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Scanning tunneling microscopy results show that irradiation with electrons of primary energies of 90—2000
eV created single-layer deep vacancies on Ga2®, Si(100, and S{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 fronx 2042°cn? at 100 eV to 1.8
X 10" cn? at 2000 eV for GaAQ10) and from 1x10 2°cn? at 90 eV to 5<10 % cn? at 2000 eV for
Si(111)-7Xx7. 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 GaA410), 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.
[S0163-18209)07043-5

I. INTRODUCTION mary electrons and their production of a cascade of lower
energy states distributed in the surface region, as depicted at
Electrons play an essential role in many areas of surfacthe bottom of Fig. 1. With incident energies of 90—-2000 eV,
analysis and materials characterizatidror example, Auger €lectrons and holes can be produced throughout the conduc-
electron SpectroscopSAES) and low energy electron dif- tion and valence bands, and their number increases with pl’i-
fraction (LEED) are used routinely to study the composi- mary energy. If localized states at the surface are involved,
tional and crystallographic properties of surfaces, using eledhen energy can be transferred from the electronic to the
trons with energies of 20—5000 eV. Electron microscopies
using higher energy electrons offer opportunities to investi-
gate bulk structural properties. Damage can be produced by
momentum transfer from electrons to surface atoms, as is N
particularly well recognized for high energy beams with in-
tensities of 16—10° Acm™2 and kinetic energies of 141200
keV.2 At lower intensity and kinetic energy, electrons are
well known to stimulate the desorption of adsorbates from
surfaces as well as cause desorption of intrinsic atoms from
ionic solids*® They have not, however, been implicated in Distance
the modification of clean semiconductor or metal surfaces.
In this paper, we examine Ga@d0), Si(100, and
Si(111) surfaces exposed at room temperature to beams of e-
electrons having primary energies of 90€¥,<2000eV @ \

Energy

and current densities of 0.1-10 mA ¢f Using scanning A

tunneling microscopySTM), we show that small vacancy .
complexes are created randomly on these surfaces. These ) g’:g‘m
modifications occur as a consequence of electronic excita- ~_ L. 7 S ;/ GaAs(110)
tions, and they are manifest by the desorption of intrinsic ‘\K/¢\ /\ ~

atoms or their transfer onto the surrounding terfabore- /\ '/\ \,

over, the efficiency of this process increases with electron
energy. Though not thought to be important for semiconduc- FIG. 1. Depiction of electron- and photon-stimulated surface
tor surfaces, the upderlylng phenomena are analogous modification. The top panel shows potential energy curves repre-
those encountered in adsorbate-surface syste?r’rlg, namely d@hting the ground state and an unstable repulsive state reached by
sorption induced by electronic excitatiofBIET). electronic excitation or photon absorption. Relaxation via nuclear
Figure 1 shows a generic potential energy curve where thg,stion resuits in bond breaking and atom transfer onto the surface
lower line represents the system in its ground state, Withy into the gas phase can occur. The lower panel depicts multiple
equilibrium at the minimum, and the upper state correspondgelastic scattering for electrons incident on the surface. The cas-
to an unstable configuration where an increased nuclear sepgade results in occupation of electron and hole states over a wide
ration would lower the total energy. These unstable configuenergy range, and these carriers activate the transition in the top
rations can be reached through the inelastic scattering of prpanel.
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nuclear system and bonds can be destabilfzEdndidates E =100eV.720 s
for localized states include surface states, surface resonances, p 4
and defect levels associated with vacancies and steps.

The second focus of this paper also involves surface
modifications due to electronic processes, but the relevant
electronic states are those achieved following photon adsorp-
tion. Starting from GaAd 10 surfaces with vacancies intro-
duced by electron bombardment, we show that the top layer
can be removed by pulsed-laser irradiation with 2.3-eV
pulses at power levels below the photothermal threshold. In
this case, there is selective desorption of atoms from bound-
aries of existing pits and the pits expand in the top layer.
This again involves localized defect or pit levels and reduced
bonding at these sites. The importance of these states is dem-
onstrated by equivalent irradiation of defect-free surfaces
since no damage was introduced. Together, these results sug- As
gest ways to modify and pattern surfaces without introducing Ga
extrinsic elements.

[10] ~ 3 [001]
Il. EXPERIMENTAL TECHNIQUES

The experiments were performed in ultrahigh vacuum
chambers with base pressures better thari@ °Torr. For
GaAs, pristine(110) surfaces were obtained by cleaving
posts that were Zn-doped atx110*cm ™3, These posts and
their supports were thoroughly degassed before cleaving to
minimize subsequent contamination induced by irradiation 5 5> gtm image of GaAd10 following 720-s irradiation
of their sides. The cleaved surfaces had defect levels beloyiw, 100-ev electrons at a current density of 0.1 mAGnSmall
~0.3%, mostly in the form of point defects or adatoms. Forpjts such as “I” appear as dark depressions in 0] rows.
Si(100 and Si11l), we usedp-type wafers that were pmost of them correspond to a single Ga-As pair vacancy, as de-
B-doped at 0.0X) cm and 0.005-0.018 cm, respectively. picted. Feature “II” probably reflects an As adatom.
We also irradiated $100-2x1 samples that werB-doped

at 3x10' and 9x10**cm® and P-doped at 5 A frequency-doubled Nd:YAG laser was used to irradiate

X10*¥cm™, but there was no significant dependence ongaaq110) with 2.3 eV photons. The beam was coupled to
dopant type or concentration.($00-2X1 and S{111)-7X7  the measurement chamber through a quartz window. The

surfaces were prepared by thermal treatniént. _ pulse energy intensity was low, 35 mJ ¢hto avoid dam-
Electron guns from a Varian LEED system and a Perkinage due to ablatiohThe pulse duration was 6 ns.
Elmer AES system were used to obtain beams okEHQ Scanning tunneling microscope images were obtained at

<400eV and 406-E,=<2000eV for normal incidence irra- yoom temperature for the starting surfaces and after electron
diation. The beam profiles at the sample position were apyr photon exposure. Most were constant-current, occupied-
proximately Gaussian with a d/diameter of~1.5 mm, as  state images which, for GaAs, revealed the As sublattice.

measured with a Faraday cup having a 0.5-mm diameter aprhe tip voltages were 1.8—3.2 V and tunneling currents were

erture. STM images obtained within about 0.5 mm of thep 1-0.2 nA. Dual bias images were taken occasionally.

center of the electron-irradiated area revealed approximately

homogeneous defect distributions. The current densities were

0.1-10 mA cm? corresponding to fluxes of 6.3 ll. RESULTS

X 10%4-6.3x 10*%cm 2s7%. The guns were thoroughly de- A. Electron irradiation of GaAs (110

gassed before each run so that the pressures during irradia- )

tion did not exceed %10 °Torr. To verify that the hot ~ Figure 2 shows a STM micrograph of GaA&0 ob-

filaments were not causing enhanced adsorption of residuéfined after irradiation with 100-eV electrons. The flux was

gases, we placed freshly cleaved or cleaned samples at tBe3x 10“*cm~?s™* and the duration was 720 s, giving a dose

usual irradiation position for 20 min while the filaments were Of 4.5% 10" cm™2 Irradiation produced small, single-layer-

operating but with no biagno emission STM images deep pits that appeared as dark depressions i 116]

showed no increase in the defect density. rows. Most were confined to one row, such as that labeled I.
Auger electron spectroscopy was used to check for surfhe ends of the pits had well-defined appearances that indi-

face carbon and oxygen buildup on(B0)-2x1, the most cated whether they were terminated by Ga or As, as con-

reactive of the three surfaces studied. The carbon concentréirmed by dual-bias imagintf The pit density in images like

tion was below 1% after 300-s electron irradiation at 2000Fig. 2 was 5<10'2cm™2, and they accounted for about 2%

eV and 10 mA cm? The accumulation rate was 3.2 of the top layer(0.02 ML). The removal yield was 3.9

X 10 ML s for times less than 2000 s. The oxygen con-x 10~ ° atom/electron. Dividing the yield by the surface atom

centration was even smaller. density gives a cross section of 440 2°cn?.
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. . S
the pits correspond to the removal of one Ga-As pair, as __

depicted in the schematic of Fig. 2. Also depicted is a pit
derived from two pairs. There were approximately equal
numbers of Ga and As atoms at pit boundaries for both low
dose (Fig. 2 and higher doses, suggesting no preferential
removal. The terminating atoms for pits alopg10] are
nominally twofold coordinated, although rebonding with sec-
ond layer atoms of the same species would be possible. Such
atoms are less well bound than terrace atoms, and there are
different energy levels associated with them.

The bright feature labeled Il in Fig. 2 is located between
rows of As atoms. It appears to be bonded to a surface Ga
atom. Similar features were found on G&&s0 after sput-
tering with inert ion&! and after etching with B¥ They
have been attributed to As adatoms, and they can be elimi-
nated by annealing. Annealing also results in structural
changes due to thermally activated vacancy diffusion, as dis-
cussed by Pechmaet al? in the context of vacancy coales-
cence on ion-sputtered Ga@40).

The effects of increasing the electron dose can be seen in
Fig. 3 for 400-eV electrons, though equivalent trends were
observed with electrons of higher and lower energies. In Fig.
3(a), most of the pits were derived from a missing Ga-As
pair, the pit density was 8102cm™2, and the pit area was
0.02 ML. The flux was the same as in Fig. 2, but the expo-
sure time was half as much so the yield was approximately
twice that for 100-eV electrons. The pit density and area
increased linearly with time to 900 s, Fig(b3, indicating
that removal events occurred randomly at low dose. By 1440
s, however, there were pits that extended over several unit
cells, both along and across th&10] rows, Fig. 3c). At
this point, the pits represented an appreciable portion of the
surface, and pit growth became more important. Signifi-
cantly, there was no preferred growth direction for electron
irradiation. The dependence of damage on dose is summa-
rized in Fig. 4a) where the dashed curves represent linear
extrapolations of the low-dose regime.

The dependence of removal yield on primary electron en

Analysis of dozens of images showed that about 70% of @ E,, =400 eV, 3.6x10°

FIG. 3. STM images obtained after irradiation with 400 eV elec-

- ‘ g . trons at a current density of 0.1 mA ¢ as in Fig. 2. The vacancy
ergy for GaA¢110) is summarized in Fig. S in the low dose reas amount to 0.02, 0.05, and 0.09 ML(@(c). Larger pits are

reg'me' '”Creas'”,g th_e energy from 10(,) to 400 eV, double ore frequent at higher dose, with) reflecting desorption from
the yield. Increasing it to 2000 eV again doubled it, to J-_-Gedges of existing pits.

X 10 * atom/electron. The tendency of increased yield with

kinetic energy might seem surprising at first, since the elecGa-As vacancies. The overall average number of unit cells
tron inelastic mean free path has a minimum at 50—100 e\@round a pit is~5, and the total number of unit cells border-
and higher energy electrons have a smaller probability of?d _them corresponds to  approximately x$1.2
inelastic scattering in the surface layer. However, these moré 10%)/(4.42<10'9=0.14 ML. Terrace sites not involved

energetic electrons produce a larger number of cascade sc¥fith pits or pit boundaries amount to 0.81 ML. From Fig. 4,
tering events, thus generating more carriers that can particjnear extrapolation leads to a vacancy area of 0.08 ML after

pate in surface excitations and modifications. Our experi+#440 S, compared to 0.09 ML from experiment.zjfis the

mental results for GaAs and for Si show that this cascadéatio of removal yield from boundaries relative to terrace

; - ites, then 0.14+ 0.81~(0.09-0.0%/(0.08—-0.05), and the
g:?nﬁeexrsi élsecntqr%rf important than the mean free path of thgesorption probability from a pit boundary is roughty4

) : times that from a terrace site. This treats all pit boundaries
. The ratio of the removal yields from Gafid0 terrace  gitas as equivalent since no significant growth anisotropy
sites and pit boundaries can be estimated from the dewaﬂowaS found

of the total removal yield from the linear dependence of Fig.  riq re 6 shows that extended electron irradiation eventu-
4(a). While approximate, it highlights the role of defects in ally resulted in multilayer erosiof2000-eV beam energy,
enhancing electron-stimulated damage. From the schematigrrent density 0.3 mA ci?, and dose 1.%10%cm 2.

in Fig. 2, a single Ga-As vacancy exposes the four neighborapout 40% of the top layer had been removed, and the re-
ing unit cells, a double vacancy exposes six, and so on. Fafidual areas were irregular and fragmented. The small bright
0.05-ML removal, Fig. &), about 60% of the pits are single features on the top layer are attributed to As adatoms, as in
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S = due to their dynamic bucklingSteps and defects quench the
g 0.10 11.0 5; buckling, and the now-asymmetric dimers appear as bright
-g ° protrusions on alternate sides of successive dimers along a
0.05 105 % row, as labeled. For our surfaces, dimer vacanci€dV)
and c-type defectdCD) (Refs. 13, 14 were about equal in
0.00 e 0.0 number. Their total concentration wagi%, as is typical for
0 40 80 120 160

Irradiation Time (s)

surfaces prepared by heatifg.

Figure 71b) shows that irradiation greatly increased the

FIG. 4. (a) Vacancy area and vacancy complex density vs irra-cOncentration of single DV's andtype defect2000 eV at
diation time for GaA&L10) for 400-eV electrondcurrent density 10 MA cm 2 for 150 s for a dose of 9:610' electrons
0.1 mAcm 2 flux 6.3x104cm 2s7Y). The areas and densities ¢m °). There were also dimer vacancy complexes PV
increase linearly unti~900 s and vacancy creation is random. that extended along and across the dimer rows. Inspection of
Thereafter, the defect density increases as removal from existinthe step profiles revealed increased roughness, as in Fig.
pits plays a greater role. Similar trends were observed for 100 and(b). While single adatoms could not be imaged, the bright
2000 eV electrons with current densities of 0.03—1 mAénb)  spots labeledA;, A,, and A; correspond to ad-dimers
Dimer vacancy area and vacancy complex density f@@-2x1  formed from atoms displaced onto the terrace. Their geom-

for 2000-eV electrongflux 6.4x 10"°cm ?s™* corresponding to  etries agree with those deduced for dimers trapped in non-
~100 incident electrons per second for each surface yat@atan-

cies are created randomly untit100 s but the accumulation of
damage enhances further removal.

Fig. 1, while the large ones are probably Ga clusters. Pitting
of the second layer is evident from dark patches inside large
single-layer pits. Second layer defects were usually located
at the edges of first layer pits, suggesting that these edges
have electronic states that are particularly effective in local-
izing charge. For these surfaces, regrowth structures were
unlikely because of the limited mobility of adatoms at room
temperature. If these samples were heated, the residual As
would desorb, vacancies would be accommodated at steps,
and the step irregularity would be reduced. Such recovery
would be sluggish because of the high defect density, as
discussed below for 8i00)-2X1.

FIG. 6. Multilayer erosion occurs after extended irradiation of
GaAg110 with 2000 electrong0.3 mA cni 2 for 900 s giving a

Figure 7 summarizes the effects of electron irradiation ofgose of 1.% 10"8cm™2). About 40% of the original top layer was
Si(100-2%1. Images like Fig. {® of the clean surface re- removed and residual areas were highly fragmented. Dark patches
veal rows made up of dimers that appear as oval structuresdicate damage to the exposed second layer.

B. Electron irradiation of Si (100)-2x1
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crease inelastic scattering events. Pit growth may also reflect
the reduced energy barrier for atom displacement at a pit
boundary compared to a terrace site.

For Si100-2x 1, the event that creates a single atom va-
cancy is followed by the escape onto the terrace of the now-
unpaired atom of the original dimer. The initial vacancy can
be created by either single atom desorption or displacement
onto the terrace. The features imaged as dimers or aggregates
in Fig. 7(b) reflect the sum of the displaced atoms, less any
single atoms because the latter cannot be imaged. Since the
terrace features account for onty20% of the DV’s (total
cross section for vacancy creation .20~ 2°cn?), we con-
clude that electron-stimulated desorption is significant. Note
that the annihilation of a dimer vacancy would require cap-
ture of two diffusing atoms, and this is unlikely at 300 K.
Accordingly, damage accumulation is particularly profound
for Si(100).

Heating surfaces like that of Fig(h) to 873 K for 120 s
produced regrowth chains and islands on the terraces, labeled
RC and RI in Fig. 7c).1%?° Moreover, small domains with
c(4x4) symmetry appeared at steps and in regrowth is-
lands, as for epitaxial growth of Si on($00).%* Thermally
activated diffusion of individual dimer vacancies allowed
them to order into lines that were perpendicular to the dimer
rows, DV . Recovery of a surface that was this severely
- . 74 damaged was sluggish because defects reduced terrace diffu-

; : sion and influenced th@ocal) energetics associated with is-
lands or steps. Annealing at 500 K for 30 min enhanced
healing for lightly damaged surfaces but produced no signifi-
cant change in morphology for surfaces like Fi¢h)7 Slow
recovery was also observed when surfaces damaged by ion
bombardment were annealed at 873—-112% K.

3nm

(c)873.K120 s
Q0:= .,

TSl

-
-
-

FIG. 7. (a) Filled state image of clean @00-2x1 showing

dimer vacancie¢DV), c-type defectdCD), and a row of asymmet- C. Electron irradiation of Si(111)-7x7
ric buckled dimergB) at a stepgsample: 2.0 V, 0.2 nA (b) Image ) ) o
showing dimer vacancy complexes (BVMproduced by irradiation Figure 8 summarizes results for electron modification of

with 2000-eV electrons for 150 €flux 10 mAcm72, dose 9.6 Sl(lll)-7><7 For the clean surface, the brlght features
% 108cm™?). Ad-dimers are labeled, if their axis is parallel to ~ Within a 7X7 unit cell represent the corner adatoms adjacent
the dimer row,A, if they lie perpendicular to the row, andl if to (dark corner holes and center adatoms away from those
they reside between rowgc) Annealing surfaces like that ith) holes. Irradiation produced vacancies in the adatom layer, as
produces dimer vacancy lines (D) regrowth chaingRC), and  shown in Figs. 8)—8(d) for a fluence X 10®¥cm2
regrowth islandgRI). c(4Xx4) patches appear near steps and in [rradiation with 90-, 500-, and 2000-eV electrons in-
regrowth areas. creased the concentration of vacancies in the adatom layer
from 4% (clean surfaceto 6, 10, and 14%, respectively, as
ideal configurations after Si deposition or{1%0)-2X shown in Fig. 8. The ratio of vacancies at center sites relative
They were unstable with respect to tip-induced motion undeto corner sites increased from 1:1 to 1:1.2 after irradiation for
typical imaging conditionssample bias—2 V, tunneling all energies, and single adatom vacancies appeared 1.3 times
current 0.2 nA*® more frequently in the faulted half of the unit cell. The mean
As summarized in Fig. &), the dimer density and va- distance between vacancies decreased frod8 A for the
cancy area increased approximately linearly with dose untitlean surface to 20 A after irradiation with 90-eV electrons.
~ 100 s, rising from 0.02 ML for the clean surface. While After 2000-eV irradiation,~50% of the vacancies were
the density of DV’'s more than quadrupled, from 0.14 topresent in nearest-neighbor configurations, and complexes
0.65x 10**cm 2, the average size of a vacancy complex in-derived from up to 7 adatom vacancies were evident. The
creased only~50%. For S(100), the (low-dosg vacancy number of such complexes increased with dose as vacancies
creation cross section was X20 2°cn?, smaller by an influenced removal of nearby adatoms.
order of magnitude compared to GaA%0), and vacancy Figure 5 shows how the yield for adatom vacancy genera-
production was largely random. After 100 s irradiation, tion depends on the primary electron energy. The steady in-
the vacancy concentration increased nonlinearly as defectsease with primary energy is significant because it indicates
influenced the probability of material removal adjacent tothat Si core level excitations followed by Auger decay were
them. The pit growth apparent in Fig(b7 reflects the ten- not important in surface atom desorption, in contrast to what
dency of defects to localize electronic excitations and to in-has been demonstrated for ionic materfai¥he cross sec-

1 15-18
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(a) 35 mJ cm?, 9x10° pulses| | (b) 1.8x10* pulses

©) 5006V R .

¥ L

FIG. 8. Images for $111)-7X7 before(a) and after irradiation
by electrons with primary energies @f) 90 eV, (c) 500 eV, andd)
2000 eV for a common total dose of2L0'¥cm 2. Vacancies in
the adatom layer appear as dark features. They are largely due to Si FIG- 9. (8—(d) STM images showing the effect of photon-
desorption, though features like, represent Si atoms trapped at stimulated desorption from an electron-irradiated surface of
rest-atom dangling bonds. Desorption is random when the vacanc§@AS110 equivalent to Fig. @) [hv=2.3eV, ~35 mJcm?,

concentration is low. (500500 A2; sample bias 1.7 V, tunneling Pulse duration~6 ns] Desorption occurs from defects and pit
current 0.4 nA). boundaries with preferential pit expansion aldriglO]. The re-

moval yield is related to the total length of pit edges and the details

. o . of defect levels. Extended photon irradiation results in removal of
tions for such core level excitation would increase above thgne top jayer[(a) 500% 500 A% (b)—(d) 750% 750 AZ].

Si 2p and X excitation thresholds of-100 and 150 eV but
would then decrease asE}/.) As for GaAs110), we at-
tribute the increase in the yield to the larger number of low
energy carriers produced by cascade scattering and their lo- The above has emphasized defect creation caused by elec-
calization at surface resonances or defect levels. tron irradiation. In the following, we consider the growth of
Features likeA, in Fig. 8 represent Si released from ada-those defects due to photon irradiation. The underlying pro-
tom sites and trapped at dangling bond sites of rest atomgesses initiating the displacement of an atom from its equi-
These extra terrace atoms were outnumbered by the vacafyrium site are the same, namely the capture of a carrier in a
cies by a factor of-30 after irradiation with 90- and 500-eV  gyrface state or a defect or pit level. A key difference is that

electrons. Neglecting them, the cross section for Si desorpspergetic electron irradiation accesses a wide range of states,
tion from S(111)-7x7 follows directly from Fig. 5, ranging \yhile only those within 0.9 eV of the band edges can par-

— 20 —20
from 1 10" 2cn? for 90-eV EIG‘.:UOHS to X 1.0 . e for ticipate after 2.3-eV photon absorption. This difference can
2000-eV electrongAccommodation of the missing atoms at be used to advantage, as shown below

steps was negligible because the terraces wet&00-A In these photodesorption studies, we first cleaved

wide) These values fall within the range reported for i
electron-stimulated desorption of adsorbates on surfa%es.GaAs(ll@ to produce pristine surfaces and then exposed

While the vacancy yield is-16 times higher for GaA410) them to electrons to introduce point defects. Figure 9 sum-

than for S{111)-7x7 at 2000 eV, the difference in cross marizes results for a surface having an initial defect density
’ 2 a2 o

section is only~3.5 when account is taken for the planar Of 4-5% 10*2cm2 and a defect area of 0.02 ML. Irradiation

density of terrace and adatom layer atoms. with 9x 10° pulses increased the pit area to 0.10 ML, see

The cross section for desorption is a measure of long-terrfig- 9@. Equivalent irradiation of pristine surfaces showed
surface modification, but it underestimates defect formatiorthat no pits formed and we conclude that removal was lim-
for Si(111)-7X7 because a vacancy in the adatom layer carited to sites around existing pits* The yield was then 8
be annihilated by a single diffusing atom. This effect wasx 10" ® atom/photon  (photon ~ number  density 9.4
recently studied by Stipet al,?® using STM to displace an X 10°cm™2 per puls¢. The robustness of terrace sites re-
adatom and to follow its return. They showed that adatonflects the delocalized nature of excitations accessible with
layer vacancies were short lived above 175 K. Our result®.3-eV photon® and the absence of localized gap stafds.
therefore underestimate the importance of electron beam icontrast, the significant yield for pit boundary atoms reflects
radiation and the complete structural response of tie7 7 the localized nature of defect levels and the fact that these
surface should be probed at low temperature. sites are natural carrier recombination sites.

D. Site selective photon-stimulated desorption on GaA%10)
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Between Figs. @) and 9b), the pits expanded from 0.10 caused by-6-eV electrons from an STM tip.
to 0.22 ML, giving a yield of 1.%X 10"/ atom/photon. This is Whereas defect creation has not been observed following
larger than for the first increment of pulses because of théow energy electron or photon irradiation of pristine1%i0)
higher linear density of pit edgésMoreover, the rate of and GaA§110), our results show that they can be created
expansion increases for the larger pits. The elongated pits igith 90—2000 eV electrons. By analogy to low energy pro-
Fig. 9(b) indicate that removal is favored alopg10]. Steps  cesses for $111) and for adsorbates, we attribute atom dis-
develop along11n), [110], and[001] as pits grow, reflect- placement to localized levels that have not been accessible
ing the existence of defect levels and preferential removal opreviously. In particular, cascade scattering accesses states
kink atoms due to their weaker bonding. The shapes of theyrgughout the valence and conduction bands and localiza-
large pits indicate coalescence. Continued irradiation regon at a surface site accounts for displacement of the sort
duced the top layer to 0.49 and 0.24 ML, Figee)nd 9d),  gepicted in Fig. 1. This is supported by the fact that vacancy
with a declining yield as the total edge length decreases. creation occurred randomly on ideal terraces and increased

Continued irradiation to 131(?5 laser pulses rem_oved with primary energy as the number of hot carriers that can
more than 95% of the top layer with the remnants evident 8aach the surface increased

scattered islands made up of several to several tens of atoms. Our results for photon-stimulated desorption from

At this stage, there was also limited erosion of the secon X . )
layer, 4—5%, probably due to subsurface defects created du TaAs(llO) also point to the importance of localized levels

ing the initial electron bombardment. Again, equivalent laser>Nc€ desorption does not_occur from defect-free terraces.
irradiation of pristine cleaved GaAkl0) showed minimal 'he importance of defect sites on GaE0) and GaAsl10
pitting events(below 0.3%. was first demonstrated by Itoh and coworkers when they in-

vestigated laser-induced desorptfriThey recognized the
connection to electronic excitations, based on dependencies
IV. DISCUSSION on energy and intensity. Starting with surfaces that were
From the above, it is clear that electrons with energies ofPulter-annealed, they observed the onset of emission and the
90—2000 eV can produce surface defects on pristif08i, _subseque.nt reduct.lon of emission with time. From this, they
Si(111), and GaA&110. Moreover, 2.3-eV photons are ef- inferred different sites for desorption. Our recent STM stud-

fective at removing atoms from defect sites of Géig).  ies of GaA$110° provided insights into the relevant sites by
Insight can be gained by comparing with results in the literaShowing that pits created by Br etching could be expanded
ture regarding electron and photon irradiation. using 2.3-eV photons. The role of defects was also demon-

Low energy electrons are used in STM imaging, and thestrated for Si100-2X1 with a significant vacancy
surfaces of Si and GaAs have been exhaustively studied. Weoncentratiorf® In that case, laser-induced surface dimer re-
and others have found no evidence for defect creation fomoval was observed and, since heating was insufficient to
pristine S{100 or GaAg110) under typical tunneling condi- induce thermal desorption, material removal was attributed
tions of £(1.8-3.2 V and 0.1-0.2 nA. Typical current den- to electronic transitions involving defect levels.
sities in the tunneling junction, through an area of atomic or  There are important implications that follow from these
at most nanometer dimensions, are orders of magnitudghservations. For metals, activation barriers for vacancy cre-
higher than in the present electron-irradiation experimentsation are much lower, but electronic states are more delocal-
Hence, direct carrier transfer to populate electron or holgzeq. Although the cross section for desorption from metal
states in this energy window does not cause atom displacgyfaces is low, surface vacancies may be created by electron
ment for S{100-2x1 or GaAg110. Similarly, the absence radiation or by secondary electrons produced after high en-
of surface modification following laser irradiation of pristine ergy photon absorption. Indeed, Ermstal3? recently dem-
Si(lOO)—2><127'or GgAs{llO) confirms thg inagces'sibility of onstrated vacancy creation for @d1) and(100) by tuning
unstable configurations of the sort depicted in Fig. 1. the photon energy of a laser to excite electrons from local-

The S{111)-7x7 surface responds differently to both low jzeq d-band states. For semiconductors, surface vacancies
energy electrons and photons. Stipeal™ demonstrated may pe created by secondary electrons produced after high
that the injection of carriers from an STM tip biased-@8—  gnergy photon absorption. In all cases, defects introduced by
10) V causes atom displacement from the adatom layerine peam probe would alter the local reactivity.

They attributed the effect to electron occupation of a surface A combination of random defect creation with electrons
resonance associated wiglike Si adatom orbitals. Using  anq sjte-selective desorption with photons makes it possible
low power laser irradiation, Kanasakt al?® measured the to achieve atomic layer removal. Compared to chemical
desorption efficiency for Si atoms from ($11)-7X7 as a  etching or ion sputtering, this procedure has the advantage
function of photon energy. They reported a strong enhancenat it does not introduce extrinsic elements and it causes
ment centered at about 2 eV, and they attributed the enhancgsinimal damage to the subsurface layer. Accordingly, it may

ment to dipole transitions involving surface states and sitge appealing for nanoscale surface modification.
localization.

Localized energy levels have also been probed f(r13)
with adsorbed oxygen. In this case, Martlal?® linked
desorption to electron capture in antibonding resonances ini-
tiated by~7 eV electrons from the tip. Shest al*° tied the We thank S. J. Chey, L. Huang, and M. M. R. Evans for
desorption of H from H-saturated (300-2X 1 to transitions  stimulating discussions. This work was supported by the
from o(Si-H) bonding levels tar* (Si-H) antibonding levels U.S. Army Research Office.
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