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Formation and healing of defects at the Si111)7x 7 surface under low-energy ion bombardment
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We studied the formation and healing of adatom defects on a Si(Xl1)3urface bombarded by 0.5-keV
Ar ions. Scanning tunneling microscopy showed that adatoms were missing from the SiKI1EK#face.
Increasing the temperature during the bombardment increased the percentage of missing adatom sites. How-
ever, the percentage saturated at 400 K, then decreased with temperature. This temperature dependence was
due to competition between the formation and healing of adatom defects; defect formation dominated at low
temperatures, but was overcome by healing at high temperatures. We analyzed the temperature dependence
using a rate equation for missing adatoms which included the temperature-independent sputtering and other
temperature-dependent formation and healing processes. Activation energies of 0.29 and 0.39 eV were ob-
tained for the temperature-dependent formation and the healing of adatom defects. The temperature-dependent
formation was attributed to vacancy-adatom recombination, and the temperature-dependent healing was attrib-
uted to the interstitial atom—missing adatom site recombination. These vacancy and interstitial atoms were
generated in the collision cascade under the surface. Some of them migrated to the surface and contributed to
the temperature-dependent formation and healing of missing addt8a163-182608)03512-1

[. INTRODUCTION function of the temperature during the bombardment. The
missing adatom percentage initially increased with the tem-
The interaction of low-energybelow several keYions  perature, but decreased above 400 K. The formation and
with surfaces has been intensively studied because of tHeealing activation energies were quantitatively obtained by
importance of materials processihghe interaction with Si ~ @nalyzing the temperature dependence. We will discuss the
surfaces in particular has been studied in detail, using a Scaﬁgementary processes of the formation and healing that cause
ning tunneling microscop€STM).2~7 On a Si(111) K 7 sur-  n€ temperature dependence.
face, bombardment of rare-gas ions causes missing surface
adatoms in the low-energy rangé It has also been reported
that adatom defects, introduced to the surface by ion bom- The experiments were performed in an ultrahigh-vacuum
bardment at room temperature, are healed by subsequent dbtHV) apparatus consisting of a loading chamber, a prepa-
nealing at high temperaturés.Based on these reports, the ration chamber with the Ar-ion gun, and a main chamber
formation of adatom defects and their healing would com-With the STM unit(JEOL JSTM 4000XV. The base pres-
pete at the surface under ion bombardment at high temper&uré o_fgthe preparation and the main chamber was less than
tures. In this study, we investigated this competition on al <10 ° Pa. ~The samples, with dimensions of
Si(111)7x 7 surface under bombardment of 500-eV Ar ions 1 X 7 0.2 mm?, were cut out fromn-type S{111) wafers. .
as a function of the temperature during bombardment. 1 hey were preheated in the preparation chamber at 500 °C

We first explain the experimental apparatus. Next, we defo" 12 h. The sample was then flashed at 1200 °C and slowly

scribe the results and related discussions. In the results ar?c?OIed to room temperature. The surface cleanliness was

) . . : onfirmed by STM observation of thex77 reconstructiofi:®
discussion, we show typical STM images of the bombarded .
surface, and the characteristics of these images are qualits— ;]g:rzjzzn‘:’ugfcgswwaass ti)r?trpo%irg:g ubymA]r]I;E);SP.aI:igtrothe
tively discussed. We then examine the recent suggestion th Al 9 P

a defect at the corner adatom site is recovered faster than t bm a 30° off-normal direction. The ion current was mea-
at the center adatom sitdBased on the STM images, the site sured at 0.JuAlcm? by a Faradéy cup. After the bombard-
of missing adatoms is quantitatively analyzed with respect t(?‘nent, the preparation chamber was evacuated to UHV, and
their relative positions in the unit cell of the Si(11M7  the sample was then transferred to the main chamber. The
reconstruction; the results of this analysis contradict the resTM images of the bombarded surface were observed with a
cent suggestion. In the bombardment at room temperaturgample bias voltage of 0.1-+3.0 V and a tunneling cur-

the center adatom site is slightly favored over the corneent of 0.3 nA. Images are shown with a conventional gray
adatom site by missing adatoms. However, no preference iscale keyed to the surface height.

observed in the healing by annealing up to 900 K subsequent

to the bombardment. From this viewpoint, we investigated . RESULTS AND DISCUSSION
the competition from the formation with the healing in the
bombardment at high temperatures. We counted the number
of missing adatoms regardless of the center or corner site, We studied the formation and healing of adatom defects
and obtained the percentage of missing adatom sites asad the surface by obtaining STM images with atomic resolu-

Il. EXPERIMENTAL APPARATUS

e preparation chamber. The 500-eV Ar ions hit the surface

A. STM observation
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bardment at room temperature for 16Fsg. 1(b)]. The dark

site is attributed to the missing adatofmafter annealing at
1020 K for 16 s, the surface in Fig(ld changed to that in

Fig. 1(c); many of the adatom defects were recovered by
annealing. These images clearly show that the bombardment
caused adatom defect formation, and that these defects were
healed by annealing at high temperatures.

In the bombardment at room temperat{iFég. 1(b)], the
impact of one Ar ion caused the loss of several adatms.
The random introduction of a defect composed of several
missing adatoms and their occasional overlap generated the
adatom defects distribution shown in Figbl However,
even at the edges of the defect, the remaining bright protru-
sions still occupy the adatom sites of the originat 7 re-
construction. These defect distribution characteristics were
also commonly observed at a surface bombarded at high
temperatures, though the number of adatom defect sites
changed with the temperatutas described below

Judging from the bright protrusions which remained at the

&FQ(‘. :e}.-' 4 adatom sites of the original>¥7 reconstruction, the second
o T layer of the 77 dimer-adatom-stacking faul{DAS)
. . "'*ir\_ reconstructioft is thought to be conserved even at the darkly

imaged area. In the X7 reconstruction, adatoms aligned
over the template of the rest atoms, which aligned with the
order in the second lay&fTherefore, the adatoms would lose
the correlation of the X7 reconstruction across the dark
region if the second layer was destroyed at the dark region.
Thus the surface defect is one monolayer deep; i.e., only the
adatoms of the top layer were missed at the surface. This is
consistent with the result of a previous scanning tunneling
spectroscopy study on defects on an Si(124)7 surface
bombarded by 3-keV Ar ion.

In addition to the dark and bright sites, a small number of
protrusions imaged gray at the bombarded surfaces. These
three classes of contrast were previously reported for a
Si(111) 7x 7 surface bombarded by 225-eV Xe idnis that
study, the gray site was tentatively attributed to the site
where the adatom was displaced. We found that some gray
protrusions appeared at sites slightly shifted from the adatom
site of the 77 DAS reconstruction; however, a majority of
the gray protrusions appeared at th& 7 adatom site. The
origin of the gray protrusions is not presently clear. The ada-
tom was not missed at the site with the gray protrusion;
therefore, the gray protrusion was not included in the count-
ing of missing adatoms in the following analysis.

B. Site analysis of adatom defects

(c)

Adatom sites on the 8ill) surface can be classified by
. their position in the unit cell of the X7 reconstruction. The
FIG. 1. STM images of the &i11) surface;(a) before bombard- it cell of the 7x7 DAS reconstructichis illustrated in

tions relative to the corner hole. They are also classified into

the adatoms in the faulted half ur(iNos. 1-6 and in the

tion. Typical examples of the STM images are shown in Figunfaulted half unitNos. 7—-12.

1. Figure 1a) is the image of the clean surface. At this sur-  Yoneyama and Ogawa recently suggested that the defects
face, most of the adatom sites of thex7 reconstruction at the corner adatom site are recovered faster than those at
were imaged as bright protrusionsiowever, a considerable the center adatom site during annealing of the bombarded
number of adatom sites were not imaged brightly after bomSi(111) surface> They also proposed that the healing rate
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missing adatoms at the corner sites, while the preferential

Faulted Half Unfaulted Half
Unit (X J Unit recovery increases the number of target atoms at the corner
‘)/\ Q site for the formation of missing adatoms. If this proposal is
p\ /’:: 5~ valid, we should consider the corner site as distinct from the
n/ |§) g center site. However, the preferential recovery of the corner
o 9/’4. : .@.‘g o site has never been confirmed experimentally. Therefore, we
® </¢ (a| Qt@) o examine the site preference in the formation and healing of
) t\j\\(a. | .2)/,&? ® missing adatoms before discussing the competition in Sec.
~ I v I cC.
b\\gl@’ (’ First, we will describe the site analysis of missing ada-

ot

o
o
o0

b\v

toms at the surface bombarded at room temperatures. In the
Adatom analysis, we counted the number of missing atoms over 5000
Rest Atom sites. They were classified into the 12 adatom sites in the

7X7 unit cell, and were normalized as the probability of

finding missing adatoms at each site. The result is expressed
16 as the histogram in Fig.(B). Figure Zb) shows the result of
14| the surface bombarded for 16 s at room temperature. Thirty
121 percent of the adatoms were lost from the surface by the
10 bombardment. As the figure indicates, the missing adatom

I event favors the center site slightly over the corner site. The

center-to-corner ratio of missing adatoms wad4.2. The
density of missing adatoms increased with the bombardment
time. However, since the total number of missing adatoms
was less than 60%, the results were similar to that in Fig.
2(b); the center site was always favored slightly over the
corner site for missing adatoms. When more than 60% of the

©
2

Missing Adatom Probability (%)

O N A~ O

2 YR T L YRR QO adatoms were missed, the site assignment became difficult.
v o B B v e s B s 288 This is due to the large reduction of the remaining corner
(b) Adatom Site in the 7x7 DAS Unit é’ell"’ ® holes which we used as the signpost for the site assignment.
The center site preference in the formation of missing
adatoms at room temperature occurs because, at room tem-
2.2 perature, the adatom is displaced by the sputtering with the
incident ions. Generally stated, its probability is inversely
2or A UFF ional to the binding energy of the atoms at the
g L ® (Center/Corner proportional to the 9 9y
g surface'® Thus our result demonstrates that the center ada-
s 18] tom bonds to the surface more weakly than the corner ada-
< I tom. The weaker bond of the center adatoms is due to the
> 1.67 atomic configuration of the underlayers. Both the center and
B I corner adatoms bond with the three rest atoms in the second
§ 141 layer. However, all three rest atoms under the corner adatom
«“ bond to the Si dimers, whereas only two rest atoms bond to
o B . .y
o 12 the dimer under the center adat8rfihe binding energy can
B be modified on the order of 0.1 eV through the second-
@ 10T neighbor overlap integral$.We suggest that this makes the
I . . . . center site favorable for the missing adatom event.
0-200 400 ' 600 800 1000 1200 Next we analyzed the site occupation of missing adatoms

after healing. The number of adatoms were counted on the
(© Temperature (K) surface, annealed at various temperatures after the bombard-
ment. Before annealing, adatom defects were introduced to
the surface by bombardment for 16 s at room temperature.
This made 30% of the adatom sites defective. The surface
pendence of missing adatoms at the surface bombarded for 16 s?[@s Fhen annealed f‘?r 16 s at various tempgratures. A§ a
room temperature(c) The temperature dependence in the cen-function of the annealing temperature, we obt_alned the_ratlos
ter/corer and unfaulted/faulted ratio of missing adatoms at the su@f Missing adatoms at the center-corner sites and in the

face annealed for 16 s after bombardment for 16 s at room temperinfaulted-faulted half unit. The results are shown in Fig.
ture. Solid lines represent visual guides 0n|y. 2(C) With in an error bar oft 10%, we found that neither

the center-corner nor unfaulted-faulted ratios changed during
changes with the completion of the corner sites recoveryannealing below 800 K. However, this lack of change is not
This makes it complicated to analyze the competition bedue to a lack of healing progress at low temperatures. The
tween the formation and the healing. Their proposition im-healing of adatom defects was clearly observed in the STM
plies that the healing preferentially decreases the number dfnages from the healing above 600 K. At 700 K, half of the

FIG. 2. Site-specific analysis of missing adatort®;the spe-
cific sites of the Si(111)X 7 reconstruction. The unequivalent ada-
toms are numbered from 1 to 12 in the unit c€ll) The site de-
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adatom defects were healed in annealing for 16 s. Therefore, 60F g
the healing proceeded with no preference towards the corner
site at temperatures below 800 K. ® 501

The ratios changed with temperatures above 800 K. In ~

- o € 40F |©
this temperature range, the center-corner ratio increased, S A
showed a maximum at 1000 K, and then decreased. The 3 30k

0 i i <

unfaulted-faulted ratio increased monotonically. These o
changes were caused by a process other than healing, since £ ook
healing proceeds with no site preference. We suggest that the 2 ©
changes are due to the site exchange between the adatom and = 1o}
adatom defect. As discussed above, the corner site is ener-
getically favored by adatoms over the center site, and there- O . . . PR
fore an exchange between the center adatom and the defect at 500 1000
the corner site is energetically favorable. This exchange pro- Temperature (K)

cess is thermally activated at high temperatures, and results _

in an increase of the missing adatoms at the center sites and FIG. 3. The temperature dependence of the percentage of miss-
a decrease in the missing adatoms at the corner sites. TH adatoms at the surface bombarded for 16 s at high temperatures.
center-corner ratio of the missing adatoms increased. Theré—he fitting with the rate equation is indicated by the solid line.

fore, the ratio increases at 900 K was attributed to the temSIight in the formation and negligible in the healing at tem-

perature, above which the exchange process is highly actheratres below 800 K. Thus we can safely assume that the
vated. _ _ site preference is negligible at temperatures below 800 K.
The center-corner ratio decreased again at temperaturgs,seq on this assumption, we counted the number of missing
above 1000 K. In counting the missing adatoms, we found,qa1oms over 5000 adatom sites in STM images, regardless
that most of the defects at the corner site were recovered g yer relative sites in the X7 unit cell. From these data
healing above 1000 K. The number Of, remaining 'defec.tiﬁNe calculated the percentage of missing adatom sites at the
reduced by a percentage at the corner site, making it similag, e a5 a function of the bombardment temperature. The
to the clean surface. The center site had a few more defecpgsmt is shown in Fig. 32 We found that the missing adatom
than the clean surface. Although the number of missing adgs rcentage increased with the temperature up to 400 K. At
toms depends on the way the surface is cleaned, we regajh i 609 of the adatoms were displaced from the surface:
several percent as the equilibrium density of the missing adaét higher temperatures, the percentage decreased.
toms at room temperature. Therefore, the healing rate may |y temperature dependence shown in Fig. 3 is under-

cease at a missing adatom density around several percent. 4, a5 follows. In high-temperature bombardment, the for-
this case, the hea_lln? proceeds ﬁnly;t t_hehcenter site abﬁ\Lﬁation of missing adatoms is thermally activated, as well as
1000 K. We tentatively propose that this is the reason for th¢,eqjing. The thermal activation of formation causes the ini-
decreasg of the ratlo above 1000 K. L __tial increase in the missing adatom probability. However,
The increase in the unfaulted-faulted ratio is also attrib ealing is also activated by the temperature. If the healing
uted to the exchange between the adatom and the defect. TRE, oss exhibits a larger activation energy than defect forma-

rati? in%rleafse S#gg?fts that the ?]ite i_n the fﬁulte(?c hflilf chmhit : on, healing will be suppressed by the formation at low tem-
preferable for t r? a atfom overft ehS|te |fn tI edun_au b ﬁ eratures, but will overcome formation at high temperatures.
unit. However, the preference for the unfaulted site over therpe competition between the formation and healing pro-

faulted site was not clearly observed in the formation of P
cesses causes the temperature dependence shown in Fig. 3.
missing adatomgFig. 2(b)]. Therefore, the difference in the P P g

Lo ! ) ) This temperature dependence is odd because of the fol-
binding energy is considered to be subtle, causing the prefg, ing 1o points.(1) The missing adatom is usually caused

erence for the faulted site to be weaker than that for theby the sputtering of adatoms from the incident energetic

corner site in the healing. The unfaulted-faulted ratio in'ions. This phenomenon is independent of the substrate

creased more slowly than the center-corner ratio. Because ?émperaturé? The healing is activated by the temperature.

e <o . S e numoer of mising adatomsshoui decrease mano-
the unfaulted-faulted ratio increased continuously.even ’a}[onlcal_ly with the temperature in the competition between
temperatures above 1000 K ormation by temper_ature—mdependept sputtering and ther-
' mally activated healing. However, this is inconsistent with
our result. To make it consistent, not only the sputtering but
also some thermally activated processes must contribute to
the formation of the missing adaton{®) Our result suggests
that the healing starts to be highly activated at 400 K. To
In high-temperature bombardment, the formation of missheal the missing adatom site, an additional adatom must be
ing adatom sites competes with their healing, which is thersupplied. The step edge at the surface is the most probable
mally activated at high temperatures. To study the competisource for additional adatoms. However, 400 K is too low to
tion, the Si(111)% 7 surface was bombarded at various cause the adatom’s detachment from the Step.
temperatures. After bombardment for 16 s, the surface was To understand this result, we analyzed the temperature
cooled to room temperature and observed by the STM. Aslependence with a rate equation using the surface density of
described in Sec. Il B, the preference for the corner site waadatomsn. (1) Sputtering of the surface adatoms with the

C. Bombardment at high temperatures:
Competition between the formation and healing
of missing adtoms
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incident ions and2) the supply of additional adatoms from —dn/dt=cIn+[ agexp(—E,/kT)]n
the step edge can contribute to the change of adatom density
n. In addition to these process&8) thermal desorption of —[Boexp(—Eg/kT)J(N=n). (]

adatoms an@4) absorption of adatoms into the step edge can
change the surface adatom density. During bombardment, We solved this equation using the conditionrof N at
vacancy and interstitial Si atoms are generated by the collit=0. The solution was used to calculate the percentage of
sion cascade under the surfd@8®Some of these migrate to Missing adatom sitesN(—n)/n(%) att=16 s. We fitted the
the surface and recombine with the adatom or adatom defefgSult with the calculated percentage by using the measured
at the surfacd.(5) The vacancy-adatom arf) interstitial Si @ (Ref. 10 andJ. The calculated percentage accorded well
atom-adatom defect recombination can also contribute to th&ith _the experiment for E,=0.29 eV, Ez=0.39eV,
change of adatom density ag=392, andB,=9290, as shown by the solid curve in Fig.
These processes contribute to the temporal decrease of tﬁe

adatoms—dn/dt as follows. (1) Sputtering causes a de- Regarding the activation energy,=0.29 eV, we at-

crease of adatoms. With the sputtering cross seatiothe tribute the temperature-dependent forma}ion of missing ade_l—
o 17 . toms to the vacancy-adatom recombination. In the recombi-
_de‘?reas?‘ rate is described byJ,™ whereJ is the flux Of_ nation, the activation energy is expected to be roughly equal
incident ions.(2) An _adatom.supply. from t.h.e stgp edge in- 5 that for vacancy diffusion in the bulk. An activation en-
creases. However, its contribution is negligible in our tem- ergy of 0.33 eV was reported for vacancy migration in bulk
perature range, as described abo@.Thermal desorption ;20 g 43 eV was used for the vacancy migration in a recent
decreases the number of adatoms, but gag been reported to3g|ecular-dynamicéMD) simulation of the Ar irradiation of
active only at temperatures above 1006 Thus this con-  gj crystals? These are sufficiently close to our energy of 0.29
tribution is also negligible(4) Adsorption of adatoms into ey, However, 0.29 eV is too small to be attributed to the
the step edge decreases the number of adatoms. This procgggnation of missing adatoms by adatom adsorption into the
has been reported to be active in the homoepitaxial growth oftep edge. For adsorption into the step edge, the adatom mi-
Si on a(111) surface at temperatures below 1000 K, andgrates on the terrace, then attaches to the kink site. The dif-
therefore this contribution should be included in the ratefusion of Si atoms was reported to have an activation energy
equation. The decrease rate of adatoms is proportional bottf 1.3 eV (Ref. 2]) at the Si(111) K 7 surface. An activation
to the density of adatoms and adsorption site§.e., kink  energy of 1.4—1.6 eV was also reported for the attachrfent.
site9 m. Therefore, its contribution is described Bgnm. Thus we propose that the temperature dependence for defect
Here the rate coefficier?; has the temperature dependenceformation is predominantly caused by the recombination of
of Py=piexp(—Ey /KT). Ey is the activation energy of this adatoms yvith_ vacancies migrating from below 'Fhe surface.
process(5) The vacancy-adatom recombination contributes An activation energy of 0.39 eV was obtained for the
to the decrease of adatoms. The decrease rate is proportiorg@ling by the interstitial atom—missing adatom site recom-
to the density of adatoms and the vacancy, under the bination. This energy should be roughly equal to the migra-

surface. Thus, with the rate coefficient of the recombinationt'ol? .e;‘er%{. Olf tthe 'r&t.?ert!t'al .S|Gato?3|n \t/he bulk. Fc;r éhe
P,=p.exp(—Ey/KT), its contribution is described as setrinterstitia; atom diusion 1 ©5¢, 1.3 €V Was reporied as

P,nNy. (6) The interstitial atom—missing adatom site re- the upper limit on the migratioff: Since the chemical nature

of Siis close to Ge, an energy around 0.3 eV is expected for

combination increases the number of adatoms. Its contrib%i However, an energy of 0.80 eV was also reported for the

tion is propo_rtiona! to the density of missing adatoms Sitesn-type Si230.90 eV was used in recent MD simulation of the
'(Nt; n) anfd mtt(ajrstltl_?l atfomds ;Jnder tthe surf:ilsl?. SHEIEN7 diffusion of the interstitial atom in the bulk Si crystat® Our

IS fe survz\i/_ci (:]n5| y ofa af(;njs a af periec b'l( m obtained energy was half of these values. To examine which
siur ace. Eltlk t € rate (_:kc))e_ |C|e_nt do rt_ekg:o(;n 'nat'(ﬁ energy is realistic, we estimated the diffusion time of inter-
=4 exp(~E,4/kT), its contribution is described as Q( stitial atoms. By a TRIM (transport of ions in matter

—n)N;. BothNy andN; change in the competition progress. gjm,jatiorf® of the 500-eV Ar-ion bombardment of Si, the
However, we assume that both are independent @lecause  j,, range s estimated to be50 A .27 Interstitial atoms dis-

sufficient vacancy-interstitial atom pairs continued to be 9€Ntribute in this reai : : . e
6 1 gion. The migration lengshin the diffusion
erated under the surfalcé” during the bombardment. time t is described by~ (t/7)12 in the diffusion of inter-

By summing up the above factors, we obtained the fOI'stitiaI atoms by random walk. Here= roexp(Ey/kT), andl
lowing rate equation:

are the hopping interval and hopping length, respectitly.
Assuming thatr,=10"%s andl =1.5 A [a half of the spac-
ing between two double layers along thg13il) direction),
—dn/dt=¢Jn+P;nm+P,nNy—Q(N—n)N;. (1)  we estimated for x=50 A at 400 K. FoiE4=0.4 eV, t was
~10 % s, whereag was 1.7 and 22 s foE4=0.8 and 0.9
eV, respectively. In this study, the surface was bombarded
In this equation, the first, second, and third terms on théoy Ar ions for 16 s. In this 16 s, healing progressed at 400 K.
right side contribute to the formation of missing adatoms,Thust should be less than 16 s. In this respect, the diffusion
whereas the last term contributes to the healing. Here bothnergy of interstitial atoms is at least less than 0.8 eV. Thus
the second and third terms are temperature dependent a9 eV can probably be attributed to the diffusion energy of
proportional ton. Therefore, we simplified the equation as interstitial atoms. On the other hand, much larger activation
follows: energies have been reported for adatom surface diffusion
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face was not bombarded in the annealing, the missing ada-
toms increase proceeded by some process other than sputter-
ing. Although the activation energy was not obtained
experimentally, the authors of Ref. 4 attributed the increase
and decrease to the recombination of the vacancy-adatom
and interstitial atom—missing adatom site in their MD simu-
lation. We experimentally obtained the activation energy of
the process other than sputtering in our study; we attribute it
to the recombination of vacancy adatoms. Thus combining
our results with the results of Ref. 4 strongly demonstrates
that the vacancy under the surface contributes to the forma-
tion of missing adatoms at the surface.

IV. SUMMARY

In summary, we studied the formation and healing of
missing adatoms on a Si(111X77 surface under 500-eV
Ar-ion bombardment. The bombardment caused missing
adatom defects that are healed by annealing after the bom-

FIG. 4. The STM image of the surface bombarded at 900 K forbardment. The formation of missing adatoms favored the
16 s. The image was taken with a tunneling current of 0.2 nA at azenter adatom site slightly over the corner adatom site. How-
sample bias voltage of-0.2 V. No difference was observed be- ever, no preference was observed in the healing by annealing
tween the near and far step regions in the distribution of missingyt temperatures below 800 K. In bombardment at high tem-
adatoms. peratures, the formation process competes with the healing

process. By counting the number of missing adatoms,

(1.3 eV) (Ref. 21 and adatom detachment at the surface Stel5egar_dless of the site, we investigqted the competition as a
(1.4-1.6 eV.22 Moreover, as shown in Fig. 4, advanced re- function of the_ te_mperature d_urmg bomb_ardment. The
covery of the near step region was not observed at the bonfR€rcentage of missing adatoms increased with the tempera-
barded surface. Thus the adatom supply from the step edge§4'®: Showing a peak at 400 K, then decreased. In analyzing
negligible for healing. From this viewpoint, the interstitial the result using a rate equation, we found that the formation
atom—missing adatom site recombination is likely the originOf the adatoms was caused by temperature-independent sput-
of the temperature-dependent healing process. tering W|th_ the |nC|d_ent_ ions and a temperature—depend_ent

The analysis of data in Fig. 3 indicates that the vacancyPr0C€ss with an activation energy of 0.29 eV. The healing
and the interstitial atom in the bulk make a significant con-¥&S caused by a temperature-dependent process with an
tribution to the surface defect yield. The contribution of de-activation energy of 0.39 eV. The temperature-dependent
fects in the bulk was demonstrated in the low-energy ionformation and healing processes were attributed to the
bombardment on the @01 (Ref. 24 and P111) vacancy-ad'atom and interstitial atom—missing adatom site
surface<® For S(111) surfaces, a study was also reported in"€combination.
Ref. 4. Our results complement the study of Ref. 4 in show-
ing the contribution of the vacancy and interstitial atoms to
the formation and healing of missing adatoms at tHa 1)
surface. In the study of Ref. 4 the($11) surface was bom- The authors would like to thank H. Okamoto for his as-
barded by 5-keV Ar ions, followed by annealing at 350 andsistance in STM observations. Professor N. Sekimura is ac-
500 °C. It was found that the number of missing adatomsknowledged for communicating his result on TRIM simula-
increased at 350 °C and decreased at 500 °C. Since the suien.
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