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Abstract

Amorphous Ge;3oSb;ySegy chalcogenide thin films were prepared onto cleaned glass substrates using thermal evaporation technique.
The structure of the as-prepared films was confirmed to be amorphous using X-ray diffraction. The optical absorption coefficient (¢) for
the as-deposited films was calculated by using reflectance and transmittance measurements in the wavelength range 400-900 nm. The
optical constants (refractive index (7) and the extinction coefficient (k)) were controlled by Murman’s exact equations. The effects of
annealing temperature in the temperature range 300-658 K on the optical and electrical properties of the as-prepared Ge;Sb;oSego thin
films were discussed in details. It was found that both the optical band gap Egpt and the activation energy for electrical conduction AEy,
increase with increasing the annealing temperature up to the glass transition temperature (7,), followed by a remarkable decrease with
the increase of annealing temperature above T,. The obtained results were interpreted on the basis of amorphous—crystalline

transformations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The amorphous chalcogenide thin films exhibit interest-
ing optical properties such as the high refractive index n,
good transmittance in the IR range [1]. Chalcogenide
glasses are a recognized group of the inorganic glassy
materials which always contain one or more of the
chalcogen elements (S, Se or Te but not O) in conjunction
with more electropositive elements (As, Sb and Bi) [2]. The
knowledge of real and imaginary parts of complex
refractive index, as a function of wavelength and thickness,
is necessary to make effective use of these materials for
optoelectronic devices [3,4], particularly as an antireflective
coating [5]. The variation of refractive index with doping
and growth parameters also provides the means to tailor
the refractive index to any desired value required for use in
filters [6].

The optical band gap Efb,"”t is one of the most
fundamental parameters of semiconductors, and its tem-
perature dependence Egp‘ (T) is of considerable interest for
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both scientific and technological reasons. The values of
Egpt were found to increase in chalcogenide films with
increasing the annealing temperature up to the glass
transition temperature 7, [7,8]. The value of the optical
band gap Egpt of the as-prepared film was found to increase
with increasing film thickness [9].

The electrical conduction in chalcogenide glasses have
different conduction mechanisms that can be written as [10]

— ex _£ + ex _i + ex _2
7= 00 XP\ T ) TSP\ T ) TR\ TRt )
(1)

The three terms arise from three different conduction
mechanisms, in the first region (o exp(—AE/kgT)) which is
the high-temperature region the dominant mechanism is
the band conduction through the extended states, where g,
is the pre-exponential factor, AE is the activation energy,
Kg is the Boltzmann’s constant and 7 is the absolute
temperature. The second region (o, exp(—E,/kgT)) repre-
sents the hopping conduction via localized states. The third
region (o, exp(—E»/kgT)) represents the hopping conduc-
tion near the Fermi level.
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Street et al. [11] proposed that bulk glassy samples are
chemically ordered and the evaporated films are partially
chemically disordered and contain a fairly large fraction of
homopolar bonds. When the evaporated films are annealed
at the glass transition temperature 7, the density of
homopolar bonds decrease and the films approach the
structure of the bulk glass.

The present study concerns with studying the effect of
film thickness on the optical properties of GezoSbigSeqq
thin films and the annealing effects on both the optical and
electrical properties of GesoSbigSego thin films. X-ray
diffraction was also carried out to determine the structural
changes in these films.

2. Experimental details

Ge30SbioSeqo chalcogenide glass was prepared from Ge,
Sb and Se elements with purity 99.999%. The proper
amount for each material was then weighed and introduced
into cleaned silica ampoule. To avoid the oxidation of the
sample, the ampoule was evacuated to 10°Torr. The
melting point of Ge is higher than the melting point of Sb
or Se, therefore the ampoule was heated up to 1373 K with
heating rate 5 K/min, then kept constant for 24 h and then
quenched into ice-cold water to obtain homogenecous
systems. Hand shaking of the constituent materials inside
the ampoule was necessary for realizing the homogeneity of
the composition. The amorphous structure of bulk ingots
was confirmed using X-ray diffraction analysis (XRD). The
glass transition temperature 7, was investigated using
differential scanning calorimetry (DSC) Shimadzu TA-50
apparatus. GesoSbigSeqo thin films were prepared by
thermal evaporation of small ingot pieces onto cleaned
glass substrates (microscope slides). The thermal evapora-
tion process was performed by using a coating (Denton
Vacuum 502 A) system, at a pressure of approximately
107°Torr. During the deposition process (at normal
incidence), the substrates were suitably rotated in
order to obtain films of uniform thickness. The film
thickness as well as the evaporation rate was con-
trolled using a quartz crystal monitor, Denton’s model
DTM-100. The film thickness is 90, 100, 150 and 300 nm,
and the rate of the film deposition was 10nm/s. The
composition of the GezoSb;oSeq thin films was determined
using the energy dispersive spectroscopy analysis (Link
Analytical EDS).

The transmittance (7) and reflection (R) at normal
incidence for thermally evaporated GesoSboSeg, thin films
onto non-absorbing substrate have been measured in the
wavelength range (300-900nm) using Shimadzu UV-
2101PC double-beam spectrophotometer attached with
PC data acquisition system. For studying the annealing
effects, the films were put in a furnace (in vacuum
2 x 107> Torr) for 2h in the temperature range 300-658 K.

The electrical conductivity measurements were carried
out for films with evaporated gold planer electrodes
(14 x 0.1 mm), using a conventional circuit involving a

digital Keithley 617 C electrometer. The dc measurements
were carried out in the temperature range 300—658 K.

3. Results
Fig. 1(a) shows DSC trace for the as-prepared Gesg

SbioSeqo glasses recorded at heating rate (f = 10 K/min),
the characteristic features of DSC curve indicate the
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Fig. 1. (a) DSC trace for powdered Ge;(Sb;¢Seq chalcogenide glass. (b)
XRD of as-prepared Ge;oSb;oSeqy powdered glass (curve 1) and thin films
(curve 2). (c) X-ray diffraction patterns for GeszpSbioSeqo thin films
annealed at (a) 630K and (b) 680 K.
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homogeneity of the considered Ge;oSbioSeqy glass. This
may be confirmed by the appearance of one endothermic
peak for Ge3oSbigSeqo composition characterizing its glass
transition temperature. Fig. 1(b) shows XRD of as-
prepared GezpSb;oSegq thin films and powdered glass.
The general feature of these patterns confirms the
amorphous nature of the bulk glass and the as-prepared
films. In addition, Ge3oSb¢Seqo films are crystallized into
different phases, Sb,Se;, GeSe, and GeSe, these phases
have been identified using XRD patterns as shown in
Fig. 1(c) for the annealed films at different annealing
temperatures higher than the glass transition temperature.

Table 1 shows the spectral distribution of the constituent
elements for the evaporated Ge;(Sb;oSeqy thin films with
film thickness 300nm, it was found that the calculated
compositions of the investigated films and those of the
prepared compositions are very close to each other.

Fig. 2 shows the transmission spectra for as-prepared
and annealed Ge3oSbioSegqo thin films, respectively, at
different annealing temperatures. It is observed that the
optical transmission for GesoSbjoSego thin films increase
(blue shift of the optical absorption edge) with increasing
the annealing temperature up to the glass transition
temperatures 7, and decrease (red shift of the optical

Table 1
Spectral distribution of the constituent elements for GesoSbiSego thin
films with film thickness 300 nm

Element Measured (at%) Calculated (at%) Difference
Ge 29.985 30 —-0.015
Sb 10.016 10 0.016
Se 59.999 60 —0.001
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Fig. 2. Transmittance spectra for as-prepared and annealed GezoSb;¢Sego
thin films.

absorption edge) with increasing the annealing temperature
above this temperature.

For normal incidence measurements, the refractive index
(n) and the extinction coefficient (k) were controlled by
minimizing the errors (AR = Roxp—Reat, AT = Texp—Tcar)
of the film using Murman’s exact equations [12,13]. The
analysis of the optical absorption data indicates that the
optical band gap Egpt of these films obeys Tauc’s [14]
relation for the allowed non-direct transition:

a(A)hy = B(hv — E,), (2)

where /v is the photon energy, E, is the optical band gap, B
is an energy-independent constant (band-edge steepness
parameter in Tauc’s equation) and r is an integer or half-
integer which determines the nature of optical transition
(r =1/2 for direct and r = 2 for non-direct transitions).
Fig. 3(a) indicates that the plots of (ohv)'/? vs. hv for
Ge3pSbigSeg thin films according to the power law [14] for
non-direct allowed optical transition successfully describe
the optical transitions in these films. Fig. 3(b) shows that
the optical band gap Efb,"”t for GesoSb¢Sego thin films
(300 nm) increase by increasing the annealing temperature
up to the glass transition temperatures 7, followed by a
remarkable decrease by increasing the annealing tempera-
ture above T,. Fig. 4 represents the refractive index () as
continuous function of wavelength (1) for as-prepared and
annealed GeszoSbigSegg thin films. Fig. 5 represents the
plots of (ahv)'? vs. hv of GespSboSeq thin films with
different film thicknesses. The real (¢;) and imaginary (e5)
parts of the complex dielectric constants can be written in
the following forms [15,16]:
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Fig. 3. (a) The plots of («hv)"/* vs. hv for the as-prepared and annealed
GezpSbpSego thin films and (b) Egp‘ vs. annealing temperature for
Ge30SbypSego thin films.
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Fig. 4. The plots of refractive index (r) as a function of wavelength for as-
prepared and annealed GesoSb;oSego thin films.
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Fig. 5. The plots of (ahv)'® vs. hv for GesoSbioSeqo thin films with
different thicknesses.

where ¢, is the high dielectric constant, e is the electronic
charge, c is the velocity of light, (N/m*) is the ratio of free
carrier concentration (N) to the free carrier effective mass
(m*). This equation was employed to determine the
parameters ¢, and (N/m*) from the slope and intercept
of the fitted straight lines of & vs. A%. Fig. 6(a) and (b)
represents the variations of the real ¢, and imaginary &,
parts of dielectric constants.

Among the most important parameters characterizing
the optical materials as optical fibers can be deter-
mined from the energy dispersion of refractive index.
Definitely, the np—photon energy relation has the following
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Fig. 6. The plots of (a) & vs. 4 and (b) & vs. A for as-prepared and
annealed Ge;3(SboSeg thin films.

form [17,18]:

EqE
ng(E) 1= ﬁ» ®)

where ng(E) is the refractive index at photon energy hv—0,
Ey is the electronic dispersion energy, E, is the single
oscillator. From the slope and intercept of the fitted to
straight lines of [n%(E) — 1] vs. E? dependence, one can
determine the dispersion parameters Eq Ej and ny. Then,
the variations of optical parameters (¢.,, N/m*, E4 Ey and
ny were determined and tabulated in Table 2. The
dependence of the dc conductivity on the annealing
temperatures for Ge;pSbioSeq thin films is shown in
Fig. 7(a) and the variations of the activation energy with
annealing temperature for Ge;zoSbigSeqo thin films are
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Table 2

The effect of annealing temperature 7 (K) on the optical parameters of
Ge3pSbioSeg thin films with film thickness 300 nm

TK) e N/m" E4 (eV) Ey (eV) 1o
(x 10*' em™3)
323 8.750 1.5873 30.5195 5.34139 2.50986
343 8.539 1.5750 29.6953 5.36269 2.49992
368 8.312 1.5331 28.8301 5.37223 2.42984
393 8.307 1.5153 28.2425 5.38028 2.39331
418 8.448 1.5919 25.6053 5.35378 2.51402
443 8.512 1.6059 27.8053 5.3281 2.53199
468 8.694 1.6295 28.1239 5.30848 2.54324
493 8.746 1.6521 29.2070 5.30699 2.55864
518 8.833 1.6752 29.4946 5.29665 2.56195
543 9.027 1.7261 29.8358 5.22118 2.58311
568 9.123 1.7560 29.9013 5.18087 2.63963
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Fig. 7. (a) The plots of In(a) vs. 1000/ 7. (b) The activation energy AE4. vs.
the annealing temperature for GesoSb;¢Seg thin films.

represented in Fig. 7(b). The behavior of AEy. as that
mentioned earlier for Egpt is the slight increase with
increasing the annealing temperature up to 7, then
decrease with further increase of annealing temperature.

4. Discussion

Both the Egpt and AEq. (see Figs. 3(b) and 7(b)) increase
with increasing annealing temperature up to glass transi-
tion (T, =478.76 K), this behavior can be explained by the
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density of states model in amorphous solids proposed by
Mott and Davis [19]. According to this model, the width of
the localized states near the mobility edges depending on
the degree of disorder and defects present in the
amorphous matrix. The increase of annealing temperature
up to T, reduces the disorder and defects resulting in the
reduction of the width of localized states in the band
structure, consequently the optical band gap increase.

During annealing at temperatures higher than 7, the
optical band gap decrease with increasing the annealing
temperature. This behavior may be attributed to the
producing of surface dangling bonds around the formed
crystallites [20] during the process of crystallization. It has
been suggested by many authors [20,21] that nearly ideal
amorphous solids crystallize under heat treatment and that
in the process of crystallization dangling bonds are
produced around the surface of the crystallites. Further
heat treatment causes the crystallites to break down [21]
into smaller crystallites, thereby increasing the number of
surface dangling bonds. These dangling bonds are respon-
sible for the formation of some types of defects. These
defects result in the decrease of the optical band gap Egpt.
In the present work, the structure of as-prepared and
annealed Ge3oSbioSeqy thin films was examined using
X-ray diffraction analysis (Fig. 1(b) and (c)). Continuous
heat treatments at temperatures higher than 7, result in
some crystalline phases defined by GeSe, GeSe, and
Sb,Se;, which increase with increasing the annealing
temperature. Thus, the major changes in the optical band
gap could be ascribed to the thermally induced amorphou-
s—crystalline transformations.

The high-frequency dielectric constant ¢, and the N/m*
ratio have the same manner which is opposite to that
observed for Egp‘ (Table 2), also the refractive index (ng)
and dispersion energy (E4) have the same manner which is
opposite to that observed for E,. These variations are
strongly dependent on the internal microstructure change
induced by heat treatment [22].

The film thickness approximately causes no changes (the
changes within the experimental errors (see Fig. 5)) in the
optical band gap in a-GezoSb;¢Seg thin films as well as
those reported by Shaaban [23]. From Fig. 7(a), it can be
observed that the dc conductivity (o4.) increase exponen-
tially with the increase of temperature for GezoSb;oSeqo
films. These results indicate that the conduction in these
films is through an activated process having one conduc-
tion level and the dc conductivity (g4.) takes the formula
G4c = 00 eXp(AE4./KgT) (the first term of Eq. (1)), the
calculated values of AEy. for GesoSb;oSeqo films indicate
that the conduction is due to thermally assisted tunneling
of charge carriers in the localized states in the band tails
[10]. It is observed that AEg. values as well as EP' values
for GesoSbipSeqo films “‘increase with the increase of
annealing temperature up 7, followed by a monotonic
decrease with further increase of annealing temperature
above T,”. This behavior of AE4. was previously discussed
in details.
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5. Conclusion

In the present study, the effect of annealing on the
optical and electrical properties of GesSb;Seqy amor-
phous thin films has been investigated. We can concluded
that annealing process at temperatures 7<7, results in
slightly increase in Egpl and AEg., whereas at 7> T, the
values of Egpt and AEj,. decrease with further increase of
annealing temperature. The high-frequency dielectric con-
stant ¢, and the N/m* ratio have the same manner which is
opposite to that observed toE‘gjpt. Also, the refractive index
(ng) and dispersion energy (E4) have the same manner
which is opposite to that observed for E,. The conduction
in Ge3oSby¢Seg thin films is ascribed to thermally activated
conduction through the extended states that dominates in
the temperature range 300480 K. Finally, the film thick-
ness approximately causes no changes in the optical
properties of GesoSbi¢Sego thin films.
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