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Abstract

Compositional dependencies of the optical properties of as-deposited amorphous As40S60�xSex films (x ¼ 0, 20, 30, 40

and 60 at.%), prepared by thermal evaporation, have been studied. The refractive index, n, and absorption coefficient, a,
have been determined from the upper and lower envelopes of the transmission spectra, measured at normal incidence, in

the spectral range from 400 to 2200 nm. An improved optical characterisation method for non-uniform films based on

Swanepoel�s ideas, which takes into account the weak absorption in the substrate, has been successfully employed, and
it has allowed us to determine both the average thickness, �dd, and the refractive index, n, of the films, with accuracies
better than 1%. It has been found that the refractive index of the As40S60�xSex samples increases with increasing x, over

the entire spectral range, which is related to the increased polarizability, ap, of the larger Se atoms, in comparison with S
atoms. The values of the As effective coordination number, Nc, have been estimated from an analysis of the dispersion

of the refractive index, and an increase in Nc with increasing Se content, from around 3.0 to 3.4, has been inferred.

� 2003 Elsevier Science B.V. All rights reserved.

PACS: 78.20.-e; 78.66.Jg; 78.20.Ci; 78.40.Fy

1. Introduction

Structural, optical and photoelectronic proper-

ties of chalcogenide amorphous semiconductors

have been the subject of interest for about 40 years

[1–4]. This interest has been stimulated both by

basic scientific questions that have to be answered

in order to understand the structure and properties

of these non-crystalline materials, and the need to

assess their potential technological applications

[4].

The present paper is concerned with the analysis

of the optical properties of as-deposited amor-

phous As40S60�xSex films (x ¼ 0, 20, 30, 40 and 60

at.%), prepared by thermal evaporation. Although

it is possible to find in the literature some papers
dealing with both bulk [5–7] and thin films [8–12]

within this particular composition line, to the best

of our knowledge, there is no thorough study of its

optical properties. Therefore, the lack of data in

the literature concerning the optical characterisa-

tion of films of these particular materials, along
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with their attractive potential technological appli-
cations [10,11], highlight the significance of the

present investigation.

2. Experimental

The As40S60�xSex bulk glasses (x ¼ 0, 20, 30, 40

and 60 at.%) were prepared according to the
conventional melt-quenching method from 5 N

purity elements. The synthesis was performed in

evacuated quartz ampoules using a rocking fur-

nace held at 700–750 �C for 8–24 h. Thin-film

samples were prepared by vacuum evaporation of

the powdered melt-quenched glassy material onto

clean glass substrates (microscope slides). The

thermal evaporation process was performed within
a coating system at a pressure of about 10�3 Pa.

During the deposition process the substrates were

conveniently rotated by means of a planetary ro-

tation system, which makes it possible to reduce

the lack of uniformity in the thickness of the as-

deposited glass films. The deposition rate was in

the range 1–8 nm s�1, measured continuously using

the quartz microbalance technique. This deposi-
tion rate results in a film chemical composition

which is very close to that of the starting bulk

material. Chemical compositions of the chalcoge-

nide films were found to be As38:7�0:8S61:6�0:7,

As39:8�0:5S39:9�0:6Se20:3�0:3, As38:9�1:4S31:0�0:5Se30:2�1:7,

As39:1�1:9S22:2�0:9Se38:7�1:9 and As41:2�1:8Se58:8�1:8, on

the basis of electron microprobe X-ray analysis,

using a scanning electron microscope. The lack of
crystallinity in the films was systematically verified

by X-ray diffraction measurements. The thick-

nesses of the amorphous As40S60�xSex films studied

were typically around 1 lm.
The optical transmission spectra were obtained,

at normal incidence, by a double-beam ratio

recording UV/Vis/NIR spectrophotometer with

automatic computer-data acquisition, and the
wavelength range analysed was between 400 and

2200 nm. A surface-profiling stylus was used to

measure independently the film thicknesses, which

were compared with those calculated from the

transmission spectra. All optical measurements

were performed at room temperature. Thin-film

samples were kept in complete darkness until

measured to minimise exposure to light sources,
which could lead to changes in the optical prop-

erties and possible oxidation of the films [13].

3. Theoretical considerations concerning the optical

characterisation method

Optical characterisation methods based on the
envelopes of the transmission spectrum assume the

refractive index of the substrate, s, to be a known

parameter, and its extinction coefficient, ks to be
equal to zero [14–17]. The refractive index is usu-

ally considered as a constant (typically 1.51 for

silica) over the whole optical range, or it is inde-

pendently derived from the transmission spectrum

of the substrate, taken at normal incidence. We
have checked, however, that the most popular glass

substrates used by researchers (mainly borosilicate

substrates) are weakly absorbing. Therefore, al-

though the above approaches could be useful from

a practical point of view, they are certainly not

accurate nor valid for every kind of glass substrate

and, in addition, over-estimated refractive-index

values are often reported for the case of borosili-
cate substrates, when they are obtained from their

transmission spectra. Hence, we suggest the use of

both transmission, Ts, and reflection, Rs, spectra of
the substrate, taken at normal incidence, in order

to determine the refractive index, s, as well as the

optical absorbance, as(¼ expð�asdsÞ, where a and d
stand for the absorption coefficient and the thick-

ness, respectively) of the substrate, by solving the
following system of equations:

RsðkÞ � Rsðk; s; asÞ ¼ 0;

TsðkÞ � Tsðk; s; asÞ ¼ 0;
ð1Þ

where

Rs ¼
R1½1þ ð1� 2R1Þa2s �

1� R21a2s
;

Ts ¼
ð1� R1Þ2as
1� R21a2s

and

R1 ¼
1� s
1þ s

����
����
2
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is the Fresnel reflection factor for the air–substrate

interface. We encourage, furthermore, the use of

both s and as in the analytical equations involved
in the calculation of the optical constants, refrac-

tive index, n, and extinction coefficient, k, as well

as the thickness, d, of the film under study.

On the other hand, it is well known that thin

films prepared by thermal evaporation usually
show a significant lack of uniformity in thickness.

Thus, keeping this idea, as well as the above

comments on the absorption in glass substrates, in

mind, we have obtained analytical equations for

the upper and lower envelopes, Tþ and T�, re-
spectively, corresponding to a non-uniform thin

dielectric film deposited onto a weakly absorbing

substrate. In particular, we consider that the film
thickness varies linearly over the film surface,

within the interval ½�dd � Dd; �dd þ Dd�, although the
formulation developed is also valid for some ir-

regularities occurring periodically, in the form of

surface roughness [16]. The wedging parameter Dd
measures the actual variation in thickness at the

extrema of the area illuminated by the spectro-

photometer (1	 4 mm2).
Under the above-mentioned assumptions, the

analytical expressions for the envelopes Tþ and T�,
are given as follows [18]:

T�ðk; n; x;Dd; s; asÞ

¼ 1

h
A

ðC2 � D2Þ1=2
tan�1

C � D

ðC2 � D2Þ1=2
tan h

" #
;

ð2Þ

where

A ¼ ð1� R1Þð1� R2Þð1� R3Þaas;

C ¼ 1þ R2R3a2 � R1R2a2a2s þ R1R2R3a2s ;

D ¼ �2r2r3ð1� R1a2s Þa;

r2 ¼
1� n
1þ n

; r3 ¼
n� s
nþ s

;

R2 ¼ r22; R3 ¼ r23;

h ¼ 2pnDd=k;

a ¼ expð�adÞ

and

a ¼ 4pk=k:

The equations collected in (2) are the primary

sources for the optical and geometrical charac-

terisation of thin dielectric films with non-uniform

thickness, deposited on weakly absorbing glass
substrates. They can be expressed as a system of

equations in the following implicit form:

TþðkÞ � Tþðk; n; a;DdÞ ¼ 0;

T�ðkÞ � T�ðk; n; a;DdÞ ¼ 0:
ð3Þ

This system would need, obviously, one further
equation in order to be solved. Thus, under the

assumption of transparency, i.e., a ¼ 1, which is

valid for amorphous chalcogenides in the infrared

spectral region [2–4], the system of equations can

be solved for n and Dd, and a value for the

wedging parameter can be determined by averag-

ing the set of values of Dd obtained. However, it is
important to note that due both to the fact that the
assumption a ¼ 1 is not valid at shorter wave-

lengths, and that the system is very sensitive to the

errors made in the envelope drawing, specially at

the largest wavelengths [16] (see Table 1), the

corresponding values of Dd must not be included
in the average. Once this geometrical parameter is

known, the system of Eq. (3) can be solved for the

refractive index, n, and the optical absorbance, a,
for every wavelength, k, from the spectral region of

medium absorption to transparency. Nevertheless,

a better approach is to limit the set of wavelength

values considered in the calculations to those

where the optical transmission spectrum and their

envelopes are tangential, ktan [16]. This approach
allows, using the equation for the interference

fringes

2n�dd ¼ mktan; ð4Þ
the accuracy of the results for the refractive index

to be improved, as well as the average film thick-

ness, �dd, to be determined, following a well-known
iterative procedure [15,16]. The order number, m,

in Eq. (4), is an integer or a half-integer for an

upper or a lower tangent point, respectively. All

the details corresponding to this new approach for

the optical and geometrical characterisation of

thin dielectric films will be given elsewhere [18].
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4. Results

Transmission spectra corresponding to the as-

deposited amorphous As40S60�xSex films (x ¼ 0, 20,

30, 40 and 60 at.%), prepared by thermal evapo-

ration, are plotted in the inset of Fig. 1, showing a

clear red shift of the interference-free region with

increasing Se content. The results of the applica-
tion of the above-described procedure for calcu-

lating the average thickness, the thickness

variation and the refractive index, for a represen-

tative virgin amorphous As40S40Se20 film, are listed

in Table 1 for illustrative purposes. The optical

transmission spectrum corresponding to this rep-

resentative sample is displayed in Fig. 1, along

with its upper and lower envelopes, which have
been computer-drawn using the algorithm sug-

gested by McClain et al. [19]. In addition, both the

transmission and the reflection spectra of the un-

coated substrate are also plotted in this figure.

Absorption effects in the substrate are clearly evi-

denced from its transmission spectrum.

Alternatively, film thicknesses were directly

measured by the mechanical profilometer. The
measured value of the average thickness for the

above-mentioned representative film was 1166�
18 (1.5%) nm, which is in excellent agreement with

the calculated value, 1148� 5 (0.4%) nm. Differ-

ences between mechanically measured and opti-

cally calculated average thicknesses of the films

were, in all cases, less than 2%.

The dispersion of the refractive index has been

analysed on the basis of the Wemple–DiDomenico

(WDD) model [20,21], which is based on the sin-

gle-oscillator formula

n2ð�hxÞ ¼ 1þ EoEd
E2o � ð�hxÞ2

; ð5Þ

where Eo is the single-oscillator energy and Ed the
dispersion energy or single-oscillator strength. Eo
is considered as an �average� energy gap and, to a
good approximation, it varies in proportion to the

Tauc gap, Eoptg (which will be defined later, when

the optical absorption edge is studied): Eo 
 2Eoptg

[22]. On the other hand, an important achievement

of the WDD model is that it relates the dispersion

energy, Ed, to other physical parameters of the

material through the following empirical relation-

ship [20,21]:

Ed ¼ bNcZaNe ðeVÞ; ð6Þ

where Nc is the effective coordination number of

the cation nearest neighbour to the anion, Za is the

Table 1

Calculation of the average thickness of the film, �dd, thickness variation, Dd, and refractive index, n, of a representative 1148� 5 nm

thick amorphous As40S40Se20 film (Dd ¼ 13� 5 nm), using the optical characterisation method mentioned in the text. The reported

value for the thickness variation has been calculated by averaging the underlined Dds, as explained in the text

ktan (nm) s as Tþ T� Dd (nm) m �dd (nm) n

1588 1.491 0.9831 0.903 0.623 22.3 3.5 1155 2.421

1395 1.495 0.9767 0.899 0.616 14:5 4.0 1150 2.430

1243 1.500 0.9737 0.896 0.611 12:4 4.5 1145 2.436

1124 1.498 0.9710 0.893 0.607 11:3 5.0 1147 2.448

1027 1.503 0.9726 0.892 0.605 12:2 5.5 1145 2.460

947 1.508 0.9754 0.893 0.604 12:4 6.0 1145 2.475

880 1.514 0.9799 0.895 0.603 11:5 6.5 1143 2.491

822 1.510 0.9842 0.898 0.604 12:6 7.0 1147 2.506

773 1.509 0.9875 0.900 0.604 12:4 7.5 1151 2.525

730 1.509 0.9909 0.900 0.602 13:0 8.0 1152 2.544

693 1.508 0.9932 0.898 0.598 14:2 8.5 1153 2.566

661 1.508 0.9951 0.892 0.589 15:6 9.0 1151 2.591

633 1.508 0.9968 0.868 0.575 20.2 9.5 1153 2.619

608 1.508 0.9980 0.821 0.544 24.2 10.0 1143 2.648

586 1.509 0.9992 0.716 0.496 28.0 10.5 1153 2.680

568 1.509 1.0000 0.584 0.420 26.3 11.0 1136 2.721

549 1.510 1.0000 0.405 0.305 20.0 11.5 – 2.750
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formal chemical valency of the anion, Ne is the
effective number of valence electrons per anion,

and b is a two-valued constant with either an ionic
or a covalent value (bi ¼ 0:26� 0:03 eV and

bc ¼ 0:37� 0:04 eV, respectively).
By plotting ðn2 � 1Þ�1 against ð�hxÞ2 and fitting

a straight line, as shown in Fig. 2, Eo and Ed can be
directly determined from the slope, ðEoEdÞ�1, and
the intercept, Eo=Ed, on the vertical axis. Never-
theless, it must be noted that the WDD model is

only valid in the transparent region, where the

absorption coefficient of the chalcogenide film

takes values a 
 0. Therefore, due to optical ab-
sorption, the experimental energy variation in the

refractive index departs from that given by Eq. (5)

when the photon energy approaches Eoptg , as clearly

shown in Fig. 2. The values of the parameters Eo

and Ed, as well as the value of the refractive index
at �hx ! 0 (extrapolating the WDD optical dis-

persion relationship towards the infrared spectral

region), nð0Þ, for the as-evaporated amorphous

As40S60�xSex films (x ¼ 0, 20, 30, 40 and 60 at.%),

are all listed in Table 2. Furthermore, the com-

positional dependencies of Eo and Ed are both

plotted in Fig. 3.

By extrapolating Eq. (5) towards shorter
wavelengths, the refractive-index values can be

estimated in the strong absorption region. Hence,

either of the two equations collected in Eq. (3) can

be solved to determine the values of the optical

absorbance, a, in this spectral region and, subse-

quently, the values of the absorption coefficient, a.
In particular, following Swanepoel�s ideas [15,16],
we have used the equation for the upper envelope,
Tþ. The calculated optical absorption spectra,

að�hxÞ, for the untreated amorphous As40S60�xSex
films under study, are displayed in Fig. 4, using a

semi-logarithmic scale. A clear red shift of the

absorption edge is observed with increasing Se

content. Analysis of the high-absorption region

Fig. 2. Plot of the refractive-index factor ðn2 � 1Þ�1 versus

ð�hxÞ2, for as-deposited thermally evaporated amorphous

As40S60�xSex films. Dashed lines are the corresponding least-

square linear fits. The values of the photon energy squared,

corresponding to Eoptg , are marked by vertical arrows.

Fig. 1. Optical transmission spectrum, T ðkÞ, for a representa-
tive as-deposited thermally evaporated amorphous As40S40Se20
film. The top, Tþ, and bottom, T�, envelope curves are dis-
played, and the points at the wavelengths where those envelopes

and the spectrum are tangential are marked. The transmission,

TsðkÞ, and the reflection, RsðkÞ, spectra corresponding to the

uncoated substrate are also plotted. The order numbers, m, for

some tangential points are shown. The transmission spectra at

short wavelengths for thermally evaporated amorphous

As40S60�xSex films (x ¼ 0, 20, 30, 40 and 60 at.%), are plotted in

the inset; a red shift of the interference-free region with in-

creasing Se content can be seen.
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(a’ 104 cm�1), has been carried out by the fol-

lowing quadratic equation, which is often called

the Tauc law [23]:

að�hxÞ ¼ B
ð�hx � Eoptg Þ2

�hx
; ð7Þ

where B is a constant, which depends on the

electronic transition probability, and Eoptg is the

already introduced Tauc gap, now formally de-

fined. The values of Eoptg for the as-evaporated

amorphous As40S60�xSex films have been derived

by plotting ða�hxÞ1=2 versus �hx (see Fig. 5), and
they are all listed in Table 2.

Fig. 4. Optical absorption spectra, að�hxÞ, for as-deposited

thermally evaporated amorphous As40S60�xSex films.

Fig. 3. Optical dispersion parameters, Eo and Ed, versus Se
content. Solid and dashed lines are guides for the eye.

Table 2

Values of the optical dispersion parameters, Eo and Ed, refractive index for �hx ! 0, nð0Þ, As effective coordination number, Nc, and

Tauc optical gap, Eoptg , for the thermally evaporated amorphous As40S60�xSex films under study

Se content (at.%) Eo (eV) Ed (eV) nð0Þ Nc Eoptg (eV)

0 4:94� 0:03 20:67� 0:12 2:277� 0:001 3:0� 0:3 2:38� 0:01

20 4:53� 0:03 21:64� 0:14 2:404� 0:001 3:1� 0:3 2:13� 0:01

30 4:31� 0:04 21:65� 0:20 2:454� 0:001 3:1� 0:3 2:01� 0:01

40 4:18� 0:02 22:54� 0:13 2:528� 0:001 3:2� 0:3 1:93� 0:01

60 3:86� 0:02 23:74� 0:11 2:674� 0:001 3:4� 0:3 1:79� 0:01

Fig. 5. Determination of the optical gaps in terms of Tauc�s
law, as linear extrapolation of the absorption data (dashed

lines). The compositional dependence of Eoptg is shown in the

inset (the dashed line is a guide for the eye).
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5. Discussion

Fig. 2 shows that the refractive index increases

with increasing Se content, over the entire spectral

range studied. This increase is related to the in-

creased polarizability, ap, of the larger Se atoms
(atomic radius, 115 pm), in comparison with S

atoms (atomic radius, 100 pm). It is well known
[24] that the polarizability and the refractive index

are linked by the Lorentz–Lorenz relationship

n2 � 1

n2 þ 2
¼ 1

3e0

X
j

Njap;j; ð8Þ

where e0 is the vacuum permittivity and Nj the
number of polarizable units of type j per volume

unit, with polarizability ap;j. The polarizability ap
that appears in Eq. (8), determining the refractive

index, can have several physical origins. In par-

ticular, for covalent solids, in the optical spectral

range, the electronic polarizability, which is asso-

ciated with both the distortion of the electronic

charge distribution in an atom relative to the ion
core, and the distortion of the electronic charge

density in covalent bonds, is dominant.

Eq. (8) can be expanded for the different con-

tributions corresponding to the constituents of the

alloys under study

n2 � 1

n2 þ 2
¼ 1

3e0
½NAsap;As þ NSap;S þ NSeap;Se�: ð9Þ

Taking into account the particular stoichiome-

try of the composition line, As40S60�xSex, Eq. (9)

can be rewritten as follows:

n2� 1
n2þ 2¼

1

3e0

2

3
ap;As

��
þ ap;S

�
N þ ðap;Se � ap;SÞNSe

�
;

ð10Þ

where N ¼ NS þ NSe is a constant and NAs ¼ 2=3N .
According to Eq. (10), a linear dependence be-

tween the refractive-index factor ðn2 � 1Þ=ðn2 þ 2Þ
and NSe (or equivalently, x) should be expected.

Plots of this factor as a function of Se content, for
both our nð0Þ values and the values of the refrac-
tive index at k ¼ 5 lm reported by Sanghera et al.

[7], for As40S60�xSex bulk glasses, with x ¼ 0, 5, 10,

15 and 20 at.%, are shown in Fig. 6. In both cases,

the experimental data seem to be in very good

agreement with the linear behaviour predicted by
Eq. (10). We are assuming that nðk ¼ 5 lmÞ 

nð0Þ, for the sake of comparison. The differences
between the two plots shown in Fig. 6 could be

explained on the basis of Eq. (8), taking into ac-

count the higher mass density of the bulk glasses in

comparison with their thin-film counterparts [2,3].

Thus, the concentration of polarizable units, Nj,

would be greater for bulk glasses than for as-
evaporated films, leading to an increase of the

values of the refractive index. The remarkable

parallelism between both plots suggests that the

structural differences between bulk glasses and as-

evaporated amorphous chalcogenide films, which

would introduce significant differences in the con-

tribution to the electronic polarizability associated

to the covalent bonds, seem not to be relevant for
the values of the refractive index at the longer

wavelengths considered, nð0Þ and nðk ¼ 5 lmÞ.
Thus, the atomic contribution to the polarizability

seems to be dominant for these particular re-

fractive-index values.

It can be seen in Fig. 3 that the dispersion en-

ergy, Ed, increases with increasing Se content.

Fig. 6. Plots of the refractive-index factor ðn2 � 1Þ=ðn2 þ 2Þ as a
function of Se content, according to the Lorentz–Lorenz rela-

tionship, for k ! 1 (or equivalently, �hx ! 0) and k ¼ 5 lm,
for amorphous thin films and bulk glasses [7], respectively, with

compositions along the As40S60�xSex composition line.
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Taking into account Eq. (6), and assuming that the
parameters Ne ¼ ð40	 5þ 60	 6Þ=60 ¼ 28=3 and
Za ¼ 2 retain the same values along this particular

composition line, it would seem reasonable to as-

cribe the trend observed in the values of Ed to an
increase in the effective cation coordination num-

ber, Nc. On the other hand, the possible influence
of the parameter b on the increase observed for the
oscillator strength should be also mentioned.
Thus, the nature of the chemical bonding could

change towards being less ionic with increasing

Se content. Nevertheless, according to Paulings�
electronegativities, the ionicity of an As–S bond is


8%, while in the case of an As–Se bond it is 
4%.
Therefore, we will continue our discussion fol-

lowing the original WDD model, in which b is

considered to be a constant, with the covalent
value bc ¼ 0:37� 0:04 eV.
It is well known [2] that the structure of binary

As2Ch3 amorphous chalcogenides (Ch being a

chalcogen atom) consists of locally two-dimen-

sional structural layers, formed by AsCh3 pyra-

midal units linked through a common twofold

coordinated chalcogen atom, and interacting with

each other by weak intermolecular bonds. Fur-
thermore, it has been shown [5,6,10] that this pic-

ture is also valid for the structure of ternary

As40S60�xSex amorphous chalcogenides. In such

cases, mixed AsS3�nSen (n ¼ 1 or 2) pyramidal

structural units have been reported [5,6,10] to be

present in the amorphous matrix. According to

Wemple [21], interactions between structural lay-

ers through As atoms acting as bonding points,
forming As   Ch intermolecular bonds, would

contribute to increase the As effective coordination

number, and thus Nc > 3 is expected. In particular,

for As40S60 bulk glass, Wemple suggests a value of

Nc 
 3:2. The values of Nc for as-evaporated

amorphous As40S60�xSex films derived from Eq.

(6), are listed in Table 2.

Following Wemple�s ideas [21], the overall in-
crease observed in Ed (and consequently, in Nc)
with increasing Se content, points towards a

greater interaction between structural layers,

which is consistent with the increase of the struc-

tural compactness for As40S60�xSex bulk glasses, as

reported by Sanghera et al. [7]. It is also important

to mention that it has been very recently suggested

by Georgiev et al. [25] that fourfold coordi-
nated As, in the form of quasi-tetrahedral Se ¼
AsðSe1=2Þ3 units, in addition to the threefold

coordinated As corresponding to the AsSe3 pyra-

midal units, are building blocks of the Se-rich

glasses, which also supports our higher-than-three

As effective coordination-number results. There-

fore, even though the inferred increase for Nc is

almost within the error bars (see Table 2), we be-
lieve that the increase in Ed on which the above
conclusion is based, is undoubtedly significant.

On the other hand, small deviations of the

average molar volume, DV , from additivity of

molar volumes of components, in bulk glasses in

the system (As2S3)1�y(As2Se3)y , have been ob-

served by Feltz [6] and Stronski et al. [26]. These

deviations have been associated with a departure
in the substitution of S by Se from the statistical

case. Furthermore, quasi-spherical As4S(Se)4, and

S(Se) and As4 molecular fragments have been

reported to be embedded in both binary and ter-

nary as-deposited As40S60�xSex films, prepared by

thermal evaporation [2–4]. These molecular clus-

ters would make difficult the cohesion between the

structural layers, and consequently, would also
contribute to an increase of DV , as well as to a
decrease of the As effective coordination number,

Nc. This could explain the difference between the
value of Nc found for our amorphous As40S60
films, Nc 
 3:0, and the value inferred by Wemple
[21] for the As40S60 bulk glass, Nc 
 3:2. There-
fore, the deviations from the statistical substitu-

tion of S by Se, as well as the presence of the
above-mentioned molecular clusters in the amor-

phous matrix of the films, could both be related

to the non-linear dependence of the dispersion

energy, Ed, shown in Fig. 3. It should be em-

phasised that Vlcek et al. [10] have reported

similar non-linear behaviour for the glass-transi-

tion temperature, Tg, relaxation enthalpy, DH ,
and specific heat capacity, Cp, for As40S60�xSex
bulk glasses, as well as for Ed in the case of well-
annealed films of this particular glassy system.

The compositional dependence of Eoptg is plot-

ted in the inset of Fig. 5. A linear decrease in Eoptg

with increasing Se content has been found. A

similar compositional dependence has been ob-

served for the oscillator energy, Eo (see Fig. 3), as
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expected according to the previously mentioned
relationship due to Tanaka [22]. The higher

bonding energy of As–S bonds (379.5 kJmol�1)

compared with that of As–Se bonds (96 kJmol�1),

plausibly explains the decrease found in both

optical parameters. It is interesting to point out

that the molecular vapour species embedded in

the as-evaporated amorphous As40S60�xSex films

(As4S(Se)4, S(Se) and As4), introduce homopolar
bonds of the types As–As, S–S and Se–Se. Thus,

even though the high-bonding energies of such

homopolar bonds (382.0, 425.3 and 332.6 kJmol�1,

respectively) could somehow contribute to an in-

crease of the value of both Eoptg and Eo, according
to our results they do not seem to play an im-

portant role in the behaviour of Eoptg and Eo with
changing x.

6. Conclusions

The optical properties of as-deposited amor-

phous As40S60�xSex films (x ¼ 0, 20, 30, 40 and 60

at.%), prepared by thermal evaporation, have been

determined from their corresponding transmis-
sion spectra, measured at normal incidence. An

improved envelope method to characterise non-

uniform thin dielectric films optically and geo-

metrically, which takes into account the weak

absorption in the substrate, has been successfully

employed, and it has allowed us to determine both

the average thickness, �dd, and the refractive index,
n, of the films, with accuracies better than 1%. It
has been found that the refractive index increases

with increasing Se content over the entire spectral

range studied. The analysis of the compositional

dependence of the refractive index on the basis of

the Lorentz–Lorenz equation suggests that this

increase is related to the increased polarizability,

ap, of the larger Se atoms, in comparison with S
atoms. It has been found that the dispersion pa-
rameter, Ed, increases non-linearly with increasing
x, showing a plateau around x ¼ 30 at.%. Ac-

cording to the model suggested by Wemple [21], it

has been inferred that the increase of Ed points
towards an increase in the interactions between the

structural layers, hence leading to an increase of

the As effective coordination number, Nc. Never-

theless, a decrease in the ionic character of the
chemical bonding with increasing Se content, and

its possible influence on the value of the parameter

b, cannot be excluded either. The non-linear be-
haviour could be related to small deviations in the

substitution of S by Se from the statistical case, as

well as to the presence of molecular clusters em-

bedded in the amorphous matrix of the as-evapo-

rated As40S60�xSex films. Finally, a linear decrease
has been obtained in both Eo and Eoptg , which is

plausibly explained by taking into account the

higher bonding energy of As–S bonds, in com-

parison with that of As–Se bonds.
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