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Photoinduced anisotropic crystallization of amorphous Se
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Birefringence can be induced in Se films photocrystallized by linearly polarized light380 K. The
birefringence reaches0.1, 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.
[S0163-182697)05425-9

I. INTRODUCTION relation to structural changes from amorphous to crystalline

Chalcogenide glasses are known to exhibit a variety oP hase.
photoinduced phenomena®> Among these phenomena,
photocrystallizatiofiand the photoinduced anisotrémyre of
special interests here. Se films with thicknesses of 0.1-dm were evaporated

Photocrystallization in amorphoua-)Se has been stud- onto silica-glass substrates held at room temperature. Then
ied by Dresner and StringfellovThey demonstrate that the the samples were annealed at 310 K for 3 days, which might
crystallization rate ofa-Se into hexagonal crystals can be be effective for structural relaxation.
enhanced as much as an order of magnitude by light illumi- Photocrystallization of Se films was induced using lin-
nation. Photocrystallization is also investigated in other maearly polarized light with a wavelength of 633 nm emitted
terials such as As-S@Ref. 6 and GeSg(Ref. 7) using Ra-  from He-Ne lasers. The light intensity was varied at 30 mW/
man scattering experiments. The mechanism ofn¥ to 5 W/ cnf. The temperature of the samples under
photocrystallization is believed to be photoelectronic; i.e. illumination was varied at 300-360 K.
amorphous-to-crystalline structural changes are enhanced by Birefringence at a wavelength of 633 nm was evaluated
photoexcited carriers, while the details of the electron-latticé/Sing a transmission-type ellipsometer at room tempera-
interaction are still ambiguotfs® ture:” In th_|s mst_rument, j[he phase d|ffere_nce of orthogo-

On the other hand, Zhdanaat al. have discovered that nally polarized light, which was transmitted through a

optical anisotropy can be induced in chalcogenide glasse3@MPple, could be measured. The probe-light intensity was

subjected to the exposure of linearly polarized ligtior ~ reduced to 1 mW/c?m and accordingly no appreciable

instance, in AsS,, illumination of linearly polarized light at Photoeffect was induced under the monitoring processes.

room temperature can induce a dichroic shift-e6 meV in T_he phase_dﬁfgrence normalized to the film thickness pro-

the optical absorption edge and a birefringence ofvided the birefringence. . , _

~0.0021% 1 Note that AsS, possesses an optical band-gap. The strqcture.of illuminated Se films was mv_estlgated us-

energy of 2.4 eV and a refractive index of 3%s0 that the NG X-ray dlffr_actlon at room temperaturg. The diffractometer

induced anisotropies are relatively small. The photoinducedYStém consisted of a Cu target operating at 50 kV and 250

anisotropy is assumed to be induced through the orientatiof*As @ pole-figure goniometer, and a scintillation counter fit-

of some atomic units, while the structural entity of the units!®d With a graphite monochromator.

has been controversidl . The present authors have suggested

on the basis of some experimental observations that the en- Ill. RESULTS

tity is considered to be anisotropic quasicrystalline A Optical

segments! the idea being originally proposed by Zhdanov - P

et al® Figure 1 shows the birefringenc&an=n(ll)—n(L)
Taking these two phenomena into account, we may envisphotoinduced at some temperatufesas function of expo-

age a phenomenon which will be referred to as photoinducedure time. Heren(ll)andn(L) denote the refractive indices

anisotropic crystallizatiodPAC). That is, illumination of lin-  parallel and perpendicular to the electric field of inducing

early polarized light may transform isotropic amorphouslight. As a reference, the change at 295 K is plotted by a

structures into oriented crystalline structures. In such a PAGotted line**

phenomenon, the anisotropy may be greater than that in the We see that the characteristics BTy and T>T,,

conventional anisotropy appearing in amorphous phases. mhereT, [=310 K (Refs. 2 and 14 is the glass-transition

addition, if the PAC phenomenon exists, the quasicrystallindemperature of Se, are different. At the lower-temperature

modeP'! proposed for the conventional photoinduced an-region, —An monotonically increases with the exposure

isotropy will be reinforced. With these motivations in mind, time. In contrast, at the higher-temperature regierAn in-

we will study the PAC phenomenon. creases first, showing a maximum, and then decreases. Note
The present paper demonstrates the PAC phenomenon ihat the samples illuminated at<T, are amorphous!

Se. The observed birefringence in Se films is discussed iwhile as described in Sec. Il B the samples illuminated at

II. EXPERIMENTS
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FIG. 1. Exposure-time dependence of the photoinduced birefrin- B

gence— An=n(ll)—n(L) in ana-Se film of 1um, 330 K(@®), 340 0.00— 162 0 163 "
K (O), and 350 K(H). For the 295 K result, which is plotted by a
dotted line, the right-hand-side scale applies. The excited light in-
tensity is 300 mWi/crh

intensity (mW/cm?)

FIG. 3. Maximal birefringence- An at 350 K as a function of

T>T, exhibit crystalline diffraction peaks. Therefore, the the light intensity of illumination.

high-temperature result is assumed to be a manifestation of
the PAC phenomenon. could be induced only in Se films annealed beforehand at
Figure 2 shows the maximal photoinduced birefringence~310 K. If as-deposited Se films were exposed to illumina-
as a function off . At T=T, no appreciable birefringence is tion, e.g., at 350 K, the films were just crystallized, exhibit-
induced. In contrast, at 350 Kn reaches-—0.07, whichis  ing the known spherulite morpholodyNaturally, no bire-
much greater than that induced in the conventional photoinfringence was detected, because the spherulite crystals were
duced birefringence observed B« T,. Actually, the mag- isotropic in the film plane. On the other hand, the films an-
nitude amounts approximately to 1/10 of the natural birefrin-nealed at 310 K exhibited a different feature. That is, al-
gence in hexagonal Se, 0‘8.At higher temperatures, though the annealed film looked similar to the as-deposited
conventional thermal crystallizatishwhich is inherently films, after illumination, no appreciable spherulite crystals
isotropic, seems to prevail. We can assume, therefore, thajppeared. The films looked coarse textured and gray colored,
the PAC phenomenon critically depends upon photo andiccompanying a marked birefringence. Third, the birefrin-
thermal effects. gence obtained through PAC was retained stably if the
Figure 3 shows the dependence of the maximal birefrinsample was kept in the dark at room temperature. However,
gence at 350 K upon the light intensity of illumination. Un- the anisotropy was reduced by illumination of circularly po-
der intense illumination, the quantitative reproducibility of larized light at temperatures aboig. A reversible aniso-
An becomes worse, which may reflect a sensitive influencgropic change observed in conventional photoinduced
of the photo and thermal effects. However, we can see anisotropy®!'3was not demonstrated in the PAC phe-
substantial increase ir-An with light intensity, which is  nomenon.
likely to manifest a greater photoeffect.
Some comments may be needed here for the samples.
First, the PAC phenomenon appeared similarly in Se films B. Structural
with thicknesses of 0.1—&m. In thicker films, the birefrin- =

gence may decrease, probably because the penetration deBWbtocr : . : :
o 214 ystallized Se film. The sample has been illuminated
of 633-nm light is~1 um.*™ Second, the PAC phenomenon at 350 K for 15 min with linearly polarized ligB00 mWw/

cn?, 633 nm, which is demonstrated to provide a maximal

igure 4 shows a series of x-ray-diffraction patterns of a

0.08— 5 birefringence(see Fig. 1 As illustrated in Fig. 1, ifa and
L - (b), the sample has been fixed to the goniometer in different
0.06- | ways: in (a), the electric field vectoE of the light being

horizontal, and irb) it being vertical. In addition, diffraction
c patterns have been measured at some bowing anglasd
<|1 0.04- 7 accordingly, the diffraction pattern at=0° corresponds to
- - the conventional Bragg arrangement.
0.02- N We can see in Fig. 4 the four crystalline peaks @&t24°,
30°, 41°, and 45°. These peaks can be indexed, respectively,
[— - i as 100, 101, 110, and 111 of the hexagonal Se cryses
0.00 5650200 300 400 Fig. 5 for the unit ce).™ As y increases from 0° to 50°, the
temperature(K) 100 peak dramatically decreases and the 101 peak exhibits a
maximum. Thisy dependence of 100 and 101 peaks indi-
FIG. 2. Maximal photoinduced birefringence in Se as a functioncates that Se chains orientate parallel to the film surface,
of temperature at which the sample is exposed to linearly polarizegince 100 planes are parallel to thexis and 101 planes are
light of a wavelength 633 nm and an intensity of 300 mWicithe  inclined (Fig. 5. This chain orientation is consistent with
results at temperature below 320 K are also plotReef. 11). previous macroscopic observatiofisin these diffraction




208 K. ISHIDA AND K. TANAKA 56

counts counts counts
+ \Vf [ r + - 1t - 1 1T
[ (a) bl I ]
2000 | _ H 1000} 1200
1000 . | P o | ]
i R ' =] A ] o
: v : _100 -
0<— . i ]
20 30 6 40 50 i )
counts 2 6 (deg) 0 0
(b) b5

e -
i 5 N FIG. 6. y dependence of x-ray intensities of 1@&dlid symbol$
ml

1000 o and 101(open symbolspeaks for the horizontdkircle) and verti-
- cal (square configurations.
ol
20 IV. DISCUSSION

Recently, Fritzsche has proposed a model for conven-
FIG. 4. X-ray-diffraction patterns of a photocyrstallized Se film tional photoinduced anisotropy.He assumes that annealed
fixed to the goniometer in two different ways: {a), the electric  chalcogenide glasses appear isotropic, since anisotropic ele-
field vectorE of light being horizontal, and ifb) vertical. Diffrac-  ments contained in the glass align in random orientations. If
tion patterns have been measured at some bowing anglesd  sych a glass is exposed to linearly polarized light, the aniso-
accordingly, the diffraction pattern a=0° corresponds to the con- trgpic elements with the principal axis nearly parallel to the
ventional Bragg arrangement. electric field vector of light will be excited preferentially.
Then the excited elements may relax into other orientations.
patterns, however, we can hardly see a plausible differencd consequence, after illumination, the anisotropic elements

between the horizontal and vertical configurations. align _so_that the prin_cipal axes lie p_erpendicularly to the
To see whether anisotropic effects may exist, we plot theelectric field vector of light, and accordinglyn<0 appears.
100 and 101 peak intensities as a functionyofFigure 6 On the other hand, properties of Se are known as

shows that the 100 peak intensity decreases withhile the follows:* The crystal, stable at room temperature, is the hex-
101 intensity exhibits a peak gt=37°. For the anisotropy, agonal form, which is illustrated in Fig. 5. Since the structure
no appreciable difference is seen for the 100 peaks. Howis uniaxial, it exhibits a birefringence af(Elic)=3.6 and
ever, for the 101 peak, the horizontal configuratisolid  n(ELc)=2.8, whereE is the electric field vector of light. In
line) gives a higher intensity ag=37° by ~10%. Note that contrast the structure o&-Se is known to depend upon
these 100 and 101 characteristics have been confirmed in tipgeparation procedures and so forth, while anneal&e is
two samples investigated. most likely to be composed of entangled chain molecules.
Combining Fritzsche’s model with the Se structure, we
can predict for Se samples illuminated with linearly polar-
Cc ized light that Se chains tend to align perpendicularly to the
'\ electric field vector of light. This prediction is in harmony
with a previous study for conventional photoinduced
anisotropy'! Then we can further expect that oriented Se
crystals can be produced with illumination at appropriate
temperatures.

The present x-ray result supports the above idea. An im-
portant structural feature is that horizontal configuration
gives rise to the higher 101 intensity a=37° (Fig. 6). In
the horizontal configuration, the above notion predicts that
Se chain molecules align vertically. Then, since thaxis
and 101 planes intersect at 37%when y becomes 37°, the
101 peak becomes maximal. On the other hand, in a vertical
configuration, the molecules are expected to align horizon-
tally. Accordingly, the 100 peak can behave similarly to that
in the horizontal configuration, which is consistent with the
result in Fig. 6. However, in an ideal case such as in a single

FIG. 5. Structural illustration of hexagonal Se with 100 and 101crystal, this configuration could not give the 101 diffraction
planes. The 100 plane is parallel to thexis, and 101 plane tilts peaks at anyy, since the 101 plane cannot become perpen-
37° to thec axis. dicular to the plane defined by incident and scattered x rays,
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needlessly, since we are dealing with partially crystallizedcolumnar inhomogeneous structures, which may be effective
samples and the alignment is not ideal. However, the prefetto produce spherulite crystals. Such a film structure is unfa-
ential alignment of the chain molecules perpendicular to thesorable for the creation of anisotropic structures. The anneal-
electric field vector of linearly polarized light can be inferred ing can provide a kind of structural relaxati6ror increases
from the more intense 101 peak #37° in the horizontal in molecular weigh while the structural changes have not
configuration. been demonstrated microscopically.

Quantitatively, as described in Sec. lll B, the intensity
difference between the horizontal and vertical configurations
of the 101 peak ay=37° is ~10%, and this value seems to V. CONCLUSIONS
be consistent with the observed birefringence. That is, the

) Lo .~ We have demonstrated that birefringence can be induced
intensity difference can be used as a measured of crystalhnlf

evaporated Se films by photocrystallization with linearly
olarized light. The photoinduced birefringence reaches to
1/10 of that in the hexagonal single crystal. This optical re-
sult seems to be consistent with the structural orientation
Which is inferred from x-ray-diffraction patterns. These re-

SU%Q;;teS\/éTetﬁélziﬁmi r(w):etchrfalr?i':% g?tehneogigoghgnirieno sults p_rovi_de a demo_nstration of photoinduced_ anisotropic
: ' X . Iarystalhzatlon. In addition, the present result reinforces the
s largely speculative at present. For conventional phOtocryS'uasicrystalline model for conventional photoinduced anisot-
tallization processes, it is assumed that illumination enhancer
the crystal-growth rate by cessation and slippage of the chain Py-
molecules through photoexcitation and recombination of

orientation. Then, since the birefringence in the hexagona
crystal is 0.8 the partially oriented crystal may show a
birefringence of~0.08, which is nearly the same as the bi-
refringence obtained through PAC. This agreement strongl

electrons and hole"s!n the PAC phenomenon, a similar pro- ACKNOWLEDGMENTS
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