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Amorphous Ge10Se90�xTex (with x = 0, 5, 10 and 15 at.%) thin films were prepared by thermal evaporation
method. The optical transmission spectra of these films were measured in the wavelength range of 500–
2500 nm in order to drive the refractive index and the absorption coefficient of these films. Applying the
analytical expressions proposed by Swanepoel, enabling the calculations of optical constants of thin films
with non-uniform thickness with high accuracy. Furthermore, the dispersion of the refractive index is
discussed in terms of the single-oscillator Wemple and DiDomenico model. It was found that, the mech-
anism of the optical absorption follows the rule of the allowed non-direct transition. The optical band
gab, Eg, and the oscillator energy, Eo, decrease while the dispersion energy, Ed, increases by increasing
Te content. The relationship between the obtained results and the chemical compositions of the
Ge10Se90�xTex thin films were discussed in terms of the chemical bond approach, the excess of Se–Se
homopolar bonds and the cohesive energy (CE).

� 2009 Elsevier B.V. All rights reserved.
1. Introduction relatively simple and straightforward method for determining
Chalcogenide semiconducting glasses have received great
attention because of their important optical applications in the
infrared region [1,2] due to their high transmittance in the IR spec-
tral region [3]. The common feature of these glasses is the presence
of localized state in the mobility gap as a result of the absence of
long-range order as well as various inherent defects. Investigation
of electron transport in disordered systems has been gradually
developed and the investigation of gap states is of particular inter-
est because of their effect on the electrical properties of semicon-
ductors [4]. A number of papers [5–11] have appeared in the
literature reporting the electrical and photoelectrical properties,
glass formation, and crystallization kinetics of Ge–Se–Te glasses,
allowing the use of these materials in the fabrication of a great
number of optical devices [12–14]. The accurate determination of
the optical constants of these materials is important in order to ex-
ploit and develop their interesting technological applications. The
optical characterization of thin films often requires the use of
highly refined computer numerical techniques applied to both
optical transmission and reflection spectra [15–18]. In contrast, a
ll rights reserved.
the optical constants, using only their transmission spectra, has
been proposed by Swanepoel [19,20], which is also particularly
useful because it accounts for a possible lack of film-thickness uni-
formity. This method is based on the upper and lower envelopes of
normal-incidence optical transmission spectra. It takes into ac-
count the spectrum compression (i.e., increase of minima and de-
crease of maxima of interference caused by film-thickness)
variations across the light spot defined by the spectrophotometer
beam. Since the samples being the object of the present study were
thin films with relatively non-uniform thicknesses, said method
was successfully applied. The samples were layers of a ternary
amorphous materials having a chemical composition Ge10Se90�xTex

(with x = 0, 5, 10 and 15 at.%) deposited onto cleaned glass sub-
strates by vacuum thermal evaporation. Accurate values for the
optical constants such as refractive index, the extinction coefficient
and film-thickness were obtained and discussed.

2. Experimental details

Different compositions of the Ge10Se90�xTex (with x = 0, 5, 10 and
15 at.%) chalcogenide glasses were prepared from Ge, Se, and Te ele-
ments with high purity (5 N) by the usual melt quench technique.
Materials were weighed according to their atomic percentages,
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Fig. 1. Schematic diagram for an absorbing thin film with non-uniform film-
thickness (d ± Dd) on a thick finite transparent substrate [25].
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charged into cleaned silica tubes then sealed under vacuum of
�1.33 � 10�3 Pa the ampoules were put into a furnace at around
1300 K for 24 h. During the heating process the ampoules were sha-
ken several times to maintain their uniformity, and then the am-
poules were quenched in ice cooled water to avoid the
crystallization. Thin films were prepared by thermal evaporation
of small ingot pieces onto electronically cleaned glass substrates
(microscope slides). The thermal evaporation process was per-
formed by using a coating (Denton Vacuum 502 A) system, at a
pressure of approximately 1.33 � 10�3 Pa, during the deposition
process. The thickness of the film was determined using a quartz
crystal monitor (Denton’s model DTM-100). The rate of the film
deposition was controlled using the same DTM-100 quartz crystal
monitor and it was 1–10 Å/s. Chemical compositions of the chalco-
genide films were found to be Ge10±0.09Se90±0.7, Ge10±0.1Se85±0.8-

Te5±0.04Ge10±0.07Se80±0.7Te10±0.08 and Ge10±0.08Se75±0.8Te15±0.13 on
the basis of electron microprobe X-ray analysis, using a (Link
Analytical Edx) scanning electron microscope. The deviations in
the elemental compositions of the evaporated thin films from their
initial bulk specimens does not exceed than ±1 at.%. The amorphous
state of these materials was checked using X-ray (Philips type 1710
with Cu as a target and Ni as a filter, k = 1.5418 Å) diffractometer.
The absence of crystalline peaks confirms the glassy state of the
prepared samples.

Optical transmittance for Ge10Se90�xTex thin films has been
measured using a double beam (Shimadzu 2101 UV–VIS) computer
controlled spectrophotometer, at normal incidence of light and in
the wavelength range 500–2500 nm. The accuracy to which, k,
can be measured is ±1 nm. Without a glass substrate in the refer-
ence beam, the measured transmittance spectra were used to cal-
culate the refractive index and the average film-thickness of
different compositions of Ge10Se90�xTex thin films.

3. Theoretical considerations

According to [19,20] one can write or use the expression of the
transmission spectra at normal incidence for homogeneous film
with uniform thickness d and complex refractive index nc = n
� ik, or absorption coefficient a on transparent substrate with
refractive index s. The substrate is considered to be perfectly
smooth, but thick enough so that in practice the planes are not per-
fectly parallel so that all interference effects due to the substrate
are destroyed. The substrate–film system is surrounded by air with
refractive index no = 1. Considering all the multiple reflections at
the three interfaces into account, it is noted in the case k2� n2 that
the expression for the transmittance T at normal incidence is writ-
ten as well as written before by [19,20]:

T ¼ Axa

B� Cxa cosð/Þ þ Dx2
a

; ð1Þ

where A = 16n2s, B = (n + 1)3(n + s2), C = 2(n2 � 1)(n2 � s2),
D = (n � 1)3(n � s2), / ¼ 4pn�d=k, xa = exp(�ad) and k = ak/4p. The
two envelops around the interference maxima, TMo, and minima,
Tmo, can be expressed as continuous function of k by:

TMo; Tmo ¼
Axa

B� Cxa þ Dx2
a

; ð2Þ

where � in the � refers to TMo and + to Tmo.
The optical characterization method considered in this work

that assumes the film-thickness varies linearly over the illumi-
nated area by Dd i.e d = d ± Dd as observed before by Màrquez
et al. [21] (see Fig. 1). The expression for the transmittance TDd

spectra in this case is given by integrating Eq. (1) over both Dd
and x [20] but, this is prohibitively difficult analytically, and an
approximation is to consider x to have an average value,
�x ¼ expð�a�dÞ over the range of integration with respect to Dd. This
approximation is an excellent one provided Dd � d. Thus, the
transmittance TDd can be expressed as [21,22]:

TDd ¼
1

/2 � /1

Z /2

/1

A�x
B� C�xþ D�x2 ; ð3Þ

where /1 ¼ 2pnð�d� DdÞ and /2 ¼ 2pnð�dþ DdÞ .
The integral yields [21,22]:

TDd ¼
k � a

4 � p � n � Ddð1� b2Þ1=2 tan�1 1þ b

ð1� b2Þ1=2 tan
/2

2

 !"

� tan�1 1þ b

ð1� b2Þ1=2
tan

/1

2

 !#
; ð4Þ

where

a ¼ A�x
Bþ D�x2 ; b ¼ C�x

Bþ D�x2 ; ð5Þ

Furthermore, the expressions of the envelopes around the interfer-
ence maxima and minima of the transmission spectrum can be
written as [21,22]:

TM�x; Tm�x ¼
k � a

4 � p � n � Ddð1� b2Þ1=2 tan�1 1� b

ð1� b2Þ1=2 tan
/
2

 !" #
;

ð6Þ

where + in the� refers to TM�x and � to Tm�x. Substituting Eqs. (5) into
(6) the following compact relation between the experimental enve-
lopes TM and Tm of the non-uniform film and the envelopes TMo and
Tmo of the uniform film, with the same optical constants of the non-
uniform film, are obtained [21,22]:

TM;m ¼
ðTMoTmoÞ

/
tan�1 TMo

Tmo

� ��1
2

tan /

" #
; ð7Þ

where + in the � refers to TM and � to Tmo. The validity range of Eq.
(7) is

/ ¼ 2pnDd=k;

0 < / < p=2 or 0 < Dd < k=4n:
ð8Þ

After the known of the two envelopes, TM and Tm, the two expres-
sions included in Eq. (7) are two independent transcendental equa-
tions for TMo, Tmo and /. Considering that, in the transparent region
TMo = Ts, where Ts is the transmission of the substrate alone, the two
expressions in Eq. (7) can be solved for Tmo and / in this particular
spectral region, using a rapidly-converging algorithm (Newton–
Raphson iteration [21] or using mathcad 2000 professional pro-
gram). Furthermore, it’s necessary to tacking into account the
well-known equation for the interference fringes, which due to
the optical absorption, is verified at the tangent points,
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Fig. 2. (a) Transmission spectra, T(k) of the wedge-shaped Ge10Se90 thin film
deposited onto thick transparent substrates. The TMo, TM, Tm and Tmo defined in the
text and Ts(k) is the transmission of the substrate alone. (b) Transmission spectra,
T(k), of the wedge-shaped Ge10Se90�xTex thin films.
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2nd ¼ mk; ð9Þ

where m is the order number, in order to calculate TMo and Tmo over
the whole spectral range under study, Eq. (9) can be rewritten as
[19,20]:

l
2
¼ 2n�d

k
�m1; ð10Þ

where l = 0, 1, 2, 3, . . . for the successive tangent points starting
from the long-wavelength end, and m1 is the order number of the
first (l = 0) tangent point considered, while m1 is an integer or a
half-integer, for the upper or lower tangent points, respectively.
Substituting Eq. (8) into (10) gives [21]:

l
2
¼

�d
pDd

/�m1; ð11Þ

where a straight line between l/2 and / in the transparent region
with slope yields �d=ðpDdÞ that allows the determination of Dd
and intercept m1. Eq. (11) can be used for the calculation of / for
the tangent points in the region of absorption then, TMo and Tmo

can be calculated through solving Eq. (7). Where, the values of
TMo and Tmo are known, one can optically characterize the non-uni-
form chalcogenide films by the applying the procedure correspond-
ing to uniform film [19–28].

After knowing TMo and Tmo the real part of the refractive index n
can now be calculated at any wavelength in the medium and weak
absorption region using the formula suggested by Swanepoel
[19,20]:

n ¼ ½N þ ðN2 � s2Þ
1
2	

1
2; ð12Þ

where

N ¼ 2s
TMo � Tmo

TMoTmo
þ s2 þ 1

2
: ð13Þ

It was worth mentioned that, this formulae are valid only for films
with uniform thickness and the two Eqs. (2) and (12) are not valid
for films with non-uniform thickness [19,20]. The refractive index of
the substrate s can be expressed as a continues function of wave-
length through the suggested formula by Swanepoel [19,20] as:

s ¼ 1
Ts
þ 1

T2
s

� 1

 !1
2

: ð14Þ

Further more, the first approximate value of the film-thickness d1

can be written in the following form [19,20]:

d1 ¼
k1 � k2

2 � ðnc2k1 � nc1 � k2Þ
; ð15Þ

where nc1 and nc2 are the refractive indices at two adjacent maxima
(or minima) at k1, and k2, respectively, on the other side, the ‘order’
of a given extreme m, can be estimated from the above-mentioned
basic equation for interference fringes 2nd ¼ mk using the average
value of d1 (�d1), and the corresponding n1. The calculation of the
next thickness approximation d2 is carried out via the interference
condition, where n and m are now used. The average value of d2

(�d2) is the final calculated film-thickness. After that, substituting
�d2 and m again in the interference condition, the final value of the
refractive index n2 is obtained for each extreme.

For determining the extinction coefficient, k, Swanepoel [19,20]
suggested that, in case of the uniform films thickness, the TMo curve
be used over the whole range of the spectrum (the regions of
strong, medium and weak absorption). The corresponding expres-
sion for calculating the absorbance x is as follows [19,20]:

x ¼ EMo � ½E2
Mo � ðn2 � 1Þ3ðn2 � s4Þ	

1
2

ðn� 1Þ3ðn� s2Þ
; ð16Þ
where

EMo ¼
8n2s
TMo

þ ðn2 � 1Þðn2 � s2Þ;

then the absorption coefficient a(k) can be calculated, using the well
known expression a ¼ �1

�d
lnðxÞ [19]. When a(k) is known the extinc-

tion coefficient k(k) also can be determined by using the expression
(k = ak/4p), which completes the derivation of all optical constants.

4. Results

The typical experimental transmission spectrum shown in
Fig. 2(a) corresponds to Ge10Se90 wedge-shaped thin films as an
example. The transmission of the substrate alone is shown as, Ts.
The Two envelopes, TM, and, Tm, are drawn around the extreme
of each transmission spectrum using the Origin version 7 (Origin
Lab Corp.) program, the maximum absolute accuracy of TM and
Tm is ±0:001. The obtained values of, TM, and, Tm, are listed in Table
1. Using Eq. (7) the values of TMo, Tmo, and the first approximation
of / at each extrema of spectrum can be derived as shown in Table
1. The values of / are shown in Table 1 as /1. Fig. 2(b) investigates
the compositional dependence of the measured transmittance
specter Ge10Se90�xTex thin films. From this figure one can note that
the addition of Te atoms at the expense of Se atoms sifts the trans-
mittance spectra to the long wavelength side, i.e. low energy.

Fig. 3 represents the plots of l/2 versus /1 for Ge10Se90�xTex thin
films, the best straight lines through the points of the transparent re-
gion are drawn; the values of the correlation coefficient R corre-
sponding to the least-squares fit for these data are 0.999. The
deviations of the points for larger /1, from these straight lines indi-
cate the onset of absorption, and these points must be rejected.
Using the values of slope and intercept of Fig. 3, Eq. (11) can be
rewritten for Ge10Se90�xTex films with x = 0, 5, 10 and 15 at.% in
the following form:

l
2
¼ 7:21/1 � 2:51; ð17aÞ

l
2
¼ 6:35/1 � 2:47; ð17bÞ

l
2
¼ 8:76/1 � 2:51; ð17cÞ

l
2
¼ 5:89/1 � 2:54: ð17dÞ



Table 1
Values of k, TM, and Tm for Ge10Se90�xTex thin films from transmission spectra of Fig. 2. The underlined values of transmittance are those given in the transmittance spectra of Fig. 2
and the others are calculated by the envelope method. Calculation of TMo and Tmo using TM and Tm, then, the optical method for uniform films is used. It is worth noting that the
exact value of m1 as well as those obtained by Eq. 17(a–d).

Sample k TM Tm /1 TMo Tmo /2 n1 d1 m d2 n2

±1 nm ±0.001 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

Ge10Se90 1676 0.858 0.616 0.364 0.872 0.608 0.347 2.637 2.5 794 2.652
1398 0.851 0.616 0.411 0.872 0.605 0.416 2.659 3 788 2.654
1204 0.842 0.616 0.486 0.870 0.601 0.486 2.678 768 3.5 787 2.667
1064 0.834 0.615 0.551 0.870 0.596 0.556 2.700 787 4 788 2.694
962 0.824 0.614 0.622 0.869 0.589 0.625 2.725 822 4.5 794 2.74
874 0.814 0.614 0.690 0.870 0.583 0.695 2.750 823 5 795 2.766
794 0.802 0.613 0.766 0.869 0.575 0.765 2.776 754 5.5 787 2.764
738 0.791 0.613 0.830 0.871 0.567 0.834 2.808 758 6 789 2.803
688 0.777 0.613 0.909 0.869 0.559 0.904 2.833 803 6.5 789 2.830
644 0.764 0.613 0.976 0.871 0.55 0.974 2.870 768 7 785 2.853

�d1 ¼ 785; d1 ¼ 28 nm ð3:5%Þ; �d2 ¼ 790; d1 ¼ 4 nm ð0:51%Þ

Ge10Se85Te5 1844 0.85 0.574 0.411 0.872 0.564 0.387 2.799 2.5 823 2.807
1550 0.841 0.575 0.467 0.873 0.56 0.466 2.827 3 822 2.831
1340 0.83 0.576 0.535 0.873 0.556 0.545 2.852 819 3.5 822 2.856
1184 0.815 0.576 0.624 0.869 0.55 0.624 2.876 827 4 823 2.884
1062 0.805 0.577 0.682 0.874 0.543 0.703 2.915 811 4.5 820 2.910
966 0.786 0.578 0.784 0.868 0.536 0.782 2.935 820 5 823 2.941
888 0.773 0.579 0.853 0.872 0.527 0.861 2.979 820 5.5 820 2.974
824 0.755 0.582 0.944 0.867 0.52 0.940 2.999 831 6 824 3.010
770 0.736 0.585 1.031 0.864 0.512 1.019 3.028 865 6.5 826 3.047
722 0.721 0.585 1.097 0.871 0.498 1.098 3.099 766 7 815 3.077

�d1 ¼ 819� 27 nm ð3:3%Þ; �d2 ¼ 822� 2:97 nm ð0:36%Þ

Ge10Se80Te10 1774 0.859 0.548 0.304 0.873 0.542 0.286 2.899 2.5 765 2.887
1490 0.853 0.546 0.341 0.873 0.538 0.343 2.915 3 766 2.910
1298 0.844 0.544 0.395 0.871 0.533 0.400 2.942 790 3.5 772 2.958
1140 0.834 0.54 0.454 0.870 0.525 0.457 2.979 761 4 765 2.969
1024 0.825 0.538 0.509 0.870 0.519 0.514 3.001 748 4.5 767 3.000
942 0.814 0.534 0.569 0.869 0.511 0.576 3.043 810 5 774 3.066
864 0.805 0.531 0.614 0.873 0.503 0.629 3.067 813 5.5 775 3.094
798 0.789 0.528 0.689 0.869 0.494 0.688 3.120 736 6 767 3.117
746 0.775 0.525 0.749 0.868 0.485 0.743 3.165 721 6.5 766 3.157
698 0.760 0.522 0.807 0.868 0.475 0.800 3.213 721 7 760 3.181

�d1 ¼ 762� 38 nm ð4:9%Þ; �d2 ¼ 768� 4:6 nm ð0:6%Þ

Ge10Se75Te15 1978 0.840 0.541 0.453 0.871 0.528 0.429 2.944 2.5 840 2.960
1664 0.831 0.544 0.509 0.875 0.525 0.515 2.970 3 840 2.988
1438 0.815 0.545 0.590 0.874 0.519 0.600 3.004 832 3.5 838 3.013
1270 0.798 0.547 0.678 0.872 0.513 0.685 3.034 827 4 837 3.041
1140 0.780 0.550 0.766 0.871 0.501 0.771 3.091 804 4.5 830 3.07
1038 0.762 0.553 0.852 0.870 0.5 0.856 3.096 843 5 838 3.107
954 0.740 0.557 0.953 0.864 0.493 0.942 3.119 896 5.5 841 3.141
884 0.724 0.562 1.028 0.869 0.484 1.027 3.168 831 6 837 3.175
826 0.705 0.568 1.114 0.869 0.475 1.113 3.210 811 6.5 836 3.214
772 0.686 0.570 1.191 0.876 0.46 1.198 3.292 735 7 821 3.235

�d1 ¼ 822� 45 nm ð5:46%Þ; �d2 ¼ 836 � 6 nm ð0:72%Þ
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The value of /2 at each extreme is now calculated from the expres-
sions which result from modifying these last four equations, in such
a way, the value of m1 shown in each expression is appropriately
rounded. The resulting exact value is the same namely (2) for Ge10-

Se90�xTex thin films. The new values of / for uniform films are
shown in Table 1 by /2, using these values of /2, together with
the values of, TM, Tm, to drive the TMo and Tmo values by using Eq.
(7). Values of TMo and Tmo are listed in Table 1. Knowing the values
of the two envelopes TMo and Tmo helped us to apply Swanepoel
method [19–28] in order to complete to drive all the optical con-
stants as well detailed in the pervious section. The average value
of film-thickness �d for Ge10Se90�xTex films are listed in Table 1 as
�d1 for the first approximation and �d2 for the final value of the
film-thickness with high accuracies of the final value of the average
thickness �d2 are 0.51%, 0.36%, 0.60% and 0.72% for x = 0, 5, 10 and 15,
respectively. Substituting the values of �d in to Eq. (11) and using the
values of the slope in Eqs. (17a–d), then the values of Dd are ob-
tained (Fig. 3). It is generally observed that, the higher average
thickness is the higher the thickness variation as well as worth
mentioned before [20,21]. The final values of the refractive index
n2 can be fitted to a reasonable function such as the two-term Cau-
chy dispersion relationship, n (k) = a + b/k2 which can be used for
extrapolating the whole wavelengths [29] (see solid lines in
Fig. 4). The least-squares fit of the four sets of n2 values for different
composition samples listed in Table 1, yields n = 2.597 + 1.16 �
105/k2 for Ge10Se90 sample, n = 2.76 + 1.68 � 105/k2 for Ge10Se85Te5

sample, n = 2.84 + 1.74 � 105/k2 for Ge10Se80Te70 and
n = 2.91 + 1.98 � 105/k2 Ge10Se75Te15 thin films where the regres-
sion coefficient of the least-squares fitting written in Fig. 4.

The energy dependence of, n, for amorphous materials can be
fitted according to the well known single-oscillator model
(WDD) [30]:

n2ðhmÞ ¼ 1þ E0 � Ed

E2
0 � ðhmÞ

2 ; ð18Þ

where E0 is the single-oscillator energy and Ed is the dispersion
energy. By plotting (n2 � 1)�1 vs. (hm)2 and fitting straight lines as
shown in Fig. 5, E0 and Ed can be determined from the intercept,
E0/Ed and the slope (E0 � Ed)�1. Fig. 5 also shows the values of
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refractive index extrapolated to hm = 0 for four different composi-
tion samples.

As the procedure by Swanepoel [20] recommends for determin-
ing the extinction coefficient, k, or absorption coefficient (a) based
on the above-mentioned optical dispersion relationship, which
presented in Eq. (15). Then the extinction coefficient, k, as function
of, k, for Ge10Se90�xTex thin films are shown in Fig. 6.

Fig. 7 shows the variation of ðahmÞ1=2 as a function of photon en-
ergy, hm, for Ge10Se90�xTex thin films. For the higher values of the
absorption coefficient (a > 104 cm�1) the photon energy depen-
dence of the absorption coefficient for the allowed non-direct tran-
sitions can be described by ðahmÞ1=2 ¼ Bðhm� EgÞ where B is a
parameter that depends on the transition probability and Eg is
the optical energy gap [31,32].

5. Discussion

From Fig. 5 and Table 2 one can observed that, the single-oscil-
lator energy, E0, decreases, while the dispersion energy, Ed, and the
refractive index, n(0) increase with increasing Te content. E0 is con-
sidered as an average energy gap to a good approximation related
to the optical band gap, Eg, (E0 � 2Eg) [32]. WDD model is related to
the dispersion energy, Ed, and other physical parameters of mate-
rial through the following empirical relationship [30]:

Ed ¼ b � Nc � Za � Ne ðeVÞ; ð19Þ

where Nc is the effective coordination number of the cation nearest
neighbors to the anion, Za is the formal chemical valency of the an-



Table 2
Optical band gap, Eg, Wemple–DiDomenico dispersion parameters (E0 and Ed), E0/Eg ratio, values of refractive index n(0), the excess of Se–Se homopolar bonds and the cohesive
energy, CE, for different compositions of Ge10Se90�xTex thin film.

Composition Eg ± 0.02 (eV) E0 ± 0.02 (eV) Ed ± 0.4 (eV) E0/Eg n(0) ± 0.001 Excess Se–Se CE (eV atom�1)

Ge10Se90 1.90 3.99 22.59 2.1 2.16 140 59.1
Ge10Se85Te5 1.78 3.53 23.36 1.98 2.37 120 56.9
Ge10Se80Te10 1.75 3.4 23.92 1.94 2.46 100 54.8
Ge10Se75Te15 1.61 3.38 25.56 2.09 2.56 80 52.6
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ion, Ne is the effective number of valence electrons per anion, and b
is a two-valued constant with the either an ionic or a covalent value
(bi = 0.26 ± 0.03 eV and bc = 0.37 ± 0.04 eV, respectively). Therefore,
in order to account for the compositional trended of Ed it is sug-
gested that, the observed increase in Ed with increasing Te content
is primarily due to the change in the ionicities (homopolar Se–Se
bond are introduce together with the excess Se atoms that de-
creases with increasing Te content). The values of excess of Se–Se
homopolar bonds for different compositions of Ge10Se90�xTex thin
films are listed in Table 2.

According to the chemical bond approach [33,34], bonds are
formed in the sequence of decreasing bond energy until the avail-
able valence of atoms is satisfied. The bond energies D(A � B) for
heteronuclear bonds have been calculated by using the empirical
relation

DðA� BÞ ¼ ½DðA� AÞ � DðB� BÞ	1=2 þ 30ðvA � vBÞ
2 ð20Þ

proposed by Pauling [35], where D(A � A) and D(B � B) are the ener-
gies of the homonuclear bonds (kcal/mol.) [36], vA and vB are the
electronegativity values for the involved atoms [33]. In the present
compositions, the Ge–Se bonds with the highest possible energy
(70.6 kcal mol�1) are expected to occur firstly followed by Ge–Te
bonds (49.2 kcal mol�1) to saturate all available valence of Se. There
are still unsatisfied Se which must be satisfied by forming Se–Se
bonds. Based on the chemical bond approach, the bond energies
are assumed to be additive. Thus, the cohesive energies were esti-
mated by summing the bond energies over all the bonds expected
in the material. Calculated values of the cohesive energies for all
compositions are presented in Table 2. These results indicate that,
the cohesive energies of these glasses show a decrease with increas-
ing Te content. Therefore, it can be concluded that the decrease of Eg

with increasing Te content (Table 2) is most probably due to the
reduction of the average stabilization energy by increasing Te con-
tent. It should be mentioned that, the approach of the chemical
bond neglects dangling bond and other valence defects as a first
approximation. Also van der Walls interactions are neglected, which
can provide a means for further stabilization by the formation of
much weaker links than regular covalent bonds.
6. Conclusions

The suggested method by Swanepoel and Marquez is success-
fully applied to Ge–Se–Te semiconducting glassy films with non-
uniform thickness. In the present study the problem of the optical
characterization of wedge-shaped thin films is analyzed from both
the theoretical and experimental points of view for characterizing
Ge–Se–Te thin films using only the transmission spectrum at nor-
mal incidence. The formulae for the envelopes of the interference
maxima and minima of the transmission spectrum are derived un-
der the assumption that the thickness of the film investigated is
not uniform. Furthermore, it is shown that the values of these
envelopes are related to the values of the envelopes of the interfer-
ence maxima and minima of the corresponding layer, with the uni-
form thickness equal to the average thickness of the wedge-shaped
thin film. Thus, the values of the envelopes of the extreme of the
uniform film mentioned can be determined using the values of
the envelopes of the extreme of the wedge-shaped film that can
be measured. These values are used for calculating the spectral
dependences of the optical constants of the chalcogenide films
investigated. The paper also describes the determination of the
average thickness and the variation in thickness from this average
thickness. It was found that, both of the optical band gap, Eg, and
the single-oscillator energy, E0, decrease while the refractive index
and dispersion energy, Ed, increase by increasing Te content. The
allowed non-direct electronic transition is mainly responsible for
the photon absorption inside the investigated films. Further more,
the subsequent fitting of the refractive indices to the single-oscilla-
tor model (Wemple–DiDomenico relationship) results in disper-
sion parameters directly related to the structure of the glassy
material under study. Finally, the chemical bond approach has
been applied successfully to interpret the decrease of the glass
optical gap, Eg, with increasing Te content.
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