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Abstract

The CuzZnSnSes (CZ’TS&)% films were successfully grown by a non-hydrazine, non-pyridine, low-
cost, and friendly environmentally solution process from CZT (Cu, Zn, and Sn) film precursor and
continued with selenization. The h'l' film precursor was prepared from the deposition of the CZT
solution precursor on sodalime glass (SLG) that made g:n metal salts (Cu®, Zn®", and Sn") in
monoethanolamine (MEA) and ethanol mixture solvent then followed by annealing 9200 °C for 15
minutes under ambient atmosphere. Furthermore, selenium was added to the CZT film precursor by
selenization under Ar (95%) + Hz (5%) atmosphere at 550°C for 120 minutes. The growth and reaction
mechanism, including metals and carbon contain from precursors and solvents residue, also explained.

The result shows the CZTSe thin film was completely formed with high crystallinity, no carbon residue,
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and has suitable optoelectrical properties as absorber layer in solar cells. Finally, simulation study
endorses that material properties of as grown CZTSe film can provide a major breakthrough for

kesterite m film solar cell and can exhibit the efficiency upto 23.88%.

Keywords: CZTSe, monoethanolamine, non-hydrazine, CZT film precursor, CZT solution precursor,

spin coating, selenization.

Introduction

The kesterite solar cells such as %nSn&t (CZTS), CuzZnSnSes (CZTSe), and CuzZnSn(S,Se)4 are
the most promising absorber materials for solar cell applications today due to earth-abundant and low-
cost fabrication. MNewadays—The best power efficiency solar cell for kesterite film such as
CuZnSaS-CZTS thin films could reach 11.01 % by evaporation [1], whereas @;iﬁ&ﬁﬁ}e.rCZTSe

and CuzZnSn(S,Se)s by hydrazine addition had an efficiency of 10.54 % and 12.6 % respectively [2,3].

&fSe solar cells can be made using thermal evaporation, sputtering, electrodeposition, and solution
technique [4-10]. However, the CZTSe solar cell's prominent efficiency was made by a solution
technique using hydrazine as a solvent [3]. Hydrazine is a non-carbon organic compound that can act
as a solvent for many organic or inorganic compounds. Because of its unique property, hydrazine is a
prominent solvent to synthesized selenium-based kesterite such as CZTSe due to it makes a high grain
and uniformity of layer properties and low wastage of raw materials [11,12]. Moreover, hydrazine also
has an important role as a catalyst and reducing agent, which can accelerate the synthesis of CZTSe,
and it may lead to CZTSe thin film has a high performance [13,14]. However, deposition using a
hydrazine solvent also has some disadvantaﬁs, such as flaimmable, corrosive, acutely toxic,

carcinogenic, and environmentally hazardous. Hydrazine is a very unstable compound that requires
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rigorous safety protocols. The vapor of pure hydrazine may explode if ignited and incompatible with
several materials, including many plastics and metals [15-17]. All of these disadvantages are in contrast

with environmentally-friendly and difficult to make a large scale of production.

Not many alternative solution techniques to synthesis CZTSe non-hydrazine have been developed.
Alsonot many papers perform the fabrication of CZTSe by selenourea, sodium selenite, and selenium
dioxide [18-20]. Nevertheless-Heswewver, the reagents mentioned above are a lot of disad vantages. The
reagent selenourea can be dissolved in the-water, but it is almost twenty times more expensive than
sodium selenite or selenium in pellet form. On the other hand, sodium selenite is cheaper than
selenourea, but it cannot easily make some reactions with Cu™, Zn™", and Sn*" due to selenium in
sodium selenite has selenium as 4+ charge. Obviously, it cannot make any reaction with Cu®", Zn’",
and Sn* ions unless a strong reducing agent such as pyridine added into the solution that can change
Set to Se?. Pyridine is suitable for this solution technique because non or less carbon content, non-
metal content and can mix with Cu, Zn, and Sn [21-23]. However, not an easy task handing pyridine
due-to-pyridineas itis a-toxic, flammable, irritant and carcinogenic agent [24-26].

Thus,mﬂs work we introduce a new non-hydrazine, low-cost and environmentally friendly solution
technique to synthesized CZTSe thin films. This technique sists of two steps. The first step is
making a CZT film precursor by depositing and annealing a solution that contains Cu®", Zn*", and Sn**
on the sodalime glass (SLG). And the second step was reacting to the CZT film precursor with selenium
pellets by selenization process to obtain CZTSe thin film. The CZT s0lution was made by dissolving
Cu, Zn, and Sn salts in monoethanolamine (MEA) and ethanol. Afterwards, Fourier transform infrared
(FTIR) and Raman characterization confirms- And the C£TSe-thin-films-confirmed by Raman speectra:
A complete reaction mechanism was investigated in this work MCluding the chemical composition.
Also, the and optoelectrical properties of(‘ZTSem film as an absorber layer in CZTSe solar cells is

studied.

Experimental Details
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Soda-lime glass (SLG) preparation

79 @a—lime glass (SLG) was cleaned by an ultrasonic water bath in acetone, ethanol, and deionized
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water for 20 minutes, respectively.
CZT{@ZH, Sn) film precursor

The CZT (Cu, Zn, and Sn) nm precursor was made from annealed of CZT solution precursor that
prepared from Cu®”, Zn*", and Sn*" metal salts such as copper (II) 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 also purchased from Sigma
Aldrich with the concentration of Cu, Zn and Sn elements were 0.0750 M, 0.0500 M, nd 0.0500 M,
respectively. After each metal salts were completely dissolved in monoethanolamine (MEA), all those
solutions were mixed until the solution's color was a dark blue solution. And then, ethanol was added
until the solution's volume was 100 mL and stirred until homogeneous. Moreover, the CZT precursor
solution was deposited using spin coating at 2000 rpm for 15 seconds on gcm * 2.5 cm soda-lime
glass (SLG) and then Qnealed under an ambient atmosphere at 200 °C for 10 minutes in the tubular

heater until black-brownish film color obtained.
Growth of CZTSe thin film

The CZTSe thin films obtained by adding selenium into the CZT precursor through selenization under
Ar(95%) and H; (5% ) mix gases at 550 °C for 120 minutes with 10 scem of flow rate.ﬁer selenization,

the sample was cooled to room temperature under natural conditions.
Characterization of CZTSe thin films

The microstructural and cross-section analysis of films was-were determined under the scanning
electron microscope (SEM) by Hitachi (S 4800, Japan), with an operating voltage of 15 kV. While
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
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emission current of 15 kV, 15 mm, and 10 pA, respectively. The crystallinity and structural analysis
performed under x-ray diffractometer (XRD) By Rigaku (DMAX 2500, Japan) with fixed angle 26,
and A= 1.5405 A. The measurement conditions were performed at 40 kV, 100 mA, scan speed 26 with
diffraction angle 28 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
1|4u - 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) and supported with Fourier

trans form infra-red (FTIR) data Dy Perkin Elmer (C86199, USA).
Results and Discussion

In this work, gTSe thin film was made by a two-step reaction. The first step is makingn‘ZT solution
precursor from Cu®*, Zn™", and Sn** metal salts using monoethanolamine (MEA ) and ethanol as mixed
solvents. At this point,_monoethanolamine acts as a chelating / complexant [27] and_making
coordination compound with Ci?", Zn?", and Sn*" metal salts. The complex compounds were%cated
by the dark blue color ofthe solution representing the copper-monoethanolamine complex compound,

while zinc and tin-moneethanolamine complex compounds showed a transparent solution, respectively.

However, since monoethanolamine has a high surface tension, it makes monoethanolamine difficult to
evaporate and attached to the substrate. Thus, to reduce monoethanolamine's surface tension and
increase its wet ability, the metal salts-monocthanolamine complex compounds were mixed with
ethanol until the ratio 30:70 between metal salts-monoethanolamine and ethanol, respectively. This
solution named as the CZT precursor and it is a stable solution beeause-of-as the metal salts-
monoethanolamine coordination compound has been formed. Its coordination compound bonding had
stronger bonding than metal-hydroxyl in ethanol and makes the mixture remain stable. This

coordination mechanism is visualized in figure 1.
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Figure 1. Metal-monoethanolamine complex compound structure.

E£FSe-thin-film-Adl-of these steps—were-deseribed coneisely-in-fisure-2-Meanwhile, the chemical

composition of CZT solution was made as Cu/(Zn+Sn) ratio and Zn/Sn ratio as (.75 and 1.00,
respectively. This condition is eaHed-known as a-copper-poor zine-rich condition. and-this-condition-It
was intentionally made—sad as i-this is the optimum condition to sissine—obtain CZTSe thin film
containing copper poor zinc-rich at the final process.-At-this-peint The CZTSe thin film grown in this
way can give-a-exhibit good performance as an absorber layer leading to snd-makes-its-efficient solar
cells have a-better performance [28-30].
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137
138 Figure 2. Schematic diagram of synthesizing CZTSe thin film from CZT precursor.

139 The CZT solution precursor deposition and annealing followed by selenization gobtain CZTSe thin
140 film were described concisely in figure 2. At first Mereover, the CZT solution precursor was deposited
141 on SLG by spin coater rpm for 15 seconds aad-followed by an annealing at 200 °C for 15 minutes.
142 At -1 s step, metal-ethanolamine complex compounds were slightly to decompose. During
143 decomposition, germetallic atoms make a binary alloy, whereas organic compounds such as acetate,
144  ethanol, and ethanolamine decompose partially into organic residues such as C or C.O. as amorphous
145 substances which sited along with Cu and intermetallic binary alloy. The reaction of Cu, Zn, and

146 Sn in the metal salts with MEA until annealing process are:

147 M* (ag) + MEA (1) — M[MEA]x (ag) (1
148 M[MEA]x (aq) — M (s) + Organic residue (s) ()
149 Cu (s} + Zn(s) — CuxZny (s) i3
150 Cu (s) + Sn (5) — Cu,Sn, (s) 4)

151 Wwhere, M = Cu, Zn and Sn.

152 After annealing, the CZT precursor film showing two peaks in the XRD pattern as shown in Figure 3,
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which were indexed as 111 and 200. Both peaks are probably exhibited in copper, and intermetallic
binary alloy peaks such as CuxZny and CuxSny which are surrounded by organic amorphous residue as
amerphous, shown as a broad 20 peak below 35°. Both ef intermetallic compounds are Essible to form
below 200°C according to Cu, Zn, and Sn ternary phase diagram. However, there was no evidence for
the Zn,Sny compound or even metal oxide from the metal-monoethano lamine complex compound due
to the preferential reaction between zine and tin with copper. This initial chemical composition of the
CZT precursor also has a similar result with research conducted by Wibowo et al. foré:Zn—Sn alloy
as a precursor for CZTSe thin film [31]. In this work, we made the chemical composition Cu, Zn, and
Sn of 45 %, 30 %, and 25 %, respectively with Cu/(Zn+Sn) ratio 0.82. This XRD pattern shows

1
matching With the Cu-Zn-Sn ternary phase diagram in Figure 3.

Intensity (a.u.)

Figure 3. XRD pattern of CZT precursor after annealing at certain cOmposition in the Cu-Zn-Sn
ternary phase diagram.

Besides inorganic compounds, this work also in\fol\fesgganic compounds such as acetate from metal
salts, ethanol, and MEA as solvents that can leave organic residue in the film as carbon or graphite.
Thus, this organic residue could be traced by FTIR and Raman as well. The FT]RgecIrum ofthe CZT
precursor before drying shows the spectrum in Figure 4. There were peaks at 1365 cm™" and 1469 en’

1

! are shown a CH: and CHs group peaks in the ethanol, respectively. However, besides showing a peak
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for the CH; group in the ethanol, peak at 1469 cm” also showing the CHa group in the ethanolamine.
road peak at 3353 cm' shows a peak for hydroxyl influenced by hydrogen bonding from the solvent.
The peaks at 3287 cm ', 1078 em™, and 1032 cm, and peak at 1592 cm'' belonging to N-H peaks
However, this peak is a specific indication fos-0T the aliphatic amine group. The exhibited peaks at
2932 cnr! and 2869 cm! werean-exhibit-confirms the for-hydrocarbon (C-H) bonding. Overall, the
spectrum of CZT precursors in the solution phase was dominated by the ethanolamine spectrum due
to ethanol had a similarity molecule with ethanolamine. Therefore, gla.nol peaks were covered by
ethanolamine peaks. After annealing, the CZT precursor shows a different spectrum from The CZT
precursor in the solution phase, which could be shifted, decreased the intensity, or even disappeared.
These conditions are evidence that rganic compounds in the CZT precursor were decomposed
partially. However, because of monoethanolamine has niine and hydroxyl as active sites, both sites
could react and make some compounds during calcination that can be identified as the broad peak at
3422 em" which exhibit forpydroxyl site (-OH) from ester without hydrogen bonding between ligand
and solvent, peak at 2215 cnr! was specifically represent of nitrile group, peaks at 2932 and 2869 cm’
! were representing of C-H bonding that still existing even after annealing. Furthermore, shoulder
peaks at 1700 cm™ and 1627 em™' were representing of C=0 bonding and-atse N-H group, respectively.
Nevertheless, after calcination, the CZT precursor condition is gﬁciem to prevent oxidation in the
CZT film precursor due to oxidation in the ligand. This result was consistent with TGA-DSC data,
which shows dihydroxylation and decomposition partially in the CZT precursor thin film. 51 he other
hand, in the figure 4b, shows Raman spectra before annealing, that exhibits specific @the Cu, Zn,
and Sn salts in the monoethanolamine. However, after annealing Raman spectra completely changed
that exhibits D and G peaks at 1350 cm™ and 1585 cm'!, respectively. It is clearly shown that almost
every organic compound has decomposed into carbon that majority as graphite compound showing a
specific paﬂemghe Cu, Zn, and Sn salts in the monoethanolamine. However, after annealing Raman

spectra completely changed that exhibits D and G peaks at 1350 cm™' and 1585 cm’', respectively. It
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is clearly shown that almost every organic compound has decomposed into carbon that majority as
graphite compound. Figure 4 shows Fourier transform infra-red (g]R) and Raman spectroscopy of

the CZT precursor before and after annealing.
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Figure 4. Fourier transform infrared (FTIR) spectrum (a) and Raman spectroscopy (b) of ET
precursor before and after annealing

Moreover, @ thermal properties of the CZT precursor were studied by thermal gravimetry —
differential scanning calorimetry (TG-DSC), as shown in Figure 5. When the temperature exceeded
200°C, the T.G. graphic shows a significant decrease until around 400 °C. This phenomenon indicates
further decomposition of organic residues and #he rest of the organic compounds. From its derivative
weight could be seen the decomposition by a high derivative of weight from 200 °C to 500 °C. On the
other hand, the DSC curve also clearly seen the decomposition phenomenon showing a significant
decreasing trend or endothermic trend from 400 °C to 600 °C. However, at 300 °C to 350 °C, it shows
a slight exothermic peak due-to-which corresponds to binary alloy formation such as CuZn and CuSn.
The partial decomposition phenomenon of the CZT precursor also could be confirmed by Fourier
transform-infra-red FTIR characterization in the Figure 4a. This spectrum indicates that the thin film
was shrinking due to releasing some organics residues. Figure 5 shows TGA-DSC graphic of CZT

precursor at 27 °C — 500 °C under ambience atmosphere.
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Figure 5. TGA-DSC graphic of CZT precursor at 27 °C - 500°C.

i XRD pattern of CZT precursors at elevated selenization temperature is shown in Figure 6.
Eurthermore—In the selenization process at 250 °C, the CZT precursor was reacted with selenium,
which already evaporated in small amounts to form SnSe, which marked as a peak at 20 = 31.37° and
also probably there was CuSe which marked on small peak at 20 = 25.63°. Besides, CuSe and SnSe,
at this condition, also there is a formation of eceur-CuZny and CuSny binary alloy due to still
min:mt compounds at this moment. At elevated 35350 °C, not only binary and ternary compounds

were occurred, but also prebably-there is occurrence of quaternary compounds. Binary compounds

that occured are CuSe, Cus-Se,, SnSe. and-Cu; Snfor-aternar v—eompeound—In addition there 1s a
formation of ternary and quaternary compound CuSnSe; and for-a—quaternary—compound—is
CuzZnSnSes, req}ecli\fel}r.g 450 °C and 550 °C, there are five peaks at 20 = 17.35°, 27.13°, 36.11°,
45.09°, and 53 45° which can be indexed to (101), (112), (211), (204/220), and (312/116) respectively.
These peaks are probably belonging to Cuz2SnSes (ICDD: 01-089-1879) or Cu2ZnSnSe4 peaks (ICDD:
00-052-0868). In XRD, the difficulty lies in the presence of a secondary phase such as Cu,SnSe; (CTS),
which has'the same underlying zinc-blende structure (when neglecting the difference between cations)

as kesterite or stannite phases of CZTSe. All of these reactions were described in Figure 6.
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Figure G.QLD pattern of CZT precursors at elevated selenization temperatures under Ar (95%) + Ha
(5%) for 120 min.

The CZT precursor's reactions involved several reactions thalnuld be divided into primary, binary,
ternary, and quaternary reactions. For primary reaction, it consists of ggigaction between selenium with
Hz, Cu, Zn, and Sn produced binary compounds such as H2Se, CuxSe, ZnSe, and SnSe. Binary reaction
happened because some binary compounds such as CuSe, ZnSe, SnSe, CuZn, and CuSn react with
H:Se form a Cu,SnSe; (CTS) as a ternary compound. And finally, a quaternary reaction happened
because CTS, as a temary (m'lpound, reacts with ZnSe form a quaternary compound known as

CuZnSnSe, (CZTSe). All of these reactions are given below. written-as:

Primary reactions:
Se (g) + Ha (g) — HaSe (g) (5)
Cu (s) + HaSe (g) — Cu,Se (s) + Ha (g) (6)
Zn (s) + Ha2Se (g) — ZnSe (s) + Ha (g) (7
Sn (s) + HaSe (g) — SnSe (s) + Ha2 (g) (8)
C(s) +Ha (g) — CH. (g) (9
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Binary reaction:

€O (8) + Hz () — CHy () + H:0 () (10)
CuZn (s) + H;Se (g) — Cu,Se (s) + ZnSe (s) + Ha (g) (11)
CuSn (s) + H:Se (g) — CusSe (s) + SnSe (s) + Hz (g) (12)
Tertiary reactions:
CuSe (s) + CuSn (s) +2 HaSe (g) — Cu:SnSes (s) +2 Ha (g) (13)
CusSe (s) + SnSe (s) + HaSe (g) — CuaSnSes (s) + Ha (g) (14)
CuSn (s) + HaSe (g) — Cu:zSnSes (s) + Hz (g) (15)
Quaternary reaction:
CuzSnSes (s) + ZnSe () — CuzZnSnSey (s) (16)

To confirm The formation of CZTSe thin film Raman spectroscopy was carried out, in which the
selenization was performed at °C, 350 °C, 450 °C, 550 °C, and as CZT precursor. Beside
confirming the CZTSe, Raman spectra also used to confirm the carbon existence. At CZT precursor,
as an initial phase, there was no peak, but after selenization at 250 °C, one peak occurred at 258 cm!
This peak belongs to the CuSe or CuzSe compound, which are products of a reaction een copper
in the CZT precursor with selenium in the atmosphere at 250 °C and 350 °C, respecti\fely,g 450°C,
the CZTSe peak at 198 cm™! was started to occur. On the other hand, Raman spectra also exhibits
organic residue in carbon compounds as amorphous carbon that as shows a spectrum that has a slope
and marked as specific peaks pattern that named as D and G peaks at 1350 cm™ and 1585 cm™,
respectively. @:’m spectra shows both D and G peaks were disappeared gradually as elevated

ature. Finally, at 550 °C, Raman spectra shows specific peaks for CZTSe at 174 cm', 198 cn
', and 234 em™ with no longer D and G peaks were exhibited as shown in the Figure 7. Raman spectra

for CZTSe confirmation peaks was shown in the Figure S1 and Raman spectra for%on residue was

shown in the Figure 52.
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Figure 7. Kaman spectrum of CZTSe thin film. Inset shows the expanded view of Raman shift for 100

to 300 em!

Furthermore—The SEM observation of elevated temperature morphologies and its css—sectional
image is shown in Figure 8. In this figure, the CZT precursor shows small grain morphology. At 250 °C,
selenization shows some hexagonal that is indication ofte copper selenium (Cux-Se,) compound, and
atthis condition, SnSe also-probably formed in a smﬂllamount.g 350°C selenization, selenium binary
compounds such as CuSe, ZnSe, and SnSe can be seen in Figure 8(c), in which CuSe, ZnSe, and SnSe
had-show hexagonal, tetragonal, and thread-like shape, respectively. The SEM images shown A+for
250 °C and 350 °C shews-are in consistent eensisterey-with the XRD pattern and Raman spectrum,
which shows some presence U[g'la.l’}( compounds such as CuSe, Cuz-Sex, SnSe, and C'uaSn.g‘!SO °C,

it shows a small grain size of CZTSe. However, after clevated selenization temperature uatil-at 550 °C,
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the grain size of CZTSe was-an increased. At this moment, the CZT Se has been formed well with high
1
crystallinity. This result is nsistem with the Raman spectrum result for elevated selenization

temperature at 450 °C and 550 °C.n550 °C, CZTSe has a granular and compact shape with a thickness

of approximately 1300 nm.

Figure 8. SEM images of (a) CZT precusor, (b) CZT precursor while sl:mﬁon at250°C, (c) 350°C,
{d) 450 °C, and (e) 550 °C and (f) it’s cross-section, afier— : 5%
Moreover;The chemical composition of CZTSe :rl—eiewled—tem—pefatufe- determined by the energy-
dispersive x-ray spectroscopy (EDX) at different selenization temperature. At elevated temperature,
amount of selenium was increasing because seme—ef compound that containing selenium has been
formed, mixed, and accumulated in the thin film. Starting from primary, binary, tertiary, and finally a
quaternary compound such as CZTSe was formed. Besides, there are any possibilities of some
elements such as tin was evaporated g selenization. As a consequence, the chemical composition
of CZT8e was changed during the selenization as shown in the Table S1. Table S1 shows —chemical
composition change at elevated temperature.

In this work, because determination of chemical composition uses a comparison of intensity from Sich

element in the sample, if the selenium amount in the sample was increased automatically, the other
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elements should be decreased although the other elements had fixed chemical composition. Therefore,
to determine which element is showing the change, we used the chemical composition ratio approach
as well. Usually, ql/(Zm—Sn), Zn/Sn, and Se/metal ratios are used to described chemical composition
in the thin film. However, these ratios are not enough to describe which elements are-changes during
selenization. From these ratios, we only could know the change for tin and selenium. Thus, to
determine Ea change in copper and zinc change during selenization, E-"Zn and Cu/Sn ratio should be
calculated to describe the change in copper and zinc as well.

Furthermore, The optical properties of CZTSe are determined by the \pet,tmphotometerqme results
are shown in Figure 9. The optical properties of CZTSe thin film exhibited a transmittance than
25% in the infrared range (1200 nm - 2000 nm) and tanssmittanee-at visible range (300 — 800 nm)
exhibited no transmittance and for direct bandgap value of CZTSe thin film was 1 .26@1 27eV, 1.27

eV, and 1.29 eV for CZTSe at elevated perature 250 °C, 350 °C, 450°C, and 550 °C, respectively.
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Figure 9. Optical properties as (a) transmittance, and (b) direct optical bandgap of CZT'S annealed
atelevated temperature from °C to 550 °C for 120 minutes under Ar (95%) + Ha (95%) atmosphere,
{”EF!B‘FH!E!HE’ !lelr\\ Hirect i el 1.. i

Muoreover, The mmcal properties of CZTSe thin film such as carrier concentration, mobility,
conductivity, and resistivity were determined using the Hall measurement apparatus. In this work,
elactricalﬁoperties mostly effected both organic and inorganic phases in the thin film. At 250 °C, the

thin film dOminated by onganic residues and still there is low content of metal selenide compounds.
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Thus, CZTSe at this stage has both low carrier concentration and mobility yet, it has a high of resistivity
due to carbon residue acts usgsulatm. Furthermore, at elevated temperature, both carrier concentration
and mobility gradually increased, yet resistivity gradually decreased because at 350 °C to 450 °C binary
and ternary compound start to form whereas carbon residue gradually disappeared. Finally, at 550 °C,
CZTSe has been completely formed and no longer there is any secondary and terary phases-detected.
Carrier concentration, mobility, and resistivity of CZTSe at clevated temperature are shown in the table
2.

Table 2.gectrical properties of CZT precursor at elevated selenization temperature under Ar (95%)
+ Ha (5%) for 120 min.

Carrier Concentration Mobility  Resistivity

Temp (°C) {em?) {em?/Vs) (Qem)
250 1.72 = 101 128 % 10°  2.55= 10!
350 5.70 % 101% 430 % 10°  3.25x10°
450 8.26 % 107 1.05 % 107 3.40 = 102
550 1.75 = 10'* 3.20 < 10" 6.48 = 107

In orderto see @(}t&ntiﬂl as an absorber layer in the solar cell,@cal and electrical properties in this

work also compared with Kumar and Yakusev’s work [31,32]«

To validate and to pre-investigate the experimental findings, Solar Cell Capacitance Simulator
(SCAPS-1D) is used to oversee the performance of proposed CsPbl/CZTSe based perovskite

cell. ASelar-Cell-C i Sirmulater-SCAPS is a one-dimensional computer sislation-software

for simulating the alternating current and direct current electrical attributes of thin film heterojunction
solar cells. Although it was encouraged to study primarily CdTe and CIGS based solar cells, SCAPS
is currently used to investigate and validate the characteristics of all types of solar cells with different
buffer layers as well. SCAPS- 1D software essentially operates on two simple semiconductor equations,

such as the Poisson equation and the continuity equation of electrons and holes in steady state which

are expressed in equation 5,6 & T-eq
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eguatons/reactions. The Poisson equation is:

ad_;w(x)=% PO —n(x) + Np = Na+ pp —pn)eevoeno (5)

or
Eere\ Y is electrostatic potential, Np and Na are donor and acceptor concentrations, e is electrical
charge, ¢, is relative permittivity and g is the vacuum permittivity, p; and p, are holes and electrons

distribution, respectively. The continuity equations for electrons and holes are as following:

df,

T G—R.e e (6)
djf, _

I =G—R e (T)

Here, Jyand J, are electron and hole current densities, G is the generation rate, R is the recombination
rate. In this paper, we have incorporated the experimental results of CZTSe as an absorber layer of
CZTSe/CdS solar cell and proposed 1-Zn0O/CdS/CZTSe/Mo structure for industrial fabrication. gr
illumination, a regular AM1.5 G spectrum (1000 W/m?* T = 300K) was used. Typical thicknesses of
each layer were obtained from the different literatures [33-35]. Tnterface defect layers (IDL) of 10 nm
thickness—were was used to assess the effect of defect densities subsisting on material interfaces. In
addition, the neutral type ef defect model is used in simulation where the density of the defect in the
active layer has been considered 10'? ¢em™®. The thermal velocity of electrons and holes of 1 =107 ems,
the Gaussian energy distribution with a characteristic energy of 0.1 eV have been considered for the
model. The schematic structure of the simulated solar cell is shown in Figure 9. Parameters used for

this simulation are given in Table 3,4 & 5.
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Figure 9: Schematic diagram of CZTSe/CdS solar cell
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Ie 4: Device parameters used in the simulation
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Table 5: gntad material properties used in the simulation

Contact Material Properties

e

_Mdtelavorkfinpetigiure Flat band Flatband Mo (5eV)
MetabeorkSemeiion Pladhis@lonr  Farbemd MhoideVy
resistance Ry
Shunt 370 Qem’
Resistance R,

From the simulation it has been revealed-#=-+2) that, as shown in Figure 10, quantum efficiency (QE)%
increases significantly by shifting more towards red region with the increase of CZTSe annealing
temperature. However, mild variation in absorbance oflight spectrum has been observed when CZTSe
anncaled at 350°C and-above-temperature(Figure 10 inset). It has been found that the proposed CZTSe

structure can absorb the sunlight wavelength up to 930 nm when it was annealed at 550°C.
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Figure 10: QE% of CZTSe solar cell for differently annealed CZTSe film
Figure 11 reveals that the red shift of QE% has attributed to higher Voc which results the increment of
overall efficiency in Solar cell. Moreover, it has been found that CZTSe annealing temperature has
little impact on Jsc. Highest Jsc of 36.53 mA/cm” has been observed for the CZTSe film when annealed
at 250°C and lowest 31.55 mA/cm” observed for 550°C annealed CZTSe film. On the other hand,
highest Voc of 0.95 V has been found for the CZTSe film when anncaled at 550°C and lowest 0.42 V

observed for 250°C annealed CZTSe film.
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Figure 11: J-V'curve of CZTSe solar cell with differently annealed CZTSe film

The increment in Voc and decrement in Jsc with respect to CZTSe annealing temperature has been
depicted in Figure 12. Voc has g:reased due to two factors: change in bandgap and change in carrier
concentration. We know thm@n{ ircuit current density decreases with increasing bandgap, the open-
circuit voltage increases as the band gap increases. In this experiment, bandgap of CZTSe has increased

with the annealing temperature which attributed to increase in Voc and decrease in Jsc.

Bandgap, eV
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Figure 12: Relationship between Voc and Jsc with CZTSe annealing temperature, —in-the-s-axis—
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Again, Voc has gsigniﬁcam relation with carrier concertation which is expressed in equation

B —equationno-should-ben-different—

kT N4 +4n)A
voe = L in [‘*‘n&] .................. ®)

1456 uﬂe kT/q is the thermal voltage, N is the doner concentration, An is the excess carrier concentration

and ni is the intrinsic carrier concentration. It determines that Voc increases with the increase of donor
concentration while other factors are constant. In our experiment we observed that CZTSe carrier
concentration has increased with the increase of annealing temperature, that also contributed to
increase of Voc of the device. The proposed i-ZnO/CdS/CZTSe based solar cell exhibits highest
efficiency of 23.88% with Voc=0.95 V, Jsc= 31.55 mA/em?® and FF= 82.80% while CZTSe thin film
annealed at 550°C. Hence, it can be said that the experimental results are valid and hence, this study

proposes 550°C annealed CZTSe thin film to be incorporated as absorber layer in the proposed

structure.
Table 6: Comparison with similar reported solar cell
Cell Structure Voc Jse FF Efficiency  Year Ref
-2
M mAer) %)

ETS‘Q’CJS 0.513 352 69.8 126 2014 [40]
CZTSe'Cds 0.41 37.27 73.79 1143 2019 [41]
CZTSe’'CdS 0.38 3536 59.9 82 2016 [42]
CZTSe/'CdS 0.95 31.55 82 80 23.88 2021 This

experiment
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Table 6 expresses the comparative study with other reported results of similar device structure. It is
revealed that our study paves the way for achieving higher Voc compared to other reported study which

can push forward the CZTSe solar cell photovoltaic efficiency upto 23.88%.

Conclusions

Cu:2ZnSnSeq (CZTSe) was prepared by ga CZT precursor, deposited from the metal-cthanolamine
complex compound without hydrazine addition selenization. The best condition for selenization is
under Ar (95%) + Hz (5%) at 550°C for 120 minutes. Aﬁergenizmion at 550 °C, the CZT precursor
was completely grown into CZTSe with a compact granular shape and approximately 1300 nm of
thickness.ganic impurities were disappeared gradually due to the effect of elevated temperature and
atmospheric effect. During selenization, the selenium amount in the CZTSe was increasing gradually
due to selenium was react with the CZT precursor. On the other hand, the tin amount was decreased
gradually due to tin evaporation. It was the easiest element to evaporate among copper and zinc
compound conditions. The composition was Changed at elevated selenization temperature. However,
organic impurities from organic residue were disappeared gradually under 450 °C. At 550 °C as the
best condition of selenization condition, CZTSe has 1.29 ¢V, showing p-type of scmiconductor, and
has carrier concentration, mobility, and resistivity as 1.75x 10" em’, 3.20 em/Vs, 648 %1072 Qcm,
respectively and its suitable for absorber layer solar cells. Finally, numerical simulation validates the
incorporation of 550°C annealed CZTSe thin film as can absorber layer and suggests that careful
fabrication of full device can give a major breakthrough of CZTSe solar cell which can exhibit the cell

efficiency up to 23.88%.
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