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Electron-Stimulated Modification of Si Surfaces
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Scanning tunneling microscopy studies show significant structural modifications that involved atom
desorption and displacement following mild irradiation by electrons of 90—2000 eV. FKbt1pi
(7 X 7), adatom layer vacancies increased monotonically with incident energy. B®0B{2 X 1),
irradiation produced dimer vacancies, and ad-dimers as Si atoms transferred to the terrace. The
modification processes are tied to the energy distribution of electron-hole and electron attachment states
achieved by inelastic cascade scattering. Hence, beams previously believed to be benign induce surface
structural modifications. [S0031-9007(99)08389-1]

PACS numbers: 81.05.Dz, 61.16.Ch, 61.80.Fe

Electron beams of 10—5000 eV have long been usethe beam profile was characterized with a Faraday cup
to investigate the chemical and structural character of8]. STM images obtained within=0.5 mm of the cen-
surfaces [1,2]. For ionic materials, electron stimulateder of the irradiated area spots revealed approximately
desorption, ESD, is known to occur [3,4], and thisuniform defect and adatom densities. These densities de-
implies atomic-scale structural changes. For clean metalreased with distance away from this central spot, consis-
and semiconductor surfaces, however, it is generallyent with the beam profile. Exposures are given by the
believed that these energetic electrons do not causacident current. We irradiated Si(100) samples that were
structural changes. To test the conventional wisdomB doped aB3 X 10'7 and9 X 10'® cm™3 and P doped at
we have used scanning tunneling microscopy, STM, t& X 10'® cm™3 but there was no significant dependence
study the structural consequences of irradiation by 90-en dopant type or concentration.

2000 eV electrons of the sort routinely used in low- Figure 1(a) shows an occupied-states image of clean
energy electron diffraction, LEED, and Auger-electronSi(100)-(2 X 1). The surface dimers buckle dynamically
spectroscopy, AES. and appear as oval structures [5]. Steps and defects

In this Letter, we show that electron irradiation is quite stabilize them, and asymmetric dimers appear as bright
effective in modifying the structures of clean Si surfacesprotrusions, labele®. Dimer vacancies (DV) and-type
For Si(100), exposure produced dimer vacancies througtiefects (CD) (Refs. [9,10]) were about equal in number;
a combination of atom desorption and atom transfer protheir total concentration was typical for surfaces prepared
cesses. For Gil11)-(7 X 7), the cross section for desorp- by heating,~4% [5,6].
tion increased monotonically despite & and2p core The images in Figs. 1(b) and 1(c) were obtained af-
level thresholds. We relate these structural changes tier irradiation by9.6 X 10'® electrons mm? at 2000 eV
inelastic cascade scattering. Scattering excites electroriexposure time 150 s). The dark features again repre-
into antibonding states, as for field-emitted electrons fromsented single DV’s and-type defects but their concentra-

a tip or photons from a laser, but electrons are also cagion was much greater and there were also dimer vacancy
tured at antibonding surface resonances. Coupling to theomplexegDV ). Though created differently, these va-
nuclear motion results in desorption induced by electronicancies were analogous to those produced by thermal or
transitions, DIET, and/or displacement onto the terracechemical means because removal of one atom from a
Differences for the two surfaces reflect the types of dedimer destabilizes the other and it transfers to the ter-
fects created and the tendency of atoms ejected onto thiace, regardless of the initiation process. Annihilation of
terraces to form stable structures. While demonstrating DV requires the simultaneous capture of two diffusing
that surfaces are less robust than previously thought, the& atoms, and this is unlikely at 300 K. While single
results suggest new opportunities to atomic scale surfacgdatoms could not be imaged, the bright spots labeled
engineering. Ay, Ay, andA; correspond to ad-dimers formed from dis-

Clean Sf100)-(2 X 1) and S{111)-(7 X 7) surfaces placed atoms (Refs. [11-14]). They were unstable with
were prepared by thermal treatments [5,6]. They were imrespect to tip-induced motion under typical imaging con-
aged with tungsten tips at room temperature in ultrahighditions [11]. Bright spots up to 2 nm in width represent
vacuum (base pressurex 107!' Torr). The samples Si clusters, labeled, in Fig. 1(c).
were irradiated by electron beams from a LEED gun Figure 2(a) shows that the total area of the DV'’s in-
(primary energyE, = 90eV) and an AES gur(500 =  creased almost linearly with dose untill00s, rising from
E, =2000eV). The latter was mounted in a double- 0.02 ML for the clean surface. In this time, their den-
pass cylindrical mirror analyzer [7]. In each experiment,sity, right axis of Fig. 2(a), increased linearly from 0.14
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FIG. 1. (a) Filled state image of clean(80)-(2 X 1) show- e . 7
ing dimer vacancies (DV) and-type defects (CD), and a row £ 0.06 i
of asymmetric buckled dimers at a st&g). (sample—2.0 V, §
0.2 nA). (b) Image after 2000 eV irradiation for 150 s showing 0,040 00— 1500 2000
dimer vacancy complexeg®V ). Ad-dimers are labeled; if
their axis is parallel to the dimer rowms, if they lie perpen- Electron Energy (eV)

dicular to the dimer row, and; if they reside between dimer .

rows. (c) Large scan image showing Si clustes, uniformly ~ FIG. 2. (@) Dimer vacancy areas and vacancy complex
distributed on the surface. (d) Surface like (c) after annealin%?’ns"‘Ies as a function of dose for 2000 eV electrons for
to produce dimer vacancy liné®V, ), regrowth chains (RC), i(100)-(2 X 1). The cross section for dimer vacancy crea-

and regrowth islands (RI}:(4 X 4) structures appear near steps tion is %pproximatelyizlingﬁr below~100's. The flux of
and in regrowth areas. 6.4 X 10'* electron mm~ s~ corresponds to~100 electrons

s~ per surface atom. (b) Adatom vacancy concentration for
Si(111) as a function of primary electron energy. As discussed
in the text, this represents the cross section for Si desorption.

to 0.65 X 10 cm™2. While the density of DV's more

than quadrupled, the average size of a vacancy complex

increased only~50%. Thus, single DV creation was and influenced the (local) energetics associated with is-
largely random, and the creation cross section in thisands or steps. Equally sluggish recovery was observed
linear regime wag.2 X 1072 cn? (the yield of8 X 107®  when ion bombarded surfaces were annealed at 873—
vacancies per electron divided by the atom density). Afted123 K [18].

~100 s irradiation, the vacancy concentration increased in To demonstrate the generality of electron-induced Si
a nonlinear fashion as existing pits influenced the probabilsurface modification and to determine its dependence on
ity of additional vacancy creation adjacent to them. Thebeam energy, we exposed(Hil)-(7 X 7) surfaces to

pit growth apparent in Fig. 1(b) reflects the tendency ofoeams havingt, = 90, 500, and 2000 eV to achieve a
defects to localize electronic excitations and to increaseommon fluence of X 10'¢ electrons mm?. For the
inelastic scattering events. It may also reflect the reducestarting surface [inset of Fig. 3(a)], bright features within
energy barrier for atom displacement at a pit boundarya7 X 7 unit cell represent the corner adatoms adjacent to
Similar fluence dependencies were obtained for adatom vdeark) corner holes and center adatoms away from those
cancy creation on $i11)-(7 X 7) (not shown). holes. Irradiation with 90 eV electrori®.5uA, 20 min)

The changes evident in Fig. 1(c) were intrinsic to[8] 500 eV electrons(0.5uA, 20 min), and 2000 eV
Si(100)-(2 X 1) because heating at 873 K for 2 min pro- electrons(1.2uA, 500 s) increased the concentration of
duced regrowth chains and islands, labeled RC and Rlacancies in the adatom layer from 4% to 6% [Fig. 3(a)],
in Fig. 1(d) [15,16]. Small domains with(4 X 4) sym- to 10% [Fig. 3(b)], and to 14% [Fig. 3(c)]. Images
metry appeared at steps and in regrowth layers, as fabtained at other bias voltages and polarities demonstrated
epitaxial growth of Si on Si(100) [17]. Individual DV’s that the changes were not related to adsorbates [7]. From
ordered into lines that were perpendicular to the dimefFig. 2(b), the vacancy concentration increased steadily
rows. Recovery of a surface that was this severely damwith E,. This indicates that processes related ta2Si
aged was sluggish because defects reduced Si diffusiand 2p excitations followed by Auger decay were not

981



VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

of such complexes also increased with dose as existing
vacancies influenced removal of nearby adatoms.

In Fig. 3, features likeAs represent Si released from
adatom sites and trapped at dangling bond sites of
rest atoms. Though present, these extra terrace atoms
were outnumbered by the vacancies by a factor of
~30 after irradiation with 90 and 500 eV electrons [20].
Neglecting them, the cross section for Si desorption
from Si(111)-(7 X 7) follows directly from Fig. 2(b),
ranging from 1 X 1072° cn? for 90 eV electrons to
5 X 10720 cn?® for 2000 eV electrons. These values fall
within the ESD range of adsorbates on surfaces [3,4].

While the cross section for desorption is a measure of
long-term surface modification, it underestimates the ef-
fects of irradiation for Sil11)-(7 X 7) because vacancy-
adatom pairs can be produced and a vacancy in the
adatom layer can be annihilated by a single diffusing
atom. Such vacancy annihilation was recently studied by
Stipeet al. [21], using STM to displace an adatom at low
temperature and to follow its return. They showed that
adatom layer vacancies were short lived above 175 K.
Our results suggest a follow-on experiment that examines
surfaces irradiated at low temperature.

Si(100) differs from Si(111) in that the event that
creates a single atom vacancy is followed by the escape
onto the terrace of the now-unpaired atom of the original
dimer. Damage accumulation is more profound because
dimer vacancy annihilation requires the capture of two
diffusing atoms. We cannot say how many of the
features imaged as dimers or aggregates in Fig. 1(b) were
produced by desorption and how many resulted when
both atoms of a dimer were transferred to a surface.
Nonetheless, the imaged terrace features account for only
~20% of the DV’s (total cross section for vacancy
creation 1.2 X 1072 cn?). We conclude that ESD is
significant.

The results of Figs. 1-3 are important because they
demonstrate that electrons produce structural damage that
FIG. 3. Images after irradiation of @ill)-(7 X 7) by  had not previously been considered. The question to ask

(eé')e%%%se\f sg?airé’iese?ﬁr?ge Sga?gnf\l/éyé?)a%%%:rvés ad”gr"(s what is the physical origin of these electronic-induced

features. The development of these vacancies is largely dl@hanges? Hints can be_ gleane_d from recent laser irradia-
to Si atom desorption though features likg represent Si tion and STM-modification studies. For(811)-(7 X 7),
atoms trapped at a rest atom dangling bond. Desorption i&Kanasakiet al. [22] studied Si atom desorption induced
random whezn the vacancy concentration is low. All imagesby 23-150 mJcm~2 laser irradiation. They reported en-
330 X 500 A% sample bias 1.7 V, tunneling current 0.4 nA. - panceq desorption from the adatom layer when the photon
energy was~2eV, an effect they related to dipole tran-
important [19]. The ratio of vacancies at center sitessitions involving occupied and empty surface states. H
relative to corner sites increased from 1 to 1.2 aftedesorption from Si(100) has been attributedoto— o*
irradiation for all energies, and single adatom vacanciefransitions activated by 6 eV electrons from an STM tip
appeared 1.3 times more frequently in the faulted half23]. Stipe et al.[21] interpreted vacancy creation in
of the unit cell. The mean distance between vacancieterms of the occupation of localized antibonding levels
decreased from~28 A for the clean surface t®0A  that resulted in the displacement of center adatoms onto
after irradiation with 90 eV electrons. After 2000 eV the terrace. Similar electron capture in antibonding reso-
irradiation, ~50% of the vacancies were present in the nances have been linked to ESD from Si(111) [24]. For
nearest-neighbor configurations, and complexes derive8i(100), Kanasakét al. did not observe Si desorption for
from up to 7 adatom vacancies were evident. The numbe2.48 eV photons, showing that — 7 transitions did
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not contribute to bond breaking for surface dimers, but [3] R.D. Ramsier and J.T. Yates, Jr., Surf. Sci. R&p. 243
they were not able to gauge the effectiveness of transi-  (1991). .
tions from dimero levels 3 eV below the valence band [4] T.E. Madey and J.T. Yates, Jr., J. Vac. Sci. Tech@&ol.

maximum too* states near the conduction band mini- 525 (1971).

mum. They did not report desorption when there were [2] R-J. Hamert al, Phys. Rev. B34, 5343 (1986).
[6] B.S. Swartzentrubegt al.,J. Vac. Sci. Technol. A, 2901

electronic levels associated with defects. ] (1989)

Our studies differ from thg above_ becau_se surfacg—:'rm From CKLL and SiLVV intensities, the C concentration
atoms are exposed to hot carriers havm_g a W|_de range i was below 1% on $100)-(2 x 1) after 300 s irradiation
energy, as produced by the cascade of inelastic scattering 5t 2000 ev (accumulation rat.2 X 105 ML s~! for
events triggered by the 90—-2000 eV primary electrons.  <2000s). The O concentraton was even smaller,
Some of these electrons can induce localized direct and there was no metal contamination. When clean
transitions that allow a coupling to the nuclear motion. Si(100)-(2 X 1) was also placed in front of the LEED
Others can be captured in localized surface resonance and AES guns with hot filaments but without applying
states. Localization involving excitations or resonant  a bias, the concentration aftype defects increased by
capture as the basis for Franck-Condon processes has been 4% after 150 s, possibly suggesting hydrogen adsorption,
encountered in previous photon or local-probe techniques, Put the DV concentration did not change. There were no
but energetic electrons expand the range of accessible,, Structural changes for Gil1)-(7 X 7) after 1200 s.

. .— 18] The front panel of the Faraday cup was grounded.
states. Experimentally, we observe that vacancy creatio

. . . Electrons passed into the cp20 V) through a hole of
occurred randomly on ideal terraces for sufficiently wide- 0.5 mm diameter. The leakage due to electrons emitted

range excitations. With increased primary energy, the  fom the cup and captured by the ground plate was 9%
number of relevant hot carriers that can reach the surface  at 2000 eV and 6% at 500 eV, as determined with a cup

increases [25]. Electron-hole recombination events that  with 5 : 1 aspect ratio.

release energy in the surface region contribute to the[9] Z. Zhanget al., Surf. Sci.369, L131 (1996).

overall dynamics. [10] T. Uda and K. Terakura, Phys. Rev.93, 6999 (1996).
To demonstrate that surface structural changes due {$1] Z. Zhanget al., Phys. Rev. Lett74, 3644 (1995).

electron irradiation were not unique to Si, we irradiated[12] J- van Wingerdert al., Phys. Rev. B55, 4723 (1997).

cleaved GaAs(110). In this case, vacancies were prdﬁ% _'?' Eg:r?;’sgg z'l"gﬂﬁ' FFES\? t‘;g% ggig (&ggg'
duced randomly by desorption and transfer of atoms ﬁlS] R.J. Hamert al.,J. Vac. Sci. Technol. /8, 195 (1990).

the terrace. Subsequent photon irradiation using a lo [16] Y.M. Mo et al., Phys. Rev. Lett66, 1998 (1991).

power 2.3 eV laser resulted in atomic layer-by-layer r€117] Z. Zhanget al., Surf. Sci.369, 69 (1996).

moval [26]. This electron plus photon procedure has aiig] H. Feil et al., Phys. Rev. Lett69, 3076 (1992); H.J. W.

advantage over chemically induced vacancy creation be- = zandvliet, Surf. Sci377-379 1 (1997).

cause it introduces no potential contamination. [19] The cross sections for core excitation would increase
With STM, we have differentiated modification involv- above the Si2p and 2s binding energies but would

ing desorption from modification involving vacancies that then decrease as$/E,. See L.C. Feldman and J.W.

heal spontaneously. For metal surfaces, surface vacancies Mayer, Fundamentals of Surface and Thin Film Analysis

may be created by electron irradiation or by secondary _ (Elsevier, New York, 1986), p. 131.

electrons produced after high-energy photon absorption29] Accommodation of the missing atoms at steps was
negligible because the terraces werg500 A wide.

Indee_zd, Ernstet al. [27] recently demo_nstrated vacancy [21] B.C. Stipeet al., Phys. Rev. Lett79, 4397 (1997).
creation for Cu(111) and (001) by tuning the photon en{,51 ;" kanasakiet al., Phys. Rev. Lett.80, 4080 (1998):
ergy of a laser to establish localizéeband holes. In all K. Ishikawaet al., Surf. Sci. Lett.349, L153 (1996).
cases, surface defects introduced by the beam probe wo T.-C. Shenetal., Science 268 150 (1995). See also
alter the local reactivity. Indeed, one can speculate about = R.S. Beckeret al., Phys. Rev. Lett.65 1917 (1990);
the structural consequences of electron irradiation during M. Schwartzkopffet al., J. Vac. Sci. Technol. B4, 1336
growth or etching or other processing. (1996).
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a turn-down by 2000 eV. Here, the excitations that lead
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the yield.
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