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Structure and composition of the ZnSe„001… surface during atomic-layer epitaxy
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Atomic-layer epitaxy~ALE! processes of ZnSe on GaAs~001! have been studied using reflection high-
energy electron diffraction~RHEED!, total reflection-angle x-ray spectroscopy, and x-ray photoelectron spec-
troscopy. We have obtained direct evidence that the growing surface of ZnSe~001! changes its chemical
composition during ALE growth, which corresponds to the alternate formation of the Se-stabilized (231) and
Zn-stabilizedc(232) reconstructions. The rocking-curve analysis of RHEED have been used in structure
analysis for these reconstructed surfaces: the (231) surface has the Se-dimer structure, in agreement with
previous studies. On the other hand, we have found that thec(232) 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.
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I. INTRODUCTION

Molecular-beam epitaxy~MBE! has evolved into the mos
refined technique for growing thin films. Atomic-layer ep
taxy ~ALE! is a modification of MBE, where constituent e
ements are alternately deposited onto substrate surfa
Thus, ALE growth is expected to proceed stepwise, wh
will be of great advantage in fabricating a well-controlle
heterostructure at an atomic scale.

In this paper, we report the real-time observation of AL
growth processes of ZnSe on GaAs~001!. Yao and Takeda
first studied ALE growth of ZnSe~001! and found that the
surface reconstruction changes from (231) to c(232) by
switching a Se exposure to a Zn exposure and vice ver1

Although a possible mechanism has been proposed for
ALE growth of ZnSe,2 there is even no consensus as to
growth rate per one cycle of alternating beam exposure o
and Se: growth of 1 bilayer~BL! ~Ref. 3! per cycle has been
observed at 280 °C~Ref. 1! and in the range of 250 to
350 °C,4 while Baueret al.5 and Gains and Ponzoni6 have
obtained growth rates of 0.6 BL/cycle at 250 °C and 0.5 B
cycle at 240 °C respectively. In order to obtain details on
ALE growth mechanism, information about the atomic stru
ture and chemical composition of the (231) andc(232)
reconstructed surfaces is indispensable.
PRB 600163-1829/99/60~11!/8326~7!/$15.00
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The standard technique for monitoring ALE processes
reflection high-energy electron diffraction~RHEED!. On the
other hand, information about chemical composition
growing surfaces, which complements the structural inf
mation available from RHEED, has so far been lacking.
order to study both the structure and composition o
ZnSe~001! surfaces during ALE growth, we have used to
reflection-angle x-ray spectroscopy~TRAXS! and
RHEED. TRAXS is a method for detecting characteris
x-rays emitted from a solid surface excited by a RHEE
beam.7 We have applied this technique to evaluate t
growth rate and surface-chemical composition of ZnSe~001!.
Atomic structures of the ZnSe~001! surface have been dete
mined using rocking-curve analysis of RHEED. Because
the grazing-angle geometry of the electron gun and the x
detector, the combination of RHEED and TRAXS enab
the simultaneous monitoring of the structure and compo
tion of growing surfacesduring deposition.

II. EXPERIMENT

The experiments were performed in a dual-chamber M
system equipped with the RHEED, TRAXS, x-ray phot
electron spectroscopy~XPS!, reflectance difference spectro
copy ~RDS!, and scanning tunneling microscopy appa
8326 ©1999 The American Physical Society
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tuses. After growth of an undoped homoepitaxial layer~;0.5
mm! on a thermally cleaned GaAs~001! substrate~semi-
insulating and nominally on axis!, the surface showed a
As-stabilized (234) reconstruction~b2 phase!, as confirmed
by RHEED observations and RDS measurements.8 The
sample was then transferred via ultrahigh vacuum tran
modules to another MBE chamber for ALE growth of ZnS
Prior to the growth, the sample was exposed to a Zn be
for 150 s at 250 °C. This treatment is known to be the op
mal method to suppress the defect generation and to prom
layer-by-layer growth in ZnSe heteroepitaxy o
GaAs.9,10 ALE growth of ZnSe was performed at 250 °
by alternately supplying Zn and Se for 150 s each, with
short interval of growth interruption~30 s! in between. The
beam-equivalent pressures of Zn and Se were both
31027 Torr. The exposure time of 150 s was long enough
obtain the transition between the Se-stabilized (231) and
Zn-stabilized c(232) surfaces and to measure TRAX
spectra during the exposure.

For TRAXS measurements, the azimuthal angle betw
the direction of the incident electron beam and that of
emitted x-rays detected by a Si~Li ! detector was fixed at 90°
The x-rays excited by the incident electron beam with
acceleration energy of 15 keV were detected at a fixed ta
off angle (u t) of 0.2°, which is close to the critical angle fo
total reflection of the SeKa line by ZnSe. Onceu t is set, it
should be fixed during the measurements, because the x
intensities drastically change with a small change ofu t ~see
Fig. 2 below!. The azimuth and the glancing angle of th
incident electron beam are@110# and 2.0°, respective
ly. RHEED rocking curves of the ZnSe~001! surfaces un-
der the Se or Zn beam were measured along the@110# direc-
tion with an electron energy of 15 keV. The RHEED patter
in this direction show spots lying on a semicircle, the zero
order Laue zone. This is what would be expected for a w
ordered surface. On the other hand, the RHEED patterns
served along the@11̄0# direction consist of streaks. Thu
only the data in the@110# direction were used in the prese
analysis. Intensities of the 7 spots,~0 0!, ~61

2 0!, ~61 0!, and
~62 0! for the (231) surface, and 5 spots,~0 0!, ~61 0!, and
~62 0! for thec(232) surface, were measured by a charg
coupled-device camera with a microcomputer system. Av
aging of the intensities of symmetry-equivalent spots led
five and three independent rocking curves from the (231)
and c(232) surfaces, respectively. The glancing angle
the incident electron beam was changed by using the
tended beam rocking facility~Staib, EK-35-R and k-Space
kSA400! with intervals of;0.03°.

III. RESULTS AND DISCUSSION

A. Growth mode and growth rate of ZnSe„001…

Figure 1~a! shows intensities of ZnKa (8.63 keV) and Se
Ka (11.21 keV) lines plotted as a function of the cycle of t
number of the ALE cycles When the GaAs~001! surface was
exposed to the first Zn beam, the ZnKa line became visible
on the continuous x-ray background, but the RHEED patt
did not show any remarkable change except for a slight
crease in intensity.11 On the other hand, the subsequent
exposure drastically increased the SeKa peak intensity, re-
er
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sulting in a change in the surface reconstruction from
34) to (231) characteristic of the Se-terminate
GaAs~001! surface.12 This means that the preceding Zn e
posure has little effect to suppress Se adsorption on
GaAs~001!-~234! surface, which is consistent with the pre
vious XPS results that the Zn coverage on the Zn-expo
(234) surface is much less than 1 monolayer~ML ! in
coverage.13,14

As growth proceeded~.2 ALE cycles!, the RHEED pat-
tern changed from streaks to diffuse spots, indicating t
ZnSe grows in an island mode. Numerous studies h
shown that ZnSe grows in the layer-by-layer mode on
Zn-treated GaAs~001! surface and the island mode on th
Se-terminated GaAs~001! surface.10,15Thus, the observed is
land growth can be ascribed to the formation of the S
terminated GaAs~001! surface during the first Se exposur
as mentioned above.

In order to suppress such an unintentional reaction
tween Se and GaAs at the very initial stage of ALE grow
the Zn-treated GaAs~001! surface was exposed to both Z
and Se beams simultaneously for a predetermined per
typically 18 s. This procedure formed 1 BL of ZnSe,
confirmed by RHEED intensity oscillations for the MB
growth of ZnSe~001!. Our RHEED observations have show
that the subsequent ALE growth proceeds in the layer-
layer mode. Thus, for the RHEED rocking-curve analy
described in Sec. III B, the ZnSe~001! surface was prepare
by ALE growth on ZnSe~1 BL!/GaAs~001!.

Figure 1~b! shows the intensities of the ZnKa and SeKa
lines emitted from the ZnSe~001! film growing in the layer-
by-layer mode~open symbols!. As can be seen in Figs. 1~a!
and 1~b!, below ;3 ALE cycles, both ZnKa and SeKa
x-ray intensities for the layer-by-layer mode manifest the
selves in higher rises than those for the island mode. Her
should be noted that characteristic x-ray lines from rou
surfaces have peaks at take-off angles lower than those
flat surfaces.16 Thus, in order to compare x-ray peak intens

FIG. 1. Variations in the intensities of the ZnKa and SeKa
lines during ALE growth of ZnSe.~a! Island growth on GaAs~001!.
~b! Layer-by-layer growth on ZnSe~1 BL!/GaAs~001!. Lines are
guides for the eyes.
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8328 PRB 60OHTAKE, HANADA, YASUDA, ARAI, AND YAO
ties for the layer-by-layer and island growth modes, it
necessary to measure these lines as a function ofu t . The
results are shown in Fig. 2. As we have expected, both li
for island growth have their peaks at angles lower than th
for layer-by-layer growth. On the other hand, peak intensi
for island growth are indeed lower than those for layer-b
layer growth. From these results, one may attribute the
ference in x-ray intensity profiles@Figs. 1~a! and 1~b!# to the
different growth modes, similarly to the case for Auge
electron spectroscopy analysis. However, in TRAXS m
surements, it has been reported that x-ray intensities
growing film at the very initial stage of growth~e.g., a few
ML in thickness! are almost proportional to the amount
atoms deposited on a substrate surface, regardless o
growth mode.17,18Thus, the results in Figs. 1~a! and 1~b! lead
us to conclude that the amount of deposited ZnSe~i.e., the
growth rate! for island growth is smaller~lower! than that for
layer-by-layer growth.

Another noteworthy finding in Fig. 1~b! is the intensity
oscillation of x-rays: the ZnKa ~SeKa) intensity increases
during Zn ~Se! exposure. This means that the TRAXS h
sensitivity high enough to study surface chemical compo
tion of growing thin films.

From the results shown in Fig. 1~b!, the growth rate of
ZnSe can be estimated. For this purpose, we perform
TRAXS measurements for ZnSe grown by MBE and co
pared the results with those for ALE growth. The MB
growth of ZnSe was carried out in an intermittent mann
The Zn shutter was first opened, and growth was initiated
opening the Se shutter for 18 s, which results in the form
tion of 1 BL of ZnSe. Each sequence was followed byin situ
TRAXS measurements under the Zn beam. We have alre
reported that the ZnSe growth in the intermittent mode p
ceeds in the layer-by-layer mode.15 The results are also plot
ted in Fig. 1~b! ~closed symbols! as a function of film thick-
ness. If we assume that 1 BL thickness corresponds to 2
ALE cycles, a good agreement between x-ray intensities
MBE growth and ALE growth is obtained. This indicate
that ALE growth proceeds at a rate of 0.4–0.5 BL/cycle.

The growth rate of 0.4–0.5 BL/cycle was also confirm
by XPS measurements that were carried out by using mo

FIG. 2. Intensities of the ZnKa and Se Ka lines from
ZnSe~001! films plotted as a function of a take-off angle of th
x-rays. For the measurements, growth was interrupted after 10
cycles.
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chromatic AlKa radiation~1486.6 eV!. For XPS measure-
ments, growth was interrupted after 10 ALE cycles and
thickness of ZnSe was evaluated from the photoelectr
peak intensities. The substrate intensityI S attenuates as
I S /I S05exp(2d/l sinu) with film thickness d, while the
overlayer intensity I C increases as I C /I C051
2exp(2d/l sinu), whereI S0 and I C0 are the intensities for
semi-infinite GaAs and ZnSe, respectively. The constantl is
the mean-free path of the photoelectrons, which is assu
to be the same for both the substrate and overlayersl
516 Å).19 u is the emission angle, which is 35° in ou
setup. We have confirmed that the thickness of MBE-gro
ZnSe~001! films, which is estimated by using above equ
tions, agrees well with that determined by RHEED intens
oscillations.20 Figure 3~a! shows growth rates of ZnSe as
function of the exposure time. As can be seen in Fig. 3~a!,
the growth rate for exposure time longer than 150 s is e
mated to be;0.45 BL/cycle, which is in good agreemen
with the TRAXS results.

These results are consistent with RHEED observatio
Figures 4~a!–4~d! show changes in specular-beam intens
measured along the@110# direction during ALE growth.
Changes in the intensities with a period of 2 ALE cycles a
clearly seen, especially for glancing angles of 0.8 and 1
Thus, TRAXS, XPS, and RHEED results all indicate that t
ALE growth proceeds at a rate of;0.5 BL/cycle.

Another interesting finding in Fig. 4 is that the growin
ZnSe surface under the Zn beam has a higher specular-b
intensity than the surface under the Se beam for elect
beam incidence at 0.8, 1.8, and 2.5°, while the result at 1
is opposite. Such behaviors in RHEED intensities is likely
be related to the reconstructed structures of the ZnSe~001!
surfaces, which will be discussed later in this paper.

B. Surface structures of ZnSe„001…

As mentioned in the Introduction, since the ALE grow
of ZnSe~001! proceeds forming two alternating reconstru
tions of (231) and c(232), the growth mechanism is

E

FIG. 3. The growth rate of ALE-grown ZnSe~001! films esti-
mated by XPS measurements as a function of~a! the exposure time
and ~b! the growth interruption time.
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strongly related with the atomic structures of these rec
structed surfaces. Previous studies based on first-princ
total-energy calculations have shown that the Se-stabil
ZnSe(001)-(231) and Zn-stabilized ZnSe(001)-c(232)
surfaces have the Se-dimer@Fig. 5~a!# and Zn-vacancy struc
tures @Fig. 5~b!#, respectively.22,23 The former has a

FIG. 4. Changes in the specular-beam intensity during A
growth of ZnSe measured at glancing angles of~a! 2.5°, ~b! 1.8°,
~c! 1.2°, and~d! 0.8°.

FIG. 5. Top views of surface reconstruction models for t
ZnSe(001)-(231) ~a! and 2c(232) surfaces~b!–~d!. ~a! Se-
dimer model;~b! Zn-vacancy model;~c! Zn-dimer model;~d! Se-
vacancy model.
-
les
d

surface-Se coverage of 1.0 ML, while the latter has
surface-Zn coverage of 0.5 ML. Thus, as shown in Fig. 6~a!,
the alternate formation of these reconstructions results in
growth rate of 0.5 BL/cycle,24 in good agreement with the
results shown in the preceding subsection. Although th
structure models have also been confirmed by photoemis
spectroscopy experiments,25–27there is practically no experi
mental information about their atomic coordinates.

In order to study the atomic structures of ZnSe~001! and
to correlate them with the changes in RHEED intensit
shown in Fig. 4, we performed RHEED rocking-curve ana
sis on the basis of the dynamical diffraction theory.28 Inte-
grated intensities of RHEED for the (231) and c(232)
surfaces were calculated by the multislice method28 using 13
beams and 7 beams on the zeroth Laue zone with the
dent electron beam along the@110# direction, respectively:
~0 0!, ~61

2 0!, ~61 0!, ~63
2 0!, ~62 0!, ~65

2 0!, and~63 0! for
(231), and ~0 0!, ~61 0!, ~62 0!, and ~63 0! for c(2
32). The Fourier components of the crystal potential
elastic scattering was derived from the electron scatte
factors for Zn and Se tabulated by Doyle and Tuner.29 We
include a correction to the Fourier component of the pot
tial so that the mean inner potential is consistent with

FIG. 6. Schematic views in the~110! plane of ZnSe~001! show-
ing the surface features during ALE growth of ZnSe~001!. ~a! The
alternate formation of the (231) Se-dimer and thec(232) Zn-
vacancy structures.~b! The alternate formation of the (231) Se-
dimer and thec(232) Se-vacancy structures.
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8330 PRB 60OHTAKE, HANADA, YASUDA, ARAI, AND YAO
value estimated from the present experiment, i.e.,212.3 eV.
The adsorption of electrons in a crystal is given phenome
logically by an imaginary potential. The imaginary potent
for bulk ZnSe is assumed to be 10% of its real part, wh
that for atoms in the first and second bilayer was treated
fitting parameter. The thickness of a slice, in which scat
ing potential was approximated to be constant toward
surface normal direction, was about 0.1 Å. In order to qu
tify the agreement between the calculated rocking curves
the experimental ones, theR factor defined as

R5
1

N (
g

E @ I go~u!2cgI gc~u!#2du

E @ I go~u!#2du

, cg5

E I go~u!du

E I gc~u!du

,

was used.30 Here, I go and I gc are the observed and the ca
culated intensities of beamg as a function of glancing angl
u, respectively, andN is the number of analyzed beams. T
calculated rocking curves were convoluted with a Gauss
which has a full width at half maximum of 0.1°, correspon
ing to the experimental resolution.

Figure 7 shows RHEED rocking curves~solid curves!
measured from the ZnSe(001)-(231) and ZnSe(001)-c(2
32) surfaces, together with the calculated ones~dashed
curves! from the structure models proposed by Park a
Chadi.22 The Se-dimer and the Zn-vacancy models ga
largeR factors of 0.508 and 0.635, respectively, suggest
that the present results are incompatible with the atomic
ordinates given in Ref. 22. In order to obtain better agr
ment between the measured and calculated rocking cur
the atomic coordinates were optimized. Since the pres
analysis has been carried out using the beams on the z

FIG. 7. RHEED rocking curves~solid curves! measured from
the ZnSe(001)-(231) ~a! and ZnSe(001)-c(232) ~b! surfaces.
The dashed, dotted, and dashed-dotted curves are calculated
the atomic coordinates listed in Table I.
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Laue zone at@110# incidence, only information about th
structure projected on the~110! plane is available. Thus, th
atomic coordinates along the@110# direction were excluded
from being structural parameters. The atomic coordina
were optimized as follows. Firstly, the atomic coordinates
the first-layer atoms were changed holding others identica
those given in Ref. 22, so as to minimize theR factor. Sec-
ondly, starting from the optimized structure at this stage,
atomic coordinates of the second- and third-layer atoms w
refined one after another. Finally, the resulting optimiz
structure was set as the starting point of the next refinem
This procedure iteratively minimizes theR factor. The mini-
mum in theR factor was typically reached after 10 steps
iteration.

Shown by dotted curves in Figs. 7~a! and 7~b! are rocking
curves calculated from the optimized Se-dimer and Z
vacancy models for which the atomic displacements fr
bulk positions are listed in Table I. Errors of the atom
coordinates in Table I were evaluated from the half width
the range where theR factor is smaller than 1.13Rmin .30 On
one hand, the agreement is considerably improved for
stabilized (231) (Rmin50.159). On the other hand, Zn
stabilizedc(232) still gave a relatively largeR factor of
0.216. In particular, peaks at 1.2 and 1.8° in the measu
rocking curve of the~0 0! beam are not reproduced in th
calculated rocking curve. This result prompted us to t
some other possible structure models for thec(232) sur-
face. The rocking curves calculated from the Zn-dim
model @Fig. 5~c!# disagree with the experimental curve
(Rmin50.276), while for the Se-vacancy model@Fig. 5~d!#,
the most of features in the measured rocking curves are
reproduced in the calculated rocking curves~dashed-dotted
curves in Fig. 7!. The R factor of the Se-vacancy model i
0.128 showing a good agreement between the experim
and the calculation.

om

TABLE I. Atomic displacement from bulk positions for the op
timized surface structures for ZnSe~001! ~in Å!. The x and z dis-
placements are along the@110# and @001# directions, respectively.

Notation in
Fig. 4 Park and Chadi~Ref. 22! This study

x z x z

(231) Se-dimer
Se ~1! 10.76 10.03 10.4560.07 10.0960.13
Zn ~1! 10.22 10.04 10.1660.08 20.3060.06
Se ~2! 0.00 20.15 0.00 20.5860.16
Se ~3! 0.00 10.26 0.00 20.3560.07

c(232) Zn-vacancy
Zn ~1! 0.00 21.28 0.00 20.9360.09
Se ~1! 10.23 10.02 10.5060.08 20.4760.21
Zn ~2! 0.00 20.01 0.00 20.2860.09

c(232) Zn-dimer
Zn ~1! 0.00 10.7960.15
Se ~1! 0.00 10.1260.12
Zn ~2! 0.00 10.1260.19

c(232) Se-vacancy
Se ~1! 0.00 10.06 0.00 10.3060.07
Zn ~1! 0.00 20.18 0.00 10.1260.07
Se ~2! 0.00 20.08 0.00 10.1860.05
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In Fig. 8, we compare rocking curves for the (231) Se-
dimer andc(232) Se-vacancy structures. For both me
sured and calculated rocking curves, thec(232) surface has
a higher specular-beam intensities~open circles! than those
for the (231) ~closed circles!, except for the case at 1.2
This is in accord with changes in RHEED intensities sho
in Fig. 4. On the other hand, rocking curves calculated
the Zn-vacancy model@Fig. 5~b!# are incompatible with the
results in Fig. 4. Thus, the results in Figs. 4 and 8 furt
support the present analysis that the (231) and c(232)
surfaces have the Se-dimer and Se-vacancy structures
spectively.

As mentioned at the opening paragraph of this subsect
theoretical calculations22,23 and photoemission spectroscop
experiments25–27 have shown that thec(232) surface has
the Zn-vacancy structure. This stands in clear contrast to
present analysis. Although the reason for such a disag
ment with the theoretical results22,23still remains unclear, the
Se-vacancy model can be consistent with the experime
data in Refs. 25–27, on the basis of the following reaso
Similarly to the case for the Zn-vacancy model, the S
vacancy model has equal numbers of Zn and Se dang
bonds@two of each kind perc(232) unit cell#. According to
the electron counting model,31 transfer of 1/2 electron from
each Zn dangling bond to each Se-dangling bond transfo
the Se- and Zn- dangling bonds into fully occupied a
empty states, respectively, so that thec(232) surface is
electronically stabilized, not leaving any partially filled da
gling bonds. Thus, the Se-vacancy model can explain
photoemission spectroscopy results for thec(232)

FIG. 8. Comparison of RHEED rocking curves fo
ZnSe(001)-(231) ~solid curves! and the ZnSe(001)-c(232)
~dashed curves!. The points ~a!–~d! correspond to the glancing
angles at which the changes in the specular beam intensity
monitored during ALE growth~Fig. 4!.
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surface;25–27~i! core-level spectra for Zn and Se have simi
intensity ratios of the surface to bulk components, and~ii !
the surface Zn and Se components are shifted toward hi
and lower binding energies, respectively, with respect
their bulk components.

In Fig. 6~b!, we propose a possible ALE mechanism th
explain the switching between the (231) Se-dimer and
c(232) Se-vacancy surfaces. Similarly to the case in F
6~a!, growth rate of 0.5 BL/cycle is expected. However, t
reason why the growth rate estimated by TRAXS and X
~;0.45 BL/cycle! is slightly less than 0.5 BL/cycle still re
mains unexplained. This can be explained by considering
desorption of Zn or Se from growing ZnSe surfaces dur
growth interruption. In order to confirm this, we performe
ALE growth experiments changing the time of growth inte
ruption. Figure 3~b! shows the growth rate estimated by XP
measurements, in which the growth rate indeed decrease
the interruption time is increased. Since the desorption of
from thec(232) surface hardly occurs at temperatures b
low 400 °C even under the irradiation of electron beam,32 it
appears likely that the decrease in the growth rate is du
the desorption of Se. The Se desorption during the gro
interruption is also evidenced by RHEED observations.
can be seen in Fig. 4, RHEED intensities changed imme
ately after the Se beam was turned off, while no change
observed after the Zn shutter was closed. Here, we note
in the present experiment the effects of the electron-be
irradiation on the Se desorption32 is negligible, because ALE
growth experiments with and without RHEED observatio
gave the same growth rates.

IV. CONCLUSIONS

We have studied the structure and composition of
ZnSe~001! surface during ALE growth using RHEED an
TRAXS in real time. The ZnSe~001! surface has the (2
31) Se-dimer andc(232) Se-vacancy structures under th
Se and Zn beams, respectively. Contrary to the previou
proposed Zn-vacancy model, the latter is not terminated w
a half monolayer of Zn atoms, but, with a half monolayer
Se atoms. The ALE growth proceeds at a rate of 0.5 BL
ALE cycle, which is expected from the alternate formati
of the (231) Se-dimer andc(232) Se-vacancy structures
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