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Abstract

The study reports the high-quality Cu2ZnSnSe4 (CZTSe) thin-film deposition by a non-
hydrazine, non-pyridine, and environment-friendly low-cost solution process technique, then
following the selenization process. The CZT film precursor was prepared from metal salts
(Cu?*, Zn?*, and Sn**) in monoethanolamine (MEA) and ethanol mixture solvent annealed at
200 °C for 15 minutes under ambient atmosphere. Next, selenium was added to the CZT film
precursor by selenization under Ar (95%) + H2 (5%) atmosphere at 550 °C for 120 minutes.
A detailed explanation of the growth and reaction mechanism is provided. The
characterization results confirmed that the deposited CZTSe film was formed with high-
crystallinity without carbon residue and excellent optoelectronic properties, which is
undeniably suitable as an absorber for the photovoltaic application. The study further
- @ investigated CZTSe solar cell's photovoltaic properties using prepared CZTSe thin-filmasan
active layer. The electrical effects of solar cells are examined by the SCAPS simulation,
- e where the optics of the device s investigated by finite-difference time-domain (FDTD)
simulations in three-dimension. The investigations allow us to estimate the power conversion
- o efficiency of CZTSe solar cells up to 18.5%. Detailed discussion on the device design and

numerical calculations are provided.

Keywords: CZTSe, non-hydrazine, solution process, SCAPS, FDTD.

1 1. Introduction

2 The kesterite solar cells such as Cu2ZnSnSs (CZTS), Cu2ZnSnSes (CZTSe), and
3 Cu2ZnSn(S,Se)4 are considered to be promising absorber materials for next-generation solar
- @ l!ﬂ.étechnology due to their earth abundance and low-cost processing methods [1-3].

5 However, the present power conversion efficiency (PCE) of such solar cells is'limited to only
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- @ 11~12% [1-3]. The photovoltaic performance of solar cells substantially relies on'the absorber
7 films' quality and their deposition processes. Until now, the PCE of CZTS solar cells reached
8 upto 11.01% by evaporation [1], where CZTSe and CZTSSe solar cells demonstrated PCEs

”» @ of 10.54% and 12.6%, respectively, by hydrazine addition [2,3]. In the case of CZTSe solar

10 cells, thin-film can also be prepared by thermal evaporation, sputtering, electrodeposition,
11 and solution process technique [4-10]. Nevertheless, high PCE from CZTSe solar cells can
12 be realized by the solution process method with hydrazine [3]. Hydrazine is a non-carbon
13 organic compound that can act as a solvent for many organic or inorganic compounds [11].
14  Because of its unique property, hydrazine is a prominent solvent for synthesizing selenium-
15  based kesterite film (e.g., CZTSe), making larger high grain, uniformity of layer properties,
16  and low wastage of raw materials [11,12]. In contrast, deposition using a hydrazine solvent
17  also has some disadvantages, such as flammable, corrosive, acutely toxic, carcinogenic, and
18 environmentally hazardous [13,14]. In addition to that, hydrazine is a volatile compound that
19  requires rigorous safety protocols. The vapor of pure hydrazine may explode if ignited and
20 incompatible with several materials, including many plastics and metals [15-17], which
21 contrast with environmentally friendly and challenging to make a large production scale. So
22  far, only a few works reported the non-hydrazine CZTSe synthesis, such as selenourea,
23 sodium selenite, and selenium dioxide [18-20]; however, such reagents show several
24  disadvantages. Selenourea can be dissolved in the water, but it is almost twenty times more
25  expensive than sodium selenite or selenium in pellet form. On the other hand, sodium selenite
26  is cheaper than selenourea, but it cannot easily make some reactions with Cu?*, Zn?*, and
27  Sn** as the selenium in sodium selenite has selenium with a 4+ charge unless a strong
28  reducing agent such as pyridine added into the solution, which can change Se** to Se?.
29  Pyridine is suitable for the solution technique due to non or less carbon content, non-metal

30 content and can easily mix with Cu, Zn, and Sn [21-23]. Nonetheless, pyridine is challenging
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31 due to being a toxic, flammable, irritant, and carcinogenic agent [24-26]. In this work, CZTSe
32  absorber layer was synthesized by two steps solution process. The first step was making
33 CZT precursor from Cu, Zn, and Sn salts by utilizing monoethanolamine as chelating agent
34 and solvent simultaneously. And the second step was selenization by Se elements under

35 argon and hydrogen mixture gas.

- @ Hence, this study primarily focuses on a novel non-hydrazine, low-cost, and environmentally
37 friendly two-step solution process technique to synthesize high-quality CZTSe thin films. The
- e film formation, reaction mechanism, chemical composition, and optoelectronic propéerties of
39 CZTSethin=film are systematically investigated in thecurrent study. Next, the experimentally
40 realized optical and electrical properties of deposited films are used to study CZTSe solar
41  cells' photovoltaic properties by numerical simulations. The electrical characteristics of solar
42  cells are examined by SCAPS simulations, where the optics and optimization of the device
43 are investigated by finite-difference time-domain (FDTD) simulations in three dimensions [27-
- o 28]. Detailed discussions of the film preparation provided in‘the following sections: A detailed
a ° experimental description of film preparation and material characterization is presented in
46  Section 2. Investigated results from the experiment and simulation are discussed in"Section

- a 3. The manuscript is summarized'in Section 4.

48
49 2. Experimental Details

50 2.1. Soda-lime glass (SLG) preparation

- m Soda-lime glass (SLG) was cleaned by an ultrasonic water bath in acetone, ethanol, and

52 deionized water for 20 minutes, respectively.
53 2.2. Preparation of CZT (Cu, Zn, Sn) Film Precursor

54  The CZT (Cu, Zn, and Sn) film precursor was made from annealed CZT solution precursor

Z"—.I turnltln Page 9 of 36 - Integrity Submission Submission ID  trn:oid:::3618:147678298
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prepared from Cu?*, Zn?*, and Sn** metal salts such as copper (ll) acetate monohydrate, zinc
acetate dihydrate, and tin (IV) chloride dihydrate were purchased from Sigma Aldrich. All
metal salts were separately dissolved by ultrasonic-assisted in 10 mL ethanolamine, which
was also purchased from Sigma Aldrich with the concentration of Cu, Zn, and Sn elements
were 0.075 M, 0.050 M, and 0.050 M, respectively. After each metal salts were dissolved
entirely in monoethanolamine (MEA), all those solutions were mixed until the solution's color
was a dark blue. Then, ethanol was added until the solution's volume was 100 mL and stirred
until homogeneous. The CZT precursor solution was later deposited using spin coating at
2000 rpm for 15 seconds on 2:5¢m X 2.5 ¢cm soda-lime glass (SEG). Finally, it was annealed
under an ambient atmosphere at 200 °C for 10 minutes in the tubular heater until black-

brownish film color was obtained.
2.3. Growth of CZTSe Thin-film

The CZTSe thin films obtained by adding selenium into the CZT precursor through
selenization under Ar (95%) and H2 (5%) mix gases at 550 °C for 120 minutes with 10 sccm
of flow rate. After selenization, the sample was cooled to room temperature under natural

conditions.
2.4. Characterization of CZTSe Thin-film

The microstructural and cross-sectional analysis of films were determined under the scanning
electron microscope (SEM) by Hitachi (S 4800, Japan), with an operating voltage of 15 kV.
The compositional analysis of films was examined using the 'energy dispersive x-ray (EDX)
by Horiba, Japan, attached to the respective SEM apparatus with an acceleration voltage,
working distance, and emission current of 15 kV, 15 mm, and 10 pA, respectively. The
crystallinity and structural analysis performed under an x-ray diffractometer (XRD) by Rigaku

(DMAX 2500, Japan) with fixed angle 26, and A = 1.5405 A. The measurement conditions
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were performed at 40 kV, 100 mA, scan speed 26 with diffraction angle 26 between 1° and
65°. The complimentary XRD data was obtained by Renishaw (REO2, U.K.) micro-Raman
spectroscopy at 514.5 nm using Ar ion C.W. laser. The spectra absorption was recorded by
Varian (Carry 5000, USA) UV-Vis-NIR Spectrophotometer in the wavelength range 300 - 1500
nm. Electrical properties were determined by Ecopia (HMS-300, USA) Hall-Effect
measurement at 0.01 pA. The thermal study of CZT precursor and organic compound
decomposition were characterized by differential scanning calorimetry (Q200, USA)

supported with Fourier transform infra-red (FTIR) data by Perkin EImer (C86199, USA).

3. Results and Discussion

The current study aims to prepare a high-quality CZTSe thin film for efficient photovoltaic
applications. In the first part of this study, a two-step reaction method was used to fabricate
the CZTSe thin films on the glass substrates, further characterized by essential techniques
to confirm the high-quality film. The second part investigates the optoelectronic properties of
CZTSe solar cells by numerical simulations. Experimentally realized optical and electronic
values of the deposited CZTSe thin film were used as inputs for the numerical device
modeling and simulations. More details on the investigations are provided in the following

sections.
3.1. Realization of CZTSe Thin-film

In the two-step method, the first step contributes to preparing a CZT solution precursor from
Cu2+, Zn2+, and Sn4+ metal salts using monoethanolamine (MEA) ethanol as mixed
solvents. At this point, MEA acts as a chelating agent / complexant [29] and making a
coordination compound with Cu?*, Zn?*, and Sn** metal salts. The copper-monoethanolamine

(Cu-MEA) complex compound exhibits a dark blue color solution, while zinc- and tin-MEA
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103  complex compounds appear in a transparent solution. However, it is challenging to evaporate
104  MEA due to the high surface tension attached to the substrate. In order to reduce MEA's
105 surface tension with increased wet ability, the metal-salt MEA complex compounds were
106  mixed with ethanol until the metal-salt MEA to ethanol ratio reaches 30:70. The outcome is
107 named the CZT precursor solution, which is stable due to forming a metal-salt MEA
108  coordination compound with stronger bonding than metal-hydroxyl in ethanol. Figure 1(a)
" 1@ shows such a coordination mechanism. The chemical composition of the CZT solution was
” 1@ made with ratios of 0.75 and 1.00 for Cu/(Zn+Sn) and Zn/Sn conditions, respectively, which
”» WQ is the optimized condition to grow high-quality CZTSe thin film containing poor-copper zinc-

112 rich at the final process [30-32].

Spin
coating

Drop
on the
substrate

CZT pr
solution
After
Spin coating
Cu 4 paCoHsOH Annealing Selenization
Zn Cu CcCo Se 4
zn Cu Ll " OC Zn —
Sn Zn Cu
200 °C \ | 550°C
Ambient atm SLG Ar (95%) + H,(5%)
113 CZT film precursor CzTSe thin film

114  Figure 1. Schematic illustration of (a) the metal-monoethanolamine complex compound
115  structure and (b) synthesizing CZTSe thin film from CZT precursor.

116

117  Adetailed schematic illustration of the CZTSe film deposition from the CZT precursor solution
118 is shown in Figure 1(b), including both annealing and salinization processes. Firstly, in the

.a preparation process, the CZT precursor solution was deposited onto SLG by spin coating at
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120 2000 rpm for 15 secs, followed by'a 15 mins @nnealingat'200 °C! During this step, metal-
121 ethanolamine complex compounds were slightly decomposed, where intermetallic atoms
122 make a binary alloy. In contrast, organic compounds, such as acetate, ethanol, and
123 ethanolamine, decompose partially into organic residues (e.g., C or C.0O.) as amorphous
124  substances deposited along with Cu and intermetallic binary alloy.

125  The reaction of Cu, Zn, and Sn in the metal salts with MEA until the annealing process are:

M<* (aq) + MEA (I) — M[MEA]x (aq) (1)
M[MEAJx (aq) — M (s) + Organic residue (s) (2)
Cu (s) +Zn (s) — CuxZny (s) 3)
Cu (s) +Sn (s) — CuxSny (s) (4)

126 where, M = Cu, Zn, and Sn.
127 3.1.1. Structural and Surface Properties of CZTSe Thin-film

128  The resulting XRD pattern of the annealed CZT precursor film is shown in Figure 2, showing
129  two diffraction peaks at 26= 43.3° and 50.4° that are assigned to (111) and (200) planes,
130  respectively. Such peaks probably appear from copper and intermetallic binary alloy, e.g.,
131 CuxZny and CuxSny, surrounded by organic amorphous residue, shown as a broad 26 peak
132 below 35¢°. Possibly, both intermetallic compounds may form below 200 °C according to Cu,
133  Zn, and Sn ternary phase diagram. However, there was no evidence for the ZnxSny compound
134  or even metal oxide from the metal-MEA complex compound due to the preferential reaction
135  between zinc and tin with copper. The initial chemical composition of the CZT precursor is
136  also similar to the result published by Wibowo et al. in the literature [33]. In this study, the
137 chemical composition of Cu, Zn, and Sn was maintained to 45%, 30%, and 25%, respectively,
138  with the Cu/(Zn+Sn) ratio of 0.82 matching the XRD pattern with the Cu-Zn-Sn ternary phase
139  diagram shown in Figure 2(a). In addition to inorganic compounds, this work also involves

140  organic compounds, such as acetate from metal salts, ethanol, and MEA, as solvents that
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can leave organic residue in the film as carbon or graphite. Fourier transform infra-red (FTIR)
and Raman measurements will benefit from tracing such organic residues. The resultant
spectrum of the CZT precursor before and after annealing from FTIR and Raman

spectroscopy is presented in Figures 2(b) and 2(c), respectively. Figure 2(b), peaks at 1365

cm™ and 1469 cm™', showed CH2 and CHs group peaks in ethanol.

(a)

b5
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Figure 2. (a) XRD pattern of the annealed CZT precursor at particular composition in the Cu-
Zn-Sn ternary phase diagram. (b) Fourier transform infrared (FTIR) spectrum and (c) Raman
spectroscopy of CZT precursor before and after the annealing process.

However, besides showing a peak for the CHs group in the ethanol, the peak at 1469 cm'

was also showing the CH2 group in the ethanolamine. A broad peak at 3353 cm™ shows
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- ‘@ hydroxyl influenced by hydrogen bonding from the solvent. Peaks at 3287 em; 1078 cm™",
154 1032 em™, and 1592 cm™' belong to N-H. However, this peak is a specific indication of the
155  aliphatic amine group. The exhibited peaks at 2932 cm™ and 2869 cm™ confirm the
156  hydrocarbon (C-H) bonding. Overall, the spectrum of CZT precursors in the solution phase
157  was dominated by the ethanolamine spectrum due to ethanol had a similar molecule with
158  ethanolamine. Therefore, ethanol peaks were covered by ethanolamine peaks. After
159  annealing, the CZT precursor shows a different spectrum from the CZT precursor in the
160  solution phase, which could be shifted, decreased the intensity, or even disappeared. These
161  conditions are evidence that organic compounds in the CZT precursor were decomposed
162  partially. However, the MEA has amine and hydroxyl as active sites, and both sites could
163  react with some compounds during calcination that can be identified as the broad peak at
164 3422 cm™ which exhibit for hydroxyl site (-OH) from ester without hydrogen bonding between
165 ligand and solvent, peak at 2215 cm™' was specifically represented nitrile group, peaks at

166 2932 cm" and 2869 cm™' represent C-H bonding that is still existing even after annealing.

167  Furthermore, shoulder peaks at 1700 cm™ and 1627 cm™' show the C=0 bonding and-N-H
168  group, respectively. Nevertheless, after calcination, the CZT precursor condition is sufficient
169  to prevent oxidation in the CZT film precursor due to oxidation in the ligand. This result was
170  consistent with TGA-DSC data, which shows dihydroxylation and decomposition partially in
171 the CZT precursor thin film. On the other hand, Figure 2(c) reveals Raman spectra for the
|’ CZT film before the annealing process, exhibiting specificity forthe Cu, Zn; and Sn salts in
173 the MEA. However, after annealing, Raman spectra completely changed that exhibits D and
174 G peaks at 1350 cm™ and 1585 cm™', respectively. Clearly, almost every organic compound
175  has decomposed into carbon that majority as graphite compound showing a specific pattern

- 1@ for the CU; Zn;, and Sn salts in'the MEA.
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- 1@ Thethermal properties ofthe ' CZT precursor were studied by thermal gravimetry = differential

178

179

180

181

scanning calorimetry (TG-DSC); results are shown in Figure 3(a). When the temperature
exceeded 200 °C, the T.G. graphic shows a significant decrease up to 400 °C. This
phenomenon indicates further decomposition of organic residues and the rest of the organic

compounds. From its derivative weight could be seen the decomposition by a high derivative

,!1@ of weight from 200 °C to'500 °C: On the other hand; the ' DSC curve also clearly seen the

183

184

185

186
187
188
189

decomposition phenomenon showing a significant decreasing trend or endothermic trend
from 400 to 600 °C.
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Figure 3. (a) TGA-DSC graphic of CZT precursor at 27 °C — 500 °C. (b) XRD pattern of CZT
precursors at elevated selenization temperatures under Ar (95%) + Hz2 (5%) for 120 min. (c)
Raman spectrum of CZTSe thin film. Inset shows the expanded view of Raman shift for 100
to 300 cm™.
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190

191 However, from 300 to 350 °C, it shows a slight exothermic peak which corresponds to binary
192  alloy formation such as CuZn and CuSn. The partial decomposition phenomenon of the CZT
193  precursor also is confirmed by FTIR characterization in Figure 2(b), indicating the thin film
194  was shrinking due to releasing some organic residues. Figure 3(a) shows the TGA-DSC
,!1@ graphic of the CZT precursor for the'temperature ranging from 27 °Ct6"500°C under
196 ambient atmosphere. The XRD pattern of CZT precursors at elevated selenization
197  temperature is shown in Figure 3(b). In the selenization process at 250 °C, the CZT precursor
198  was reacted with selenium, which already evaporated in small amounts to form SnSe, which
199 marked as a peak at 20 = 31.37° and also probably there was CuSe which marked on a small
200 peakat 26 =25.63°. Besides, CuSe and SnSe, at this condition, also form CuxZny and CuxSny
201  binary alloy due to still dominant compounds at this moment. At 350 °C, not only binary and
202  ternary compounds occurred, but there are also quaternary compounds. Binary compounds
203  that occurred are CuSe, Cuz-Sex, SnSe. Besides, there is a formation of ternary and
204  quaternary compounds CuSnSes and Cu2ZnSnSeys, respectively. At 450 °C and 550 °C, there
205 are five peaks at 206 = 17.35°, 27.13°, 36.11°, 45.09°, and 53.45° which can be indexed to
206 (101), (112), (211), (204/220), and (312/116) respectively. These peaks are probably belong
207  to Cu2SnSes (ICDD: 01-089-1879) or Cu2ZnSnSes peaks (ICDD: 00-052-0868). In XRD, the
.!7° lﬁ@ulty lies in the presence of la secondary phase such as Cu2SnSes (CTS), which has the
209  same underlying zinc-blende structure (when neglecting the difference between cations) as
210  Kkesterite or stannite phases of CZTSe. All of these reactions were described in Figure 3(b).
211 The CZT precursor's reactions involved several reactions that could be divided into primary,
212 binary, ternary, and quaternary reactions. The primary reaction occurs between Se and Hz,
213 Cu, Zn, and Sn, producing binary compounds, such as H2Se, CuxSe, ZnSe, and SnSe. The

214  binary reaction happens because some binary compounds, such as CuxSe, ZnSe, SnSe,
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215 CuZn, and CuSn, react with H2Se form a Cu2SnSes (CTS) as a ternary compound. The
216 ternary compound (CTS) reacts with ZnSe, which leads to the quaternary reaction. All these

217  reactions are provided in the following.

218  Primary reactions:

Se (g) + Hz (g) — HzSe (g) ()
Cu (s) + H2Se (g) — CuxSe (s) + Hz2 (g) (6)
Zn (s) + H2Se (g) — ZnSe (s) + H2 (9) (7)
Sn (s) + H2Se (g) — SnSe (s) + Hz (g) (8)
C(s)+Hz(g) — CHx(g) 9)

219

220  Binary reaction:

CO (s) + H2(g) — CHx (g) + H20 (g) (10)
CuZn (s) + H2Se (g) — CuxSe (s) + ZnSe (s) + Hz (g) (11)
CuSn (s) + H2Se (g) — CuxSe (s) + SnSe (s) + Hz (g) (12)

221

222  Tertiary reactions:

CuSe (s) + CuSn (s) + 2 HzSe (g) — Cu2SnSes (s) + 2 Hz (g) (13)
CuzSe (s) + SnSe (s) + H2Se (g) — Cu2SnSes (s) + Hz (g) (14)
CuSn (s) + H2Se (g) — Cu2SnSes (s) + Hz (g) (15)

223

224  Quaternary reaction:

Cuz2SnSes (s) + ZnSe (s) — Cu2ZnSnSex (s) (16)

225
226 The Raman spectra confirm the CZTSe thin films' formation, while selenization temperature

227  altered from 250 °C to 550 °C, leading to the existence of carbon in the film. Initially, no peak
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was observed in the case of CZT precursor; however, at 250 °C, a peak has appeared at 258
cm-!, which belongs to the CuSe or Cu2Se compound and products of a reaction between
copper in the CZT precursor and selenium in the atmosphere at 250 °C and 350 °C,
respectively. The CZTSe peak started to occur at 198 cm™' with 450 °C while Raman spectra
also exhibit organic residue in carbon compounds as amorphous carbon. It resulted in a
spectrum with a slope and marked as a specific peaks pattern named D and G peaks at 1350
cm™ and 1585 cm, respectively. Exhibited Raman spectra (D and G peaks) disappeared
gradually with the elevated temperature. Finally, at 550 °C, Raman spectra reveal specific
peaks for CZTSe at 174 cm™, 198 cm', and 234 cm™! without showing D and G peaks, as
shown in Figure 3(c). Raman spectra for CZTSe confirmation peaks and carbon residue are

shown in Figure 81 and Figure S2, respectively, in the Supporting Information.

Figure 4. SEM images of (a) CZT precursor, (b) CZT precursor while selenization at 250 °C,
(c) 350 °C, (d) 450 °C, and (e) 550 °C and (f) it's cross=section, under Ar (95%) + H2 (5%)
atmosphere for 120 min.

The surface and cross-sectional morphologies of the CZT precursor film are shown in Figure

4, exhibiting a small grain. At 250 °C, the hexagonal shape indicates the presence of copper
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246  selenium (Cuz2-Sex) compound and the formation of a small amount of SnSe. In the case of
247 350 °C selenization, selenium binary compounds, such as CuSe, ZnSe, and SnSe, are
248  observed, which show hexagonal, tetragonal, and thread-like shape, respectively, as shown
249  in Figure 4(c). SEM images are also consistent with the previously studied XRD pattern and
250 Raman spectrum. Although, 450 °C case offers a small grain size of CZTSe; nevertheless,
251  grain size is greatly increased at the elevated temperature (550 °C), forming the CZTSe film
252 with high crystallinity. At 550 °C, CZTSe has a granular and compact shape with a thickness
253  of approximately 1300 nm. This result is also consistent with the Raman spectrum result for

254  elevated selenization temperature at 450 °C and 550 °C.

P The chemical composition of CZTSe films was determined by the energy-dispersive x-ray
256  spectroscopy (EDX) with'different selenization temperatures. At elevated temperatures, the
257  amount of selenium increased due to the compound containing selenium, starting from
258  primary, binary, tertiary, and finally, a quaternary compound. In addition to that, some
259  elements (e.g., Sn) may be evaporated during the selenization process, which leads to a
260 change in the film's chemical composition. Figure S3 and Table S1 in the Supporting
261 Information present the changing of chemical composition while varying the selenization
262 temperatures. The determination of chemical composition uses a comparison of each
263 element's intensity in the sample; for example, if the selenium amount in the sample
264 increases, the other components should be decreased. Hence, the chemical composition
265 ratio was taken under consideration in the current study. We used the component ratio
266  (Cu/(Zn+Sn), Zn/Sn, and Se/metal) approach to describe chemical composition in the thin
267  film. This information helps to know the change for tin and selenium in the film. Thus, Cu/Zn
268 and Cu/Sn ratio should be calculated to describe the change in Cu and Zn during the
269  selenization process.

270
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271 3.1.2. Optoelectronic Properties of CZTSe Thin-film

.’ The UV-vis measurements allow determining the transmittance and absorption ©f the
;> fabricated CZTSe thin=film, which further allows calculating essential optical parameters,
274  suchas complex refractive index, absorption coefficient, extinction coefficient, and bandgap
275  of the prepared film. Figure 5(a) demonstrates the wavelength-dependent transmittance for
276  different selenization temperatures, where it is clearly understood that the fabricated CZTSe
277  thin-film has a high transmission (~80%) for the longer wavelength (>900 nm) while exhibiting
-’ high absorbance (almost no transmission) from visible to the near-infrared regions, as shown
279  in Figure S4. An Image of CZT precursor before and after selenization process is provided
" in Figure S5'in the Supporting Information: Such optical phenomena are infrequent in the
281  case of CZTSe film, which confirms the effective film deposition and prospects for making

282  CZTSe solar cells with high efficiency.

(@) 400
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g 60| ——550°C

5 40
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284  Figure 5. (a) Transmittance and (b) Tauc plot for determining the direct optical band gap of
285  CZTSe film. The film was annealed at 250 °C to 550 °C for 120 minutes under Ar (95%) + H2
286  (95%) atmosphere.

287

288  Figure 5(b) shows the Tauc plot for determining bandgaps while varying the film's salinization

.!7@ temperature. The bandgap of the fabricated CZTSe film is calculated to 1.267€V, 1.27 €V,
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290 [:28eV, and 1:29 eV for salinization temperature of 250 °C, 350 °C, 450 °C, and 550 °C,
291  respectively. The realized band gaps are very suitable for the realization of efficient CZTSe
292 solar cells. The electrical properties, such as carrier concentration, carrier mobility,
293  conductivity, and resistivity, of the deposited CZTSe thin-film were determined using the Hall
P measurement. It has been found that the electrical properties are mostly influenced by the

295 organic and inorganic phases of the film.

296 Table 2. Electrical properties of CZT precursor at elevated selenization temperature under Ar
297 (95%) + H2 (5%) for 120 min.

298
Temp (°C) Carrier Concentration (cm3) |Mobility (cm?/Vs) | Resistivity (Q-cm)
250 1.72 x 10" 1.28 x 106 2.55 x 101
350 5.70 x 10"° 4.30 x 10° 3.25 x 100
450 8.26 x 10" 1.05 x 10° 3.40 x 102
550 1.75 x 10"8 3.20 x 100 6.48 x 1072
299

300 In the case of 250 °C, the thin film is dominated by organic residues and still, having a low
301  content of metal selenide compounds. CZTSe has both low carrier concentration and mobility;
302  and exhibits a high resistivity due to carbon residue that acts as an insulator. Furthermore, at
303 elevated temperature, both carrier concentration and mobility gradually increased; yet,
304 resistivity gradually decreased because, at 350 to 450 °C, binary and ternary compounds
305 start to form, whereas carbon residue slowly disappeared. Finally, at 550 °C, CZTSe has
306  been wholly developed without showing any secondary and ternary phases. Measured carrier
307 concentration, mobility, and resistivity of CZTSe at elevated temperature are shown in Table

308 2.

309 3.2. Examining Optoelectrical properties of CZTSe thin film by device modelling
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The investigated CZTSe thin-film exhibits excellent optoelectronic properties, which is
very much suitable for realizing efficient solar cells. The experimental findings from
fabricated CZTSe thin-film are comparable to the literature's best results [33,34]. In
this part of the study, we have designed and modelled a CZTSe solar cell based on
the experimental properties of this study. Later, we have investigated the photovoltaic
properties of proposed CZTSe solar cell and compared with the reported literatures.
In the first step, we utilized the Solar Cell Capacitance Simulator (SCAPS-1D) to study
the planar CZTSe solar cell [36, 37]. SCAPS characterizes the solar cell performance
parameters in one dimension; however, as we deal with only the planar structure, the
solver is able to provide reasonable estimation while considering possible

assumptions.

Incident Light

(a) (b)
~— 40
Ng %Decrease in Jgg
o T
£ '
—— <5 [
‘@ 20
5 —o—250 °C
r ——350°C —-==}-1»
& 101 ——450°C Increase in Vg
s ——550 °C
© 0
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 5. (a) Schematic diagram of the studied CZTSe solar cell. (b) A comparison of CZTSe
solar cells' J-V characteristics for different selenization temperatures while preparing the
CZTSe thin films.

The simulation offers current-voltage (JV) characteristics of solar cells, and later, photovoltaic

performance parameters can be extracted. More details of the SCAPS-1D electrical

simulation method are provided in Section S1 of the Supporting Information. In this method,
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experimentally realized electronic parameter values were used as inputs. Figure 6(a) depicts
the schematic diagram of the investigated CZTSe solar cell, where the simulation's input
material properties are given in Tables 3, 4, and 5. A substrate type configuration was
considered for designing the solar cell. The CZTSe absorber is placed on top of the thick Mo

coated glass substrate, followed by 100 nm CdS and 80 nm ZnO layers, where the incident

light hits the ZnO layer first, then propagates to the bulk of the device.
Table 3. Material Properties Used for simulations.
Parameters ZnO [39] CZTSe [38,41] CdS [40]
Thickness 80 1500 100
(nm)
Eq (eV) 3.3 Experiment (1.26~1.29 eV) 24
X (eV) 4.4 4.55-4.49 4.2
&r 9 9.4 10
Nc (cm™) 2.5 x10"® 2.2 x10"8 2.2x10"%
Nv (cm™) 2.0 x10"° 1.5 x10"° 1.8 x 10"
Me (cm?/Vs) 100 100 100
Un (cm?/Vs) 25 12.5 25
Np (cm™) 1.0 x 108 - 1.5 x 10"
Na (cm™) - Experiment -
Table 4: Device parameters used in the simulation.
Simulated Cell Properties
Cell temperature 300K
Series resistance Rs 4.25 Qcm?
Shunt Resistance Rsh 370 Qcm?
Table 5. Contact material properties used in the simulation.
Contact Material Properties
Property Front contact Back contact
Surface recombination velocity 107 cm/s 10° cm/s 10° cm/s
of electron
Surface recombination velocity 10% cm/s 107 cm/s 107 cm/s
of hole
Metal work function Flat band Flat band Mo (5 eV)
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,_.2@ As shown'in"Figure 5(b), simulated U=V curves reveal that Jsc of the solar cell gradually
341  decreases with the increase in temperature. In contrast, the Voc of the solar cell has

._.1@ increased. |tis evident that the annealing temperature of the CZTSe film preparation has not
343  only to influence the film properties but also effects the optoelectronic properties of CZTSe
344  solar cells. We revealed that Voc has increased due to two factors: change in bandgap and
345 change in carrier concentration. In this experiment, bandgap of CZTSe has increased with
346  the annealing temperature which attributed to increase in Voc and decrease in Jsc. Again,
347  Voc has a significant relation with carrier concertation which is expressed in equation 17:

348 Voo = %ln [(N“n#] (17)
l

349
350 where kT/q is the thermal voltage, Na is the doner concentration, An is the excess carrier

351  concentration and niis the intrinsic carrier concentration. It determines that Voc increases
352  with the increase of donor concentration while other factors are constant. In our experiment
353  we observed that CZTSe carrier concentration has increased with the increase of annealing
354  temperature, that also contributed to increase of Voc of the device. The Jsc and Voc varied
355 from 36.5 to 31.5 mA/cm? and 0.42 to 0.95 V, while ranging the CZTSe film's annealed
356  temperature from 250 to 550°C, respectively. Hence, an optimization is required to maintain
357 the trade-off between photovoltaic parameters. The temperature-dependent Jscs and Vocs
358  of simulated CZTSe solar cells are demonstrated in Figure S6, along with the bandgaps of

.!1@ annealed CZTSe thin-films. It has been discovered that the CZTSe film has to be annealed
360  at approximately 360°C to achieve the optimum point. Voc and Jsc are around 0.75 V and
361  34.8 mA/cm?, respectively, at the optimum point, which has a fill-factor (FF) of ~82%. The
362 CZTSe bandgap of the optimized solar cell is nearly 1.27 eV (Figure S6), theoretically, which
363  can absorb photons up to ~980 nm incident wavelength. Therefore, an estimated PCE of the
364  optimized CZTSe solar cell can go up to 21.4%.

365 However, 1D numerical simulations are mostly limited to provide a complete understanding
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366  of underlying device optics. The optics of solar cell has a great influence on the solar cell’s
367 efficiency. To determine the realistic photovoltaic performance, it is essential to investigate
368  the optical wave phenomena within a solar cell structure in three dimensions (3D) [42,43].
369 Hence, as a second step, 3D finite-difference time-domain (FDTD) optical simulations were
370  carried out to study solar cells' electromagnetic wave propagation and optical characteristics
371 [27]. The optimized device structure was considered for the optical simulation, where complex
372  refractive indices derived from the optical investigation of materials were used as input
._.10 parameters. The optical wave propagation for the device was modeled from 300 to 1000 nm
374  wavelength close to the fabricated CZTSe absorber bandgap (~1.27 eV). The incident plane
375 wave is circularly polarized, which has an amplitude of 1 V/m. The FDTD simulation results
376 in electromagnetic field distribution within the solar cell, further enabling the calculation of
377  power density, quantum efficiency (QE), and Jsc of the solar cell [28]. A detailed discussion
378 on power density, QE, and Jsc calculation is provided in the Supporting Information (Section

379  S2). Furthermore, the maximum value of the collection efficiency is expected to be unity.
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381  Figure 7: Simulated (a) QE and integrated Jsc, (b) absorption and reflection of the CZTSe
382 solar cell. A cross-sectional power density maps of the investigated solar cell under

383  monochromatic illumination of (c) 400 nm, (d) 650 nm, (e) 820 nm, and (f) 980 nm,
384  respectively.

385

386  Figure 7(a) shows the calculated QE and corresponding integrated Jsc of the investigated
387 CZTSe solar cell. The QE reveals a larger variation throughout the whole spectrum, and
388  photons are absorbed up to 1000 nm, which nicely matches the theoretical estimation from
389 the realized CZTSe bandgap. However, the Jsc of the solar cell is calculated to 30 mA/cm?,
390  which is almost 5 mA/cm? lower than the estimated Jsc from the 1D simulation; nevertheless,
391  such a discrepancy is acceptable for the study as the optical simulation considers a 3D

392  environment. As compared to the shorter wavelengths, QE in the longer wavelengths exhibits
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393  a higher number of interference fringes, which is due to several forward and backward wave
394  propagations in the more extended wavelength region. The optical phenomena can be further
395 confirmed by the simulated power density profiles for incident wavelengths of 400 nm, 650
396 nm, 820 nm, and 980 nm are shown in Figure 7(c-f). The CZTSe has a higher absorption
397  coefficient at the shorter wavelengths; hence, photon absorptions are much higher in the
398 shorter wavelength region. However, for the shorter wavelength (<400 nm), as shown in
399  Figure 7(d), most incident photons are either absorbed by the contact to buffer layers or CdS/
400 CZTSe interface, where photons travel to a few hundred nanometers of the CZTSe layer.
401 With increasing the wavelength (650 nm), the absorption in the absorber layer is also
402  increased shown in Figure 7(e). However, a further increase in wavelengths (Figure 7(e))
403 lead to limit the QE due to several constructive and destructive interferences. At 980 nm,
404  photon absorption in the device is almost zero, which is due to the material properties the
405  deposited CZTSe film, close to the bandgap; nonetheless, a fraction of photons is considered
406  as a loss that is due to the plasmonic effects at the metal/semiconductor interface, as shown
407  in Figure 7(f). The investigated solar cell's electrical field distribution profiles are provided in
408 Figure S7 in the Supporting Information, which can further validate the optical wave
409  propagation in the device. The investigated solar cell pronounces higher reflections due to
410 the planar front surface that restricts the total photon absorption in a solar cell and does not
- 19 contribute to the QE, JSC, and PCE, as shown in Figure 7(b). By texturing the surface or
412  solar cell's interfaces, photon absorptions can be improved; however, this is not a scope of
413 this current study. We limited our study to study the optoelectronic characteristics of a basic
414  CZTSe solar cell to realize our fabricated thin-film's potential as an absorber. The CZTSe
415  solar cell's realistic PCE can be estimated to ~18.5%, which can exhibit a Jsc of 30 mA/cm?,

416  Voc of 0.75 V, and FF of 82%.

417
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418  Table 6: Comparison of photovoltaic performance of CZTSe solar cells.

Cell Voc Jsc FF PCE Year Ref.
Structure (V) (mAcm?) (%) (%)
CZTSe/CdS 0.513 35.2 69.8 12.6 2014 [42]
CZTSe/CdS 0.41 37.27 73.79 11.43 2019 [43]
CZTSe/CdS 0.38 35.36 59.9 8.2 2016 [44]
CZTSe/CdS 0.75 30 82 18.5 2021 This Study

419

420  To provide further context, we compared our investigated CZTSe solar performance with
421 recently published best CZTSe solar cells, which are listed in Table 6. Our findings reveal that
422  the proposed CZTSe solar cell can outperform so far all characterized similar CZTSe solar
423 cell performance and push forward to realize highly efficient CZTSe based photovoltaic

424  devices.

425 4, Conclusions

426 In this study, Cu2ZnSnSes4 (CZTSe) thin-flm has been prepared by a two-step reaction
427  method from the CZT precursor, deposited from the metal-ethanolamine complex compound
428  without hydrazine addition selenization. The deposited film's structural and optoelectronic
429  properties were studied via necessary material characterization that confirmed the CZTSe
430 film's high-quality, utilizing it as a photovoltaic absorber. It is found that the annealing
431  temperature of the CZTSe film deposition has a great influence on its material properties.
432 Organic impurities were disappeared gradually due to the effect of elevated temperature and
433  atmospheric effect. It is noticed that the composition was changed at elevated selenization
434 temperatures. However, organic impurities from organic residue were disappeared gradually
435 under 450 °C. An increase in selenization temperature leads to an increase in the bandgap

436  of the film. To confirm the potential of deposited CZTSe film, optical and electronic
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437  characteristics of CZTSe-based solar cells were studied by electromagnetic numerical
438  simulations. The SCAPS simulation tool investigated the J-V characteristics, where optics
439 was examined by finite-difference time-domain (FDTD) optical simulations in 3D. The
440  optimized bandgap of the CZTSe film is 1.27 eV, which allows realizing estimated PCE to
441 18.5% with a Jsc of 30 mA/cm?, Voc of 0.75 V, and FF of 82%. The proposed CZTSe solar
442  cell can outperform all similar characterized best solar cells and provide a major breakthrough
443  in CZTSe solar cells with high photovoltaic performance. A detailed investigation of the
444  CZTSe film preparation and its application to photovoltaic technology is systematically

445  discussed in the manuscript.
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