:CQD and the subsequent
contact of CCTS or CCTS:CQD/AL

A lower resistance was obtained for higher efficiency of the
devices. CQD incorporation with chalcogenide was found to
reduce the band gap of CCTS:CQD nanocomposite (1.26 eV),
which consequently results in an improved generation of
photocurrent by light absorption. This photogeneration was
limited by the CdS/CCTS:CQD interface and the largest dia-
meter of the semicircle indicates the highest value of the charge
recombination resistance compared to the literature.”” How-
ever, the incorporation of CQD leads to the probable generation
and separation of electrons and holes in the fabricated device.

4. Conclusion

In this study, superstrate type of CCTS and CCTS:CQD nano-
composite thin-film solar cells were fabricated. The superstrate
configuration of ITO/CdS/CCTS:CQD showed a conversion effi-
ciency of 0.07% when fabricated by the spray pyrolysis techni-
que. To the best of our knowledge, this type of superstrate
configuration was studied for the first time, especially with the
incorporation of CQD improving device performance. Struc-
tural and optical studies were carried out for thin films of CCTS
and CCTS:CQD. The phase purity was identified by the Raman
spectra, which reveal peaks at 320 and 667 cm™ ' (second-order
peak). Moreover, the CCTS:CQD spectrum depicts the presence
of CCTS peaks with carbon composites of D and G band values
at 1391 and 1528 cm ™ '. The oxidation states (Cu®, Co>", Sn*,
and S*7) of constituent elements of CCTS and CCTS:CQD films
were confirmed using XPS analysis. The surface morphology
of CCTS was observed as a grain-like structure. However, the

2414 | Mater. Adv, 2022, 3, 2405-2416
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CCTS:CQD nanocomposite reveals a rod-like structure due to
the nucleation and growth process of grains in CCTS:CQD. The
rod-like structure of CCTS:CQD could enhance the electron
transport properties to afford better efficiency than CCTS. The
composition of CCTS and CCTS:CQD deviates slightly from the
stoichiometric ratio of 2:1:1:4 (Cu:Co:Sn:S). Concerning
the chemical composition of CCTS and CCTS:CQD films, the
performance of the present solar cell can be improved by
optimizing it to achieve the stoichiometric ratio reported in
the literature for CZTS. In addition, by changing the concen-
tration of the precursor solution, the chemical composition of
the thin film was adjusted in the present spray pyrolysis
technique. Therefore, optimizing such compositional proper-
ties can improve the conversion efficiency of the solar cell
with a variety of modifications involved in the structure of the
device.
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