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The optical anisotropy of the SbySes crystals was investigated at 300 and 11 K. Excitonic features of four excitons (A, B, C, and D)
were observed in the optical spectra of the Sb,Ses single crystals and in the photoelectric spectra of the Me—Sb,Ses structures. The
exciton parameters, such as the ground (n = 1) and excited (n = 2) state positions and the binding energy (Ry), were determined.
The effective mass of the electrons at the bottom of the conduction band (m.* = 0.67m) as well as the holes at the four top valence
bands (m1* = 3.32mg, myo* = 3.83mg, my3* = 3.23mg and my4* = 3.23mg) were calculated in the I'-point of the Brillouin zone. The
magnitude of the valence band splitting V|-V, due to the spin—orbit interaction (Ag, = 35 meV) and the crystal field
(Acf = 13 meV) were estimated in the Brillouin zone center. The energy splitting between the bands V3-V4 was 191 meV. The
identified features were discussed based on both the theoretically calculated energy band structure and the excitonic band symmetry
in the Brillouin zone (k = 0) for crystals with an orthorhombic symmetry (Pnma). The photoelectric properties of the Me—Sb,S3
structures were investigated in the spectral range 1-1.8 eV under E||c and E Lc polarization conditions and at different applied volt-
ages.

Introduction

Antimony selenide (SbySe3) is an inorganic semiconductor
compound with interesting photoelectric properties. This mate-
rial has a high absorption coefficient (=10° cm™!) in the region
of maximum solar energy radiation [1,2] which is corroborated
by a 6.5% rapid increase in solar cell efficiency when Sb,Sej is
present [3-5]. Interestingly, this high absorption coefficient is
103 times higher than the absorption in silicon [5-7] and encom-

passes a wide portion of the spectrum ranging from 1.0 eV to

2-3 eV. The crystalline structure of Sb,Ses is quite uniform and
stable which minimizes the energy loss due to radiation [3,7,8].
In combination, the binary arrangement (Sb, Se), high crys-
talline stability, low toxicity and low deposition temperature
(melting point ~611 °C) reduce the production costs [3-10]. It
has been shown that SbySe; has many applications in photo-
voltaic devices and thermoelectric systems where it can be used

as a thin film [11], in thermovoltaic and switch devices [12], in
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optical data storage [13] and in optoelectronics as a 2D

anisotropic material [14,15].

In order to use Sb,Sej to build high-performance devices it is
necessary to study its crystalline nanostructure in terms of band
structure and optical and optoelectronic properties, especially in
the bandgap region in which ambiguous and contradictory
results have been obtained. For example, the energy range of
the bandgap was found to be 1.2 eV [15,16], 1.1-1.3 eV [17,18]
and 1.25-1.46 eV [19] and these discrepancies have been
pointed out in a different study [20]. There are also discrepan-
cies in terms of which type of electronic transitions are respon-
sible for determining the minimal bandgap. Several studies have
shown that the bandgap is established due to allowed transi-
tions that happen within 1.0 and 1.9 eV [6,8,10], whereas other
studies show that the bandgap is determined by forbidden tran-
sitions [21-23]. In addition, the energy band structure and the
theoretical calculations in the Brillouin zone space are also
ambiguous [6,8,10,19,20].

The crystalline properties of Sb,Ses, such as optical absorption,
reflection, and photoconductivity, were studied in this work. In
order to determine the bandgap, the nature of electronic transi-
tions, among other properties, the absorption, reflection and
excitonic spectra were obtained. The Sb,Ses crystalline
anisotropy of the ground and excited states of four excitonic

series were determined at 300 and 11 K.

Due to the crystal field (A.f) and spin—orbit (Ag,) interactions,
the high valence band splittings were estimated in the Brillouin
zone center. The effective mass of the electrons and holes was
calculated as well as the anisotropy of the latter. The photocon-
ductivity measurements were performed in the excitonic region
at positive and negative voltages applied to the Me—Sb,Ses
contacts. A similar investigation using the Sb,S3 single crystals
was carried out by our group [24]. Since Sb,S3 and Sb,Ses have
a similar band structure, the four excitonic states (A, B, C and
D) were also obtained for the Sb,Sj single crystals. Based in
our previous work [24], the exciton binding energies, valence
band parameters, valence band splitting, as well as the effective
mass of electrons and holes were estimated for SbySej single
crystals.

Experimental

Bulk Sb,Sej crystals were obtained by fusion (T = 700-730 °C)
of antimony (Sb) and selenium (Se) taken in the stoichiometric
ratio. The growth method used for SbyS3 [24] was adapted here
for lower temperatures. Sb and Se, at a semiconductor purity BS
level (99.9999%), were used as the initial precursors and placed
into a container that was evacuated to a residual pressure of

107> mmHg. For a thorough mixing of the reacting components
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in the liquid phase, a rocking device and an electromagnetic
vibrator, at a frequency of f = 2 Hz, were used and the reaction
lasted between six and eight hours. The ampoule with the syn-
thesized material was placed in a temperature-gradient furnace.
The synthesized Sb,Se3 was placed in the highest temperature
zone of the furnace (720-730 °C) whereas the other end the
of ampoule was designated as the crystal growth zone
(670-680 °C). The ampoule was maintained at this temperature
gradient for 80 h to allow for the crystal growth process. Due to
the temperature gradient, the material was transferred to the
crystal growth zone, which was set at the lower temperature
range. The temperature difference between the two zones was
approximately 50-60 °C which enabled single-crystalline
growth. Easily-cleaved crystal ingots (1 X 1 x 1.5 cm) were the
final product, from which mirrored layers of various thick-
nesses (100 um-3 mm), were obtained. Thinner layers
(1.3-10 um) could also be obtained from the crystal with the aid
of adhesive tape. X-ray diffraction was performed in order to
verify the quality of the crystalline sheets and their spatial crys-

talline groups.

Optical transmission and reflection spectra were obtained on a
double-grating spectrometer SDL-1 with a 1:2 aperture and
7 A/mm linear dispersion. The crystals were placed in a closed
helium cryostat LTS-22 C 330 perpendicular to the b axis and
their spectra were obtained at low temperatures with ~0.5 meV
resolution since both the spectrometer entrance and exit slits did
not exceed 70 um. The crystal layers were characterized by a
high reflectance, which is characteristic of metallic aluminum
mirrors. Some measurements were also carried out on the spec-
trometer DFS-32 coupled with a Specord M-40 and a Jasco
V-670. The photoconductivity spectra were obtained on a single
spectrometer (MDR-2) with a 1:2 aperture and 7 A/mm linear
dispersion.

Results and Discussion

The quality and composition of the single crystals were verified
by optical and X-ray diffraction (XRD) analysis. The position
of the atoms relative to the crystal lattice axes and the crystal
XRD pattern is shown in Figure 1. A typical Sb,Se; diffrac-
togram is shown in Figure 1B. This result indicates the com-
plete miscibility of the components during the synthesis
process. The Sb,Ses lattice parameters were determined based
on the XRD analysis. The experimental interplanar distances
dhkl, obtained from the X-ray data for SbySes, are consistent
with the previously published data [11]. The analysis shows that
the prepared Sb,Sej crystals are single phase and have an
orthorhombic-type structure with a Pnma space group
(a=11.6901, b =3.9210, c = 11.4894 A) [21,25]. According to
Figure 1A, which shows a fragment of the SbyS3 crystal lattice,

Sb,Ses is a 2D semiconductor with a layered structure in which
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the Sb and Se atoms are connected with three other atoms of the
opposite type, which in turn are connected within the crystal

through weak secondary bonds.
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Figure 1: (A) Positions of the Sb and Se atoms in the Sb,Sej crystals.
(B) The SboSej crystalline XRD pattern.

60

Figure 2 shows the absorption spectra of the SbySes crystal
(thickness d = 113 pm) measured at different temperatures
(300-11 K) under E||c and E Lc polarization conditions. The
results demonstrate that the absorption edge is shifted towards
higher energies when the temperature decreases. The largest
difference in the absorption edge (E.q) values is observed at
~2-103 cm™! and at 300 K (AE = E.q(ELc) — E.q(Ellc) =
29 meV). When the temperature decreases to 100 K, AE
decreases to 9 meV; however, a further decrease in the tempera-
ture to 11 K leads to an increase in AE to 16 meV (Table 1).
Such absorption characteristics suggest that the absorption edge,
under these polarization conditions, is formed due to the elec-
tronic transitions from different valence bands to a conduction
band. Estimated values for the edge positions can be obtained
by extrapolating the absorption curve to the energy axis, as

shown by the black dotted lines in Figure 2.
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Figure 2: The absorption spectra of the SboSej crystals, with thick-
ness d = 113 um, measured at different temperatures (300 K: cyan,
200 K: blue, 100 K: green, 50 K: red and 15 K: black) for E||c (A) and
Elc (B) polarization conditions.

Table 1: The differences (AE) in the absorption edge positions (Eeq)
for E||c (Eeq(ELc)) and ELc (Eed(El|c)) polarization conditions at differ-
ent temperatures.

T,K Eeq, ELc, eV Egg, Ellc, eV AE, meV
300 1.220 1.191 29

200 1.264 1.244 20

100 1.296 1.287 9

50 1.307 1.296 11

11 1.294 1.278 16

Figure 3A illustrates the absorption spectra of the SbySes single
crystal with a 13 pm thickness measured at room temperature

under E||c and E Lc polarization conditions. The spectra show
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the high absorption coefficients with maxima at 1.162 eV
(marked as A, E||c) and 1.185 eV (marked as B, ELc) at the
absorption level of 2 x 10* cm™!. The onset of edge absorption
starts at 1.09 eV (E||c) and 1.1 (ELc). In conclusion, the absorp-
tion edge splitting (with a high absorption coefficient of
~10* em™!) measured at room temperature is 23 meV.
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Figure 3: (A) The spectra showing the edge absorption (o) and photo-
conductivity (Jpp) for the SboSejz crystals measured under E||c and

E Lc polarization conditions and at room temperature (insert shows the
structure used for the photoconductivity measurements). (B) The
photoconductivity spectra measured at room temperature for various
voltages applied to the In-Sb>Sej contact (insert illustrates this struc-
ture).

In order to investigate the electrical and photoelectric proper-
ties of the metal-antimony selenide (In—Sb,Ses) contacts, the
structures were obtained by either thermal sputtering under
vacuum or electrochemical deposition onto the cleaved faces of
single crystals (Figure 3A). Current—voltage characteristics
suggest that the contacts have an ohmic behavior. The imped-
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ance has a frequency dependence that is characteristic of the
conductivity hopping mechanism which in turn is independent
of the metal type and the deposition method used. The
photocurrent increases when the energy of the photons in-
creases in the Schottky barriers when the transparent contacts
are illuminated. The structures with the contacts deposited onto
one side of the crystal are photosensitive. At the same time, the
contact deposition onto opposite sides of the crystal planes
leads to the appearance of a photo-electromotive force (EMF)
with a magnitude of up to 150 mV. The photocurrent increases
when a positive voltage is applied to the illuminated electrode
and it decreases to zero when a negative voltage is applied. The
nature of the photoelectric effect cannot be associated with the
contact-EMF effect since there is no band bending at the semi-
conductor surface region. On the other hand, the photo-EMF
effect, in this case, may be associated with the Dember effect.

The photoconductivity and photo-EMF spectra in the absorp-
tion edge region show a broad band with maximum values at
1.187 eV (ELc) and 1.167 eV (E]|c) (Figure 3A) which are as-
sociated with the light absorption at the direct transitions in the
interband gap minimum region. It is highly likely that the
photoconductivity maxima are due to excitonic ground states
(n = 1) in the aforementioned polarization conditions. In addi-
tion, the photocurrent increases when the bias increases. For the
unpolarized light case, the photoconductivity spectra have a
narrow maximum at 1.15 eV when different voltages are
applied to the K| and K, contacts belonging to the structure
shown in the Figure 3B insert. The maximum intensity in-
creases when the voltage between the contacts increase which
can be associated with the electronic transitions in the absorp-
tion spectra at 1.17 eV and 1.19 eV. When the applied voltage
increases the photocurrent signal also increases in the region of
higher energies (1.2-1.8 eV), reaching a maximum at
1.5-1.6 eV. The maximum photocurrent value at 1.15 eV is due
to excitonic states at the direct electronic transitions between
V—C; bands. The increase in intensity with the applied voltage
confirms the excitonic character of the maximum, which is
consistent with the fact that the binding energy of these exci-
tons is 130-136 meV.

The In—Sb;Sejs structures, in which the contacts were deposited
by electrochemical methods, show photosensitivity over a wide
energy range (1-1.8 eV, Figure 4). When a voltage range from
0 to 2 V was applied to the indium contacts, the photoconduc-
tivity maximum was registered at 1.168 eV for both polariza-
tion cases (E_Lc and El|c). This happens due to the direct elec-
tronic transitions in the bandgap minimum. The maxima D at
1.46 eV and F at 1.67 eV are observed in the photoconductivity
spectra at the energy range between 1.3-1.8 eV for the ELc po-

larization case (Figure 4). For the E||c polarization condition, a
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lower maximum S is observed at 1.60 eV. All these maxima can
be attributed to the direct electronic transitions in the Brillouin

zone.

16
Energy, eV

Figure 4: The photoconductivity spectra registered when 2 V is applied
to the In-Sb,Sej contacts (Figure 3A, insert) under the E||c and ELc
polarization conditions.

The maxima observed for the reflection spectra (room tempera-
ture, E|[c) are at 1.164 eV and 1.325 eV due to the ground states
n® =1 and nC = 1 for the A and C excitonic series, respective-
ly. For the Elc case, the reflection spectra maxima are at
1.191 eV and 1.467 eV due to the ground states for B and D
excitons, respectively. A weaker shoulder S at 1.6 eV and a
maximum G at 1.807 eV are measured for the E||c polarization
case at higher energies. For E Lc the polarization maximum F is
at 1.671 eV (Figure 5A). There is good agreement between the
maxima in the reflection (Figure 5) and in the photoconduc-
tivity spectra (Figure 4); therefore, these values can be attri-
buted to the direct excitonic state transitions in the Brillouin

zone.

The excitonic nature of the maxima detected in the reflection
spectra is also confirmed by the absorption spectra measure-
ments performed at low temperatures (Figure 5B). For the E||c
case, when the temperature decreases to 10 K, a maximum is
detected at 1.299 eV which is caused by the exciton ground
states n® = 1, conventionally designated as the A series. For the
same polarization case, another maximum n€ = 1 is detected at
1.347 eV, which is caused by the ground state of the C exci-
tonic series. For the ELc polarization case six maxima are
detected. In the long-wavelength region, a maximum is detected
at 1.312 eV, which is caused by the B series. At 1.410 eV and

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.
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Figure 5: (A) The reflection spectra of the SboSes crystal measured at
room temperature for both E||c and E Lc polarization conditions.

(B) The edge absorption of the Sb>Sejs crystal with a thickness

d = 1.3 pm for E||c and E Lc polarization conditions at a temperature of
10 K.

1.429 eV, the excited states B = 2 and nB = 3 of the B exci-
tonic series are observed. In the high-energy region, the
maximum nP = 1 is detected at 1.538 eV and a weaker peak is
detected at 1.588 eV, which is formed by the D excitonic series
in the vicinity of another pair of bands. To determine the main
parameters of the excitonic series, the profiles of the measured
reflection spectra of the A and B excitons (experimental data)
are calculated based on the dispersion ratios in the single-oscil-
lator and multi-oscillator models, according to a method de-
scribed in our previous work [26].

Figure 6 shows the experimentally measured and the calculated
profiles of the reflection spectra for both E||c and E Lc polariza-
tion cases at 300 K. The calculations showed that for the polari-
zation E||c the background dielectric constant (gy,) is equal to
7.5, the energy of the transversal exciton (wr) is 1.192 eV, the
longitudinal-transversal splitting (wy 1) is 15 meV, the damping

factor (y) is 110 and the translational mass of the exciton (M) is
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3.5mq (Table 2). For the excitonic series C the following param-
eters were calculated: wp = 1.310 eV, wpr =17 meV, y = 150
and M = 3.9m. For the E_Lc polarization case the calculations
of the reflection spectra profiles gave the following parameters:
e, = 7.5, oy =1.219 eV, ot = 14 meV, y = 161, and M =
4.51”10.

32

N
\O

1.3

Energy, eV

13
Energy, eV

Figure 6: The experimentally measured (exp.) and calculated (calc.)
profiles of the reflection spectra for the E||c (A) and E Lc (B) polariza-
tion cases at 300 K.

By using the obtained experimental data and the known rela-
tion p* =8%Ry/RH, where Ry is the Rydberg energy of a
hydrogen atom (13.6 eV) and Ry is the binding energy for the
corresponding exciton (Rydberg constant), the reduced effec-
tive mass (u*) is calculated for the excitons A, B, C and D. For
excitons A and B when the background dielectric constant is
€, = 7.5 and the binding energy is Ry = 130-136 meV the
reduced exciton mass is pu* = 0.56m. For the exciton series C at
€y = 7.5 and at the binding energy Ry = 82 meV, the reduced
mass of the exciton is u* = 0.49m(. The Bohr radius (ag) for the

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

Table 2: Exciton parameters of the Sb,Sej crystals (data outside
brackets: from the reflection spectra, data inside brackets: from the
absorption spectra).

Exciton Ellc, Elc, Elc, Elc,

state A-exc. B-exc. C-exc. D-exc.
R,300K/ R,300K/ R,300K/ R,300K/
(0, 11K) (o, 11K)  (o,11K) (&, 11 K)

hoiey 1.164/ 1.191/ 1.310/ 1.522/

’ (1.299) (1.312) (1.347) (1.538)
n=2.ev. - 21'?4117(;) 1.372 i1 588)
n=3,eV - (1.429) - -
wLT, meV 150 14.0 17.0 -

Ry,eV - ?6?16%) 0.082 0.067
EgeV - 21'_354?2/) 1392 1589
&b 75 7.5 - 8.5
g*, mo 0.56 0.56 - 0.49
M, mg 35 45 3.9 3.9
mg,mg  0.67 0.67 0.67 0.67
myi, mg  3.32 - - -
my,my - 3.83 - -
mys,my - - 3.23 -
mv4*, mo - - - 3.32

S state of the A exciton is 0.3 x 107 cm and for the B exciton it
is ag = 0.2 x 107 cm. Considering that the exciton mass M is
equal to the sum of the masses of holes and electrons,
my* + m.*, and the reduced mass 1/pu* is equal to
(1/my*) + (1/m*), from the experimentally estimated mass
values of M and p*, the effective mass is estimated for the elec-
trons in the conduction band m * = 0.67m and for the holes in
the valence bands my* = 3.32mg, myp* = 3.83mg, my3* =
3.23mg and my4* = 3.32m( (Table 2). The excitonic parameters
calculated here correlate with the previously published data
[18], where it was stated that Frenkel excitons exist in the SbyS3
crystals with a binding energy Ry = 0.1 eV and effective mass
m¢* = 1.035mq, my1* = 1.843mq. A similar approach that was
used in our previous work to study the Sn,S3 crystals was also
used here for the calculation of the effective mass of electrons
and holes in the bands located at the Brillouin zone center. The
magnitudes of the effective mass of the electrons (m.* =
1.08my) at the bottom of the conduction band and of the holes at
the top of four valence bands (11", myy" = 2.91mg and my3”,
mya = 3.12mg) were estimated [24]. The bandgap was calcu-
lated based on the positions of the ground and excited states of
the observed excitons. The well-known formula E, = E; + Ry/n?
was used for this calculation, where Eg is the bandgap energy,
E; corresponds to the positions of the ground (rz = 1) and excited

(n =2, 3, 4...) states of the exciton, Ry is the exciton binding
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energy (Rydberg constant) and n =1, 2, 3 ... are the main quan-
tum numbers. First, from the positions of the ground and
excited states, the Rydberg constant was calculated. Then the

bandgap energy is estimated.

In the SbySes and Sb,S3 crystals, the theoretical calculation of
the band structure over a wide energy range was performed in
several studies [6,8,10,19]; however, the obtained results were
contradictory and the inconsistencies were related to the assign-
ment of the actual points in the Brillouin zone. For all the
previous studies [6,8,10,19] the valence bands had the
maximum in the Brillouin zone center (in k£ = 0, I'-point) where-
as the minimum in the conduction band was found to be in dif-
ferent points of the Brillouin zone. For example, a few studies
[8,10,19] showed that the minimum was localized in the Z point
whereas others [6] found the minimum in the X point. In addi-
tion, for the Sb,S;3 crystals [20], the minimum energy interval
corresponded to direct transitions in the center of the Brillouin
zone (I-point). For the Sb,Ses crystals the top of the valence
band was positioned between the I' and S points, while the
bottom of the conduction band was in the I" point. Given the
inconsistency in the literature, our results were discussed based
on theoretical calculations performed by Koc¢ and collaborators
[20]. A similar approach was used to interpret our previous data
for the Sb,S3 crystals [24]. Based on the results by Kog et al.
[20], Figure 7 illustrates the band structure fragment in the
interband minimum region. As mentioned previously, Ko¢ and
collaborators [20] calculated and built a wavevector space for
both crystals (SbpS3 and SbySes) band structures. Based on
these data an interpretation was made in terms of the electron
transitions in the framework of the calculated band structure. As
mentioned, a few previous studies have shown that the absorp-
tion edge was formed by indirect transitions in SbySe;. Howev-
er, the data presented here does not confirm entirely the
previous findings and it does not refute the existence of indirect
transitions given that more studies (like the ones made for Ge,
Si, GaP, etc.) need to be performed in order to clarify those
issues, ideally with purely grown crystals. We do not negate the
existence of indirect transitions as we do not have such experi-
mental data. Therefore, a focus will be given on the direct tran-
sitions that were experimentally observed (Figure 7).

The excitonic series A, B, C, and D is formed by the electrons
in the conduction band C; (with I'q symmetry) and the holes in
the valence bands Vi, V,, V3, and V4 (with ['7, T'g, ['7, and T'g
symmetries), respectively [27]. Considering that the bands orig-
inate from the structures with a higher symmetry (tetragonal) to
the structures with an orthorhombic symmetry (D5y), it should
be noted that the bands in k£ = 0 are split by a crystal field and a
spin—orbit interaction [27]. The lower conduction band is

formed from the I'| states and acquires the ' (['7) symmetry,

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

N L7 33
Ta —=Dyq4

no spin-orbit spin-orbit

Figure 7: (A) The energy band structure of the SbySej crystals. Insert
illustrates the Brillouin zone. (B) Transformation from the tetrahedral to
orthorhombic symmetry due to the spin—orbit interaction and the
crystal field in the center of the Brillouin zone. Figure 7B adapted with
permission from [24], copyright 2020 Elsevier.

while the upper valence bands of Vy, V,, V3, and V4 have the
I'7, T'g, I'7, and I'q symmetry, respectively. The interaction be-
tween the electrons from the I'q conduction band and the holes
from the I'; valence band is determined by the product of the
irreducible representation I'j| X ' X I'; =3 + 4 + I's. As a
result of this interaction, in the long-wavelength region, an
exciton I'4 is allowed in polarization E||c, ['5 is allowed in po-
larization ELlc and I'; is forbidden in both polarization condi-
tions. The interaction between the electrons from the C;
conduction band (I's symmetry) with the holes from the V;
valence band (I'q symmetry) causes the appearance of three
excitonic series: I'j, I'; and I's. According to the selection rules
for the ELlc polarization case, the I's excitons are allowed
whereas the ['| and I'; excitons are both forbidden. A similar
approach was used when the SbyS3 single crystals were investi-
gated [24]. Since the SnyS3 and SnjSes crystals have the same
crystal structure and a similar band structure (only with a differ-
ent bandgap) the excitons observed had the same symmetries.
Based on the obtained experimental data, the splitting between

the upper valence bands, V| and V5, in the center of the Bril-
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louin zone is 13 meV, whereas the splitting between V, and V3
is 35 meV and between V3 and V4 is 191 meV.

Besides the excitonic peaks (A, B, C and D), the features al
(2.090 eV), a2 (3.059 eV), a3 (3.365 eV), a4 (3.822 eV), a5
(4.432 eV), a6 (5.009 eV), a7 (5.281 eV), a8 (5.466 eV) and a9
(5.815 eV) are also observed in the reflection spectra (Figure 8).
These spectra were measured at room temperature over a wide
energy range (1-6 eV) under the E||c and Elc polarization
conditions. The observed reflection peaks can be associated
with the direct electronic transitions at actual points of the Bril-
louin zone. In the ELlc polarization, the reflection spectra
maxima bl (2.167 eV), b2 (2.439 eV), b3 (2.875 eV), b4
(3.191 eV), b5 (3.485 eV), b6 (4.040 eV), b7 (4.509 eV), b8
(5.391 eV), b9 (5.685 eV) and b10 (6.045 eV) can be identified.
The maxima al, bl, b2, and b3 are most likely due to the elec-
tronic transitions from the valence bands Vi, V,, V3 and V4 to
the conduction band C; in the Brillouin zone center. The
maxima localized in the high-energy region of the reflection
spectra a2, a3, a4, a5, b4, b5, b6 and b7 are most likely associat-
ed with the transitions from the upper valence bands Vi, V,, V3
and V4 to the conduction bands C3 and Cy4 also in k = 0. The
maxima of the reflection spectra in the high-energy range
(4-6 eV) are possibly from the valence band maxima in the Y
and S points of the Brillouin zone.
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Figure 8: The reflection spectra of the SbySejz crystals measured at
room temperature under E||c and E_Lc polarization conditions.

Conclusion

The ground and excited states of four excitonic series (A, B, C,
and D) formed in the bandgap minimum region were identified
based on the studies of the optical properties of the Sb,Ses
single crystals performed at different temperatures. Taking into

account the energy position of the excitonic ground and excited

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

states, the binding energy of the excitons and the valence bands
V-V4 were determined. In the Brillouin zone I'-point, the
calculated electron effective mass m.* was 0.67mg, and the
values of the hole effective masses my*, myo*, my3* and myyq*
were 3.32myg, 3.83mg, 3.23mq and 3.32m, respectively. The
V-V, valence band splitting in the center of the Brillouin zone
by a crystal field (A = 13 meV) and the spin—orbit interaction
(Ago = 35 meV) were determined. The bands V3—V4 were split
by 191 meV. The observed features were discussed based on
the theoretical calculation of the energy band structures and the
excitonic band symmetries in the Brillouin zone center for crys-
tals with an orthorhombic symmetry (Pnma). The In—-Sb,Sej
structures were generated either by thermal sputtering under
vacuum or by electrochemical deposition. The photoconduc-
tivity spectra at different applied voltages were investigated.
The features associated with the excitonic states were shown in
the measured photoconductivity spectra.
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