Chalcogenide Letters Vol. 19, No. 10, October 2022, p. 701 - 714

Spectroscopic ellipsometry and photovoltaic characteristics for
n-CdS/p-Cu,ZnSnS4 heterojunction by annealing for solar cells

A. Almohammedi®", E. R. Shaaban®

*Department of Physics, Faculty of Science, Islamic University of Madinah, Al
Jamiah, Madinah 42351, Saudi Arabia

bPhysics Department, Faculty of Science, Al-Azhar University, Assuit, 71542,

Egypt

Owing to its direct bandgap in the range to be used as an absorbent material and due to its
high absorption rate, kesterite Cu,ZnSnS, (CZTS) is a p-type prospective absorber
material (with thickness 500 nm) for solar cell applications. Kesterite Cu,ZnSnS, (CZTS)
thin films were prepared using the thermal evaporation technique. The (CZTS) thin films
were annealed at different annealing temperatures chosen according to TGA analysis in
the range of (400°C, 450°C, 475°C, and 500°C). The influence of annealing temperatures
on the structural, morphology and optical properties of the CZTS films was investigated.
The XRD patterns and Raman spectra have revealed the formation of CZTS thin with a
high-quality crystal structure. The optical constants refractive index n, and extinction
coefficient, k consequently band gap are estimated from SE via construction an optical
model. The refractive index n of the CZTS /glass films received from SE model increases
with the annealing temperature that is credited to the rise of the size of the crystal. It was
also found that when the annealing temperature of the CZTS layer increases, the general
behavior of the extinction coefficient k of the CZTS /glass film increases. In addition, it is
found that the direct optical transition with energy band gap is compact from 1.75 eV at
RT to 149 eV at maximum crystallization 500 °C. The Ni/n-CdSe/p-CdTe/Pt
heterojunction has been successfully assembled. The dark and illumination (current-
voltage) behavior of fabricated heterojunctions had been suggested at distinctive different
annealing of CZTS layer, as well as for voltages ranging from -2 to 2 volts.
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1. Introduction

Developing and finding new Sustainable energy sources are very vital and have got great
attention. Solar energy is promising because it is a clear, convenient, and sustainable source.
Nowadays many researchers in the field of materials science and nanotechnology aim to increase
the efficiency of solar cells. The main challenge in photovoltaics technology is to achieve high
efficiency, low cost, and inclusion of abundant natural materials [1].

Cadmium Telluride (CdTe) and Copper Indium Gallium Selenide (CIGS) are used to be
important materials for commercial thin-film photovoltaic devices, because of their moderate
efficiencies, but they are toxic and expensive [2, 3].

Cu,ZnSnS, (CZTS) compound has received great interest during the late decade as an
absorber for solar cell device applications. Kesterite CZTS is a p-type semiconductor with a
bandgap energy of 1.5 ¢V, a high absorption coefficient (>104 cm") in the visible range spectrum,
and containing only earth-abundant low toxicity elements [4 -7].

Since the quality of the CZTS film surface has a crucial role in the solar cell operation,
many physical and chemical methods have been used to grow Cu,ZnSnS, thin films such as spin
coating [8], sputtering [9-11], thermal evaporation [12, 13], Pulsed Laser Deposition (PLD) [14,
15], the sulfurization of electron-beam-evaporated precursors [16] and spray pyrolysis [17-19].
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Until far, the greatest documented power conversion efficiency (PCE) for pure sulfide
compounds in the corresponding form: CZTS equals 9.2% according to the related work [20]. On
the other side, this quantity was for pure selenide Cu,ZnSnSe4 with chemical abbreviated form:
(CZTSe) is 11.6% [21]. Furthermore, the power conversion efficiency of the mixed sulfide-
selenide compound is 12.6% [22]. Nevertheless, CZTS solar cells have a lower PCE than CIGS or
CdTe (21.7%) [23].

In this work, CZTS thin films were prepared using the thermal evaporation technique on
the pre-cleaned glass substrates to study its structural and optical properties at different
temperatures (400°C, 450°C, 475°C, and 500°C) according to the thermal analysis of TGA and
DSC. The annealing temperature was below 550°C to avoid Sulfur escape and the decomposition
of CZTS thin films to different binary phases such as Cu,.S, ZnS, and SnS [24]. The effect of
annealing temperature on the structural, morphological, optical, and electrical characterization of
CZTS thin films was investigated. For the first time spectroscopic ellipsometry were used as the
best method to estimate the optical parameters thus the energy gap of investigated annealed CZTS
films. The Ni/n-CdSe/p-CdTe/Pt heterojunction has been successfully assembled. The dark and
illumination (current-voltage) traits of fabricated heterojunctions had been suggested at distinctive
different annealing of CZTS layer, as well as for voltages ranging from -2 to 2 volts.

2. Experimental procedures

2.1. Materials

Copper (II) nitrate Cu(NOs),, Zinc acetate Zn(CH3;COO),, Stannous chloride (SnCl,) ,
Citric acid (C¢HgO4), deionized water, sulfide amine solution, distilled water and pure alcohol
were used for CZTS thin film fabrication. All the used chemicals and precursors were utilized
without any further purification.

2.2. Preparation of CZTS thin film

For the fabrication of CZTS nanoparticles, aqueous solution containing Cu(NO;),,
Zn(CH;COO), and SnCl, precursors that were dissolved with mixture 2, 1, and 1 mol/L was
prepared. Citric acid (C¢HgO7) and deionized water were added with molar ratio 1:3 of metal ions
to citric acid. A transparent solution was obtained with stirring the aqueous solution in a flask for
about 10 min. Citric acid (C¢HgO,) was utilized as a complexing agent. 4 mL from Sulfide amine
solution was added to the flask at temperature 200°C and kept to react for about 30 min. Then a
centrifuge was utilized to separate the CZTS nanoparticles. To obtain the powder nanoparticles,
the final solution was kept to dry in a low temperature vacuum oven. This powder was the starting
material to prepare the CZTS films.

To prepare the CZTS film, first the substrates were ultrasonically pre-cleaned by
sequential rinses with distilled water and pure alcohol for 15 min each then kept drying in air.
Thermal evaporation technique was used to prepare the CZTS thin films using (Denton Vacuum
DV 502 A) coating unit under high vacuum pressure (10" mbr) with deposition rate was 20 A/sec.
The substrate temperature was kept 100°C. The thickness of thin films was adjusted using FTM6
thickness monitor by putting the same weight on the boat to get a higher thickness to avoid the
effect of film thickness. The film thickness was determined with high precision in terms
spectroscopic ellipsometry model.

2.3. Characterization of CZTS thin films

The XRD Philips diffractometry (1710), with Cu-Kal radiation (A = 1.54056 A)
technique was used for structure and the crystalline phase characterization for the thin film
samples. A scanning electron microscope (SEM, JOEL XL) of operating voltage of 30 kV, used
for surface morphology studies. The optical properties were studied by the spectroscopic
ellipsometry (SE) technique. Data collection using spectroscopic ellipsometry was conducted
using a SE (VASE, J. A. Woollam Co., Inc). Typically, in SE measurements, two parameters ¥
and A were recorded as a function of wavelength. The data were collected at the incident angle of
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70° for a spectral range between 300 nm to 1100 nm. The SE data were analyzed by the J. A.
Woollam Complete Ease software package. The thermogravimetric analysis of the deposited
CZTS film was analyzed utilized a TGA and DSC instrument (Shimadzu 50, accuracy +0.1 K).

2.4. Photovoltaic measurements

Ni (front electrode)/n-CdS/p-CZTS /Pt (back electrode) heterojunctions were fabricated
utilizing deposition of the CdS thin layer on the CZTS layer (~500 nm) which was deposited on
pre-cleaned glass substrates (5 um). The front electrode contact was made by depositing a semi-
transparent grid of platinum (Pt) fingers (100 nm) directly onto the surface of the CZTS layer,
while the back contact electrode (nickel, Ni with thickness of 100 nm) was contacted with the CdS
thin layer deposited directly on the CZTS layer.

The front and back electrode contacts were considered ohmic for the small voltages. The
current-voltage (/-V) measurements for the generated device were carried out using a standard
circuit (Keithley 610 as a voltage source and current meter) to determine the current through the
heterojunction. At room temperature, the dark (current-voltage) characteristics were obtained in a
completely dark chamber. Under standard experimental conditions, the Keithley 2400 Source
Meter device was utilized to measure the illuminated (current -voltage, (I-V)) characteristics of the
fabricated devices in the solar 1.5 global spectra (AM1.5G) for input power (P;,= 184.33 mW/cm®)
generated by Halogen lamp 150W.

3. Results and discussion

To select suitable annealing temperatures for the CZTS nanoparticle, thermogravimetric
analysis (TGA) analysis was investigated in published paper of Almohammedi et. Al (2020) [25 ].
More detail about TGA and its derivative are displayed in ref. [25] The crystallization peak is at
500°C, so the annealing temperatures were chosen from 400-500°C.

Fig. 1 shows the XRD patterns of the as deposited and annealed CZTS thin films at
different annealed temperatures. The XRD data have confirmed the formation of crystalline CZTS.
All the CZTS thin films show diffraction peaks at 26 = 28.53°, 47.32° and 56.19°, which are
consistent with the diffraction planes of CZTS (112), (220) and (312) (JCPDS-26-0575),
respectively, which strongly emphasizes the structure formation of CZTS, which belong to
tetragonal phase. Annealed CZTS thin films show sharper (112) peak which indicates better
crystal quality with increasing annealing temperature. One can see in Fig. 1 the full width at half
maximum (FWHM) values were decreased with increasing annealing temperature, while the size
increased as a result of improving the crystallinity.
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Fig. 1. XRD patterns of unannealed and annealed CZTS thin films at different annealing temperature.
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The crystallinity and phase content of the CZTS thin films were further analyzed through
Raman spectroscopy. Fig. 2 shows Raman spectra of as-deposited and annealed CZTS thin film
samples which were recorded in the spectral range of 100—600 cm™'. It can be shown that the
Raman spectra of all the samples are similar. Three Raman modes corresponding to CZTS
Kesterite were observed, main peaks at 337 cm™ and weak peaks at 284 c¢m™, which indicate the
formation of crystalline CZTS thin films with high purity [26, 27]. The main peak at 337 cm™ is
shifted to lower energies as the annealing temperature increase, which can be attributed to the
existence of internal stress in CZTS films. This phenomenon is known for the annealed CZTS thin
films [28]. However, Raman spectroscopy data showed weak peaks at 475 c¢m' which are
attributed to the Cu,S phase.
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Fig. 2. (a, b). Raman spectra of unannealed and annealed CZTS thin films (a) and deconvolution
of CZTS thin films at RT temperature.

Scanning electron micrographs (SEM) were used to study the surface topography of the
CZTS thin films and the morphological state development of the growing CZTS thin films with
annealing temperature. Fig. 3 displays the SEM images of as-deposited and annealed CZTS thin
films at 7, = 500°C. The as-deposited CZTS thin film shows the rough and non-uniform surface
distribution. In the structural form of SEM images, some voids can be observed. The surface
morphology of the CZTS film has been significantly influenced by annealing. The uniformity of
the CZTS films is highly improved, films have become compact and have densely and distinct
packed grains’ structures. The annealed film appears smoother than the as-deposited thin film.
Moreover, fewer voids are present after the annealing process. The grain and its boundaries are
more clearly visible with increasing the annealing temperature.

Fig. 3. SEM images of CZTS thin films at temperatures (a) As -deposited and (c) 500 °C.
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3.1. Optical properties in terms of Spectroscopic Ellipsometric

The spectroscopic ellipsometric outcomes of CZTS thin films prepared on transparent
glass measured by way of SE method changed into within the spectral variety of 300-1100 nm at
an prevalence angle of 65°, the information is amassed in intervals of 5 nm. Spectroscopic
ellipsometry without delay information angles ¥,and A, which can be connected to the complex
mirrored or reflected image coefficients (Fresenal's coefficient) of the polarized light by the

subsequent equation [29-31]

r
p=-"=tany exp(i A) (1)
r

N

wherein ¥, A, r, and r, are mentioned the angle received from the amplitude ratio among the
parallel polarized wave (p) and perpendicularly polarized wave (s), the polarized waves exchange.
The Spectral ellipsometric facts y.., & A.,, of CZTS /glass films among a outcome of annealed

CZTS is provided in Fig. 4.
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Fig. 4. Spectral ellipsometric data w & A for CZTS thin films at different annealing temperatures.

The optical values of n, k£ and d of the annealed CZTS films are determined by using least
squares regression evaluation and mean square error function (MSE) to change the spectral
dependence of y.,, & A.,, into the correct version to obtain unidentified fitting parameters and
They rely most on borders. The Levenberg-Marquardt regression rule set is completely based on
the record matching estimation and the modeling facts of y and A, and is used to reduce MSE and
select the effectiveness of subsequent versions [32, 33]

2 2
1 N l//‘mod _ l/[exp Amod _ A?xp
MSE= el I e 2
TN [ @
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In which, M is the appropriate parameters range and N is the number of y.,, & A.,, pairs

included in the fitting, and that i is the index of summation. The The (//,.eXp , Apr and W,.md R

d :
AT are called the measured and modeled values, respectively. O, :/Xf) and O Z);P are the standard

1

.. exp exp .
deviations of ¥/, *, A", respectively.
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The evaluation of SE records thru non-linear regression evaluation the use of a appropriate
optical using Complete Ease SE software program [34]. In the existing examine, the model is built
to provide a stacked-layer shape, that's particularly composed of 3 layers: a pitcher substrate,
CZTS absorber layer, and a rough layer. The rough layer is modeled by using the effective
medium approximation (EMA) that is the suitable device to establish the the morphology of the
multilayer film configuration. More details about EMA are available and described in index [35].
Besides, the glass layer is modeled by using Cauchy version belt in Complete EASE software,
while the CZTS layer is modeled with the aid of the usage of the B-spline computational process
[36]. Fig. 5 (a, b) shows the spectral changes of .y, Acx, of annealed CZTS /glass at RT and 500
°C, which are suited to the calculated l//fal and A" data received using the above recommended
model. As the annealed temperature of the CZTS layer increased from RT to 500 °C, the fitting
process produced a very low MSE value are 2.22 to 2.11, and the surface roughness of the CZTS
film decreased from 5.22 nm to 3.82 nm. In addition, the interference pattern in the spectrum is
caused by the coherence of a pair of reflections in the film [37]. The fitted optical constants,
namely the refractive index, n and extinction coefficient, £ of annealed CZTS films are shown in
Figures 6 and 7 respectively.

LW

80- 21 (b

70 70 -

60 60+
g g
B g
3 )
g g
> 2 >2

10 104

0 0-

-10 T T T T T T T -10 T T T T T T T

300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100

Wavelength (nm) Wavelength (nm)

Fig. 5. Spectral ellipsometric data w and A for for CZTS thin films for (a) T = RT and (b) T= 500°C
grown on glass substrate. Experimental results are indicated by symbols, and the solid lines
represent the model fit data.
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Fig. 6. Dispersion refractive index for CZTS thin films at different annealing temperatures.

In addition, it was observed that the refractive index increased with the increase of the
annealing of the CZTS layer, which was attributed to the enhance in crystallinity, which led to the
enhance in grain size [38].
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Fig. 7 shows the k spectral behavior of CZTS/glass films with various annealing
temperature obtained from the above model. Obviously, a significantly lower extinction coefficient
is observed at the absorption edge, which confirms that the light is absolutely stopped in this
variety [39].
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Fig. 7. Extinction coefficient versus wavelength for for CZTS thin films
at different annealing temperatures.

The absorption coefficient (@) of different annealing temperature of CZTS /glass films
was calculated in terms of k value that extracted from SE model via the subsequent relation o =
4nk/) [40].

At strong absorption region, the optical energy band gap E;p " of varies annealing

temperature of CZTS can be calculated using the Tauc relation of the following expression can be
used [41]

(ahv) =a,(hv—-E,)" (1)

where o, and p are constant and exponent. Eq. 4 is the one that determines the type of optical
transformations, whether they are allowed or not, depending on the value of the p-value; Since the
CZTS film is polycrystalline, as shown by X-ray diffraction, the transition will most likely be
permissible i.e. a p value of half (p = 1/2) [42-47]. Fig. 8 shows the relationship of (ahv)” on the
vertical axis with v on the horizontal axis of of different annealing of CZTS layer. The value of

the gap energy, E;” " is determined by extending the line part of (ahv)* to cut the horizontal axis,

hv at a zero value of (ahv)?, which is the value of the gap energy. Fig. 9 shows the energy gap
values as a function of annealing temperature of CZTS film thickness It is observed that the value

E;” " of CZTS/glass film decreases as the annealing temperature increases. Various informations

have been published to explain that the band gap decreases with the increase of semiconductor
annealing temperature, such as the quantum size effect [48,,49], structural parameters [50], the
appearance of impurities [S51, 52] and the reduction of stress and potential. In this study, the

observed decrease of E;’p " for CZTS/glass films with increasing annealing temperature is

attributed to the enlarge in crysallize size, and fine lattice compaction.
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Fig. 8. Variations of (ahv)’ versus photon energy (hv) for annealed CZTS thin films.
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Fig. 9. Energy gap as a function of annealing temperature of CZTS thin films.

3.2. Dark and illuminated (I-V) characteristics of p-n junction

Fig. 10 illustrates the diagram of the studied p-n junction. It should be noted that the main
parameters of the fabricated solar cells are extracted in the temperature range of RT-500 °C for
CZTS to determine the behavior of dark (I-V) characteristics for the forward and reverse bias
applied in the range of (—2 to 2 volts).

Matel (Pt)

n-Cds

Glass sabstrate (~2 mim)

LI

Light

Fig. 10. The diagram of studied p-n junction n-CdS/p-CZTS Cell.
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The current is related to the applied voltage.and the rest of the parameters of the fabricated
diode are given by the following equation [53]:

=1, (exp(wk;’,fs)) —ljum (exp(M> —1] v [V;i] @

nKp nyk ;T sh

In this formula: 7/, symbolizes the saturation current, n epitomizes the quality factor of

the fabricated diode), g is the electronic charge which equals to (1.6x10™" C)and k , recaps the
Boltzmann’s constant. The rest parameters in Eq. (4) represent the parasitic resistances which
includes the shunt resistance R, and series resistance R _ .

Fig. 11 depicts the dark (I-V) characteristics for the fabricated junction in forward and
reverse bias for the variable annealing temperature p-CZTS into the n-CdS and applied voltage in
the specified ranges. It is seen that the current increases as the annealing temperature increase to
500 °C. Fig. 12 depicts the dependence of the current on the applied voltage in the forward and
reverse biases under AM 1.5 G illumination to highlight the high efficiency of the solar cell under
investigation. The current in the forward bias voltage is higher than the current in the reverse bias
voltage (I-V). These figures depict the increase in the current behavior of the solar cell generated
in the case of the forward bias, which increases significantly in the low voltge region. It should be
observed in the depletion region, that is, in the low voltage region, the exponential behavior of the
reverse current of the examined manufactured solar cell is lower than the exponential behavior of
the forward current in the same region. As a result, it can be reported that the fabricated solar cell
has exceptional rectification characteristics.
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Fig. 11. The dark (I-V) charactristics for the fabricated solar cell.
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Fig. 12. Current versus the applied voltage for the p-n junction of solar cell at various annealing
of CZTS in the range of (-2, 2) volts.

4. Conclusions

In this study, (CZTS) thin films have been prepared using the thermal evaporation
technique. The effect of temperature on the structural, morphological and optical properties of
CZTS thin films was investigated. XRD analysis reveals the Kesterite structure for the thin films.
The crystallite size for CZTS thin films was in the range of (11-21 nm). The consequences
received from SE display that the general behavior of the optical constants, n and k for the
CZTS/glass film increases with the raise the annealing temperature. The outcomes in addition

display that the £ ;p " with direct transition reduces (from 1.73 to 1,51 eV) as annealing temperature

from RT nm to 500 °C.

It is accomplished that the optical constants of CZTS films enhance, as the annealing
temperature of CZTS increments. The Ni/n-CdSe/p-CdTe/Pt heterojunction has been assembled.
The dark and illumination (current-voltage) traits of fabricated heterojunctions had been suggested
at distinctive different annealing of CZTS layer, as well as for voltages ranging from -2 to 2 volts.
The increase in the current behavior of the p-n junction generated in the case of the forward bias,
which increases significantly in the low voltge region. It should be observed in the depletion
region, that is, in the low voltage region, the exponential behavior of the reverse current of the
examined manufactured solar cell is lower than the exponential behavior of the forward current in
the same region. As a result, it can be reported that the fabricated solar cell has exceptional
rectification characteristics.
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