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In this work, CuzZnSnSes nanocrystals were synthesized by the polyol method. The chemical compo-
sition and morphological, structural, and microstructural properties of Cu2ZnSnSes nanocrystals, de-
pending on the synthesis temperature and time, as well as the composition of the precursor, have been
thoroughly investigated using scanning and transmission electron microscopy, energy dispersive X-ray
analysis, X-ray diffraction, FTIR spectroscopy, Raman spectrometry, and low-temperature photolumi-
nescence. We compared the properties of nanocrystals synthesized from different precursors containing
selenourea or amorphous selenium as a source of selenium and then determined the optimal conditions
for the synthesis of nanocrystals. It was found that the optimal synthesis time for nanocrystals obtained
in the first approach is 7 = 30-45 min, and in the second approach — 7 = 120 min. It was also found
that the optimal composition for the synthesis of single-phase Cu2ZnSnSes nanocrystals in the second
approach is the molar ratio of precursors 2:1.5:1:4, and the synthesis temperature T' = 280°C. Thus,
CuzZnSnSes nanocrystals synthesized under optimal conditions are used to develop nanoinks for print-
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ing solar cell absorbers by two- and three-dimensional printers.
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1. Introduction

Research topics related to the development of
electronic elements and devices using two- (2D) and
three-dimensional (3D) printing techniques are ad-
vancing rapidly so far. These techniques are afford-
able, versatile, economical and waste-free, which
can significantly simplify the manufacturing process
and reduce production costs [1-3]. In addition, it is
possible to use a wide range of substrates, includ-
ing flexible ones, because such technologies are low-
energy and do not require heating the substrates up
to thermal degradation [4-10].

Simple inkjet printers, in which standard inks can
be replaced by nanoinks containing a suspension of
metals or semiconductor nanocrystals (NCs), can be
used for the 2D printing of electronic elements and
devices [11-13]. Three-dimensional printers allow us
to print films on substrates of any shape, including
human skin or clothing [4, 14-19].

Two-dimensional and three-dimensional print-
ing technologies with nanoinks based on metal
NCs allow the development of printed circuit
boards [20, 21] and the use of various semiconduc-
tor compounds for the design of passive and active
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elements of electronic devices [22-29]. However, the
scientific and technological challenge nowadays is
to develop a procedure for the synthesis of semicon-
ductor NCs with controlled properties and to de-
velop stable and environmentally friendly colloidal
solutions with the required surface tension and vis-
cosity, which can be used as inks for ink printing
processes [30-32].

Nowadays, solar cells (SCs) based on bulk sil-
icon monocrystals and polycrystals (first gen-
eration SC) and films of direct-gap elements
GaAs, InP, Ga,In;_,P, CdTe, CulnSe; (CIS), and
Culny_,GaySes (CIGS) (second generation SC),
can be replaced by those made of new materi-
als [33-35], devoid of the shortcomings of previ-
ous ones. For the creation of SCs absorbers of
the third generation, it is proposed to use multi-
component compounds CusZnSnS,, CusZnSnSey,
and CuyZnSn(S,Se;_.)s with a kesterite struc-
ture [36-40]. These compounds possess close to the
optimal energy bandgap (E,), high light absorp-
tion coefficient (~ 10° cm™1), long lifetime, and
high mobility of charge carriers [41]. Kesterite-based
compounds do not contain rare and environmen-
tally hazardous components, on the contrary, their
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elements are widespread in the earth’s crust, and
the cost of their production is low [42, 43]. However,
today, the efficiency of SCs based on these materials
does not exceed 10.0-11.3% [44]. Note that the most
efficient SCs absorbers (n = 11.1%) were obtained
by the vacuum-free method using a hydrazine-based
solution [45]. Hydrazine used as a solvent in such
a process is highly toxic, requires very careful han-
dling, and cannot be used in mass production.

One of the reasons for the low efficiency of
SCs based on the CusZnSnS,, CusZnSnSey, and
CusZnSn(S;Se1—g)4 layers is the narrow range of
homogeneity of the compounds, which causes the
appearance of a large number of defects and sec-
ondary phases during the growth of the thin films
and, as a result, its low structural quality. There-
fore, an effective strategy to obtain thin films of
kesterite compounds with a controlled crystal struc-
ture and chemical composition, high degree of crys-
tallinity, and minimal content of secondary phases,
is processing them in three stages. These are (i)
colloidal synthesis of single-phase NCs, (ii) subse-
quent deposition of its suspension on substrates us-
ing non-vacuum methods, for example, spray meth-
ods or 2D and 3D printing techniques, and fi-
nally, (iii) post-growth thermal annealing of the
obtained samples to improve structural proper-
ties [36, 46]. As a result, the structural proper-
ties of thin films, such as phase composition, lat-
tice parameters, and size of coherent scattering re-
gions (CSRs), which play an important role in de-
termining the functional characteristics of SCs, de-
pend mainly on the conditions of obtaining NCs
and their post-growth treatment. SCs with solar
energy conversion efficiency n = 10.2% were ob-
tained on the basis of the CuyZnSn(S,Se;_,)4 ab-
sorbers grown from initial CusZnSnSes NCs [43].
However, CuyZnSn(S,Se; )4 films are now mainly
made from CuzZnSnS,; nanocrystals [47, 48], not
CusZnSnSey, because CuyZnSnS, NCs are easier to
obtain compared to CuyZnSnSe; NCs. Currently,
selenourea (NHg)2CSe is used mainly as a source
of selenium in the synthesis of CusZnSnSe; and
CuzZnSnSey nanocrystals [49-51]. When precursors
based on cheaper elemental selenium CusZnSnSey
were used, NCs were obtained only by the solvother-
mal method [52, 53], the hydrothermal method [54],
the two-step hot-injection method [55, 56|, and the
solvent-thermal reflux technique [57, 58].

Previously, we optimized the conditions for the
synthesis of CuyZnSnS; and ZnO NCs using the
polyol method [59-63]. As a result, we obtained
single-phase nanocrystals of the kesterite (CZTS)
and wurtzite (ZnO) phases with controlled sizes,
respectively. In this work, we optimize the process
of CuyZnSnSe,; NCs synthesis using two different
sources of selenium in the precursor selenourea and
elemental selenium. Next, we investigate the mor-
phological, structural, and microstructural proper-
ties depending on the synthesis temperature, time,
and precursor combination.
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2. Materials and methods

CuzZnSnSes NCs were synthesized by the polyol
method in the reaction medium of diethylene gly-
col (DEG) and triethylene glycol (TEG) using two
different selenium precursors.

In the first approach, a solution of
polyvinylpyrrolidone (PVP) in a mass ratio of 1:1
to the finished product was initially prepared. Then
a mixture of CuCly-2H;0, Zn(CH3COO)2-2H50,
and SnCly-2H50O salts in the different Cu:Zn molar
ratios, was added to the resulting solution, which
was then heated to 65°C and stirred with a mag-
netic stirrer for one hour. The synthesis of NCs
at the reaction medium temperature was carried
out separately with the exposure interval 7 = 0,
15, 30, and 60 min. More details on the synthesis
procedure are described in [63].

In the second approach, a mixture of
the CuCIQ'QHQO, ZH(CH3COO)2'2HQO, and
SnCly-2H50O salts, as well as amorphous selenium
grounded in an agate mortar, were placed in
a 50 ml three-necked flask. Then 12 ml of TEG
was added with subsequent heating, as described in
the first approach. Contrary to the first approach,
where selenourea is used as a source of selenium,
i.e.,, (NH2)2CSe compound [64-67], the use of
elemental selenium allowed us to reduce the cost
of synthesizing the final compound significantly.
Upon reaching a temperature of 120°C, the air
was pumped out of the flask, and inert argon
gas was charged. The mixture was kept at this
temperature for 30 min and then quickly heated
to the synthesis temperatures T' = 220, 240, 250,
260, 270, and 280°C for 120 min. In the process of
the synthesis of CusZnSnSe; NCs, samples with
the exposure interval 7 = 30, 60, 90, and 120 min
were obtained at the reaction medium temperature
of 260°C. The initial molar ratio of elements in the
precursors used corresponded to the stoichiometric
composition of the compound (2:1:1:4), and the
amount of zinc was exceeded.

In both the first and second approaches, after
synthesis, the mixture was cooled down to room
temperature, and the synthesized product was sep-
arated from the organic component (DEG, TEG)
by centrifugation. The residue of polyol compounds
was washed using ethanol while shaking vigorously
and then centrifuged. The washed CusZnSnSey
samples were dried at 60°C for 12 h.

X-ray diffractometer DRON 4-07 was used to de-
termine the structural and microstructural proper-
ties of the synthesized NCs. The analysis was car-
ried out using Ni-filtered K, radiation on the cop-
per anode. The obtained diffractograms were nor-
malized to the peak intensity (112) of the tetrago-
nal phase of the CusZnSnSe4 compound. The phase
analysis was performed by comparing the diffrac-
tion angles from the test samples and the diffraction
angles according to the reference data of JCPDS
(CuzZnSnSe; — No.00-052-0868 [67]).
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All profile lines were processed to the follow-
ing procedures: background extraction, emission
smoothing, and separation of K, double, which
were performed using standard diffractometer soft-
ware.

The lattice parameters a and ¢ of a tetragonal
unit cell were calculated using the following equa-
tions [68, 69|

A a\?2
— 2 ak22(2
aczTs 2sin(0)\/ AT (c) ’

l
CczTSs = 5
h2+k2 2 sin(0)
\/(12 + (f)

where 260 is the Bragg angle, A is the wavelength
of X-ray radiation, and (hkl) are the Miller in-
dices. The reflection from the crystallographic plane
(112) was used for the calculations. The unit vol-
ume of materials was calculated using the formula
Vanit = a?c [65-67]. Also, we used the UnitCell
program to calculate lattice parameters of mate-
rial [68-70].

The average size of CSR and the level of microde-
formations (£) in the obtained samples were calcu-
lated by physical broadening of the diffraction peaks
(112), (204), (312). The following equations were
used [68-71]

_0.94)
~ Beos(6)’

e = £o0) (1)
where A is the wavelength, [ is the extension of the
corresponding diffraction maximum, and 6 is the
diffraction angle.

The morphological properties of the synthesized
NCs were studied using a transmission electron mi-
croscope TEM-125K. The study of NCs elemental
composition was performed using a scanning elec-
tron microscope SEO-SEM Inspect S50-B equipped
with an energy-dispersive spectrometer AZtecOne
with X-MaxN20 detector (Oxford Instruments plc).

Raman spectra studies from NCs were performed
using a Renishaw inVia Reflex microspectrometer
at room temperature. Two solid-state lasers with
a radiation wavelength A = 532 nm and A = 785 nm
and maximum output power of at least 50 mW were
used as the source of the excitation radiation.

To study the photoluminescence (PL) spectra of
NCs, equipment based on a bright spectrophotome-
ter with a double monochromator SDL-1 was used.
The excitation of PL was performed using the CUD
7GF1B LED with maximum radiation of 274 nm
and LEDs with a wavelength of 620 nm. To estab-
lish and stabilize temperature of the sample, the
UTREX system was used, which allowed for tem-
perature stabilization with an accuracy of 0.01 K.

The methodology for studying the structural, mi-
crostructural and chemical properties of nanomate-
rials has been described in detail in our previous
works [60, 62, 69-72].

(1)
(2)

(3)
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3. Results and discussion

3.1. Structural and microstructural characteristics
of CZTSe nanocrystals and thin films

3.1.1. Morphology and local chemical analysis

Electron microscopic images of CusZnSnSey NCs
synthesized at different growth times using the first
and second approaches are shown in Fig. 1. It was
found that the average size of NCs synthesized by
the first method show an increase from 5.0+ 3.0 nm
(7 =30 min) to 12.0 + 3.0 nm (7 = 60 min). The
NCs sizes obtained by the second method were two
to three times larger than those obtained by the first
method. The crystals showed different shapes, i.e.,
from quasi-spherical to pyramidal forms. During the
synthesis process, NCs collected in conglomerates
with sizes 50-80 nm (Fig. 1).

To determine the optimal conditions for the
obtained NCs, we investigated the dependence
of the phase composition on temperature, syn-
thesis time, and precursor composition. Figure 2
presents diffractograms from NCs, in the synthe-
sis of which the (NHz)2CSe compound was used
(first approach). The particles were obtained dur-
ing the synthesis time from 0 to 60 min. Diffrac-
tion patterns from NCs show reflection peaks at
27.25-27.30°, 45.30-45.35°, 53.60-53.65°, 65.85—
66.40°, and 72.65—72.75°, which correspond to the
reflections from (112), (204), (312), (008), and (316)
crystallographic planes of the CuyZnSnSe; com-
pound of the tetragonal phase. Secondary phases in
the material were not detected by the XRD method,
because its concentration did not exceed the de-
tection level of the method (3-5% by weight) [72].
Diffractograms of the CuyZnSnSey NCs synthesized
using the first approach can be characterized by
the following features: (i) with increasing synthe-
sis time, the intensity of diffraction peaks increases

oo

)

Electron of

Fig. 1.
CuzZnSnSes NCs conglomerates obtained using Se
(composition 2:1.5:1:4, T=280°C, 7=120 min) (a,b)
and (NHz)2CSe (composition 2:1:1:4, T=240°C,
7=30 min) (c,d).

microscopic images
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Fig. 2. Diffractograms of CuzZnSnSes NCs syn-

thesized using (NH32)2CSe at T' = 240°C for a given
time 7=0 min (curve 1), 15 (curve 2), 30 (curve 3),
45 (curve 4), and 60 (curve 5).

significantly (e.g., for the plane (112) in the synthe-
sis time 0—60 min, the peak intensity doubles) and
(ii) the half-width of diffraction peaks decreases.

In the case of syntheses using elemental se-
lenium (the second approach), the exposure in-
terval of the reaction medium at different tem-
peratures was 120 min. The initial molar ra-
tio of the precursors used corresponded to the
stoichiometric composition of the compound and
was CuCly:Zn(CH3C00)2:SnCly:Se = 2:1:1:4. The
diffractograms obtained from the synthesized NCs
are shown in Fig. 3a. As can be seen at the synthe-
sis temperature of 220°C, the diffraction patterns
from NCs show a large number of lines, indicating
that there is a mixture of different phases (curve 1).
According to 73], in the case of zinc-depleted mate-
rial, CusSnSes, CuyZnSnsSeg, CusSe, and CugSnSy
compounds can be formed. These compounds are
characterized by the presence of several polymor-
phic modifications. But the main feature that com-
plicates the more accurate interpretation of the re-
sults of the X-ray phase analysis is that these phases
have spectra very similar to the diffraction spec-
tra of the CuyZnSnSe, compound of the tetragonal
phase [74-77].

It is established that with increasing synthesis
temperature, the number of peaks in the diffraction
patterns decreases (curves 2 and 3). At T' > 260°C
in the reaction medium, a product or mixture
of products with almost the same position of
peaks and their intensity ratio (curves 4-6) was
formed.

The diffractograms of the substance synthe-
sized at T > 260°C show the reflection peaks
at  27.05-27.30°, 45.00-45.25°, 53.30-53.60°,
65.60-65.90°, and 72.35-72.70°, corresponding to
the reflections from (112), (204), (312), (008) and
(316) crystallographic planes of the CuyZnSnSey
compound. Secondary phases in the material were
not detected by the diffractometric method.
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Fig. 3. Diffractograms of CuzZnSnSes NCs syn-

thesized using elemental selenium for a given time
7=120 min at different temperatures T = 220°C
(1), 240 (2), 250 (3), 260 (4), 270 (5), and 280 (6)
(a); and for a given time 7= 30 min (1), 60 (2), 90
(3), and 120 (4) at temperature 7" = 260°C (b).

To determine the optimal conditions for the syn-
thesis of NCs at 260°C, at which a material single-
phase is formed, samples were taken at different
exposure times of the reaction mixture. The cor-
responding diffractograms from the samples syn-
thesized over time 7 = 30, 60, 90, and 120 min
are shown in Fig. 3b. The results indicate that
the optimal NCs synthesis interval was 120 min
(curve 4).

To determine the chemical composition of the
obtained material, its chemical analysis was per-
formed using the EDX method. It is known that
the theoretical atomic ratio of the components of
the CuyZnSnSeq4 compound must be Cgy @ Cyy :
Csn : Cse = 25.0 : 12.5 : 12.5 : 50.0 (Table I). The
content of the components of the compound in the
precursor was selected accordingly. When determin-
ing the composition of the samples, it was observed
that the entry of different elements into NCs oc-
curs at different speeds. So, at the synthesis tem-
perature T = 260°C and the time of 30 min, zinc
atoms are not embedded from the reaction medium
into the compound (Table I). In this case, the CuSe
and CuySnSe3 phases are formed in the sediment
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TABLE I

The elementary composition of Cu2ZnSnSes NCs obtained by the second approach from precursors of different

composition under alteration of the synthesis conditions.

Samples Atomic percentage Relation
T°Cl | 7 [min] Cou Czn Csn Cse Cou/Negnisn) | Can/Csn
CuzZnSnSey 2:1:1:4
260 30 45.3 0 9.3 45.4 4.87 0
260 60 33.6 1.6 15.5 49.4 1.97 0.10
260 90 35.6 1.5 15.1 47.8 2.15 0.10
260 120 35.8 2.0 15.8 46.4 1.97 0.13
270 120 41.0 3.8 13.3 41.9 2.40 0.29
280 120 33.3 8.2 12.9 45.7 1.58 0.64
CuzZnSnSey 2:1.5:1:4
280 ‘ 120 29.0 12.1 12.7 46.2 1.17 0.95
CuzZnSnSey 2:1.8:1:4
280 ‘ 120 32.7 11.0 13.2 43.2 1.35 0.83
stoichiometric
. 25.0 125 125 50 1.00 1.00
composition
optimal for the creation 22.22 14.55 13.23 50 0.80-0.85 1.10-1.20
of SC composition
in a ratio of 2:1, which is confirmed by the X-ray 200
diffractometry data. With the growth time of NCs 180
increasing to 120 min, the zinc content in the syn- P g g § g g
thesized product increases to 2 at.%. - oy - = = =
It was found that with the increase in the synthe-
sis temperature, the amount of zinc in the samples € -
gradually increases, being 3.8 at.% for 270°C and g1%
8.2 at.% for 280°C. Hence, the increasing synthe- = 8
sis temperature promotes the entry of zinc atoms 60
into the final product. Since the experimentally ob- 40 9
tained ratio of constituent atoms in the material is - B
nonstoichiometric, it can be assumed that the ob- 1
tained product still consists of several phases. 020 30 40 50 60 70 8 9 100
To obtain a single-phase product during syn- Degree [20]
thesis at 280°C for 120 min, the concentration
of zinc in the reaction medium was increased by Fig. 4. Diffractograms of CusZnSnSes NCs syn-

1.5 to 1.8 times. The results of the X-ray phase
analysis showed that the spectra from the sam-
ples were similar to the spectra previously obtained
(Fig. 4), which are characteristic to single-phase
samples.

The analysis of the results obtained by the EDAX
method (Table I) showed that the optimal compo-
sition for the CusZnSnSes synthesis is the molar
ratio of 2:1.5:1:4. In this case, the formed product
was the closest (Ccu=29.0 at.%, Cz,=12.1 at.%,
Csn=12.7 at.%, Cs.=46.2 at.%) to the stoichiomet-
ric composition (Cey=25.0 at.%, Cz,=12.5 at.%,
Csn=12.5 at.%, Cse = 50.0 at.%). With a further
increase in the proportion of zinc in the reaction
mixture to 1.8, the content of copper and tin in
the samples increased to 32.7 and 13.2 at.%, respec-
tively, with a simultaneous decrease in the final syn-
thesis product, namely, zinc and selenium decreased
to 11.0 and 43.2 at.%, respectively (Table I).

thesized at T = 280°C, 7 = 120 min for non-
stoichiometric precursors 2:1:1:4 (1), 2:1.5:1:4 (2),
2:1.8:1:4 (3).

To establish the influence of growth time on
the structural and substructural characteristics of
CuyZnSnSey NCs, we determined the sizes of co-
herent scattering regions (L), the level of microde-
formations (), and the lattice parameters (a, ¢, ¢/a,
Vinit.). Their values are given in Table II. There are
also reference values of the lattice constants of the
studied compounds.

Lattice parameters of semiconductor materials
are extremely sensitive to the introduction of im-
purities, changes in stoichiometry, and oxidation,
so the exact values of these parameters allows us
to study the relevant processes. Table II shows
the obtained values of CusZnSnSe; NCs lattice
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TABLE II

The structural and microstructural properties of CuzZnSnSes NCs synthesized by different approaches. The value
of a = 0.56930 nm, ¢ = 1.13330 nm, n/2a = 0.99535, and Ve;; = 0.3673 nm?® (according to the reference data

JCPDS No. 00-026-0575 [67]).

Samples a , | e , Vini ,
T - pPrecursor L2y | L20a) | L(312) | €(112) | €(204) | €(312) ((1112) 2122) c(122)/2a(122), ‘/‘lnft(112)
. S | nm] | fom] | [m] | (x10%) | (x10%) | (x10%) | 'U¢ vC | eye/2ape | IO
[°C] | [min] | composition [nm] [nm] [nm?|
NCs synthesized by the first approach
0.56624, | 1.11545 0.9850 0.3576
240 | 0 2:1:1:4 4.47 | 477 | 472 | 8.16 7.69 7.79 ’ ’ ’ 3576,
0.56739 | 1.12621 0.99245 0.3626
240 | 15 2:1:1:4 7.29 6.19 5.82 5.02 5.94 6.34 0.56624, | 1.11545, 0.9905, 0.3576,
0.56619 | 1.13345 1.0009 0.3634
. 2 1.12134 . 2 .
240 | 30 2:1:1:4 8.10 6.90 6.55 4.53 5.34 5.64 0.56726, 34, 0.9952, 0.3608,
0.56777 | 1.12839 0.9937 0.3638
240 | 45 2:1:1:4 8.36 7.27 6.95 4.40 5.08 5.32 0.56726, | 1.12134, 0.9884, 0.3608,
0.56695 | 1.13165 0.9980 0.3638
240 | 60 2:1:1:4 9.03 7.51 7.05 4.07 4.92 5.24 0.56624, | 1.11545, 1.0070, 0.3576,
0.56605 | 1.13298 1.0008 0.3630
NCs synthesized by the second approach
. 24,11.1154 .984 .
260 | 120 2:1:1:4 16.54 | 15.08 | 14.32 2.27 2.50 2.64 0.56624, 543, 0.9849, 0-3576,
0.56645 | 1.13290 1.0000 0.3635
270 | 120 2:1:1:4 21.17 | 20.99 | 20.91 1.77 1.82 1.84 0.56829, | 1.12732, 0.99185, 0.3641,
0.56802 | 1.13600 0.9999 0.3665
. 1,|1.1 . 4 .
280 | 120 2:1:1:4 20.22 | 19.39 | 18.68 1.85 1.96 2.05 0.56931, 3338, 0.9954, 0.3673,
0.56820 | 1.13611 0.9997 0.3668
571 1.14 1.002 3741
280 | 120 2:1.5:1:4 19.61 | 18.54 | 17.68 1.90 2.05 2.16 0.57138, 57T, 0026, 0.3741,
0.56925 | 1.13760 0.9992 0.3686
280 | 120 2:1.8:1:4 24.23 | 22.95 | 21.23 1.55 1.67 1.81 0.57138,  1.14577, 1.0026, 0.3741,
0.56956 | 1.13741 0.9985 0.3690

parameters calculated using the relations (1)-(2)
for reflections from the crystallographic plane (112)
and the UnitCell program. It was found that the
values of the lattice parameters found by two differ-
ent methods differ quite significantly in magnitude.
The general form of the dependence of a, ¢, ¢/(2a),
Vanit on T, 7 and the precursors composition was
very similar. Since the results obtained using the
UnitCell program are based on the analysis of all
reflections presented on the diffractograms of the
samples, they are more accurate. Therefore, only
this data will be discussed.

The analysis of the results of diffractometric stud-
ies shows that the lattice parameters of nanocrystals
synthesized by the first method vary in the following
range: ayc = 0.56605-0.56777 nm, cyc = 1.12621-
1.13345 nm, cyc/(2auc) 0.99245-1.0009. Ini-
tially, with as the synthesis time increases, the value
of a increases to the maximum (ayc=0.56777 nm
at 7=30 min), and then decreases to the minimum
(ayc = 0.56605 nm at 7 = 60 min). The material
of NCs synthesized at =45 min (ayc=0.56695 nm)
had parameters closest to the reference data (ayc =
0.56930 nm).

At the same time, the value of the lattice param-
eter ¢ increases with the increase in synthesis time
of NCs, reaching at 7=60 min (cyc=1.13298 nm)
values typical for stoichiometric materials (cyc =
1.13330 nm) [72-74]. A similar increase is observed
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in the ratio of the quantities cyc/(2auc), which at
the synthesis time 7 = 45-60 min begins to ex-
ceed the reference data. Simultaneously, the calcu-
lated unit cell volume of the compound (Vyit(uc) =
0.3626-0.3638 nm?) turned out to be less than the
reference value (Vinicucy = 0.3673 nm?) in the
overall range of synthesis times.

In the case of NCs synthesized by the second
method, there was a tendency to increase such lat-
tice parameters as ayc, cuc, Vinit(uc) by increasing
the synthesis temperature and the zinc content in
the precursor — at the same time value of relation
cuc/(2ayc) decreases (Table II).

The results of determining the size of CSR, L,
and the level of microdeformations, €, obtained by
a physical broadening of the diffraction peaks (112),
(204), and (312) in CupZnSnSey NCs are shown in
Table II. Analysis of these results shows that with
the increase in the synthesis time, the CSR sizes of
CuyZnSnSe,; NCs synthesized by the first method
increase from 4.47 nm (7 = 0 min) to 9.03 nm
(7 = 60 min) in the [112] direction. Similar, albeit
somewhat smaller, increase in L occurs in two other
directions [204] and [312]. At the same time, taking
into account the accuracy of the method, the form
of CSR is close to spherical.

The CSR sizes of NCs synthesized by the sec-
ond method turned out to be much larger than
that of the first method, and vary in the range
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L112) = 16.54-24.23 nm. There was also a tendency
in nanocrystal CSR sizes to increase with an in-
crease in the synthesis temperature and the amount
of zinc in the precursor. A similar process was ob-
served for L in the directions [204] and [312]. As in
the first case, the CSR sizes were close to the spheri-
cal form. It should be noted that the CSR sizes prac-
tically coincided with the NCs sizes determined us-
ing transmission electron microscopy (Fig. 2). This
suggests that nanocrystals usually consist of one
single CSR.

The level of microdeformations in NCs synthe-
sized from selenourea in the [112] direction with
an increase in the synthesis time, decreases from
g112) = 8.16 x 107 (7 = 0 min) to g(112) = 4.1 X
1072 (7 = 60 min). A similar decrease was observed
(Table IT) for other investigated crystallographic di-
rections. This effect was caused by an increase in
temperature and an increase in the zinc content
of the precursor during the synthesis of NCs by
the second method. It should be noted that when
we used amorphous selenium as the Se source, the
resulting NCs had larger CSR sizes and a signifi-
cantly (24 times) lower level of microdeformation
(e(112) = 4.07x 1073-8.16 x 10~3) compared to that
obtained using selenourea (£(112) = 1.55 X 1073~
2.27 x 1073). Since both the CSR boundaries and
microdeformations in the material are due to the
presence of dislocations, increasing L and decreas-
ing ¢ should lead to a decrease in the density of
dislocations in films, which will subsequently be cre-
ated with the synthesized NCs [75-77].

3.2. Optical properties of Cuy ZnSnSey NCs
3.2.1. FTIR spectra

The Fourier transform infrared spectroscopy
(FTIR) spectra from NCs, taken in the mode of
full reflection of light at room temperature, are
shown in Fig. 5. FTIR absorption spectra were mea-
sured to identify the chemical bonds in the investi-
gated samples [78]. As can be seen, the absorption
bands are observed at the frequencies 3741, 3421,
2558, 2164, 2037, 1979, 1647, 1165, and 1068 cm™!.
It should be noted that the CuyZnSnSe, kesterite
phase’s active IR oscillations were not detected in
the measured range due to their location at lower
wavelengths (50-400 cm™1!) [79).

Therefore, particular attention was paid to the
identification of residues of organic surfactants and
solvents used in the synthesis of NCs. As shown
by the spectra analysis, the absorption bands at
3741 cm~! and 1647 cm™! can be associated with
the valence vibrations of the O—-H bonds and the
H-O-H oscillation group, respectively [80]. The ap-
pearance of these bands indicates the presence of
water residues in the nanocrystals. The peak at
a frequency of 1068 cm~! relates to the CO, car-
bonate group that was formed by carbon dioxide in
the air [81]. The band at 2558 cm ™! relates, in turn,
to the S-H oscillation group. The most pronounced

493

1,b —
£ 7 55
S S o8
. 1,2 L b3 ﬁ :g
3
S ]
c 09}
S " ity | |13 //“’\\
8 0,6 :4‘;”“'\ \ if /
< [osbrettlny, | d
1 /
(R
03f Mj\
1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wave number [cm™]
Fig. 5. FTIR spectra of Cu2ZnSnSes NCs from

500 to 4000 cm ™! at T = 260°C, 7 = 120 min, sele-
nium source — elemental Se, precursor composition
—2:1:1:4 (1); T = 280°C, 7 = 120 min, Se, 2:1.5:1:4
(2); T = 280°C, 7 = 120 min, Se, 2:1.8:1:4 (3);
T = 240°C, 7 = 30 min, (NH3)2CSe; 2:1:1:4 (4).

absorption bands at the frequencies 2164, 2037, and
1979 cm ™! relate to the C—H group due to the use of
organic matter in the synthesis of NCs. The peak at
1165 cm~! is associated with the stretched C-OH
bonds. Thus, the studied samples mainly contain
residues of the substances used in their synthesis.

3.2.2. Raman spectra

The XRD method cannot adequately confirm
the formation of the pure Kkesterite phase in
CuyZnSnSey NCs because of the positions of the
diffraction peaks on the diffraction patterns and
the lattice parameters of the four-component com-
pound, as well as the fact that some possible impu-
rity phases ZnSe, CuzSe, CuzSnSes are similar [82].
Therefore, to establish the formation of kesterite
in the samples, the synthesized NCs under opti-
mal conditions were analyzed using Raman spec-
troscopy.

Figure 6 shows Raman spectra of CusZnSnSey
NCs synthesized from a solution containing amor-
phous selenium. These spectra have peaks at offset
frequencies 168, 180, 188, 231, and 252 cm~!. The
peaks at 180 cm~! and 188 cm™! have the largest
intensity. The presence of a low-intensity peak at
a frequency of 204 cm ™! is also possible.

It is known that the spectrum of CusZnSnSey
is similar to this of CusZnSnS4 and contains three
peaks, i.e., the most intense one at 195-196 cm ™!
and two less intense at frequencies 172-174 cm™!
and 233-238 cm™! [83]. Thus, in our opinion, the
peaks at the offset frequencies 168 and 188 cm ™! be-
long to the compound CusZnSnSe,. The shift of the
position of the lines in the spectrum in relation to
the position characteristic of the bulk material is re-
lated to the nanoscale shape of the studied particles.
The peak at a frequency of 231 cm™! also belongs
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Fig. 6. Raman spectra  from Cu2ZnSnSey
nanocrystals synthesized at T =  280°C,
7 = 120 min for non-stoichiometric precur-

sors 2:1.8:1:4.

TABLE III

The Raman frequencies for selenium-containing
compounds.

Compound ‘ Structure ‘Raman shift [cm™1] [84]

Experimental data

CugZnSnSay | kesterite/stanite 168, 188, 231
CuzSnSag cubic 180

ZnSe wurtzite 204, 252

Reference data

Cu2ZnSnSay | kesterite/stanite 174, 195, 233
CugSnSas cubic 180, 200, 236, 252
ZnSe wurtzite 206, 250

SnSe orthorhombic 33, 71, 108, 130, 150
SnSe2 hexagonal 119, 185

a—Se amorphous 255

MoSe hexagonal 245, 284
Cug_,Se cubic/hexagonal 91, 260270

Seg trigonal 143, 237

to this compound and, unlike the previous ones, it
almost did not shift in frequency compared to the
massive substance. The CusZnSnSe; nanocrystals
contain some additional phase that gives a peak at
frequencies of 180, 204, and 252 cm™'. The first
maximum is usually observed in the spectra of the
CusSnSez compound and the next two — the ZnSe
compound (Table III). Thus, the synthesized par-
ticles are most likely biphasic and contain a low
concentration of secondary phases.

3.2.3. Photoluminescent studies

It is well known that the method of low-
temperature photoluminescence (PL) is a highly
sensitive non-destructive method of detecting the
secondary phases in kesterite compounds [85]. In
this work, in order to identify such phases, stud-
ies of the PL spectra of nanoparticles (NPs) syn-
thesized under optimal conditions were performed.
Measurements were carried out at T' = 77 K using
excitation sources of different energy.
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Fig. 7. PL spectrum of Cu2ZnSnSes NCs obtained

at T' = 77 K using excitation by LED with A =
274 nm (4.53 eV).

Figure 7 shows the PL spectrum of CusZnSnSey
NPs using excitation by LED with A = 274 nm
(4.53 €V) and its decomposition into the number of
lines. As can be seen in Fig. 7, the most intense
PL band has two components, i.e., at 441.4 nm
(2.809 eV) and 473.5 nm (2.619 eV). The short-
wavelength component may be due to exciton or
band-band (B-B) transitions characteristic of the
ZnSe compound. While the other component at
473.5 nm may be due to recombination processes in-
volving relatively shallow defect centers, which may
be a donor-type centers (D; — VB transitions). The
appearance of such a donor center may be due to
the presence of interstitial zinc atoms, which leads
to the formation of a donor level with ionization
energy of 220 meV [86].

It should also be noted that band showed on
Fig. 7 has a long-wavelength edge stretched to
750 nm (1.65 €V). This indicates that other PL
bands may also appear in this spectral region. Ac-
cording to the decomposition results of the PL spec-
trum presented in Fig. 7, we can also observe addi-
tional bands at 528.3 nm (2.347 €V) and 601.4 nm
(2.062 eV). Such bands associated with defects can
be observed in particular as a result of their reso-
nant excitation, i.e., when the excitation energy is
less than the bandgap of the material. Thus, accord-
ing to [87], the ZnSe compound is characterized by
the appearance of PL bands in the green and red
regions of the spectrum. The appearance of these
bands is due to recombination processes involving
copper — namely neutral Cuj, and single-charged
Cu,,, centers. The presence of this type of defects
in the ZnSe secondary phase in CuyZnSnSey NPs
is quite probable because Cu is one of the kesterite
components. Copper atoms form deep acceptor cen-
ters in ZnSe with ionization energy of 0.73 eV. In
the case of the neutral center Cuj , its energy is
0.35 eV [87]. As can be seen in Fig. 7, the in-
vestigated PL spectrum contains two bands in the
green and red regions of the spectrum at energies
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Fig. 8. PL spectrum of CuzZnSnSes NPs obtained
at T = 77 K using excitation by LED with

A =620 nm (1.99 eV).

of (528.3 nm) 2.347 eV and (601.4 nm) 2.062 €V,
respectively. This means that there are two accep-
tor levels (A; and As) with ionization energies of
0.46 eV and 0.75 eV, associated with defect cen-
ters caused by the presence of Cu atoms in ZnSe.
Therefore, the PL bands at 528.3 nm and 601.4 nm
correspond to the (e—A;) and (e—As) optical transi-
tions. It should be noted that the PL spectrum also
shows a low-intensity band at 875 nm (1.417 eV),
which may be associated with photoionization pro-
cesses involving a deeper defect level (A3 acceptor),
the nature of which remains unknown. In this case,
the optical transitions (e-As) take place.

For ZnSe crystals, PL can also be observed under
optical excitation, the energy of which is lower than
the bandgap energy. In this case, resonant excita-
tion of defect states may occur, resulting in their
participation in PL. One may expect optical tran-
sitions between one of the energy bands and the
defect level or transitions involving donor and ac-
ceptor levels, the so-called PL of donor—acceptor
pairs. Therefore, it is of interest to conduct studies
of low-temperature PL spectra under optical exci-
tation, the energy of which is lower than the value
of F, for the given semiconductor material. For our
case, we used excitation by LED with a wavelength
of 620 nm. The obtained PL spectrum is shown
in Fig. 8.

As can be seen in Fig. 8, two bands are observed
in the PL spectrum at 630 nm (1.97 eV) and 689 nm
(1.80 V). The energy of the short-wavelength band
practically coincides with the energy of the optical
transition with the participation of a single-charged
Cuy,, acceptor center (As) and the conduction
band. Therefore, such a PL band can be the result
of recombination processes involving free electrons
and holes localized at the acceptor levels of copper
impurity centers. In this case, there is an almost res-
onant excitation of such impurity centers. The other
band at the energy of 1.80 eV is apparently due
to radiative recombination of the donor—acceptor
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Fig. 9. Energy band scheme with the expected en-
ergy states associated with defects in the secondary
phase of ZnSe.

pairs. It should be noted that a characteristic fea-
ture of PL associated with radiative recombina-
tion of donor—acceptor pairs is the participation
of longitudinal-optical (LO) phonons in such pro-
cesses. The decomposition of this band into a num-
ber of lines shows that its long-wavelength wing
contains a number of equidistant PL bands. The
energy distance between adjacent bands is, on aver-
age, about 30.5 meV. The magnitude of this energy
is very close to the LO-phonon energy for ZnSe crys-
tals, which is 31 meV [88]. The presence of the de-
tected structure of the PL spectrum indicates that
its nature results from the radiation of the donor—
acceptor pairs in the ZnSe compound and thus con-
firms the presence of the corresponding secondary
phase in CusZnSnSe; nanocrystals. In this case,
the PL band at 1.80 €V can be considered a zero-
phonon line (ZPL). As shown in Fig. 8, the PL band
also contains an additional component on its short-
wavelength edge at 682.3 nm (1.817 €V). The ap-
pearance of this band indicates that it can be due
to the recombination of free electrons in the conduc-
tion band and holes of the deep acceptor center with
an ionization energy of 0.99 eV (A4 acceptor). The
presence of a deep acceptor center may be due to the
presence of impurity Sn atoms in ZnSe. Typically,
such impurity atoms form deep levels in A?B® semi-
conductors [89]. In this case, the ionization energy
of the shallow donor level is 20 meV, which may be
due to once positively charged selenium vacancies,
the depth of which is ~ 0.02 eV [90]. Based on the
results of studies of the PL spectra, an energy band
scheme with the expected energy states associated
with defects in ZnSe was constructed (see Fig. 9).

It should be noted that this phase is practically
not fixed by Raman spectroscopy. The ZnSe phase
usually gives peaks at 206 cm ™! and 250 cm ™!, but
in the Raman spectra, the first peak and replaced by
the second. However, on closer inspection, one can
see a peak of very low intensity. Such a difference
in the manifestation of LO-phonons may be due to
the different sensitivity of the methods used.
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4. Conclusion

1. This work proposes a new procedure for the

polyol synthesis of NCs of the CusZnSnSey
compound, where amorphous selenium is used
as the Se source. The following optimal syn-
thesis conditions are selected: temperature
(T'=280°C), time (7=120 min), and the mo-
lar ratio of the components in the precursor
(2:1.5:1:4), in which the crystals had a single-
phase structure of the kesterite type and
the composition (Cey = 29.0 at.%, Cyz, =
12.1 at.%, Cs, = 12.7 at.%, Cse = 46.2 at.%)
close to the stoichiometric. The use of elemen-
tal selenium for the synthesis made it possible
to significantly reduce the costs of obtaining
the compound.

. We compared the structural (phase com-
position, crystal lattice parameters, unit
cell volume) and substructural (CSR sizes,
level of microdefromations) properties of
CusZnSnSe; NCs obtained by synthesis us-
ing selenourea as a source of Se (which is tra-
ditional in such cases) in the first approach,
and amorphous selenium in the second
approach.

. Using the UnitCell program and the posi-
tion of the diffraction reflection from the [112]
crystallographic plane, we determined the lat-
tice parameters of the synthesized crystals.
It was found that although the values of the
unit cell constants of the material found by
two different methods differed significantly
in magnitude, the general form of the de-
pendence of a, ¢, ¢/(2a), Vinit on T, 7 and
the composition of precursors were similar.
It was shown that the lattice parameters of
NCs synthesized by the first method vary
in the ranges ayc = 0.56605-0.56777 nm,
cve = 1.12621-1.13345 nm, cyc/(2auc)
0.99245-1.0009. The parameters closest to ref-
erence data ayc=0.56930 nm were found in
the nanocrystals synthesized at 7=45 min. For
NCs synthesized by the second method, a ten-
dency to increase the values of a, ¢, and Vit
with the increase in the synthesis tempera-
ture and the zinc content in the precursor was
observed. At the same time, the ratio ¢/(2a)
decreases. The obtained results correlate well
with the data given in the reference literature.

. It was found that the size of NCs synthe-
sized using elemental selenium as a precur-
sor component (D 18-30 nm) and CSR
(L(112)=16.54-24.23 nm) were much higher
than when using selenourea (D = 5-12 nm,
L(112) = 4.47-9.03 nm). At the same time,
these sizes increased with increasing synthesis
temperature and zinc content in the precur-
sor. A similar increase in the CSR sizes was
observed in NCs synthesized with the use of
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selenourea and an increase in the time of their
synthesis. In both cases, the crystals CSR had
a shape close to spherical.

. It was shown that when using amorphous se-

lenium as a source of Se, the obtained NCs
had a significantly (2—4 times) lower level of
microdeformations (g(112) = 4.07 x 1073
8.16 x 10~3) compared to that obtained using
selenourea (£(112) = 1.55 x 1073-2.27 x 1073)
thus the films based on them will contain
fewer dislocation centers, which are effective
recombination centers of charge carriers.

. By the method of Raman spectroscopy in the

nanocrystals obtained under optimal condi-
tions (T=280°C, 7=120 min for nonstoichio-
metric precursors 2:1.5:1:4) from a precursor
containing amorphous selenium, in addition
to the main phase, the presence of some com-
pounds CusSnSez have been observed, and
by the method of low-temperature PL, also
small quantities of ZnSe. Thus, to obtain fully
single-phase nanocrystals, the samples require
further annealing.

. Synthesized CuyZnSnSe; NCs dispersed in

an environmentally friendly mixture of wa-
ter, glycol, alcohol, and polyvinylpyrrolidone
can be used for 2D and 3D printing of films
from a four-component compound, used as
absorbers of third-generation solar cells, ac-
tive layers of thermogenerators and other elec-
tronic devices.
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