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Abstract

This work reports the first optical study of a novel amorphization process, namely photo-induced vitrification, in a chalcogen-
ide material, AssoSeso. The phenomenon is reversible and athermal, in the sense that local melting is thought not to be involved,
but the process does appear to be thermally activated with an activation energy of 0.15 eV. On the other hand, the analysis
proposed by Swanepoel, enabling the determination of the thickness variation, average thickness and refractive index of a wedge-
shaped film has successfully been applied. The refractive-index behaviour of the as-evaporated, crystallized and photo-vitrified
AssoSes, films under study is analyzed within the oscillator framework proposed by Wemple and DiDomenico.

Light-induced structural changes in amorphous As-
chalcogenide materials have been known for a long
time [1]. Reversible changes are only observed in
well-annealed amorphous thin films or bulk glasses
where they can be removed by annealing near the glass
transition temperature, 7, [2,3]. It has also been re-
ported that illumination with high-intensity light can
lead to photo-crystallization of GeSe, [4]. In this
Letter we report on a new study of a novel photo-in-
duced structural effect in amorphous chalcogenide
materials, namely the athermal light-induced vitrifi-
cation of AssoSesq thin films [5,6]. The first optical
analysis of this phenomenon presented here, is based
on a very appealing method proposed by Swanepoel
[71, which takes into consideration the lack of thick-
ness uniformity of the thermally evaporated chalco-
genide glass films.

The bulk starting material was prepared by direct
synthesis from 5 N purity elements heated together
in an evacuated quartz ampoule at about 950°C for

24 h. After the synthesis the melt was air-quenched,
resulting in a bulk glass of the required chemical
composition. X-ray diffraction (XRD) analysis
showed that the ingot was amorphous. On the other
hand, the studied thin-film samples were prepared by
thermal evaporation of the AssgSes, bulk glass onto
room-temperature glass substrates in a vacuum of
~ 10~ ¢ Torr using a conventional coating unit (Ed-
wards, model E306A). During evaporation the sub-
strates were rotated ( ~45 rpm) in order to obtain an
enhanced degree of film thickness uniformity [8] -
the variation in thickness over the area under study,
measured by a stylus-based surface profiler (Sloan
Technology Corporation, model Dektak IIA), was
found to be lower than 40 nm. Electron microprobe
analysis of the as-deposited AssoSeso thin films indi-
cated that the stated composition was correct to
+0.5%. The deposition rate was approximately 10 A
s~ ', and this quantity was continuously measured by
a quartz crystal monitor (Edwards, model FTM-5).
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The film thicknesses were in the range 700-1200 nm.
The samples were annealed at 150°C (7,=164°C)
for periods of, typically, 72 h in a = 10~3 Torr vac-
uum. [llumination of the glass films was carried out
using a 500 W high-pressure mercury lamp (Oriel,
model 66041), through an IR-cut filter, providing
broadband white light (with a very high UV output).

The optical transmission spectra used in the pres-
ent study were obtained over the 300-2000 nm spec-
tral region by a double-beam UV/VIS/NIR com-
puter-controlled spectrophotometer (Perkin-Elmer,
model Lambda-19). The spectrophotometer was set
with a slit width of 1 nm. It was therefore unneces-
sary to make slit width corrections, since that value
of the slit width was much smaller than the different
linewidths. The area of illumination over which a
single transmission spectrum was obtained was about
1 mmX 10 mm. All the optical constant measure-
ments reported in this Letter were made at room
temperature.

The XRD pattern (using Cu Ka radiation) of an
as-evaporated AssoSeso film is shown in Fig. 1 and it
indicates that the film is amorphous. It should be
noted that one aspect of the diffraction results on
chalcogenide materials has been ascribed to the influ-
ence of medium-range order, and this is the so-called
first sharp diffraction peak (FSDP) or prepeak in the
structure factor [9,10]. This peak almost invariably
occurs at a value of the modulus of the scattering vec-
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Fig. 1. X-ray diffraction patterns (Cu Ka radiation) of the as-
evaporated, crystallized and photo-vitrified AssSes, thin films,
respectively, on a glass substrate.

tor of ~ 1 A~! in amorphous chalcogenides. Further-
more, it is well known that most chalcogenide glasses
are rather resistant to crystallization (particularly bi-
nary As-chalcogenides). Nevertheless, the AssoSesy
film samples could be crystallized by annealing, and
comparison of the XRD pattern of the crystallized
film with powder-diffraction data for As—Se binary
crystals taken from Ref. [ 11] enables us to unambig-
uously identify the crystalline phase of the film as c-
As,Se, (the corresponding crystal system is mono-
clinic). However, it should be mentioned that the
peak intensities differed somewhat from the refer-
ence powder-diffraction data, indicating possible
preferred orientational effects in the crystallized films.
Also worth noting is the virtual absence of FSDP at
20~ 17°, characteristic of the amorphous phase, in
the crystallized product.

Next, exposure of the crystallized AsseSeso film to
white light from the mercury arc lamp (intensity
~300 mW c¢m~?) for 10 h at room temperature
caused the complete disappearance of the crystalline
features in the XRD pattern, i.e. the AssoSes, film was
photo-amorphized. The temperature increase of the
film during the illumination process, as measured by
a thermocouple conveniently affixed to the surface of
the glass film, was never more than 25°C (interest-
ingly, this temperature increase represents an advan-
tage because, considering that the photo-vitrification
process was found to be thermally activated [5],
AE=0.15 eV, the illumination time necessary to vi-
trify the film is reduced by 35%), indicating that the
light-induced amorphous-state transformation under
this low-intensity condition is effectively athermal.
One differentiating structural characteristic of the
photovitrification process which takes place using
white light from a mercury lamp, in relation to that
which takes place when a quartz tungsten halogen
lamp is used (Elliott and Kolobov used this kind of
light source when they first observed the phenome-
non [5,6]) is the total disappearance of FSDP in the
former, while in the latter there is practically no dif-
ference between the XRD patterns of as-evaporated
and photo-vitrified films.

Moreover, the crystallization—vitrification process
was found to be reversible; the photo-vitrified film
could again be crystallized by thermal annealing at
150°C and subsequently vitrified once more by illu-
mination. This reversible effect can be repeated many
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times; for instance, we have performed five such
cycles on one of our samples. It should be empha-
sized that this unusual photo-induced effect seems to
be unique to AssgSes, films: our attempts to crystal-
lize other amorphous As-Se films with different
composition by annealing them for 72 h, as the pre-
lude to investigating the photo-vitrification phenom-
enon, have clearly failed.

The calculation procedures of the refractive index,
n, and average film thickness, d, will now be pre-
sented. First of all, the optical transmission, T, in
the transparent region at a specific wavelength A, for
the present case of non-uniform thickness, can be ob-
tained by the expression [7]
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where A=16n%, B=(n+1)3(n+s?), C=
2(n2—1)(n?—s%), D=(n-1)*(n—s?), p=4nnd/A,
with ¢, =4nn(d— Ad) /2 and ¢, =4nn(d+ Ad)/A. Tt
1s assumed that the thickness varies linearly over the
illuminated area, so that the thickness is: d=d+ Ad
(see Fig. 2). Ad refers to the actual variation in thick-
ness from the average thickness and s is the refractive
index of the substrate. The expressions for the envel-
opes around the interference maxima and minima of
the optical transmission spectrum are the following

[7]:
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Fig. 2. Typical optical transmission spectra for the as-deposited,
crystallized and photo-amorphized AssoSeso thin films, respec-
tively. Also, diagram showing an absorbing thin film with a linear
variation in thickness on a thick transparent substrate.
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where a=A/(B+ D), b=C/(B+D) and Ap=¢,—¢,.
The range of validity of Eq. (2) is: 0<Ad<A/4n. In
addition, the two expressions included in Eq. (2) are
two independent transcendental equations with only
two unknown parameters, # and Ad. They have been
successfully solved for the experimental values using
a standard computer method (Newton-Raphson
iteration).

On the other hand, Fig. 2 shows three typical trans-
mission spectra corresponding to the as-evaporated,
crystallized and photo-vitrified AsspSes, films, re-
spectively. Firstly, the values of the maximum and
minimum transmission, 7., and T, are used in
Eq. (2) to derive the values of the refractive index
and thickness variation, shown as #, and Ad in Table
1 (some of the results belonging to the photo-amor-
phized film are presented as a representative exam-
ple). From the very stable values of Ad in Table 1 it
seems reasonable to suggest a value for the thickness
variation of ~34 nm. In addition, the values of n,
can be used to derive d from the basic equation for
the interference fringes, 2nd=mi (m is the order
number of the interference extrema), and also im-
proved values for n, shown as n,, as described in de-
tail in our previous work [13]. If this is carried out,
the value of d obtained in this particular case is
1109+ 19 nm (the accuracy is 1.7%). The values of
the thickness variation and average film thickness for
the as-evaporated and crystallized AssSesq films are
given in Table 2. The values of the inhomogeneity
parameter Ad show that the film quality decreases (it
becomes more wedge-shaped ) as it is subjected to the
different treatments. As to the d values, a densifica-
tion process takes place first, and a photo-induced
volume expansion follows.

Next, the spectral dependence of the refractive in-
dex 1s fitted to the Wemple-DiDomenico dispersion
relationship [ 14], that is, the single-oscillator model
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Table |

Values of A, Tpa, and Tppn for the photo-vitrified AsseSesq transmission spectrum shown in Fig. 2; the underlined transmittance values
are those derived by the envelope computer program [12]. Also, the accuracy improvement procedure for the refractive indices »,

A (nm) K] Tnax Tinin n, Ad (nm) m n,
1435 1.519 0.895 0.590 2.615 32.8 4.0 2.588
1283 1.532 0.888 0.594 2.614 324 4.5 2.603
1163 1.542 0.880 0.597 2.624 324 5.0 2.622
1066 1.543 0.872 0.598 2.633 334 5.5 2.643
984 1.538 0.863 0.602 2.636 34,7 6.0 2.662
918 1.533 0.854 0.604 2.645 355 6.5 2.690
860 1.532 0.844 0.603 2.668 35.9 7.0 2.714
813 1.525 0.831 0.602 2.698 36.7 7.5 2.749
Table 2

Values of the thickness variation Ad, average thickness d, dispersion parameters E, and E, (single-oscillator analysis) and optical band

gap Eg™ (Tauc’s extrapolation) for the thin films under study

Sample d (nm) Ad (nm) E, (eV) Ey(eV) ESP (eV)
as-evaporated 1119+10(0.9%) 18 4.07 24.08 1.87
crystallized 1066+ 11(1.1%) 28 3.92 25.86 1.81
photo-vitrified 1109+£19(1.7%) 34 3.64 19.56 1.78
EE and the intercept, E,/E4, on the vertical axis. The
& (E)=n*(E)=1+ ﬁ , (3) values of the dispersion parameters E, and E, for the
z_

where E, is the single-oscillator energy (typically near
the main peak of the €, (E)-spectrum) and Ej, is the
dispersion energy. By plotting (n%2—1)~! against E?
and fitting a straight line as shown in Fig. 3, E, and
E,4 are determined directly from the slope, (E.Eq) ~!,
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Fig. 3. Plot of the refractive-index factor (n%—1)~! versus E2 for
the as-deposited, crystallized and photo-vitrified films, respec-
tively; n(0) values are the refractive indices extrapolated to E=0.

as-evaporated, crystallized and photo-vitrified films
are listed in Table 2. The tendency of E| is such that
it is verified that E,~2E3™ (see Table 2) [15],
whereas E4 according to Wemple and DiDomenico
[14] obeys the proportionality relation Eqoc N, N ¢
being in this particular case the effective As coordi-
nation number, which implies that, indeed, gross
structural changes are inherent to the process of
athermal photo-amorphization of AssySesq thin films.

Finally, the crystal structure of AssgSeso is com-
posed of As,Se, quasi-spherical molecules, i.e. it is a
molecular crystal. Illumination conceivably causes
intramolecular bond breaking of covalent bonds
within the As,Se, molecules, giving rise to an amor-
phous cross-linked network. Alternatively, photo-in-
duced intermolecular bond breaking of van der Waals
or weak covalent bonds between As,Se, molecules
could occur, resulting in a translationally and orien-
tationally disordered amorphous phase in which the
integrity of the As,Se, molecules is preserved. A more
detailed study of the photo-induced amorphization
phenomenon is currently under way and the results
will be published elsewhere.
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