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Hydrogen adsorption on GaAs „001… reconstructions
R. F. Hicks,a) H. Qi, Q. Fu, B.-K. Han, and L. Li
Chemical Engineering Department, University of California, Los Angeles, Los Angeles, California 90095-1592
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Hydrogen adsorption on thec(434), ~234!, ~236!, and~432! reconstructions of GaAs~001! have
been characterized by internal-reflection infrared spectroscopy. The infrared spectra contain up to 15
bands due to the stretching vibrations of arsenic hydrides~2150–1950 cm21!, terminal gallium
hydrides~1950–1800 cm21!, and bridging gallium hydrides~1800–950 cm21!. These features arise
from hydrogen adsorption on arsenic and gallium dimers, and second-layer arsenic and gallium
atoms. The large number of peaks observed indicates that the surface atoms exist in a variety of
different chemical environments. ©1999 American Institute of Physics.
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I. INTRODUCTION

Gallium arsenide~001! has been widely studied becau
it is used to manufacture many important semiconductor
vices, and because it exhibits a variety of interesting surf
structures.1–12 The GaAs ~001! surface can be terminate
with either arsenic or gallium. In order to minimize the su
face free energy, the As and Ga atoms form dimers, leav
only one dangling bond per atom. On charge-neutral s
faces, the arsenic dangling bonds are filled with pairs of e
trons, while the gallium dangling bonds are empty.13 This
charge-neutral condition is achieved by removing some fr
tion of the As or Ga dimers from the top layer of each u
cell.

As the surface composition changes from an arsenic-
to a gallium-rich state, the surface undergoes at least
different reconstructions.3,5,10,12 Shown in Fig. 1 are ball-
and-stick models that have been proposed for each re
struction. Model~a! is thec(434) structure which occurs a
an arsenic coverage of 1.75 monolayers~ML !.3 On this sur-
face, three-quarters of a monolayer of As is adsorbed on
of the first layer of arsenic. The extra As atoms dimerize
the @110# direction. Hashizumeet al.5 have obtained scan
ning tunneling micrographs of thec(434) surface, which
show dimer chains varying in length from 1 to 3 units@only
3 are shown in model~a!#. The shorter chains must occu
when the As coverage is below 1.75 ML.

Pashleyet al.4 obtained the first scanning tunneling m
crographs of the~234! reconstruction, which occurs at an A
coverage of 0.75 ML. Their images are consistent with th
arsenic dimers in the first layer followed by one dimer v
cancy @model ~b!, Fig. 1#. On this surface, the As dime
bonds are parallel to the@1̄10# direction. The out-of-phase
alignment of adjacent~234! cells gives rise to a largerc(2
38) unit cell. Biegelsenet al.3 observed another~234!
phase with two As dimers in the first layer and one As dim
in the third layer@model ~c!#. Theoretical calculations hav
shown that model~c! is more energetically favorable tha
model~b!.7 Based on reflection high-energy electron diffra
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tion ~RHEED! measurements, Farrellet al.14 suggested an-
other ~234! structure with two As dimers in the top laye
and two Ga dimers in the trenches@model~d!#. The As cov-
erage for this reconstruction is 0.5 ML.

On gallium-rich surfaces, the two reconstructions th
are seen by low-energy electron diffraction~LEED! and
scanning tunneling microscopy~STM! are the~236!/~136!
and (432)/c(832). Model~e! in Fig. 1 shows the structure
of the ~236! as proposed by Biegelsenet al.3 It consists of
two rows of As dimers, separated by two rows of Ga dime
The As and Ga dimer bonds are oriented along the@1̄10# and
@110# crystal axis, respectively. This structure occurs at
arsenic coverage of 0.5 ML. The presence of Ga dimers
the ~236! surface has been confirmed by infrared spectr
copy of adsorbed hydrogen, which reveals a broad, lo
frequency band due to bridging gallium hydride.9

Three models for the (432)/c(832) reconstruction are
presented in Fig. 1. Model~f!, proposed by Frankelet al.,15

contains three gallium dimers and a dimer vacancy, and
responds to a Ga coverage of 0.75 ML. Model~h!, proposed
by Skalaet al.,16 contains two gallium dimers and two a
senic dimers, and corresponds to a Ga coverage of 0.50
On the other hand, careful studies of the~432! using the
STM have provided clear evidence that model~g!, with two
Ga dimers in the first layer and one Ga dimer in the th
layer, is the correct representation of the surface.3,5 This con-
clusion is further supported by total energy calculations.7

The structures presented in Fig. 1 are based on nume
studies of the GaAs~001! surfaces, using techniques such
x-ray scattering,17 x-ray photoemission spectroscop
~XPS!,18–20 RHEED,1,14,21–26LEED,11,12,27,28Auger electron
spectroscopy~AES!,12,15,29 high-resolution electron energ
loss spectroscopy~HREELS!,15,30,31 and STM.3–6,10,16,32–34

Of these techniques, STM uniquely provides a map of
local density of states with atomic resolution. However, it
difficult to image the empty states on the GaAs~001! sur-
face, i.e., the gallium sites. Since no Ga dimers have e
been clearly identified by STM, conflicting conclusions ha
been drawn from very similar images of the Ga-ri
surfaces.3–5,16

We have used high-resolution vibrational spectrosco
8 © 1999 American Institute of Physics
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to investigate the adsorption of hydrogen and other m
ecules on the~234! and ~236! reconstructions of GaAs
~001!.9,35 Hydrogen atoms bond to four main sites on the
surfaces: As dimers, Ga dimers, second-layer As atoms,
second-layer Ga atoms. The second-layer atoms occupy
tice sites underneath the dimers, and are threefold coo
nated with one remaining dangling bond. These sites are
ally located along the edges of dimer vacancy rows. Eac
the four sites is distinguished from each other by the f
quencies of the hydride stretching vibrations in the infra
spectrum. An important discovery of this work was that h
drogen inserts into the Ga dimers, forming bridging galliu
hydrides that are held via 3-center-2-electron bonds.9

In this paper, we have extended our earlier studies
hydrogen adsorption on GaAs~001! to include all four re-
constructions, thec(434), ~234!, ~236!, and~432!. More-
over, the surfaces have been prepared by growing h
quality GaAs films on top of single-crystal substrates

FIG. 1. Ball-and-stick models of GaAs~001! reconstructions reported in th
literature. The lone pair of electrons in the As dangling bonds is indicate
two small dots.
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metalorganic vapor-phase epitaxy.10 Previously, we gener-
ated GaAs surfaces by wet chemical etching and annealin
vacuum.9 All the surfaces prepared in this study have be
characterized by LEED, XPS, and STM. Then the infrar
spectra of adsorbed hydrogen were collected and the re
compared directly to the data obtained by the other te
niques.

We have found that on thec(434), the hydrogen atoms
displace the top layer of arsenic dimers, and adsorb onto
As atoms underneath. Hydrogen adsorption on the As-
c(434) and ~234! surfaces produces seven distinct As–
vibrational bands. These bands are attributed to ars
monohydrides with different chemical bond strengths.
the Ga-rich~236! and ~432! reconstructions, the infrared
spectra contain intense, broad bands between 1750 and
cm21, which are due to bridging gallium hydrides. This fe
ture provides direct evidence for the presence of galli
dimers on these reconstructions. This study demonstr
that vibrational spectroscopy of adsorbed hydrogen is a v
able tool for probing compound semiconductor surfac
since it provides a unique picture of the chemical enviro
ment associated with the dangling bonds on each recons
tion.

II. EXPERIMENTAL METHODS

Gallium arsenide films, 0.5mm thick, were grown on
GaAs ~001! substrates using tertiarybutylarsine~TBAs!,
triethylgallium ~TEGa!, and hydrogen carrier gas. Th
growth conditions were: 873 K, 20 Torr H2 pressure, 6.5
31024 Torr TEGa pressure, a V/III ratio of 50, and a spa
velocity over the crystal of 30 cm/s~at 298 K and 760
Torr!.10 After growth, the crystal was held at 873 K for
min, then cooled to room temperature. The flows of tertia
butylarsine and hydrogen were maintained until the tempe
ture reached 473 and 300 K, respectively. Immediately a
stopping the H2 flow, the reactor was pumped out to
31027 Torr, and the sample was transferred to an ultrah
vacuum~UHV! system through an interface chamber witho
air exposure. The base pressure of the UHV system wa
310210Torr. Next, the GaAs~001! crystals were anneale
at various temperatures for 15 min to get the desired rec
structions.

The gallium arsenide reconstructions generated in ul
high vacuum were identified by low-energy electron diffra
tion, using a Princeton Instruments reverse-view LEED. T
surface composition of each phase was measured with a
5000 x-ray photoelectron spectrometer, equipped with
hemispherical analyzer. These spectra were recorded
takeoff angle of 75° with respect to the sample normal, us
Al Ka x-rays, and a pass energy of 35.75 eV. The scann
tunneling micrographs were obtained with a Park Scient
Instruments auto probe VP STM. The images were taken
the filled states at a sample bias of22.0 to 24.0 V, and a
tunneling current of 0.1 to 0.5 nA.

Infrared spectra were obtained by multiple internal
flection through GaAs~001! crystals that were 10 mm wide
by 40 mm long by 0.64 mm thick, and with 45 deg bevels
each end. A total of 31 reflections occurred off the front fa
of the crystals. Two substrate orientations were used:

y



th

r
te
s
p
ed

p
c
g

is
K

pl

ro
he

s

-
d
ic
a

ul
ti
li
a

se
te
su

o
to
a

u
h

le

-
the
a

o is

ral
le,

c-
le in
of

e top
that

ere
ay

fea-
the

hose

10500 J. Chem. Phys., Vol. 110, No. 21, 1 June 1999 Hicks et al.
with the long crystal axis parallel to the@1̄10# direction, and
one with the long crystal axis parallel to the@110# direction.
Hydrogen was dosed into the chamber at 531027 Torr, and
dissociated with a tungsten filament located 4 cm from
sample face. The flux of H atoms relative to H2 molecules
was estimated to be 0.1%.9 Dosing was continued fo
30 min (900 L H2) to allow the hydrogen atoms to satura
the exposed sites on the semiconductor surface. A serie
infrared spectra was collected before and during this ex
sure, using a Diglab FTS-40A Fourier-transform infrar
spectrometer. The spectra were recorded at 8 cm21 resolu-
tion and coadding 1024 scans. The reflectance spectra
sented here were obtained by taking the ratio of the spe
taken at saturation coverage to that taken before hydro
dosing.

The LEED, XPS, STM, and IR results reported in th
paper were all collected at a sample temperature of 300

III. RESULTS

Immediately after removing a gallium arsenide sam
from the metalorganic vapor phase epitaxy~MOVPE! reac-
tor, its surface exhibits a disorderedc(434) reconstruction,
and contains a significant quantity of adsorbed hyd
carbons.36 Slowly heating the sample to 623 K desorbs t
hydrocarbons, and produces an orderedc(434) phase. Fur-
ther heating to progressively higher temperatures result
arsenic desorption with the appearance of thec(238), ~1
36!, and last,c(832) LEED pattern. The annealing tem
peratures used to obtain these LEED patterns are liste
Table I. Also shown are the temperature ranges over wh
each reconstruction is observed, and the corresponding
ratios recorded for the As 2p3/2 and Ga 2p3/2 photoemission
peaks. The temperature range for observing a partic
structure depends on several factors, including the hea
rate, the maximum temperature attained, and the annea
time. Therefore, these ranges are considered approxim
and will not exactly match the annealing temperatures u
in other studies. It should be noted that our heating ra
were governed by the need to keep the chamber pres
below 131029 Torr, and were between 3 and 5 K/min.

The XPS area ratios presented in Table I are not c
rected for the atomic sensitivity factors, because these fac
are analyzer dependent and we are using the ratios only
relative measure of the surface composition. Inspection
the XPS data reveals that the As/Ga area ratio is a minim
for the ~136!/~236! reconstruction. This is consistent wit
the ~236! and ~432! structures as given by models~e! and
~g! in Fig. 1. The mean free path for the escaping photoe

TABLE I. The dependence of the GaAs~001! LEED pattern and XPS
As/Ga area ratio on the annealing temperature in ultrahigh vacuum.

LEED
pattern

As 2p3/2 /Ga 2p3/2

area ratio
Annealing

temperature~K!
Temperature

range~K!

c(434) 2.1–1.8 523 573–623
c(238) 1.4–1.25 673 673–773
(136) 1.1 793 773–813
c(832) 1.1–1.25 853 823–873
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trons from the As and Ga 2p3/2 levels are 7 and 10 Å, re
spectively, which is between 5 and 7 atomic layers of
GaAs crystal.37 The ratios of the number of As atoms to G
atoms in the first four layers of the~236! and~432! recon-
structions are 0.7 and 1.2. Consequently, the As/Ga rati
lower for the ~236! than for the~432!, in agreement with
the XPS results.

As shown in Table I, a range of XPS 2p3/2 area ratios are
observed for thec(434), c(238), and c(832) recon-
structions. This may result from the existence of seve
atomic structures with the same unit cell size, for examp
models~c! and ~d! for the (234)/c(238) in Fig. 1. Alter-
natively, the composition variation may result from the o
currence of mixed surface phases that are not discernab
the LEED pattern. As discussed below, the STM images
the ~432! surface always show the presence of some~236!
domains.

A. c „434… reconstruction

Shown in Fig. 2~a! is an STM picture of thec(434)
reconstruction. The staggered gray patches are due to th
layer of arsenic dimers. Inspection of the images reveals
there are two differentc(434) structures, one in which
there are three As dimers in a row, and one in which th
are two As dimers in a row. In the former case, the gr
patches are elongated in the@1̄10# direction, whereas in the
latter case, the gray patches are square. Some of these
tures are highlighted with black rectangles and squares in
image. The results presented here are consistent with t
reported previously for thec(434) reconstruction.5

Upon exposing thec(434) to a flux of hydrogen atoms

FIG. 2. Scanning tunneling micrographs of GaAs~001! reconstructions:~a!
c(434), 2003200 Å2; ~b! (234), 80380 Å2; ~c! (236), 1403140 Å2;
and ~d! (432), 1103110 Å2.
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at 300 K, the LEED pattern gradually shifts to~131!, and
the XPS As 2p3/2/Ga 2p3/2 area ratio declines from 2.0 t
1.6. These data indicate that hydrogen reacts with the ars
exposed on the surface, and etches some fraction of it a
Previous studies of hydrogen atom adsorption on thec(4
34) have obtained similar results.38,39 In addition, these
studies have shown that at much higher dosages,;10 000 L,
the surface becomes Ga-rich and exhibits a rough morp
ogy.

Shown in Fig. 3 are polarized infrared reflectance sp
tra of hydrogen adsorbed on thec(434) surface. The inse
diagrams indicate the electric field vectors for the polariz
light, and show the two orientations of the crystals used
the experiments. These spectra contain a series of ove
ping bands in the frequency range between 2200 and 1
cm21, which can be assigned to arsenic hydrides. This
signment is made by comparison to the vibrational spectr
known arsenic hydride molecules, such as AsH3.

9 Examina-
tion of the spectra in Fig. 3 reveals that the As–H stretch
vibrations are more intense when the light is polarized p
allel to the @1̄10# crystal axis. Note that in thes-polarized
spectrum of Fig. 3~b! these bands exhibit sharp maxima
2080 and 1980 cm21.

In addition to the As–H bands, a gallium hydrid

FIG. 3. Polarized infrared reflectance spectra of hydrogen adsorbed o
c(434) surface, with the long crystal axis parallel to the@1̄10# direction in
~a! and the@110# direction in ~b!.
nic
y.

l-

-

d
n
p-

00
s-
of

g
r-

t

stretching vibration is observed at 1865 cm21 ~Ref. 9!. This
peak is completely absent from thes-polarized infrared spec
trum, indicating that the dipole moment for the Ga–H stre
must lie within the plane swept out by the@001# and @110#
crystal axes. The observation of a Ga–H infrared band p
vides further evidence that the top layer of As atoms
etched from thec(434) surface upon exposure to hydroge
atoms at 300 K.

B. „234… reconstruction

Shown in Fig. 2~b! is an STM image of the (2
34)/c(238) reconstruction. The unit cell consists of tw
arsenic dimers~set of four white spots! next to two dimer
vacancies~dark region!. The As dimers form rows that ex
tend along the@1̄10# direction. The As 2p3/2/ Ga 2p3/2 area
ratio measured for this surface is 1.4, indicating that it h
the maximum possible As coverage for a~234! phase. Ac-
cordingly, this reconstruction most likely corresponds
model ~c! in Fig. 1.

In addition to the pairs of As dimers, a number of oth
features are evident in the STM image. Some~234! unit
cells contain 0, 1, or 3 As dimers, and occasionally, a sin
As atom replaces one of the dimers. Also, there are br
white patches sitting on top of the As dimer rows. The
patches probably are due to adsorbed arsenic. Typically,
than 2% of the surface area of the~234! is covered with the
white patches. It should be pointed out that in large-sc
STM images, three As-terminated layers are observed.10 All
three layers are~234! reconstructed and are separated
double-height steps.

During dosing with hydrogen atoms, the~234! gradu-
ally changes to~134!. Scanning tunneling micrograph
taken at saturation coverage reveal rows with34 periodicity,
but no structure can be discerned within the rows. Anot
STM study has been conducted of hydrogen adsorption
the ~234!, but the quality of the images makes it difficult t
unambiguously identify the atomic structure within th
rows.40 These results and other published work38,39 indicate
that hydrogen adsorption lifts the32 symmetry imposed by
the arsenic dimer bonds. On the other hand, x-ray photoe
sion spectra collected by us after hydrogen dosing show
significant change in the As/Ga ratio, so arsenic etching
the ~234! can be ruled out under our experimental con
tions.

Shown in Fig. 4 are polarized infrared reflectance sp
tra of hydrogen adsorbed at saturation coverage on the
34) surface. These spectra are similar to the ones publis
before for surfaces prepared by wet chemical etching
annealing, except that the present spectra exhibit be
signal-to-noise ratios.9 The overlapping bands observed b
tween 2200 and 1900 cm21 are assigned to arsenic hydrid
stretching vibrations, while the two sharp peaks observe
1880 and 1835 cm21, and the broad shoulder seen at 17
cm21, are due to gallium hydride stretching vibrations. T
As–H vibrational bands are stronglyp-polarized when the
long axis of the crystal is parallel to the@1̄10# direction,
whereas they are stronglys-polarized when the long axis o
the crystal is parallel to the@110# direction. The intensities of
the Ga–H vibrational bands are strongly dependent on

the
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polarization as well, but in the opposite direction of t
As–H spectra. We have interpreted these results to mean
the As–H and Ga–H dipole moments mainly lie within t
~110! and ~1̄10! planes, respectively.9 However, some rota-
tion out of these planes is evident from inspection of
data: the intensities of the As–H vibrational bands are
zero in thes-polarized spectrum in Fig. 4~a!, nor are the
intensities of the Ga–H vibrational bands zero in t
s-polarized spectrum in Fig. 4~b!. The adsorption sites cor
responding to the different infrared bands observed are
cussed later.

C. „236… reconstruction

Presented in Fig. 2~c! is an STM image of the~236!
GaAs~001! surface. One sees single rows of arsenic dim
~white oblong shapes! that are separated from each other
the @110# direction by 24 Å. The As dimers within the row
are not well ordered, and randomly shift one lattice spac
to the left or right of the row axis. This image is in goo
agreement with other STM studies of the (236).3,5 Model
~e! in Fig. 1, proposed by Biegelsenet al.,3 is consistent with
these and other experimental results. Note that their mo
assumes that zigzagging chains of Ga dimers are locate
between the As dimer rows. While the STM image do

FIG. 4. Polarized infrared reflectance spectra of hydrogen adsorbed o
~234! surface, with the long crystal axis parallel to the@1̄10# direction in~a!
and the@110# direction in ~b!.
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show gray spots within the dark regions, it is not possible
definitively assign these features to gallium dimers.

Scanning tunneling micrographs obtained over larger
eas reveal that up to three layers of the crystal are expose
the ~236! surface.10 Most of these layers are~236! termi-
nated, and are separated from each other by steps two at
layers in height. Depending on the preparation conditio
the size of each terrace can vary from about 50 to 500
across. Also, it is not possible to prepare a pure~236! phase.
Under the best circumstances, the~236! comprises about
80% of the GaAs~001! surface, while the remaining 20% i
made up of~432! domains.

Shown in Fig. 5 are polarized infrared reflectance sp
tra of hydrogen adsorbed on the~236! reconstruction. The
s-polarized spectrum contains a series of relatively inte
bands between 2200 and 1950 cm21 that are due to As–H
stretching vibrations. These bands exhibit four main peak
2140, 2100, 2050, and 2020 cm21. Similar bands are seen i
the s-polarized spectrum of the hydrogen-terminated~234!
surface@Fig. 4 ~b!#. However, in the latter case, the peaks
2140 and 2100 cm21 are much less intense relative to th
peaks at 2050 and 2020 cm21.

Examination of thep-polarized spectrum in Fig. 5 re
veals an asymmetric band between 1950 and 1800 cm21 that
is attributed to terminal Ga–H stretching vibrations. In ad
tion, there is an extremely broad band centered at 1
cm21, which overlaps with other broad peaks at appro
mately 1740, 1620, 1190, and 1000 cm21. These strongly
p-polarized infrared bands are assigned to the asymme
stretching vibrations of bridging gallium hydrides.9 The po-
larization is consistent with the asymmetric stretch occurr
parallel to the@110# crystal axis. The bridging gallium hy
drides are formed by the insertion of H atoms into Ga dim
bonds. Consequently, the observation of these broad, l
frequency bands provides direct experimental confirmat
of the presence of gallium dimers on the~236! surface. Note
that the region between 1700 and 1000 cm21 is completely
flat in the reflectance spectra of adsorbed hydrogen on
c(434) and~234! reconstructions.

the

FIG. 5. Polarized infrared reflectance spectra of hydrogen adsorbed o
~236! surface, with the long crystal axis parallel to the@110# direction.
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D. „432… reconstruction

In Fig. 2~d!, an STM image is presented of the~432!
reconstruction. This picture shows a series of double row
light gray spots that extend along the@110# direction ~some
are highlighted with black dots in the image!. The spot spac-
ing is 4 Å along the rows, and the distance between
double rows is 16 Å, as expected for the~432! cell. Based
on STM studies and total energy calculations, model~g! in
Fig. 1 is the correct structure for this surface.3,5,7 The gray
spots seen in the filled-states image are associated with
second-layer arsenic atoms underneath the gallium dime5

It should be pointed out that it is not possible to ann
the gallium arsenide crystal such that only the~432! phase is
present. Large-scale images reveal that for the annea
conditions used in our study, approximately 80% of the s
face is~432! with the remainder~236!.10 Also, one sees a
small concentration of white blobs~,1% of the area! that are
believed to be gallium clusters. These clusters precipitate
on the surface when the~432! is created from the~236!
during annealing.

Presented in Fig. 6 are polarized infrared reflecta
spectra of hydrogen adsorbed on the~432! surface. The
p-polarized spectrum in~a! and thes-polarized spectrum in
~b! contain three sharp peaks at 2140, 2100, and 2050 cm21,
and a shoulder at 2020 cm21, which are due to arsenic hy

FIG. 6. Polarized infrared reflectance spectra of hydrogen adsorbed o
~432! surface, with the long crystal axis parallel to the@1̄10# direction in~a!
and the@110# direction in ~b!.
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dride vibrations. These bands are similar to those seen
hydrogen adsorption on the~236! reconstruction, except tha
in the case of the~432!, the peaks at 2100 and 2050 cm21

are of higher relative intensity compared to the other f
tures.

Between about 1950 and 950 cm21 a series of broad
overlapping bands are seen in thes-polarized spectrum of
Fig. 6~a! and thep-polarized spectrum of Fig. 6~b!. The
maximum observed at about 1875 cm21 is assigned to termi-
nal gallium hydride vibrations, while the remaining featur
with maxima at 1730 and 1605 cm21, and a prominent shoul
der at 1480 cm21, are due to the asymmetric stretchin
modes or bridging gallium hydride.9 These latter modes re
sult from hydrogen adsorption onto the Ga dimers wh
terminate the~432! surface. The absence of band intensity
the p-polarized reflectance spectrum of Fig. 6~a! indicates
that the asymmetric mode for the bridging hydride is direc
parallel to the@110# crystal axis. Note that there are signifi
cant differences in the location, size, and shape of the br
ing hydride infrared bands for the~432! and~236! surfaces.
The origin of these differences is discussed in the next s
tion.

IV. DISCUSSION

A. Arsenic-rich surfaces, c „434… and „234…

Our experimental results indicate that on thec(434)
surface, hydrogen atoms etch away the top layer of ars
and bond to the second layer of arsenic atoms that are
posed underneath. Consequently, one expects that the
for hydrogen adsorption on thec(434) reconstruction
should be similar to those on the~234! reconstruction. To
test this hypothesis, we subtracted the infrared reflecta
spectrum of the hydrogen-terminatedc(434) from the in-
frared reflectance spectrum of the hydrogen-terminated~2
34!, and vice versa. These results are presented in Fig
They show that contrary to expectation, the infrared pe
are located at different frequencies for the two structures.
the c(434), the dominant vibrational bands occur at 208
1980, and 1865 cm21, whereas on the~234!, a greater num-
ber of bands are recorded at 2140, 2110, 2050, 2020, 2

the

FIG. 7. Subtraction of the infrared reflectance spectra of thec(434) from
the ~234! and vice versa.
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1880, and 1835 cm21. Evidently, the frequencies of th
As–H and Ga–H stretching vibrations are sensitive to
arrangement of the arsenic atoms on the top layer of
crystal.

Chabal and co-workers41 have shown that hydrogen ca
adsorb onto Si~100! in a variety of different bonding con
figurations, including isolated monohydrides, coupled mo
hydrides (Si2H2!, dihydrides, and on rough surfaces, ev
trihydrides. The first three of these could also occur on
surface of GaAs~001!. The coupled monohydrides and dih
drides exhibit asymmetric and symmetric stretching vib
tions that are parallel and perpendicular to the crystal s
face. For Si~100!, the latter mode produces a more inten
infrared band that is alwaysp-polarized regardless of th
crystal orientation. Chabalet al.41 have pointed out that the
symmetric mode undergoes dielectric screening by the c
tal surface, which reduces its reflectance intensity relativ
that of the asymmetric mode. The screening is proportio
to the square of the electric polarizability, which for H:
~100! is about 2.0. Since the screening is not that large, i
relatively straightforward to identify the asymmetric an
symmetric vibrations of the couple monohydrides and di
drides on the silicon surface.

We anticipate that the polarizability of hydroge
terminated gallium arsenide may be significantly greater t
that for H:Si ~100!, because the Ga and As atoms are lar
than the Si atoms.42 Also, the dielectric constant of gallium
arsenide is greater than that of silicon.43 Consequently, the
symmetric stretching vibrations may be much weaker th
the asymmetric stretching vibrations, making them diffic
to extract from the infrared spectrum. Careful inspection
the data shown in Figs. 3 and 4 does not reveal any ba
that are exclusivelyp-polarized independent of the cryst
orientation. Instead, the As–H stretching vibrations tend
be stronglyp-polarized when the long crystal axis is paral
to the@1̄10# direction and stronglys-polarized when the long
crystal axis is parallel to the@110# direction. This suggests
that the infrared peaks are more likely due to isolated ars
monohydrides. However, because it is not currently poss
to calculate the extent of the dielectric screening, we can
rule out the existence of coupled arsenic monohydrides
arsenic dihydrides. It should be noted that isotope mix
experiments were carried out as well, but decoupling was
observed in any of the bands as the adsorbed hydrogen
diluted in adsorbed deuterium. This provides further supp
for assigning all the As–H infrared bands to monohydrid

The observation of seven peaks at different frequen
means that there are seven distinct chemical environm
for the arsenic monohydrides on the As-rich reconstructio
Each environment is determined by a unique coordination
atoms about the arsenic adsorption site. To illustrate th
different possibilities, we present ball-and-stick models
the hydrogen-terminatedc(434) and~234! surfaces in Fig.
8. These sites are labeled 1–8. The most common hyd
configuration is one in which the arsenic atom is bonded
hydrogen atom and two gallium atoms, and contains a l
pair of electrons in its remaining dangling bond~site 1!. This
arsenic monohydride is generated by displacement of an
dimer from thec(434), or by addition of hydrogen acros
e
e

-

e

-
r-
e

s-
to
al

is

-

n
r

n
t
f
ds

o

ic
le
ot
d

g
ot
as
rt
.
s
ts

s.
f

se
r

de
a
e

s

an As dimer bond on the~234!. Notice that the H atom may
be located within about 3 Å of an adjacent As atom with a
lone pair of electrons. This is sufficiently close for wea
hydrogen bonding to occur. Thus, for this species, two vib
tional frequencies may be observed, corresponding to
lated and hydrogen-bonded arsenic monohydride.

Site 2 in Fig. 8 illustrates another monohydride config
ration. In this case, the central As atom is bonded to an
atom, an As atom, and two Ga atoms~i.e., the As dimer bond
remains intact!. This monohydride is produced by the atta
of two H atoms across the As–Ga bond, making As–H a
Ga–H species. Site 2 is more likely to occur on the~234!
surface, where the second-layer Ga atoms are exposed a
the edges of the arsenic dimer rows. Addition of H atoms
an As–Ga bond on the opposite end of the As dimer w
produce a coupled monohydride~site 3!. Hydrogen atoms
could also attack the As–Ga bond of an isolated mono

FIG. 8. Ball-and-stick models for hydrogen adsorption on thec(434) and
~234! surfaces.
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dride with a lone pair of electrons~site 1!, and convert it into
a dihydride~site 4!.

Two other coordination environments that may occur
the c(434) and~234! surfaces are hydrides bonded to a
senic atoms located in the second or lower layers. In
case, the As atom may be bonded to one As atom above
two Ga atoms below, as indicated by site 5 in Fig. 8. Alt
natively, the As atom may be bonded to three Ga atoms,
above and two below~site 6!. This site might be found below
the edge of double-height steps. Also shown in Fig. 8 are
gallium hydrides, labeled sites 7 and 8. These are formed
adsorption of hydrogen on second-layer Ga atoms. The
sites differ in the type of top-layer arsenic atom that coor
nates with the gallium atom.

Since detailed simulations of the hydrogen-termina
surface would be required to make definitive assignme
we can only speculate as to the exact adsorption site co
sponding to each infrared band. However, an indication
the ranges of vibrational frequencies for each type of hydr
can be obtained by comparison to the infrared spectra
gaseous arsenic compounds.44–46 Arsine, ethylarsine, tertia
rybutylarsine, and diethylarsine exhibit As–H stretching
brations in the following ranges: AsH3, 2123 and 2116
cm21; EtAsH2, 2107–2086 cm21; tBuAsH2, 2126–2088
cm21; and Et2AsH, 2080 cm21. In addition, in the arsine–
trimethylgallium adduct, the As–H vibrations are shifted
cm21 higher in frequency compared to arsine.47 This shift is
due to the conversion of the nonbonding pair of electro
into a dative bond between As and Ga. The lone pair
electrons on the As atom tends to weaken the As–H bo
Based on the foregoing discussion, we tentatively assign
different arsenic hydrides to specific frequency ranges as
lows: 2150 to 2105 cm21, dihydrides, coupled monohy
drides, and isolated monohydrides on intact As dimers~sites
2, 3, and 4!; 2105 to 2040 cm21, monohydrides bound to
second-layer As atoms~sites 5 and 6!; and 2040 to 1950
cm21, isolated monohydrides bound to top-layer As ato
with lone paris of electrons~site 1!.

In spite of the complexity of the reflectance spectra
adsorbed hydrogen on thec(434) and ~234! surfaces, all
the features observed can be ascribed to three main ad
tion sites: As dimers, second-layer Ga atoms, and sec
layer As atoms. Moreover, the infrared spectra and the~131!
and ~134! LEED patterns can be readily explained by t
adsorption models presented in Fig. 8, and are consis
with structure~a! for the c(434) and structure~c! for the
~234! as given in Fig. 1.

B. Gallium-rich surfaces, „236… and „432…

The infrared spectra of adsorbed hydrogen on the~236!
and ~432! reconstructions contain an additional feature t
is not seen on the As-rich surfaces. This is the extrem
broad band extending from about 1800 to 950 cm21, which
is due to bridging gallium hydride. The bridged hydride i
serts between the Ga dimer atoms and makes a 3-cente
electron bond. Since the H atom brings one electron with
a second hydrogen must coordinate to the terminal posi
on the Ga dimer. Otherwise, an odd number of electr
would occupy the hydride bond orbitals.
n
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Shown in Figs. 9~a! and 9~b! are proposed ball-and-stic
models for the hydrogen-terminated~236! and ~432! sur-
faces. The gallium dimers provide three additional sites
hydrogen adsorption: site 11, bridged; and sites 9 and
terminal. The two terminal sites differ slightly in the coord
nation sphere of the gallium atom. The gallium at site 9
bonded to an As atom with a lone pair of electrons in
dangling-bond orbital, while the gallium at site 10 is bond
to an As atom that is beneath the surface and fully coo
nated to other Ga atoms. The models of the Ga-rich surfa
contain another arsenic monohydride that does not show
in the models of the As-rich surfaces. It is denoted as sit
in the figure and results from hydrogen adsorption o

FIG. 9. Ball-and-stick models for hydrogen adsorption on the~236! and
~432! surfaces.
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second-layer As atoms that are exposed along the edge
the Ga dimer rows. In this case, the central As atom is co
dinated to hydrogen and three Ga atoms. This site must
come occupied simultaneously with the terminal position
the adjoining Ga dimer, so as to avoid filling the hydri
bond orbitals with an odd number of electrons.

The ~236! is a unique reconstruction because it is t
minated with both arsenic and gallium dimers. Consequen
it contains all the hydride coordination sites, except site
which is associate with thec(434) phase. Perusal of Fig.
reveals that the infrared spectra of the H-terminated~236!
contain a series of As–H and Ga–H vibrational bands t
are characteristic of hydrogen adsorption onto As and
dimers. The infrared spectra of the H-terminated~432!
shown in Fig. 6 also contain As–H and Ga–H bands ch
acteristic of adsorption on As and Ga dimers. However,
may be explained by the coexistence of~236! domains on
the ~432! surface. As stated earlier, STM images indica
that the most Ga-rich surfaces are composed of no more
80% ~432!, with the remainder~236!.

In order to delineate the hydrogen adsorption sites c
responding to each Ga-rich reconstruction, we have s
tracted the reflectance spectrum of the H:~236! from that of
the H:~432! and vice versa. These results are presente
Fig. 10. Subtraction of the~236! from the~432! eliminates
all but two bands from the As–H stretching region, located
2100 and 2050 cm21. We propose that these relatively na
row peaks are due to hydrogen adsorption on second-l
arsenic atoms~site 6!. At this time, we cannot explain why
there are two peaks. Possibly they are associated with
and terrace sites. Finally, it should be pointed out that m
els ~f! and ~g! in Fig. 1 are compatible with our infrare
results, whereas model~h! is not.

Further examination of the infrared spectra in Fig.
reveals that the asymmetric stretching vibrations of
bridging gallium hydrides are at significantly different fr
quencies on the two surfaces. For the~236!, the broad low-
frequency band exhibits a maximum at about 1420 cm21

with well-defined shoulders at 1620 and 1190 cm21. In ad-
dition, a small band is present at 1000 cm21. By contrast, the
bridging band for the~432! contains two overlapping peak

FIG. 10. Subtraction of the infrared reflectance spectra of the~432! from
the ~236! and vice versa.
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centered at 1720 and 1610 cm21. ~The third peak at 1870
cm21 is due to the stretching vibrations of terminal galliu
hydrides.! The frequency of the bridging band is related
the Ga–H–Gabond angle, and in turn, the average Ga–
bond distance. Assuming that the Ga atoms are rigidly h
in place, then the vibrational frequency of the asymme
stretch is approximately given by the followin
relationship:48

nas5~kr /2p2mH!1/2sin~u/2!, ~1!

where kr is the force constant,mH is the mass of atomic
hydrogen, andu is the Ga–H–Gabond angle. Since thenas

values are higher on the~432! than on the~236!, one can
conclude that the bond angles are larger on the former re
struction.

The difference in the Ga–H–Gabond angles may be
related to the structures of the Ga dimer rows on the t
reconstructions. On the~236!, the gallium dimers are inter
spersed between disordered rows of arsenic dimers, whe
on the~432!, the gallium dimers extend in long rows alon
the @110# direction. One possibility is that the dimers on th
~432! surface couple with one another to form trimers,
shown in Fig. 9~c!. This coupling is not possible on the~2
36!. Digallane (Ga2H6) exhibits similar behavior when it is
condensed into a thin solid film at 77 K.49 The molecule
undergoes oligomerization, resulting in an increase in
Ga–H–Gabond angle from 98 to 122 deg. The oligomeriz
gallane exhibits a broad infrared band for the asymme
stretching mode of the bridging hydride that is analogous
that seen for the bridging hydride on the~432!: the band is
centered at 1705 cm21 and has a full-width-at-half-maximum
of ;150 cm21. Amorphous hydrogenated gallium arseni
also exhibits a broad infrared band for bridging Ga–H–Ga.50

In this case, the band is centered at 1420 cm21, and is similar
in relative size and shape to the low-frequency hydride b
observed for the~236! surface~top spectrum in Fig. 10!.

The asymmetric stretching modes for bridging galliu
hydride on GaAs~001! range in frequency from 1720 to
1000 cm21. This indicates that there is a large variation
the Ga–H–Gabond angles on the crystal surface. For e
ample, for gaseous digallane, the bond angle is 98 deg
the asymmetric stretch is at 1273 cm21, whereas for con-
densed digallane, the bond angle is 122 deg and the as
metric stretch is at 1705 cm21 ~Ref. 51!. The frequencies
observed for the bridging species on the GaAs~001! surface
could easily encompass a range of angles from 125 to
deg. If one assumes a constant Ga–H bond length of
Å,50,51 then these angles correspond to Ga–Ga distan
ranging from 3.0 to 2.4 Å.

The bridging hydride should also exhibit a symmet
stretching vibration that is perpendicular to the crystal s
face. In digallane, this mode occurs between 1200 and
cm21 ~Ref. 51!. Inspection of Figs. 5 and 6 does not reve
any peaks that are exclusivelyp-polarized in this frequency
range. There are several reasons why we might not be ab
detect this mode. The intensity of the symmetric mode
generally much weaker than that of the asymmetric mode
Ga–H–Gabond angles in excess of 100 deg.48,52In addition,
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dielectric screening by the GaAs surface may greatly red
the intensity of the symmetric mode.

C. Deconvolution of the reflectance spectra

The infrared reflectance spectra for the hydrog
terminated~236! and ~432! surfaces have been deconv
luted to determine the position and full-width-at-ha
maximum ~FWHM! for each peak. These results a
presented in Fig. 11 and Table II. One sees that the FWH
for the As–H stretching vibrations vary from 23 to 38 cm21.
For arsine isolated within an argon matrix at 12 K, t
FWHM of the As–H stretching vibration is 25 cm21 ~Ref.
53!. This value is comparable to that for the surface arse
hydrides, and indicates that the line widths for these la
species are intrinsic to the As–H harmonic oscillator. T
larger FWHMs measured by us are probably due to the m
higher sample temperature~300 K!, which decreases the life
time of the excited state, and broadens the line.

FIG. 11. Deconvolution of the overlapping bands in the infrared reflecta
spectra of adsorbed hydrogen on the~236! and ~432! surfaces.

TABLE II. Characteristics of the infrared peaks for adsorbed hydrogen
GaAs ~236! and ~234! surfaces.

Stretching
mode

Frequency
~cm21!

~236! ~432!

Area
(3102 cm21)

FWHM
~cm21!

Area
(3102 cm21)

FWHM
~cm21!

As–H 2142 2.09 28 1.07 28
As–H 2103 2.30 31 3.44 31
As–H 2078 1.62 32 1.17 32
As–H 2051 1.48 23 1.19 23
As–H 2028 1.68 31 1.29 31
As–H 2002 1.53 36 0.72 36
As–H 1980 0.57 38 0.26 38
Ga–HT 1950 0.37 50 1.25 50
Ga–HT 1878 3.26 51 5.53 51
Ga–HT 1843 2.02 61 1.54 61
Ga–HB 1729 ¯ ¯ 16.5 151
Ga–HB 1740 5.38 151 ¯ ¯

Ga–HB 1604 ¯ ¯ 7.10 110
Ga–HB 1622 2.74 111 ¯ ¯

Ga–HB 1481 ¯ ¯ 19.6 256
Ga–HB 1437 23.6 256 ¯ ¯

Ga–HB 1253 ¯ ¯ 3.44 200
Ga–HB 1192 6.38 202 ¯ ¯

Ga–HB 995 0.73 50 0.21 50
e

-

s

ic
r

e
h

The full-width-at-half-maxima for the terminal an
bridged gallium hydrides~GaHT and GaHB! are significantly
larger than those for the arsenic hydrides. The FWHM
the bridging mode ranges from 50 to 256 cm21. As already
stated, these line widths are similar to those recorded for
same mode in condensed digallane and amorphous hydr
nated gallium arsenide.49–51The broad line shape is probab
due to the existence of a continuous distribution of G
H–Ga bond angles about the mean, and to a lesser exte
anharmonic interactions among the different vibration
modes.41

V. SUMMARY AND IMPLICATIONS

Our study has shown that many different arsenic a
gallium hydrides are produced upon hydrogen adsorp
onto the GaAs~001! surface. For example, seven vibration
bands, at frequencies ranging from 2150 to 1950 cm21, are
observed following hydrogen termination of arsenic dime
and second-layer arsenic atoms. These seven bands a
dicative of seven distinct adsorption sites, in which the c
ordination sphere of the As atoms changes. With regard
gallium sites, there are eight vibrational bands, correspo
ing to an equal number of different chemical environmen

These results have important implications for the surfa
chemistry of gallium arsenide. Several studies have sho
that chemical reactions occurring during the processing
this material are ‘‘site-specific.’’9,35,54 This specificity may
manifest itself upon adsorption. For example, on the~234!
reconstruction, arsine only adsorbs onto the second-laye
atoms.35 Alternatively, it may manifest itself through a su
face reaction, such as when the chlorine ligands of CCl4 react
with exposed Ga atoms and desorb GaCl.54 As the present
study demonstrates, infrared spectroscopy of adsorbed
drogen is unsurpassed in its ability to distinguish among
many different sites present on the gallium arsenide surfa
By using hydrogen titration of adsorption sites in conjun
tion with scanning tunneling microscopy and other surfa
science techniques, we should be able to greatly improve
understanding of the site-specific chemistry of process
compound semiconductors into solid-state devices.
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