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Topographic and crystallographic characterization of a grazing-ion-bombarded GaAs„110…
surface by time-of-flight ion-scattering spectrometry
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Cientificas y Te´cnicas, 8400 San Carlos de Bariloche, Rı´o Negro, Argentina
~Received 3 December 1996; revised manuscript received 27 February 1997!

We studied the topography and the atomic structure of a clean GaAs~110! surface by time-of-flight ion-
scattering spectrometry~TOF-ISS!. In a first series of measurements the surface was cleaned by standard
cycles of ion bombardment and annealing~500 eV Ar1, 500 °C!. This method was very efficient to remove
surface contaminants but not to smooth out the damage produced in TOF-ISS experiments. A cleaning method
consisting of grazing bombardment with 20 keV Ar1 combined with annealing at 500 °C resulted in a clear
improvement of the surface flatness. This was confirmed by measurements of electron energy distributions
recorded under grazing proton bombardment and by a topographical analysis with an atomic force microscope.
The crystallographic structure of the grazing ion bombarded surface was then studied by TOF-ISS. The
quasisingle backscattered intensity measured for 5 keV Ne1 presented strong variations with the incident and
azimuthal angles which are consistent with the generally accepted relaxed GaAs~110! surface. From the
comparison of critical angles measured and focusing regions calculated with a code recently developed we
have obtained an As-Ga first interlayer spacingDZ5(0.6660.08)Å, and the spacings between the first and
second As layersDZ1,2

As5(2.2560.08) Å and between the first and second Ga layersDZ1,2
Ga5(1.5760.1) Å.
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I. INTRODUCTION

Ion bombardment plays an important role in the cleani
preparation, and characterization of semiconductor surfa
but, at the same time, it can create sufficient surface dam
to change the electronic, growth, and adsorption proper
of the surface. Several surface analysis techniques have
used to study the topography and the atomic structure
clean and adsorbate covered GaAs~110! surfaces. The tech
nique of low-energy ion-scattering spectrometry~ISS! is sen-
sitive to the surface elemental composition and topograp
and provides valuable information about the surface ato
structure and adsorption sites. This is particularly import
with H adlayers since most conventional techniques can
detect H in direct ways. However, because of its inheren
destructive nature and the high sensitivity of semiconduc
to ion irradiation only in very few cases1,2 has it been used to
study semiconductor surfaces, and to our knowledge it
never yet been applied to a GaAs~110! surface.

The damage produced in ISS can be strongly reduced
using time-of-flight techniques to analyze both ions plus n
trals in a multichannel method~TOF-ISS!. In this case the
bombarding dose required to acquire a spectrum amoun
101121012 ions/cm2, and typically between 5 and 20 spect
are taken as a function of the incident or azimuthal an
before a new annealing cycle is performed. The compari
of these fluences with those used in recent studies of dam
produced on GaAs~110! surfaces3–5 indicates that the tota
doses used between annealings are well below that requ
for amorphization (;1015 ions/cm2). On the other hand
since each ion impact produces on average one multivac
defect5 up to a small percentage of a monolayer can pro
damaged between annealings. The successful applicabili
the TOF-ISS technique will then depend on the capability
restore the surface order during annealing. In addition, in
560163-1829/97/56~7!/4186~8!/$10.00
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particular case of GaAs, if the annealing temperature is
creased beyond 600°C the surface starts to dissociate6 and
droplets of metallic Ga are formed.

In the present work we apply TOF-ISS to study the
pography and the atomic structure of a clean GaAs~110! sur-
face. In the first part of the work we study the surface roug
ness resulting after performing several hours of TOF-I
measurements on a surface cleaned with~a! repeated cycles
of 500 eV Ar1 ion bombardment and annealing at 500 °
~IBA ! and ~b! grazing bombardment with 20 keV Ar1 and
annealing at the same temperature. This last method has
successfully used before to prepare Al and Fe surfaces
large and atomically flat terraces.7,8 A qualitative character-
ization of the surface topography was obtained from~1! the
backscattering intensity of neutrals plus ions measured
keV Ne1 ion-surface collisions at low incident angles an
~2! the electron emission produced at forward angles dur
60 keV grazing H1 ion-surface collisions. After all the TOF
ISS measurements in the present work had been made
checked the surface flatness with an atomic force mic
scope.

In the second part of this work we present a TOF-I
study of the atomic structure of the GaAs~110! surface pre-
pared by grazing-ion bombardment. The atomic structure
GaAs~110! surfaces, most of them prepared by cleavage,
been studied before by several surface analysis techniq
among them are low-energy electron diffraction9,10 ~LEED!,
medium-energy ion scattering11 ~MEIS!, and scanning tun-
neling microscopy12 STM. It is known that the surface re
laxes, preserving the 131 symmetry @Fig. 1~a!#, and the
plane of the surface chains rotates with respect to the sur
plane, forming an anglev;25°231° @buckling angle, Fig.
1~b!#. The goal of this part of the work is to show that th
surface prepared by grazing-ion bombardment also pres
the relaxation of the cleaved surface and that TOF-ISS, c
4186 © 1997 The American Physical Society
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56 4187TOPOGRAPHIC AND CRYSTALLOGRAPHIC . . .
bined with grazing-ion bombardment and annealing, is v
sensitive to this relaxation. The variations of the TOF spec
with the incident and azimuthal angles of the projectiles
interpreted in terms of shadowing and focusing effects c
culated with a recently developed code. The results obta
in this part of the work will be used in a paper following th
one where we study the adsorption of hydrogen on
GaAs~110! surface by TOF-ISS.

II. EXPERIMENTAL METHOD

Low-energy ISS and the techniques derived from it ha
been described in detail in several recent reviews.1,2,13 The
information about the elemental composition is obtain
from the energy analysis of keV ion projectiles scattered
the surface at large angles (.90°) and from the recoiling
target atoms they produce. For heavy targets the informa
about the surface atomic structure is derived from the dep
dence of the backscattered intensity with the incidence
azimuthal direction of the ions. Each target atom modifi
the ion trajectories in a surface region of the order of 12

resulting in strong shadowing and focusing effects that
characteristic of the collision partners and of the surface
ometry. Detection of both scattered ions plus neutrals
time-of-flight ~TOF! methods avoids dealing with neutraliz
tion effects and reduces the ion bombardment dose requ
to obtain a spectrum by a factor of;100, therefore reducing
the surface damage. The major disadvantage of the T

FIG. 1. ~a! Top view of the GaAs~110! surface. The azimutha
angle is measured from the@11̄0# direction. Inset: definition of the
azimuthal (f) and incident (u) angles, the scattering angled is
fixed at 107 °.~b! Side view of the relaxed GaAs~110! surface. The
buckling anglev and characteristic interlayer spacings are in
cated in the figure.
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method is the appearance of a higher contribution fr
multiple-scattering sequences, making more uncertain
quantification of quasisingle scattering contributions.

The TOF-ISS measurements presented in this work w
performed in a UHV chamber connected to a 4–100 keV
accelerator which has been described previously.14 The
chamber works at a base pressure of 6310210 Torr and has
facilities for sputtering and Auger electron spectroscopy. T
ions are generated in a radio frequency source, mass
lyzed with a switching magnet and collimated to 0.1 °
angular divergence. For TOF-ISS the ion beam is pulsed
two pairs of deflecting plates located at 40 cm from a
whose width and height can be varied from 0 to 2.5 m
Neutrals plus ions scattered at an angle of 107 ° are dete
at the end of a 110.5 cm drift tube by a channeltron elect
multiplier working with its cone grounded. All the TOF
spectra shown in the present work were acquired at the s
backscattering angle with a 5 keV20Ne1 ion pulsed beam of
a 100 kHz rate and 80 nsec pulse width. We measured
pulse width and shape by collecting with the electron a
lyzer the electrons ejected during the beam-surface inte
tion and feeding this signal to the stop input of the time-
amplitude converter.

The sample was a mirror-polished zinc-doped GaAs~110!
disk of 8 mm diameter. It was mounted on a small gonio
eter custom-constructed with nonmagnetic materials wh
allows us to perform annealings up to 1500 °C by elect
bombardment from the back side of the sample. The
incident angle (u) can be varied from 0 ° to 107 ° with re
spect to the surface plane, and the azimuthal angle (f) from
210° to 70 ° with respect to the main@11̄0# surface channe
@inset of Fig. 1~a!#. The crystallographic direction was dete
mined in situ by monitoring surface channeling effects
specularly reflected 60 keV H1 ions impinging at grazing
incidence. The error in the incident and azimuthal angles w
estimated in 0.25 ° and 0.5 °, respectively.

The sample was cleaned by two different methods; at
beginning we used repeated cycles of 500 eV Ar1 bombard-
ment at 45 °~15 min,;131028A/mm2), followed by 3 min
annealing at 500 °C. The temperature of the sample
measured with a thermocouple attached to the surface. A
seeing that this method was not sufficient to improve
surface flatness we prepared the surface by cycles of 20
Ar 1 bombardment at incident angles between 1 and 2
~20 min, 131029A/mm2), followed by 3 min annealing a
500 °C. During the Ar1 bombardment the azimuthal orien
tation of the sample was continuously rotated.

III. SURFACE TOPOGRAPHY

In order to study the surface topography we measu
TOF spectra along the@11̄0# azimuthal direction as a func
tion of the incident angleu. At sufficiently small incident
angles all the ions should be specularly scattered throug
sequence of soft collisions and no backscattered projec
should be detected at 107 °, unless the surface has de
such as steps, adatoms, or vacancies which can enhanc
probability of hard collisions.1,15,16The inset of Fig. 2 shows
a TOF spectrum acquired with 5 keV Ne1 at u518°. The
narrow peaks correspond to quasisingle scattering~SS! off
As and Ga surface atoms. Multiple scattering~MS! shows up
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4188 56J. E. GAYONEet al.
as a broad contribution below the SS peaks. For these m
surements, the total backscattering intensities (I tot) were
computed as the count integral over a region of 1.5msec
~hatched area!. This time window is larger than the widt
corresponding to the SS peaks, and includes most of the
contribution as well as the SS from both As and Ga ato
Figure 2 shows NeI tot as a function of the incident angle fo
three different stages of the surface:~A! the surface prepare
by IBA cycles with less than 2 h of TOF-ISS measurement
(3.331013 ions/cm2), ~B! after 6 h of TOF-ISS measure
ments (1014 ions/cm2) with intermediate IBA cycles, and
~C! after treating the surface of~B! with ;50 cycles of graz-
ing Ar 1 bombardment and annealing. The rise inI tot at
u;10° is due mainly to the appearance of quasisingle ba
scattering off both As and Ga first and second atomic lay
which are similarly exposed to the beam along this incide
direction@Fig. 1~a!#. Although we cannot give a quantitativ
estimate of the surface flatness from these measurement
continuous increase of NeI tot in curve B ~surface prepared
by IBA! corresponds to a surface with a large amount
surface defects.15,16The sharper rise observed aroundu510°
for the same sample after applying the grazing-io
bombardment treatment~curve C! clearly indicates an impor
tant improvement of the surface flatness. At larger incid
angles, the contribution of the deeper layers to the ba
scattering intensity~not shown! remained almost the sam
for the three surfaces, indicating that the damage was
duced mainly in the first two atomic layers.

The improvement in the surface flatness has also b
tested by recording the forward electron emission produ
during the bombardment of the sample with 60 keV H1 ions

FIG. 2. Total~single plus multiple! Ne backscattering intensity
measured along the@11̄0# channel for the surface prepared by IB
(A,B) and by grazing Ar1 bombardment (C). The inset shows a
TOF spectrum measured along the@11̄0# azimuth atu518°. The
hatched area indicates the time window used to integrate the b
scattering intensity shown in the figure.
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at 1 ° of incidence. At this incidence condition, the io
travel approximately 100 Å parallel to the surface befo
increasing the distance to the topmost atomic layer in 1 Å
this condition the probability of violent collisions with targe
atoms located at steps is large even for surfaces with a
density of impurities and defects. It was shown previously
Sánchezet al.18,19 that the energy distribution of the elec
trons ejected close to the direction of the ion specular refl
tion is very sensitive to the surface topography. Figure
shows the electron spectra corresponding to the surfa
characterized by curves B and C in Fig. 2. For the IB
prepared surface, spectrum B in Fig. 3 shows strong em
sion at low energy~secondary electrons! and an intense pea
at an energyEce that corresponds to electrons traveling wi
the same velocity as the projectiles~convoy electrons!. This
peak is determined by the electrons that recede from
target in close spatial correlation with the ion and inter
with its Coulomb potential.20 Both contributions~secondary
and convoy electron peaks! reflect the strong ion-surface in
teraction and should decrease for smooth surfaces.18 In the
case of the surface prepared by the grazing-bombardm
method a new peak appears in the electron distribution a
energyEm higher thanEce ~spectrum C in Fig. 3!. This peak
is observable only in surfaces with large and flat terrace18

and is ascribed to the interaction between the ejected elec
and the ion- and electron-induced surface potentials.

The roughness detected after cleaning the surface with
IBA cycles indicates that for the GaAs~110! surface this
method is not good enough to smooth out the surface d
age produced during ion bombardment. Previo
measurements3–5,17 have shown that GaAs surfaces are p
ticularly sensitive to ion bombardment, and the present
sults indicate that even the small doses used in the TOF

k-

FIG. 3. Energy distribution of electrons ejected during 60 k
H1 bombardment of the GaAs~110! surface prepared by IBA (B)
and by grazing Ar1 bombardment (C). The incident angle is 1°
and the observation is made along the specular reflection of
ions.
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56 4189TOPOGRAPHIC AND CRYSTALLOGRAPHIC . . .
FIG. 4. I BS~As! ~solid squares!
and I BS~Ga! ~open circles! vs u
measured for 5 keV Ne1 along
different azimuthal angles. The
vertical segments indicate the po
sition of the critical angles.~f!
Top view of the GaAs~110! sur-
face. The arrows indicate the az
muthal directions used to measu
the incident scans.
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measurements can produce an appreciable surface dam
On the other hand, preparation of the surface with repea
cycles of 20 keV Ar1 grazing ion bombardment and annea
ing can produce a reasonably flat surface~Fig. 2, curve C!
even starting from a relatively rough one~curve B!. The
improvement in the surface flatness is due to the fact tha
grazing incidence the ions transfer a large amount of ene
mainly to surface atoms located at steps; at flat terraces
scatter through a sequence of soft collisions without prod
ing appreciable damage. This is why, before taking the TO
ISS measurements discussed in the next section, the su
was prepared with the grazing-bombardment cycles durin
h. After all the TOF measurements shown in this work h
been made a characterization of the surface topography
performed by means of an atomic force microscope in
The images show that for regions of 1mm2 the total variation
in the height is smaller than 50 Å, with large areas (.1000
Å! where the height variations are just a few Å.

IV. CRYSTALLOGRAPHIC STRUCTURE

The results presented above indicate an improvemen
the surface flatness after applying the grazing Ar1 bombard-
ge.
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ment and annealing cycles; however, it is interesting to kn
if the surface also has a good crystallographic order. In
following section we present a TOF-ISS study of the atom
structure for the grazing-bombarded surface. The results
methodology described in this section will be used in t
following paper to study the surface derelaxation induced
hydrogen adsorption.

A. Incident and azimuthal scans

TOF spectra of neutrals plus ions were measured a
function of both the incident angleu for several fixed azi-
muthal directionsf, and the azimuthal anglef for fixed u.
The quasisingle backscattering intensities (I BS) coming from
As and Ga atoms~Figs. 4 and 5! were computed by integra
tion of the corresponding SS peaks after a linear backgro
subtraction~dashed line in the inset of Fig. 2!. At certain
incident and azimuthal angles the intensities present str
variations due to focusing of the ion trajectories on the tar
atoms. The critical angles, measured at 70% of the rise
indicated in the figures as vertical segments. For most di
tions, the critical incident angle necessary to focus the i
on As atoms are lower than those required for Ga ato
-

FIG. 5. Similar to Fig. 4, mea-

sured as a function of the azi
muthal angle.
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4190 56J. E. GAYONEet al.
This is consistent with a relaxed surface geometry where
first layer of Ga atoms~GaI! is deeper than that correspon
ing for As atoms~AsI!. The azimuthal scans~Fig. 5! provide
information about the symmetry of the surface and ar
good complement to the incident scans. For example
u56° @Fig. 5~a!# I BS(As) is symmetric with respect to th
@11̄0# direction (f50°), while I BS~Ga! is strongly asymmet-
ric. This difference can also be interpreted in terms of
relaxed surface geometry, i.e., at low incident angles o
AsI and GaI contribute. AsI is higher and is not affected
shadowing from GaI; backscattering from AsI is thus sy
metric with respect to the@11̄0# channel. On the other hand
backscattering from GaI is strongly affected by shadow
from AsI. The second layer starts to contribute at larger
cident angles and new focusings appear@Figs. 5~b! and~c!#.

In order to identify the origin of the variations in th
quasisingle backscattering intensity the experimentalI BS
have to be compared with some sort of calculations. Th
can vary from a full trajectory simulation for the propos
atomic structure, as is obtained with the Marlowe code,21 to
a simple calculation of the shadow cones produced by
face atoms. In this work we have used a recently develo
code22 that calculates the shadowing regions for a particu
layer, i.e., where backscattering towards the detector i
single collision is not possible due to shadowing by neig
boring atoms. These calculations and the calibration of
interatomic potential are briefly described in the followin
section.

1. Calculation of shadowing diagrams

Following the ideas of Marchutet al.23 and Overbury24

the code displays the shadowing regions in the main par
eters of the experiment, i.e., the projectile incident anglu
and the azimuthal directionf. The code uses Oen’s unive
sal expressions for the shadow cone25 and a mapping be
tween shadowing and blocking whose details will be pu

FIG. 6. Experimental and hitting probability calculation
I BS~As! vs u for 5 keV Ne1 along f50° ~a! and f554.7° ~b!.
The interatomic distances used for the calculation are those o
bulk, d54.00 Å andd56.92 Å, respectively. The inset shows
shadow cone calculated with Oen’s expression, and the solid s
bols are the shadow cone dimensions obtained from the experim
tal critical angles.
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lished elsewhere.22 Oen’s expressions are based on t
Thomas-Fermi interatomic potential with the Molie`re ap-
proximation. In most calculations of shadow cones, the F
sov screening length is multiplied by a calibrating factorC.
In our calculationsC was obtained by fitting a calculate
shadow cone (C being the fitting parameter! through two
points obtained from measurements performed along
muths with known interatomic distances. This is the ca
along the directionsf50° and f554.7°, where the low
incidence rises inI BS~As! are the result of focusing from
other As atoms placed atd54.00 and 6.92 Å, respectively
For the experimental points we used the shadow cone
pressionsR5dsinuc1b and L5dcosuc , with b the impact
parameter for scattering into 107° anduc the experimental
critical angle. For reasons that will be discussed below,uc1

As

was measured at 70% of theI BS~As! rise @Figs. 6~a! and~b!#.
The inset of Fig. 6 shows the shadow cone calculated w
C50.63 ~best fit!, together with the experimental point
Along f535.4° theI BS~As! rise at lowu is also caused by
focusing between two As atoms with a known interatom
distance. However, since the Ne projectile passes close
Ga atom, its trajectory is perturbed and the quasisin
model cannot be applied with confidence.

The calibrating screening factor for the Ne-Ga interatom
potential could be obtained in a similar way fromI BS~Ga!
measured alongf50°. Along this azimuth the focusing on
GaI atoms is produced by other GaI atoms placed at a
tance that does not change with the surface relaxation. H
ever, we will see later that along this direction there is
focusing from AsI onto Ga atoms of the second layer~GaII!,
that makes uncertain the calibration ofC for the Ne-Ga col-
lision. In the other azimuthal directions the focusings a
produced by As atoms placed at interatomic distances
change with the relaxation; thus, they cannot be used to
tain C. For these reasons and considering that the As and
atoms have similar atomic numbers we have used the c
brating screening factorC obtained above for both Ne-A
and Ne-Ga collisions.

For a perfectly flat surface, the sharpness of the rise inI BS
is determined by the vibration amplitude of the surface
oms, the interatomic distance, and the interatomic poten
If these parameters are known, the dependence ofI BS with u
can be calculated with the hitting probability method pr
posed by Daleyet al.26 We used this method to reproduc
the experimentalI BS~As! at f50° andf554.7°, leavingC
as a fitting parameter. Figures 6~a! and ~b! present the cal-
culatedI BS~As! using a vibration amplitude of 0.09 Å take
from LEED experiments27 and C50.63, together with the
experimental points. The good agreement between exp
mental and calculated data gives us confidence in the us
C50.63. We have chosen to measure the critical angle
70% of theI BS rises because in this way, both methods us
to calibrate the interatomic potential give the same screen
calibration factor; although other positions ranging from
to 80% have been used by other researchers.1,2

2. Comparison of experimental
and calculated focusing directions

Since most adsorbates tend to remove the relaxation
the clean surface, it is worthwhile to knowing how sensiti

he

-
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the technique is to this relaxation. We therefore start t
section by briefly comparing the experimental critical ang
with shadowing regions calculated for the bulk termina
surface. Figure 7 shows these regions for the first layers
criminated by type of atom~AsI, GaI!. Each curve~or dis-
torted circle! corresponds to the shadow region produced
a single atom, i.e., to incidence directions such that the b
cannot have small impact-parameter collisions with the
oms of the specified layer. For example, for AsI atoms
regions are produced by other AsI atoms~thick line! and also
by GaI atoms~thin line!. The edges of the shadow region
correspond to the focusing of the incident beam onto
atoms and should be compared directly with the measu

FIG. 7. Shadowing regions for a bulk terminated GaAs~110!
surface calculated for 5 keV Ne1 backscattering from the first~AsI!
layer of As atoms~thick line! and first~GaI! layer of Ga atoms~thin
line!. The vertical and horizontal segments indicate the span of
incident and azimuthal scans, respectively; the solid symbols are
critical angles obtained from Figs. 4 and 5.
is
s
d
is-

y
m
t-
e

I
d

critical angles (uc), which are also shown in Fig. 7 as sol
symbols. The large disagreement observed for both AsI
GaI is due to the fact that for a bulk terminated surface A
and GaI atoms are at the same height; in comparison with
relaxed surface where the shadowing should be stronge
AsI and weaker on GaI.

In order to determine the AsI-GaI interlayer spacing (DZ)
we have calculated the GaI shadowing regions forDZ vary-
ing from 0.45 to 0.85 Å. The results of the calculation a
shown in Fig. 8~a!, together with the experimental critica
angle measured for this region. We chosef565.4° because
the interatomic distance involved in the focusing effect
short; thus a small change inDZ should produce a large
change in the critical angle.29 Along f565.4° the best
agreement is obtained forDZ5(0.6660.08) Å, equivalent
to a buckling anglev5(2762)°. Thelatter was obtained by
using the lateral displacement proposed in Ref. 10. Note
the difference in the critical angle calculated for interlay

e
he

FIG. 8. ~a! Shadowing regions for Ga atoms of the first lay
due to other Ga atoms~dotted lines! and to As atoms~full lines! for
different vertical spacings. The thick line corresponds to the vert
spacing that best fits the critical angle measured alongf565.4°.
~b! Shadowing regions for As atoms of the second layer due to
atoms~dotted lines! and to other As atoms~full lines! that give the
best fit to the measured critical angles.
r
TABLE I. Comparison of the vertical spacing between AsI and GaI (DZ), the displacements of each laye
measured from the bulk terminated surface (DZGa and DZAs), and the buckling anglev obtained with
different techniques.

DZ ~Å! DZGa ~Å! DZAs ~Å! v ~deg! Technique

0.686 20.527 0.159 31.1 LEEDa

0.6858 20.5099 0.1759 27.95 LEEDb

0.708 20.515 0.193 30.13 LEEDc

0.7 20.51 0.19 28.4 LEEDd

0.71 20.51 0.2 2963 MEIS e

30 STMf

0.5 20.3660.03 0.1460.02 2262 GIXD g

0.632 20.348 0.284 2663 PDh

0.6660.08 20.4360.1 0.2560.08 2762 TOF-ISSi

aReference 9.
bReference 10.
cReference 30.
dReference 31.
eReference 11.

fReference 12.
gGrazing incidence x-ray diffraction~Ref. 32!.
hPhotoelectron diffraction~Ref. 33!.
iThis work.
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4192 56J. E. GAYONEet al.
spacings differing in 0.1 Å is.1°, which is somewhat big-
ger than the experimental error in the critical angle.

The focusings on AsII atoms can be used to determine
AsI-AsII and GaI-AsII interlayer spacings@DZ12

Ga andDZ12
As

in Fig. 1~b!#. Along f565.4° there is focusing on AsII at
oms produced by GaI atoms; the corresponding experime
critical angle isuc2

Ga513.9°, Fig. 4~e!. On the other hand
alongf554.7° there is a double focusing on AsII atoms d
to two AsI atoms@Fig. 8~b!#. The corresponding critica
angles areuc2

As517.9° anduc3
As520.3°, Fig. 4~d!. The best

agreement between the edges of the shadowing regions
these critical angles is obtained forDZ1,2

Ga5(1.5760.1) Å
and DZ1,2

As5(2.2560.08) Å @Fig. 8~b!#. Assuming that the
position of the second layer atoms does not change w
relaxation, AsI atoms move up byDZAs5(0.2560.08) Å
and GaI atoms down byDZGa5(20.4360.1) Å. These
values give a AsI-GaI spacing,DZ5DZAs2DZGa

5(0.6860.18) Å, which is very similar to that obtaine

FIG. 9. Shadowing regions for the relaxed GaAs~110! surface
calculated for 5 keV Ne1 backscattering from the first~AsI!, sec-
ond ~AsII! layer of As atoms~thick line!, and first~GaI!, second
~GaII! layer of Ga atoms~thin line!. The vertical and horizonta
segments indicate the span of the incident and azimuthal sc
respectively; the solid symbols are the critical angles obtained f
Figs. 4 and 5.
e

tal

nd

th

above and is in excellent agreement with those obtained
other techniques~Table I!.

With the vertical displacements obtained above and
lateral displacements given by Tonget al.10 we have calcu-
lated the new shadowing regions for AsI, GaI, AsII, a
GaII, and compared them with all the experimental critic
angles in Fig. 9. With the exception of very few points~some
of which will be discussed below! the experimental data ar
all located at the edges of the shadowing regions. The ag
ment is very good even for those focusings where the pai
participating atoms is not aligned with the projectile dire
tion. The shadowing regions of Fig. 9 allow us to identi
easily the origin of the focusing directions; we can ass
them to a specific layer and identify the pair of atoms
volved in the focusing effect. The good agreement with t
simple calculation also indicates that most of the focusin
seen at lowu in the relatively open GaAs~110! surface can
be well described in a two-atom picture. There are, howev
directions where this model fails to reproduce the obser
focusing effect~see open squares in Fig. 9!. For example,
along f535.4° the contribution from GaII appears at
small incident angle and seems to be due to a multiple s
tering sequence@Fig. 4~c!, uc2

Ga#. Another case can be ob
served for GaI alongf50° where, as we can see from th
GaII shadowing regions, the focusing on GaII atoms is
fected by a row of AsI atoms~Fig. 9!. This contribution from
GaII cannot be separated from that coming from GaI;
believe this is the reason for the disagreement between m
sured and calculated GaI critical angles. A similar effect
AsII might be responsible for the disagreement observed
AsI along the azimuthal scan taken atu510°. A trajectory
calculation including multiple collisions is necessary to d
scribe these focusing effects.

V. SUMMARY AND CONCLUSIONS

In the first part of the work we studied the GaAs~110!
surface topography resulting from TOF-ISS measureme
and two preparation methods: standard IBA cycles a
grazing-ion bombardment and annealing cycles. Experime
of TOF-ISS performed at low incident angles and of electr
emission in grazing H1-surface collisions confirm the high
sensitivity to ion irradiation of the GaAs~110! surface. Even
at the low fluences used in the TOF-ISS measurements
surface deteriorates~mainly the first atomic layer! and the
IBA cycles are not sufficient to restore its initial flatness a
order. On the other hand, cycles of grazing bombardm
with 20 keV Ar1 ions and annealing at the same temperat
used in IBA, produce a clear improvement in the surfa
flatness, and allowed us to perform prolonged TOF-ISS m
surements without appreciable damage.

In the second part of the work we studied the atom
structure of the grazing bombarded GaAs~110! surface by
TOF-ISS. The TOF resolution was good enough to sepa
the As and Ga quasisingle scattering contributions; thus
abling us to identify the backscattering off first and seco
layers. The dependence of the Ne backscattering inten
with incident and azimuthal angles is consistent with t
generally accepted surface relaxation. The experimental c
cal angles obtained for processes coming from both first
second atomic layers were compared with a calculation
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shadowing regions. This comparison allowed us to iden
the atoms involved in the focusing effects. The best agr
ment between the critical angles and the edges of the s
owing regions was obtained for an AsI-GaI interlayer sp
ing DZ5(0.6660.08) Å. From particular directions w
obtained distances from As and Ga first layers to the sec
layer DZ1,2

Ga5(1.5760.1) Å and DZ1,2
As5(2.2560.08) Å,

which are in excellent agreement with those obtained
other techniques. The crystallographic results and the m
odology to obtain them from TOF-ISS measurements will
d,

s.
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e,
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d-
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nd
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e

used in the following paper to study the hydrogen cove
GaAs~110! surface.28
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