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OPTICAL PARAMETERS OF As-DEPOSITED
AND ANNEALED (Gag 3Ing 7)2Ses; THIN FILMS

The (Gao.3Ino.7)2Ses films deposited by the thermal evaporation technique are annealed in
the inert atmosphere (argon) for 1 h at temperatures of 50, 100, and 150 °C. The spectral
ellipsometry is applied for measuring the spectral dependences of the refractive and extinc-
tion coefficients of as-deposited and annealed (Gao.3Ino.7)2Ses films. The optical transmission
spectra, as well as the optical absorption spectra of (Gag.3Ino.7)2Ses films, are studied depend-
ing on the annealing temperature. The optical absorption edge for annealed (Gag.3Ing.7)2Ses
films is shifted to the short-wavelength region and broadens, as the annealing temperature
increases. Parameters of the Urbach absorption edge are determined for as-deposited and an-
nealed (Gag.3Ing.7)2Ses films. The spectral dependences of the refractive index are analyzed
in the framework of the Wemple—DiDomenico model. The nonlinear increase of the energy
pseudogap, Urbach energy, and refractive index with the annealing temperature are revealed.

Keywords: thin film, spectral ellipsometry, transmission spectra, refractive index, energy

pseudogap, Urbach energy.

1. Introduction

Semiconducting (Ga,Inj_,)2Ses solid solutions with
0.02 < = < 0.55 belong to the defect wurtzite struc-
ture with the hexagonal symmetry [1]. They are char-
acterized by a high concentration of vacancies that
can form spirals along the optical axis ¢ of the crys-
tal [2]. The alternation of cations and vacancies re-
sults in random fluctuations of the lattice electric
potential which, in turn, affects physical properties
of the above-mentioned semiconductors. The optical
absorption edge in v1-(Ga,In;_,)2Ses solid solutions
at low absorption levels is shown to be formed by
indirect interband optical transitions [3|, the temper-
ature effect on the absorption edge being studied in
Ref. [4]. At high absorption levels in the range of di-
rect interband optical transitions, the absorption edge
in v1-(GagIng_,)2Ses solid solutions for the E || ¢ po-
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larization has the Urbach shape, while, for the E 1 ¢
polarization, the absorption edge is not described
by the Urbach law [4]. The interrelation between
photoluminescence and optical absorption spectra
was investigated in Ref. [5]. Refractometric, birefrin-
gent and gyrotropic properties of y1-(Ga,In;_,)2Ses
mixed crystals were studied in Refs. [6-8] the. It
should be noted that v1-(Ga,Iny_;)2Ses mixed crys-
tals are characterized by a high optical activity along
the optical axis and are promising materials for
acousto-optical modulators [9].

In recent years, the studies for preparing of
(GazIn;_;)2Se3 solid solutions in the form of thin
films were performed for their effective practical ap-
plication [10]. In Ref. [10], the refractive index and
extinction coefficient dispersions were measured by
spectral ellipsometry, and the temperature behav-
ior of the Urbach absorption edge and the tempera-
ture dependences of the optical parameters were stud-
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Fig. 1. Optical transmission spectra of as-deposited (1) and
annealed (Gag.3Ing.7)2Ses films at various temperatures: 323
(2), 373 (3), and 423 K (4).
wavelength region of the transmission spectra

The insert shows the short-

ied. The influence of X-ray irradiation on such opti-
cal parameters of (Ga,Inj_;)2Se; films as the energy
pseudogap, Urbach energy, and refractive index have
been investigated in [11, 12].

In the present paper, we report on the ellipso-
metric studies of the refractive and extinction coef-
ficients, effect of the annealing temperature on the
optical transmission and absorption spectra, Urbach
absorption edge parameters, and refractive indices in
(Gag.3Ing.7)2Se;s films.

2. Experimental

(Gag.3Ing 7)2Ses crystals were obtained by the Bridg-
man technique. The investigated thin films were sput-
tered onto a quartz glass substrate by the ther-
mal evaporation, their thickness being 1.5 mcm. The
structure of the deposited films was analyzed by X-
ray diffraction; the diffraction spectra show the films
to be amorphous. The composition of the thin films
was determined by EDX on a Hitachi S4300 SEM.
The annealing was performed the in inert atmo-
sphere (argon) during 1 h at different temperatures
(323, 373, and 423 K). A spectroscopic ellipsome-
ter Horiba Smart SE was used for the measure-
ments of the optical constants of (Gag.3Ing 7)2Ses thin
films. Measurements were carried out in the spectral
region from 440 nm to 1000 nm at an incident angle of
70°. Optical transmission spectra of (Gag.3Ing.7)2Ses
film were measured by using a LOMO KSVU-23 grat-
ing monochromator. In many applications, the spec-
tral dependences of the absorption coeflicient were
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often derived from the interference transmission spec-
tra by the Swanepoel method [13]. In our case, based
on the refractive index values, the absorption coeffi-
cient values a were calculated using the experimental
values of the transmission coefficient 7' and the re-
flectivity coefficient R as [14]

1. [(1=Ry)(1 - Ry)(1 — Ry)

Oz:gln T , (1)

where d is the sample thickness; R;, R, and Rj3
are the reflectivity coefficients of “air—thin film”,
“thin film—substrate”, and “substrate—air” interfaces,
respectively.

3. Results and Discussion

Figure 1 presents the optical transmission spectra at
various annealing temperatures for (Gag slng.7)2Ses
films. With an increase in the annealing tempera-
ture, a shift of the transmission spectra to the short-
wavelength region of the spectrum is observed.

Dispersion dependences of the refractive index ob-
tained by the spectral ellipsometry for the annealed
(Gag.3Ing 7)2Ses films at various annealing temper-
atures are presented in Fig. 2. In the transparency
region, a slight dispersion of the refractive index
for (Gag.3Ing7)2Ses films is observed, which is in-
creasing with approaching the optical absorption
edge. As the annealing temperature increases, the
nonlinear increase of the refractive index in annealed
(Gag.3Ing 7)2Ses films is revealed (refractive index in-
creases from 2.461 to 2.522 at A =1 pm).

Now, let us describe the experimental refrac-
tive index dispersion for as-deposited and annealed
(Gag.3Ing 7)2Ses films. A lot of various models (from
purely empirical to semiempirical) are widely used for
the theoretical description of the refractive index dis-
persion [15]. Among them, the most widely used was
the Wemple and DiDomenico (WD) model, which de-
scribed the refractive index dispersion based on the
relationship between the refractive index and the en-
ergy gap [16]. In the above- mentioned model, the
refractive index dispersion in the transparency region
below the gap can be described by the relation [16]

WD WD
EWD EY

I= (EleD)Q _E2’ (2)

n(E) -

where EYVP is the single-oscillator energy, and E;}VD
is the dispersion energy. The dispersion energy E(}ND

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 10



Optical Parameters of As-Deposited and Annealed (Gag.3Ing.7)2Ses Thin Films

3.0F

28}

24

600 800

1.2

BN

0.8r

04+

400 600 800 1000
A (nm)
b

Fig. 2. Spectral dependences of the refractive indices n (a)
and the extinction coefficient k (b) for as-deposited (1) and
annealed (Gag.3Ing.7)2Ses films at various temperatures: 323
(2), 373 (8), and 423 K (4). The inset shows the dependence
of the refractive index on the annealing temperature

characterizes the average strength of interband opti-
cal transitions and relates to the changes in the struc-
tural ordering of the material (ionicity, anion valency,
and coordination number of the material). It is shown
that, with the increase of annealing temperature, the
single-oscillator energy EY'P and dispersion energy
nonlinearly increase (Fig. 3).

Spectral dependences of the absorption coefficient
in the range of their exponential behavior and in
the Tauc region at various annealing temperatures
for (Gag.slngr)2Ses films are shown in Fig. 4. In
Ref. [4], it is shown that the optical absorption edge
for (Gag.sIng.7)2Ses crystal in the region of its expo-
nential behavior is described by the Urbach rule

3)

hv — E
alhv,T) = ap exp [ v 0}

Ey(T)
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Fig. 3. The dependences of the single-oscillator energy
EQVP (1) and dispersion energy EYP (2) on the annealing
temperature for (Gag.3Ing.7)2Ses3 films
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Fig. 4. Spectral dependences of Ina (a) and (« - hv)1/2 (b)
for as-deposited (1) and annealed (Gag.3Ing.7)2Ses films at
various temperatures: 323 (2), 373 (3), and 423 K (4)

where Ey(T) is the Urbach energy, ap and Ej
are the coordinates of the convergence point of
the Urbach “bundle”, hr and T are the photon
energy and temperature, respectively. In annealed
(Gag.3Ing 7)2Ses films, we also observed the Urbach
shape of the optical absorption edge (Fig. 4, a). It
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Fig. 5. Dependences of the energy pseudogap Eg (1), Tauc
energy Ez; (2), and Urbach energy Fy (3) on the annealing
temperature for (Gag.3Ing.7)2Ses films

should be noted that the optical absorption edge
for annealed (Gag 3lng7)2Ses films is shifted to the
short-wavelength region, as the annealing tempera-
ture increases.

For the characterization of a spectral position of
the absorption edge, such parameter as the energy
pseudogap E (E_g is the energy position of the ex-
ponential absorption edge) at a fixed absorption co-
efficient value was determined. We used the EJ' val-
ues taken at o = 10* cm ™! for as-deposited and an-
nealed (Gag 3Ing.7)2Ses films. The observed variation
of the optical absorption edge shows that the Ef* and
FEy values increase with the annealing temperature
(from 1.771 to 1.790 €V and from 189 to 207 meV,
respectively). The increase of Ey and EY with the
annealing temperature (Fig. 5) can be attributed to
the increase of the degree of disorder that results in
an increase of the band tailing, and, consequently, an
increase of the band gap. The dependences of Ey and
Ey for annealed (Gag.3Ing.7)2Ses films on the anneal-
ing temperature are presented in Fig. 5.

In the Tauc region, the value can be determined
from the Tauc relation [16]:

L B(hv — EgT)2 A
a(hw) = = =0 @
which is valid within the range of high energies,
when the absorption coefficient has values a >
10* em~!. In Eq. (4), B is the constant that depends
on the film material and characterizes the slope of the
Tauc absorption edge. The Tauc energy EgT values for
as-deposited and annealed (Gag 3Ing 7)2Ses films were
determined by the extrapolation of the dependences
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[(hv)-hv]Y? ~ f(hv) down to a(hv) = 0 (Fig. 4). Tt
is shown that Eg value increases with the annealing
temperature from 1.500 eV to 1.538 eV.

It is well known that the Urbach energy Fy is char-
acterized by the disordering level of the investigated
system and, in solid solutions, is described by the re-
lation [17, 18]

Ey = (Ev)r + (Evu)x + (Bu)c =
= (Ev)r + (Ev)x+c, (5)

where (Ey)r, (Fy)x and (Ey)c are the contribu-
tions of temperature, structural and compositional
disordering to Fy, respectively. Structural disorder-
ing in crystalline (Gag 3Ing.7)2Ses solid solutions is of
intrinsic nature, being determined by a high concen-
tration of disordered vacancies in the cation sublat-
tice, while the compositional disordering arises due
to the cation substitution of In atoms by Ga. It is
shown in Ref. [4] that, with the increase of the gallium
concentration in crystalline (Gag 3Ing 7)2Ses solid so-
lutions, the contributions of (Ey)x and (Ey)c in-
crease, while that of (Ey)r remains unchanged. It
should be noted that the compositional contribu-
tion is predominant and, by a factor of more than
3, exceeds the contribution of a structural disor-
dering [4]. In amorphous (Gag 3Ing 7)2Se3 films, the
structural disordering can also be determined by the
absence of a long-range ordering of atoms, pres-
ence of pores, defects, and others structural inho-
mogeneities. In annealed (Gag 3Ing.7)2Ses films, the
Urbach energy Ey is increasing by 10%, that is the
evidence of that the structural disordering increases
due to the annealing of films (Fig. 5).

4. Conclusions

(Gag.3Ing.7)2Ses films deposited by the thermal evap-
oration technique were annealed at different tem-
peratures. The spectral dependences of the refrac-
tive index and extinction coefficient were measured
by the spectral ellipsometry technique in the range
from 440 nm to 1000 nm, while the absorption co-
efficient was derived from the spectrometric studies
of interference transmission spectra. It is shown that
the optical absorption edge for the as-deposited and
annealed (Gag sIng7)2Ses films has an exponential
form, shifts to the high-energy region, and is broad-
ening, as the annealing temperature increases. The
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influence of the annealing temperature on optical pa-
rameters of (Gag slng7)2Ses films has been investi-
gated. With the annealing temperature increase, the
increase of the energy pseudogap, as well as the in-
crease of the Urbach energy and the refractive index,
have been observed. In addition, the increase of the
Urbach energy is the evidence of an increase of the
structural disordering contribution, which is caused
by the annealing of films.
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OIITUYHI TAPAMETPU CBIZKOIIPUT'OTOBAHIX
TA BIOITAJIEHNX TOHKUX IIJIIBOK (Gag,3Ing, 7)2Se3

Hamwmmeny wmeTomoM TepMidMHOrO
(Gap,3Ing,7)2Se3 Bignamosaau B ineprHiii armMocdepi (apromn)
nporsaroM 1 roxg npu TeMmneparypax 323, 373 i 423 K. Meto-

BUIIAPOBYBAHHA ILIIBKY

JIOM CIIEKTPAJIbHOI eJlincomMeTpil JOC/Ii/IXKeHO CIeKTpaJibHi 3a-
JIE?KHOCT] IMOKa3HUKA 3aJIOMJIEHHsI Ta KoeiljieHTa eKCTUHKILT
cBizxonpurorosanol Ta Bigmasenol miieku (Gag,3Ing 7)2Ses.
Jlocni/IzKeHO CIEKTPH ONTHUYHOIO IIPOIYCKAHHS Ta ITOIVIMHAH-
us miBku (Gag,3Ing 7)2Se3 3amexkHO Bix Temmeparypu Biz-
najty. IlokazaHo, 1m0 Kpail ONTUYHOrO IMOIJIMHAHHSA JJIsd Bi-
nasenol miiBku (Gag,3Ing 7)2Se3 3MilgyeTbcst B KOPOTKOXBH-
JIBOBY OOJIACTb 1 PO3MINPIOETHCA 31 301IBIICHHSIM TeMIEpa-
Typu Biamasy. Busnadeno mapamerpu ypOaxiBCbKOIO Kparo
IIOIJIMHAHHA JJIsT CBi2KOIIPUTIOTOBAHOI Ta BiJIIaJIEHOI ILIiBKU
(Gap,3Ing,7)2Se3. CrnekrpabHi 3aI€2KHOCTI IOKA3HAKA 3aJI0M-
JIEHHSI IPOAHAJII30BaHO B paMKax Monesi Yemiuia—/li/lominiko.
Busassneno nesiniiine 36inbIeHHs MUPUHA [ICEBI03a00POHEHOT
30HU, ypbaxiBCbKOI €Hepril Ta MOKA3HUKA 3aJIOMJIEHHS 31 3011b-
IIEHHSIM TEeMIIEPATypPU Bimasry.

Katowoei caoea: TOHKa IUIIBKA, CIEKTPAJbHA eJIiIIcoMe-
Tpisi, CIEKTPU IPOILyCKAHHs, IMOKA3HUK 3aJIOMJIEHHS, €Hepris
[ICEBIOIIJINHN, eHepria Y pbaxa.
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