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We have studiedh situ Stranski-Krastanov growth surface @h,GaAs grown by molecular-beam epitaxy
on GaAs(00)) using reflectance-differend®D) 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 X3) surface of(In,GaAs, whereas at high-temperature the transition
occurs on the (X 4) surface of InAs. Comparing the measured RD spectra with the calculations based on the
tight-binding surface-linear-response method, we found that [ddi®}-In and[TlO]-As dimers are necessary
for the (2xX3) and (2<4) 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.
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. INTRODUCTION polarized along two principle axd<.10] and[110], which
can be expressed in terms of the surface dielectric anisotropy.
Self-assembled quantum dots in semiconductor heterdg=or optically isotropic materials, surface optical absorption
structures are of great interest, because of their discreteontributes to the RD spectroscopy, which gives information
atomlike energy levels, good optical properties and promisabout dynamic processes at the growth ffort. Recently,
ing device applications such as quantum dot laser and infraRD spectroscopy has been used to monitor formation and
red photodetectdr.In a lattice-mismatched system such asdevelopment of InAs islands on Gal@91) surface® ' They
(In, GaAs/GaAs, the self-assembled quantum dots can béucceeded to take RD spectra immediately after the growth
achieved by the Stranski-Krastand®K) growth modé of different amounts of InAs. Furthermore, time-resolved
Above a critical thickness, the growth mode is changed fronineasurements at certain photon energespecially at 4.0
two-dimensional (2D) layer-by-layer growth to three- €V in Ref. 1Q_have been carried out to study the islanding
dimensional(3D) island growth. In the SK growth the 2D- Process. In this work, we focus on the wetting layer surface
wetting layer dramatically changes at the initial stage of theStructure during the transition of 2D to 3D growth. We report

growth in order to achieve such transition from 2D to 3D Nere the observation of a new feature, negative peak near 2
growth. To control the growth mode, it is important to un- eV which can be attributed to cation dimmers. The surface

derstand a relation between the structure of the 2D WettinStruCture hear the 2D-3D growth transition is discussed.

layer and the transition to 3D growth. The 2D wetting layer
varies as a function of the InAs coverage and the growth
temperaturé. The wetting layers initially show threefold
(X 3) patterns in th¢110] azimuth due to the formation of InAs quantum dots were grown by a solid-source molecu-
an (In,GaAs-alloy phasé® With increasing the InAs cov- lar beam epitaxy(MBE) onGaA$001). A 120-nm-buffer
erage, the alloy phase is followed by an InAs phase formalayer of GaAs was grown at 530 °C. The deposition rate of
tion with the (2<4) surface reconstruction. The various pos-InAs, estimated from homoepitaxial growths, was 1 ML/min.
sible surface conditions, which depend on growth conditionsinAs deposition was performed at 300—480 °C. Indium de-
play a key role in the SK growth mode. In this study, we sorption was apparent above 400 ¥Dur RD spectroscopy
performed reflectance-differend®D) spectroscopy on the system is mounted on the MBE.RD spectroscopy and
wetting layers in the SK growth ofln, Ga)As grown by = RHEED measurements were carried out simultaneously un-
molecular-beam epitaxy on GaA801) and simultaneously der As, flux of about 2<10~° Torr beam equivalent pres-
characterized the growth by reflection high-energy electrorsure. RD spectra were measured immediately after the depo-
diffraction (RHEED). RD signal was measured between thesition of InAs. For time-resolved measurements, the RD
complex near-normal-incidence reflectances of light linearlyintensity fixed at a certain photon energy, and the RHEED-

II. EXPERIMENTS

0163-1829/2002/68.9)/1953126)/$20.00 66 195312-1 ©2002 The American Physical Society



TAKASHI KITA et al. PHYSICAL REVIEW B 66, 195312 (2002

spot intensity were recorded simultaneously during the InAs (a)300°C
deposition. In this study, the transition from 2D wetting layer T T B
growth to 3D island growth is determined from the change in 10
the RHEED pattern(picture not showh that represents a
clear signature of 2D and 3D growth!?

RD was measured between the complex near-normal-
incidence reflectances of light linearly polarized along two

principle axeq 110] and[110]. The two-prism photoelastic-
modulator configuration allows us to measure both relative
amplitudeAr/r and phase\ 6 of the anisotropy of the com-
plex reflectance. We converted the measured RD spectra,
Ar/r and A @, into anisotropy spectra of the dielectric re-
sponseA (ed). Here, we used the Fresnel three-phase model
expressed in terms of the surface dielectric anisotragyy(
-€110d.%7 e;d and ey, are the surface dielectric re-
sponses along thgl10] and[110] directions, respectively.
The bulk dielectric function used in the calculation corre-
sponding to the temperature of the measurement was ob- ENERGY (&V)
tained by data shifted according to the temperature coeffi-

cient of the critical point;. {b) 390 °C
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To determine the atom positions of various reconstructed
surfaces, we adopted the repeated slabs which are equivalent
to fourteen atomic layers in thickness. An isolated slab con-
sists of severiln, GaAs atomic layers whose bottom is ter-
minated by hypothetical hydrogen atoms. The positions of
the hydrogen atoms and the lowest three layers are fixed. The
other atom positions were optimized by thb initio total-
energy pseudopotential method in a local density approxima-
tion (LDA), where the separable ultrasoft pseudopotefitial
and the Ceperly-Adler exchange-correlation potential are
used™* The wave function is expanded by plane waves with
the energy less than 7.3 Ry, and in the case of 8] sur-
faces the charge density is calculated by using2Dx 23
mesh points in the repeated-slab unit cell and two special ENERGY (eV)
points in the surface Brillouin zone. Using the optimized
geometries, the dielectric anisotropy was calculated by th?1e
sp’s* tight-binding method in a surface response theory,IiS
where the slab of twenty atomic layers is usd@he param-

eters of on-site and transfer energies are taken from the pre- . .
vious worke®17 and the Harrisongsj*Z rule’® is adopted P nounced towards higher temperature. In this case, the 1/3-

The other details of the calculations are describeoand 2/3-order streaks are closer together. TW?S“”"?‘CE
elsewherd® also shows asymmetric featuteand seems to be an inter-
mediate phase for the §24) surface. The 1/3- and 2/3-order
streaks of the (X 3) shift outwards towards the 1/4 and 3/4
IV. RESULTS AND DISCUSSION positions, respectively. At 480 °C, the RHEED pattern shows
diffuse structures. The transition between 2D and 3D
growth modes was observed on thex(2) or (2X4) sur-
With increasing the InAs coverage, theXB), (2X3),  face; at 300°C, the growth-mode transition occurs on the
and (2x<4) reconstructions were confirmed, depending on(2x 3) surface of(In, GaAs, while above 350 °C the tran-
the InAs coverage and the growth temperature. The observegktion occurs on the (2 4) surface of InAs.
phase diagram is very similar to the diagram obtained by A (ed) spectra at successive steps of the InAs deposition
Belk et al3 The threefold & 3) pattern in th¢ 110] azimuth  at 300 and 390 °C are plotted in Fig. 1. The RHEED patterns
indicates the formation of afin, Ga)As alloy surface®>and  are listed on the right of the each spectrum. Except for the
shows a so-called an asymmetfmr incommensurajedif- structure around 3—4 eV, it seems that there is no significant
fraction. The asymmetry in the ¢3) becomes more pro- difference between Figs.(d and Xb). As observed in the

(1x3)
(1x3)
(1x3)

ImA (ed) (nm)

(2x3)
(2x4)

(2x4)

FIG. 1. Imaginary part ofA(ed) at successive steps of InAs
position at 300 °Ga) and 390 °C(b). The RHEED patterns are
ted on the right of each spectrum.

A. RD spectra
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desorption of excess As. On the other hand, a negative signal
below 2.0 eV is observed at the high InAs coverage
(>0.64 ML). Similar negative features were also observed
for GaA4001) surfaces by Kamiyat al.” According to their
results, (4X2) reconstruction obtained at a heated condition
in a reduced As flux exhibits an RD spectrum that is charac-
. N © terized by the prominent negative feature near 2.0 eV. Based
T ek ol on the reported theoretical calculations, they concluded that
this negative structure is assigned to the transitions between
[110]-Ga-dimer orbital and empty Ga lone-pair states. They
also pointed out that the intermediate phase shows both set
of features, the negative signal near 2.0 eV and the positive
signal at 2.5 eV, because of the presence both Ga and As
dimers. On the basis of the above-mentioned analysis for
GaAs, we can assign the observed RD spectra of the wetting
layer that also shows both set of features to the surface ter-

minated by[110]-As and [110]-In (or Ga dimers. The
growth of the negative signal observed at the initial stage is
ENERGY (eV) complicated, because it correlates with the changes of the 2.5
and 2.0 eMAs(first layep-As(second layerbond] signals as
well as the cation-dimer formation. It is noted that the sur-
(a)2x3 (b} 1x3, (©)2x3 face long-range ordering keeps thex(3) during the com-
0ps=5/3  0p=4/3  0,,=2/3 plication in the initial stage of the growth. Furthermore, the
- negative signal shows a redshift when the growth proceeds
beyond the 1-ML deposition.
To explain the origin of the new (ed) signals, we com-
pared the measured data with the theoretically calculated

ImA (d) (nm)

-~

(@)

Dielectric Anisotropy

e —
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@@ spectra. In the calculation, we considered varioux 8},
(2%x3), and (2x4) surfaces with As dimers shown in Fig.
(d)2x3 (©)2x4 2. The (a) surface has a structure proposed by Sauvage-
Bps=1/3 Ops= 174 Simkin et al® By calculating the surface formation energies
o9 ] , Oas in the As-rich condition, we found that for the X13) and
| | : ®In (2% 3) surfaces In-Ga mixing with Galn,,; composition is
| | i © ca favorable to lower the strain energy caused by the lattice
§ | E | [110] mismatch between InAs and GaAsMoreover, considering
i_'___._.i | o= the surface energy as a function of As-chemical potential, it
! i [-110] is shown that the (X 3) of (b) is stable in As-rich condition

whereas the (& 3) of (d) is stable in As-poor condition. The
FIG. 2. Calculated imaginary part df(ed) [(a)—(e)], for vari-  calculatedA (ed) spectra are summarized at the top of Fig. 2,

ous (1x3), (2x3), and (2x4) surfaced(a)—(e)], respectively. ~where the spectrfi(@—(e)] correspond to the surfacé&)—

The spectruntf) is the result of an InAs-bulk surface with the (2 (€)] shown in the bottom part, respectively. On the other

X 4)a2 structure. hand, the spectrun) is a result of an InAs-bulk surface

with the (2x4)a2 structure® All the calculated spectra are

previous work$:1%the high-energy transition8—4 e\j rap-  shifted 0.5 eV to the lower energy side because the calcula-

idly damps with increasing the InAs coverage. This trend istions correspondot 0 K while the experiments were carried

remarkable at the high growth temperature. The negative siggut around 700 K.

nal (2.7 eV) of the initial c(4%x4) surface is due to the By analyzing the spectra of thé) surface, a negative

optical transitions from the occupied dangling bond states tsignal near 2.8 eV is attiributed to the transitions from the

the unoccupied antibonding states of neighboring Asoccupied dangling-bond states of the top-layer As to the un-

dimers?® With increasing the InAs coverage, the amplitude occupied antibonding states [10]-As dimers. A negative

of the negative signal at 2.7 eV decreases. In addition to thasignal near 2.4 eV is due to the &econd layeFrcatior(third

the positive signal is observed near 2.5 eV. The sign inverlayen bonds. On the other hand, positive signals near 1.8 and

sion observed near 2.5 eV indicates the disappearance 8f1 eV are related to the Af#st layen-As(second layer

excess As and formation of new surfaces. At the initial stagdonds, respectively. For th@l), (e), and (f) surfaces, the

of the growth a positive signal near 2.0 eV of thgl x4) is  A(ed) signals show a negative signal near 2 eV. This struc-

reduced rapidly. This positive signal comes from As-Asture can be attributed to the transitions between In-dimer

bonds between the top and second-top laj&Therefore, a  orbital and empty In lone-pair states. The positive signal near

reduction in this positive signal intensity also indicates the2.5 eV is due to the transitions from the dangling-bond states
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Gayslnyz, Gayslngs, and In compositions are 2.61, 2.69,
2.84, and 2.86 A, respectively. In the previous work ob-
(b) served by using scanning tunneling microscoplye varia-

’Il\ b b b b 'clklaéé/']\' tion of the indium content across the surface was reported.
ot 4 According to their observations, the indium concentration in
the third layer increases as the diffraction pattern becomes
more symmetric towards the lower temperature and the
higher InAs coverages. These results support the cation mix-

ing effects. The negativenear 2.0 ey and positive(2.5 eV)
430 “C signals observed at the surfaces watii ML InAs can be
‘1’ reproduced by the spectra for tk@), (e), and (f) surfaces.
~ ] The RD spectrum at the 1.93-ML deposition in Fig. 1 agrees
390 °C well with the calculated spectra for th{® surface. Our cal-
2 culated result for the InAs-bulk surface also agrees well with
Hron s e o

........... e R LR T

480 °C

R LR T

the recently reported specti®?! The fact that the agreement
360 °C with these experiments is good shows the validity of our
v calculations. However, thé; and E;+A; bulk critical
points are close to the positive signal at 2.5 eV. In a reabnt
initio DFT-LDA study for (2x4) GaA<00)), it is pointed

RD INTENSITY at2.5eV

LT R L gy o

300 °C

T 0.001 out that the RD feature associated to As dimers by tight
e ———— binding results appears to be bulk relatédRecently,
o 1 2 3 Berkovits® and Golett#! interpreted that a high-energy flank
DEPOSITION (ML) of the positive broad peak near 2.5 eV would coincide with

the bulk critical points. Thus, the origin of this positive sig-
FIG. 3. Time-resolved RDAr/r intensity at 2.5 eV and nal is not fully understood at this moment. However, as re-

. : — e . : : 215 -
RHEED-spot intensity at the () diffraction at various growth Ported in the previous papet¥?!it is reasonable to consider

temperatures. The arrows indicate the growth transitions. that the unresolved broad feature near 2.5 eV relates to the
o As dimmer and the bulk critical points.
of the top As atom to the antibonding states of fh&0]-As According to the above-mentioned assignment for the RD

dimers. Since thé€b) surface has high As coverage and re-signals, it is considered that the complicated redgffietm
sembles the starting(4x4) GaAs surface within the sur- 2.3 to 1.8 eV of the negative signal in the (43) phase is
face structures considered in the present paper, we can assigaused by evolution dfl) the positive signal near 2.5 el2)

the initial As-rich (1x3) surface to theb) surface. The the 2.0 eV signal from the ABrst layen-As(second layer
calculated spectrum for this surface can be compared withonds, (3) the negative signal from Asecond layer

the spectrum obtained at the 0.32 ML deposition. At this lowcatior(third laye bonds, and4) the negative signal from In
coverage, it is observed that the XB) phase is partially dimers. The positive signal near 2.5 eV seems to show a
formed? From the calculation of théb) surface, the cation- redshift with increasing the InAs coverages. The calculated
dimer bond length is increased by the mixing of cation dur-As-dimer length for thgb), (d), and (e) surfaces are 2.42,
ing the growth. The calculated cation-dimer lengths with Ga2.55, and 2.49 A, respectively. This theoretical result does
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(a) 300 °C coverage decreases with changing the surface {epro (f),

W P P PR I T S we can expect that the initial ¢(43) surface approaches the
surface (f) through the(d) (6as=1/3) and(e) (0xs=1/4)
surfaces toward higher InAs coverages.

B. Time-resolved observation of RD signal

The RD spectra were measured immediately after the
deposition of InAs. However, the growth surface does not
keep the same structure during the measurement. Actually,
the RD spectrum proceeds slightly the structure with respect
to the time interval between the measurements. We measured
time-resolved RD intensityAr/r at different photon ener-
gies. Time-resolved RD intensity at 2.5 eV and the RHEED-

spot intensity at the (15) diffraction are plotted in Fig. 3 for
various growth temperatures. The RHEED-spot intensity in-
creases when islands are formed. Arrows indicate the growth
transition. Figure 4 shows the amount of the deposited InAs
at the growth transition as a function of the growth tempera-
ture. With increasing the growth temperature, the amount of
the deposited InAs at the growth transition becomes in-
creased, and the increase of the diffraction intensity becomes

DEPOSITION (ML) steeper, i.e., islands are formed rapidly, when the nucleation

is initiated. Indium desorption being apparent above 400°C

(b) 390 °C causes a further increase of the amount of the deposited
M P FETTY PR PR P InAs.

The RD signal at 2.5 eV shows the sign inversion and the
intensity converges to a constant positive level for the (2
X4)a2. It is noted that the positive signal starts to saturate
at the growth transitiof'° This means that the disappear-
ance of the excess As surface triggers the islanding process.
At the zero cross time of the RD signal, the negative signal
from the[110]-As dimer in the (2X 3) surface balances with

the positive one from th¢110]-As dimer of the (2 3).
With increasing the growth temperature, a rapid decrease of
the surface anisotropy is observed just after the InAs growth.
This feature is indicated by solid bars in FighB at which
the RHEED pattern of the(4x4) completely disappears,
and the further deposition results in the formation of the
asymmetric (X 3). This corresponds to the commensurate
and incommensulate transition that can appear when multi-
plication of faulted sequences takes place in a periodic
stacking®®
RD intensities taken at 1.5 and 2.0 eV are shown in Fig. 5
together with the RHEED-spot intensity. The 2.0-eV signal
comes from the Adirst layep-As(second layer bond. At
DEPOSITION (ML) 390°C, the 2.0 and 2.5 eV signals change rapidly just after
] . o the InAs growth because of desorption of the excess As,
FIG. 5. Time-resolved RD |nten5|ty_|s taken at 1.5 and 2._0 eV alyhereas the changes at 300°C is almost linear. During the
300°C(a) and 390 °C(b) compared with the RHEED-spot inten- 5 3) gurface, the 1.5 and 2.0 eV signals do not show sig-
sity at the (1L5) diffraction and RD intensity at 2.5 eV. Observed nificant changes. After that, the ¥4) surface appears and
RHEED patterns are also shown. the 1.5 eV signal starts to decrease. In corresponding with
this change, the 2.0 eV signal starts to increase. The redshift
not interpret the energy shift. Thus, the energy shift would beof the negative signal as observed in Fig. 1 causes these
caused by the complicated redshift of the negative signal. results. Especially, it is thought that the energy shift of the
The results presented here reveal the variety of the shorhegative signal observed beyond the 1-ML deposition is
range order of the (X3) phase. The cation mixing may caused by relaxation of the misfit strain. The 1.5-eV signal
cause such variations. But, the peculiar properties of the (Intensity stops decreasing its intensity after finishing the is-
X 3) surface is not clear in detail. Considering that the Aslanding. This result is consistent with the macroscopic study

INTENSITY (arb. units)

INTENSITY (arb. units)
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of the SK process in which the strain relaxation plays a key constant level at the growth transition and tt@tthe 1.5-eV

role in self-limiting properties of the islanding. signal ([110}-In dimer stops decreasing after finishing the
islanding. These results suggest that the islanding is triggered
V. CONCLUSIONS by the desorption of excess-As atoms and stopped by the

. . . relaxation of the misfit strain.
We studied the wetting layer surface during the SK

growth of (In, GaAs on GaA$001) by RD spectroscopy. A
quite small amount of InAs deposition changes the surface
structure from the initial As-richc(4x4) of GaAs to the The authors acknowledge K. Yamashita, Kobe University,
(1% 3) of (In, GaAs. The (1x 3) surface shows various RD and I. Kamiya, Mitsubishi Chemical Corporation, and K.
spectra with increasing the InAs coverage. After that, theShiraishi, Tsukuba University, for their useful discussions.
(2% 3) surface appears and is followed by thex(2) sur-  One of the author§T.K.) thanks T. Nishino, Kobe City Col-
face. The surface structures of wetting layer were studied biege of Technology, and H. Nakayama, Osaka City Univer-
comparing the observed(ed) spectra obtained at various sity, for their continuous encouragement during this work.
InAs coverages with the calculations of the various surface$his work was supported by the Venture Business Labora-
by the tight-binding surface-linear-response method. Weory Project of the Graduate School of Science and Technol-
found that both In and As dimers are necessary to explain thegy at Kobe University and in part by the Scientific Research
observed spectra. Time-resolved observation of the RD inGrant-in-Aid from the Ministry of Education, Culture,
tensity shows thatl) the 2.5-eV signal starts converging to a Sports, Science and Technology.
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