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Electron- and photon-stimulated modification of GaAs„110…, Si„100…, and Si„111…

B. Y. Han, Koji Nakayama, and J. H. Weaver
Department of Materials Science and Chemical Engineering, University of Minnesota, Minneapolis, Minnesota 55455

~Received 15 June 99!

Scanning tunneling microscopy results show that irradiation with electrons of primary energies of 90–2000
eV created single-layer deep vacancies on GaAs~110!, Si~100!, and Si~111!. The removal yield was linear with
dose during the initial stages of surface modification, but it increased as the surface damage increased. The
cross section varied with primary electron energy, increasing from 4.4310220 cm2 at 100 eV to 1.8
310219 cm2 at 2000 eV for GaAs~110! and from 1310220 cm2 at 90 eV to 5310220 cm2 at 2000 eV for
Si~111!-737. The mechanisms responsible for atom displacement and desorption involve excitations in the
surface region achieved by the cascade of inelastically scattered electrons. Processes involving long-lived
localized states facilitate the coupling to the nuclear motion needed for atom displacement, with details that
reflect surface reconstructions, surface states, and defect levels. Once surface defects have been created by
electron irradiation of GaAs~110!, they can be expanded by irradiation with photons of energy 2.3 eV. Photon
irradiation involves site-selective desorption, and this allows patterning and atomic layer removal.
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I. INTRODUCTION

Electrons play an essential role in many areas of surf
analysis and materials characterization.1 For example, Auger
electron spectroscopy~AES! and low energy electron dif
fraction ~LEED! are used routinely to study the compos
tional and crystallographic properties of surfaces, using e
trons with energies of 20–5000 eV. Electron microscop
using higher energy electrons offer opportunities to inve
gate bulk structural properties. Damage can be produce
momentum transfer from electrons to surface atoms, a
particularly well recognized for high energy beams with
tensities of 102– 103 A cm22 and kinetic energies of 141–20
keV.2 At lower intensity and kinetic energy, electrons a
well known to stimulate the desorption of adsorbates fr
surfaces,3 as well as cause desorption of intrinsic atoms fro
ionic solids.4,5 They have not, however, been implicated
the modification of clean semiconductor or metal surface

In this paper, we examine GaAs~110!, Si~100!, and
Si~111! surfaces exposed at room temperature to beam
electrons having primary energies of 90 eV<Ep<2000 eV
and current densities of 0.1–10 mA cm22. Using scanning
tunneling microscopy~STM!, we show that small vacanc
complexes are created randomly on these surfaces. T
modifications occur as a consequence of electronic exc
tions, and they are manifest by the desorption of intrin
atoms or their transfer onto the surrounding terrace.6 More-
over, the efficiency of this process increases with elect
energy. Though not thought to be important for semicond
tor surfaces, the underlying phenomena are analogou
those encountered in adsorbate-surface systems, namel
sorption induced by electronic excitations~DIET!.3–5

Figure 1 shows a generic potential energy curve where
lower line represents the system in its ground state, w
equilibrium at the minimum, and the upper state correspo
to an unstable configuration where an increased nuclear s
ration would lower the total energy. These unstable confi
rations can be reached through the inelastic scattering of
PRB 600163-1829/99/60~19!/13846~8!/$15.00
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mary electrons and their production of a cascade of low
energy states distributed in the surface region, as depicte
the bottom of Fig. 1. With incident energies of 90–2000 e
electrons and holes can be produced throughout the con
tion and valence bands, and their number increases with
mary energy. If localized states at the surface are involv
then energy can be transferred from the electronic to

FIG. 1. Depiction of electron- and photon-stimulated surfa
modification. The top panel shows potential energy curves re
senting the ground state and an unstable repulsive state reach
electronic excitation or photon absorption. Relaxation via nucl
motion results in bond breaking and atom transfer onto the sur
or into the gas phase can occur. The lower panel depicts mul
inelastic scattering for electrons incident on the surface. The
cade results in occupation of electron and hole states over a
energy range, and these carriers activate the transition in the
panel.
13 846 ©1999 The American Physical Society
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nuclear system and bonds can be destabilized.3 Candidates
for localized states include surface states, surface resona
and defect levels associated with vacancies and steps.

The second focus of this paper also involves surf
modifications due to electronic processes, but the relev
electronic states are those achieved following photon ads
tion. Starting from GaAs~110! surfaces with vacancies intro
duced by electron bombardment, we show that the top la
can be removed by pulsed-laser irradiation with 2.3-
pulses at power levels below the photothermal threshold
this case, there is selective desorption of atoms from bou
aries of existing pits and the pits expand in the top lay
This again involves localized defect or pit levels and redu
bonding at these sites. The importance of these states is
onstrated by equivalent irradiation of defect-free surfa
since no damage was introduced. Together, these results
gest ways to modify and pattern surfaces without introduc
extrinsic elements.

II. EXPERIMENTAL TECHNIQUES

The experiments were performed in ultrahigh vacu
chambers with base pressures better than 1310210Torr. For
GaAs, pristine~110! surfaces were obtained by cleavin
posts that were Zn-doped at 131018cm23. These posts and
their supports were thoroughly degassed before cleavin
minimize subsequent contamination induced by irradiat
of their sides. The cleaved surfaces had defect levels be
;0.3%, mostly in the form of point defects or adatoms. F
Si~100! and Si~111!, we used p-type wafers that were
B-doped at 0.01V cm and 0.005–0.013V cm, respectively.
We also irradiated Si~100!-231 samples that wereB-doped
at 331017 and 931018cm23 and P-doped at 5
31018cm23, but there was no significant dependence
dopant type or concentration. Si~100!-231 and Si~111!-737
surfaces were prepared by thermal treatment.7,8

Electron guns from a Varian LEED system and a Perk
Elmer AES system were used to obtain beams of 90<Ep
<400 eV and 400<Ep<2000 eV for normal incidence irra
diation. The beam profiles at the sample position were
proximately Gaussian with a 1/e diameter of;1.5 mm, as
measured with a Faraday cup having a 0.5-mm diameter
erture. STM images obtained within about 0.5 mm of t
center of the electron-irradiated area revealed approxima
homogeneous defect distributions. The current densities w
0.1–10 mA cm22, corresponding to fluxes of 6.
31014– 6.331016cm22 s21. The guns were thoroughly de
gassed before each run so that the pressures during irr
tion did not exceed 4310210Torr. To verify that the hot
filaments were not causing enhanced adsorption of resi
gases, we placed freshly cleaved or cleaned samples a
usual irradiation position for 20 min while the filaments we
operating but with no bias~no emission!. STM images
showed no increase in the defect density.

Auger electron spectroscopy was used to check for
face carbon and oxygen buildup on Si~100!-231, the most
reactive of the three surfaces studied. The carbon conce
tion was below 1% after 300-s electron irradiation at 20
eV and 10 mA cm22. The accumulation rate was 3.
31025 ML s21 for times less than 2000 s. The oxygen co
centration was even smaller.
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A frequency-doubled Nd:YAG laser was used to irradia
GaAs~110! with 2.3 eV photons. The beam was coupled
the measurement chamber through a quartz window.
pulse energy intensity was low, 35 mJ cm22, to avoid dam-
age due to ablation.9 The pulse duration was 6 ns.

Scanning tunneling microscope images were obtaine
room temperature for the starting surfaces and after elec
or photon exposure. Most were constant-current, occup
state images which, for GaAs, revealed the As sublatt
The tip voltages were 1.8–3.2 V and tunneling currents w
0.1–0.2 nA. Dual bias images were taken occasionally.

III. RESULTS

A. Electron irradiation of GaAs „110…

Figure 2 shows a STM micrograph of GaAs~110! ob-
tained after irradiation with 100-eV electrons. The flux w
6.331014cm22 s21 and the duration was 720 s, giving a do
of 4.531017cm22. Irradiation produced small, single-laye
deep pits that appeared as dark depressions in the@11̄0#
rows. Most were confined to one row, such as that labele
The ends of the pits had well-defined appearances that i
cated whether they were terminated by Ga or As, as c
firmed by dual-bias imaging.10 The pit density in images like
Fig. 2 was 531012cm22, and they accounted for about 2%
of the top layer~0.02 ML!. The removal yield was 3.9
31025 atom/electron. Dividing the yield by the surface ato
density gives a cross section of 4.4310220cm2.

FIG. 2. STM image of GaAs~110! following 720-s irradiation
with 100-eV electrons at a current density of 0.1 mA cm22. Small
pits such as ‘‘I’’ appear as dark depressions in the@11̄0# rows.
Most of them correspond to a single Ga-As pair vacancy, as
picted. Feature ‘‘II’’ probably reflects an As adatom.
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Analysis of dozens of images showed that about 70%
the pits correspond to the removal of one Ga-As pair,
depicted in the schematic of Fig. 2. Also depicted is a
derived from two pairs. There were approximately eq
numbers of Ga and As atoms at pit boundaries for both
dose ~Fig. 2! and higher doses, suggesting no preferen
removal. The terminating atoms for pits along@11̄0# are
nominally twofold coordinated, although rebonding with se
ond layer atoms of the same species would be possible. S
atoms are less well bound than terrace atoms, and there
different energy levels associated with them.

The bright feature labeled II in Fig. 2 is located betwe
rows of As atoms. It appears to be bonded to a surface
atom. Similar features were found on GaAs~110! after sput-
tering with inert ions11 and after etching with Br.10 They
have been attributed to As adatoms, and they can be e
nated by annealing. Annealing also results in structu
changes due to thermally activated vacancy diffusion, as
cussed by Pechmanet al.12 in the context of vacancy coales
cence on ion-sputtered GaAs~110!.

The effects of increasing the electron dose can be see
Fig. 3 for 400-eV electrons, though equivalent trends w
observed with electrons of higher and lower energies. In F
3~a!, most of the pits were derived from a missing Ga-
pair, the pit density was 531012cm22, and the pit area was
0.02 ML. The flux was the same as in Fig. 2, but the ex
sure time was half as much so the yield was approxima
twice that for 100-eV electrons. The pit density and a
increased linearly with time to 900 s, Fig. 3~b!, indicating
that removal events occurred randomly at low dose. By 1
s, however, there were pits that extended over several
cells, both along and across the@11̄0# rows, Fig. 3~c!. At
this point, the pits represented an appreciable portion of
surface, and pit growth became more important. Sign
cantly, there was no preferred growth direction for electr
irradiation. The dependence of damage on dose is sum
rized in Fig. 4~a! where the dashed curves represent lin
extrapolations of the low-dose regime.

The dependence of removal yield on primary electron
ergy for GaAs~110! is summarized in Fig. 5 in the low dos
regime. Increasing the energy from 100 to 400 eV doub
the yield. Increasing it to 2000 eV again doubled it, to 1
31024 atom/electron. The tendency of increased yield w
kinetic energy might seem surprising at first, since the e
tron inelastic mean free path has a minimum at 50–100
and higher energy electrons have a smaller probability
inelastic scattering in the surface layer. However, these m
energetic electrons produce a larger number of cascade
tering events, thus generating more carriers that can par
pate in surface excitations and modifications. Our exp
mental results for GaAs and for Si show that this casc
process is more important than the mean free path of
primary electron.

The ratio of the removal yields from GaAs~110! terrace
sites and pit boundaries can be estimated from the devia
of the total removal yield from the linear dependence of F
4~a!. While approximate, it highlights the role of defects
enhancing electron-stimulated damage. From the schem
in Fig. 2, a single Ga-As vacancy exposes the four neighb
ing unit cells, a double vacancy exposes six, and so on.
0.05-ML removal, Fig. 3~b!, about 60% of the pits are singl
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Ga-As vacancies. The overall average number of unit c
around a pit is;5, and the total number of unit cells borde
ing them corresponds to approximately 53(1.2
31013)/(4.4231014)50.14 ML. Terrace sites not involved
with pits or pit boundaries amount to 0.81 ML. From Fig.
linear extrapolation leads to a vacancy area of 0.08 ML a
1440 s, compared to 0.09 ML from experiment. Ifh is the
ratio of removal yield from boundaries relative to terra
sites, then 0.14h10.81'(0.09– 0.05)/(0.08– 0.05), and the
desorption probability from a pit boundary is roughly;4
times that from a terrace site. This treats all pit boundar
sites as equivalent since no significant growth anisotro
was found.

Figure 6 shows that extended electron irradiation even
ally resulted in multilayer erosion~2000-eV beam energy
current density 0.3 mA cm22, and dose 1.731018cm22).
About 40% of the top layer had been removed, and the
sidual areas were irregular and fragmented. The small br
features on the top layer are attributed to As adatoms, a

FIG. 3. STM images obtained after irradiation with 400 eV ele
trons at a current density of 0.1 mA cm22, as in Fig. 2. The vacancy
areas amount to 0.02, 0.05, and 0.09 ML in~a!–~c!. Larger pits are
more frequent at higher dose, with~c! reflecting desorption from
edges of existing pits.
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PRB 60 13 849ELECTRON- AND PHOTON-STIMULATED . . .
Fig. 1, while the large ones are probably Ga clusters. Pit
of the second layer is evident from dark patches inside la
single-layer pits. Second layer defects were usually loca
at the edges of first layer pits, suggesting that these ed
have electronic states that are particularly effective in loc
izing charge. For these surfaces, regrowth structures w
unlikely because of the limited mobility of adatoms at roo
temperature. If these samples were heated, the residua
would desorb, vacancies would be accommodated at s
and the step irregularity would be reduced. Such recov
would be sluggish because of the high defect density
discussed below for Si~100!-231.

B. Electron irradiation of Si „100…-231

Figure 7 summarizes the effects of electron irradiation
Si~100!-231. Images like Fig. 7~a! of the clean surface re
veal rows made up of dimers that appear as oval structu

FIG. 4. ~a! Vacancy area and vacancy complex density vs ir
diation time for GaAs~110! for 400-eV electrons~current density
0.1 mA cm22, flux 6.331014 cm22 s21). The areas and densitie
increase linearly until;900 s and vacancy creation is random
Thereafter, the defect density increases as removal from exis
pits plays a greater role. Similar trends were observed for 100
2000 eV electrons with current densities of 0.03–1 mA cm22. ~b!
Dimer vacancy area and vacancy complex density for Si~100!-231
for 2000-eV electrons~flux 6.431016 cm22 s21 corresponding to
;100 incident electrons per second for each surface atom!. Vacan-
cies are created randomly until;100 s but the accumulation o
damage enhances further removal.
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due to their dynamic buckling.7 Steps and defects quench th
buckling, and the now-asymmetric dimers appear as br
protrusions on alternate sides of successive dimers alo
row, as labeledB. For our surfaces, dimer vacancies~DV!
and c-type defects~CD! ~Refs. 13, 14! were about equal in
number. Their total concentration was;4%, as is typical for
surfaces prepared by heating.7,8

Figure 7~b! shows that irradiation greatly increased t
concentration of single DV’s andc-type defects~2000 eV at
10 mA cm22 for 150 s for a dose of 9.631018 electrons
cm22!. There were also dimer vacancy complexes (DVC)
that extended along and across the dimer rows. Inspectio
the step profiles revealed increased roughness, as in
7~b!. While single adatoms could not be imaged, the brig
spots labeledA1 , A2 , and A3 correspond to ad-dimer
formed from atoms displaced onto the terrace. Their geo
etries agree with those deduced for dimers trapped in n

-

ng
d

FIG. 5. Vacancy yield as a function of incident electron ener
for atoms of the adatom layer of Si~111!-737 and for GaAs~110!.
The dependence on kinetic energy is correlated with the numbe
cascade scattering events and the number of carriers that can
ticipate in electronic transitions or capture events, as shown in
1.

FIG. 6. Multilayer erosion occurs after extended irradiation
GaAs~110! with 2000 electrons~0.3 mA cm22 for 900 s giving a
dose of 1.731018 cm22). About 40% of the original top layer was
removed and residual areas were highly fragmented. Dark pat
indicate damage to the exposed second layer.



de

-
n
le
to
in

e
to

in

flect
pit

a-
ow-
an
ent
ates
ny
the

ote
p-
.

nd

eled

is-

d
er
ly

diffu-
-
ed
ifi-

ion

of
es
ent
ose
r, as

n-
ayer
s
tive
for
imes
an

s.
e
xes
he
cies

ra-
in-
tes
re
hat

in

13 850 PRB 60B. Y. HAN, KOJI NAKAYAMA, AND J. H. WEAVER
ideal configurations after Si deposition on Si~100!-231.15–18

They were unstable with respect to tip-induced motion un
typical imaging conditions~sample bias22 V, tunneling
current 0.2 nA!.15

As summarized in Fig. 4~b!, the dimer density and va
cancy area increased approximately linearly with dose u
; 100 s, rising from 0.02 ML for the clean surface. Whi
the density of DV’s more than quadrupled, from 0.14
0.6531014cm22, the average size of a vacancy complex
creased only;50%. For Si~100!, the ~low-dose! vacancy
creation cross section was 1.2310220cm2, smaller by an
order of magnitude compared to GaAs~110!, and vacancy
production was largely random. After; 100 s irradiation,
the vacancy concentration increased nonlinearly as def
influenced the probability of material removal adjacent
them. The pit growth apparent in Fig. 7~b! reflects the ten-
dency of defects to localize electronic excitations and to

FIG. 7. ~a! Filled state image of clean Si~100!-231 showing
dimer vacancies~DV!, c-type defects~CD!, and a row of asymmet-
ric buckled dimers~B! at a step~sample: 2.0 V, 0.2 nA!. ~b! Image
showing dimer vacancy complexes (DVC) produced by irradiation
with 2000-eV electrons for 150 s~flux 10 mA cm22, dose 9.6
31018 cm22). Ad-dimers are labeledA1 if their axis is parallel to
the dimer row,A2 if they lie perpendicular to the row, andA3 if
they reside between rows.~c! Annealing surfaces like that in~b!
produces dimer vacancy lines (DVL), regrowth chains~RC!, and
regrowth islands~RI!. c(434) patches appear near steps and
regrowth areas.
r

til

-

cts

-

crease inelastic scattering events. Pit growth may also re
the reduced energy barrier for atom displacement at a
boundary compared to a terrace site.

For Si~100!-231, the event that creates a single atom v
cancy is followed by the escape onto the terrace of the n
unpaired atom of the original dimer. The initial vacancy c
be created by either single atom desorption or displacem
onto the terrace. The features imaged as dimers or aggreg
in Fig. 7~b! reflect the sum of the displaced atoms, less a
single atoms because the latter cannot be imaged. Since
terrace features account for only;20% of the DV’s ~total
cross section for vacancy creation 1.2310220cm2), we con-
clude that electron-stimulated desorption is significant. N
that the annihilation of a dimer vacancy would require ca
ture of two diffusing atoms, and this is unlikely at 300 K
Accordingly, damage accumulation is particularly profou
for Si~100!.

Heating surfaces like that of Fig. 7~b! to 873 K for 120 s
produced regrowth chains and islands on the terraces, lab
RC and RI in Fig. 7~c!.19,20 Moreover, small domains with
c(434) symmetry appeared at steps and in regrowth
lands, as for epitaxial growth of Si on Si~100!.21 Thermally
activated diffusion of individual dimer vacancies allowe
them to order into lines that were perpendicular to the dim
rows, DVL . Recovery of a surface that was this severe
damaged was sluggish because defects reduced terrace
sion and influenced the~local! energetics associated with is
lands or steps. Annealing at 500 K for 30 min enhanc
healing for lightly damaged surfaces but produced no sign
cant change in morphology for surfaces like Fig. 7~b!. Slow
recovery was also observed when surfaces damaged by
bombardment were annealed at 873–1123 K.22

C. Electron irradiation of Si „111…-737

Figure 8 summarizes results for electron modification
Si~111!-737. For the clean surface, the bright featur
within a 737 unit cell represent the corner adatoms adjac
to ~dark! corner holes and center adatoms away from th
holes. Irradiation produced vacancies in the adatom laye
shown in Figs. 8~b!–8~d! for a fluence 231018cm22.

Irradiation with 90-, 500-, and 2000-eV electrons i
creased the concentration of vacancies in the adatom l
from 4% ~clean surface! to 6, 10, and 14%, respectively, a
shown in Fig. 8. The ratio of vacancies at center sites rela
to corner sites increased from 1:1 to 1:1.2 after irradiation
all energies, and single adatom vacancies appeared 1.3 t
more frequently in the faulted half of the unit cell. The me
distance between vacancies decreased from;28 Å for the
clean surface to 20 Å after irradiation with 90-eV electron
After 2000-eV irradiation,;50% of the vacancies wer
present in nearest-neighbor configurations, and comple
derived from up to 7 adatom vacancies were evident. T
number of such complexes increased with dose as vacan
influenced removal of nearby adatoms.

Figure 5 shows how the yield for adatom vacancy gene
tion depends on the primary electron energy. The steady
crease with primary energy is significant because it indica
that Si core level excitations followed by Auger decay we
not important in surface atom desorption, in contrast to w
has been demonstrated for ionic materials.5 ~The cross sec-
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PRB 60 13 851ELECTRON- AND PHOTON-STIMULATED . . .
tions for such core level excitation would increase above
Si 2p and 2s excitation thresholds of;100 and 150 eV but
would then decrease as 1/Ep .) As for GaAs~110!, we at-
tribute the increase in the yield to the larger number of l
energy carriers produced by cascade scattering and the
calization at surface resonances or defect levels.

Features likeA4 in Fig. 8 represent Si released from ad
tom sites and trapped at dangling bond sites of rest ato
These extra terrace atoms were outnumbered by the va
cies by a factor of;30 after irradiation with 90- and 500-eV
electrons. Neglecting them, the cross section for Si des
tion from Si~111!-737 follows directly from Fig. 5, ranging
from 1310220cm2 for 90-eV electrons to 5310220cm2 for
2000-eV electrons.~Accommodation of the missing atoms
steps was negligible because the terraces were;1500-Å
wide.! These values fall within the range reported f
electron-stimulated desorption of adsorbates on surface4,5

While the vacancy yield is;16 times higher for GaAs~110!
than for Si~111!-737 at 2000 eV, the difference in cros
section is only;3.5 when account is taken for the plan
density of terrace and adatom layer atoms.

The cross section for desorption is a measure of long-t
surface modification, but it underestimates defect format
for Si~111!-737 because a vacancy in the adatom layer
be annihilated by a single diffusing atom. This effect w
recently studied by Stipeet al.,23 using STM to displace an
adatom and to follow its return. They showed that adat
layer vacancies were short lived above 175 K. Our res
therefore underestimate the importance of electron beam
radiation and the complete structural response of the 737
surface should be probed at low temperature.

FIG. 8. Images for Si~111!-737 before~a! and after irradiation
by electrons with primary energies of~b! 90 eV,~c! 500 eV, and~d!
2000 eV for a common total dose of 231018 cm22. Vacancies in
the adatom layer appear as dark features. They are largely due
desorption, though features likeA4 represent Si atoms trapped
rest-atom dangling bonds. Desorption is random when the vaca
concentration is low. (5003500 Å2; sample bias 1.7 V, tunneling
current 0.4 nA.!
e
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D. Site selective photon-stimulated desorption on GaAs„110…

The above has emphasized defect creation caused by
tron irradiation. In the following, we consider the growth
those defects due to photon irradiation. The underlying p
cesses initiating the displacement of an atom from its eq
librium site are the same, namely the capture of a carrier
surface state or a defect or pit level. A key difference is t
energetic electron irradiation accesses a wide range of st
while only those within 0.9 eV of the band edges can p
ticipate after 2.3-eV photon absorption. This difference c
be used to advantage, as shown below.

In these photodesorption studies, we first cleav
GaAs~110! to produce pristine surfaces and then expos
them to electrons to introduce point defects. Figure 9 su
marizes results for a surface having an initial defect den
of 4.531012cm22 and a defect area of 0.02 ML. Irradiatio
with 93103 pulses increased the pit area to 0.10 ML, s
Fig. 9~a!. Equivalent irradiation of pristine surfaces show
that no pits formed and we conclude that removal was l
ited to sites around existing pits.9,24 The yield was then 8
31028 atom/photon ~photon number density 9.4
31016cm22 per pulse!. The robustness of terrace sites r
flects the delocalized nature of excitations accessible w
2.3-eV photons25 and the absence of localized gap states.26 In
contrast, the significant yield for pit boundary atoms refle
the localized nature of defect levels and the fact that th
sites are natural carrier recombination sites.

Si

cy

FIG. 9. ~a!–~d! STM images showing the effect of photon
stimulated desorption from an electron-irradiated surface
GaAs~110! equivalent to Fig. 2~a! @hv52.3 eV, ;35 mJ cm22,
pulse duration;6 ns.# Desorption occurs from defects and p
boundaries with preferential pit expansion along@11̄0#. The re-
moval yield is related to the total length of pit edges and the det
of defect levels. Extended photon irradiation results in remova
the top layer.@~a! 5003500 Å2; ~b!–~d! 7503750 Å2#.
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Between Figs. 9~a! and 9~b!, the pits expanded from 0.1
to 0.22 ML, giving a yield of 1.331027 atom/photon. This is
larger than for the first increment of pulses because of
higher linear density of pit edges.9 Moreover, the rate of
expansion increases for the larger pits. The elongated pi
Fig. 9~b! indicate that removal is favored along@11̄0#. Steps
develop alonĝ11̄n&, @11̄0#, and@001# as pits grow, reflect-
ing the existence of defect levels and preferential remova
kink atoms due to their weaker bonding. The shapes of
large pits indicate coalescence. Continued irradiation
duced the top layer to 0.49 and 0.24 ML, Figs. 9~c! and 9~d!,
with a declining yield as the total edge length decreases

Continued irradiation to 1.83105 laser pulses remove
more than 95% of the top layer with the remnants eviden
scattered islands made up of several to several tens of at
At this stage, there was also limited erosion of the sec
layer, 4–5%, probably due to subsurface defects created
ing the initial electron bombardment. Again, equivalent la
irradiation of pristine cleaved GaAs~110! showed minimal
pitting events~below 0.3%!.

IV. DISCUSSION

From the above, it is clear that electrons with energies
90–2000 eV can produce surface defects on pristine Si~100!,
Si~111!, and GaAs~110!. Moreover, 2.3-eV photons are e
fective at removing atoms from defect sites of GaAs~110!.
Insight can be gained by comparing with results in the lite
ture regarding electron and photon irradiation.

Low energy electrons are used in STM imaging, and
surfaces of Si and GaAs have been exhaustively studied.
and others have found no evidence for defect creation
pristine Si~100! or GaAs~110! under typical tunneling condi
tions of 6~1.8–3.2! V and 0.1–0.2 nA. Typical current den
sities in the tunneling junction, through an area of atomic
at most nanometer dimensions, are orders of magnit
higher than in the present electron-irradiation experime
Hence, direct carrier transfer to populate electron or h
states in this energy window does not cause atom displ
ment for Si~100!-231 or GaAs~110!. Similarly, the absence
of surface modification following laser irradiation of pristin
Si~100!-23127 or GaAs~110! confirms the inaccessibility o
unstable configurations of the sort depicted in Fig. 1.

The Si~111!-737 surface responds differently to both lo
energy electrons and photons. Stipeet al.23 demonstrated
that the injection of carriers from an STM tip biased at2~3–
10! V causes atom displacement from the adatom lay
They attributed the effect to electron occupation of a surf
resonance associated withs-like Si adatom orbitals. Using
low power laser irradiation, Kanasakiet al.28 measured the
desorption efficiency for Si atoms from Si~111!-737 as a
function of photon energy. They reported a strong enhan
ment centered at about 2 eV, and they attributed the enha
ment to dipole transitions involving surface states and
localization.

Localized energy levels have also been probed for Si~111!
with adsorbed oxygen. In this case, Martelet al.29 linked
desorption to electron capture in antibonding resonances
tiated by;7 eV electrons from the tip. Shenet al.30 tied the
desorption of H from H-saturated Si~100!-231 to transitions
from s~Si-H! bonding levels tos* (Si-H) antibonding levels
e
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caused by;6-eV electrons from an STM tip.
Whereas defect creation has not been observed follow

low energy electron or photon irradiation of pristine Si~100!
and GaAs~110!, our results show that they can be creat
with 90–2000 eV electrons. By analogy to low energy pr
cesses for Si~111! and for adsorbates, we attribute atom d
placement to localized levels that have not been access
previously. In particular, cascade scattering accesses s
throughout the valence and conduction bands and loca
tion at a surface site accounts for displacement of the
depicted in Fig. 1. This is supported by the fact that vaca
creation occurred randomly on ideal terraces and increa
with primary energy as the number of hot carriers that c
reach the surface increased.

Our results for photon-stimulated desorption fro
GaAs~110! also point to the importance of localized leve
since desorption does not occur from defect-free terra
The importance of defect sites on GaP~110! and GaAs~110!
was first demonstrated by Itoh and coworkers when they
vestigated laser-induced desorption.25 They recognized the
connection to electronic excitations, based on dependen
on energy and intensity. Starting with surfaces that w
sputter-annealed, they observed the onset of emission an
subsequent reduction of emission with time. From this, th
inferred different sites for desorption. Our recent STM stu
ies of GaAs~110!9 provided insights into the relevant sites b
showing that pits created by Br etching could be expan
using 2.3-eV photons. The role of defects was also dem
strated for Si~100!-231 with a significant vacancy
concentration.31 In that case, laser-induced surface dimer
moval was observed and, since heating was insufficien
induce thermal desorption, material removal was attribu
to electronic transitions involving defect levels.

There are important implications that follow from the
observations. For metals, activation barriers for vacancy
ation are much lower, but electronic states are more delo
ized. Although the cross section for desorption from me
surfaces is low, surface vacancies may be created by elec
irradiation or by secondary electrons produced after high
ergy photon absorption. Indeed, Ernstet al.32 recently dem-
onstrated vacancy creation for Cu~111! and ~100! by tuning
the photon energy of a laser to excite electrons from loc
ized d-band states. For semiconductors, surface vacan
may be created by secondary electrons produced after
energy photon absorption. In all cases, defects introduce
the beam probe would alter the local reactivity.

A combination of random defect creation with electro
and site-selective desorption with photons makes it poss
to achieve atomic layer removal. Compared to chemi
etching or ion sputtering, this procedure has the advant
that it does not introduce extrinsic elements and it cau
minimal damage to the subsurface layer. Accordingly, it m
be appealing for nanoscale surface modification.
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