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We have studiedin situ Stranski-Krastanov growth surface of~In,Ga!As grown by molecular-beam epitaxy
on GaAs~001! using reflectance-difference~RD! spectroscopy and reflection high-energy electron diffraction.
The surface of the two-dimensional wetting layer shows various structures depending on the InAs coverage and
the growth temperature. At relatively low substrate temperature, the growth transition from two-dimensional to
three-dimensional occurs on the (233) surface of~In,Ga!As, whereas at high-temperature the transition
occurs on the (234) surface of InAs. Comparing the measured RD spectra with the calculations based on the

tight-binding surface-linear-response method, we found that both@110#-In and@ 1̄10#-As dimers are necessary
for the (233) and (234) surfaces to explain the observed RD spectra. Time-resolved measurements demon-
strate that disappearance of excess As surface triggers the islanding process. Furthermore, the In-dimer-related
signal shows a redshift near the growth transition due to the strain relaxation.

DOI: 10.1103/PhysRevB.66.195312 PACS number~s!: 78.66.Fd, 68.35.Bs, 71.15.Nc
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I. INTRODUCTION

Self-assembled quantum dots in semiconductor het
structures are of great interest, because of their disc
atomlike energy levels, good optical properties and prom
ing device applications such as quantum dot laser and in
red photodetector.1 In a lattice-mismatched system such
~In, Ga!As/GaAs, the self-assembled quantum dots can
achieved by the Stranski-Krastanov~SK! growth mode.2

Above a critical thickness, the growth mode is changed fr
two-dimensional ~2D! layer-by-layer growth to three
dimensional~3D! island growth. In the SK growth the 2D
wetting layer dramatically changes at the initial stage of
growth in order to achieve such transition from 2D to 3
growth. To control the growth mode, it is important to u
derstand a relation between the structure of the 2D wet
layer and the transition to 3D growth. The 2D wetting lay
varies as a function of the InAs coverage and the gro
temperature.3 The wetting layers initially show threefold
(33) patterns in the@ 1̄10# azimuth due to the formation o
an ~In,Ga!As-alloy phase.3–5 With increasing the InAs cov-
erage, the alloy phase is followed by an InAs phase form
tion with the (234) surface reconstruction. The various po
sible surface conditions, which depend on growth conditio
play a key role in the SK growth mode. In this study, w
performed reflectance-difference~RD! spectroscopy on the
wetting layers in the SK growth of~In, Ga!As grown by
molecular-beam epitaxy on GaAs~001! and simultaneously
characterized the growth by reflection high-energy elect
diffraction ~RHEED!. RD signal was measured between t
complex near-normal-incidence reflectances of light linea
0163-1829/2002/66~19!/195312~6!/$20.00 66 1953
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polarized along two principle axes@ 1̄10# and @110#, which
can be expressed in terms of the surface dielectric anisotr
For optically isotropic materials, surface optical absorpti
contributes to the RD spectroscopy, which gives informat
about dynamic processes at the growth front.6–11 Recently,
RD spectroscopy has been used to monitor formation
development of InAs islands on GaAs~001! surface.8–11They
succeeded to take RD spectra immediately after the gro
of different amounts of InAs. Furthermore, time-resolv
measurements at certain photon energies~especially at 4.0
eV in Ref. 10! have been carried out to study the islandi
process. In this work, we focus on the wetting layer surfa
structure during the transition of 2D to 3D growth. We repo
here the observation of a new feature, negative peak ne
eV which can be attributed to cation dimmers. The surfa
structure near the 2D-3D growth transition is discussed.

II. EXPERIMENTS

InAs quantum dots were grown by a solid-source mole
lar beam epitaxy~MBE! onGaAs~001!. A 120-nm-buffer
layer of GaAs was grown at 530 °C. The deposition rate
InAs, estimated from homoepitaxial growths, was 1 ML/m
InAs deposition was performed at 300–480 °C. Indium d
sorption was apparent above 400 °C.12 Our RD spectroscopy
system is mounted on the MBE.11 RD spectroscopy and
RHEED measurements were carried out simultaneously
der As4 flux of about 231026 Torr beam equivalent pres
sure. RD spectra were measured immediately after the d
sition of InAs. For time-resolved measurements, the R
intensity fixed at a certain photon energy, and the RHEE
©2002 The American Physical Society12-1
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spot intensity were recorded simultaneously during the In
deposition. In this study, the transition from 2D wetting lay
growth to 3D island growth is determined from the change
the RHEED pattern~picture not shown! that represents a
clear signature of 2D and 3D growth.11,12

RD was measured between the complex near-norm
incidence reflectances of light linearly polarized along t
principle axes@ 1̄10# and@110#. The two-prism photoelastic
modulator configuration allows us to measure both rela
amplitudeDr /r and phaseDu of the anisotropy of the com
plex reflectance. We converted the measured RD spe
Dr /r and Du, into anisotropy spectra of the dielectric r
sponseD(ed). Here, we used the Fresnel three-phase mo
expressed in terms of the surface dielectric anisotropy (e 1̄10
-e110)d.6,7 e 1̄10d and e110d are the surface dielectric re
sponses along the@ 1̄10# and @110# directions, respectively
The bulk dielectric function used in the calculation corr
sponding to the temperature of the measurement was
tained by data shifted according to the temperature co
cient of the critical pointE1.

III. CALCULATION METHOD OF ANISOTROPY
SPECTRA

To determine the atom positions of various reconstruc
surfaces, we adopted the repeated slabs which are equiv
to fourteen atomic layers in thickness. An isolated slab c
sists of seven~In, Ga!As atomic layers whose bottom is te
minated by hypothetical hydrogen atoms. The positions
the hydrogen atoms and the lowest three layers are fixed.
other atom positions were optimized by theab initio total-
energy pseudopotential method in a local density approxi
tion ~LDA !, where the separable ultrasoft pseudopotenti13

and the Ceperly-Adler exchange-correlation potential
used.14 The wave function is expanded by plane waves w
the energy less than 7.3 Ry, and in the case of (133) sur-
faces the charge density is calculated by using 7320323
mesh points in the repeated-slab unit cell and two spe
points in the surface Brillouin zone. Using the optimiz
geometries, the dielectric anisotropy was calculated by
sp3s* tight-binding method in a surface response theo
where the slab of twenty atomic layers is used.15 The param-
eters of on-site and transfer energies are taken from the
vious works16,17 and the Harrison’sd22 rule18 is adopted.
The other details of the calculations are describ
elsewhere.16

IV. RESULTS AND DISCUSSION

A. RD spectra

With increasing the InAs coverage, the (133), (233),
and (234) reconstructions were confirmed, depending
the InAs coverage and the growth temperature. The obse
phase diagram is very similar to the diagram obtained
Belk et al.3 The threefold (33) pattern in the@ 1̄10# azimuth
indicates the formation of an~In, Ga!As alloy surface,3–5 and
shows a so-called an asymmetric~or incommensurate! dif-
fraction. The asymmetry in the (133) becomes more pro
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nounced towards higher temperature. In this case, the
and 2/3-order streaks are closer together. The (233) surface
also shows asymmetric features3 and seems to be an inte
mediate phase for the (234) surface. The 1/3- and 2/3-orde
streaks of the (233) shift outwards towards the 1/4 and 3
positions, respectively. At 480 °C, the RHEED pattern sho
diffuse structures.3 The transition between 2D and 3D
growth modes was observed on the (233) or (234) sur-
face; at 300 °C, the growth-mode transition occurs on
(233) surface of~In, Ga!As, while above 350 °C the tran
sition occurs on the (234) surface of InAs.

D(ed) spectra at successive steps of the InAs deposi
at 300 and 390 °C are plotted in Fig. 1. The RHEED patte
are listed on the right of the each spectrum. Except for
structure around 3–4 eV, it seems that there is no signific
difference between Figs. 1~a! and 1~b!. As observed in the

FIG. 1. Imaginary part ofD(ed) at successive steps of InA
deposition at 300 °C~a! and 390 °C~b!. The RHEED patterns are
listed on the right of each spectrum.
2-2
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previous works,8,10 the high-energy transitions~3–4 eV! rap-
idly damps with increasing the InAs coverage. This trend
remarkable at the high growth temperature. The negative
nal ~2.7 eV! of the initial c(434) surface is due to the
optical transitions from the occupied dangling bond state
the unoccupied antibonding states of neighboring
dimers.16 With increasing the InAs coverage, the amplitu
of the negative signal at 2.7 eV decreases. In addition to t
the positive signal is observed near 2.5 eV. The sign inv
sion observed near 2.5 eV indicates the disappearanc
excess As and formation of new surfaces. At the initial sta
of the growth a positive signal near 2.0 eV of thec(434) is
reduced rapidly. This positive signal comes from As-
bonds between the top and second-top layers.16 Therefore, a
reduction in this positive signal intensity also indicates

FIG. 2. Calculated imaginary part ofD(ed) @~a!–~e!#, for vari-
ous (133), (233), and (234) surfaces@~a!–~e!#, respectively.
The spectrum~f! is the result of an InAs-bulk surface with the (
34)a2 structure.
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desorption of excess As. On the other hand, a negative si
below 2.0 eV is observed at the high InAs coverag
(.0.64 ML). Similar negative features were also observ
for GaAs~001! surfaces by Kamiyaet al.7 According to their
results, (432) reconstruction obtained at a heated condit
in a reduced As flux exhibits an RD spectrum that is char
terized by the prominent negative feature near 2.0 eV. Ba
on the reported theoretical calculations, they concluded
this negative structure is assigned to the transitions betw
@110#-Ga-dimer orbital and empty Ga lone-pair states. Th
also pointed out that the intermediate phase shows both
of features, the negative signal near 2.0 eV and the pos
signal at 2.5 eV, because of the presence both Ga and
dimers. On the basis of the above-mentioned analysis
GaAs, we can assign the observed RD spectra of the we
layer that also shows both set of features to the surface

minated by @ 1̄10#-As and @110#-In ~or Ga! dimers. The
growth of the negative signal observed at the initial stage
complicated, because it correlates with the changes of the
and 2.0 eV@As~first layer!-As~second layer! bond# signals as
well as the cation-dimer formation. It is noted that the s
face long-range ordering keeps the (133) during the com-
plication in the initial stage of the growth. Furthermore, t
negative signal shows a redshift when the growth proce
beyond the 1-ML deposition.

To explain the origin of the newD(ed) signals, we com-
pared the measured data with the theoretically calcula
spectra. In the calculation, we considered various (133),
(233), and (234) surfaces with As dimers shown in Fig
2. The ~a! surface has a structure proposed by Sauva
Simkin et al.5 By calculating the surface formation energi
in the As-rich condition, we found that for the (133) and
(233) surfaces In-Ga mixing with Ga1/3In2/3 composition is
favorable to lower the strain energy caused by the lat
mismatch between InAs and GaAs.15 Moreover, considering
the surface energy as a function of As-chemical potentia
is shown that the (133) of ~b! is stable in As-rich condition
whereas the (233) of ~d! is stable in As-poor condition. The
calculatedD(ed) spectra are summarized at the top of Fig.
where the spectra@~a!–~e!# correspond to the surfaces@~a!–
~e!# shown in the bottom part, respectively. On the oth
hand, the spectrum~f! is a result of an InAs-bulk surface
with the (234)a2 structure.19 All the calculated spectra ar
shifted 0.5 eV to the lower energy side because the calc
tions correspond to 0 K while the experiments were carrie
out around 700 K.

By analyzing the spectra of the~b! surface, a negative
signal near 2.8 eV is attiributed to the transitions from t
occupied dangling-bond states of the top-layer As to the
occupied antibonding states of@110#-As dimers. A negative
signal near 2.4 eV is due to the As~second layer!-cation~third
layer! bonds. On the other hand, positive signals near 1.8
3.1 eV are related to the As~first layer!-As~second layer!
bonds, respectively. For the~d!, ~e!, and ~f! surfaces, the
D(ed) signals show a negative signal near 2 eV. This str
ture can be attributed to the transitions between In-dim
orbital and empty In lone-pair states. The positive signal n
2.5 eV is due to the transitions from the dangling-bond sta
2-3
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TAKASHI KITA et al. PHYSICAL REVIEW B 66, 195312 ~2002!
of the top As atom to the antibonding states of the@ 1̄10#-As
dimers. Since the~b! surface has high As coverage and r
sembles the startingc(434) GaAs surface within the sur
face structures considered in the present paper, we can a
the initial As-rich (133) surface to the~b! surface. The
calculated spectrum for this surface can be compared
the spectrum obtained at the 0.32 ML deposition. At this l
coverage, it is observed that the (133) phase is partially
formed.3 From the calculation of the~b! surface, the cation-
dimer bond length is increased by the mixing of cation d
ing the growth. The calculated cation-dimer lengths with G

FIG. 3. Time-resolved RDDr /r intensity at 2.5 eV and

RHEED-spot intensity at the (11̄5) diffraction at various growth
temperatures. The arrows indicate the growth transitions.
19531
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Ga2/3In1/3, Ga1/3In2/3, and In compositions are 2.61, 2.6
2.84, and 2.86 Å, respectively. In the previous work o
served by using scanning tunneling microscopy,3 the varia-
tion of the indium content across the surface was repor
According to their observations, the indium concentration
the third layer increases as the diffraction pattern becom
more symmetric towards the lower temperature and
higher InAs coverages. These results support the cation m
ing effects. The negative~near 2.0 eV! and positive~2.5 eV!
signals observed at the surfaces with>1 ML InAs can be
reproduced by the spectra for the~d!, ~e!, and ~f! surfaces.
The RD spectrum at the 1.93-ML deposition in Fig. 1 agre
well with the calculated spectra for the~f! surface. Our cal-
culated result for the InAs-bulk surface also agrees well w
the recently reported spectra.20,21The fact that the agreemen
with these experiments is good shows the validity of o
calculations. However, theE1 and E11D1 bulk critical
points are close to the positive signal at 2.5 eV. In a recenab
initio DFT-LDA study for (234) GaAs~001!, it is pointed
out that the RD feature associated to As dimers by ti
binding results appears to be bulk related.22 Recently,
Berkovits20 and Goletti21 interpreted that a high-energy flan
of the positive broad peak near 2.5 eV would coincide w
the bulk critical points. Thus, the origin of this positive si
nal is not fully understood at this moment. However, as
ported in the previous papers,20,21 it is reasonable to conside
that the unresolved broad feature near 2.5 eV relates to
As dimmer and the bulk critical points.

According to the above-mentioned assignment for the
signals, it is considered that the complicated redshift~from
2.3 to 1.8 eV! of the negative signal in the (133) phase is
caused by evolution of~1! the positive signal near 2.5 eV,~2!
the 2.0 eV signal from the As~first layer!-As~second layer!
bonds, ~3! the negative signal from As~second layer!-
cation~third layer! bonds, and~4! the negative signal from In
dimers. The positive signal near 2.5 eV seems to show
redshift with increasing the InAs coverages. The calcula
As-dimer length for the~b!, ~d!, and ~e! surfaces are 2.42
2.55, and 2.49 Å, respectively. This theoretical result do

FIG. 4. Amount of deposited InAs at the growth transition as
function of growth temperature.
2-4
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not interpret the energy shift. Thus, the energy shift would
caused by the complicated redshift of the negative signa

The results presented here reveal the variety of the sh
range order of the (133) phase. The cation mixing ma
cause such variations. But, the peculiar properties of the
33) surface is not clear in detail. Considering that the

FIG. 5. Time-resolved RD intensity is taken at 1.5 and 2.0 eV
300 °C ~a! and 390 °C~b! compared with the RHEED-spot inten

sity at the (1̄15) diffraction and RD intensity at 2.5 eV. Observe
RHEED patterns are also shown.
19531
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coverage decreases with changing the surface from~a! to ~f!,
we can expect that the initial (133) surface approaches th
surface~f! through the~d! (uAs51/3) and ~e! (uAs51/4)
surfaces toward higher InAs coverages.

B. Time-resolved observation of RD signal

The RD spectra were measured immediately after
deposition of InAs. However, the growth surface does
keep the same structure during the measurement. Actu
the RD spectrum proceeds slightly the structure with resp
to the time interval between the measurements. We meas
time-resolved RD intensityDr /r at different photon ener-
gies. Time-resolved RD intensity at 2.5 eV and the RHEE
spot intensity at the (11̄5) diffraction are plotted in Fig. 3 for
various growth temperatures. The RHEED-spot intensity
creases when islands are formed. Arrows indicate the gro
transition. Figure 4 shows the amount of the deposited In
at the growth transition as a function of the growth tempe
ture. With increasing the growth temperature, the amoun
the deposited InAs at the growth transition becomes
creased, and the increase of the diffraction intensity beco
steeper, i.e., islands are formed rapidly, when the nuclea
is initiated. Indium desorption being apparent above 400
causes a further increase of the amount of the depos
InAs.

The RD signal at 2.5 eV shows the sign inversion and
intensity converges to a constant positive level for the
34)a2. It is noted that the positive signal starts to satur
at the growth transition.8–10 This means that the disappea
ance of the excess As surface triggers the islanding proc
At the zero cross time of the RD signal, the negative sig
from the@110#-As dimer in the (133) surface balances with
the positive one from the@ 1̄10#-As dimer of the (233).
With increasing the growth temperature, a rapid decreas
the surface anisotropy is observed just after the InAs grow
This feature is indicated by solid bars in Fig. 3~b!, at which
the RHEED pattern of thec(434) completely disappears
and the further deposition results in the formation of t
asymmetric (133). This corresponds to the commensura
and incommensulate transition that can appear when m
plication of faulted sequences takes place in a perio
stacking.3,5

RD intensities taken at 1.5 and 2.0 eV are shown in Fig
together with the RHEED-spot intensity. The 2.0-eV sign
comes from the As~first layer!-As~second layer! bond. At
390 °C, the 2.0 and 2.5 eV signals change rapidly just a
the InAs growth because of desorption of the excess
whereas the changes at 300 °C is almost linear. During
(233) surface, the 1.5 and 2.0 eV signals do not show s
nificant changes. After that, the (234) surface appears an
the 1.5 eV signal starts to decrease. In corresponding w
this change, the 2.0 eV signal starts to increase. The red
of the negative signal as observed in Fig. 1 causes th
results. Especially, it is thought that the energy shift of t
negative signal observed beyond the 1-ML deposition
caused by relaxation of the misfit strain. The 1.5-eV sig
intensity stops decreasing its intensity after finishing the
landing. This result is consistent with the macroscopic stu

t

2-5
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of the SK process23 in which the strain relaxation plays a ke
role in self-limiting properties of the islanding.

V. CONCLUSIONS

We studied the wetting layer surface during the S
growth of ~In, Ga!As on GaAs~001! by RD spectroscopy. A
quite small amount of InAs deposition changes the surf
structure from the initial As-richc(434) of GaAs to the
(133) of ~In, Ga!As. The (133) surface shows various RD
spectra with increasing the InAs coverage. After that,
(233) surface appears and is followed by the (234) sur-
face. The surface structures of wetting layer were studied
comparing the observedD(ed) spectra obtained at variou
InAs coverages with the calculations of the various surfa
by the tight-binding surface-linear-response method.
found that both In and As dimers are necessary to explain
observed spectra. Time-resolved observation of the RD
tensity shows that~1! the 2.5-eV signal starts converging to
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