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Structural and optical properties of photocrystallized Se films

Takeshi Innami and Sadao Adachi
Department of Electronic Engineering, Faculty of Engineering, Gunma University, Kiryu-shi, Gunma 376-8515, Japan

~Received 2 April 1999!

Structural and optical properties of photocrystallized Se films have been studied using x-ray diffraction
~XRD!, spectroscopic ellipsometry~SE!, andex situatomic force microscopy~AFM! techniques. The amor-
phous (a-) Se films used are deposited by vacuum evaporation on glass substrates at 300 K. Photocrystalli-
zation is performed using a linearly polarized 488.0-nm line of an Ar laser. For comparison, thermocrystallized
films at 100 °C for 1 h in a dry N2 atmosphere are studied. The XRD pattern shows that the photocrystallized

film is characterized by a polycrystalline structure with which the (1010̄) plane is preferentially grown. The SE
data also give that thec axis is perpendicular to the direction of the polarization of the illuminating light. The
thermocrystallized film, on the other hand, shows an unoriented polycrystalline nature. The dielectric functions
for these two films are considerably smaller than those for a bulk, single-crystalline Se. This is mainly due to
the roughened surfaces of the photo- and thermocrystallized films. The change in surface morphology after
photo- and thermocrystallization is independently assessed by the AFM.@S0163-1829~99!05535-6#
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I. INTRODUCTION

Amorphous (a-) chalcogenide semiconductors are know
to exhibit various photoinduced phenomena, such
photocrystallization,1 photoinduced anisotropy,2 and
photodarkening,3 promising that they can be used as mate
als for optical memory devices.a-Se is the simplest repre
sentative of amorphous chalcogenide semiconductors. Ph
crystallization was first observed by Dresner a
Stringfellow.1 They found that the highly absorbed 200-
Hg arc light enhances the crystallization rate ofa-Se into
hexagonal crystals as much as an order of magnitude. N
it is known as a common property of chalcogenide glas
when excited with either interband- or subgap-polarized
even unpolarized light.

Photostructural change ina-Se has been studied by x-ra
diffraction ~XRD!,4,5 in situ extended x-ray absorption fin
structure,6,7 and Raman scattering measurements.5,7,8 It has
also been reported on a polarized-light-induced anisotrop
the refractive index4,9 and optical absorption10,11 of a-Se
films. These studies give a deep understanding of the ph
crystallized Se properties. However, its mechanism is
under discussion.

Spectroscopic ellipsometry~SE! is an advantageous tech
nique to measure the optical response of solids. This te
nique is unquestionably more powerful than conventional
flectmetry technique for a number of reasons.12 For example,
it can directly determine the complex dielectric consta
«(E)5«1(E)1 i«2(E), on a wavelength-by-wavelength ba
sis without having to resort to multiple measurements or
Kramers-Kronig analysis. To our knowledge, however,
SE study has been performed on photo- or thermocrys
lized Se films to date. No or little data are also available
the optical constants of such materials at high photon e
gies. Knowledge of the optical constants of semiconduc
is of great importance in the design and analysis of vari
optical devices using these semiconductors.

In this paper we report on structural and optical proper
of the photocrystallized Se films studied using XRD, SE, a
PRB 600163-1829/99/60~11!/8284~6!/$15.00
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ex situatomic force microscopy~AFM! measurement tech
niques. For comparison, thermocrystallized films at 100
for 1 h in a dry N2 atmosphere are investigated.

II. EXPERIMENTAL

Thea-Se films were deposited by vacuum evaporation
a base pressure of 231026 Torr on Corning 7059 glasses a
room temperature. The purity of the Se source w
99.9999% (6N). The deposited film thickness was measur
to be about 0.85mm using a Talystep profilometer.

Photocrystallization was performed by illuminating with
linearly polarized 488.0-nm line of an Ar laser at room tem
perature. The laser-power density of;20 W/cm2 used in this
study allows us to heat the sample nearly equal to the t
perature of a-Se softening (Tg;30 °C, glass transition
temperature!.8,13 In order to obtain a large photocrystallize
area, a light spot in 0.7-mm-diameter was scanned over
sample surface~;50 mm2! at a rate of;1.3 mm2/h. For
comparison, thermocrystallization was carried out by anne
ing the a-Se samples at 100 °C for 1 h in a dry N2 atmos-
phere.

The crystalline quality of the photo- and thermocryst
lized films was evaluated by the XRD~RAD-IIC, Rigaku
Co., Ltd.! with Cu Ka radiation. The diffraction traces wer
obtained at theu22u scanning mode.

The SE instrument used in this study was of a rotat
analyzer type~DVA-36VW-A, Mizojiri Optical, Co., Ltd.!.
A 150-W xenon lamp was used as the light source. The
measurements were performed at room temperature in
over the photon-energy range of 1.2–5.2 eV. The angle
incidence was set at 70° with a polarization azimuth of 4

Surface morphology of the photo- and thermocrystalliz
Se films was investigated by means of anex situAFM, using
a Digital Instruments Nanoscope III. The AFM images we
acquired in the tapping mode and in the repulsive force
gime with a force constant of the order of 1 nN between
AFM tip and sample surface.
8284 ©1999 The American Physical Society
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III. RESULTS

A. XRD measurements

Figure 1 shows the XRD traces measured by using
u22u scan mode for~a! the as-depositeda-Se, ~b! thermo-
crystallized, and~c! photocrystallized Se films. We can se
that for the as-depositeda-Se film @Fig. 1~a!# only a diffuse
peak is observed at 2u;23.4°. The fact indicates that th
structure of the as-deposited film is surely amorphous.

The thermocrystallized film in Fig. 1~b! shows some rela
tively strong peaks at 2u;23.5°, ;29.7°,;41.9°,;44.9°,
;51.9°, and;65.2°. These peaks can be indexed from
ASTM card of the hexagonal Se as (1010̄), (101̄1),
(112̄0), (112̄1), (202̄1), and (213̄0), respectively. We can
thus, rightly conclude that the structure of the thermocrys
lized film is polycrystalline. The full width at the half maxi
mum ~FWHM! of the two main peaks are, respective
;2.4° @(101̄0)# and;1.4° @(101̄1)#.

The XRD trace of the photocrystallized film@Fig. 1~c!#,
on the other hand, reveals a very strong peak at 2u;23.4°

@(101̄0)# and its second weak peak at 2u;48.0° @(202̄0)#.
This implies a preferred surface orientation of the photocr
tallized film, i.e., the crystallites with the (1010̄) plane par-
allel to the substrate surface are predominate. T
(101̄0)-peak FWHM value;0.9° for the photocrystallized
film is also found to be considerably smaller than that for
thermocrystallized value~;2.4°!, suggesting higher crystal
line quality of the former film.

B. «„E… measurements

We have measured the«(E) spectra for the thermo- an
photocrystallized Se films by SE in the 1.2–5.2-eV photo
energy range at room temperature. Since hexagonal~or trigo-
nal! material is optically anisotropic, the films have been fi
of all measured at various configurations, i.e., by rotating

FIG. 1. XRD traces for~a! the as-depositeda-Se, ~b! thermo-
crystallized~100 °C, 1 h!, and~c! photocrystallized Se films.
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specimen around the axis perpendicular to their surface
also by varying the angle of incidence and polarizer azimu
The measured«(E) spectra showed no clear differenc
against specimen rotation for the thermocrystallized film a
a remarkable difference for the photocrystallized one, resp
tively.

1. Thermocrystallized film

The fact that no clear difference in the«(E) spectra
against specimen rotation for the thermocrystallized fi
strongly suggests a random orientation of the crystallites
the film. This is in agreement with the XRD result~i.e., an
unoriented polycrystalline film!. Figure 2 shows the«(E)
spectra for the thermocrystallized film, together with tho
for the as-depositeda-Se film ~Ref. 14!. The oscillations
seen in the low photon-energy region (E,2 eV) originate
from multiple internal reflections in the evaporated fil
where it is effectively transparent.

The dielectric function«(E) of a crystalline (c-) semi-
conductor is closely related to its energy band structure,
conclusions about the electronic energy bands can be dr
from features called critical points~CP’s! in the «(E)
spectra.15 A structureless feature in the«(E) spectra of

FIG. 3. Reflection of a light beam from a (1010̄) surface. The
light beam is incident at an anglef from the ambient~air! onto a
uniaxial crystal with the optic axisc parallel (f50°) and perpen-
dicular to the plane of incidence (f590°).

FIG. 2. «(E) spectra for the thermocrystallized film~100 °C, 1
h!, together with those for the as-depositeda-Se film ~Ref. 14!.
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a-Se, seen in Fig. 2, is typical behavior of amorphous se
conductors. The CP features observed in the thermocry
lized film are due to the appearance of crystal periodic
after annealing. In our measured«(E) spectra~Fig. 2!, we
can find at least three CP’s. These are atE;2.0, ;3.1, and
;3.8 eV.

2. Photocrystallized film

A remarkable difference in the«(E) spectra agains
specimen rotation was observed in the photocrystallized fi
This fact implies that the crystallites in the film have a p
ferred orientation. The XRD data suggested that the film
the (101̄0) plane as its surface@see Fig. 1~c!#. Note that the
(101̄0) plane thus contains the threefoldc axis on its plane.
As we will see next, our measured SE data indicated that
c axis is perpendicular to the direction of the polarization
the laser light used for the photocrystallization.

It is very lucky that the film has the (1010̄) plane as its
surface orientation. This allows us to determine a comp
set of the optical constants, i.e., those for the ordinary (E'c)
and extraordinary rays (Eic). If the film had thec plane as
its surface orientation, we were unable to determine suc
complete set of the optical constants but were able to de
mine only a set of the optical constants~i.e., only for E'c,
but not forEic).16

Let us assume that the light is incident at an anglef from
the ambient onto a uniaxial crystal with the optic axisc
parallel and perpendicular to the plane of incidence,
shown in Fig. 3. Fresnel’s formulas then allow us to calc
late the two complex reflection coefficientsr p and r s for
light polarized parallel and perpendicular to the plane of
cidence, respectively. If thec axis is parallel to both the
interface and the plane of incidence (d50°), Fresnel’s re-
flection coefficients can be simply written as17,18

r p5
A«'« i cosf2Xm

A«'« i cosf1Xm

, ~1!

r s5
cosf2Xm

cosf1Xm
, ~2!

with

Xm5A«'2sin2 f, ~3!

FIG. 4. d dependence ofD and c for the photocrystallized Se
film measured atE54.1 eV.
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where«' and « i represent the complex dielectric constan
for the ordinary and extraordinary rays, respectively.

If the c axis is parallel to the interface and perpendicu
to the plane of incidence (d590°), Fresnel’s expression ca
be given by17,18

r p5
«' cosf2Xm

«' cosf1Xm
, ~4!

r s5
cosf2Xn

cosf1Xn
, ~5!

with

Xn5A« i5sin2 f, ~6!

andXm is given by Eq.~3!.
Ellipsometry yields the complex ratior between Fresnel’s

reflection coefficientsr p and r s ,

r5
r s

r p
5tanceiD, ~7!

whereD andc are the ellipsometric variables. At each ph
ton energy E5\v, the four optical parameter
(«1' ,«2' ,«1i ,«2i) can be determined from the two pairs
SE measurements@rmeas(d50°, d590°)# by minimizing
the error functionG(«1' ,«2' ,«1i ,«2i),

17,18

FIG. 5. «(E) spectra for the photocrystallized Se film forE'c
~open circles! andEic ~solid circles! measured by SE. For compar
son, the spectra taken for the as-depositeda-Se film ~Ref. 14! are
shown by the solid lines. The oscillations seen in the low phot
energy region (E,2 eV) originate from multiple internal reflec
tions in the film where it is effectively transparent.
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G~«1' ,«2' ,«1i«2i!5 (
d50°, 90°

$@Re~rd
meas!2Re~rd

calc!#2

1@ Im~rd
meas!2Im~rd

calc!#2%, ~8!

wherercalc is the calculated reflection coefficient ratio.
We show in Fig. 4, as an example, thed dependence ofD

and c for the photocrystallized Se film measured atE
54.1 eV. It is easily understood from this figure thatD ex-
hibits a twofold symmetry with maxima atd50°, 180°, and
360°, corresponding to incident light perpendicular to thc
axis (E'c), and minima atd590° and 270°, correspondin
to incident light parallel to thec axis (Eic). Plots ofc ver-
sus d also exhibit a cosine shape with maxima atd50°,
180°, and 360° and minima atd590° and 270°, indicating
that the photocrystallized film is indeed optically uniaxial

Figure 5 shows the SE«(E) spectra for the photocrysta
lized Se film, together with those for the as-depositeda-Se
film ~Ref. 14!. As clearly seen in the figure, the measur
«(E) spectra show very strong polarization dependence.
in the thermocrystallized film~Fig. 2!, we can find at leas
three CP’s in the measured«(E) spectra.

Figure 6 compares the«(E) spectra for the photocrysta
lized film to those for a bulk, single-crystalline Se. The sp
tra for the bulk, single-crystalline Se were determined fro
reflectivity measurements by Tutihasi and Chen~Ref. 19!. It
is understood from Fig. 6 that the strength of each CP in
photocrystallized Se film is weaker than that in the bu
single-crystalline Se. This is because, as we will see in S
III C, the photocrystallized Se film has a considerable deg
of the surface roughness. The sum rules used popu

FIG. 6. «(E) spectra for~a! E'c and ~b! Eic for the photo-
crystallized Se film. The solid lines represent the spectra for a b
single-crystalline Se obtained from reflectivity measurements
Tutihasi and Chen~Ref. 19!. The positions of each CP are marke
by the vertical arrows (E02E3).
s
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suppose20 that the presence of voids, or in other words, de
sity deficits in the film medium, reduces the number of
fective oscillators per unit volume, resulting in the weak C
strength feature observed in such roughened film.

C. AFM observation

We usedex situ AFM to independently assess surfa
morphology changes produced by thermal annealing and
ser illumination. Figure 7 shows large-scale (131 or 10
310mm2) AFM images for~a! the as-depositeda-Se, ~b!
thermocrystallized, and~c! photocrystallized Se films. The
root-mean-square~rms! roughnesses obtained from these fi
ures are, respectively,~a! ;0.8, ~b! ;13, and~c! ;230 nm.
The as-depositeda-Se film is found to have a very flat sur
face. On the other hand, the thermocrystallized and es
cially photocrystallized films result in surface roughenin

k,
y

FIG. 7. Large-scale (131 or 10310mm2) AFM images for~a!
the as-deposited,~b! thermocrystallized~100 °C, 1 h!, and~c! pho-
tocrystallized Se films.
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The surfaces of these films then have a dense conelike@Fig.
7~b!# and a large ridge structure@Fig. 7~c!#, respectively.

IV. DISCUSSION

We have studied the structural and optical properties
the photocrystallized Se film deposited on a glass subs
under illumination of a 488.0-nm Ar laser line. The surfa
orientation of the film is found to be the (1010̄) plane, and
the c axis extended on the surface plane is perpendicula
the direction of the polarization of the illuminating ligh
These agree with those obtained by Poborchii, Kolobov,
Tanaka8 using a He-Ne~632.8 nm! and a Kr laser~647.1
nm!. However, these authors obtained as the prelimin
data that the use of 514.5-nm Ar green line results in
preference about thec-axis orientation. At this wavelength
and also at a 488.0-nm Ar blue line used in this study,
sorption will occur very strongly, and consequently, a gr
number of photoexcited carriers will be produced. It sho
be noted that the mechanism of photocrystallization is
lieved to be photoelectronic, i.e., it is associated with
photoexcited electrons and holes.21

Roy, Kolobov, and Tanaka5 have studied the effects o
illumination wavelength on the photocrystallization ofa-Se
using a Kr and an Ar laser. They observed a preferen
growth of the (101̄0) plane by illuminating a 676.4-nm K
red line and nonpreferential growth by a 488.0-nm Ar bl
line. The 488.0-nm Ar blue line data result is in direct co
trast with that obtained by us. The Ar laser power used
Roy, Kolobov, and Tanaka was 120 W/cm2, while ours is
;20 W/cm2. Note that the glass transition temperature
a-Se is very low,Tg;30 °C ~Ref. 13!. It may, thus, be pos-
sible to consider that the disagreement between these
studies is due to whether any laser-heating-induced me
nism was taking place in the photocrystallization process
not.

For c-Se,22–25 the first-order allowed optical transition
are k-conserved direct transitions, and therefore,
interband-transition optical spectrum reflects the joint d
sity of states in specific parts of the Brillouin zone. T
prominent joint-density-of-states features were observed
perimentally in«(E) of c-Se in the 1–15-eV spectral regio
for both E'c and Eic polarizations.19,26,27The majority of
the theoretical energy-band structure calculatio
report19,23,24that the lowest direct gapE0 in c-Se occurs at
or close to the cornerH of the hexagonally prismatic Bril-
louin zone. This energy gap determined experimentally
1.95 eV at 20 K.19 The direct optical transitions are als
expected to occur at theZ, G, andK points in the Brillouin
zone. The corresponding energy gaps determined experim
tally at 20 K are19 E1;3.3 eV for E'c and ;3.2 eV for
Eic(Z); E2;3.5– 3.8 eV for bothE'c and Eic(G); E3
;4.3 eV forE'c and;4.5 eV forEic(K). The positions of
such CP’s are marked in Fig. 6 by the vertical arrows.

For a-Se, the«2(E) spectrum showed a broad peak stru
ture~see Fig. 2!. Such a spectral feature is typically observ
in amorphous semiconductors, and is considered to be du
the breakdown of crystal periodicity in the amorphous sta
It has been shown14 that the «(E) data for a-Se can be
successfully interpreted by a modified model of Jellison a
Modine28 in which the two valence and the two conductio
f
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bands are properly taken into consideration.
SE is very sensitive to surface microroughness. It is p

sible, in principle, to mathematically remove the effects
surface microroughness from measured«(E) data using an
effective-medium-approximation~EMA! analysis.14,16 How-
ever, we found that in the present case this approach is
successful. This is because the mean height and correla
length of the surface irregularities observed on the therm
and photocrystallized films are comparable or larger than
wavelength of light (l;0.2– 1mm, see Fig. 7!. Note that in
the EMA analysis, such quantities are required to be l
than the wavelength of light.29

Ishida and Tanaka4 reported the birefringenceDn5ni

2n' at a wavelength of 632.8 nm in Se films photocryst
lized with a linearly polarized 632.8-nm line of a He-N
laser, whereni andn' represent the refractive index forEic
and E'c, respectively. They measured theDn value as a
function of the He-Ne laser power density used for the p
tocrystallization. The maximumDn value measured is 0.09
60.04 at 5 W/cm2, which is about an order smaller than th
natural birefringence in a bulk, single-crystalline Se. W
must note, however, that the birefringence of a thin sam
will suffer from an internal reflection oscillation at lowe
photon energies. In fact, as in Figs. 2 and 5, one can ea
find in Fig. 8 an oscillation inDn for energiesE,2 eV
caused by the internal reflection. Here, theDn values plotted
in Fig. 8 are obtained simply from

n~E!5S @«1~E!21«2~E!2#1/21«1~E!

2 D 1/2

, ~9!

using the («1 ,«2) data in Fig. 6. An exact expression for th
birefringence in an opaque region is given in Ref. 30.

V. CONCLUSIONS

Structural and optical properties of the photocrystalliz
Se films were investigated using XRD, SE, andex situAFM
measurement techniques. The photocrystallization ofa-Se
was achieved by illuminating with a linearly polarize
488.0-nm line of an Ar laser at room temperature. For co
parison, properties of the thermocrystallized films at 100
for 1 h were studied. It was shown that the photocrystalliz

FIG. 8. Birefringence,Dn5ni2n' , for the photocrystallized
Se film~solid circles! and that for a bulk, single-crystalline Se~solid
line!, obtained from Eq.~9! using the («1 ,«2) data plotted in Fig. 6.
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film has the (101̄0) plane as its surface and that thec axis

extended on the (1010̄) surface is perpendicular to the dire
tion of the polarization of the illuminating light. This film
geometry enabled us to determine a complete set of the
tical constants, i.e., those for theE'c andEic polarizations.
The thermocrystallized film was found to be characterized
an unoriented polycrystalline structure. The measured
«(E) data showed the weak CP-strength feature in both
photo- and thermocrystallized films. This is because the p
ence of voids or density deficits in the film medium reduc
-

s

g.

t.

l.

s-
p-

y
E
e
s-
s

the total number of effective oscillators per unit volume, r
sulting in such a weak CP-strength feature. The surface
regularities produced by the photo- and thermocrystallizat
were independently assessed by the AFM.
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