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Photoinduced anisotropic crystallization of amorphous Se
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~Received 13 December 1996!

Birefringence can be induced in Se films photocrystallized by linearly polarized light at;350 K. The
birefringence reaches;0.1, which is approximately 1/10 of that in the hexagonal Se. X-ray-diffraction inves-
tigations suggest that the photothermally induced birefringence is caused by alignment of Se chain molecules.
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I. INTRODUCTION

Chalcogenide glasses are known to exhibit a variety
photoinduced phenomena.1–3 Among these phenomena
photocrystallization4 and the photoinduced anisotropy5 are of
special interests here.

Photocrystallization in amorphous~a-!Se has been stud
ied by Dresner and Stringfellow.4 They demonstrate that th
crystallization rate ofa-Se into hexagonal crystals can b
enhanced as much as an order of magnitude by light illu
nation. Photocrystallization is also investigated in other m
terials such as As-Se~Ref. 6! and GeSe2 ~Ref. 7! using Ra-
man scattering experiments. The mechanism
photocrystallization is believed to be photoelectronic; i.
amorphous-to-crystalline structural changes are enhance
photoexcited carriers, while the details of the electron-latt
interaction are still ambiguous.6–9

On the other hand, Zhdanovet al. have discovered tha
optical anisotropy can be induced in chalcogenide glas
subjected to the exposure of linearly polarized light.5 For
instance, in As2S3, illumination of linearly polarized light at
room temperature can induce a dichroic shift of;5 meV in
the optical absorption edge and a birefringence
;0.002.1,10,11Note that As2S3 possesses an optical band-g
energy of 2.4 eV and a refractive index of 2.6,12 so that the
induced anisotropies are relatively small. The photoindu
anisotropy is assumed to be induced through the orienta
of some atomic units, while the structural entity of the un
has been controversial.13 The present authors have sugges
on the basis of some experimental observations that the
tity is considered to be anisotropic quasicrystalli
segments,11 the idea being originally proposed by Zhdan
et al.5

Taking these two phenomena into account, we may en
age a phenomenon which will be referred to as photoindu
anisotropic crystallization~PAC!. That is, illumination of lin-
early polarized light may transform isotropic amorpho
structures into oriented crystalline structures. In such a P
phenomenon, the anisotropy may be greater than that in
conventional anisotropy appearing in amorphous phases
addition, if the PAC phenomenon exists, the quasicrystal
model5,11 proposed for the conventional photoinduced a
isotropy will be reinforced. With these motivations in min
we will study the PAC phenomenon.

The present paper demonstrates the PAC phenomeno
Se. The observed birefringence in Se films is discusse
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relation to structural changes from amorphous to crystal
phase.

II. EXPERIMENTS

Se films with thicknesses of 0.1–1mm were evaporated
onto silica-glass substrates held at room temperature. T
the samples were annealed at 310 K for 3 days, which m
be effective for structural relaxation.

Photocrystallization of Se films was induced using li
early polarized light with a wavelength of 633 nm emitte
from He-Ne lasers. The light intensity was varied at 30 m
cm2 to 5 W/ cm2. The temperature of the samples und
illumination was varied at 300–360 K.

Birefringence at a wavelength of 633 nm was evalua
using a transmission-type ellipsometer at room tempe
ture.11 In this instrument, the phase difference of orthog
nally polarized light, which was transmitted through
sample, could be measured. The probe-light intensity w
reduced to 1 mW/cm2, and accordingly no appreciabl
photoeffect was induced under the monitoring process
The phase difference normalized to the film thickness p
vided the birefringence.

The structure of illuminated Se films was investigated
ing x-ray diffraction at room temperature. The diffractome
system consisted of a Cu target operating at 50 kV and
mA, a pole-figure goniometer, and a scintillation counter
ted with a graphite monochromator.

III. RESULTS

A. Optical

Figure 1 shows the birefringenceDn5n(i)2n(')
photoinduced at some temperaturesT as function of expo-
sure time. Heren(i)andn(') denote the refractive indice
parallel and perpendicular to the electric field of induci
light. As a reference, the change at 295 K is plotted by
dotted line.11

We see that the characteristics atT,Tg and T.Tg ,
whereTg @.310 K ~Refs. 2 and 14!# is the glass-transition
temperature of Se, are different. At the lower-temperat
region, 2Dn monotonically increases with the exposu
time. In contrast, at the higher-temperature region,2Dn in-
creases first, showing a maximum, and then decreases.
that the samples illuminated atT,Tg are amorphous,11

while as described in Sec. III B the samples illuminated
206 © 1997 The American Physical Society



e
n

c
s

oin

in
,

th
an

rin
n-
of
nc
e

pl
m

de
n

at
a-
it-

were
n-
al-
ited
ls
red,
in-
the
ver,
o-

ed
e-

f a
ted

al

ent

vely,

its a
di-
ce,
e
h

frin

a
in

io
ize

56 207PHOTOINDUCED ANISOTROPIC CRYSTALLIZATION OF . . .
T.Tg exhibit crystalline diffraction peaks. Therefore, th
high-temperature result is assumed to be a manifestatio
the PAC phenomenon.

Figure 2 shows the maximal photoinduced birefringen
as a function ofT. At T.Tg , no appreciable birefringence i
induced. In contrast, at 350 K,Dn reaches;20.07, which is
much greater than that induced in the conventional phot
duced birefringence observed atT,Tg . Actually, the mag-
nitude amounts approximately to 1/10 of the natural birefr
gence in hexagonal Se, 0.8.14 At higher temperatures
conventional thermal crystallization,4 which is inherently
isotropic, seems to prevail. We can assume, therefore,
the PAC phenomenon critically depends upon photo
thermal effects.

Figure 3 shows the dependence of the maximal biref
gence at 350 K upon the light intensity of illumination. U
der intense illumination, the quantitative reproducibility
Dn becomes worse, which may reflect a sensitive influe
of the photo and thermal effects. However, we can se
substantial increase in2Dn with light intensity, which is
likely to manifest a greater photoeffect.

Some comments may be needed here for the sam
First, the PAC phenomenon appeared similarly in Se fil
with thicknesses of 0.1–1mm. In thicker films, the birefrin-
gence may decrease, probably because the penetration
of 633-nm light is;1 mm.2,14Second, the PAC phenomeno

FIG. 1. Exposure-time dependence of the photoinduced bire
gence2Dn5n(i)2n(') in ana-Se film of 1mm, 330 K~d!, 340
K ~s!, and 350 K~j!. For the 295 K result, which is plotted by
dotted line, the right-hand-side scale applies. The excited light
tensity is 300 mW/cm2.

FIG. 2. Maximal photoinduced birefringence in Se as a funct
of temperature at which the sample is exposed to linearly polar
light of a wavelength 633 nm and an intensity of 300 mW/cm2. The
results at temperature below 320 K are also plotted~Ref. 11!.
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could be induced only in Se films annealed beforehand
;310 K. If as-deposited Se films were exposed to illumin
tion, e.g., at 350 K, the films were just crystallized, exhib
ing the known spherulite morphology.4 Naturally, no bire-
fringence was detected, because the spherulite crystals
isotropic in the film plane. On the other hand, the films a
nealed at 310 K exhibited a different feature. That is,
though the annealed film looked similar to the as-depos
films, after illumination, no appreciable spherulite crysta
appeared. The films looked coarse textured and gray colo
accompanying a marked birefringence. Third, the birefr
gence obtained through PAC was retained stably if
sample was kept in the dark at room temperature. Howe
the anisotropy was reduced by illumination of circularly p
larized light at temperatures aboveTg . A reversible aniso-
tropic change observed in conventional photoinduc
anisotropy5,10,11,13was not demonstrated in the PAC ph
nomenon.

B. Structural

Figure 4 shows a series of x-ray-diffraction patterns o
photocrystallized Se film. The sample has been illumina
at 350 K for 15 min with linearly polarized light~300 mW/
cm2, 633 nm!, which is demonstrated to provide a maxim
birefringence~see Fig. 1!. As illustrated in Fig. 1, in~a! and
~b!, the sample has been fixed to the goniometer in differ
ways: in ~a!, the electric field vectorE of the light being
horizontal, and in~b! it being vertical. In addition, diffraction
patterns have been measured at some bowing anglesg, and
accordingly, the diffraction pattern atg50° corresponds to
the conventional Bragg arrangement.

We can see in Fig. 4 the four crystalline peaks at 2u524°,
30°, 41°, and 45°. These peaks can be indexed, respecti
as 100, 101, 110, and 111 of the hexagonal Se crystal~see
Fig. 5 for the unit cell!.15 As g increases from 0° to 50°, the
100 peak dramatically decreases and the 101 peak exhib
maximum. Thisg dependence of 100 and 101 peaks in
cates that Se chains orientate parallel to the film surfa
since 100 planes are parallel to thec axis and 101 planes ar
inclined ~Fig. 5!. This chain orientation is consistent wit
previous macroscopic observations.16 In these diffraction

-

-

n
d

FIG. 3. Maximal birefringence2Dn at 350 K as a function of
the light intensity of illumination.
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208 56K. ISHIDA AND K. TANAKA
patterns, however, we can hardly see a plausible differe
between the horizontal and vertical configurations.

To see whether anisotropic effects may exist, we plot
100 and 101 peak intensities as a function ofg. Figure 6
shows that the 100 peak intensity decreases withg, while the
101 intensity exhibits a peak atg537°. For the anisotropy
no appreciable difference is seen for the 100 peaks. H
ever, for the 101 peak, the horizontal configuration~solid
line! gives a higher intensity atg537° by;10%. Note that
these 100 and 101 characteristics have been confirmed i
two samples investigated.

FIG. 4. X-ray-diffraction patterns of a photocyrstallized Se fi
fixed to the goniometer in two different ways: in~a!, the electric
field vectorE of light being horizontal, and in~b! vertical. Diffrac-
tion patterns have been measured at some bowing anglesg, and
accordingly, the diffraction pattern atg50° corresponds to the con
ventional Bragg arrangement.

FIG. 5. Structural illustration of hexagonal Se with 100 and 1
planes. The 100 plane is parallel to thec axis, and 101 plane tilts
37° to thec axis.
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IV. DISCUSSION

Recently, Fritzsche has proposed a model for conv
tional photoinduced anisotropy.13 He assumes that anneale
chalcogenide glasses appear isotropic, since anisotropic
ments contained in the glass align in random orientations
such a glass is exposed to linearly polarized light, the an
tropic elements with the principal axis nearly parallel to t
electric field vector of light will be excited preferentially
Then the excited elements may relax into other orientatio
In consequence, after illumination, the anisotropic eleme
align so that the principal axes lie perpendicularly to t
electric field vector of light, and accordinglyDn,0 appears.

On the other hand, properties of Se are known
follows:14 The crystal, stable at room temperature, is the h
agonal form, which is illustrated in Fig. 5. Since the structu
is uniaxial, it exhibits a birefringence ofn(Eic)53.6 and
n(E'c)52.8, whereE is the electric field vector of light. In
contrast the structure ofa-Se is known to depend upo
preparation procedures and so forth, while annealeda-Se is
most likely to be composed of entangled chain molecule

Combining Fritzsche’s model with the Se structure, w
can predict for Se samples illuminated with linearly pola
ized light that Se chains tend to align perpendicularly to
electric field vector of light. This prediction is in harmon
with a previous study for conventional photoinduc
anisotropy.11 Then we can further expect that oriented
crystals can be produced with illumination at appropria
temperatures.

The present x-ray result supports the above idea. An
portant structural feature is that horizontal configurati
gives rise to the higher 101 intensity atg537° ~Fig. 6!. In
the horizontal configuration, the above notion predicts t
Se chain molecules align vertically. Then, since thec axis
and 101 planes intersect at 37°,14 wheng becomes 37°, the
101 peak becomes maximal. On the other hand, in a ver
configuration, the molecules are expected to align horiz
tally. Accordingly, the 100 peak can behave similarly to th
in the horizontal configuration, which is consistent with t
result in Fig. 6. However, in an ideal case such as in a sin
crystal, this configuration could not give the 101 diffractio
peaks at anyg, since the 101 plane cannot become perp
dicular to the plane defined by incident and scattered x ra

FIG. 6. g dependence of x-ray intensities of 100~solid symbols!
and 101~open symbols! peaks for the horizontal~circle! and verti-
cal ~square! configurations.



e
fe
th
d

ity
on
o
th
lli
n
a
i-
g

no
ry
c
ha
o
-
is

ro
a
es

tive
fa-
eal-

ot

ced
rly
to

re-
tion
e-
pic
the
ot-

nts
a-
nd
td.

56 209PHOTOINDUCED ANISOTROPIC CRYSTALLIZATION OF . . .
needlessly, since we are dealing with partially crystalliz
samples and the alignment is not ideal. However, the pre
ential alignment of the chain molecules perpendicular to
electric field vector of linearly polarized light can be inferre
from the more intense 101 peak atg537° in the horizontal
configuration.

Quantitatively, as described in Sec. III B, the intens
difference between the horizontal and vertical configurati
of the 101 peak atg537° is;10%, and this value seems t
be consistent with the observed birefringence. That is,
intensity difference can be used as a measured of crysta
orientation. Then, since the birefringence in the hexago
crystal is 0.8,14 the partially oriented crystal may show
birefringence of;0.08, which is nearly the same as the b
refringence obtained through PAC. This agreement stron
suggests the existence of the PAC phenomenon in Se.

However, the atomic mechanism of the PAC phenome
is largely speculative at present. For conventional photoc
tallization processes, it is assumed that illumination enhan
the crystal-growth rate by cessation and slippage of the c
molecules through photoexcitation and recombination
electrons and holes.4 In the PAC phenomenon, a similar pro
cess can occur, while the growth rate should become an
tropic with linearly polarized illumination.

Effects of the annealing at 310 K for 3 days upon mic
scopic structures have not been known explicitly. Krisciun
et al.17 have demonstrated that as-evaporated Se poss
-
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columnar inhomogeneous structures, which may be effec
to produce spherulite crystals. Such a film structure is un
vorable for the creation of anisotropic structures. The ann
ing can provide a kind of structural relaxation18 or increases
in molecular weight,8 while the structural changes have n
been demonstrated microscopically.

V. CONCLUSIONS

We have demonstrated that birefringence can be indu
in evaporated Se films by photocrystallization with linea
polarized light. The photoinduced birefringence reaches
1/10 of that in the hexagonal single crystal. This optical
sult seems to be consistent with the structural orienta
which is inferred from x-ray-diffraction patterns. These r
sults provide a demonstration of photoinduced anisotro
crystallization. In addition, the present result reinforces
quasicrystalline model for conventional photoinduced anis
ropy.
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