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Abstract

Annealing at a temperature near the glass transition temperature and exposure with bandgap light, in air, of thermally-evaporated
amorphous As S Se films, were found to be accompanied by structural effects, which, in turn, lead to changes in the refractive40 30 30

index and shifts in the optical absorption edge. Also, indications of photo-oxidation were found after light exposure. An optical
characterisation method, based only on the transmission spectra at normal incidence of uniform thin films, has been used to
obtain the thicknesses and optical constants corresponding to the virgin, annealed and exposed As S Se samples. The dispersion40 30 30

of the refractive index is discussed in terms of the single-oscillator Wemple–Di Domenico model. The absorption edges are
described using both the Urbach rule and the ‘non-direct transition’ model proposed by Tauc. Regarding the structural
transformations that take place in As S Se chalcogenide films when annealed or exposed, the clear decrease and the small40 30 30

shift to higher angle of the intensity profile of the first sharp diffraction peak in the X-ray diffraction pattern, with both treatments,
has been interpreted as a diminution of the interstitial volume around the AsS Se pyramidal structural units, which form the3yn n

amorphous network. This significant result is certainly consistent with the decrease of the thickness found for the annealed and
illuminated samples.� 2001 Elsevier Science B.V. All rights reserved.

Keywords: Amorphous materials; Evaporation; Structural properties; Optical properties

1. Introduction

Films of chalcogenide glasses are a subject of system-
atic research because of the changes in physical and
chemical properties which take place in samples after
annealing or illuminationw1–6x. These thermally- and
photo-induced processes offer the possibility of using
amorphous chalcogenide semiconductors for high-den-
sity information storage, high-resolution display devices
and fabrication of diffractive optical elementsw7x. In
particular, As S Se ternary mixed glasses are attrac-40 60yx x

tive candidates for all these technological applications
w8–10x.
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The aim of the present paper is to study the changes
in the structure and optical properties of thermally-
evaporated amorphous films of chemical composition
As S Se (this particular composition being at the40 30 30

middle of the above-mentioned composition line), after
annealing at a temperature relatively near the glass
transition temperature,T , and after illumination withg

bandgap light, in air. The untreated and treated films
have been optically characterised using only their trans-
mission spectra at normal incidence, and employing the
very accurate method of the envelope curves suggested
by Swanepoel for thin films of uniform thickness
w11,12x, which has been successfully used by the authors
in previous studiesw13,14x. The results obtained have
been systematically compared with those found in the
literature for amorphous layers of the closely related
binary stoichiometric compositions As S(As S ) and40 60 2 3
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Fig. 1. XRD-patterns(Cu K radiation,ls1.54 A) of the untreateda
˚

and treated amorphous As S Se films:(i) virgin; (ii) annealed at40 30 30

1608C; and(iii ) exposed to bandgap illumination in air. The data have
been smoothed by means of the Savitzsky–Golay filter.

As Se (As Se) w2x. The lack of data in the literature40 60 2 3

concerning the optical characterisation of films of ter-
nary chalcogenide glasses confirms the significance of
this investigation.

2. Experimental

Films were prepared by vacuum evaporation of the
powdered, melt-quenched chalcogenide glassy material,
onto glass substrates(microscope slides). The thermal
evaporation process was performed inside a coating
system(Tesla Corporation, model UP-858), at a pressure
of approximately 10 torr. During the deposition proc-y5

ess, the substrates were suitably rotated by means of a
planetary rotation system, in order to obtain films of
uniform thickness. The deposition rate wasf7 nm s ,y1

as measured by the dynamic weighing method. This
deposition rate results in a composition which is
very close to that of the initial bulk material: the
composition of the samples was found to be
As S Se , by means of electron micro-38.9"1.4 31.0"0.5 30.2"1.7

probe X-ray analysis(using a scanning electron micro-
scope(SEM) Jeol, model JSM-820). Some as-deposited
As S Se layers were annealed at 1608C (the value40 30 30

of T is 1918C) for approximately 24 h, under a vacuumg

of approximately 10 torr. Other virgin layers werey3

illuminated in air, by a 500 W Hg arc lamp(Oriel,
model 6285) through an infrared(IR)-cut filter, provid-
ing broadband white light, with a very high ultraviolet
(UV) output w15x, and with a light intensity off40
mW cm . It should be emphasised that approximatelyy2

3 h of illumination with the Hg lamp, was found to be
enough to reach the saturation state.
The lack of crystallinity in the as-evaporated films

was verified by X-ray diffraction(XRD) measurements
(using a Philips, model PW-1820 diffractometer). After
annealing or illumination, the XRD-analysis was also
performed in order to study the structural changes
occurring during these two treatments. The optical trans-
mission spectra were obtained by a double-beam UVy
VisyNIR spectrophotometer (Perkin-Elmer, model
Lambda-19), and the wavelength range analysed was
400–2500 nm. The transmission measurements were
made in various parts of the films, scanning the entire
sample, and excellent reproducibility of the transmission
spectrum was generally achieved. The spectrophotome-
ter was set with suitable slit widths of 0.4 and 1.0 nm,
in the UVyVis spectral region. A surface-profiling stylus
instrument(Sloan, model Dektak 3030) was also used
to independently measure the film thickness, which was
compared with the thickness calculated from the trans-
mission measurements. The thicknesses of the investi-
gated As S Se chalcogenide films were in the range40 30 30

of 800–1400 nm. Furthermore, mass measurements were
made by a microbalance(Mettler, model AE200) to
check possible changes as a result of both treatments.

3. Results and discussion

3.1. X-Ray diffraction

Fig. 1 shows the XRD-patterns corresponding to
representative as-deposited, annealed and illuminated
films. A significant feature of the diffraction data of
covalently-bonded amorphous solids, which has long
been associated with the presence of medium-range
order, is the first sharp diffraction peak(FSDP), occur-
ring at values of the scattering vectorQ(s(4psinu)y
l)s1–2 A , depending on the materialw2,16,17x. Iny1˚
the present case, this feature appears initially at
2us16.548, or equivalently atQs1.17 A .y1˚
Many attempts have been made to explain the origin

of the FSDP in glasses. Elliottw16,17x has proposed an
explanation in which the FSDP is ascribed to a chemical-
order pre-peak(in the concentration–concentration par-
tial structural factor,S (Q), in the Bhatia–Thorntoncc

formalism w18x), due to the interstitial volume around
the cation-centred structural units. This association of
the FSDP with correlations involving interstitial voids,
plausibly explains the anomalous behaviour of this peak
as a function of temperature and pressure.
It can be seen in Fig. 1 that, after both annealing and

exposure of the virgin samples, the intensity profile of
the FSDP strongly decreases and shifts slightly to higher
angle. These experimental results suggest, according to
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Elliott’s ideas, a thermal- and photo-densification of the
amorphous structure, i.e. a clear diminution of the
interstitial volume around the AsS Se pyramidal3yn n

structural units, which form the layered network of the
As S Se mixed glassesw19x. It is well known40 60yx x

w4,20–22x that the as-evaporated amorphous As–S and
As–Se films often contain some of the molecular species
of which the vapour is composed: mainly, quasi-spheri-
cal As S or As Se molecules. These molecular clusters4 4 4 4

make difficult the cohesion between the structural layers,
increasing the free volume in the material. Virgin films
are unstable with respect to annealing or illumination,
which lead to the rupture of bonds within the cage-like
As S or As Se moleculesw4,20,21x. So, under pro-4 4 4 4

longed annealing or light exposure, the concentration of
these molecular species is greatly reduced through poly-
merisation and cross-linking with the amorphous matrix.
Consequently, a more effective interaction between the
structural layers, through an increased number of inter-
molecular chemical bonds, is achieved. Such bonds are
of the van der Waals type between As atoms and S or
Se atoms. Thus, the structure and mass density of the
treated chalcogenide film become virtually identical to
that of the corresponding bulk glass. Due to the fact
that the As S molecule is thermodynamically more4 4

stable than the As Se entityw20x, a higher concentration4 4

of the As S molecular species is expected in the as-4 4

deposited amorphous As S Se films, and, therefore,40 30 30

the observed thermal- and photo-densification phenom-
ena, could basically involve the polymerisation of
As S molecules, which are more abundant. Lastly, it is4 4

important to note that in thermal annealed and illumi-
nated As S and As Se binary layers, a strong40 60 40 60

change in the FSDP was previously reported by De
Neufville et al.w2x.

3.2. Optical properties

3.2.1. Dispersion of the refractive index
The study of the thermally- and photo-induced chang-

es in the optical properties of As S Se chalcogenide40 30 30

films, has been carried out, as already stated, using a
method suggested by Swanepoelw11,12x for the case of
uniform thin layers, which is based on the upper and
lower envelopes,T andT , respectively, of the trans-q y

mission spectrum at normal incidence. Initial values for
refractive index, n, corresponding to certain wave-
lengths,l , for which the envelopes are tangent to thei

transmission spectrum, were obtained from the following
expression

2 2y yns Nq N ys (1a)

with s being the refractive index of the substrate, for
the wavelengthsl , which was independently calculatedi

from the transmission spectrum of the bare substrate

(see Ref.w11x), andN given by

2T yT s q1q yNs2s q (1b)
T T 2q y

The top and bottom envelopes were carefully computer-
drawn using software created by McClain et al.w23x.
A first estimate of the film thickness,d, was obtained

using the relationship

l li iq1ds (2)Ž .4 n l yn liq1 i i iq1

where n and n are the refractive indices for twoi iq1

adjacent tangent points, having wavelengthsl andi

l , respectively. The above expression is derived fromiq1

the well-known equation for the appearance of interfer-
ence fringes

2ndsml (3)

with m, the order number, being an integer or half-
integer for an upper and lower tangent point, respective-
ly. It should be emphasised that, owing to the optical
absorption, this particular equation is not valid at the
interference maxima and minima, but at the tangent
points referred to(see Ref.w12x). Using Eq.(3) repeat-
edly, new, more accurate values of the film thickness
and refractive index were determined using a procedure
which was explained in detail in our previous papers
w13,14x. Fig. 2 shows a typical optical transmission
spectrum for an as-deposited As S Se film, along40 30 30

with its computer-drawn upper and lower envelopes. It
is observed the modulation of the upper envelopeTq

by the transmission spectrum of the bare substrate. This
effect is less marked in the case of the lower envelope
T . It must be noted that the influence of these twoy

modulations on the determination of the optical con-
stants as well as the thickness of the chalcogenide layer,
is negligible.
It has been found, using the optical characterisation

method outlined above, that the annealing of the virgin
samples causes a decrease in the film thickness of 1.9%
(from 914"6 (0.7%) nm down to 897"7 (0.8%) nm),
which is a sign of a thermal-densification processw6x (a
change in the mass of the annealed layer, measured by
the microbalance, was not observed). Similarly, the
exposure of the as-deposited samples to bandgap light
induces a decrease in the thickness, in this particular
case, of 1.5%(from 930"9 (1.0%) nm down to 916"8
(0.9%) nm), because, as already mentioned, illumina-
tion, as well as annealing, takes the structure of the
virgin film closer to the network structure of the corre-
sponding bulk glassw4,21x (in the case of the illuminated
layer, a change in the mass was not measured either). It
is stressed that in the untreated and treated samples, the
thicknesses determined by mechanical measurements
with the stylus-based surface profiler, were in excellent
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Fig. 2. Transmission as a function of photon energy,T( v), of a"

914"6 (0.7%) nm thick, as-evaporated As S Se chalcogenide40 30 30

film; T andT are the top and bottom envelope curves, respectively.q y

The order numbers corresponding to some of the upper and lower
tangent points, are indicated. The film-on-substrate system is also
shown in this figure.

Fig. 3. Refractive index as a function of photon energy,n( v), for"

the virgin, annealed and exposed As S Se samples. The curves40 30 30

have been drawn from the Wemple–Di Domenico dispersion relation-
ship. In the inset, the plot of the refractive-index factor(n y1) vs.2 y1

( v) .2"

Table 1
Values of the oscillator energy or Wemple–Di Domenico gap(E ), dispersion energy or oscillator strength(E ), static refractive indexwn(0)x,0 d.

Urbach energy(E ), Tauc slope(B ) and optical gap( ), an alternative option for the optical gap(E ), and theE y ratio1y2 opt optE Ee g 04 0 g

Sample E0 Ed n(0) Ee B1y2 optEg E04 E0y optEg
(eV) (eV) (meV) (cm eV )y1y2 y1y2 (eV) (eV)

Virgin 4.28"0.04 21.88"0.21 2.471"0.002 101"1 772"1 2.01"0.01 2.20"0.01 2.13"0.03
Annealed 3.98"0.02 22.30"0.14 2.569"0.002 91"1 837"2 1.97"0.01 2.14"0.01 2.02"0.02
Illuminated 4.11"0.02 22.47"0.11 2.543"0.001 95"1 801"1 1.95"0.01 2.13"0.01 2.11"0.02

The errors of all these optical parameters have directly been derived from the values of each standard deviations , associated with the twony1

straight-line parameters, obtained by the least-squares fit.

agreement with those calculated by the optical method
(the differences being always less than 2%).
In Fig. 3, the final values of the refractive index are

plotted as a function of photon energy. In this figure, it
can be seen thatn increases both upon annealing and
upon illumination. An explanation that could account
for this increase is presented below. On the other hand,
the dispersion of the refractive index has been analysed
in terms of the Wemple–Di Domenico modelw24,25x,
which is based on the single-oscillator formula

E E0 d2n ("v)s1q (4)2 2E y("v)0

whereE is the oscillator energy andE the dispersion0 d

energy or oscillator strength. By plotting(n y1)2 y1

against( v) and fitting a straight line, as shown in2"

the inset of Fig. 3,E and E are directly determined0 d

from the slope,(E E ) , and the intercept,E yE , ony1
0 d 0 d

the vertical axis. However, it must be noted that, due to
optical absorption, the experimental variation in the
refractive index clearly departs from that given by Eq.
(4), when the photon energy approaches the Tauc gap,

, which will be defined later, when the absorptionoptEg
edge is studied(see Fig. 3) w24,26x.
The values of the dispersion parametersE and E ,0 d

as well as the corresponding static refractive indexn(0)
(the refractive index at vs0, n(0)s ), fory" 1qE yEd 0

the as-evaporated, annealed and exposed films are listed
in Table 1. The oscillator energyE is an ‘average’0

energy gap, and to a good approximation it scales with
the optical band gap ,E f2= , as was found byopt optE Eg 0 g

Tanakaw28x investigating well-annealed As S chal-x 100yx

cogenide layers. Moreover, the dispersion energyEd
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obeys a simple empirical relationshipw24,25x

Ž .E sb N Z N eV (5)d c a e

where N is the co-ordination number of the cationc

nearest-neighbour to the anion,Z is the formal chemicala

valence of the anion,N is the effective number ofe

valence electrons per anion, andbs0.37"0.04 eV for
covalent, crystalline and amorphous materials.
As a consequence of both annealing and illumination,

the oscillator strength, E , increases. Assumingd

N s(40=5q60=6)y60s9 1y3 and Z s2, and thate a

they should not be changed by either of the two
treatments, it seems reasonable to ascribe this trend
observed in the values ofE , to an increase in thed

effective cation co-ordination numberN . Furthermore,c

it is well known that the As Ch chalcogenides(Ch2 3

being a chalcogen atom) consist of two-dimensional
structural layers, in which the As co-ordination number
is three. Therefore, the proposed increase in the value
of N , could certainly be explained in terms of anc

increase of the van der Waals interaction between these
two-dimensional structural layers, as a result of the
observed thermal- and photo-contraction phenomena.
On the other hand, the changes found in the static

refractive index upon annealing(Dn(0)sq0.098"
0.004) and illumination (Dn(0)sq0.090"0.003) are
consistent with those reported for low energies(IR-
region) by De Neufville et al.w2x, for the particular
case of the binary stoichiometric As S and As Se40 60 40 60

films (q0.092"0.01 and q0.107"0.01, and
q0.058"0.01 andq0.062"0.01, respectively). How-
ever, it is worth mentioning that, although it has been
found in both As S and As Se layers that the low-40 60 40 60

energy refractive index increases slightly more after
exposure than after annealing, in the case of the static
refractive index of As S Se layers, we have obtained40 30 30

the opposite. It should also be pointed out that the static
refractive indices corresponding to either the annealed
or exposed film under study, attain values very close to
that of the As S Se bulk glass atls5 mm, 2.59,40 30 30

which is derived by extrapolation from the data recently
reported by Sanghera et al.w29x.
The relative changes found forn(0), q4.0% after

annealing, andq3.7% after illumination, could be
related to the increase in the density of the layer,r, or
equivalently, to the decrease of its thickness, according
to the Lorentz–Lorenz equationw27x:

2Dn(0) 6n (0) Dd
sy (6)2 2w xw xn(0) n (0)y1 n (0)q2 d

where DdydsyDryr. Nevertheless, the relative
changes found in the thickness,y1.9% andy1.5%,
after annealing and after illumination, respectively, do
not account completely for the corresponding increases
of n(0). Relative changes inn(0) of q2.2% andq1.7%

should be expected from Eq.(6). We believe that the
differences with the experimentally-obtained relative
changes, could be explained in terms of an increase in
the number of heteropolar bonds, which are formed at
the expense of homopolar bonds, present in the As S4 4

and As Se molecular clusters contained in the virgin4 4

film, giving rise to an increase in the effective polaris-
ability of the material.

3.2.2. Absorption edge
In order to study the thermally- and photo-induced

changes in the optical absorption edge of the present
samples, the absorbance,x, was obtained from the upper
envelope,T , by means of the following expressionq
w11,12x

2 2 3 2 4yE y E y(n y1) (n ys )q q
xs (7a)3 2(ny1) (nys )

where
28n s 2 2 2E s q(n y1)(n ys ) (7b)q Tq

The n values used in Eqs.(7a) and (7b) have been
obtained by extrapolation of Eq.(4) towards the lower
wavelengths of the spectral range studied. Once the film
thickness and absorbance were known, the equation
xsexp(yad) was solved to calculate the absorption
coefficient, a. The extinction coefficient,k, was then
determined from the relationshipksaly4p. The
dependence of the absorption coefficient on photon
energy is displayed in Fig. 4, using a semi-logarithmic
scale. As can be seen in this figure, the annealing causes
a clear shift of the absorption edge of the as-deposited
film to lower energies(i.e. thermal-darkening). Similar-
ly, the exposure to bandgap light leads to a significant
red shift of the absorption edge of the virgin layer(i.e.
photo-darkening).
In addition, to determine the nature of the electronic

optical transitions involved and calculate the optical gap,
the spectral dependence of the absorption coefficient
was analysed. According to Taucw30x, it is possible to
separate three distinct regions in the absorption edge of
the amorphous semiconductors: the weak absorption tail,
the exponential region and the high absorption region.
The weak absorption tail originates from defects and
impurities, while the exponential region is strongly
related to the characteristic structural randomness of the
amorphous materials. Finally, the high absorption region
determines the optical energy gap.
In the exponential part of the absorption edge(where

1 cm FaF10 cm ), the absorption coefficient isy1 4 y1

governed by the so-called Urbach rulew30,31x

B E"v
C FŽ .a "v sa exp (8)0
D GEe
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Fig. 4. Changes in the optical absorption edge of a virgin
As S Se film, induced by either thermal annealing or bandgap40 30 30

illumination: a red shift takes place in both cases. In the inset, the
determination of the optical gap by extrapolation in a(a v) vs.1y2"

v plot (Tauc’s extrapolation)."

where the Urbach energy,E , characterises the slope ofe

this region. Plotting the dependence of loga on photon
energy, as shown in Fig. 4, should give a straight line.
The calculated value ofE , the inverse of the slope ofe

the straight line, gives the width of the tails of the
localised states into the gap, at the band edgesw32x. The
values ofE found for the virgin, thermal- and photo-e

darkened As S Se films are all listed in Table 1, and40 30 30

a decrease of the Urbach energy is observed after both
treatments.
In the strong absorption region(whereaG10 cm ),4 y1

which involves optical transitions between the valence
and conduction bands, the absorption coefficient is
given, according to the ‘non-direct transition’ model
proposed by Taucw30x, by the following quadratic
equation

opt 2("vyE )gŽ .a "v sB (9)
"v

whereB is a constant, which depends on the electronic
transition probability, and is the already introducedoptEg
Tauc gap, being now formally defined. The values ofB
and can readily be derived from Eq.(9), by plottingoptEg
(a v) vs. v. An excellent fit between the high-1y2" "

energy experimental points and the straight line corre-
sponding to the(a v) vs. v plot, shown in the1y2" "

inset of Fig. 4, indicates that the non-direct transition is
certainly the mechanism responsible for the optical

absorption in this high-energy spectral region, in the
case of the as-deposited, thermal- and photo-darkened
As S Se layers.40 30 30

The values of the Tauc slope and gap,B and ,1y2 optEg
respectively, as well as the alternative optical gap,E ,04
which represents the energy at which the absorption
coefficient reaches the value of 10 cm , for the three4 y1

representative samples, are presented in Table 1. The
change found in the optical gapE after annealing was04

DE sy0.06 eV ( sy0.04 eV), while thoseoptDE04 g

reported by De Neufville et al.w2x, DE (As S ) and04 40 60

DE (As Se ), were bothy0.05 eV. In addition, the04 40 60

change inE upon illumination wasDE sy0.07 eV04 04

( sy0.06 eV), and those found in Ref.w2xoptDEg
were DE (As S )sy0.07 eV and DE04 40 60 04

(As Se )sy0.06 eV. The decrease of both gaps is40 60

related to the lower energy of the heteropolar bonds,
As–S (379.5 kJ mol ) and As–Se(96 kJ mol ),y1 y1

compared to the energy of the homopolar bonds, As–
As (382.0 kJ mol ), S–S(425.3 kJ mol ) and Se–y1 y1

Se (332.6 kJ mol ), present in the As S and As Sey1
4 4 4 4

molecular units embedded in the as-deposited sample.
Furthermore, one can conclude from the results listed in
Table 1, that the values of the gapsE and satisfyoptE0 g

the already introduced relationshipE f2= . LastoptE0 g

but not least, it is important to mention that, according
to Zanatta and Chambouleyronw33x, the increase found
in the Tauc slope after both treatments, is coherent with
the corresponding decrease of the Urbach energy.

3.3. Photo-oxidation process

It is important to mention that, as in the previously
reported data on exposed As S and As Se binary40 60 40 60

chalcogenide layersw1,5x, a phase separation, leading to
the formation of a new phase of As O(arsenolite) on2 3

the surface of the As S Se films, has been found.40 30 30

Thus, the XRD-pattern of the representative exposed
As S Se film (see Fig. 1) shows two Bragg peaks40 30 30

at 2us14.028 and 28.048 w34x. This surface effect is
closely related to the strong optical absorption for high
photon energies, that the amorphous chalcogenide layers
generally exhibit(see Fig. 4). Moreover, it should be
taken into account that the spectral irradiance curve of
the Hg arc lamp used in this work to illuminate the
virgin samples, shows very high output peaks in the
region approximately 300–450 nm(corresponding to
photon energies of approximately 4.1–2.8 eV) w15x.
Therefore, a considerable part of the radiation emitted
by the Hg lamp(mainly, the UV part) does not penetrate
into the chalcogenide layer. This is the cause of a partial
photo-degradation of the film at its surface.
As light exposure has been carried out in air, both

photo-oxidation and photo-hydrolysis could take place
(because of the presence of both oxygen and water
vapor), which would result in the appearance of small,
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Fig. 5. SEM image of the surface of a representative As S Se40 30 30

sample, after it was exposed to UV-light for around three hours, at
ambient conditions. A micro-crystal of arsenolite is clearly displayed
in this figure.

but recognizable arsenic trioxide micro-crystalsw1,5x.
The surface morphology of the illuminated samples was
carefully observed under the SEM, in order to identify
these As O micro-crystals(see Fig. 5). Owing to the2 3

very low concentration of them on the surface of the
samples, they should not significantly influence the
present optical transmission measurements nor, conse-
quently, all the results derived from them. Finally, it has
to be pointed out that no measurable compositional
change was found in the exposed layers, by energy-
dispersive spectroscopy.

4. Conclusions

Thermally-evaporated amorphous As S Se films40 30 30

undergo structural transformations when annealed at a
temperature nearT (i.e. a thermo-structural transfor-g

mation), and when exposed to bandgap illumination,
with a Hg arc lamp, in air(i.e. a photo-structural
transformation). The clear decrease and the small shift
to higher angle of the FSDP in the XRD-pattern, with
both treatments, has been interpreted as a diminution of
the interstitial volume around the AsS Se pyramidal3yn n

structural units, through the polymerisation of the
As S and, in a smaller degree, As Se molecules,4 4 4 4

leading to a more nearly cross-linked structure. This
significant result is certainly consistent with the decrease
of the thickness found for the samples, whether annealed
or illuminated. Also, indications of a photo-oxidation
process on the surface of the films have been found:
arsenic trioxide micro-crystals were unequivocally iden-
tified visually, by SEM, and structurally, by XRD-
measurements. Nevertheless, the influence of these

micro-crystals on the optical transmission measurements
is negligible due to the very low observed concentration
of them.
Changes in the optical properties of the virgin films

after annealing, as well as after bandgap illumination,
have systematically been studied in this work. In partic-
ular, the refractive indices of the as-evaporated layers
increase with either of the two treatments. Another
finding is the red shift of the optical absorption edge of
the as-deposited sample, as a result of both annealing
(a thermal-darkening process has taken place), and light
exposure(in other words, a photo-darkening effect).
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