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ELLIPSOMETRIC AND SPECTROMETRIC
STUDIES OF (Gao‘zIno‘g)ZSeg THIN FILM

Thermal evaporation technique is used to deposite (Gao.2Ing.s)2Ses thin films. The refrac-
tive index and extinction coefficient dispersions are obtained from the spectral ellipsometry
measurements. The dispersion of the refractive index is described in the framework of the
Wemple—Di Domenico model. The optical transmission spectra of a (Gag.2Ing.s)2Ses thin film
are studied in the temperature range 77-300 K. The temperature behavior of the Urbach ab-
sorption edge, as well as the temperature dependences of the energy pseudogap and Urbach
energy, are investigated. The influence of different types of disordering on the optical absorp-
tion edge of a (Gao.2Ino.s )2Ses thin film is discussed. Optical parameters of a (Gagp.2Ino.s )2 Ses
thin film and a single crystal are compared.
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1. Introduction

Semiconductor (Ga,Inj_;)2Ses solid solutions in the
compositional range 0.02 < x < 0.55 crystallize in the
defect wurtzite structure with hexagonal symmetry
(P6; or P65 space group) and belong to the ~;-phase
of the GagSes-InsSes system [1]. They are character-
ized by a high concentration of vacancies that can
form spirals along the optical axis ¢ of the crystal
[2]. The alternation of cations and vacancies results
in random fluctuations of the lattice electric poten-
tial which, in turn, affects physical processes in the
above-mentioned semiconductors.

We note that v1-(Ga,In;_,)2Ses possesses the low
electric conductivity (~107!° S/cm), but the pho-
toconductivity in the ~;-phase is almost by three
orders of magnitude higher than in other phases
[1]. The infrared reflection spectra and Raman scat-
tering spectra studied in Refs. [3, 4] confirm a
similarity of the crystalline structure of ~;-phase
and y—InySes. The optical absorption edge in ;-
(GagIng_;)a2Se3 crystals at low absorption levels is
shown to be formed by indirect interband optical
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transitions [5], the temperature and hydrostatic pres-
sure effects on the absorption edge being studied
in Refs. [6-8]. The interrelation between photolumi-
nescence and optical absorption spectra were inves-
tigated in Refs. [9-11]. Refractometric, birefringent
and gyrotropic properties of vy;-(Ga,Inj . )2Ses crys-
tals were studied in Refs. [12-18] in detail. In addi-
tion, v1-(GagzIni_;)2Ses crystals are characterized by
a high optical activity along the optical axis and are
promising materials for acousto-optical modulators of
laser irradiation [18, 19].

In the present paper, we report on the ellipsometric
studies of the optical constants, temperature stud-
ies of the optical absorption edge, investigations of
the temperature dependences of the energy pseudo-
gap and Urbach energy, as well as the disordering
processes in a (Gag.2Ing g)2Ses thin film.

2. Experimental

(Gag.2Ing g)2Ses crystals were obtained by the Bridg-
man technique. (Gag 2Ing g)2Ses thin films were sput-
tered onto a quartz glass substrate by the thermal
evaporation, their thickness being 2.0-2.5 pm. The
structure of the deposited films was analyzed by X-
ray diffraction; the diffraction spectra show the films
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Fig. 1. Spectral dependences of the refractive index n (1) and
extinction coefficient k (2) for a (Gap.2Ing.g)2Ses thin film at
room temperature
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Fig. 2. Optical transmission spectra of a (Gag.2Ing.g)2Ses3
thin film at various temperatures: 77 (1), 150 (2), 200 (8),
250 (4), and 300 K (5)

to be amorphous. The composition of the thin films
was determined by EDX on a Hitachi S4300 SEM.

A spectroscopic ellipsometer Horiba Smart SE was
used for the measurements of the optical constants of
a (Gag 2Ing g)2Ses thin film. Measurements were car-
ried out in the spectral region from 440 nm to 1000
nm at an incident angle of 70°. Optical transmission
spectra of a (Gag2Ingg)2Ses film were measured in
the temperature interval 77-300 K by using a LOMO
KSVU-23 grating monochromator. The spectral de-
pendences of the absorption coefficient were derived
from the interference transmission spectra [20].

3. Results and Discussionl

Refractive indices n and extinction coefficients k
for a (Gag.2Ing.g)2Ses thin film were obtained from
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the spectral ellipsometry measurements which were
carried out in the spectral interval 440-1000 nm
(Fig. 1). In the transparency region, the refractive in-
dex dispersion is observed. Moreover, the refractive
index increases more, when approaching the absorp-
tion edge. Among the number of models which de-
scribe the refractive index dispersion, we use the well-
known Wemple-Di Domenico (WDD) model [21],
where the refractive index dispersion is studied in the
transparency region below the gap, using the single-
oscillator approximation [21]:
2 EdEO

n*(E) l_Eg—EQ' (1)
Here, FEy is the single-oscillator energy, and Fg
is the dispersion energy. The dispersion energy F,
characherizes the average strength of interband opti-
cal transitions and is related to changes in the struc-
tural ordering of the material (ionicity, anion valency,
and coordination number) [21]. From Eq. (1), the Ey
and Ey values were determined for a (Gag.2Ing g)2Ses
thin film (Ey = 4.26 €V and E; = 14.21 €V). Ac-
cording to the relation Ey ~ 2EgP* [22], the optical
band gap was estimated as E;’pt = 2.13 eV. It should
be noted that £, and the energy pseudogap Eg ob-
tained from the analysis of absorption edge spectra
do not differ by more than 12%. The static refractive
index ng was calculated by the equation

E 1/2
ng = |:1 + ;:| (2)
0

and equals 2.08 for a (GagoIngg)2Ses thin film. By
using the parameters of the WDD model, one can
calculate the such important parameter as the ionicity
[23]:

=2 7 g

which equals 0.55 for a (Gag.oIng g)2Ses thin film.
Interferential ~ transmission  spectra of a
(Gag.2Ingg)2Ses thin film at various tempera-
tures within the interval 77-300 K are shown in
Fig. 2. As the temperature increases, a red shift of
the transmission spectra is observed. Optical absorp-
tion edge spectra in the range of their exponential
behavior in a (Gag.2Ing g)2Ses thin film are presented
in Fig. 3. It should be noted that, similarly to a
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(Gag.2Ing g)2Ses single crystal, they are described by
the Urbach rule [24]

a(hv, T)=ag exp ["W_E)] — ag exp [

hy — Eo
kT ’

Ey(t)
(4)

where Ey is the Urbach energy, o is the absorption
edge steepness parameter, oy and Ey are the conver-
gence point coordinates of the Urbach bundle. The
parameters ag and Ey for a (Gag 2Ing g)2Ses thin film,
as well as for a (Gap 2Ing g)2Ses single crystal [10], are
given in Table.

The temperature variation of the Urbach absorp-
tion edge in a thin film similarly to a single crys-
tal is explained by the electron-phonon interaction
(EPI). The insert to Fig. 3 shows the temperature de-
pendence of the absorption edge steepness parameter
o. From the dependence of o(T'), the EPI parameters
are calculated using the Mahr formula [25]

o(T) = o4 (35) tanh (;:;) (5)

where fuw, is the effective phonon energy in a single-
oscillator model, describing the electron-phonon in-
teraction (EPI), and oy is a parameter related to the
EPI constant g as o9 = (2/3)g~! (parameters hw,
and o( are given in Table). For a (Gag.Ingg)aSes
thin film, o9 < 1 that is the evidence of the strong
EPI [26]. It should be noted that, in the thin film,
compared to a single crystal [10], the EPI is enhanced
(this corresponds to a decrease of the og parameter),
and the energy hw, of the effective phonon, taking
part in the absorption edge formation, practically re-
mains unchanged (Table).

For the spectral characterization of the Urbach ab-
sorption edge, we used the value of the energy pseu-
dogap EY’ (Eg is the energy position of an exponen-
tial absorption edge at a fixed absorption coefficient
a = 10* em~!) which is listed in Table for a thin film
(for a single crystal, o = 103 cm ™1 [10]). The temper-
ature dependences of the energy pseudogap Eg and
the Urbach energy Fy for a (Gag 2Ing g)2Ses thin film
are presented in Fig. 4 and can be described in the
Einstein model by the relations [27, 28]

E2(T) = E2(0) — S2kOp {

e G

exp(—#
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Fig. 3. Spectral dependences of the absorption coefficient for
a (Gag.2Ing.g)2Ses thin film at various temperatures: 77 (1),
150 (2), 200 (3), 250 (4), and 300 K (5). The insert shows
the temperature dependence of the steepness parameter o

Eu(T) = (Ev)o + (o) [ @)

1
exp(9) - 1}

where E¢ (0) and Sg are the energy pseudogap at
0 K and a dimensionless constant, respectively; O
is the Einstein temperature corresponding to the av-
erage frequency of phonon excitations of a system
of non-coupled oscillators, and (Ey ) and (Ey); are
constants. The obtained Ey (0), S5, O, (Ev)o, and
(Ey)1 parameters for a thin film and a single crystal
[10] are given in Table. The temperature dependences

Parameters of the Urbach absorption

edge and EPI for a (Gag.2Ing.g)2Ses single
crystal (for the E||c polarization) [10]

and a (Gag.2Ing.g)2Se3 thin film

Material Single crystal Thin film
ap (em™1) 2.5 x 1010 1.33 x 10°
Ey (eV) 2.688 2.029
Eg (eV) 2.003 1.887
Ey (meV) 38 55
oo 0.835 0.581
hwp (meV) 43 44
O (K) 499 415
(Ev)o (meV) 26 38
(Fu)1 (meV) 54 76
EZ(0) (eV) 2.198 1.930
Sg‘ 19.9 4.4
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Fig. 4. Temperature dependences of the energy pseudogap
Ey (1) and the Urbach energy Ey (2) of a (Gag.2Ing.s)2Ses
thin film

of the energy pseudogap Ej and the Urbach energy
Ey for a thin film calculated from Eqs. (6) and (7) are
shown in Fig. 4 as solid and dashed lines, respectively.

It is well-known that the Urbach energy Ey is char-
acterized by the degree of disordering for the different
solids. For a thin film, the lengthy Urbach tails which
result in the high value of the Urbach energy Ey; are
observed. In Ref. [29], the influences of the tempera-
ture and structural disordering on the shape of the
Urbach absorption edge are studied. Thus, according
to Ref. [29], the Urbach energy Ey is described by
the equation

Ey=(Ev)r+(Ev)x+(Ev)c=(Ev)r+(Ev) x+c, (8)

where (Ey)r, (Eu)x, and (Ey)c are the contribu-
tions of the temperature and structural and compo-
sitional disorderings to Ey;, respectively. It should be
noted that the first term on the right-hand side of
Eq. (7) represents the sum of structural and compo-
sitional disorderings, and the second one represents
the temperature disordering. For the estimation of
the contribution of the different types of disordering
to the Urbach energy Ey, we used the procedure de-
scribed in Ref. [30]. It is worth to note that the abso-
lute value of the contribution of the sum of structural
and compositional disorderings to the Urbach energy
of a thin film increases more than by 45% in compar-
ison with a single crystal [10].

Finally, in a (Gag.2Ingg)2Ses thin film, we have
observed: (1) a red shift of the optical absorption
edge of a thin film compared to a single crystal [10];
(2) the thin film is more disordered than the single
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crystal [10], since the Urbach energy increases from
38 meV to 55 meV; (3) EPI enhances; (4) the absolute
value of the sum of the contributions of structural
and compositional disorderings to the Urbach energy
increases from 26 meV to 38 meV.

4. Conclusions

(Gag.2Ing g)2Se3 films were deposited onto a quartz
substrate by the thermal evaporation technique. The
ellipsometric studies were performed in the spectral
region from 440 nm to 1000 nm. The optical constants
(refractive indices and extinction coefficients) for a
thin film were obtained from the spectral ellipsom-
etry measurements. In the transparency region, the
dispersion of refractive indices is observed, and the re-
fractive indices increase, by approaching the absorp-
tion edge. The dispersion of the refractive index of a
(Gag.2Ing g)2Ses thin film is described in the frame-
work of the Wemple—Di Domenico model. The spec-
tral dependences of the absorption coefficient were
derived from the spectrometric studies of interfer-
ence transmission spectra. The temperature variation
of the transmission spectra, as well as the tempera-
ture behavior of the absorption edge spectra in the
range of its exponential behavior are studied. A typ-
ical Urbach bundle is observed, and the temperature
dependences of the energy pseudogap and the Urbach
energy are analyzed. The influence of different types
of disordering on the Urbach tail is studied, and the
comparison of the Urbach absorption edge parame-
ters for a thin film and a single crystal is performed.
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EJIIIICOMETPWYHI TA CIIEKTPOMETPUWYHI
JOCJIII?KEHHSA TOHKOT IIJIIBKU (Gag 2Ing, s)2Ses

Peszowme

Tonki muisku (Gag,2Ing,g)2Se3 Gyau orpumani mMeTomoM Tep-
MIYHOrO HANWJIEHHSA. 3a& JONOMOIrOI0 METOJIUKHU CIEKTPAJIb-
HOI eJjriicoMeTpil OTPUMAHO JUCHEPCIiiHI 3aJIe2KHOCTI ITOKa3HHU-
Ka 3ajoMiieHHsl Ta Koedirnienta excrmuknil. [lucmepciio mo-
Ka3HUKa 3aJIOMJIEHHSI OIMCAaHO B paMKax Mojeni Yemra—/li
Homeniko. CHeKTpH ONTUYHOTO IPOILYCKAHHSI TOHKO! ILIIBKHI
(Gap,2Ing,g)2Se3 mocaimxkeno B inTepsasi Temneparyp 77-300
K. BuBueno remneparypHy NOBeIiHKY ypOaxiBCbKOTO KPalo 10~
[JIMHAHHS, & TAKOXX TEeMIIepaTypPHi 3aJIe2KHOCTI IIUPUHM IICEB-
103ab60pOHEHOT 30HU Ta ypbaxiBcbKol eHeprii. OBroBoprOETHCA
BIUIUB PI3HUX THIIB PO3YIOPSIKYBAaHHS Ha Kpail ONTHYHOIO
noriuHanHsa ToHkol miiBku (Gag,2Ing s)2Se3. IIposeneno mo-
PiBHSIHHSI ONTHUYHMX ITapaMeTPiB TOHKOI IIIBKM Ta MOHOKpPH-
crana (Gag,2Ing,g)2Ses.
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