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Abstract

In this study, the effect of ethyl cellulose as an additive on the structural, morphological
and electrical properties of CZTS thin films was investigated. It was observed that the
morphology and characteristically properties improved with the increase of the ethyl
cellulose additive ratio. Despite the contribution, no binary and/or ternary phases
formed and the formation of CZTS thin films determined by Raman spectroscopy. It was
observed that uniformly distributed, continuous and dense granules with a thickness of
approximately 1-2 pm were formed, when the surface morphology ratio of the ethyl
cellulose-0.9% was submitted. In addition, it was determined from the obtained results
that these surface properties contributed positively to the IPCE efficiency measurements.
Accordingly, the highest IPCE efficiency was calculated as 10.63%. Finally, the estimation
of the optical absorption measurement results is in between 1.37 and 1.60 eV interpreted

to be in agreement with the literature values.

e . check for
updates

1. Introduction

Cu-Zn-Sn-S compound is an emerging and very promising for solar absorber photovoltaic (PV) materials due
to it contains earth-abundant and low toxicity elements [1]. This situation expected to contribute in the future to
reduce fabrication costs. Among the new generation/alternative absorber materials, Cuz2ZnSnS4 (CZTS) compound,
is a good candidate for an absorber layer in solar cell applications. Although the calculated theoretical yield for
quaternary compounds as 32.2% [2], the highest achievable laboratory yield for the CZTS compound is 12.6% by
Todorov and co-workers [3].

CZTS compound is a p-type quaternary semiconductor with a kesterite crystal structure. Each element of the
CZTS compound is abundant in the Earth's crust (Cu: 50 ppm, Zn: 75 ppm, Sn: 2.2 ppm, S: 350 ppm) and has a
lower toxic effect [4-6]. The CZTS compound has a direct band gap of 1.4-1.5 eV and a high absorption coefficient
of 104 cm. In addition, this compound does not contain toxic and expensive elements such as Selenium (Se) or
Cadmium (Cd) used in current commercial solar cells, so on the contrary, it includes the elements of
environmentally friendly [7]. The photovoltaic effect on a CZTS-based heterojunction diode was for the first time
reported by Ito and Nakazawa in 1988 [4].

In the literature, there are various deposition techniques to obtain CZTS thin films such as physical vapor
deposition (PVD) [8-18], sol-gel spin coating [19-29], electrochemical deposition (ECD) [30-33], and SILAR
methods [34-38]. Among of them, liquid phase storage techniques are relatively cheaper and are suitable for using
various types of substrates with larger surfaces. In addition, the quality of the films obtained by these methods is
comparable to those obtained by physical methods [39].
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Researchers have tried in order to increase the efficiency values of commercial solar cells available in the
literature [40]. One of the most effective of these is to use surfactant/additives doping. In general, doping is using
to control growth mechanism, particle size, crystal structure, conductivity and surface morphology in solution
growth methods. The efficiency of thin-film based solar cells is directly relation with the surface morphology, and
generally, the best way to increase this efficiency is to doping the films using appropriate additives. It has been
reported that ethyl cellulose (ETS) increases the ionic conductivity and can reduce the cracks formed on the film
surface, thus increasing the battery efficiency [41-44].

To the best of my knowledge, there are no reports on investigating the effect of ETS on CZTS thin-film based
solar cells, yet. In this study, the effect of ethyl cellulose concentration on the quantum yield, morphology, optical
and structural properties of CZTS thin films containing inexpensive and environmentally friendly elements was
investigated for the first time in the literature.

2. Material and Method

CZTS thin films were deposited on pre-cleaned on Molybdenum coated soda lime glass (MSLG) substrates by
spin coating method. The substrates were ultrasonically cleaned in turn with detergent, nitric acid (1:4), acetone
and ethanol for 10 min., as our previous study [45]. The solution containing basically copper (II) acetate
monohydrate (0.3 M, 98+%), zinc (II) acetate dihydrate (0.3 M, 99.99%), tin (1I) chloride (0.3 M, 98%) and thiourea
(1.2 M, 99.0+% from Sigma Aldrich) into 2-methoxyethanol (20 ml, 99.8% from Sigma Aldrich). 2,5 ml of
diethanolamine (DEA) were added slowly into the solution as a stabilizer while stirring. Then, the solution was
stirred at 45 °C, 850 rpm for 1 h for dissolve the metal compounds completely. The final solution was poured into
six beakers and added to each solution at 0.1 intervals between 0.8% and 1.3% with ethyl cellulose dissolved in 2-
methoxyethanol (from Sigma Aldrich). The films were labelled within the text as SO: undoped CZTS and S1:
(0.80%), S2: (0.90%), S3: (1.00%); S4: (1.10%); S5: (1.20%) and S6: (1.30%) ETS-doped CZTS, respectively. To
deposition the CZTS films, the precursor solutions were spin-coated on to the substrates at 3000 rpm for 30 s
followed by solvent-drying at 175 °C for 10 min on a hot plate. The fabrication processes were repeated 10 times
to obtain the desired thickness of the films. Finally, the samples were subjected to an annealing process for 2 h at
500 °C in a quartz tube containing 10 grams of elemental sulfur. Before the heat-treatment, the furnace was
evacuated to 5 x 10-* mbar. The heating rate was 5 °C/min. After the heat-treatment, the samples were allowed to
cool naturally to room temperature. The structural and morphological properties of the samples were examined
by Raman spectroscopy (Confocal Raman spectrometer, Witec alpha 300 with 532 nm light source), scanning
electron microscopy (FEI, Quanta FEG 250) methods, respectively.

In order to investigate the photovoltaic properties of pure CZTS and ethyl cellulose added thin films were
applied to Incident photon-to-current efficiency (IPCE) measurements. To carry out the IPCE measurements, a
monochromatic light source consisting of a 150 W Xe lamp and a monochromator were used to perform the IPCE
measurements through an interfaced with computer by a Labview program.

3. Results and Discussion

3.1. Structural results

Raman spectroscopy is an efficient method to analyze the small changes as the vibrational signals are very
sensitive to the local environment of the molecule, crystal structure, chemical bond, and so forth. ZnS, Cuzxs and
Cuz2SnSs have similar X-ray diffraction patterns to CZTS owing to their similar zinc blend-type structures (Figure
1) [46].

To prove the phase purity or to detect the presence of other possible secondary phases, Raman spectroscopy
analyses results of ETS-doped CZTS thin films over the range 200-500 cm-1 was also made and the results were
given in Figure 2. It can see from Figure 2, there is no linear change in the increase with the amount of additive.
According to Figure 2, as one seen that the sharpest and most severe peak is in the sample named as S4.

The Raman peak of this sample tends to shift to the left (or lower wavenumber). In the literature, Raman
spectroscopy analysis have shown variation of peaks to be a measure of phonon confinement [47,48] with shift in
peak position related to grain size [48-52] and nature of defect on the grain boundaries [28,47]. A shift to lower
wavenumbers is indicate of larger grain size [53]. From Figure 2, it can see that the peaks of the samples as named
S2 and S4 tend to shift to the left. This situation can be interpreted because of the improvement of crystal quality
and increase in grain size (Figure 3). In Raman analysis, red shift means that frequency of phonons interacting
with the incident photon decreased. As seen in the Figure 2, vibrational peak at 333 cm-! appeared for samples.
According to this result, it can be said that the kesterite crystalline phase of CZTS is formed with any others binary
and/or ternary secondary phases. The peaks are well agreement with the reference Raman spectra of CZTS and
confirms the formation of the CZTS phase [54].
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Figure 1. The X-Ray diffraction patterns of CZTS, CTS, CuS, ZnS and SnS2 along with reference pdf card numbers.
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Figure 2. The Raman analysis results of pure and ETS-doped CZTS samples.
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3.2. Surface morphology

Figure 3. SEM micro-images of the S0-S6 thin films at various magnifications, respectively.
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Figure 3 shows that the SEM images of the ETS-doped CZTS films deposited by using S0-S6 of ethyl cellulose,
respectively. From Figure 3, it can see that the surface roughness of the films decreases with increasing ethyl
cellulose content. The surface of the sample without ethyl cellulose (Figure 3) has cracks and has agglomeration
like morphology than those of the samples with ethyl cellulose.

As seenin Figure 3, at the doping ratio from S1 to S3, there are a surface morphology consisting of large-grained
structures with sizes ranging from approximately 1-2 pm, with cracks (Figure 3). It is also clear that, the sample
prepared with S6 (Figure 3) is more continuous, homogenously and without crack than others. As a first interpret,
regarding film morphology, increasing ethyl cellulose content in the sol-gel growth solution the smoother and
continuous texture can obtained. This enhancement may decrease the recombination and facilitate transport of
photo-induced electrons. It has been reported in the literature that ETS contributes to electrical conductivity by
reducing surface cracks and roughness in solar cell absorber layers [55, 56].

3.3. Incident photon-to-current efficiency (IPCE) characteristics

Incident Photon to Charge Carrier Efficiency (IPCE) - also referred to as Quantum efficiency (QE) - indicates
the ratio of the number of photons from a monochromatic light source are converted to generated charge carriers.
The IPCE yield curve gives information about recombination losses and absorption efficiency in the material.

Photovoltaic properties of ETS-doped CZTS thin films synthesized on Molybdenum coated SLG substrates via
sol-gel spin coating technique were investigated using the IPCE measurements. The IPCE spectra show
photocurrent response of the solar cells made of the ETS doped CZTS thin films. Figure 4, demonstrates the IPCE
spectra for all samples.
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Figure 4. [PCE efficiency graph of the samples

From Figure 4, It was observed that the S2 labelled thin film had higher IPCE (%) efficiency value with
10,63 % at 520 nm compared to the IPCE (%) value of pure CZTS thin film. Considerably increased grain sizes can
be observed that the ratios of S2 (Figure 2(c, d)) which may affect the charge transport properties of the concluding
S2. This result shows that the ETS additive plays an important role in the development of photovoltaic behavior
of CZTS thin film. Because of, in high efficiency thin film solar cells, the surface of the absorber material consists of
large granular structures without cracks, continuous and homogeneous distribution. In this way, less loss is
experienced in electrical transmission.
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From Figure 5, the peak of the IPCE of solar cells rise when the S2, implying that at this value the charge
separation and collection becomes in efficient with large grain as before mentioned. It was also observed that the
relationship between efficiency and band gap values or grain size were inversely proportional. This situation can
be interpreted that as the grain sizes in the structure increase, the grain boundaries formed decrease, and the
recombination rate of the charge carriers decreases. As a result, there is an increase in the efficiency to be obtained
from the device. There are few studies in the literature reporting that the electrical properties of CZTS thin films
are improved when the morphology and structural properties are improved [55,56].

3.4. Absorption behavior

The band-gap photon energy calculated values of the CZTS films were given in Table 1. The energy gap value
of the CZTS compound, as a p-type direct band-gap semiconductor, is reported to be between 1.4 and 1.6 eV [57-
59]. According to Table 1, it can be said that the estimated results are quite close to the optimum band gap for a
solar cell.

Table 1. The IPCE and UV-Vis. results of un-doped and ETS doped CZTS samples.

Sample ID N S1 S2 S3 S4 S5 S6
IPCE efficiencies (%) 544 342 10,63 6,72 8,55 7,88 6,02
Eg (eV) 149 144 137 142 145 146 1,47

The bandgap of a sample is greatly affected by its chemical composition, crystal structure, grain size and
defects. The bandgap shows a strong dependence on the grain size at Figure 5. The bandgap decreased with
increasing grain size. Table 1 summarizes the findings of this study [53].
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Figure 5. The doping ratio versus variation of the IPCE (%) and Eg (eV)

From Figure 5, as knowledge, additives used in aqueous methods control surface morphology, crystal structure,

grain size, internal stress, corrosion behavior and even chemical composition [60]. As mentioned previously in
SEM results, various amount of additive changed the morphology and structure of the films. As a result, variation
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in the optical band gap values of the samples may attributed to changing of grain size, morphology, and chemical
composition.

4. Conclusion

The samples prepared high-quality, dense CZTS thin films on Molybdenum coated SLG substrates by the sol-
gel spin-coating method. The effects of the Ethyl cellulose temperature on the structural, morphological,
compositional and optical properties of the films were investigated in detail.

e From the Raman spectroscopy results, no other phase’s peaks were observed which suggests the absence
of any binary and/or secondary phase which only the characteristic CZTS peaks were observed and
confirmed the formation, phase purity and good crystalline quality of the CZTS films.

e From the FEG-SEM images, it can be interpreted that the surface roughness of the films decreases with
increasing ethyl cellulose content. As can be seen that the named as S2 were observed a surface
morphology consisting of large-grained structures with sizes ranging from approximately 1-2 um.

e From the IPCE measurement result showed that S2 thin film was highest IPCE (%) efficiency value with
10,63% at 520 nm compared to IPCE (%) value of the pure one. According to the results, ETS additive
plays an important role in the development of photovoltaic behavior of CZTS thin film.

e From the optical study results showed the optical band gap values were estimated to be between 1.37 and
1.49 eV depending on the ETS doping concentrations.

It was concluded that ETS can be suitable additive to get larger grains and higher efficiencies.
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