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Abstract. Optical reflection spectra, at normal incidence,
of ternary chalcogenide thin films of chemical composition
As40S40Se20, deposited by thermal evaporation, were ob-
tained in the400 nm to 2200 nmspectral region. The op-
tical constants of this amorphous material were computed
using an optical characterization method based mainly on the
ideas of Minkov and Swanepoel of utilising the upper and
lower envelopes of the spectrum, which allows us to obtain
both the real and imaginary parts of the complex refract-
ive index, and the film thickness. Thickness measurements
made by a surface-profiling stylus have been carried out to
cross-check the results obtained by the optical method. The
dispersion of the refractive index is discussed in terms of
the single-oscillator Wemple–DiDomenico model. The opti-
cal band gap has been determined from absorption coeffi-
cient data by Tauc’s procedure. Finally, the photo-induced
and thermally induced changes in the optical properties of
a-As40S40Se20 thin films were also studied, using both trans-
mission and reflection spectra.

PACS: 78.20.Ci; 78.66.Jg

Optical properties of chalcogenide glasses, such as excel-
lent transmittance in the infrared region, continuous shift of
the optical-absorption edge, and values of refractive index
ranging between around2.0 and3.5, as well as very strong
correlation between the former properties and the chem-
ical composition, explain the significant interest in these
amorphous materials for the manufacture of filters, anti-
reflection coatings and, in general, a wide range of optical de-
vices [1–4]. Furthermore, the broad range of photo-induced
effects that the chalcogenide glasses exhibit (such as photo-
crystallization, photo-polymerization, photo-decomposition,
photo-vaporization, photo-dissolution of certain metals, and
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photo-vitrification [5, 6]), generally accompanied by large
changes in the optical constants [7, 8] and, particularly,
shifts in the absorption edge (i.e., photo-darkening or photo-
bleaching), is also interesting for technological applications.
This underlines the importance of the characterization of
these glassy materials by accurate determination of their op-
tical constants, refractive index, and extinction coefficient, as
well as the corresponding optical band gap.

Existing methods for determining the optical constants of
thin films, are usually based on sophisticated computer it-
eration techniques [9–12], using both optical transmission
and reflection spectra, or only the transmission spectrum.
A relatively simple method for computation of the optical
constants, using only the optical reflection spectrum, at nor-
mal incidence, is employed in this work (mainly based on
ideas (Minkov and Swanepoel) of using the upper and lower
envelopes of the spectrum [13–15]). These two envelopes are
computer drawn according to a useful algorithm developed
by McClain et al. [16]. An important advantage of this op-
tical method is that, when the reflection spectrum is utilised
rather than the transmission spectrum, a greater number of
interference extrema (or, equivalently, tangent points) occur,
which leads to reduced errors when calculating the film thick-
ness and the refractive index [13]. In this paper, this method
is used to calculate accurately the optical constants and the
thickness of uniform thermally evaporated thin films of the
ternary glassy compositionAs40S40Se20. The fact that there
is a lack of literature data concerning optical characterization
of thin films of ternary chalcogenide glasses highlights the
significance of the present study. In addition, the changes of
the optical constants induced by thermal annealing and light
exposure are also briefly described.

1 Experimental details

The bulk glass was prepared according to the conventional
melt-quenched method. The elements were weighted and
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placed in a precleaned and outgassed quartz ampoule, which
was evacuated to a pressure of about10−3 Paand then sealed.
The synthesis was performed in a rocking furnace at≈ 715◦C
for about 6 h. Then, the ampoule was quenched in water
at a temperature of≈15◦C, which is equivalent to a cool-
ing rate of the order of10 K s−1. Next, the thin-film sam-
ples 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 (Tesla Corporation, model
UP-858) at a pressure of about10−4 Pa. During the de-
position process the substrates were conveniently rotated
by means of a planetary rotation system, which makes it
possible to obtain as-deposited glass films of outstanding
uniform thickness. The deposition rate was≈ 6–8 nm s−1,
measured by the dynamical weighting method. This depo-
sition rate results in a film chemical composition that is
very close, indeed, to that of the bulk starting material.
The composition of the chalcogenide films was found to be
As39.8±0.5S39.9±0.6Se20.3±0.3 on the basis of the electron mi-
croprobe X-ray analysis (Jeol, model JSM-820). The lack
of crystallinity in the films was verified by X-ray diffrac-
tion (XRD) measurements (Philips, model PW-1820); a typ-
ical XRD pattern is displayed in Fig. 1. The thickness of the
a-As40S40Se20 films studied ranged between around0.8µm
and 1.4µm. The mass densities of the specimens were de-
rived from the weighting of them (Mettler, model AE200),
before and after deposition of the layer [17].

Regarding the structure of the films, attention should be
drawn to the so-called first sharp diffraction peak (FSDP) or
pre-peak in the structure factor,S(Q) [18, 19] (see Fig. 1).
This peak almost invariably occurs at a value of the scattering
vectorQ≈ 1 Å−1 in amorphous chalcogenides (in the present
case, at a value ofQ of approximately1.1 Å−1). This feature

Fig. 1. Typical XRD pattern (CuKα radiation) corresponding to a represen-
tative As40S40Se20 thin film deposited on a glass substrate (the data have
been smoothed by means of the Savitzky–Golay filter)

is referred to as a pre-peak because Fourier transformation
of S(Q), both including and omitting this peak, produces
essentially indistinguishable real-space correlation functions,
indicating that the peak does not contain structural informa-
tion about the short-range order, being associated instead with
subtle medium-range order structural arrangements.

The reflection spectra were obtained by a double-beam
ratio recording UV/Vis/NIR spectrophotometer, with au-
tomatic computer data acquisition (Perkin-Elmer, model
Lambda-l9), and the wavelength range analyzed was between
400 nmand2200 nm. The reflection measurements were car-
ried out against a very accurately calibrated front-surface
aluminium mirror coated with magnesium fluoride, which
was taken as a reference. Since the absolute reflectance of
the calibrated mirror is known, the relative reflectance of the
thin-film sample, obtained by means of the spectrophotome-
ter, can be converted to absolute reflectance. On the other
hand, the reflection measurements were made in various parts
of the glass films, scanning the entire sample, and a very
good reproduction of the reflection spectrum was generally
achieved. The spectrophotometer was set with a slit width of
1 nm. A surface-profiling stylus (Sloan, model Dektak 3030)
was also used to measure independently the film thickness,
which was compared with the thickness calculated from the
reflection spectrum. All optical measurements reported were
performed at room temperature.

2 Preliminary theoretical considerations

The optical system under consideration is a homogeneous
film with a constant thicknessd and a complex refractive
index nc = n− i k, where n is the refractive index andk
the extinction coefficient, which can be expressed in terms
of the absorption coefficientα by the equation:k= αλ/4π.
The thickness of the substrate is several orders of magni-
tude larger thand and its refractive index is designated by
s. Interference effects in the thin film give rise to reflectance
curves similar to those in Fig. 2a, which shows an optical
reflection spectrum of a representativeAs40S40Se20 chalco-
genide film. The interference fringes are used to calculate
accurately the optical constants and the thickness of the glass
films. At a wavelengthλ of the studied spectral region, the
reflectanceR(λ, s,n,d, k) of the optical system mentioned
earlier, is a complex function ((3) from [13]). It is known that
for weakly absorbing dielectric films, when the conditions
n� k ands� k are met in the spectral region considered,
this equation is dominated by the exponential terms in the op-
tical absorbance (x= exp(−αd)) and the contribution ofk in
the other terms of the expression becomes negligibly small,
andk can be considered to be zero [13, 20]. This simplifies
notably the expression for the reflectance, which becomes
a function ofn andx only. Expressions for the top and bot-
tom envelopes of the reflection spectrum,RM and Rm, are
given by (5) from [13], fork= 0 and dielectric films with
n> s� k. The top envelope,RM, lies above the spectrum,
i.e., RM ≥ R(λ), whereas the bottom envelope,Rm, lies below
the spectrum, i.e.,Rm ≤ R(λ). It should be pointed out that,
in the present work, the refractive index of the substrates is
calculated independently from the reflection spectrum of the
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Fig. 2. aExperimental reflection spectrum of the representativeAs40S40Se20
thin film. The order numberm is a half-integer for the tangent points of
the higher envelope,RM(λ), and an integer for the tangent points of the
lower envelope,Rm(λ). Rs is the bare substrate reflection.b The record
obtained by use of a surface-profiling stylus and, also, a scanning electron
microscope (SEM) micrograph of a thin-film sample

bare substrate,RS, by the relationship

RS= (s−1)2

s2+1
, (1)

from which is derived

s= 1+√RS(2− RS)

1− RS
. (2)

3 Results and discussion

3.1 Calculation of the refractive index and the film thickness

First of all, it is necessary to draw the envelopesRM andRm,
illustrated in Fig. 2a. As already mentioned, these envelopes
are very carefully drawn using the computer program created
by McClain et al. Their work gives an accurate method for
calculation of the two envelopes of a given set of oscillatory
data, based on determination of the corresponding tangent
points between the set of data and the envelopes. The main
steps for calculation of envelopes are: (i) smoothing of the
data, (ii) estimation of the locations of the upper and lower
tangent points and, (iii) interpolation of a cubic spline through
the estimated upper tangent points and another through the es-
timated lower tangent points. Due to the specific behaviour
of the reflection spectrum in the spectral region of medium
absorption, it is not possible to use a simple parabolic interpo-
lation when drawing the two envelopes of reflection spectra,
nevertheless such interpolation is acceptable for transmission
spectra [15]. It is found that the tangent points coincide with
the maxima and minima of the reflection spectrum in the
transparent region, but not in the medium and strong absorp-
tion region. The presence of absorption in the film leads to
smaller wavelengths for the tangent pointsλi , with respect to
the corresponding extremum pointsλextr (i.e.,λi ≤ λextr). The
effect of absorption is corrected by using the values ofR and
its envelopes at the tangent points, instead of the extremum
points of the spectrum [21].

Once the tangent pointsλi between the two envelopes and
the reflection spectrum are known, and the refractive index
of the substrates is calculated from the reflection spectrum
of the bare substrate,Rs, the system of two transcendental
equations corresponding to (5) from [13], is solved numeri-
cally using the Newton–Raphson method. A distinct advan-
tage of using the envelopes of the reflection spectrum rather
than only the reflection spectrum, is that the envelopes are
slow-changing functions ofλ, whereas the spectrum varies
rapidly withλ. Correspondingly, the above-mentioned system
of two equations with two unknowns has only one solution for
n andx. Therefore,n andx are determined for all of the tan-
gent pointsλi associated with the upper and lower envelopes,
created by the McClain et al.’s algorithm, as solutions of the
systems

RM(λi )− RM(ni , xi )= 0,
Rm(λi )− Rm(ni , xi )= 0, (3)

where RM(λi ) and Rm(λi ) are “experimental” values of the
two envelopes at the tangent pointλi . For each tangent point,
the solution of this system provides an initial approxima-
tion for the refractive index and absorbance of the thin film
studied,n0

i andx0
i , respectively, and these values are listed in

Table 1.
The algorithm for calculation of the final spectral depen-

dencesn(λ) andk(λ), and the film thickness of a thin layer,
using only the reflection spectrum, is explained in [13]. The
calculations are performed in the same sequence as in the
method proposed by Swanepoel [15], where the transmission
spectrum is used. In order to calculate the initial approxima-
tion for the film thickness, it is necessary to take into account
the well-known equation for the interference fringes, which,



374

Table 1. Values ofλ, s, RM , and Rm corresponding to the optical reflection spectrum of Fig. 2a. Calculation of the thickness and the refractive index based
on the present optical method

λ/nm s RM Rm n0 x0 d0/nm m0 m d1/nm n1

1845 1.483 0.376 0.073 2.437 1.000 — 3.36 3.0 1136 2.417
1587 1.489 0.377 0.074 2.444 1.000 1161 3.92 3.5 1136 2.426
1393 1.492 0.379 0.075 2.453 1.000 1162 4.48 4.0 1136 2.433
1241 1.494 0.382 0.076 2.462 1.000 1155 5.04 4.5 1134 2.439
1123 1.497 0.382 0.076 2.466 1.000 1197 5.58 5.0 1138 2.452
1025 1.500 0.387 0.077 2.484 1.000 1182 6.16 5.5 1135 2.462
946 1.501 0.398 0.077 2.522 1.000 1217 6.78 6.0 1125 2.479
876 1.498 0.404 0.076 2.543 1.000 1164 7.38 6.5 1119 2.486
821 1.496 0.402 0.076 2.534 1.000 1290 7.85 7.0 1134 2.510
773 1.496 0.401 0.076 2.530 1.000 1307 8.32 7.5 1146 2.532
730 1.497 0.403 0.076 2.539 1.000 1292 8.84 8.0 1150 2.550
692 1.495 0.406 0.076 2.548 1.000 1304 9.36 8.5 1154 2.569
660 1.496 0.411 0.076 2.567 1.000 1390 9.89 9.0 1157 2.594
632 1.494 0.412 0.075 2.567 1.000 1451 10.30 9.5 1169 2.622
607 1.511 0.410 0.079 2.519 1.000 1523 10.50 10.0 1205 2.651

d0 = 1271 nm±117 nm(9.2%); d1 = 1145 nm±21 nm(1.8%)

because of absorption, is verified at the tangent points

2nd=mλ , (4)

where the order numberm is an integer for a minimum and
a half-integer for a maximum. Moreover, ifni andni+1 are
the refractive indices for two adjacent tangent points with
wavelengthsλi andλi+1, respectively, the expression for the
approximate thickness at each tangent point is

d= λiλi+1

4(λi ni+1−λi+1ni )
. (5)

The values ofd determined by this equation are listed as
d0 in Table 1. The average of the values ofd determined by
this equation,d0, is a first estimation of the film thickness.
Thed0 value corresponding to the representativeAs40S40Se20
film is 1271 nm±117 nm(9.2%). This value is used, together
with the values ofn0, to calculate the “order number”,m0,
using (4) for the different tangent points. The accuracy of the
film thickness is then significantly increased by taking the
corresponding exact integer or half-integer values ofm, as-
sociated with each tangent point (see Fig. 2a), and deriving
a new thickness,d1, from (4), again using then0 values. The
values ofm0,m, andd1 are also presented in Table 1. The
new values for the thickness do have a much smaller disper-
sion and its average value is taken as the final thickness of
the film. The average thickness for the representative film is
1145 nm±21 nm(1.8%). In addition, the film thickness de-
termined by mechanical measurements on the same film area
was1126 nm±22 nm(see Fig. 2b, where a SEM micrograph
of a specimen is also shown), in excellent agreement, indeed,
with the thickness obtained by the optical method – the differ-
ence being less than2%.

Additionally, a simple, complementary graphical method
proposed by Swanepoel [15], for deriving independently the
values of the first order numberm1 and the film thickness,
based on (4), is also used. This expression is rewritten for that
purpose as

`

2
= 2d

n

λ
−m1 , (6)

where` = 0,1,2, . . . . Therefore, plotting̀ /2 againstn/λ
gives a straight line with slope 2d and a cut-off on they axis
of −m1. Figure 3 displays this graph for the representative
sample, while the values obtained ford andm1 are1197 nm
and 3.27 (≈ 3), respectively. These values clearly confirm
those previously calculated.

On the other hand, using the exact values ofm and thed1

value, (4) is solved forn at eachλi and, thus, the final values
of the refractive indexn1 are obtained (these new values are
also given in Table 1). The accuracy of the calculated values
of the film thickness and the refractive index is limited by (i)
the error of measurements ofλ, which depends on the scale
used, and for the case of Fig. 2a the maximum accuracy is
about±1 nmor about0.1%, and, (ii) on the other hand, by the
maximum absolute accuracy ofRM andRm, which is around

Fig. 3. Plot of `/2 againstn/λ to calculate the first order numberm1 and
film thicknessd for the As40S40Se20 thin-film sample
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0.001or around0.5%. Moreover, it should be pointed out that
the relative error in the calculated layer thickness is approxi-
mately equal to the relative error in the refractive index, i.e.,
|∆d| /d≈ |∆n| /n (in the present case< 2%).

The values ofn1 can be fitted to an appropriate func-
tion, such as the Wemple–DiDomenico dispersion relation-
ship [22], i.e., to the single-oscillator model:

ε1(ω)= n2(ω)= 1+ E0Ed

E2
0− (hω)2

, (7)

whereh= h/2π (h is Planck’s constant),ω is the frequency,
ε1(ω) is the real part of the complex electronic dielectric
constant (εc(ω)= ε1(ω)+ iε2(ω)), E0 is the energy of the ef-
fective dispersion oscillator (typically near the mean peak of
the ε2(ω) spectrum), which is identified by the mean transi-
tion energy from the valence band of the lone-pair state to the
conduction-band state (in these amorphous materials, the va-
lences states lie far below the top of the valence band, and
the valence-band edge involves transitions between lone-pair
p states and anti-bonding conduction-band states [22]), and
Ed is the dispersion energy.

The oscillator energy,E0 is an “average” energy gap
and, in close approximation, it scales with the optical band
gap, Eopt

g : E0 ≈ 2× Eopt
g , as was found by Tanaka [23].

The dispersion energy or oscillator strength,Ed, also fol-
lows a simple empirical relationship:Ed = βNcZaNe, where
β is a constant, and according to Wemple [22], for “co-
valent” crystalline and amorphous materials has a value
of 0.37±0.04 eV. Nc is the coordination number of the
“cations” surrounding an “anion”,Za is the formal chem-
ical valency of the anion, andNe is the effective number of
valence electrons per anion.

Plotting(n2−1)−1 against(hω)2 and fitting a straight line
enables us to determineE0 and Ed directly from the slope,
(E0Ed)

−1, and the intercept on the vertical axis,E0/Ed, re-
spectively. The straight line equation corresponding to the
least-squares fit is,(n2−1)−1 = 0.213−0.0108(hω)2, with
a correlation coefficient of0.997 (see Fig. 4a). The values
found for the Wemple–DiDomenico dispersion parameters
E0 and Ed, derived from the above-mentioned equation, are
E0 = 4.44 eV and Ed = 20.88 eV. These values do seem to
be rather consistent with those reported by Ramı́rez-Malo
et al. [24] for As40S60 and As40Se60 binary chalcogenide
glass films (these last values correspond to the stoichiometric
compoundsAs2S3 andAs2Se3 and were derived from opti-
cal transmission measurements only, making use one of the
Swanepoel’s methods for non-uniform thickness films [21]).
In Table 2 are listed the obtained values ofE0, Ed, the value

Table 2. Values of the single-oscillator energy or Wemple–DiDomenico “gap” (E0), dispersion energy (Ed), refractive index athω→ 0(n(0)), optical fre-
quency dielectric constant (ε∞), Tauc optical gap (Eopt

g ), gap ratio (E0/Eopt
g ), Tauc slope (B1/2), an alternative option for the optical gap (E04), and the slope

parameter of the Urbach region (Ee).

Composition State E0/eV Ed/eV n(0) ε∞ Eopt
g /eV E0/Eopt

g B1/2/ E04/eV Ee/meV
cm−1/2 eV−1/2

As40S60 [24] Virgin 4.89 20.90 2.297 5.276 2.37 2.03 742 2.59 80
As40S40Se20 Virgin 4.44±0.03 20.88±0.2 2.388±0.001 5.703±0.005 2.07±0.01 2.14±0.02 571±5 2.34±0.01 104±1
As40S40Se20 Annealed 4.36±0.03 23.85±0.2 2.544±0.001 6.472±0.005 2.04±0.01 2.14±0.03 647±6 2.27±0.01 123±1
As40S40Se20 Exposed 4.26±0.04 23.99±0.2 2.575±0.002 6.631±0.010 2.01±0.02 2.12±0.04 628±8 2.25±0.01 126±1
As40Se60 [24] Virgin 3.73 20.42 2.545 6.477 1.80 2.04 827 1.97 90

Fig. 4. a A plot of the factor(n2−1)−1 versus the photon energy squared
(hω)2, for the representativeAs40S40Se20 ternary thin film, in comparison
with those of theAs40S60 and As40Se60 binary thin films. b Refractive
index n and extinction coefficientk versus wavelength for the three chalco-
genide glassy compositions; the inset shows the refractive index at5µm
versus Se content, for the As-S-Se bulk and thin-film samples (the values
of n(5µm) for the annealed and exposedAs40S40Se20 glass films are also
plotted in the inset)
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of the refractive index athω→ 0 (extrapolating the Wemple–
DiDomenico optical dispersion equation towards the infrared
spectral region),n(0), and the optical frequency dielectric
constantε∞(= n2(0)), for the three compositions. The value
of n(0) for the ternary compositionAs40S40Se20, 2.388, is
reasonably coherent with then(0) values for the binary com-
positionsAs40S60 andAs40Se60. The Wemple–DiDomenico
optical dispersion curves, as well as the corresponding linear
fits, for these three glassy compositions under analysis, are
shown in Fig. 4. Furthermore, it is stressed that the deriva-
tion of the film thickness and the refractive index of the as-
deposited binary films has been carried out with a smaller
number of tangent points in the transmission spectra, and
a narrower spectral range studied, in the medium and weak
absorption region, which leads to slight overvaluation of
the refractive index and undervaluation of the average non-
uniform film thickness.

The inset of Fig. 4b shows the change in the refractive
index atλ= 5µm versus Se content forAs40S60−xSex ternary
bulk glasses, reported recently by Sanghera et al. [25]. The
refractive index increases linearly with Se content, presum-
ably due to the increased polarizability associated with the
larger Se atom compared with S. Furthermore, a monotonic
increase in molar refractivity has been found [25], which indi-
cates that the addition of Se follows a simple additive law and
there is no complex behaviour, which is in agreement with the
proposed structure of theseAs40S60−xSex bulk glasses, based
on Raman spectroscopy [26]. The dependence of the refract-
ive index at5µm on chemical composition, for the present
as-deposited thin-film samples, is also plotted in the inset of
Fig. 4b. These refractive indices also depend linearly on the
Se content, but the value of the slope,4.1×10−3, is smaller
than in the case of the compositional dependence of the bulk
glasses, which is6.8×10−3.

The difference found between the values of the refractive
index in the IR region of theAs40S40Se20 bulk glass and the
corresponding virgin thin film, with the same ternary compo-
sition, is mostly due to a difference in their mass densities.
The relationship between the refractive index, extrapolated
towards the IR region, and the mass density,ρ, is given by the
Lorentz–Lorenz equation [27]

∆n/n

∆ρ/ρ
= ∆n/n

∆N/N
= (n

2−1)(n2+2)

6n2
, (8)

where N is the number of polarizable units per unit vol-
ume. The density of the virgin thin-film samples studied,
≈ 3.5 g/cm3, and the density of theAs40S40Se20 bulk sam-
ple,≈ 3.7 g/cm3 [25], account fairly well for the difference
between the calculated values ofn(5µm)(≈ n(0)).

3.2 Derivation of the absorption and extinction coefficients
and the optical band gap

The absorbancex is obtained by solving numerically either
of the two expressions for the envelopes corresponding to (5)
from [13]; it is possible to solve independently both equations
for x, thereby obtaining two different values. In addition,
sincex andd are already known, the absorption and extinc-
tion coefficients can be determined. The results obtained from
the envelopeRM are found to be superior, and this can be at-
tributed to the fact thatRm is almost independent ofn andk in

Fig. 5. a Absorption coefficient as a function of the photon energy for the
three chalcogenide glassy compositions,As40S40Se20 (this work), As40S60
andAs40Se60. b Determination of the optical gap,Eopt

g , in terms of the Tauc
law

the region of weak absorption wherex≈ 1. Moreover, in the
region of transparency, wherex= 1, Rm = Rs, and it is seen
from (1) thatRm is independent ofn andk. Figure 5a shows
the results obtained forα, and Fig. 4b those corresponding to
k, using the upper envelope of the reflection spectrum.

It should be pointed out that the absorption coefficient
of amorphous semiconductors, in the high-absorption region
(α' 104 cm−1), is given according to Tauc by the following
equation [28]:

α(hω)= B
(hω− Eopt

g )2

hω
, (9)
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where Eopt
g and B are the optical gap and a constant, re-

spectively. The dependence ofα versushω is displayed in
Fig. 5a using a semi-logarithmic scale, for the representative
As40S40Se20 film, as well as forAs40S60 and As40Se60 bi-
nary chalcogenide films. The Tauc gap is formally defined as
the intersection of the straight line through the high-energy
values of the graph of(αhω)1/2 versushω, with the energy
axis. Figure 5b shows such a plot for the above-mentioned
films. Table 2 shows the values of the optical gapEopt

g and
the values of the slope parameterB1/2, derived by Tauc’s ex-
trapolation, along with the values of the alternative optical
gap, E04, which represents the energy at which the absorp-
tion coefficient reaches the value of104 cm−1, for the con-
sidered chalcogenide films. It should be emphasized that the
values ofEopt

g and E04 corresponding to thea-As40S40Se20
film are very consistent with the values for the two other bi-
nary compositions.

Continuing with the analysis of the optical-absorption
edge, at lower values of the absorption coefficient
(1 cm−1/ α/ 104 cm−1), the absorption depends exponen-
tially on photon energy (the so-called Urbach relation [28])

α(hω)= α0 exp
(

hω

Ee

)
, (10)

where Ee is a slope parameter (see Fig. 5a). The value of
Ee found for theAs40S40Se20 film is ≈ 104 meV. The values
of Ee for the As40S60 and As40Se60 films are also listed in
Table 2.

3.3 Photo-induced and thermally induced darkening of
amorphousAs40S40Se20 films

Some as-depositeda-As40S40Se20 films were illuminated in
air by a Hg arc lamp (through an IR-cut filter, providing
broadband white light, with a very high UV output), with
a light intensity of≈ 40 mW cm−2, during approximately
3 h (until reaching the saturation state). The effect of il-
lumination was a clear redshift of their optical transmis-
sion spectra (see Fig. 6), i.e., a photo-darkening process has
taken place in the glassy sample [29]. Similarly, after an-
nealing at≈ 160◦C (the glass transition temperature,Tg,
measured in a modulated differential scanning calorimetry
experiment [30] was≈ 199◦C, a value close to that reported
by Sanghera et al. [25],≈ 194◦C), for around24 h, the as-
depositeda-As40S40Se20 film showed a thermal-darkening
process (see also Fig. 6).

In addition, we have examined the refractive-index dis-
persion and the optical-absorption edge of the annealed and
exposed glass films. For the accurate determination of the
spectral dependence of the refractive index and the extinc-
tion coefficient we have used, as in the previous case of the
virgin thin-film sample, the present procedure of the upper
and lower envelopes of the reflection spectrum. In Table 2 are
summarized the calculated values ofE0, Ed,n(0), andε∞,
belonging to the annealed and exposed samples; the values of
the corresponding Tauc gaps,Eopt

g , together with the values of
the gap ratio,E0/Eopt

g , the Tauc slope,B1/2, the optical gap,
E04, and, finally, the slope parameter of the Urbach region,
Ee, are also listed in Table 2. From this particular table it fol-
lows that due to the annealing or the exposure ofAs40S40Se20

Fig. 6. Typical optical transmission spectra of the amorphousAs40S40Se20
film in the short-wavelength region. (V) Virgin, (A) annealed, and (E) ex-
posed. The inset shows the spectral dependence of the smooth interference-
free transmission curve,Tα, which is defined as the geometric mean ofTM
and Tm [15]; the values of the shift of the short-wavelength edge,∆E, for
the cases of the thermal annealing and the light exposure, are also presented
in the inset

glass film, the value ofE0 decreases, while the values of
Ed,n(0) andε∞ rather increase. On the other hand, the inset
of Fig. 4b shows the values of the refractive index at5µm be-
longing to the annealed and exposed films. It is to be noted
that the value of the refractive index corresponding to the an-
nealed specimen is very close, indeed, to the value for the
As40S40Se20 bulk glass; the structure of the annealed films has
usually been assumed to be similar to that of the correspond-
ing bulk glasses [23]. Furthermore, it is evident from Table 2
the redshift of the Tauc gap, and the values of the gap ratio
are practically more the same than in the case of virgin film,
that is, E0/Eopt

g ≈ 2. The alternative option for the optical
band gap,E04, also decreases, and the values of parame-
ters B1/2 and Ee, clearly increase as a result of the thermal
annealing or the light exposure. Additionally, the shifts of
the short-wavelength edge (considering in this case the opti-
cal transmission spectra),∆E, for the annealed and exposed
films are shown in the inset of Fig. 6. A more detailed report
on these particular experiments currently underway will be
published elsewhere.

4 Concluding remarks

An optical method for accurate calculation of both the film
thickness and its optical constants, using only the reflec-
tion spectrum has been successfully applied to several uni-
form thermally evaporatedAs40S40Se20 ternary chalcogenide
films, with thicknesses ranging between around0.8µm
and 1.4µm. The almost perfect agreement between the re-
flectance of the lower envelope of the spectrum and the
reflectance of the bare substrate, as well as the proof that the
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error in the optical computation of the film thickness does not
exceed2%, are a clear indication for the high quality of the
employed reflection measurement technique and for the large
degree of planarity and homogeneity of the ternary chalco-
genide thin films. The variation in thickness over the area
of illumination,1 mm×10 mm, measured by the mechanical
stepper, was found to be smaller than10 nm.
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