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Research Highlights

» Nanostructured CZTS thin films were prepared by SILAR method.

» Improvement the efficiency of CZTS thin film solar cells using different buffer

layers such as CdS, ZnS and Cd;,3Zn;77S1o.

» Comparative study of CdS, ZnS and Cd;,3Zn; 775, buffer layers and its structural,

optical, morphological and electrical studies.

» The petals or rod like morphology of Cd;23Zn; 77S1o buffer layer has improved the

efficiency is around to be 1.24%.
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Abstract

The incorporation of different types of buffer layers has demonstrated to improve the efficiency
of Cu,ZnSnS, (CZTS) thin film solar cells. The materials tested as buffer layers were Cadmium
Sulphide (CdS), Zinc Sulphide (ZnS) and Cadmium Zinc Sulphide (Cd7,3Zn,77S10). The effect
of the buffer layer and the absorber layers on the structural, morphological and optical properties
of the films was studied. As grown CZTS thin films made with SILAR method were annealed at
550 °C in the sulfur atmosphere for 60 min to improve the crystallinity of the material. X-ray
diffraction (XRD) and Raman studies confirm the formation of kesterite structure in CZTS thin
film. CdS, ZnS and Cd; ;3Zn; 775 thin films also confirm crystalline nature with crystallite sizes
being 9 nm, 13 nm and 14 nm respectively. Leaf, flower and petal-like morphologies of CdS,
ZnS and Cdy,3Zn; 7781 thin films respectively have been confirmed by Field Emission Scanning
Electron Microscopy (FESEM). The electrical properties of the completed CZTS solar cells were
also examined. From the obtained J-V characteristic curves upon illumination of the
heterojunction solar cells, we calculated the power conversion efficiency to be 0.76 %, 1.00 %
and 1.24 % for the FTO/ZnO/ZnS/CZTS/Ag, FTO/ZnO/CdS/CZTS/Ag and FTO/ZnO/

Cd7 23721, 77S10/CZTS/Ag respectively.

Keywords: Buffer layers, Morphologies, Leaf—like, Flower—like, Petal—like, Efficiency.



1. Introduction

CuyZnSnS, (CZTS) is one of an ideal materials for photovoltaic applications due to its high
absorption coefficient (10* cm™!), optimum direct band gap 1.45 eV for heterojunction solar cells
which also matches with solar spectrum and maximum theoretical efficiency 32.4 %. CZTS is
earth abundant, non toxic, easily producible and inexpensive material compared to CIGS, CIS
and Silicon solar cells [1-4]. The highest laboratory efficiency of CZTS 9.5% and CZTSSe
12.6% were recorded for CdS/CZTS and CdS/CZTSSe heterojunction solar cells [5, 6]. This type
of heterojunction solar cells has low power conversion efficiency compared to CIGS solar cell
because of the small grain size and the high series resistance of junction. Researchers are
focusing on improving the efficiency by using different buffer layers [7]. There are several
methods for preparing CZTS thin films via physical and chemical methods [8, 9]. However,
Successive lonic Layer Adsorption and Reaction (SILAR) method is very cheap to easily
produce and synthesize CZTS thin film at room temperature [10]. A buffer layer can attain the
continuous charge carrier transport such as electrons, which is a major advantage for the
heterojunction solar cells. Usually, in heterojunction solar cells, the charge carriers have to cover
a long distance from the absorber layer to the buffer layer. As a result, a low resistance buffer
layer is very important in order to improve the efficiency and decrease the series resistance [11].
Some suitable buffer layers commonly used in heterojunction solar cells include ZnO, ZnS, CdS,
ZnMgO, SnS,, In,S;, and Cd;Zn,S [7, 12]. The nanostructured CdS can be used as a buffer
layer material in solar cells because of its high absorption coefficient and wide energy band gap
(2.42eV) [13]. ZnS also has a wide energy band gap (3.8 eV), which is an indication of a high
optical transmission in the visible region. ZnS has also been used as a non-toxic and relatively

inexpensive material in solar cells [14]. Window layer has been used for minimizing the



interface recombination losses and for improving the large band bending. A recent development
with a high potential ternary material is Cd;_.Zn,S thin film, which is even less toxic and more
efficient as a buffer material [15]. The ZnO thin film was prepared by Chemical Bath Deposition
(CBD) method on glass substrates [16]. Nanostructured CdS, ZnS and Cd;.Zn,S thin films were
also prepared by the CBD method at 80 °C. The use of the CBD method ensures controlled

buffer layers’ thickness and highly efficient heterojunction solar cells [17].

In this paper, we report the fabrication of CZTS heterojunction solar cells with different buffer
layers. The structural properties of all films were examined by XRD and Raman techniques
while their optical properties, such as the absorbance and the band gap estimation were studied
by UV-Vis spectrophotometer. Their surface morphology was analyzed by FESEM images and
the electrical properties of the cells were studied by the J-V characteristic curves. In particular,
ZnO/CdS/CZTS, ZnO/ZnS/CZTS and ZnO/Cd;Zn,S/CZTS solar cells were manufactured on
fluorine doped tin oxide (FTO) glass substrates and their power conversion efficiency (PCE) is

measured.

2. Experimental

Nanostructured CZTS thin films were prepared by the SILAR method at room temperature on
glass substrates. For the synthesis we used CuSO,4.5H,0 as a source for Cu, ZnSO,4.7H,0 for Zn,
SnCl,.2H,0 for Sn, and Na,S for S. Ammonia was used to maintain the pH and control the
precipitation of the reaction [18].  After the preparation of the CZTS thin films, they were
annealed under an H,S atmosphere at 550 °C for 60 min to improve the crystallinity of the
material [19]. The nanostructured CdS thin film was deposited on glass substrates by CBD. The

bath solution consisted of 1M cadmium sulfate (CdSO,) as a source for cadmium, 1.2M thiourea



(SC(NH,),) as a source for sulfide and 11M ammonium hydroxide (NH4OH) to maintain the pH
of the solution [[13]. The nanostructured ZnS thin film was prepared by soft chemical procedures
on silica glass substrates. Soft chemical methods are low cost techniques, requiring simple
instrumentation and are suitable for large production [17]. In this experiment, an aqueous
solution of 0.1 Zinc Sulphate (ZnSO4.H,0) and 0.2M thiourea were separately prepared. Then, a
few drops of ammonia were added in both solutions with constant magnetic steering for a few
minutes and consequently the two solutions were mixed together [14]. The Cd;_ Zn,S thin film
was also deposited on glass substrates and the chemicals used were 0.08 M cadmium sulphate,
0.02M zinc sulphate and 0.2M thiourea. The temperature was increased slowly up to 80 °C
during the nucleation process while the ammonium hydroxide was kept constant [15]. All CdS,
ZnS and Cd;,Zn,S solutions were kept at 80 °C for 60 min to complete the deposition on the
glass substrates. ZnO thin films were prepared by chemical bath deposition on a glass substrate
at 60 °C for 60 minutes. We used Zinc chloride as a source for Zn, distilled water (H,O) as a
source of O and ammonia for controlling the precipitation and maintaining the pH of the solution

[16].

2.1 Solar cell fabrication

For the fabrication of the solar cells, the films were deposited either on Fluorine doped Tin
Oxide (FTO, sheet resistance 8 €)/sq., Pilkington) glass substrates. We designed three different
buffer layers configurations solar cells, i.e. FTO/ZnO/ZnS/CZTS, FTO/ZnO/CdS/CZTS and
FTO/ZnO/Cd, «Zn,S/CZTS. The current-voltage (J-V) characteristics of the devices were
recorded by using a Keithley Source Meter (model 2601A) under dark and illumination. Finally,
a comparison of the three different solar cell configurations (FTO/ZnO/ZnS/CZTS,

FTO/ZnO/CdS/CZTS and FTO/ZnO/Cd,.xZn,S/CZTS) was carried out.
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2.2 Material characterization

The Field Emission Scanning Electron Microscope (FESEM) images were obtained from S-
4800(HI-9276-0010) under 3keV accelerating voltage for determining the surface morphology of
the materials. The phase identification and the crystallite size were measured by Bruker AXS,
Germany (D8 Advanced). X-ray Diffraction patterns were obtained in a scanning range 20°-80°
(20) using CuKo, radiation with wavelength 1.5406 A. The Raman spectra were collected by an
HR 800 micro-Raman system (JY), using the 633 nm excitation wavelength emitted from a
HeCd laser with a scanning range of 100 to 800 cm.The optical absorption studies were
performed using Perkin Elmer spectrophotometer (Perkin Elmer Lambda-25 UV-Vis
Spectrophotometer) in the range 400-1100 nm wavelength. A solar simulator (Solar Light
16S—300) with a Xenon lamp was used to illuminate the cells where the irradiation was adjusted
to100 mW/cm?. The electrical data of the CZTS solar cells were studied by the current—voltage
(J-V) characteristics [Keithley Source Meter (model 2601A)] which were recorded using

computer software (LabTracer).
3. Results and Discussion
3.1 Structural properties

The structural analysis of CZTS, ZnO, CdS, ZnS and Cd;,3Zn;77S;¢ thin films were carried
out by using X-ray diffractometer (XRD) instrument. Figure 1(a) shows the XRD pattern of
CZTS thin film on glass substrate. The peaks of 20 values at 28.53°, 47.32°, 56.17° and 64.18°
are due to the reflections from the kesterite planes of CZTS (1 12),(220),(312)and (31 4)
respectively (JCPDS No. 26-0575) [18]. These results revealed that the CZTS thin films

prepared by the SILAR method have a polycrystalline structure. Figure 1(b) indicates the Raman



scattering spectra of CZTS thin film. A sharp peak at 339cm! and a broader peak at 286¢cm™ are
observed, which can be assigned to pure CZTS without any additional peaks of other binary or
ternary sulfides [20]. Larger grains’ size and pure polycrystalline structure of CZTS thin film can
improve the efficiency of the corresponding heterojunction solar cells [21]. The nanocrystalline
structure of the ZnO thin films was confirmed by the XRD pattern shown in Figure 1(c). ZnO
thin films have hexagonal structure with the orientation of (1 0 0), (00 2), (10 1), (1 02) and (1
0 3) planes [22]. The structural parameters of CZTS and ZnO thin films shown in table 1. The
XRD pattern of the CdS thin films which were deposited by the CBD method is shown in Figure
2(a). The results indicate that the obtained CdS thin films have the cubic structure of 20 values at
26.54° and 30.74° with the orientation of (1 1 1) and (2 0 0) planes. Two small peaks located at
44.04° and 52.16° to the (2 2 0) and (3 1 1) planes respectively can also be observed [13]. Figure
2 (b) shows the recorded XRD pattern of ZnS thin film deposited on glass substrate. The
diffraction peaks at 27.24°, 28.83° and 52.39° were assigned to the (1 1 0), (0 0 2) and (1 0 3)
planes of the hexagonal structure [14, 23]. In this XRD pattern the peaks are wider, which
indicates that the films were basically amorphous or nanocrystalline [23]. Figure 2(c) shows the
XRD pattern of the Cd;(Zn,S thin films and all the peaks can be indexed to the hexagonal
structure of Cd;,37Zn, 77519, which are close to standard JCPDS card No. 40-0836. The prominent
20 values in the XRD pattern are 25.52°, 27.10°, 28.79°, 44.87° and 52.27° corresponding to
related planes (1 0 0), (002),(101),(110)and (2 00) respectively [24].The particle size can

be calculated from Debye-Scherrer formula (equation 1),

Where D is the crystallite size, A is the X-ray wavelength, B is the full width at half maximum
(FWHM) and A is a constant. CZTS thin film’s average particle size was calculated using

equation 1 and it was found to be 18nm [18]. ZnO thin film’s crystallite size was calculated to be



20nm [22]. Finally, the CdS, ZnS and Cd;,3Zn,77So thin films’ particle size are 9nm, 13nm
and14 nm respectively [13, 14, 24]. The structural parameters of CdS, ZnS and Cd;,3Zn; 7S

thin films shown in table 2.

3.2 Morphological properties

The surface morphology of the films is of great importance and can be determinant for their
uniformity and indicative for the structures of the particles are formed. Figure 3(a) and (b) show
the FESEM images of CZTS thin film deposited on FTO glass substrate at different
magnifications. The grains of the films of the absorber layer are larger and denser after
sulfurization at 550°C which is very useful for highly efficient solar cells [18]. Figure 3(c) and
(d) show the FESEM images of ZnO thin film at different resolution 10 pum and 5 pm
respectively. Small agglomerated grains are clearly seen on the film’s surface on the glass
substrate [22]. Figure 4(a) and (b) show that the CdS thin film has porous and leaf like structure
[25]. Figure 4(c) and (d) show that the ZnS thin film has porous and uniform flower-like
morphology throughout the entire layer deposited on the glass substrate, which is even more
distinctive at high resolution (5 um) [26]. The FESEM images of Cd;,3Zn; 775 thin film shown
in Figure 4(e) and (f) are displaying uniform and petals or rod-like morphology. Moreover, the
grains are well organized on the surface of the glass substrate. The Cd;,3Zn;77S¢ thin film is
demonstrating the strong possibility of alloy formation between ZnS and CdS materials. All the
FESEM images confirmed that the nanostructured CdS, ZnS and Cd;,3Zn; 775 thin films have a

uniform morphology which is useful for solar cell applications [24-26].

3.3 Optical properties



Figure 5(a) and (b) show the (ahv) ? against the photon energy hv (inset graphs) derived from
the absorption spectra of CZTS and ZnO thin film respectively. Figure 5(a) shows the absorption
spectra of CZTS thin film in the visible region and a lower value for the band gap than the one
anticipated occurred (1.48eV) due to excess of sulfur. A shift of the absorption edge of the
absorption spectrum towards higher wavelengths, due to the sulfurization effect, increases the
absorption and decreases the band gap which is good for solar cell applications [27]. Figure 5(b)
shows the absorption of the ZnO thin film deposited on glass substrate by CBD method. The
spectrum confirms that the ZnO thin film has low absorption in the visible region and the band
gap was found to be 3.20eV [28]. Figure 6(a) shows the CdS thin film absorption spectrum
which has shifted from 508 nm wavelength. From the absorption plot of CdS thin film its band
gap was calculated to be 2.44eV [13]. Figure 6(b) shows the ZnS thin film absorption spectrum
between the wavelength ranges from 300 nm to 900 nm. The absorption spectrum is shifted to
lower wavelengths in the UV region and the band gap was calculated to be 3.72eV [14]. The
optical absorption properties and the band gap of Cd;,37Zn;77S, thin film deposited on glass
substrate by CBD method are displayed in Figure 6 (c). The curve indicates direct transition and

the broad band gap of Cd;,3Zn, 77S¢ thin film which was calculated to be 2.52eV [29].

The optical band gap value was calculated from Tauc formula (equation 2) given bellow,

where B is a constant, hv is the photon energy, E, is the optical gap and o the absorption
coefficient. The CdS, ZnS and Cd;,3Zn,77S;¢ thin films band gap values were calculated by

equation 2 to be 2.44eV, 3.72eV and 2.52eV respectively. The wide absorption spectrum and the



suitable band gap of Cd;,3Zn;77S1o thin film qualify it to be useful as a buffer layer for solar

cells [29].
3.4 Photovoltaic properties

The solar cells’ characteristics of the FTO/ZnO/CdS/CZTS/Ag heterojunction solar cell, with
active area of 1x1 cm?, were studied under dark and illumination (100 mW/cm?) and the obtained
electrical parameters were compared against the ones of the FTO/ZnO/ZnS/CZTS/Ag and
FTO/ZnO/Cd; 371, 77S1¢/CZTS/Ag thin films’ solar cells. Figure 7(a), (b) and (c) represent the
current density—voltage characteristic curves under dark and illuminating conditions of the
FTO/ZnO/CdS/CZTS/Ag, FTO/ZnO/ZnS/CZTS/Ag and FTO/ZnO/Cd;137Zn;77S1o/CZTS/Ag
heterojunction solar cells respectively. The power conversion efficiency is calculated using the

following formula (equation 3) [30]

0 _ Pmax
n(%) ==

n

where 1 is the overall efficiency of the solar cell, Py, is the maximum output power obtained
and Pj, is the input light power applied. Power conversion efficiency is found to increase from
0.76% to 1.24% due to the surface effect of the different buffer layers [11]. The solar cell
efficiency depends on the crystallinity, the surface morphology and the interface of the p-n
junction. From the FESEM images, we concluded that the particles of the Cd;,3Zn;77S;¢ thin
film have petals or rod—like morphology which is good for solar cells. The ZnS and CdS thin
films have flower and leaf-like morphology with uniform and porous structure, whereas
Cd723Zn; 7751 thin film is more compact with a rod—like surface which can enhance the current

[31]. Figure 8 shows a schematic diagram of the thin film heterojunction solar cells with the
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different CdS, ZnS and CdZnS buffer layers. The surface morphology of the thin films, with
limited grain boundaries, is very important to enhance the efficiency of the solar cells [31].
Under illumination the FTO/ZnO/ZnS/CZTS/Ag heterojunction solar cells’ efficiency is 0.76%
which is lower than the corresponding efficiency of the FTO/ZnO/CdS/CZTS/Ag cells, which
was calculated to be 1.00%. The surface morphology of the buffer layer of the
FTO/ZnO/Cd73Zn,77S10/CZTS/Ag solar cells has improved the cells’ efficiency which was
calculated to  be 1.24%.  The  larger  open  circuit voltage of the
FTO/ZnO/Cd; 3721, 77S10/CZTS/Ag solar cells has also contributed to their higher efficiency [32,
33]. Similar behavior among three samples was observed in J-V curves under dark with which

means similar electron leakage properties in all cells.

4. Conclusions

CZTS, ZnO, CdS, ZnS and Cd;,3Zn;77S¢ thin films where synthesized by simple chemical
methods in order to be used for fabricating heterojunction solar cells. Firstly, the structural,
morphological and optical properties of the CZTS, ZnO, CdS, ZnS and Cd;,3Zn; 7750 thin films
deposited on glass substrates were studied. Kesterite structure of CZTS thin film has confirmed
by XRD and Raman spectroscopy. The nanostructured properties of the CdS, ZnS and
Cd7.237Zn; 775 buffer layers were confirmed by the FESEM images and the XRD spectroscopy.
Flower, leaf and petals or rod—like surface morphologies of the CdS, ZnS and Cd; ;3Zn; 77S;¢ thin
buffer layers have enhanced the current of the heterojunction solar cells. The absorption spectra
and the band gap of the absorber layer and the buffer layers were determined from the optical
measurements. CZTS has a direct band gap and an optimum absorption in the visible range
which is good for the absorber layer. ZnS, CdS and Cd;»3Zn;, 77S;¢ thin films are used as wide

band gap buffer layers in heterojunction solar cells and their band gaps were calculated to be

11



3.72eV, 2.44eV and 2.52e¢V respectively. The power conversion efficiency of the
FTO/ZnO/ZnS/CZTS/Ag and FTO/ZnO/CdS/CZTS/Ag solar cells was calculated 0.76% and
1.00% respectively, while the FTO/ZnO/Cd;,3Zn;7;S10//CZTS/Ag solar cells exhibited the

highest efficiency which was estimated to be 1.24%.
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Figure Captions
Fig. 1: (a) & (b) XRD pattern and Raman spectrum graph of CZTS thin film and (¢) XRD
pattern of ZnO thin film.

Fig. 2: (a), (b) & (c) represents XRD pattern of CdS, ZnS and Cd; »3Zn; 7S thin films

respectively.
Fig. 3: FE-SEM images of (a-b) CZTS thin film and (¢-d) ZnO thin film respectively.
Fig. 4: FE-SEM images of (a-b) CdS, (¢-d) ZnS and (e-f) Cd;,3Zn, 77S;¢ thin films respectively.

Fig. 5: Shows absorption spectra and inset shows the band gap of (a) CZTS thin film and (b)
ZnO thin films respectively.

Fig. 6: Shows absorption spectra and inset shows the band gap of (a) CdS; (b) ZnS and (c)

Cd723Zn; 775, thin films respectively.

Fig. 7: J-V characteristics curve obtained from (a) FTO/ZnO/CdS/CZTS/Ag, (b)
FTO/ZnO/ZnS/CZTS/Ag and (¢) FTO/ZnO/Cd; 5371, 77S,¢/CZTS/Ag heterojunction solar cells

under dark and under illumination of Xenon 100mW/cm? light source.

Fig. 8: Schematic representation of probable heterojunction solar cells and surface morphology

of CdS, ZnS and Cd;,3Zn; 77S;¢ buffer layers respectively.
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Table 1

Structural parameters of CZTS and ZnO thin films.

FWHM (B) | Crystallite
20 hkl
Sr. No. Method (deg.) (lanc:s (103 size (D)
& P radian) (nm)
28.14 112 0.7594 18.8
1 CZTS 47.49 220 1.0352 14.6
56.52 B12) 0.8311 18.9
Average value 17.04
31.72 100 0.7313 19.7
34.36 002 0.6203 233
2 ZnO 36.21 aomn 0.7081 20.5
47.21 102 0.7515 20.1
62.75 103 0.9265 17.5
Average value 20.26
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Table 2

Structural parameters of CdS, ZnS and Cd;,3Zn;, 775 thin films

20 FWHM(B) | Crystallite
Sr. No. Method (deg.) hkl planes 103 size (D)
& radian) (nm)
26.69 111 0.1394 10.2
1 CdS 29.59 200 1.2707 11.2
44.01 220 1.7174 08.7
52.01 311 2.6043 05.9
Average value 9.03
2 ZnS 27.02 100 1.1156 12.7
28.9 002 1.5119 09.4
52.01 (103) 0.9399 16.4
Average value 12.8
25.58 (100 1.2464 114
27 002 0.8551 16.6
3 Cd7.23Zn;,77810 28.61 ao1) 0.6402 22.3
44.09 110 0.2258 06.6
51.35 200 1.0969 14.0
Average value 14.21
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