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Abstract- Thin films having composition GeySez;Zniy were
deposited onto glass substrates by the vacuum thermal
evaporation technique. Effective crystallite size and strain are
determined by the method of variance analysis of the X-ray
diffraction line profiles for the films. Reflectance and
transmittance at normal incidence of the as-deposited and
annealed samples are measured by spectrophotometer in the
spectral range of 300 — 2500 nm. Direct optical band gap (Eg)
and Urbach energy (Ey) are calculated from the absorption
coefficient. Analytical relations are used to deduce the real and
imaginary refractive indices at each scanned wavelength from
the measured reflectance and transmittance. Dispersive
parameters of Wemple-DiDomenico dispersion’s relations are
also deduced.
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. INTRODUCTION

Chalcogenide glasses have received much attention for
their applications in optical data storage, integrated optics,
optical imaging and infrared optics [1-3]. These applications
were attributed to their transparency in the infrared (IR) region,
low phonon energies and easy to fabricate [4-6]. The Zn-Se
binary glass has gained much attention due to a wide-band-gap
11-VI semiconductor with a gap of 2.8 eV [7-13]. The effect of
Zn content in Zn—Se binary glass on the optical properties has
been investigated in our previous work [9, 10]. The optical
properties of Ge-Se chalcogenide glasses have been
extensively studied. Adding indium to Ge-Se glass is
considered as an effective way controlling their optical
properties. Also, these glasses (Ge-Se-In) have great of interest
because their ability to create glasses with a wide area of
compositions [14]. In addition, the optical energy gap of Ge-
Se-Te has been investigated for as-prepared and annealed films
as a function of incident wavelength (photon energy) [15]. In
this study, the optical energy gap increases with increasing
annealing temperature. Chen et al. [16] investigated the optical
properties of the Ge-Se—Te chalcogenide glasses to find the
relation between optical band gaps and the glass constituents.
The optical band gaps were found to be in the range of 0.19—
0.32 eV [17]. Many studies were carried out concerning thin
films of Ge-Se [18] and Se-Te [19-21] system to investigate
the optical, electrical and structural properties. Also,
chalcogenide glasses containing Sb [22] and Ge [23-25] were

studied. On the other hand, the chalcogenide semiconductors of
Se-Te are investigated by various studies because the glass
forming of this system expands to whole substitution of Se by
Te and their applicability as solid state devices [26-29]. The
addition of Germanium element of this Se-Te system leads to
increase the glass transition temperature and improve the
thermal stability and the optical properties of the ternary glass
[30-33].

Crystallization of present ternary chalcogenide glasses is
accompanied by a change their properties. Separation of
different crystalline phases with heat treatment has been
observed in our glasses. The effect of heat treatment is
discussed on the basis of amorphous crystalline transformation
[34-36].

Optical spectra are used to determine the band structure and
the energy gap of chalcogenide glasses, because the analysis of
the optical spectra is one of the most productive tools for
studying the energy diagram of both amorphous and crystalline
materials. The degree of disorder and defects in the amorphous
structure changes due to annealing temperature [37]. To our
knowledge, not enough optical investigations have been made
of Ge-Zn-Se thin films.

Thin films have been prepared by various techniques such
as thermal evaporation under vacuum, solution growth spray
pyrolysis, molecular beam epitaxy (MBE) organo-metallic
chemical vapor deposition, etc. but the used method (thermal
evaporation) was available and very common due to low cost,
simplicity and scalability deposit onto large area substrates.
Moreover the films produced with this method are highly
adherent and uniform [9, 10].

The aim of the present work is to determine the effect of Ge
additives and heat treatment on the structural (by X-ray
diffraction) and optical properties of Ge-Zn-Se thin films by
analysis of the transmittance T and reflectance R spectra of
these films.

Il. EXPERIMENTAL DETAILS

A. Bulk samples preparation

Bulk GeySesZnyy was prepared by the melt-quench
technique. Appropriate amounts of high purity (99.999%) Ge,
Zn and Se (from Aldrich, UK) were weighted (5 g total weight)
according to their atomic percentage. The weighted elements
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were placed into a quartz glass ampoule and sealed under
vacuum of 10 Torr. The sealed ampoule was heated in Heraus
programmable tube furnace (type R 07115), the heating rate
was approximately 3.5 K/min. The temperature was kept at
1173 K for 24 h. The ampoule was manually stirred for
realizing the homogeneity of the composition. After that, the
ampoule was quenched into ice-cooled water.

B. Thin films preparation

Thin films of GeySeZny, were prepared by thermal
evaporation at vacuum of 10° Torr from the bulk of
GeySeqZnyy using Edward 306E  system. A constant
evaporation rate (3 nm/sec) was used to deposit the films. The
evaporation rates as well as the films thickness were controlled
using a quartz crystal monitor (FTM5), where the films
thickness were (300 nm). Ge,Se;0Znyg films were annealed at
different temperature (373 < T, < 423 K) for one hour under
gas Nitrogen.

C. X-ray diffraction apparatus setup

The amorphous and crystalline phases for as-deposited and
annealed films were examined by X-ray diffraction analysis at
room temperature. The data are collected using Philips
(typel710) diffractometer with CuK, radiation. The spectra
data were acquired within the range of 20 = 4° — 90° at a
scanning step and speed of 0.02 and 0.06 %, respectively. The
radiation source was CuK, with a graphite monochromator
where A= 1.54178 A at 49 kV and 30 mA. The divergence and
receiving slits were fixed at 1° and 0.2 mm, respectively.

D. Spectrophotometric measurements

In order to determine the absorption coefficient o and the
optical constant of the films as a function of the incident light
wavelength, a computer aided double beam spectrophotometer
(Shimadzu 2101 UV-VIS) was used to record the reflectance,
R, and transmittance, T, data for the prepared films at normal
incidence of light. The measurements were carried out at room
temperature, 23 °C, for the entire spectral range of wavelength
from 300 to 2500 nm.

I1l.  REFRACTIVE INDICES DETERMINATION

A. Analytical determination of complex refractive index

Refractive index is one of the fundamental properties for an
optical material. Its real part is inversely proportional to the
wave propagation velocity, while its imaginary part is related
to the intensity attenuation inside the material. It is closely
related to the electronic polarization of ions and the local field
inside the material. The determination of the refractive indices
of optical materials is crucial for applications in optical
devices. The refractive index as a function of the wavelength is
a critical design parameter for advanced photonic systems [38,
39].

In this work analytical expressions are used for the first
time (to our knowledge) to retrieve the real and imaginary
refractive indices taking into consideration incoherent multiple
reflections inside the sample [40]. The relation between the
measured transmittance, T, measured reflectance, R, and
interface reflectance, R, is [40],

242 —(1—R)2]—[[2+T2 —(1—}2)2]2—4(2—12)12]1/2

Ras - 2(2-R) (1)
The imaginary part of the refractive index, k, is deduced as:

— L TRqas
o= 4amt n [(R—Ras) 2)

where t is the thickness of thin films,
The real part of the refractive index, n, is:

— kz]l/z (3)
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The absorption coefficient, a, of the glass materials are:

4mk
a=— 4)

B. Real refractive index dispersion relation

The refractive index of a material is a complex quantity
(real and imaginary), which describes not only the properties of
material dispersion, but also its absorption. Wemple and
DiDomenico (W-D) [41] described how to model real
refractive index, n, data in a single oscillator model as a
function of incident photon energy, E, as:

1 _ E E?

n2-1 Egq  EoEq

()

where E, is the single oscillator energy related to an average
band gap, and it corresponds to the distance between the
centers of gravity of the valence and conduction bands, and Eg4
is the dispersion energy which measures the average strength
of the interband optical transitions. In this relation, the
dispersion was considered by electronic transitions. By plotting
(n® -1)™ versus E? and fitting straight line E, and E4 can be
determined from the intercept and the slope.

The multiplication of oscillators concentration and
oscillator strength per effective mass is written as:
an?e,Eo E
e ©)
where ¢, is the free space of dielectric constant (8.854x10™
F/m), e is the charge of electronic and h is the Plank’s constant.
The refractive index at infinite wavelength, n,, considering
only electronic transitions can be written as:

Nf/m* =

Ne = |1+ @)

The lattice dielectric constant, (¢,) and the ratio of the
carrier concentration to the effective mass, (N/m’) can be
investigated by using the slope and intercept of the linear
relation [10],

2

n2=eL—( - %)/12 8)
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where c, is the speed of light and A, is the incident wavelength.

IV. OPTICAL BAND GAP AND URBACH ENERGY

The values of optical band gap (Eg) for as-deposited and
annealed thin films were determined by analyzing the optical
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data with the expression for the absorption coefficient, a. and
the photon energy (E), [41] using the relation

aE = A(E — Ej))"™ 9)

where the power m is a number which determines type of the
optical transition (m =1/2 for allowed direct transitions and, m
= 2 for allowed indirect transitions), A is a constant which
dependence on the electron transition probability and E, is the
optical band gap. The value of Egis calculated by extrapolating
the straight line portion of (aE)? versus E for the direct optical
band gap.

In the low absorption regions where the absorption
coefficient laying between 10° and 10* cm™, are defined as
Urbach’s exponential tails region [42]. It is given by:

a = a,ef/fu (10)

where a,is a constant and Ey is the Urbach energy interpreted
as the width of the tails of localized states in the band gap. The
equation (10) can be written as:

Ina = Ina,+eE/Fu (11)

Plotting the dependence of In(a) versus E should give a
straight line. The inverse of the slope gives the band tail width
(Eu) of the localized states at the band gap.

V. EXPEREMENTAL RESULTS AND DISCUSION

The morphology of the annealed GeySesoZny, thin films
was investigated using Scanning electron microscopy (SEM).
The samples were gold coated before SEM examination to
study the surface morphology. The scanning micrograph of the
annealed GeySezpZnyg films are shown in Fig. 1(a, b). The
microstructure for the annealed sample at 373 K for 1 h is
shown in Fig. 1(a), it is clear that the crystalline phases are
embedded in the amorphous matrix. In general, further increase
of annealing temperature (annealed at 473 k) reveals that the
amount of some transformed crystalline phases increase with
different crystallized particles of sizes appears as shown in Fig.
1(b).

Figure 1. The SEM photograph for GeyoSezoZniothin films (a) annealed at
373 K and (b) annealed at 473 K for 1 h.

In order to determine the crystalline phases that appeared in
SEM for the annealed GeyiSe;0Znyg thin films, the X-ray
diffraction of films at different annealing temperature for 1h in

nitrogen flow were analyzed. Fig. 2(a—c) shows XRD patterns
of as-deposited and annealed samples. The XRD studies show
that the as-deposited film is amorphous in nature as shown in
Fig. 2(a) but the films annealed show significant improvement
in crystallinity and the dominant crystalline phases were GeSe
and ZnSe with some traces phase of Se as shown in Fig. 2(b,
c). The angle diffraction of the observed X-ray peaks have
been compared with the angle diffraction of the Hexagonal
structure of ZnSe along with corresponding Miller indices
(JCPDS card no. 80-0008) and that one of the standard
diffraction lines of the Orthorhombic structure of GeSe
(JCPDS card no.74-0372) (Tables | &IlI). On the other hand the
XRD peaks of the film annealed at 473 K, shows decrease in
intensity of the diffraction peaks that corresponds to Se phase
formed as shown in Fig. 2 (b, ¢).

The intensity of X-ray diffraction peaks related to
Hexagonal structure of ZnSe increase with increasing
annealing temperature and the intensity of X-ray diffraction
peaks related to Orthorhombic structure of GeSe decrease with
increasing annealing temperature. This may be due to increase
of Se ions migration with increasing annealing temperature
because its high concentration inside thin films and the
decreasing intensity of one phase appears as an increasing in
another phase vice versa.
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Figure 2. The X-ray patterns of GeSesZnyo thin films, (a) as-deposited (b)
annealed at 373 K and (c) annealed at 473K

The average crystal diameter of these phases in spherical
approximation have been estimated from the full-width at half
maximum (FWHM) of more intensive diffraction peaks
according to the Debye-Scherrer model [43].

0944
- Lcos6

(12)

where D is the particle size, A is the wavelength of used X-ray
radiation, P is the angular line width of half maximum intensity
and 0 is the angle which corresponds to diffraction maximum.
We have fitted the diffraction lines of crystalline phases by a
Gaussian function to determine the full-width at half maximum
as shown in Fig. 3.
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The calculated crystal diameter of GeSe and ZnSe phases
using equation (12) for annealed thin films are listed in Tables
(1& 11). They are evident that, the average particle size of the
crystallized GeSe phase increases with increasing annealing
temperature and the average particle size of the crystallized
ZnSe phase decreases with increasing annealing temperature.
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Figure 3. The X-ray pattern of GeSezZnyo thin film thermally annealed at
473 for 1h along with the Gaussian fitting of GeSe and ZnSe crystalline
phases. The solid lines represent the experimental data with the Gaussian
fitting of GeSe and ZnSe crystalline phases while the dot line represents the
fitting by summation of Gaussian curves.

The dislocation density (8) is deduced as the length of
dislocation lines per unit volume of the crystal and is given by

(8 = 1/D?). The strain value (¢) is calculated from the following
relation [43],

&= [D 0259 - B] tatle (13)

The results of & and € are listed in Tables (I & II). It is
observed that the average of strain values and average of
dislocation density for GeSe phase decrease whereas particle
size increases with increasing the annealing temperature. On
the other hand, the average of strain values and average of
dislocation density for ZnSe phase increase whereas particle
size decreases with increasing the annealing temperature,
which indicates the improvement in crystallinity of the present
films.

Fig. 4 shows the spectral distribution of transmittance and
reflectance for as-deposited and annealed thin films in the
wavelength range from 300-2500 nm.

Optical transmission spectra provide useful information
about the absorption edge and the optical transmittance. The
transmittance spectra obtained from the deposited and annealed
films are shown in Fig. 3. The spectra show a high
transparency in the visible range above 600 nm. Sharp UV
absorption edge at approximately 560 nm is observed for all
films. The sharp fall of transmittance at the band edge confirms
that the annealed films have a crystalline nature [44]. The high
transparency (in the range 600 nm — 2500 nm) presented
confirms the good quality of the deposited films and the
samples have a smooth surface, which results in less scattering
of light and more transmission light [45, 46]. Transmission and
reflectance spectra seem to behave in an opposite fashion (see
Fig. 4)

TABLE 1. STRUCTURE PARAMETERS OF GESE CRYSTALLINE PHASES IN PRESENT THIN FILM AT DIFFERENT ANNEALING TEMPERATURE
T 2theta | 2theta (hki) kind of FWHM If’article Average of particle size A_V(_ezrag_e‘:1 of strain values Averlaege_of dizslocation density

stand. exp. phase Size (nm) | for GeSe phase (nm) (lin=.m™)for GeSe phase | 8x10™ (lin./m?) for GeSe phase
41.868 | 41.409 (201) GeSe | 0.7034 12.62
43.406 | 43.480 (100) Se
44.416 | 44.522 (202) GeSe |0.8839| 10.15

373K | 48425 | 48.422 (203) GeSe | 05280 | 17.24 13.78 0.00163 0.580
62.165 | 61.540 (200) Se
65.080 | 65.079 (215) GeSe | 0.7034 | 14.00
68.390 | 68.235 (310) GeSe | 0.6751| 14.86
41.868 | 41.409 (201) GeSe | 0.7034 | 12.62
43.406 | 42.820 (100) Se
44.416 | 44.565 (202) GeSe | 05280 | 17.00

473K | 48.425 | 48597 (203) GeSe | 05280 | 17.26 15.01 0.00149 0.540
62.165 | 61.780 (200) Se
65.080 | 65.079 (215) GeSe | 05280 | 18.66
68.390 | 68.410 (310) GeSe | 1.0540 9.52
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TABLE II.

STRUCTURE PARAMETERS OF ZNSE CRYSTALLINE PHASES IN PRESENT THIN FILM AT DIFFERENT ANNEALING TEMPERATURE

T 2theta | 2theta (hkl) | FWHM Particle | Average of particle size for | Average of strain values (lin” Average of dislocation density
an- | stand. exp. Size (nm) ZnSe phase (nm) 2 m)for ZnSe phase 5x10% (lin./m?) for ZnSe phase
72.621 | 72.159 | (210) | 0.3959 25.95
373K 23.88 0.00061 0.179
87.341 | 87.696 | (213) | 0.5280 2181
72.621 | 72.057 | (210) | 0.4301 23.87
473K 19.80 0.00075 0.290
87.341 | 87.442 | (213) | 0.7304 15.73

Fig. 5 shows the spectral variations of the real refractive
index (n) for GexSesZnyg thin films at different annealing
temperature, from this figure it is observed that the refractive
index can be divided into two regions.

I) A region (A < 665 nm) in which the refractive index
increases with wavelength is said to have anomalous
dispersion.

I) A region (A > 665 nm) in which the refractive index
decreases with wavelength is said to have normal
dispersion.

It is also observed that the value of refractive index (n) and
the height of the peaks decrease with increasing annealing
temperature to 423 Kk, after that increase with increasing
annealing temperature. This behavior can be attributed to
decrease and increase of tailing in the material [47], as shown
in Table II.

Fig. 6 shows the imaginary refractive index (k) for the
GeypSesnZnyg thin films, it is observed that the behavior of the
k(L) spectrum is zero in the near infrared (NIR) and infrared
(IR) wavelength ranges, whereas in the visible range the

imaginary refractive index decreases with increasing
wavelength.
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Figure 4. The spectral dependence of transmittance (T) and reflectance (R)
for the as-deposited and annealed of GeySez0Zn;, thin films
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Figure 5. Real refractive index (n) versus wavelength (1) for the as-deposited
and annealed of GejSezZnyg thin films
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Figure 6. Imaginary refractive index (k) versus wavelength (1) for the as-

deposited and annealed of GezSez0Znyo thin films

Fig. 7 shows typicaly depandences (n*-1)*' = f(E)* for
GeyoSergZnyg thin films. It can observe that the equation (5)
could be suitable for the description of the dispersion of
refractive index, where the dispersive parameters are shown in
Table 3.
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Figure 7. Plots of (n%-1)" versus the photon energy (E)? for the as-deposited
and annealed of GeSe7oZny, thin films

TABLE Il FITTING PARAMETERS OF REAL REFRACTIVE INDICES, RATIO
OF THE CARRIER CONCENTRATION TO THE EFFECTIVE MASS, LATTICE
DIELECTRIC CONSTANT, DIRECT ALLOWED OPTICAL ENERGY GAPS AND
URBACH ENERGY OF SAMPLES

Tam. Nf/m (N/m*)

B | Ed m%g?) | x107 | &

For one Ny E | Eu
x10% m3/kg

hour | V) | &) V) | (eVv)

Asdeposited | 3.515 | 23.960 | 2.803 | 6.711 3278 [4.763| 2.78 | 0.072

373K |3.497|24.390|2.732| 6.255 28.08 |4.385| 2.84 |0.053

423 K |3.465|22.816|2.608| 5.514 2491 |4.162| 2.89 |0.037

473 K |3.328|22.964|2.627| 5.175 26.62 |4.281| 2.85 |0.042

513 K |3.193|23.335|2.806| 5.548 28.96 |[4.775| 2.65 |0.082

Dispersive parameter, Nf/m decreases with increasing
annealing temperature except the sample which annealed at
513 K increases with increasing annealing temperature, also
n., decreases with increasing annealing temperature up to 473
K followed by a remarkable increases due to further increase
of annealing temperature. Table 3 also lists the obtained values
of E, and Eg, for the as-deposited and annealed thin films. It is
clear that the values of E, decrease while the values of Ejy4
increase with increasing the annealing temperatures. These
may be due to increase diffusion rate of atoms inside annealed
thin films with increasing annealing temperature, leading to
generate numbers of sites atoms and increase numbers of
scattering center [48, 49]. These results are in good agreement
with the previous works [10, 50]. The ratio of the carrier
concentration to the effective mass (N/m*) and lattice dielectric
constant (&) for the investigated films also listed in Table (3).
It is observed that both (N/m*) and (g) decrease with
increasing annealing temperature.

Fig. 8 shows the relation between (o E)® and photon energy
(E) to determine the direct optical band gap for as-deposited
and annealed thin films. The obtained values of the optical
band gap energy (E,) are listed in Table (3). It is interesting to

observe that the value of (Eg) increases from about 2.78 eV (for
as-deposited film) to 2.89 eV, after heat treatment at 423 K.
The lower value of about 2.78 eV obtained of (Eg) for the non-
heated Gey,Sez0Znig Sample may be related to the existence of a
high density of defects levels within the band gap determined
by the amorphous structure of this sample [51]. The increase of
(Eg) up to 2.89 eV with increasing annealing temperature may
be attributed to the increase in grain size. The further decrease
of the optical band gap beginning at an annealing temperature
of about 473 K may be due to unsaturated bonds and other
structural defects which can introduce localized states in the
forbidden band that can be responsible for the narrowing of the
band gap [51]. The same behavior was observed for amorphous
Asy5,Tes66Ng0 and GeypSego.xInk thin films [52, 53],

2.5

= As-prepared

o 373K

2.0 4 423 K

v 473K
513K

s .

E (-eV)

Figure 8. Variation of («.E)? as a function of photon energy (E) for the as-
deposited and annealed of GeSez0Znyo thin films

The values of Urbach energy (E,) for the Ge,oSe;gZny, thin
films are shown in Table (3). It can be noted that the Urbach
energy decreases from about 0.072 eV (for as- deposited film)
to 0.032 eV after heat treatment at 423 K, after that it increases
with increasing annealing temperature. The Urbach edge is
usually ascribed to localized states at the band edge. It is
determined by the degree of disorder and/or structural defects
such as broken or dangling bonds, vacancies and non-bridging
atoms in the considered sample [54].

VI. CONCLUSION

The present study of GeyoSeznZnyo thin films revealed the
following conclusions:

1. Bulk of composition GeySezZnyy was prepared by the
melt-quench technique, and thin films were prepared from
the bulk of Gey,Se;0Zn;o by thermal evaporation at vacuum
of 10° Torr.

2. Analytical relations are used to deduce the real and
imaginary refractive indices from the measured reflectance
and transmittance for as-deposited and different annealing
temperature.
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