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Structure and composition of the ZnS€001) surface during atomic-layer epitaxy
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Atomic-layer epitaxy(ALE) processes of ZnSe on GaA81) have been studied using reflection high-
energy electron diffractiofRHEED), total reflection-angle x-ray spectroscopy, and x-ray photoelectron spec-
troscopy. We have obtained direct evidence that the growing surface of(@i$ehanges its chemical
composition during ALE growth, which corresponds to the alternate formation of the Se-stabilizdd ¢hd
Zn-stabilizedc(2X 2) reconstructions. The rocking-curve analysis of RHEED have been used in structure
analysis for these reconstructed surfaces: the I? surface has the Se-dimer structure, in agreement with
previous studies. On the other hand, we have found that{@& 2) surface has the Se-vacancy structure,
contrary to the previously proposed Zn-vacancy structure. The growth rate of ZnSe has been estimated to be
about 0.5 bilayer per ALE cycle, which is consistent with the formation of these surface structures.
[S0163-182609)13235-1

[. INTRODUCTION The standard technique for monitoring ALE processes is
reflection high-energy electron diffracti¢dRHEED). On the

Molecular-beam epitaxyMBE) has evolved into the most other hand, information about chemical composition of
refined technique for growing thin films. Atomic-layer epi- growing surfaces, which complements the structural infor-
taxy (ALE) is a modification of MBE, where constituent el- mation available from RHEED, has so far been lacking. In
ements are alternately deposited onto substrate surfaceyder to studyboth the structure and composition of
Thus, ALE growth is expected to proceed stepwise, whichZnSe€001) surfaces during ALE growth, we have used total
will be of great advantage in fabricating a well-controlled "eflection-angle  x-ray  spectroscopy(TRAXS) ~and
heterostructure at an atomic scale. RHEED. TRAXS is a method for detecting characteristic

In this paper, we report the real-time observation of ALEXT&YS emitted from a solid surface excited by a RHEED
growth processes of ZnSe on Gd881). Yao and Takeda beam. We have applied th|§ techmquel .to evaluate the
first studied ALE growth of ZnS€01) and found that the growth rate and surface-chemical composition of Z084).
surface reconstruction changes fromx(2) to c(2x2) by At_omlc structures of the Zn$@01) s_urface have been deter-
switching a Se exposure to a Zn exposure and vice Jersamined using rocking-curve analysis of RHEED. Because of
Although a possible mechanism has been proposed for tH8€ grazing-angle geometry of the electron gun and the x-ray
ALE growth of ZnSé? there is even no consensus as to thedetector, the combination of RHEED and TRAXS enables
growth rate per one cycle of alternating beam exposure of zf€ Simultaneous monitoring of the structure and composi-
and Se: growth of 1 bilayeiBL) (Ref. 3 per cycle has been tion of growing surfacesluring deposition.
observg,-d at 280 °GRef. 5:D and in the range o&nZSO to
350 °C; while Baueret al” and Gains and Ponzonhave
obtained growth rates of 0.6 BL/cycle at 250 °C and 0.5 BL/ Il EXPERIMENT
cycle at 240 °C respectively. In order to obtain details on the The experiments were performed in a dual-chamber MBE
ALE growth mechanism, information about the atomic struc-system equipped with the RHEED, TRAXS, x-ray photo-
ture and chemical composition of the X2) andc(2x2)  electron spectroscopXP9), reflectance difference spectros-
reconstructed surfaces is indispensable. copy (RDS), and scanning tunneling microscopy appara-
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tuses. After growth of an undoped homoepitaxial lale0.5 ZnSe film thickness (BL)
um) on a thermally cleaned Gaf¥1) substrate(semi- 300 0 } ? ? <It ? <Ii T
insulating and nominally on axisthe surface showed an @ ®)

As-stabilized (2<4) reconstructiori32 phasg as confirmed : \T

by RHEED observations and RDS measurem@nfhe O ZnK. . e

sample was then transferred via ultrahigh vacuum transfer
modules to another MBE chamber for ALE growth of ZnSe.
Prior to the growth, the sample was exposed to a Zn beam
for 150 s at 250 °C. This treatment is known to be the opti-
mal method to suppress the defect generation and to promote
layer-by-layer growth in ZnSe heteroepitaxy on
GaAs>® ALE growth of ZnSe was performed at 250 °C
by alternately supplying Zn and Se for 150 s each, with a
short interval of growth interruptiof30 9 in between. The
beam-equivalent pressures of Zn and Se were both 1.0
X 10" 7 Torr. The exposure time of 150 s was long enough to
obtain the transition between the Se-stabilizeck (9 and ode—l—L 1 1 1 I ¥

Zn-stabilized c(2X2) surfaces and to measure TRAXS 0 2 4 68 1012140 2 4 6 8 101214
spectra during the exposure. number of ALE cycles number of ALE cycles

For TRAXS measurements, the azimuthal angle between pig 1. variations in the intensities of the Z6a and SeK a

the direction of the incident electron beam and that of thejnes during ALE growth of ZnSe(a) Island growth on GaAg01).

emitted x-rays dptected by a}(Bii') detector was fixed at 90°. (b) Layer-by-layer growth on Zn$e BL)/GaA<00). Lines are
The x-rays excited by the incident electron beam with arguides for the eyes.

acceleration energy of 15 keV were detected at a fixed take-

off angle (6;) of 0.2°, which is close to the critical angle for syiting in a change in the surface reconstruction from (2
total reflection of the SK« line by ZnSe. Oncé#), is set, it X4) to (2x1) characteristic of the Se-terminated
should be fixed during the measurements, because the x-rgyaAg001) surface? This means that the preceding Zn ex-
intensities drastically change with a small changgofsee  posure has little effect to suppress Se adsorption on the
Fig. 2 below. The azimuth and the glancing angle of the Gaaq001)-(2x4) surface, which is consistent with the pre-
incident electron beam argl10] and 2.0°, respective- yjous XPS results that the Zn coverage on the Zn-exposed
ly. RHEED rocking curves of the Zn8&01) surfaces un- (2x4) surface is much less than 1 monolay@L) in
der the Se or Zn beam were measured alond 146) direc- coverage314
tion with an electron energy of 15 keV. The RHEED patterns  ag growth proceede@>2 ALE cycles, the RHEED pat-
in this direction show spots lying on a semicircle, the zerothgrp changed from streaks to diffuse spots, indicating that
order Laue zone. This is what would be expected for a wellznge grows in an island mode. Numerous studies have
ordered surface. Olthe other hand, the RHEED patterns okhown that ZnSe grows in the layer-by-layer mode on the
served along th¢110] direction consist of streaks. Thus, Zn-treated GaA®01) surface and the island mode on the
only the data in th¢110] direction were used in the present Se-terminated GaA801) surface'®*® Thus, the observed is-
analysis. Intensities of the 7 spot§,0), (=3 0), (+1 0), and  land growth can be ascribed to the formation of the Se-
(=2 0) for the (2x1) surface, and 5 spot) 0), (=1 0), and  terminated GaA®01) surface during the first Se exposure,
(=2 0) for thec(2Xx 2) surface, were measured by a charge-as mentioned above.
coupled-device camera with a microcomputer system. Aver- In order to suppress such an unintentional reaction be-
aging of the intensities of symmetry-equivalent spots led taween Se and GaAs at the very initial stage of ALE growth,
five and three independent rocking curves from th&k 3  the Zn-treated GaA601) surface was exposed to both Zn
and c(2Xx2) surfaces, respectively. The glancing angle ofand Se beams simultaneously for a predetermined period,
the incident electron beam was changed by using the exypically 18 s. This procedure formed 1 BL of ZnSe, as
tended beam rocking facilityStaib, EK-35-R and k-Space, confirmed by RHEED intensity oscillations for the MBE
kSA400 with intervals of~0.03°. growth of ZnS€001). Our RHEED observations have shown
that the subsequent ALE growth proceeds in the layer-by-
layer mode. Thus, for the RHEED rocking-curve analysis
Ill. RESULTS AND DISCUSSION described in Sec. llI B, the Zn8#1) surface was prepared
by ALE growth on ZnSél BL)/GaAq001).
A. Growth mode and growth rate of ZnSe(00) Figure Xb) shows the intensities of the Z0« and SeK «
Figure 1a) shows intensities of ZK « (8.63keV) and Se lines emitted from the Zn$@01) film growing in the layer-
Kea (11.21 keV) lines plotted as a function of the cycle of theby-layer modelopen symbols As can be seen in Figs(d
number of the ALE cycles When the Ga@81) surface was and 1b), below ~3 ALE cycles, both ZnKa and SeKa
exposed to the first Zn beam, the Ry line became visible x-ray intensities for the layer-by-layer mode manifest them-
on the continuous x-ray background, but the RHEED patterrselves in higher rises than those for the island mode. Here, it
did not show any remarkable change except for a slight deshould be noted that characteristic x-ray lines from rough
crease in intensity On the other hand, the subsequent Sesurfaces have peaks at take-off angles lower than those for
exposure drastically increased the ISe peak intensity, re- flat surfaceg® Thus, in order to compare x-ray peak intensi-
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ZnSe€00)) films plotted as a function of a take-off angle of the
x-rays. For the measurements, growth was interrupted after 10 ALE
cycles. FIG. 3. The growth rate of ALE-grown Zn8#01) films esti-
mated by XPS measurements as a functiotepthe exposure time
and (b) the growth interruption time.

exposure time (s) interruption time (s)

ties for the layer-by-layer and island growth modes, it is
necessary to measure these lines as a functio#, ofThe
results are shown in Fig. 2. As we have expected, both lineshromatic AlKa radiation(1486.6 eV. For XPS measure-
for island growth have their peaks at angles lower than thosgents, growth was interrupted after 10 ALE cycles and the
for layer-by-layer growth. On the other hand, peak intensitieghickness of ZnSe was evaluated from the photoelectron-
for island growth are indeed lower than those for layer-by-peak intensities. The substrate intenslty attenuates as
layer growth. From these results, one may attribute the dif! s/l sp=exp(—d/xsing) with film thicknessd, while the
ference in x-ray intensity profildsigs. 1a) and Xb)] to the overlayer intensity I increases as Ic/lgp=1
different growth modes, similarly to the case for Auger- —exp(—d/xsiné), wherelg, andl ¢, are the intensities for
electron spectroscopy analysis. However, in TRAXS measemi-infinite GaAs and ZnSe, respectively. The constaist
surements, it has been reported that x-ray intensities of the mean-free path of the photoelectrons, which is assumed
growing film at the very initial stage of growtte.g., a few to be the same for both the substrate and overlaykrs (
ML in thicknes$ are almost proportional to the amount of =16 A).1° ¢ is the emission angle, which is 35° in our
atoms deposited on a substrate surface, regardless of tetup. We have confirmed that the thickness of MBE-grown
growth mode'”*8Thus, the results in Figs(d) and ib) lead  ZnS&001) films, which is estimated by using above equa-
us to conclude that the amount of deposited Z(S=, the tions, agrees well with that determined by RHEED intensity
growth raté for island growth is smalleflower) than that for  oscillations?® Figure 3a) shows growth rates of ZnSe as a
layer-by-layer growth. function of the exposure time. As can be seen in Fig),3
Another noteworthy finding in Fig. (b) is the intensity the growth rate for exposure time longer than 150 s is esti-
oscillation of x-rays: the ZiKa (SeK«) intensity increases mated to be~0.45 BL/cycle, which is in good agreement
during Zn (Se exposure. This means that the TRAXS haswith the TRAXS results.
sensitivity high enough to study surface chemical composi- These results are consistent with RHEED observations.
tion of growing thin films. Figures 4a)—4(d) show changes in specular-beam intensity
From the results shown in Fig.(d), the growth rate of measured along th€110] direction during ALE growth.
ZnSe can be estimated. For this purpose, we performe@hanges in the intensities with a period of 2 ALE cycles are
TRAXS measurements for ZnSe grown by MBE and com-clearly seen, especially for glancing angles of 0.8 and 1.8°.
pared the results with those for ALE growth. The MBE Thus, TRAXS, XPS, and RHEED results all indicate that the
growth of ZnSe was carried out in an intermittent manner ALE growth proceeds at a rate 6f0.5 BL/cycle.
The Zn shutter was first opened, and growth was initiated by Another interesting finding in Fig. 4 is that the growing
opening the Se shutter for 18 s, which results in the formaZnSe surface under the Zn beam has a higher specular-beam
tion of 1 BL of ZnSe. Each sequence was followeditbgitu  intensity than the surface under the Se beam for electron-
TRAXS measurements under the Zn beam. We have alreadyeam incidence at 0.8, 1.8, and 2.5°, while the result at 1.2°
reported that the ZnSe growth in the intermittent mode prodis opposite. Such behaviors in RHEED intensities is likely to
ceeds in the layer-by-layer modeThe results are also plot- be related to the reconstructed structures of the (R
ted in Fig. 1b) (closed symbolsas a function of film thick-  surfaces, which will be discussed later in this paper.
ness. If we assume that 1 BL thickness corresponds to 2—-2.5
ALE cycles, a good agreement between x-ray intensities for
MBE growth and ALE growth is obtained. This indicates
that ALE growth proceeds at a rate of 0.4-0.5 BL/cycle. As mentioned in the Introduction, since the ALE growth
The growth rate of 0.4—0.5 BL/cycle was also confirmedof ZnS&001) proceeds forming two alternating reconstruc-
by XPS measurements that were carried out by using mondions of (2x1) and c(2X2), the growth mechanism is

B. Surface structures of ZnS€001)



PRB 60 STRUCTURE AND COMPOSITION OF THE Zn%e0]) . . .

A o,
'§' '5‘ (a) glancing angle = 2.6°
Wmm (a)

(b) glancing angle = 1.8° O Zn

(c) glancing angle = 1.2°

RHEED intensity (arb. units)

(d) glancing angle = 0.8°

Edadd'sd

| 1
0 1000 2000 3000
time (s)

FIG. 4. Changes in the specular-beam intensity during ALE
growth of ZnSe measured at glancing anglesayf2.5°, (b) 1.8°,
(c) 1.2°, and(d) 0.8°. (b)

strongly related with the atomic structures of these recon- ~ 7,
structed surfaces. Previous studies based on first—principles. Se
total-energy calculations have shown that the Se-stabilized
ZnSe(00}-(2x 1) and Zn-stabilized ZnSe(00L)2Xx2)

surfaces have the Se-dinétig. 5(a)] and Zn-vacancy struc-

tures [Fig. 5b)], respectivelf>* The former has a

(a) Se-dimer model (b) Zn-vacancy model
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FIG. 6. Schematic views in th@10) plane of ZnS&01) show-
ing the surface features during ALE growth of Zit@&1). (a) The
alternate formation of the (1) Se-dimer and the(2X2) Zn-
vacancy structuregb) The alternate formation of the (21) Se-
dimer and thec(2X2) Se-vacancy structures.

surface-Se coverage of 1.0 ML, while the latter has a
surface-Zn coverage of 0.5 ML. Thus, as shown in Fig),6
the alternate formation of these reconstructions results in the
growth rate of 0.5 BL/cyclé? in good agreement with the
results shown in the preceding subsection. Although these
structure models have also been confirmed by photoemission
spectroscopy experimerfts,?’ there is practically no experi-
mental information about their atomic coordinates.

In order to study the atomic structures of Z(&&l) and
to correlate them with the changes in RHEED intensities
shown in Fig. 4, we performed RHEED rocking-curve analy-
sis on the basis of the dynamical diffraction the8tynte-
grated intensities of RHEED for the §1) andc(2X2)
surfaces were calculated by the multislice meffiaging 13
beams and 7 beams on the zeroth Laue zone with the inci-
dent electron beam along tti&10] direction, respectively:
(00),(*x30), (=10), (=20),(x20), (+20), and(=3 0) for
(2%x1), and(0 0), (=1 0), (=2 0), and (=3 0) for c(2
X 2). The Fourier components of the crystal potential for

FIG. 5. Top views of surface reconstruction models for the€lastic scattering was derived from the electron scattering

ZnSe(00)-(2x1) (a) and —c(2x2) surfaces(b)—(d). (a) Se-
dimer model;(b) Zn-vacancy model(c) Zn-dimer model;(d) Se-

vacancy model.

factors for Zn and Se tabulated by Doyle and Tuilewe
include a correction to the Fourier component of the poten-
tial so that the mean inner potential is consistent with the
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TABLE I. Atomic displacement from bulk positions for the op-
timized surface structures for Zn®@1) (in A). The x and z dis-
placements are along th&10] and[001] directions, respectively.
Notation in

Fig. 4 Park and ChadiRef. 22 This study

- - X z X z
5 E (2x1) Se-dimer
g 5 Se(1) +0.76 +0.03  +0.45-0.07 +0.09+0.13
& = Zn (1) +0.22 +0.04 +0.16+0.08 —0.30=0.06
g g Se(2) 0.00 -015  0.00 ~0.58+0.16
i : 1z Se(3) 0.00 +0.26 0.00 —0.35+0.07
% 3 ool % c(2x2) Zn-vacancy
[~ = Zn (1) 0.00 -1.28 0.00 —0.93+0.09
B = - Se(1) +0.23 +0.02 +0.50+0.08 —0.47+0.21
B AV ¢ experiment Zn (2 0.00 -0.01 0.00 —0.28+0.09
- oot I N el et c(2x2) Zn-dimer
et et 2 + clited (opimized Zn (1) 0.00 +0.79+0.15
. caleutated. (optimized) et coleulsted (optimized) Se(1) 0.00 +0.12+0.12
o L Se;“““:y ““":e‘ Zn (2) 0.00 +0.12+0.19
0 1 2 3 4 5 6 01 2 3 4 5 6 c(2X2) Se-vacancy
glancing angle (degree) glancing angle (degree) Se(1) 0.00 +0.06 0.00 +0.30+0.07
. ) Zn (1) 0.00 -0.18 0.00 +0.12+0.07
FIG. 7. RHEED rocking curvessolid curve$ measured from Se(2) 0.00 —0.08 0.00 +0.18+0.05

the ZnSe(00)-(2X 1) (a) and ZnSe(001)(2x2) (b) surfaces.
The dashed, dotted, and dashed-dotted curves are calculated from
the atomic coordinates listed in Table I. Laue zone af110] incidence, only information about the
structure projected on th@10 plane is available. Thus, the
value estimated from the present experiment, +€.2.3 eV.  atomic coordinates along tH&10] direction were excluded
The adsorption of electrons in a crystal is given phenomenofrom being structural parameters. The atomic coordinates
logically by an imaginary potential. The imaginary potential were optimized as follows. Firstly, the atomic coordinates of
for bulk ZnSe is assumed to be 10% of its real part, whilethe first-layer atoms were changed holding others identical to
that for atoms in the first and second bilayer was treated asthose given in Ref. 22, so as to minimize tRdactor. Sec-
fitting parameter. The thickness of a slice, in which scatterondly, starting from the optimized structure at this stage, the
ing potential was approximated to be constant toward thetomic coordinates of the second- and third-layer atoms were
surface normal direction, was about 0.1 A. In order to quan+efined one after another. Finally, the resulting optimized
tify the agreement between the calculated rocking curves angtructure was set as the starting point of the next refinement.

the experimental ones, thefactor defined as This procedure iteratively minimizes ttefactor. The mini-
mum in theR factor was typically reached after 10 steps of
B 2 iteration.
1 f [190(0) = Cql gc(0)]7d 0 f lgo(6)d0 Shown by dotted curves in Figs(&f and {b) are rocking
R= N 5 v Cg= ' curves calculated from the optimized Se-dimer and Zn-
f [1go( 0)1°de f lqc(0)dO vacancy models for which the atomic displacements from

bulk positions are listed in Table I. Errors of the atomic
was used® Here,l4, andl 4. are the observed and the cal- coordinates in Table | were evaluated from the half width of
culated intensities of beamas a function of glancing angle the range where thR factor is smaller than 14R,;,.2° On
0, respectively, and is the number of analyzed beams. The one hand, the agreement is considerably improved for Se-
calculated rocking curves were convoluted with a Gaussiarstabilized (2<1) (R»=0.159). On the other hand, Zn-
which has a full width at half maximum of 0.1°, correspond- stabilizedc(2x 2) still gave a relatively larger factor of
ing to the experimental resolution. 0.216. In particular, peaks at 1.2 and 1.8° in the measured
Figure 7 shows RHEED rocking curvesolid curveg  rocking curve of thel0 0) beam are not reproduced in the
measured from the ZnSe(0B{2%X 1) and ZnSe(001)(2 calculated rocking curve. This result prompted us to test
X 2) surfaces, together with the calculated orfdashed some other possible structure models for &§@x2) sur-
curveg from the structure models proposed by Park andface. The rocking curves calculated from the Zn-dimer
Chadi??> The Se-dimer and the Zn-vacancy models gavemodel [Fig. 5(c)] disagree with the experimental curves
large R factors of 0.508 and 0.635, respectively, suggestind R,,,;;=0.276), while for the Se-vacancy modélig. 5(d)],
that the present results are incompatible with the atomic cothe most of features in the measured rocking curves are well
ordinates given in Ref. 22. In order to obtain better agreereproduced in the calculated rocking curesshed-dotted
ment between the measured and calculated rocking curvesurves in Fig. 7. The R factor of the Se-vacancy model is
the atomic coordinates were optimized. Since the preser@i.128 showing a good agreement between the experiment
analysis has been carried out using the beams on the zeraéind the calculation.
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surface?>~?’ (i) core-level spectra for Zn and Se have similar
© intensity ratios of the surface to bulk components, &nd

(@) the surface Zn and Se components are shifted toward higher
| and lower binding energies, respectively, with respect to
their bulk components.

In Fig. 6(b), we propose a possible ALE mechanism that
explain the switching between the X2) Se-dimer and
c(2X2) Se-vacancy surfaces. Similarly to the case in Fig.
6(a), growth rate of 0.5 BL/cycle is expected. However, the
reason why the growth rate estimated by TRAXS and XPS
(~0.45 BL/cycle is slightly less than 0.5 BL/cycle still re-
mains unexplained. This can be explained by considering the
desorption of Zn or Se from growing ZnSe surfaces during
: growth interruption. In order to confirm this, we performed
0 N 9 3 4 ALE growth experiments changing the time of growth inter-

glancing angle (degree) ruption. Figure 8o) shows the growth rate estimated by XPS
measurements, in which the growth rate indeed decreases as

FIG. 8. Comparison of RHEED rocking curves for the interruption time is increased. Since the desorption of Zn
ZnSe(00}-(2x1) (solid curve$ and the ZnSe(001¥{2x2)  from thec(2x2) surface hardly occurs at temperatures be-
(dashed curvgs The points(a)—(d) correspond to the glancing |ow 400 °C even under the irradiation of electron berit,
angles at which the changes in the specular beam intensity wetgppears likely that the decrease in the growth rate is due to
monitored during ALE growtt{Fig. 4). the desorption of Se. The Se desorption during the growth

interruption is also evidenced by RHEED observations. As

In Fig. 8, we compare rocking curves for thex2) Se- can be seen in Fig. 4, RHEED intensities changed immedi-
dimer and C(2><2) Se-vacancy structures. For both mea-atEIy after the Se beam was turned Off, while no Change was
sured and calculated rocking curves, 4@ x 2) surface has Observed after the Zn shutter was closed. Here, we note that
a higher specular-beam intensitiggen circles than those in the present experiment the effects of the electron-beam
for the (2x1) (closed circlel except for the case at 1.2°, irradiation on the Se desorptidhis negligible, because ALE
This is in accord with changes in RHEED intensities showndrowth experiments with and without RHEED observations
in Fig. 4. On the other hand, rocking curves calculated foidave the same growth rates.
the Zn-vacancy moddFig. 5(b)] are incompatible with the
results in Fig. 4. Thus, the results in Figs. 4 and 8 further IV. CONCLUSIONS

support the present ane}lysis that thex() and ¢(2x2) We have studied the structure and composition of the
surfaces have the Se-dimer and Se-vacancy structures, '$AS€001) surface during ALE growth using RHEED and
spectively. : . . _TRAXS in real time. The ZnS801) surface has the (2
As mennoned at_the Sgpe”'”g pafagfaph of this SUbSECtIOI‘k 1) Se-dimer and@(2X2) Se-vacancy structures under the
theoretical czilgulatloﬁ *~and photoemission SPeclroscopy gg 54 7, beams, respectively. Contrary to the previously
exper|ment%5 have shown _that the(?xZ) surface has roposed Zn-vacancy model, the latter is not terminated with
the Zn-vacancy structure. This stands in clear contrast to th half monolayer of Zn atoms, but, with a half monolayer of
present analysis. Although the reason fo_r such a d|sagre%-e atoms. The ALE growth pr’oceéds at a rate of 0.5 BL per
ment with the theoretical resutts> still remains unclear, the ﬁLE cycle, which is expected from the alternate formation

Se-vacancy model can be consistent with the experiment fthe (2% 1 o 5% 2 i
data in Refs. 25—-27, on the basis of the following reasons?) the ( ) Se-dimer and( ) Se-vacancy structures.

Similarly to the case for the Zn-vacancy model, the Sg— ACKNOWLEDGMENTS
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