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« Four infrared-active modes are detected in agreement with theoretical prediction.

« The observed bands are assigned to the valence and valence-deformation vibrations.
« The frequencies of transverse and longitudinal optical modes were determined.
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Infrared reflection spectra are obtained in the frequency range of 50-2000 cm~! for AgInsSg and CulnsSg
single crystals grown by Bridgman method. All four infrared-active modes are detected, which are in full
agreement with the prediction of group-theoretical analysis. Spectral dependence of optical parameters;
real and imaginary parts of the dielectric function, the function of energy losses, refractive index, absorp-
tion index and absorption coefficient were calculated from reflectivity experiments. The frequencies of
transverse and longitudinal optical modes and oscillator strengths were also determined. The bands
detected in IR spectra of studied crystals were assigned to various vibration types (valence and
valence-deformation) on the basis of the symmetrized displacements of atoms obtained employing the
Melvin projection operators.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

[-1I-VI ternary semiconductors with the general formula of
AB5Cg (where A= Cu or Ag; B=Ga or In and C=S, Se or Te) have
potentials as photo-absorbers in solar cells, optoelectronics
devices, and photoelectrochemical cells. The ternary semiconduct-
ing compounds AgInsSg and CulnsSg have the same cubic spinel
structure as CdIn,S4 [1]. These crystals can be derived from the
CdIn,S,, if the divalent cadmium cations are replaced by the univa-
lent copper cations and trivalent indium cations, according to the
following transformations: CdIn,S4 = [CuypInyp]iInz]o = Cuypz
Ins;3S4 = CulnsSg. Thus, in the AglnsSg and CulnsSg crystals 1/5 of
the indium cations have tetrahedral (t) and 4/5 of the indium
cations have octahedral (o) coordination. AgInsSg and CulnsSg crys-
tals are the visible-light-active materials with high-absorption
coefficients, suitable band gaps, good radiation stability, and easy
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conversion between n- and p-type carrier types which permits a
variety of potentially low-cost homo and hetero junction [2-4].
These crystals have been confirmed as materials suitable for use
in high-frequency thin films convertors, infrared detectors and
various types of heterojunctions [5].

The optical and electrical properties of AginsSg and CulnsSg
have been studied in Refs. [6-11]. The energy band gaps for the
direct optical transitions of AgInsSg and CulnsSg are 1.78 and
1.51 eV at 300K, and 1.88 and 1.57 eV at 96 K, respectively [12].
Earlier, photoluminescence (PL) spectra of AginsSg crystals were
investigated in the temperature range of 10-170K [13]. The
observed PL band centered at 1.65 eV was attributed to the radia-
tive recombination of charge carriers from donor (E4 = 0.06 eV) to
acceptor (E, = 0.32 eV) states. PL spectra of CulnsSg crystals grown
by Bridgman method have been studied in the wavelength region
of 720-1020 nm and in the temperature range of 10-34 K [14]. A
broad PL band centered at 861 nm (1.44eV) was observed
at T=10K. Radiative transitions from shallow donor level
(Eq=17 meV) to acceptor level (E, =193 meV) were suggested to
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be responsible for the observed PL band. Earlier, thermally stimu-
lated current measurements were carried out on as-grown AglnsSg
single crystals [15]. The investigations were performed in temper-
atures ranging from 10 to 70 K with heating rate of 0.2 K/s. The
analysis of the data revealed the electron trap level with activation
energy 5 meV.

Recently, the optical properties of AginsSg and CulnsSg crystals
were investigated by ellipsometry measurements [16,17]. Spectral
dependence of optical parameters; real and imaginary parts of the
pseudodielectric function, pseudorefractive index, pseudoextinc-
tion coefficient, reflectivity and absorption coefficient were
obtained from the analysis of ellipsometry experiments performed
in the 1.2-6.2 eV spectral region. Wemple-DiDomenico and Spit-
zer-Fan models were used to find the oscillator energy, dispersion
energy, zero-frequency refractive index and high-frequency dielec-
tric constant values.

Infrared reflection and Raman scattering spectra of AginsSg and
CulnsSg crystals have also been investigated and analyzed in Refs.
[18-21]. In the IR spectra of CulnsSg crystals only two intensive
infrared-active modes were revealed [19,20]. The model of central
force constants has been proposed for the calculation of optical
mode frequencies of the Brillouin zone center in spinel-type crys-
tals in Ref. [21].

2. Experimental details

AglInsSg and CulnsSg semiconductor polycrystals were synthe-
sized using high-purity elements taken in stoichiometric propor-
tions. Usually, the synthesis of binary and ternary chalcogenide
compounds are characterized by high pressure of the chalcogenide
vapors, the endothermal reactions leading to a sharp increase in
temperature and by strong interaction of the above compounds
with the oxygen (especially, at high temperatures). Therefore, a
special method has been developed for the synthesis of compounds
with high volatile compounds. The synthesis was carried out in
quartz ampoules evacuated to 107> Torr. The single crystals were
grown from obtained polycrystals by the Bridgman method in
silica tubes (10 mm in diameter and about 10 cm in length) with
a tip at the bottom in our crystal growth laboratory. The ampoule
was moved in a vertical furnace through a thermal gradient of
30°Ccm! at a rate of 1.0 mm h™~'. The resulting ingot appeared
gray in color.

In order to carry out the reflectivity measurements, the ingots
were cut and the surfaces produced were ground and polished
carefully according to optical techniques to have the highest
optical quality. Right before the reflectivity measurements, the
samples were mechanically polished with 0.5 pm Al,03 powder,
followed by chemical polishing with an alkaline solution, and
finally rinsed with deionized water. IR reflection spectra of
AgInsSg and CulnsSg crystals were recorded in the frequency
range from 50 to 2000 cm~! using the long-wave diffraction IR

spectrometers FIS-21 and FIS-3 with a resolution of 1 cm™.

3. Results and discussion

AglnsSg and CulnsSg compounds crystallize in the normal spinel
structure with space group OZ (Fd3m) and Z = 4 molecules per unit

cell. The group-theoretical analysis gives the following set of vibra-
tions at the center of Brillouin zone

I'= A1g + Eg + F]g + 3F2g + 2A5, + 2E, + 5Fy, + 2F5,.

Among them, the modes 4F;, are infrared-active, while the
Aqg + Eg + 3F,; modes are Raman-active. One F;, mode is an acous-
tic one and F;g + 2A,, + 2E, modes are inactive. The symmetrized

displacements of atoms for infrared-active vibrational modes in
AgInsSg and CulnsSg crystals obtained by us using Melvin projec-
tion operators [22] are presented in Fig. 1.

Fig. 2 shows the IR reflectivity spectra of AginsSg and CulnsSg
crystals in the frequency range of 50-500 cm™!. Four IR-active
optical modes were revealed in the spectra.

Kramers-Kronig analysis of the spectra has been performed to
get the dispersion parameters. The frequencies of transverse (vro)
and longitudinal (vi o) optical phonons were determined from the
maxima of the function of the imaginary part of the dielectric con-
stant &, and the function of energy losses Im (1/¢), respectively. The
spectral dependencies of ¢1, €; and Im (1/¢) for AgInsSg and CulnsSg
are shown in Figs. 3 and 4, respectively. The determined values of
vro and vio for AglnsSg and CulnsSg crystals are presented in
Table 1.

Moreover, the dependencies of refractive index n and absorp-
tion index k on the frequency were calculated from reflectivity
spectra for AglnsSg and CulnsSg (Figs. 5 and 6). The high- and
low-frequency refractive indices were determined as 2.62 (2.72)
(v=2000cm™!) and 3.67 (3.70) (v=50cm™!), respectively, with
maximum values of n=5.12 (8.01) corresponding to the frequen-
cies v=197 (209) cm~! for AgInsSg (CulnsSg). Knowing the values
of absorption index it is possible to calculate the absorption coeffi-
cient (o) employing the relationship o =4mk/., where 1 is the
wavelength. The computed spectral dependencies of absorption
coefficients of AgInsSg and CulnsSg crystals are presented in the
insets of Figs. 5 and 6. Maximum magnitudes of «, 9980 and
19180 cm™! for AgInsSg and CulnsSs, respectively, are occurred at
the same frequency of 216 cm™ .

The oscillator strength was determined as

S= lsz (max),
V10

where ¢, (max) is the value of the imaginary part of the dielectric
constant in the reflection band maximum and 7 is the full-width
at half maximum of ¢, peak (the damping constant) (see Table 1).
Using the obtained values of ¢, (max) and 7y (see Figs. 2 and 3,
Table 1), the magnitudes of oscillator strength for all infrared-
active modes were found and presented in Table 1. The high-
frequency dielectric constant &, = 6.85 (7.40) for AglnsSg (CulnsSg)
were established from the high-frequency reflection coefficients R,
(v=2000 cm™1) in accordance with formula

The low-frequency dielectric constants &p, determined from

relation g = &, + Z‘}S were found to be 12.91 (13.34) for AglnsSg
(CulnsSg) crystals.

It is known that at substitution of tetrahedrally coordinated Me
atoms (Ag, Cu) in AgInsSg and CulnsSg crystals, the lattice constants
and the distances between the nearest atoms are changed slightly
(a=1.082 (1.070)nm, Me-S=0.261 (0.259)nm, In-S=0.255
(0.251) nm, S-S=0.465 (0.460) nm for AgInsSg (CulnsSg)). Since
the force constants of atomic interaction are mainly determined
by the bond lengths, one can suppose that the modes frequencies
caused by the antiphase vibrations along the coordinate axes
(valence vibrations) of sulfur atoms and octahedrally coordinated
indium atoms (F2, and F}, Fig. 1) must have near values in the crys-
tals studied [23]. Indeed, the close frequencies of the two most
intensive modes in the IR spectra of AgInsSg (F2, =207 and
Fi,=313cm™') and CulnsSg (F?, =213 and Fj, =306cm™')
attract attention (Table 1). The influence of the tetrahedral cations
(Ag, Cu) on the frequencies of these modes is relatively small.

Moreover, the spectra of AglnsSg and CulnsSg crystals exhibit
two modes with small LO-TO splitting:
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Fig. 1. The symmetrized displacements of atoms for infrared-active vibrational modes F;, in AgInsSg and CulnsSg crystals.

(a) The mode with frequencies 284-278 cm~! (AgInsSg) and
282-280 cm™! (CulnsSs).

(b) The most low-frequency modes 87-83 cm~! (AglnsSs) and
95-93 cm™' (CulnsSg).

These modes correspond to IR-active modes F3, and F] ,, respec-

tively, in which only the tetrahedral coordinated Ag, Cu and In

atoms are displaced strictly along the coordinate axes, whereas

the octahedral coordinated In and S atoms accomplish deformation

vibrations (Fig. 1). Thus, the observed in the IR spectra of AglnsSg

and CulnsSg crystals low-intensity modes are the mixed valence-

deformation modes.

In Table 1 we presented also the zone center phonon frequen-
cies of AgInsSg and CulnsSg crystals determined by means of ana-
lytically solving the dynamical matrix of order 42 x 42, proposed
earlier in Ref. [21]. It should be noted that the obtained frequencies
of three high-frequency transverse optical modes for both com-
pounds showed satisfactory agreement with experimental ones
(the discrepancy about 2-7%). However, for the lowest-frequency
modes of crystals under study the significant difference in the fre-
quency was observed (about 25%).

At this point, it is worthwhile comparing the refractive indices
presented above with those previously reported for AglnsSg
and CulnsSg crystals from ellipsometric measurements in the
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Fig. 4. The spectral dependencies of &;, ¢; and Im (1/¢) for CulnsSg crystal.

1.2-6.2 eV spectral range [16,17]. In the present study, the values
of the refractive indices determined from IR reflection spectra, cor-
responding to (v = 2000 cm™ '), were found to be 2.62 (AgInsSg) and
2.72 (CulnsSg). The magnitudes of the refractive indices reported
for AginsSg and CulnsSg crystals from ellipsometric experiments,
corresponding to photon energy E=1.2 eV (v~ 9700 cm™!), were
equal to 2.59 (AgInsSg) [16] and 2.63 (CulnsSg) [17]. It is evident,
that the obtained results are close to each other for both crystals
under study.

Table 1

Transverse (vro) and longitudinal (v o) optical mode frequencies, damping constants
() and oscillator strengths (S) of AglnsSg and CulnsSg single crystals.

Crystal Mode vyo o (cm~1) theory  vio S
(cm™) [21] (cm™)  (ecm™)
AglnsSs  Fl, 83 67 87 21 1.19
F, 207 198 255 30 4.35
F, 278 293 284 12 0.19
Fi, 313 307 325 18 0.33
CulnsSg  Fl, 93 73 95 21 0.87
F, 213 199 258 11 4.49
P, 280 293 282 6 0.06
= 306 311 325 8 0.52
T T T T
'/'."\ 10000 ! ! ! ! -
/o
4 E
4 n a |‘ 'E 5000 |- 14
L7 ‘ s
x 1 1
< 200 300 400 500
v (em’)
2 - /_/"-— -
:/'
1 1 1
100 200 300 400 500
v (cm'1)
Fig. 5. The spectral dependencies of n, k and o for AglnsSg crystal.
' ' 20000I !
8 - " T T T T -
I
I =
i § 10000 - B
6 i s E
i
a 0 f f
x n.” | 100 200 300 400 500
- 4 3 H B i
< L. ~._-~ | [} v (cm1)
'. it
i /
i SN e
2+ \ A1 P -
! A
\ h (A
Y W/
k ~
1 1 1 ::
100 200 300 400 500
v (cm'1)

Fig. 6. The spectral dependencies of n, k and o for CulnsSg crystal.

4. Conclusions

Infrared reflection spectra are studied in AgInsSg and CulnsSg
single crystals grown by Bridgman method. Four IR-active modes
Fiy are revealed in the frequency range 50-2000 cm™'. Spectral
dependencies of optical constants: refractive index, absorption
index and absorption coefficient were calculated from measured
reflectivity. The frequencies of transverse (vro) and longitudinal
(vLo) optical modes, oscillator strength (S) and damping constant
(y) were also determined. The bands observed in IR spectra of
crystals under study were attributed to various vibration types
(valence and valence-deformation) on the basis of the symmetrized
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displacements of atoms obtained by us using the Melvin projection
operators.
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