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Abstract

In this paper we report on a study of a novel photo-induced structural effect in amorphous chalcogenide materials, namely the
reversible and athermal light-induced vitrification of AssSes, thin films. The first optical analysis of this phenomenon presented
here was done by applying two different non-destructive methods. One is based on the optical transmittances of the interference
maxima and minima at normal incidence, and takes into account the lack of thickness uniformity of the chalcogenide glass films.
The other optical method, however, is based only on the shift undergone by the wavelengths of the interference extrema when the
incidence changes from normal to oblique. On the other hand, the refractive-index behaviour of the as-evaporated, crystallized
and photo-vitrified films under study is analyzed within the oscillator framework proposed by Wemple and DiDomenico. Finally,

the absorption edge is described using the non-direct transition model proposed by Tauc. © 1997 Elsevier Science S.A.
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1. Introduction

Because the information storage density in optical
media can be up to two magnitude orders better than in

magnetic discs, there has been extensive research into

materials capable of optical recording. Chalcogenide
films have potential in this area and have been investi-
gated as optical recording media for mass—memory
applications such as data discs for video recording or
computer information storage [1]. In these applications,
among the basic mechanisms used to record informa-
tion is the photo-induced amorphization of a crystalline
film [2]. In this phase-transition mechanism, the optical
constants of the amorphous and crystalline materials
are sufficiently different that discrimination between the
exposed and unexposed regions of the film can be
achieved by monitoring reflectance. i

In this work, we report the effect of photo-amor-
phization of Ass,Ses, semiconducting thin films, previ-
ously crystallized by annealing [3]. Unlike cry-
stallization, photo-amorphization is an athermal pro-
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cess because the intensity of the actinic light is not able
to cause an increase in temperature giving way to a
phase-transition phenomenon. Furthermore, it must be
emphasized that the crystallization through annealing
and amorphization by light processes are reversible. We
have carried out the annealing-illumination cycle three
times, and using the methods presented here, we have
been able to determine the changes in the optical con-
stants and in the morphology of the films, for the first
two cycles. We must also note that, with the character-
istics mentioned, this phenomenon only takes place in
films of the Ass,Ses, glassy composition. For instance,
our attempts to crystallize amorphous AsspSeq,
As,Seq, and AsgSe,o films, by annealing them for 72 h
as a prelude to investigating photo-vitrification, have
failed.

These amorphization and crystallization processes in
chalcogenide films can be accompanied by morphologi-
cal, such as photovolumetric changes [4,5], which must
be taken into account in order to determine the optical
constants of the films. With this aim in view, a non-de-
structive method, based only on the optical transmis-

sion spectrum at normal incidence, has been applied to
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simultaneously calculate refractive index, average thick-
ness and a parameter indicating the degree of non-uni-
formity of the film thickness [6,7]. When the lack of
uniformity of the film thickness is very strong, this
method may be unable to correctly determine the aver-
age thickness and refractive index, and a second proce-
dure, based also on the optical interference spectrum at
oblique incidence, is used to calculate them [8,9]. In
both cases, the absorption coefficients and optical band
gap are also determined.

2. Experimental details

The thin-film samples were prepared by vacuum
evaporation of powdered melt-quenched material onto
clean glass substrates (BDH microscope slides). The
thermal evaporation process was carried out in a coat-
ing system (Edwards, model E306A) at a pressure of
~5x 1077 Torr, from a suitable quartz crucible. The
temperature rise of the substrate due to radiant heating
from the crucible was negligible. During evaporation,
the substrates were rotated (x45 rpm) in order to
obtain an enhanced degree of film thickness uniformity
and the deposition rate was ~ 1 nm s~ !, this quantity
having been continuously measured by a quartz-crystal
monitor {Edwards, model FTM-5).

The film thicknesses were in the 700—1200 nm range.
The samples were annealed at 150°C (7, = 164°C) for
periods of, typically, 72 h in a =~ 10~2 Torr vacuum.
Illumination of the glass films was carried out using a
500 W high-pressure mercury lamp (Oriel, model
66032), through an IR-cut filter, providing broadband
white light (with a very high UV output).

The optical transmission spectra were obtained by a
double-beam, ratio recording UV/VIS/NIR computer-
controlled spectrophotometer (Perkin-Elmer, model
Lambda-19) and are shown, together with the XRD
patterns (obtained using a Philips, model PW-1830
X-ray diffractometer, with Cu K« radiation), in Figs. 1
and 2.

3. Calculation procedures
3.1. Normal incidence
The transmission T,, in the transparent region at a

specific wavelength 2, for the case of non-uniform
thickness, can be obtained by [7,10]

1 @2 A
Tyhg=— d 1
ad 402—%,[01 B—Ccosp+D ¢ M
where A4 =16n, B=@n+1Pn+s5?), C=20>-
D(n® =57, D=(n—1)}(n—s?), ¢ =4and/2 with ¢, =
drn(d— Ad)jA and @, = 4an(d + Ad)/i. 1t is assumed

that the thickness varies linearly over the area illumi-
nated by the spectrophotometer, so that the thickness
is: d=d+ Ad. Ad refers to the actual variation in
thickness from the average thickness 4 and s is the
refractive index of the substrate. This refractive index
was previously determined over the whole spectral
range, from the transmission spectrum of the substrate
with no material deposited. The expressions for the
envelopes around the interference maxima and minima
of the optical transmission spectrum are the following

[7):
N 2ua IO N - Ag
Tvdma = Aga(l — p2)i2 tan i:{l _ 52)1!2 tan( 2 >}
(2)

where + in the + refers to Ty, (4) and — to 7, ,(1);
a=A{(B+ D), b=C/(B+ D) and Ap = ¢, — p,. The
validity range of Eq. (2) is: 0 < Ad < A/4n. In addition,
the two expressions included in Eq. (2) are two inde-
pendent transcendental equations with only two un-
known parameters, » and Ad. They have been
successfully solved for the experimental values using a
standard computer method (Newton-Raphson itera-
tion).
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Fig. 1. Typical optical transmission spectra and X-ray diffraction
patterns (Cu Ko radiation) for the as-deposited, crystallized and
photo-amorphized Ass;Ses, thin film, respectively.
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Fig. 2. Optical transmission spectra and X-ray diffraction patterns for
the crystallized and photo-vitrified Ass,Ses, thin film, respectively,
corresponding to a second cycle.

Moreover, in the region of weak and medium ab-
sorption («>0), the integration Eq. (1) should be
done over both the film thickness variation and ab-
sorbance. This is prohibitively difficult analytically
and an approximation would be to consider x to have
an average value over the integration range with re-
spect to Ad. This is an excellent approximation pro-
vided Ad«d The constants ¢ and b are now
redefined as follows: a, = Ax/(B + Dx?), b, = Cx/(B +
Dx?), being x = exp( — «d). The equations for the two
envelopes now become

2a

. NERET> Ag
I L T )

TMx,m.x = A (1 (3)

where again + in the + refers to Ty, (1) and — to
Tx(4). These expressions are again two independent
transcendental equations with two unknown parame-
ters, n and x, since Ad is known from solving Eq. (2)
in the transparent region. Eq. (3) again has one solu-
tion only for » and x in the range: O<x<1. In
addition, these last n-values can be used for determin-
ing the average thickness from the ba51c equatlon for

the interference fringes

2nd = mA 4)

where m has integer values for the maxima and half-
integer values for the minima. Furthermore, we shall
consider that » is larger than the substrate refractive
index.

Next, the spectral dependence of the refractive in-
dex is fitted to the Wemple-DiDomenico dispersion
relationship, that is, the single-oscillator model [11]

EoEq

e(E)=n*E)=1 +E .y

(5)

where E, is the single-oscillator energy (typically near
the main peak of the &(E)-spectrum) and E,; is the
dispersion energy. The latter parameter obeys the sim-
ple empirical relationship, Eq = fN.Z,N,, where f is a
constant, N, is the number of nearest neighbour
cations to the anion, Z, is the formal chemical va-
lency of the anion and N, is the effective number of
valence electrons per anion.

The applicability of this first procedure for deter-
mining the optical dispersion and average thickness is
limited by the aforementioned condition, 0 <Ad < 2/
4n. In this work, we have however only been able to

- apply it to the optical characterization of films that

were as-deposited, and later crystallized and photo-
vitrified only once.
" On the other hand, in the strong absorption region,

where the interference fringes disappear, the ab-
sorbance values x are determined from [7]
(n + 1)°(n +s*
Fotsd) ©

16n2s

Once x and d are known, the absorption coefficient
« is determined directly, using the expression o= —
(1/d) In x. Next, the absorption coefficient of amor-
phous semiconductors in the high-absorption region
(22 10* em~"), assuming parabolic band edges and
energy-independent matrix elements for interband
transitions, is given according to the non-direct transi-
tion model proposed by Tauc [12], by the following
equation

(hy — Eomy?

(Z(hv) =K1 hv

(7

where /v, EP* and K, denote the photon energy,
optical energy gap and an energy-independent con-
stant, respectively. The optical gap EgP* is therefore
obtained formally as the intercept of the plot of
(ohv)'? against Av.

It is worth noting that the above-described pro-
cedures has been successfully used in the optical
characterization of glassy films of As—S, As—Se and
Ge-Se alloys [13-15], and also in the optical study of
the Ag-photodissolution phenomenon in As-S films
[16].
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Table !

Values of the average thickness d, thickness variation Ad, refractive index extrapolated to £ =0 and at A= 1000 nm, #(0) and n(1000), dispersion
parameters E, and Ey (single-osciilator analysis) and optical band gap £ (Tauc’s extrapolation) for the thin films under study

Sample state d {nm) Ad (nm) n(0) n(1000) Ey (8V) Eq (V) EGP (eV)
As-deposited 1123 + 11 17 2.617 2.734 3.98 23.29 1.86
First annealing 1062 + 19 27 2.762 2.902 3.79 25.11 1.82
First illumination 1108 + 31 35 2.521 2.668 3.52 18.85 1.76
Second annealing 930 + 33 — 2.728 2.862 3.83 24,68 1.81
Second illumination 1030 £ 39 — 2.568 2.703 3.68 20.59 1.73

3.2. Oblique incidence

This new, useful second method has been applied for
characterizing films which were crystallized, and then
vitrified, in the second annealing and illumination cycle.
The analysis that follows is based on the assumption
that a mathematical expression for dispersion n(1) ex-
ists. It is also assumed that » is isotropic. From the
theory of normal dispersion [17], as well as from practi-
cal experience, it follows that the spectral dependence
of the refractive index can also be represented very
accurately by three constants, x, ¢ and 5 in the region
k?«n® .

222 4y 8
n /{x—!- (8)

Furthermore, for normal incidence on a film with thick-
ness d, the wavelengths of the transmission extrema are
given by Eq. (4), as 2n,d = mi,,.

The problem is thus reduced to determining five
constants, m, d, x, a and b, from the transmission
spectrum. Only m and x, apart from the product nyd,
can be determined solely from Egs. (4) and (8), and
another experimental equation must be found. This can
be done by obtaining a second transmission spectrum
at an angle of incidence i > 0 (see Fig. 2). The equation
for the interference extrema now becomes [18]

2n,d cos i = mi, €]

where r is the angle of refraction in the film. The five
constants can now be found from Egs. (4), (8) and (9)
in various ways, provided that at least three extrema
are available.

In Fig. 2 the solid spectra show the transmission
spectra for normal incidence in the transparent and
absorption regions corresponding to the second cycle.
The broken spectra are the spectra at an incidence
angle of 30°, and the whole spectra shift towards the
shorter-wavelength region according to Eq. (9).

3.2.1. Determining n from the order numbers m

We now consider » not to be a discrete-order num-
ber but a continuous mathematical variable. The spec-
trum for normal incidence can be shifted towards
shorter wavelengths by increasing each order number

by an amount Am, where Am can be different for each
m. The shifting due to oblique incidence according to
Eq. (9) can thus be written in terms of normal incidence
as

2n,d = (m + Am)2, (10)
From Egs. (9) and (10), and Snell’s law, it follows that

m

S 11

cos m+ Am (1)

ny=— (12)
sin »

Considering two adjacent extrema of the normal-inci-
dence spectrum at wavelengths 4y, and Ay, it follows
from Eg. (4) that

_ o102
2(ngator — 1or Ao2)

m,

The quantity M is now defined as

_ Ao
201 — Ao2)

where M > m,. The equality M = m, is true only in the
absence of dispersion. The effect of dispersion on M
can be approximated by a mathematical function of the
form

C D
A w“

The first term in Eq. (14) reflects the 1/4 relation
between m and A according to Eq. (8), while the term in
parentheses approximates the effect of dispersion. The
value of m at each extremum is now approximately
given by m =~ C/A,. Eq. (14) can be written in the form
of an equation for a straight line:

M= 13—? +C (15)

*0

M (13)

The value of y can be determined by iterating y and
performing a linear regression of Eq. (15). The value of
v is chosen to give a good fit to Eq. (15), and yields
values of m, according to the approximation m = C/A,
that differ by 1/2, and also yield correct approximate
integer or half-integer values for each corresponding
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extremumn: from the approximate values of m, exact-or-
der numbers can now be assigned to each extremum.

Substitution of Eq. (8) into Eq. (4), for normal
incidence, yields

m2it = % + B (16)
where 4 = 4ad? and B = 4bd>.

Since the order numbers are known, the value of x
can be determined by iteration and performing a linear
regression of Eq. (16). The value of x that gives the best
fit to experimental values is chosen, and the regression
also yields the values of 4 and B.

Substituting Eq. (4) into Eq. (10), using Eq. (16), and
solving for Am yields

3 A/l 1Y |2
Am = [Hl Z-}-iz <Tf—z§>:| —-m B 17

The value of m; at each value of A, can now be calcu-
lated using Egs. (17), (11) and (12).

The value of d can be determined by using the fact
that m increases by 1/2 for each successive extremum
described by Eq. (10). If m1, is the order number of the
first extremum considered at the long-wavelength end,
Eq. (10) can be written for the successive extrema as

%+Anz=2d%—m1 (18)
where =0, 1, 2, 3.... A straight line through —m, and
the other points has a slope 2d, and the value of d can
be obtained from this slope. Once d is known, ¢ and 5
can be calculated from Eq. (16), which completes the
calculation of the required five constants. -

3.2.2. Determining n from the dispersion equation

An alternative way of calculating » independently
from m will now be considered. From Egs. (9) and (4)
for normal incidence, it follows that

A
n, cosr=nof - (19)
0

In the non-dispersive case Eq. (19) becomes

A
=t . S 2
cos 7 7 (20)
and » can be calculated directly from Eq. (12)
Eq. (19) can be written as
2
n?(1 — sin? r)=n§73 7
Substituting Eq. (12) into the above equation yields
2
n?—n3=L=sin?i @n
;LO [ —
On the other hand, from Eq. (4), by expandlng n?ina
Taylor series around ny, it follows that

nE e o= 4) (22)
Substituting Eq. (22) into Eq. (21) yields

ax

Z=N? e —— - (23
T T T T A =
where 7
N2 /’ 0 sm i (4)

/tZ
Egs. (4) and (23) show that N2 can also be represented
by a function of the form

E

N? :F+b (25)
From Eqgs. (4), (25) and (23) it follows that

E (14+x)h+4 X

ez L PV s 2
PR R R R (26)

x can thus be determined by calculating N? for each
extremum and iterating x to give a good fit to Eq. (25).
This regression also yields the values of £ and b. The
value of a can be determined from Eq. (26); hence n(4)
is thus determined.

To determine m and d, an equation similar to Eq.
(18) can be written as

5 = 2d—— — 27
Extrapolation of a straight line through these points
will indicate the order number of the first extremum,
m;. A straight line through — m, and the points again

~has a slope 2d from which d can be determined. This

completes the calculation of the required five constants.
Finally, by simply substituting the average thick-
nesses and the previously derived order numbers in Eq.
(4), we can calculate the refractive index for the wave-
lengths of each interference extremum at normal inci-
dence, encompassing both methods at oblique incidence
[9]. On the other hand, although these refractive indices
have been calculated from a predetermined dispersion
relationship, Eq. (8), they can be refitted to the above-
mentioned Wemple-DiDomenico relationship, Eq. (5),
enabling us to determine the dispersion parameters £,
and Ej4, which correspond to the second crystallization
and subsequent photovitrification. The absorption co-
efficients and Tauc gap are determined as already de-
scribed.
~The optical transmission spectra at normal and
oblique incidence were obtained by placing the films on
an accurate goniometer set up inside the spectrophoto-
meter. At oblique incidence the transmission spectrum
shifts, within the interference region, towards shorter

- wavelengths than at normal incidence. The incidence

angle chosen was 30°: a smaller angle produces a
smaller shift of the interference extrema of the optical
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transmission spectrum at oblique incidence, thus mak-
ing the calculations, based on the difference 4y — 4, less
accurate. A larger incidence angle is not advisable
either, as the polarization effect may influence the
optical transmittance values, thus deforming the spectra

[19].

4. Results and discussion

One aspect of the diffraction results on chalcogenide
materials has been ascribed to the influence of medium-
range order, and this is the so-called first sharp diffrac-
tion peak (FSDP) or prepeak in the structure factor
[20]. This peak almost invariably occurs at a value of
the modulus of the scattering vector of ~1 A~ in
amorphous chalcogenides. The Ass,Ses, thin-film sam-
ples could be crystallized by annealing at ~ 140°C for
periods up to 72 h, and show a very significant diffrac-
tion peak for 26 =27.9°, and less pronounced ones for
20 =15.4°, 16.4° 28.6°, 32.4° 32.8° and 48.3°. By
comparing the peak positions in the X-ray diffraction
patterns to powder-diffraction data for As-Se binary
crystals taken from Ref. [21], we can unambiguously
identify the crystalline phase of the film as c-As,Se, (the
corresponding crystal system is monoclinic). However,
it must be noted that the relative intensities of the peaks
show small differences in relation to those tabulated in
Ref. [21], hinting at possible preferential orientations in
the crystallized film with respect to the substrate plane
[22]. Also worthi nothing is the virtual absence of FSDP
at 20 = 17°, characteristic of the amorphous phase cor-
responding to the as-deposited film, in the crystallized
material.

Recent studies [23] have shown that the crystalliza-
tion process depends clearly on the thickness of the
AsspSesy films. Thus, in very thin (0.2-0.5 um) films,
crystallization is incomplete, and in thick (3-5 pm), the
XRD patterns show more crystallization peaks than in
films of medium (1-2 um) thickness, the most domi-
nant peak for thick films is also the one at 26 =27.9°,
which shows a lower relative intensity. In this work, the
optically-characterized films have a thickness of =1
pm, in order to observe more clearly the dominant
peak, and also to ensure that the light is homoge-
necusly absorbed by the material.

When the film is ifluminated, its crystalline nature
disappears, giving way to photo-amorphization. Elliott
and Kolobov [3] use a quartz-tungsten halogen lamp as
a light source, and observed that the XRD pattern of
the photovitrified film is similar to that of the as-de-
posited film. However, in this work, in which a mercury
lamp was used, FSDP practically disappeared in the
first vitrification, and was completely absent in the
second [4]. This fact may be due to the difference
between the spectral irradiances of the two light

sources, since the mercury lamp has a higher UV
content than the quartz-tungsten halogen lamp, and so
part of the photons will have higher energy and will
obviously produce a larger degree of disorder in the
material.

When the as-evaporated film is annealed, an irre-
versible shift of the optical transmission spectrum to-
wards longer wavelengths 1is observed in the
interference-free region (thermal-darkening). The subse-
quent illumination of the film induces again a shift of
the optical transmission spectrum towards longer wave-
lengths, but it is reversible photo-darkening. A second
annealing produces another reversible shift, this time
towards shorter wavelengths (thermal-bleaching).
Lastly, another illumination produces another photo-
darkening. The athermal vitrification process can there-
fore be considered, from an optical point of view, as a
clear photo-darkening phenomenon, widely studied in
other amorphous chalcogenide compositions [13,24,25].

The values of parameter Ad, representing the degree
of uniformity in the film thickness, show that it in-
creases with exposure to the different treatments. The
films submitted to a second annealing and illumination
cycle show a high degree of morphological alteration.
The optical transmission spectra are so deformed that
the method based only on measuring optical transmit-
tance at normal incidence ceases to be applicable. For
this reason, the second method at oblique incidence was
used to optically characterize these films.. The decrease
in the average thickness of the films, due to annealing,
is a clear sign of a thermal densification process,
whereas the increase which takes place with illumina-
tion constitutes obviously a photoinduced volume ex-
pansion.

The refractive index increases with annealing and
decreases with illumination, under the initial value (Fig.
3); the shifts of the optical absorption edge and the
variations in the Tauc gap (Fig. 4) are similar to those
usually observed in the photo-darkening phenomenon.
The trend of the dispersion energy E, is the same as the
optical gap. thus verifying the relationship E, ~ 2E"
found by Tanaka [26] and confirmed for other glassy
systems {13-16]. The dispersion parameter £y obeys the
proportional relationship £, oc N, where &, is, in this
particular case, the As effective coordination number.
The variation shown by E, implies that, as deduced
from the XRD patterns, important structural changes
take place during the athermal photo-amorphization
process in Asg,Ses, films. Crystallization is related to a
higher value for E,, in comparison to the initial value
(as-deposited film), and amorphization to a value lower
one.

Lastly, there are two possible models for explaining
the mechanism of photo-induced vitrification [23,27].
One is based on the breaking of covalent bonds, within
the As,Se, molecules which make up the crystalline
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Fig. 3. Refractive index as a function of wavelength for the as-de-
posited AssySes, thin film on a glass substrate and after two anneal-
ing-iflumination cycles.

structure (intramolecular bond-breaking); an amor-
phous cross-linked network would be the outcome. The
other model takes into consideration the fact that
changes take place in the relative orientation and spa-
tial distribution of the As,Se, molecules, due to photo-
induced intermolecular bond-breaking, resulting in a
translationally and orientationally disordered amor-
phous phase in which the integrity of the As,Se,
molecules is preserved.
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Fig. 4. Determination of the optical band gap in terms of the Tauc
law corresponding to the phenomenon of athermal light-induced
vitrification of AssySes, film.

w

5. Conclusions

For the first time, the athermal photo-vitrification
phenomenon has been optically characterized, in two
annealing and illumination cycles. This phenomenon
takes place only in AssSes, films. The morphological
changes undergone by the films, because of the succes-
sive thermal and optical treatments, made it necessary
to use two different optical characterization methods.
One is based solely on the optical transmission spec-
trum at normal incidence, whereas the other is based
only on the wavelengths of the interference extrema at
normal and oblique incidence. The optical constants
and Tauc gaps, thus determined, lead us to the conclu-
sion that the photo-induced phenomenon under study
is accompanied by a clear reversible photo-darkening
process. -
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