Metallophysics and Advanced Technologies © 2023 G. V. Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 5, pp. 593—-602 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.45.05.0593 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 61.05.cp, 68.37.Hk, 78.30.-j, 81.15.Cd, 82.80.Pv, 88.40.fh, 88.40.jn

Non-Vacuum Design of CuGa,In;-,Se; Films for Solar Energy
Applications

S. S. Kovachov, K. M. Tikhovod, M. V. Kalenyk®, I. T. Bohdanov, and
Ya. O. Sychikova

Berdyansk State Pedagogical University,

4, Schmidt Str.,

71100 Berdyansk, Ukraine

*S u Hy State Pedagogzcal University named after A.S. Makarenko,
omenska Str.,

40002, Sumy, Ukraine

The study reports on a non-vacuum synthesis method for CuGa.Ini--Sez films
for solar energy applications. The films are formed by pulverising chlorides
of indium, gallium, and cuprum with selenious acid. To optimise the blend
composition of films, it is proposed to age the obtained structure in a sodium
chloride solution and to carry out additional selenization of the surface in a
diffusion furnace. The resulting layers are investigated using SEM, EDX,
XRD, and Raman methods. As determined, the film is a polycrystalline
structure of chalcopyrite CuGao.cIno.sSe: with agglomerates of porous crystal-
lites. Secondary phases are not detected. The proposed method does not re-
quire a vacuum, and it is simple and inexpensive that opens the prospect of
using it on an industrial scale for the synthesis of Cu.Galni-.Se: metal films.

Key words: pulverising, chalcopyrite, thin films, solar batteries, selenides,
copper.

Y poboTi moBimoMIAETHCS IPO 06e3BAKYyMHUIE MeTOJ CHHTE3W ILIiBOK
CuGaxIni-.Se: g 3acTocyBaHb y COHAYHIN eHepreruiti. ILmiBKu O6yJio chop-
MOBAHO METOZOM IIyJbBepusarii xmopuais Iugito, I'anito Ta Kynpymy 3 cee-
HUCTOIO0 KUCJI0TOoI0. g onTuMisallii KOMIIOHEHTHOTO CKJIaAy IJIIBOK 3aIIpo-
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IIOHOBAaHO BUTPMMYBATHU OJEPIKAHY CTPYKTYPY Vv posumHi xjmopuny Harpiro Ta
IIPOBOIUTH IONATKOBY CeJIeHi3aIlito moBepxHi y nudysitinii meui. Oxep:xani
mapu 0yJso gocaimsxeno 3a gomomoroio SEM, EDX, XRD ta Raman meroxnis.
Bcranosieno, 1mo miiBKa mpeacTaBisge cO00I0 IMOJIIKPUCTANIIUHY CTPYKTYPY
xasnbkomiputy CuGao,slne 4Sez 3 armomeparamu mopyBatux Kpucraaitis. Ipy-
ropanuux (as He 0yJ0 3adikcoBamo. 3aIPOIIOHOBAHUN MeTO He TOTPedye Ba-
KyyMy, € IIPOCTUM i HeZOpPOTuM, IO BiAKPUBA€E MEPCIEKTUBY BUKOPUCTAHHS
#oro y mpoMuCJI0BUX MaciiTabax ajsa cuaTe3n mwiriBok CuGa.Ini--Ses.

KarouoBi cioBa: mysibBepmusalis, XaJabKOIipUT, TOHKI IIJIiBKM, COHAYHI 6aTa-
pei, cemeningu, Miasn.

(Received February 15,2023; in final version, February 28,2023)

1. INTRODUCTION

Semiconductors based on gallium and indium have become popular due
to their wide application prospects in laser technology [1], sensorics
[2], solar energy [3], etc. Today, many studies focus on studying the
phase states of these semiconductors [4, 5], their optical properties
[6, 7], and their methods of integration with other semiconductors
[8, 9]. The interest in these semiconductors is also due to the simplicity
of nanostructuring of their surface [10-12]. Thus, the synthesis of po-
rous layers [13], nanoneedles [14], nanowhiskers [15], quantum dots
[16], microcrystallites [17], etc. has been reported many times.

Recently, ternary metal compounds, particularly those containing
copper, have been actively studied, including CuZnSe; [18], CulnSe;
[19], and Culn(Ga)Se: [20]. Copper indium (gallium) (di)selenide (CIS),
Culn(Ga)Sez, is an important semiconductor for the production of thin-
film solar cells [21-23]. It is characterised by a high optical absorption
index and long-term stability [24, 25], which allows it to be used as a
reliable absorbing layer.

Culn.Ga,-1Se; was obtained by magnetron sputtering [26], evapora-
tion [27], deposition [28, 29], etc. However, vacuum methods have a
number of disadvantages, including a high processing temperature,
high-energy requirements, and the need to use high-tech equipment
and ultrapure materials. In turn, this leads to a high cost of the result-
ing material and decreases the chances of its introduction into the so-
lar energy sector.

In this regard, the attention of researchers has been focused on elec-
trochemical deposition methods [30], solvothermal methods [31], and
SILAR [32]. In addition, combined methods are becoming popular,
such as electrochemical etching with simultaneous deposition and a
sol-gel method with thermal annealing. In this case, such a problem
arises as the control of the content of Cu and In metals [33, 34]. This
can lead to excessive conductivity of the obtained layers, which nega-
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tively affects the efficiency of photovoltaic energy converters based on
Cu(In, Ga)Se; structures [35, 36]. To remove this effect, researchers
have suggested additional doping of synthesised films [37, 38]. In par-
ticular, Na doping has become popular, which improves the morpho-
logical characteristics of films and their optical properties [39].

In this study, we describe a simple method for the synthesis of poly-
crystalline Culn,Ga.1Se: and investigate its structural, component,
and morphological characteristics.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Samples for the Experiment

As precursors, the chlorides of copper, indium, and gallium were used
as sources of copper, indium, and gallium, respectively. Oleic acid was
also used as an organic solvent, and selenious acid was used as a source
of selenium (see Table 1). In the experimental process, CuCl;, InCls,
GaCls, and H;SeO; (a chemical mixture) were mixed in a ratio of
1:0.6:0.4:2 in oleic acid using a magnetic stirrer for 20 min.

2.2, Methods and Conditions of the Experiment

CuGa.In;_,Se; films were formed by the method of liquid phase pulver-
ization (a spray-pyrolysis). The experimental device was equipped with
a heating system that allows heating both the liquid phase and the sub-
strate. The substrate temperature was constant throughout the dura-
tion of the experiment. The system was also equipped with an exhaust
fan to remove gaseous reaction by products. Compressed air was used
as the carrier gas. Spray speed and pressure were kept constant
throughout the duration of the experiment. Other conditions of the
experiment are given in Table 2.

After deposition, the samples were immersed in NaCl solution for
20 min. Subsequently, additional selenization was carried out in a Jet-
First diffusion furnace at a temperature of 530°C for 30 minutes to en-
sure grain growth and compaction of films of high crystallinity. After

TABLE 1. Precursors used in the experiment.

No. | Precursor | Characteristic
1 CuCl: Anhydrous, 98%
2 InCls Anhydrous, 98%
3 GaCls Anhydrous, 99%
4 H2SeOs Anhydrous, 98%
5 C18H3402 Anhydrous, 98%
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TABLE 2. Experimental conditions for deposition of CuGaxIni-.Se: films.

Parameter Value
Substrate temperature 320°C
The distance between a substrate and a nozzle 20 cm
Spraying speed 3 ml/min
Spraying time 10 min
Carrier gas pressure 3.5 MPa

that, they were cooled to room temperature.

2.3. Characterization

The surface morphology was studied with a SEO-SEM Inspect S50-B
scanning electron microscope. Energy-dispersive x-ray microanalysis
(EDX) was used to analyse the chemical composition of the deposited
films using the AZtecOne detector. To improve the reliability of EDX,
this analysis was performed at an accelerating voltage of 15 kV in large
areas of 200 pm?2.

For x-ray structural analysis, a Dron-3M diffractometer with unfil-
tered CuK, radiation was used in the range of angles 26 10°-80° in in-
crements of 0.1°. Raman spectroscopy measurements were performed
at room temperature in the RENISHAW in Via Reflex system with an
excitation wavelength of 532 nm at an intensity of 5%.

3. RESULTS AND DISCUSSION
3.1. SEM and EDX Analysis

In Figure 1, the SEM image of the formed film is shown. It can be seen
that the surface relief is the agglomeration of disordered grains, which
may indicate the polycrystalline nature of the formed structure. There
is significant variation in the sizes of grains. The length of the crystal-
lites varies in the range from 2 to 10 um, and the width varies from 0.5
to 2 um. The formed layer is loose. Crystallites have a significant num-
ber of pores on the surface. The transverse diameter is in the range of
80-140 nm. This, in turn, can lead to the appearance of quantum-
dimensional effects.

The results of EDX analysis of the sample surface are shown in the
Table 3. The values of Cu/(In + Ga) and Ga/(In + Ga) ratios were also cal-
culated, which are 0.4 and 0.6, respectively. It can be seen that the ad-
ditional selenization leads to a predominance of selenium on the sample
surface. When it is considered that indium and gallium were sputtered
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Fig. 1. XRD-spectrum of CuGa.Ini-Se:.

TABLE 3. EDX analysis results for the CuGa.Ini-.Se: film.

Spectrum | Cu (at%) ‘ In (at%) | Ga (at%) ‘Se (at%) Cu/(In + Ga)|Ga (In + Ga)
1 16.82 14.18 21.26 47.74 0.47 0.6

in equal proportions, it can be assumed that selenization occurred due
to the loss of In. Finally, it should be noted that Cu is also present in
small concentrations.

3.2. XRD Analysis

The x-ray pattern of the synthesized CuGa.In;.Se; film is shown in
Fig. 2. The principal XRD peaks at 26 27.2°, 45.1°, 53.5°, and 65.7°
belong to the (112), (211), (220), and (312) orientations of the struc-
ture of polycrystalline tetragonal chalcopyrite CuGa.In;—.Sez. This in-
dicates that the structure consisting of a polycrystalline CuGa.In;-.Se;
film was successfully synthesised without the inclusion of additional
phases.

The XRD spectra correspond to the compound formula Cu-
Gag.eIng.sSes (reference code: 00-035-1101). In Table 4, the principal
XRD peaks and their correspondence to angles 20 are shown.
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Fig. 2. XRD-spectrum of CuGa,Ini-.Ses.

TABLE 4. Crystal structure of CuGao.slno.sSe: determined by XRD spectro-
photometry.

No. h k ! | 4, A | 26,deg
1 1 0 1 5.08 17.4
2 1 1 2 3.27 27.2
3 1 0 3 3.13 28.4
4 2 1 1 2.48 36.2
5 2 1 3 2.10 43.0
6 2 2 0 2.00 45.1
7 2 0 4 2.00 45.3
8 3 0 1 1.87 48.7
9 3 1 2 1.71 53.5
10 1 1 6 1.70 53.8
11 3 2 3 1.45 64.1
12 4 0 0 1.42 65.7
13 0 0 8 1.41 66.3
14 3 3 2 1.30 72.5
15 3 1 6 1.30 72.9

The x-ray pattern is characterised by a large amount of noise, which
indicates a significant variation in the nanoparticle size and polycrys-
talline structure of the obtained film. This may also indicate the pres-
ence of an amorphous phase into which the crystal lattice is embedded.



NON-VACUUMDESIGN OF CuGa,In;-Se; FILMS FOR SOLAR ENERGY APPLICATIONS 599

3.3. Raman Analysis

The Raman spectrum of the obtained structure is shown in Fig. 3. We
can see the presence of 2 high-intensity peaks, 3 medium-intensity
peaks and a large number of low-intensity peaks. One of the most in-
tense peaks at 175 cm™! is associated with the A1 mode. This line is typ-
ical for AIBIIIC2IV chalcopyrite compounds [40-42]. Other peaks,
such as at 218 and 238 cm™, are significantly compatible with the B2
and E modes [43-46].

The largest peak at 190 cm™ associated with the Al mode of
Cu(In, Ga)Se; is due to the motion of the Se atom [40, 47]. The peaks at
136 and 150 cm™ can be due to the effect of resonance enhancement of
Cu(In, Ga)Se: [48, 49]. The spectra of the leading secondary phases
were not observed.

3.4. Discussion

Copper-containing solar batteries based on indium and gallium seleni-
des have demonstrated their effectiveness and great potential in thin-
film solar energy technologies. The creation of solar cells based on
Cu(In, Ga)Se; with an efficiency of up to 23% was reported [50]. In ad-
dition, such batteries have better radiation and thermal resistance and
chemical stability [51]. Sophisticated and expensive methods for the
synthesis of Cu(In, Ga)Se: crystalline films are considered the main
obstacle in the commercial use of chalcopyrite-based solar batteries.
We have proposed a simple and inexpensive method of pulverisation
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Fig. 3. Raman spectra of CuGa.Ini-.Ses.
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that allows the deposition of thin nanostructured films on any sub-
strate. The main advantage of the method is the absence of the necessi-
ty to use a vacuum and, therefore, expensive equipment.

The distinctive feature of this method is also the two-stage ap-
proach, which includes the deposition of metallic and non-metallic
components with subsequent additional selenization to control the
blend composition of the obtained compound. This allows the conduc-
tivity of the resulting film to be reduced due to selenium enrichment
and removal of Cus-.Se phases. More research is necessary to determine
the conditions for the formation of single-crystal CuGa.In;-.Se; films,
as well as films with Cu and Se quantum dots.

4. CONCLUSION

We have demonstrated a simple method of obtaining CuGa,In;_.Se;
crystal layers. The structure was formed by liquid phase pulverisation
with the use of precursors of indium, gallium, cuprum chlorides, and
selenious acid. After pulverization, the samples were subjected to so-
dium chloride, and additional selenization was performed in a diffu-
sion furnace.

As aresult, a dense layer of CuGa.In;-.Se; consisting of porous crys-
tallites was obtained. EDX analysis showed that indium and gallium
are in a 2:3 ratio. These data are significantly compliant with the re-
sults of XRD analysis. A Raman scattering study showed the absence
of peaks of the CusSe secondary phases. This indicates the effective-
ness of the proposed synthesis technique and the prospects for its use
on an industrial scale.
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