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Structure and composition of the c „434… reconstruction formed
during gallium arsenide metalorganic vapor-phase epitaxy

B.-K. Han, L. Li, Q. Fu, and R. F. Hicksa)
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Surfaces of GaAs~001! were prepared by metalorganic vapor-phase epitaxy and characterized by
scanning tunneling microscopy, x-ray photoelectron spectroscopy, infrared spectroscopy, and
low-energy electron diffraction. Upon removal from the reactor, the gallium arsenide surface
exhibits a (132) reconstruction, which is a disordered variant of thec(434). The disorder arises
from the presence of adsorbed alkyl groups. Heating the sample to 350 °C desorbs the hydrocarbons
and produces a well-orderedc(434) structure. A model is proposed for the alkyl-terminated (1
32) reconstruction. ©1998 American Institute of Physics.@S0003-6951~98!04125-4#
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The structure of gallium arsenide surfaces present du
metalorganic vapor-phase epitaxy~MOVPE! have been
probed by optical spectroscopy, such as reflectance di
ence spectroscopy,1–3 and by grazing incidence x-ray scatte
ing ~GIXS!.4–8 Although these techniques have provided
teresting insights into the surface phases and the gro
process, they have been unable to provide unequivocal in
mation on the structure and composition of GaAs~001!. In
this regard, scanning tunneling microscopy~STM! is unsur-
passed in its ability to provide real-space images of epita
ally grown semiconductor surfaces.9–13 Prior STM studies of
material grown by MOVPE have used an arsenic-capp
procedure to protect the surface during transfer from the
actor to ultrahigh vacuum~UHV!. Then the samples wer
annealed in vacuum above 200 °C to desorb the exces
senic and reveal the GaAs surface.14,15 Unfortunately, the
structures revealed by this method were more represent
of the vacuum annealing process than of the MOVPE en
ronment.

In this study, a MOVPE reactor was directly interfac
to an UHV system that housed a scanning tunneling mic
scope and other instruments for surface analysis.12,13 This
apparatus has allowed us to simply stop the growth proc
take the sample out of the reactor, and immediately cha
terize the structure and composition of the film surface.
have found that a (132) reconstruction is present immed
ately after growth under arsenic-rich conditions. This str
ture has been characterized in detail and the results are
sented below.

The GaAs~001! wafers used in these experiments we
miscut 0.5° toward@011# and doped with 131018 Si atoms/
cm3 ~AXT, Inc.!. Gallium arsenide films were deposited o
these substrates using triisobutylgallium~TIBGa!, tertiarybu-
tylarsine~TBAs!, and hydrogen (H2). The growth conditions
were 570 °C, 20 Torr H2, 4.531024 Torr TIBGa, a V/III
ratio 50, and a space velocity of 30 cm/s over the wa
surface~relative to 0 °C and 760 Torr!. After growth, the
sample was cooled to 40 °C at 1.3 °C/s. The TBAs and2

flows were maintained until the wafer reached 300 a
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40 °C, respectively. Immediately after stopping the H2 flow,
the vessel was pumped down to 231027 Torr, and the wa-
fer was transferred to the UHV system.

The long-range order on the surface was determi
with a Princeton Instruments low-energy electron diffrac
meter ~LEED!. Whereas the chemical composition of th
surface was measured with a Physical Electronics x-ray p
toelectron spectrometer~XPS!, equipped with a multichanne
detector and a hemispherical analyzer. These data were
quired at a take-off angle of 35° and a pass energy of 2
eV. The scanning tunneling micrographs were obtained w
a Park Scientific AutoProbe VP at 30 °C with a sample b
of 22 to 24 V and a tunneling current of 0.1–0.5 nA. In
frared spectra of adsorbates present on the surface
growth were acquired with a BIO-RAD FTS-40 A infrare
spectrometer. These measurements were made by int
reflection through the GaAs crystal with 31 reflections o
the front face.

Shown in Fig. 1 are two STM images of the galliu
arsenide~001! surface immediately after MOVPE. In th
large-scale picture, one sees a regular array of terraces
dicative of step-flow growth. The step edges are on aver
parallel to the@010# crystal axis and are approximately 30
Å wide. The close-up view of this surface@Fig. 1~b!# reveals
that it is terminated with light gray rows, extending along t
@1̄10# direction. White lines are inserted in the picture
emphasize the row structure. The rows are 8 Å apart, which
corresponds to two unit cells of GaAs~001!; and since one
cannot discern any periodicity along the rows, the surfa
reconstruction by STM is (132). However, note that the
LEED pattern of this surface is a weakc(434) pattern su-
perimposed on intense (131) spots.

Next, the sample was annealed in vacuum at 350 °C
10 min. This produced a sharpc(434) LEED pattern. A
STM image of this surface is shown in Fig. 2. It contains tw
different structural domains, as indicated by the circles
beled A and B. In circle A, the light gray blocks are squa
indicating that they consist of a chain of two arsenic dime
In circle B, the light gray blocks are rectangles, whose lo
axis is parallel to the@1̄10# direction. These blocks consist o
a chain of three arsenic dimers. Inspection of over 20 mic
graphs reveals that the two domains cover equal areas.
il:
7 © 1998 American Institute of Physics
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FIG. 1. Scanning tunneling micrographs of the GaAs~001! surface imme-
diately after transfer from the MOVPE:~a! 550035500 Å2; and ~b! 260
3260 Å2.

FIG. 2. Scanning tunneling micrograph of thec(434) reconstruction after
annealing the GaAs crystal in vacuum at 350 °C. The image area is
3260 Å2.
mixed domain structure seen in the STM images is consis
with the previous work of Kisker and co-workers.7,8 They
obtained grazing incidence x-ray scattering spectra of
GaAs ~001! surface in the MOVPE environment. Based o
an intensity analysis of the crystal truncation rods, it w
concluded that the surface consists of a mixture of As-dim
chains two and three dimers in length.

X-ray photoemission analysis of the GaAs surfaces in
cates that only three elements are present after MOV
growth: gallium, arsenic, and carbon. Presented in Tab
are the area ratios of the As 2p3/2 and C 1s peaks relative to
the Ga 2p3/2 peak. The arsenic to gallium ratio remaine
constant as the crystal was annealed to 350 °C. This indic
that for annealing at temperatures below 300 °C, no arse
desorbs from the surface. Conversely, the carbon to gall
ratio decreases from 0.0194 to 0.00518, indicating that
carbon is removed from the surface.16

In an attempt to identify the adsorbates present on
surface, infrared reflectance spectra were collected be
and after annealing the sample for 10 min at temperatu
between 100 and 400 °C. In Fig. 3, reflectance spectra
presented of the C–H stretching region of the infrared sp
trum, from 3040 to 2780 cm21. These spectra are ratios o
the reflectance spectrum collected after heating to that
lected beforehand. Negative peaks are observed becaus
adsorbates are removed from the surface. The peaks
served at 2957 and 2869 cm21 are most likely due to the
asymmetric and symmetric stretching vibrations of adsor

60

TABLE I. Dependence of the XPS As 2p3/2 /Ga 2p3/2 and C 1s/Ga 2p3/2

area ratios on the sample annealing temperature in vacuum.

Temperature~°C! As/Ga C/Ga Reconstruction

30 1.38 0.0194 (132)
100 1.39 0.0151 (132)
200 1.40 0.0104 (132)
300 1.36 0.00839 (132)
350 1.34 0.00518 c(434)

FIG. 3. Infrared reflectance spectra of the C–H stretching region after h
ing the sample in vacuum to temperatures between 100 and 400 °C.
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methyl groups,17,18while the peak at 2926 cm21 is character-
istic of a CH2 stretching vibration.19 No peaks are found a
1930– 1800 cm21 and 2200– 1930 cm21, indicating that the
surface is not terminated with hydrogen.19 These results in-
dicate that the carbon detected by XPS is due to adso
alkyl groups.

The results present above show that the (132) and the
c(434) have the same arsenic coverage, but that hydro
bon compounds are present on the (132) surface. The STM
images indicate that the (132) evolves into thec(434)
upon annealing at 350 °C. In Fig. 4, a proposed model for
(132) reconstruction is shown. This model contains a m
ture of As-dimer chains that are two and three dimers
length. In the gap between the chains with two As dime
alkyl groups are bonded to exposed As atoms~arrows in Fig.
4!. These exposed As atoms have up to two dangling bo
and should exhibit a high propensity for reaction with t
gas-phase alkyl radicals present in the MOVPE reactor
random distribution of three-dimer chains, two-dimer chai
and adsorbed alkyls along the@1̄10# direction will produce
the (132) periodicity as observed in the STM image pr
sented in Fig. 1~b!.

Kamiya et al.1–3 reported that under flow of hydroge

FIG. 4. Ball-and-stick model for the proposed (132) structure.
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and arsenic precursors the GaAs surfaces exhibited a d
deredc(434) structure. Similar results were found in GIX
studies by Kiskeret al.4–6,8 The conditions used to produc
these surfaces were analogous to those employed by u
this study. Therefore, we conclude that the disorderc(4
34) seen previously is the adsorbate-covered (132) struc-
ture identified herein.

Funding for this research was provided by the Office
Naval Research~N0014-95-1-0904!, and the National Sci-
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1I. Kamiya, H. Tanaka, D. E. Aspnes, L. T. Florez, E. Colas, J. P. Ha
son, and R. Bhat, Appl. Phys. Lett.60, 1238~1992!.

2I. Kamiya, H. Tanaka, D. E. Aspnes, M. Koza, and R. Bhat, Appl. Ph
Lett. 63, 3206~1993!.

3I. Kamiya, L. Mantese, D. E. Aspnes, D. W. Kisker, P. H. Fuoss, G.
Stephenson, and S. Brennan, J. Cryst. Growth163, 67 ~1996!.

4D. W. Kisker, G. B. Stephenson, P. H. Fuoss, F. J. Lamelas, S. Bren
and P. Imperatori, J. Cryst. Growth124, 1 ~1992!.

5F. J. Lamelas, P. H. Fuoss, P. Imperatori, D. W. Kisker, G. B. Stephen
and S. Brennan, Appl. Phys. Lett.60, 2610~1992!.

6D. W. Kisker, G. B. Stephenson, I. Kamiya, P. H. Fuoss, D. E. Aspnes
Mantese, and S. Brennan, Phys. Status Solidi A152, 9 ~1995!.

7V. H. Etgens, M. Sauvage-Simkin, R. Pinchaux, J. Massies, N. Jedrec
Waldhauer, and N. Greiser, Surf. Sci.320, 252 ~1994!.

8A. P. Payne, P. H. Fuoss, D. W. Kisker, G. B. Stephenson, and S. B
nan, Phys. Rev. B49, 14 427~1994!.

9D. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L.-E. Swartz, Ph
Rev. B41, 5701~1990!.

10Q. Xue, T. Hashizume, J. M. Zhou, T. Sakata, T. Ohno, and T. Saku
Phys. Rev. Lett.74, 3177~1995!.

11T. Hashizume, Q.-K. Xue, A. Ichimiya, and T. Sakurai, Phys. Rev. B51,
4200 ~1995!.

12L. Li, B.-K. Han, S. Gan, H. Qi, and R. F. Hicks, Surf. Sci.398, 386
~1998!.

13B. K. Han, L. Li, M. J. Kappers, R. F. Hicks, H. Yoon, M. S. Goorsk
and K. T. Higa, J. Electron. Mater.27, 81 ~1998!.

14M. Kasu and N. Kobayashi, Jpn. J. Appl. Phys., Part 133, 712 ~1994!.
15M. Kasu, N. Kobayashi, and H. Yamaguchi, Appl. Phys. Lett.63, 678

~1993!.
16L. J. Bellamy,The Infra-red Spectra of Complex Molecules~Wiley, New

York, 1975!, p. 13.
17P. E. Gee, H. Qi, and R. F. Hicks, Surf. Sci.330, 135 ~1995!.
18D. M. Joseph, R. Balagopal, R. F. Hicks, L. P. Sadwick, and K. L. Wa

Appl. Phys. Lett.53, 2203~1988!.
19H. Qi, P. E. Gee, and R. F. Hicks, Phys. Rev. Lett.72, 250 ~1994!.


