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Structural and optical properties of photocrystallized Se films
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Structural and optical properties of photocrystallized Se films have been studied using x-ray diffraction
(XRD), spectroscopic ellipsomet§SE), andex situatomic force microscopyAFM) techniques. The amor-
phous @-) 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 Natmosphere are studied. The XRD pattern shows that the photocrystallized
film is characterized by a polycrystalline structure with which the_@mnlane is preferentially grown. The SE
data also give that the 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 EFNI63-182609)05535-6

[. INTRODUCTION ex situatomic force microscopyAFM) measurement tech-
nigues. For comparison, thermocrystallized films at 100 °C

Amorphous &-) chalcogenide semiconductors are knownfor 1 h in a dry N atmosphere are investigated.
to exhibit various photoinduced phenomena, such as
photocrystallizatiorf, ~photoinduced  anisotropy, and
photodarkening,promising that they can be used as materi- Il. EXPERIMENTAL
als for optical memory devices-Se is the simplest repre-
sentative of amorphous chalcogenide semiconductors. Photo- The a-Se films were deposited by vacuum evaporation in
crystallization was first observed by Dresner anda base pressure ob210 ° Torr on Corning 7059 glasses at
Stringfellow! They found that the highly absorbed 200-W room temperature. The purity of the Se source was
Hg arc light enhances the crystallization rateasfSe into  99.9999% (®). The deposited film thickness was measured
hexagonal crystals as much as an order of magnitude. Nowo be about 0.85um using a Talystep profilometer.
it is known as a common property of chalcogenide glasses Photocrystallization was performed by illuminating with a
when excited with either interband- or subgap-polarized andinearly polarized 488.0-nm line of an Ar laser at room tem-
even unpolarized light. perature. The laser-power density-e20 W/cn? used in this

Photostructural change &r-Se has been studied by x-ray study allows us to heat the sample nearly equal to the tem-
diffraction (XRD),*? in situ extended x-ray absorption fine perature ofa-Se softening T4~30°C, glass transition
structure®” and Raman scattering measureméritdlt has  temperaturg®*3 In order to obtain a large photocrystallized
also been reported on a polarized-light-induced anisotropy iarea, a light spot in 0.7-mm-diameter was scanned over the
the refractive indek® and optical absorptidA'! of a-Se ~ sample surfacé~50 mn?) at a rate of~1.3 mnf/h. For
films. These studies give a deep understanding of the phot@omparison, thermocrystallization was carried out by anneal-
crystallized Se properties. However, its mechanism is stiling the a-Se samples at 100°Crfd h in a dry N, atmos-
under discussion. phere.

Spectroscopic ellipsomet{GE) is an advantageous tech-  The crystalline quality of the photo- and thermocrystal-
nique to measure the optical response of solids. This tecHized films was evaluated by the XRIRAD-IIC, Rigaku
nique is unquestionably more powerful than conventional reCo., Ltd) with Cu K« radiation. The diffraction traces were
flectmetry technique for a number of reasdhBor example, obtained at the#—26 scanning mode.
it can directly determine the complex dielectric constant, The SE instrument used in this study was of a rotating
e(E)=¢,(E)+ie,(E), on a wavelength-by-wavelength ba- analyzer type(DVA-36VW-A, Mizojiri Optical, Co., Ltd)).
sis without having to resort to multiple measurements or toA 150-W xenon lamp was used as the light source. The SE
Kramers-Kronig analysis. To our knowledge, however, nomeasurements were performed at room temperature in air
SE study has been performed on photo- or thermocrystabver the photon-energy range of 1.2-5.2 eV. The angle of
lized Se films to date. No or little data are also available orincidence was set at 70° with a polarization azimuth of 45°.
the optical constants of such materials at high photon ener- Surface morphology of the photo- and thermocrystallized
gies. Knowledge of the optical constants of semiconductor§e films was investigated by means ofeansituAFM, using
is of great importance in the design and analysis of varioust Digital Instruments Nanoscope lll. The AFM images were
optical devices using these semiconductors. acquired in the tapping mode and in the repulsive force re-

In this paper we report on structural and optical propertiegime with a force constant of the order of 1 nN between the
of the photocrystallized Se films studied using XRD, SE, andAFM tip and sample surface.
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FIG. 2. £(E) spectra for the thermocrystallized fil(@00 °C, 1

h), together with those for the as-deposiwdbe film (Ref. 14.
FIG. 1. XRD traces fora) the as-deposited-Se, (b) thermo- ). tog P ( 4

crystallized(100 °C, 1 h, and(c) photocrystallized Se films. ) ) ) )
specimen around the axis perpendicular to their surface and

IIl. RESULTS also by varying the angle of incidence and polarizer azimuth.
The measureds(E) spectra showed no clear difference
A. XRD measurements against specimen rotation for the thermocrystallized film and

Figure 1 shows the XRD traces measured by using th@ remarkable difference for the photocrystallized one, respec-
6— 26 scan mode fora) the as-deposited-Se, (b) thermo-  tively.
crystallized, andc) photocrystallized Se films. We can see
that for the as-depositet Se film[Fig. 1(a)] only a diffuse 1. Thermocrystallized film
peak is observed at®-23.4°. The fact indicates that the The fact that no clear difference in the(E) spectra

strl#]turti of the as;d”gpoznﬁd f_|ImF!s Snl:relﬁ' amorphous.l against specimen rotation for the thermocrystallized film
ivel itroer:moggkssaa;iEN zgglnwlzgé(% ig‘i"gfojﬁ r;a— strongly suggests a random orientation of the crystallites in
~51y90 an?jBGS 50 These ) eéks cén 'be in.de,xed f.ror‘ﬁ a the film. This is in agreement with the XRD resyite., an
R e P — — Nunoriented polycrystalline filjm Figure 2 shows the(E)
ASTM card of the hexagonal Se as (ID1 (1011),  gpectra for the thermocrystallized film, together with those
(1120), (1121), (2021), and (21®), respectively. We can, for the as-deposited-Se film (Ref. 14. The oscillations
thus, rightly conclude that the structure of the thermocrystalseen in the low photon-energy regioB<2 eV) originate
lized film is polycrystalline. The full width at the half maxi- from multiple internal reflections in the evaporated film
mum (FWHM) of the two main peaks are, respectively, where it is effectively transparent.
~2_4°[(10To)] and~1_4°[(10T1)]. The dielectric functions(E) of a crystalline ¢-) semi-

The XRD trace of the photocrystallized filfiFig. 1(c)], ~ conductor is closely related to its energy band structure, and
on the other hand, reveals a very strong peak @t 23.4°  conclusions about the electronic energy bands can be drawn

[(10T0)] and its second weak peak aﬂ248.0°[(20§0)]. from fe?tures called critical poinF$CP’s) in the &(E)
This implies a preferred surface orientation of the photocrysspeCtral- A structureless feature in the(E) spectra of

tallized film, i.e., the crystallites with the (TO:) plane par-

allel to the substrate surface are predominate. The 5= 90°
(1010)-peak FWHM value~0.9° for the photocrystallized / S=0°
film is also found to be considerably smaller than that for the ~—— /
thermocrystallized valué~2.4°), suggesting higher crystal- NMW/
line quality of the former film. /\V/ (1010)/’/'/12l

[

B. £(E) measurements o axis (Photocrystallization)

We have measured thgE) spectra for the thermo- and
photocrystallized Se films by SE in the 1.2-5.2-eV photon-  F|G. 3. Reflection of a light beam from a (10} surface. The
energy range at room temperature. Since hexagonafigo-  light beam is incident at an anglg from the ambientair) onto a
nal) material is optically anisotropic, the films have been firstuniaxial crystal with the optic axis parallel (¢=0°) and perpen-
of all measured at various configurations, i.e., by rotating thelicular to the plane of incidencep=90°).
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FIG. 4. & dependence oA and ¢ for the photocrystallized Se
film measured aE=4.1¢€V.

a-Se, seen in Fig. 2, is typical behavior of amorphous semi-

conductors. The CP features observed in the thermocrystal-
lized film are due to the appearance of crystal periodicity

after annealing. In our measuredE) spectra(Fig. 2), we

can find at least three CP’s. These aré&at2.0, ~3.1, and
~3.8eV. Photon energy (eV)

2. Photocrystallized film FIG. 5. ¢(E) spectra for the photocrystallized Se film fat c
(open circlesandEllc (solid circles measured by SE. For compari-

. . . : . _son, the spectra taken for the as-deposée8e film (Ref. 14 are
specimen rotation was observed in the photocrystallized f'lmshown by the solid lines. The oscillations seen in the low photon-

This fact implies that the crystallites in the film have a pre- energy region E<2 eV) originate from multiple internal reflec-
ferred orientation. The XRD data suggested that the film haggns'in the film where it is effectively transparent.
the (1010) plane as its surfadesee Fig. 1c)]. Note that the

(1010) plane thus contains the threefaldixis on its plane. wheree, ande; represent the complex dielectric constants

As we will see next, our measured SE data indicated that thfor the ordinary and extraordinary rays, respectively.

c axis is perpendicular to the direction of the polarization of If the ¢ axis is parallel to the interface and perpendicular

the laser light used for the photocrystallization. to the plane of incidences=90°), Fresnel's expression can
It is very lucky that the film has the (1_m plane as its be given by"1®

surface orientation. This allows us to determine a complete

A remarkable difference in the(E) spectra against

set of the optical constants, i.e., those for the ordin&ry €) £, COSp— X,

and extraordinary raysE(Ic). If the film had thec plane as rp=—+X, 4
its surface orientation, we were unable to determine such a &1 CoSp+ X

complete set of the optical constants but were able to deter-

mine only a set of the optical constarii®., only forEL c, cos¢— X,

but not forElic).!® '~ Cosp+ X’ )

Let us assume that the light is incident at an angfeom

the ambient onto a uniaxial crystal with the optic axis .
) e with

parallel and perpendicular to the plane of incidence, as
shown in Fig. 3. Fresnel's formulas then allow us to calcu-
late the two complex reflection coefficientg and rg for X,= g =sirf ¢, (6)
light polarized parallel and perpendicular to the plane of in-
cidence, respectively. If the axis is parallel to both the andX,, is given by Eq.(3).

interface and the plane of incidencé=<0°), Fresnel's re- Ellipsometry yields the complex ratipbetween Fresnel’s
flection coefficients can be simply written'4s® reflection coefficients, andr,

VE | €C0Sh— Xy @ .
= ) 1 _ S _ H
Je, &, cosd+ X p=—=tanye'®, @)

p

rszm, (2) whereA and ¢ are the ellipsometric variables. At each pho-

COS¢+ X ton energy E=%w, the four optical parameters

with (&1, ,€21 ,€1),€2)) can be determined from the two pairs of
SE measurementpp™*56=0°, = 90°)] by minimizing

Xm= &, —Sirt ¢, (3)  the error functionG(eq, ,e5, ,e1;,89),>"
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Photon energy (eV)

FIG. 6. ¢(E) spectra for(a) ELc and (b) Elic for the photo-
crystallized Se film. The solid lines represent the spectra for a bulk,
single-crystalline Se obtained from reflectivity measurements by
Tutihasi and CheliiRef. 19. The positions of each CP are marked
by the vertical arrowsE,—Ej;).

G(ers e, onea)= 2 {[REpF*™)~Re(p™))”

+[IM(pT —Im(p$91%, (8

wherep®© s the calculated reflection coefficient ratio.
We show in Fig. 4, as an example, thelependence ok

and ¢ for the photocrystallized Se film measured Bt

=4.1eV. It is easily understood from this figure thatex-

hibits a twofold symmetry with maxima &=0°, 180°, and N _

360°, corresponding to incident light perpendicular to ¢the  FIG. 7. Large-scale (X1 or 10<10.m") AFM images for(a)

axis (EL c), and minima a®=90° and 270°, corresponding the as-dgposﬁec{b? thermocrystallized100 °C, 1 b, and(c) pho-

to incident light parallel to the axis (Elic). Plots of ver- tocrystallized Se films.

sus § also exhibit a cosine shape with maxima &t0°,

180°, and 360° and minima &= 90° and 270°, indicating suppos® that the presence of voids, or in other words, den-

that the photocrystallized film is indeed optically uniaxial. sity deficits in the film medium, reduces the number of ef-
Figure 5 shows the SE(E) spectra for the photocrystal- fective oscillators per unit volume, resulting in the weak CP-

lized Se film, together with those for the as-deposiie8e  strength feature observed in such roughened film.

film (Ref. 14. As clearly seen in the figure, the measured

e(E) spectra show very strong polarization dependence. As )

in the thermocrystallized filniFig. 2), we can find at least C. AFM observation

three CP’s in the measuredE) spectra. We usedex situ AFM to independently assess surface
Figure 6 compares the(E) spectra for the photocrystal- morphology changes produced by thermal annealing and la-

lized film to those for a bulk, single-crystalline Se. The spec-ser illumination. Figure 7 shows large-scalexX(1 or 10

tra for the bulk, single-crystalline Se were determined fromx 10um?) AFM images for(a) the as-deposited-Se, (b)

reflectivity measurements by Tutihasi and CliRef. 19. It  thermocrystallized, andc) photocrystallized Se films. The

is understood from Fig. 6 that the strength of each CP in theoot-mean-squar@ms) roughnesses obtained from these fig-

photocrystallized Se film is weaker than that in the bulk,ures are, respectivelya) ~0.8, (b) ~13, and(c) ~230 nm.

single-crystalline Se. This is because, as we will see in Sedhe as-deposited-Se film is found to have a very flat sur-

[11 C, the photocrystallized Se film has a considerable degreéace. On the other hand, the thermocrystallized and espe-

of the surface roughness. The sum rules used popularlgially photocrystallized films result in surface roughening.
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The surfaces of these films then have a dense conjdfike
7(b)] and a large ridge structuf&ig. 7(c)], respectively.

TAKESHI INNAMI AND SADAO ADACHI
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L5F c-Se
IV. DISCUSSION [ e Ourdata ]
. . . 1.0 — Tutihasi and Chen}
We have studied the structural and optical properties of < F e :
the photocrystallized Se film deposited on a glass substrate 05k *

under illumination of a 488.0-nm Ar laser line. The surface L o®

orientation of the film is found to be the (101 plane, and oo o.:\/“\—’
the ¢ axis extended on the surface plane is perpendicular to or .o * 7]
the direction of the polarization of the illuminating light. o3— 0 v ]

Thesegagree with those obtained by Poborchii, Kolobov, and 1 2 3 4 5

Tanakd using a He-Ne(632.8 nm and a Kr lasen647.1

nm). However, these authors obtained as the preliminary Photon energy (eV)

data that the use of 514.5-nm Ar green line results in no

preference about the-axis orientation. At this wavelength FIG. 8. BirefringenceAn=n,—n, , for the photocrystallized

and also at a 488.0-nm Ar blue line used in this study, absSe film(solid circles and that for a bulk, single-crystalline $solid

sorption will occur very strongly, and consequently, a greatine), obtained from Eq(9) using the €,,¢,) data plotted in Fig. 6.

number of photoexcited carriers will be produced. It should

be noted that the mechanism of photocrystallization is bebands are properly taken into consideration.

lieved to be photoelectronic, i.e., it is associated with the SE is very sensitive to surface microroughness. It is pos-

photoexcited electrons and hofds. sible, in principle, to mathematically remove the effects of
Roy, Kolobov, and TanaRahave studied the effects of surface microroughness from measueddE) data using an

illumination wavelength on the photocrystallizationafSe  effective-medium-approximatiofEMA) analysis'**® How-

using a Kr and an Ar laser. They observed a preferentiagver, we found that in the present case this approach is not

growth of the (10D) plane by illuminating a 676.4-nm Kr Successful. This is because the mean height and correlation

red line and nonpreferential growth by a 488.0-nm Ar bluelength of the surface irregularities observed on the thermo-

line. The 488.0-nm Ar blue line data result is in direct con-and photocrystallized films are comparable or larger than the

trast with that obtained by us. The Ar laser power used byvavelength of light § ~0.2—1um, see Fig. Y. Note that in

Roy, Kolobov, and Tanaka was 120 W/&nwhile ours is the EMA analysis, such quantities are required to be less

~20 W/cn?. Note that the glass transition temperature inthan the wavelength of lightt. o

a-Se is very low,T;~30°C (Ref. 13. It may, thus, be pos- Ishida and TanaKareported the birefringencan=n,

sible to consider that the disagreement between these twgN. at & wavelength of 632.8 nm in Se films photocrystal-

studies is due to whether any laser-heating-induced mech#zed with a linearly polarized 632.8-nm line of a He-Ne

nism was taking place in the photocrystallization process ofaser, wherey andn, represent the refractive index féiic
not. and EL ¢, respectively. They measured then value as a

For c-Se?> 2 the first-order allowed optical transitions function of the He-Ne laser power density used for the pho-
are k-conserved direct transitions, and therefore, thdocrystallization. The _ma>_<imur*An value measured is 0.09
interband-transition optical spectrum reflects the joint den-=0.04 at 5 W/crA, which is about an order smaller than the
sity of states in specific parts of the Brillouin zone. Thenatural birefringence in a bulk, single-crystalline Se. We
prominent joint-density-of-states features were observed exnust note, however, that the birefringence of a thin sample
perimentally ine (E) of c-Se in the 1—15-eV spectral region will suffer from an internal reflection oscillation at lower
for both EL ¢ andEllc polarizationst®2%2’ The majority of photon energies. In fact, as in Figs. 2 and 5, one can easily
the theoretical energy-band structure calculationdind in Fig. 8 an oscillation inAn for energiesE<2 eV
report®2324that the lowest direct gaf, in c-Se occurs at caused by the internal reflection. Here, thie values plotted
or close to the corner of the hexagonally prismatic Bril- In Fig. 8 are obtained simply from
louin zone. This energy gap determined experimentally is 2 221/2 2
1.95 eV at 20 K!° The direct optical transitions are also [21(B)"+ 22(B)") "+ 24(E) , 9)
expected to occur at thg T', andK points in the Brillouin 2

zone. The corresponding energy gaps determined experimeusing the ¢,,¢,) data in Fig. 6. An exact expression for the

tally at 20 K are® E;~3.3eV forELc and ~3.2 eV for birefringence in an opaque region is given in Ref. 30.
Ellc(Z); E,~3.5-3.8eV for bothELc and Elic(I"); E;

~4.3eV forEL c and~4.5 eV forEllc(K). The positions of

such CP’s are marked in Fig. 6 by the vertical arrows.
Fora-Se, thes,(E) spectrum showed a broad peak struc-  Structural and optical properties of the photocrystallized

ture (see Fig. 2 Such a spectral feature is typically observedSe films were investigated using XRD, SE, andsituAFM

in amorphous semiconductors, and is considered to be due tneasurement techniques. The photocrystallizatiora-8e

the breakdown of crystal periodicity in the amorphous statewas achieved by illuminating with a linearly polarized

It has been showf that thes(E) data fora-Se can be 488.0-nm line of an Ar laser at room temperature. For com-

successfully interpreted by a modified model of Jellison angarison, properties of the thermocrystallized films at 100 °C

Modin€® in which the two valence and the two conduction for 1 h were studied. It was shown that the photocrystallized

n(E)=

V. CONCLUSIONS
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film has the (10_11)) plane as its surface and that thexis the total number of effective oscillators per unit volume, re-
sulting in such a weak CP-strength feature. The surface ir-

extended on the (1@) surface is perpendicular to the direc- o4 jarities produced by the photo- and thermocrystallization
tion of the polarization of the illuminating light. This film \ore independently assessed by the AFM.
geometry enabled us to determine a complete set of the op-

tical constants, i.e., those for tike. ¢ andEllc polarizations.
The thermocrystallized film was found to be characterized by
an unoriented polycrystalline structure. The measured SE
¢(E) data showed the weak CP-strength feature in both the This work was supported in part by the Gunma
photo- and thermocrystallized films. This is because the preddniversity—Satellite Venture Business Laborato(GU-
ence of voids or density deficits in the film medium reducesSVBL).
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