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Electronic bond rupture of Si atoms on Si(111)-(2X 1) induced by valence excitation
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Scanning tunneling microscopy study reveals the electronic local bond rupture of threefold-coordinated Si
atoms at intrinsic sites on Si(111)-(2X 1) under nanosecond-laser excitation at 1064 nm. The rate of bond
rupture leading to monovacancy formation on the surface depends superlinearly on the excitation intensity.
This primary step of surface-structural change is followed by efficient formation of vacancy clusters with two
distinctive morphologies: vacancy strings aligned along the Si-atom chain in one dimension and vacancy
islands developed across the chains in two dimensions. Quantitative analysis of the vacancy clustering process
shows that the bond-rupture rate at sites nearest to pre-existing surface defects is enhanced more than a factor
of 1000 relative to perfect sites. We also studied effects of different excitation wavelength and of Fermi-level
positions on the bond-rupture process. The laser-induced surface bond-rupture mechanism is discussed in terms
of two-hole localization of optically generated nonequilibrated valence holes on the surface sites.
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I. INTRODUCTION

Laser interaction with semiconductor surfaces has been
studied extensively motivated by interest in both applied and
basic research into light-matter interactions. By combining
direct atomic imaging of the irradiated surfaces using scan-
ning tunneling microscopy!™® (STM) with high-sensitivity
detection of neutral desorbed species using postionization
techniques,*3-!! recent studies have demonstrated the crucial
roles of electronic processes in the surface bond rupture and
desorption of constituent atoms. The excitation-induced
structural instability leads to drastic structural changes and
shows some important common features over several semi-
conductor surfaces with different structures and electronic
properties. First, atoms at perfect surface sites are subject to
bond rupture, thus showing an intrinsic nature of these pro-
cesses. Secondly, ground-state neutral atoms are desorbed,
not ions. Finally, the rates of bond rupture depend superlin-
early on the excitation-laser intensity.

However, significant differences have been revealed in the
morphologies of the induced structural changes and in the
excitation-wavelength dependence on the bond-rupture rates.
For example, monovacancies are almost exclusively formed
on Si(111)-(7X7) up to the surface monovacancy concen-
tration of a few percent,* while efficient clustering of surface
vacancies is induced on (110)-(1X 1) surfaces of InP and
GaAs.” The bond-rupture rate is resonantly enhanced at an
excitation-photon energy of 2 eV for Si(111)-(7 X 7),* while
a rather broad range of excitation wavelengths can induce
bond rupture with similar rates for InP(110)-(1 X 1).” More
systematic and extensive studies of other typical surfaces are
desirable in establishing the general bond-breaking mecha-
nism.

The Si(111)-(2 X 1) surface, formed upon cleavage in ul-
trahigh vacuum (UHV), is one of the best understood recon-
structed surfaces.'>!3 The surface structure is characterized
by quasi-one-dimensional zigzag chains of Si, accompanied
by a substantial buckling of the topmost chains. The buckling
is associated with a significant ionicity induced by a net
charge transfer from the down Si atoms (Sig,y,) to the up Si
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atoms (Si,,)."*"!" The structural and electronic properties of
Si(111)-(2X 1), characterized by quasi-one-dimensional
chains and strong bond ionicity, are significantly different
from those of Si(111)-(7 X 7) and Si(001)-(2 X 1), but simi-
lar to those of (110) surfaces of III-V compound
semiconductors.'?

Since the excitation-induced instability is surface specific
for semiconductors, it is clear that charge redistribution on
surfaces, induced by generation and relaxation of surface ex-
cited states, plays a crucial role in the instability. Surface
excited species can be populated by two different channels:
direct surface-specific optical excitation and indirect elec-
tronic excitation transfer from bulk to surface states. Since
optical-transition energies between surface electronic states
are overlapped with those of bulk-electronic states in most
cases,'? both channels can be active under excitation at a
given photon energy, making it more difficult to delineate the
primary processes. The Si(111)-(2 X 1) surface has a prop-
erty which is advantageous for separating surface and bulk
optical transitions. Surface optical spectroscopy studies'®!”
have shown the prominent optical absorption peak at
0.46 eV that originates from transitions at the minimum sur-
face band gap between the dangling-bond bands. The absorp-
tion coefficient of the surface band decreases to nearly zero
above 1.0 eV. There are other surface optical-transition
bands between 1.2 and 3.5 eV. These surface-specific optical
transitions give the least contribution around 1.1 eV, where
bulk-valence transitions become possible; the band gap en-
ergy of Siis 1.11 eV at 300 K.*° By carefully tuning the
photon excitation energy near 1.1 eV, bulk or surface exci-
tation may be induced preferentially.

In this paper, we study the surface-structural changes of
Si(111)-(2X 1), induced by 1064 nm (1.16 eV) excitation.
Direct imaging of atomic structures by STM shows that the
monovacancy formation at perfect surface site is the primary
step, followed by efficient formation of vacancy clusters. The
dependency of the bond-rupture rates on the excitation den-
sity, excitation wavelength, and sample Fermi level is also
studied. The characteristic features of the instability can be
analyzed satisfactorily by the mechanism of two-hole local-
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ization (THL) of the optically generated nonequilibrated va-
lence holes.

II. EXPERIMENT

Crystals used were P-doped (~3 X 10" cm™) n-type Si
with the resistivity p of 3.15Q cm and B-doped (~2
% 10'% cm™3) p-type Si with p of 1.25 ) cm. Specimens with
a cross section of 0.2 X 5 mm? were cleaved in a UHV cham-
ber with a base pressure of 5 X 107! Torr, and the structures
were characterized by wusing a UHV-STM system
(UNISOKU STM-U2) at 296 K. Laser pulses of 1064 nm
(3.5 ns width), generated with an yttrium aluminum garnet
laser (Coherent, Infinity) with 10 Hz repetition rate, were
used to excite the surface with the incident angle of 45°. The
laser beam was focused on the surface by a quartz lens. The
beam profile on the surface was described well by a Gaussian
with a full width at half maximum of 0.2 mm. The intensities
of the laser pulses were controlled by putting neutral density
filters in the optical path and were monitored by directing a
portion of the beam reflected by a quartz plate to a calibrated
photodiode (Hamamatsu, model S1337-1010BQ).

III. RESULTS

Figure 1 represents STM images acquired before and after
irradiation with 1064 nm laser pulses at a fluence of
30 mJ cm™ (the intensity of 8.6 MW cm™2). Image (a) shows
a wide view of the surface irradiated with 5000 laser pulses.
The surface is characterized by a single domain terrace as
wide as 0.23X0.23 ,u,mz. The area, indicated by a white rect-
angle in Fig. 1(a), is shown in expanded scale in images (b),
(c), and (d). In image (b), which represents the surface prior
to laser excitation, each white spot corresponds to the Si,p,
and quasi-one-dimensional rows are well organized. The
surface-defect concentration was less than 0.001 ML (mono-
layer) prior to irradiation. Several dark spots are newly gen-
erated after laser excitation, as seen in images (c) and (d).
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FIG. 1. STM images acquired
with a negative sample-bias volt-
age of —=2.5 V for Si(111)-(2X 1).
Image (a) is a wide view of 0.23
X 0.23 um? of the surface irradi-
ated with 5000 shots of laser
pulses to show a wide terrace
without any steps. Images (b), (c),
and (d) show a magnified view of
the area indicated by the white
rectangle in (a), before (b), after
5000 laser pulses (c), and after
20000 laser pulses (d), with
1064 nm laser pulses at fluence of
30 mJ cm™2. For symbols in (c)
and (d), see the text.

Each dark spot corresponds to a Si-atom vacancy; they are in
the form of monovacancies (VM) and vacancy clusters
(VC).° In image (c), the VC’s may be classified into either
vacancy strings (VS), in which adjacent Si,,’s are removed
in one dimension along a Si chain, or vacancy islands (VI),
where adjacent Si,’s are removed in two dimensions across
the chains. Examples of the structures are indicated by
circles labeled S and I in image (c). Images (c) and (d) are
acquired at the identical surface region but irradiated with a
successively greater number of laser pulses, thus probing di-
rectly the modes of vacancy formation. In image (d), at the
site enclosed by circles, labeled as m, the monovacancies are
newly generated at originally perfect Si,, sites. Also in image
(d), at the sites labeled as c, larger vacancy clusters form at
sites nearest to pre-existing vacancies. Therefore, two differ-
ent modes of bond rupture are induced by laser excitation on
this surface.

To characterize the different modes of bond rupture, we
statistically analyzed the images surveyed over 50 000 unit
cells. In this analysis, we classified vacancies by size and
morphology (VM, VS, and VI) as described above. Addition-
ally we defined two quantities: the number density N; and the
vacancy-site density V; of vacancy clusters consisting of
j(j=1) vacancy sites.” The number density N ; is a count of
vacancy clusters irrespective of their size. The site density V;
is the number j of vacant sites in an individual vacancy clus-
ter. Figure 2(a) shows the number density of vacancy clus-
ters, including VM (=V 1), classified by their sizes, and Fig.
2(b) shows the number density classified by the defect mor-
phology. They are plotted as a function of number of laser
pulses. Figure 2(a) clearly indicates that VM’s are generated
predominantly at the early stage of irradiation and that larger
clusters grow progressively at higher doses at the expense of
VM’s. The result reveals that vacancy formation takes place
at individual surface sites successively and that bond rupture
at the perfect sites is the primary step of this process. We
emphasize that the efficiency of forming vacancy clusters is
far above the value expected from the statistics of random
formation of vacancies. Therefore, Si atoms near pre-existing
vacancies show preferential removal.
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FIG. 2. (a) Growth of the number density of vacancy clusters
classified with their sizes as a function of the number of laser pulses
at a constant fluence of 30 mJ cm™2. (b) Growth of the number
density of monovacancies, vacancy strings, and vacancy islands as
a function of number of laser pulses at a constant fluence of
30 mJ cm™2.

Figure 2(b) shows the growth kinetics of the number den-
sities for VM, VS, and VI. The predominant monovacancy
formation at the early stage of irradiation is followed first by
preferential generation of vacancy strings, and then by gen-
eration of vacancy islands at the expense of monovacancy
and vacancy string formation. Therefore, the growth of va-
cancy clusters is anisotropic, and the efficiency of bond rup-
ture at sites nearest pre-existing vacancies along the Si chain
is higher than that across the chain.

Any bond ruptures at sites nearest to pre-existing vacan-
cies enhance the total vacancy-site density V(=X;V;) but do
not change the total number density N(=X;N;). Therefore, N
represents the concentration of vacancies newly formed at
originally perfect sites, free from any effects of vacancy for-
mation near pre-existing defect sites. By analyzing N, we can
quantitatively characterize the primary process of Si-bond
rupture at originally perfect surface sites. In the inset of Fig.
3, we show the growth of N as a function laser pulse number
n at a fluence of 12.3 mJ cm™ on n-type surfaces. The in-
creasing N up to about 0.5%, far above that on the surface
prior to irradiation, provides additional evidence that Siy,
atoms at intrinsic surface sites are subject to bond-rupture.
We can evaluate the per pulse bond-rupture rate K, at the
intrinsic sites from the slope of the growth curve N. The
initial slope gives the value of 1.7 X 10 ML/pulse for the
surface with a low defect concentration of 0.001 ML. This
value is reduced to 2.7X 1077 ML/pulse after 5000 laser
pulses where V is about 0.01 ML. Thus, the growth of N
exhibits a decreasing rate with increasing dose, indicating the
sensitive dependence of the bond-rupture rate on the surface-
defect concentration. This decreasing rate is in contrast to the
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FIG. 3. The bond-rupture rate on surfaces with vacancy concen-
tration less than 0.001 ML as a function of excitation intensity on
the n-type Si(111)-(2 X 1) surface. The solid curve is the fit of the
theoretical model derived by the two-hole localization mechanism
(see text). The inset shows the growth of the total number density of
Si vacancies on n-type surface excited at the intensity of
12.3 mJ em™2 (3.5 MW cm™2). The solid curve is the calculated re-
sult obtained by the theoretical model (see text).

results from Si(111)-(7X7) surfaces, where the bond-
rupture rate is constant up to a surface vacancy concentration
of more than 0.05 ML.*

The process of surface vacancy formation was studied for
several excitation intensities and different excitation wave-
lengths. First, growth curves of N were measured at different
excitation intensities of 1064 nm laser pulses, and the rate of
bond rupture at the intrinsic surface sites on the surfaces with
vacancy concentration less than 0.001 ML was determined
from the initial slope of the growth curve of N. Figure 3
shows the rate as a function of excitation intensity. It is clear
that the rate depends superlinearly on the excitation intensity,
similar to other semiconductor surfaces. The solid curve in
the figure is calculated using the model described in the next
section.

When the Si(111)-(2X1) surface is excited with
nanosecond-laser pulses at different wavelengths, surface va-
cancy formation due to bond rupture of Si,, atoms was de-
tected with spatial characteristics similar to those for
1064 nm excitation described previously. To demonstrate
this similarity, number densities of VM, VS, and VI induced
by 460 nm laser excitation are compared with those from
1064 nm excitation as a function of V (Fig. 4). For two dif-
ferent excitation wavelengths, fractions of vacancies in the
form of monovacancy, vacancy strings, and vacancy islands
are statistically equal. The result shows that the morphology
of vacancy formation is not dependent on the excitation
wavelength, thus suggesting a similar mechanism of bond
rupture regardless of excitation wavelength. However, the
rate of bond rupture depends on the excitation wavelength;
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FIG. 4. The number density of (a) monovacancies, (b) vacancy
strings, and (c) vacancy islands, as a function of total vacancy-site
density excited with 460 nm (O) and 1064 nm (@) laser pulses at
the same fluence of 25 mJ cm™2.

the per pulse rate for 460 nm excitation is higher by a factor
of 100 than that for 1064 nm excitation for the same fluence.

Finally, we compare the kinetics of vacancy formation on
n-type and p-type surfaces to gain deeper understanding of
the bond-rupture process. In Fig. 5, we show the growth of
the total number density and total vacancy-site density of Si
vacancies generated on surfaces of n- and p-type specimens.
Excitation was made with 1064 nm laser pulses at a fluence
of 10.5 mJ cm™ for both specimens. The error bars in the
figure represent the maximum estimated errors based on sev-
eral series of similar measurements. It is clear that the
growth of total number density is essentially the same for
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FIG. 5. (a) The growth of the total number density of Si vacan-
cies on n-type (@) and p-type (O) surfaces excited at the same
fluence of 10.5 mJ cm™2. (b) The growth of total vacancy-site den-
sity of Si vacancies on n-type (@) and p-type (O) surfaces excited
at the same fluence of 10.5 mJ cm™2.
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both surfaces. However, the total vacancy-site densities on
n-type surfaces are significantly higher than that on p-type
surfaces; bond rupture at sites nearest to pre-existing vacan-
cies is enhanced significantly on n-type surfaces. Therefore,
the position of the Fermi level plays an important role in the
bond-rupture process, but only at sites near pre-existing va-
cancies.

IV. DISCUSSION
A. Electronic processes as the origin of surface bond rupture

As demonstrated in the preceding section, 1064 nm exci-
tation induces bond rupture of threefold-coordinated Si at-
oms at intrinsic sites on Si(111)-(2 X 1). Since the effects of
surface-specific optical transitions can be neglected around
1064 nm, the primary effect of 1064 nm light is bulk-valence
excitation. Because of the small linear absorption coefficient
(a=11cm™) at this wavelength, free-carrier absorption
and/or two-photon absorption may play some roles in the
interaction. In fact, it has been shown that the threshold flu-
ence F, for Si surface melting strongly depends on the peak
intensity or pulse width at 1064 nm.?! Therefore, we first
examine the possible effects of nonlinear optical processes
under the present experimental conditions.

In bulk silicon, the two-photon absorption cross section 8
is 2ecmGW™! at 1064 nm.?"?> For the nanosecond-laser
pulses used in the present study, the flux is less than
10 MW cm™2, which leads to the two-photon absorption rate
being less than that of the linear absorption by a factor of
1/1000. Therefore, we can completely neglect the two-
photon absorption process. However, free carrier absorption
becomes significant when the carrier density is more than
10" cm=3.2123 To clarify the effects of free-carrier absorp-
tion in the present case, we carried out a numerical simula-
tion based on the model proposed by van Driel.”! With pa-
rameters that reproduce well the experimental F,’s for
picosecond-laser pulses, we found that F,, is 4.2 J cm™ for
3 ns pulses, being consistent with an extrapolated value of
experimental results.”! Numerical calculation also shows that
the possible lattice temperature rise A7 is only 0.2 K and
that the electronic temperature 7, is only 0.4 K higher than
the lattice temperature during the pulse. Therefore, free-
carrier absorption also does not play a significant role under
nanosecond-laser excitation at these intensities.

The important role of hot electrons has been demonstrated
in the study of molecular desorption from metal surfaces
under femtosecond-laser excitation.?* However, this effect is
usually absent for nanosecond-laser excitation that cannot
result in high 7,.>* The very low T,, evaluated by taking
possible effects of free-carrier absorption into account, ex-
cludes hot-electron effects as a mechanism for bond rupture
on this Si surface. Also, we can completely neglect laser-
induced heating effects based on the numerical simulation
results. Since the (2 X 1) structure is stable up to 520 K,'> a
AT of less than 1 K from the base temperature (296 K) can-
not contribute to any structural instability. Therefore, we
conclude that the valence excitation with excess energy of as
low as 0.05 eV is responsible for the bond rupture of Si
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atoms on Si(111)-(2X 1) by an electronic mechanism.

As described in Sec. III, laser-induced surface bond rup-
ture is characterized by bond breaking at individual surface
sites. Therefore, excited species generated in the bulk va-
lence states must localize at a surface site to induce bond
rupture. The dynamics of the carrier transfer and localization
at surface sites are strongly influenced by band bending.?’
The Fermi level of Si(111)-(2 X 1) is pinned around 0.38 eV
above the valence-band maximum (VBM) under thermal
equilibrium,'? leading to the band bending Vg, The Fermi
levels of the present n-type (p-type) specimens are located
0.88 eV (0.16 eV) above the VBM. Therefore, we have up-
ward (downward) band bending of 0.50 eV (0.22 eV) for
n-type (p-type) surfaces in thermal equilibrium.

The length of the depletion layer z, is 4.82X 1075 cm
(1.12X 1075 cm) for n-type (p-type) specimens, which is
much shorter than the penetration depth of 1064 nm light.
Therefore, laser excitation can change the band bending sig-
nificantly, and the band becomes flat under intense excitation
via the photovoltaic effect with surface photovoltage Vgpy.
Based on the standard formula given in Ref. 12 and on the
previous experimental results,”® we can estimate the critical
excess carrier density at which the surface photovoltage be-
comes equal to the surface band bending; the band becomes
flat above this density. For a given excess carrier density N¢
generated by incident light, Vpy and Vy, satisfy the follow-
ing relation:

—_—
{exp(vspy) — 1}/Nvgo — vspy=Nc/N,, (1)

where vgpy=|Vspy/kpT| and vgy=|V,/kgT]|, with the Boltz-
mann constant kg. N, is a factor for normalizing the density
of excess carriers. Marsi et al. have shown that the surface
photovoltage of 70 meV is induced at a carrier density of
2.8 10" cm™ for n-type Si(111)-(2X 1).2° Using Eq. (1),
we estimate that the flatband condition is established for ex-
cess carrier densities greater than N,=1X 10" cm™. As
shown below, the laser-induced carrier densities in the
present experimental condition are typically 10'7 cm™.
Therefore, the flatband condition is established at the onset
of the nanosecond-laser pulse; most fractions of photogener-
ated carriers are governed by the flatband condition. This is
an important condition under which we discuss the mecha-
nism of surface bond rupture.

B. Two-hole localization mechanism

1. Qualitative features

As shown in Sec. III, the first feature of the excitation-
induced structural instability on Si(111)-(2X 1) is that the
bond rupture at originally perfect individual sites is induced
as the primary step. Therefore, an intrinsic mechanism of
excitation localization is the key to the understanding of the
overall mechanism. The second feature is that the bond-
rupture rate depends superlinearly on the excitation intensity,
as indicated in Fig. 3. Therefore, some nonlinear interaction
among excited species plays a crucial role in the process. A
few models have been proposed for the excitation-induced
instability on semiconductor surfaces.”’’>* Among these
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models, we tentatively adopt the two-hole localization (THL)
mechanism proposed by Sumi*® as a working hypothesis,
since it has satisfactorily described the characteristic features
of the excitation-induced instability observed for other re-
constructed semiconductor surfaces.*%7!! We discuss the in-
stability on Si(111)-(2 X 1) in terms of the THL mechanism,
first qualitatively, and then quantitatively by reformulating
Sumi’s theory to make it applicable to the present case. A
critical discussion of alternative mechanisms will follow.

The primary mechanistic assumption in THL is that sur-
face bond rupture leading to neutral-atomic desorption (not
ion desorption) can be induced by strong lattice relaxations
associated with localization of two valence holes on the same
surface bond.?”-? This assumption is based on the Anderson
negative U concept that the localization of two carriers with
the same charge is possible when strong lattice coupling re-
sults in favorable system energetics.3! The negative U inter-
action of two-hole localized configurations may correspond
to the displacement of surface atoms into the vacuum in the
THL mechanism.

The THL mechanism assumes that the first hole is local-
ized momentarily on a surface site. Although any valence
excitation cannot be localized via intrinsic mechanisms in
the bulk of Si crystals, the localization of holes at intrinsic
surface sites of Si(111)-(2 X 1) is possible. First, the surface
o band, composed of occupied Si,, dangling bonds, is al-
most degenerate with the VBM.!? Then, the bulk-valence
holes in the surface region can easily be scattered into the 7
band via electron-phonon and/or electron-electron scattering.
This is supported by a time-resolved photoelectron spectros-
copy study? that has revealed an effective injection of bulk-
valence holes into the 7 band. Second, the 7 band shows a
strong one-dimensional characteristic, with small stabiliza-
tion energy due to delocalization and with strong electron-
phonon interaction,!”3? thus providing favorable energetics
for localization. Third, localization of excited species upon
any finite fluctuation of the lattice potential in a one-
dimensional system has been predicted.’® In fact, exciton lo-
calization has been predicted theoretically on this surface.!”
Therefore, localization of the holes injected into the 7 band
at intrinsic surface sites is highly likely, as a consequence of
the structural and electronic properties of this surface.

In the energetics of THL, the crucial physical quantities
are the electron-lattice interaction S in the two-hole localized
configuration, together with the Coulomb interaction energy
U between two holes localized at the same bond, and the
kinetic energy E, lost in the process of localizing the second
hole at the bond. In order to realize neutral-atomic desorp-
tion due to bond rupture by THL, these energies have to
satisfy the following relationship:>°

E,+U-S<0. 2)

The kinetic energy loss E,, is estimated to be about 1.5 eV
from the half-band width of the heavy-hole branch (
~3 ¢eV). Also, as shown below, U can be calculated to be
about 1 eV on Si(111)-(2X 1) by assuming the surface di-
electric constant to be an average of the bulk and vacuum
values. Although the electron-lattice interaction at the two-
hole localized state on Si(111)-(2X 1) is not reported, the
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energy of about 2.5eV has been suggested on GaP
surfaces.” Since structural and electronic properties of
Si(111)-(2X 1) and GaP(110)-(1X 1) are similar, we may
presume a similar value for S of 2-3 eV on Si(111)-(2
X 1). Therefore, a crude estimation of energies suggests that
THL mechanism can be applied to this surface.

As seen in Fig. 3, the bond-rupture rate at intrinsic surface
sites shows a superlinear dependence on the excitation inten-
sity. The rate of bond rupture due to THL, calculated by
Sumi, inherently includes this superlinear dependence on the
excitation density due to the quantum statistics of densely
populated valence holes. Thus, qualitative discussions sug-
gest that the THL mechanism is applicable to the electronic
bond rupture on Si(111)-(2X 1). In fact, this mechanism can
quantitatively describe all important features of excitation-
induced structural instability on this surface.

2. Quantitative analysis

a. Bond-rupture rate induced by two-hole localization of
non-equilibrated valence holes. The rate of surface bond rup-
ture J, due to successive two-hole localization, is given by

J=NyRspr, (3)

where N, is the density of bonds localizing the first hole and
Rgyy is the rate constant for localizing a second hole at the
same bond.?’ For equilibrated valence-hole systems charac-
terized by the Fermi energy E for holes, N, of the first-hole
localized metastable state with energy E; (E;>Ey) is ap-
proximated as

N;=Nyexpl— (E;— Ep)lkgT}, (4)

where N, represents the total density of bonds capable of
holding the first localized hole. The rate constant Rgy; is
given, for equilibrated valence holes, by

Ry = C exp(Egl/kgT), (5)

where C is specific to the system under consideration, de-
fined as

C=[47/(h>SksT)]"? f [g(E)exp{- ElkyT

—(E,+ U—-E)*/(4SkgT)}1dE. (6)

In Eq. (6), the function g(E) is a spectral function of the
matrix elements for the transitions from a delocalized state to
the two-hole localized state. Then, J is given by

J= JONO exp(ZEF/kBT) N (7)

where J=C exp(—E,/kgT). As seen in Eq. (7), J depends on
the excitation density through the factor exp(2Ep/kgT),
which is superlinear with respect to the excitation density.

In real cases, however, dense laser-induced valence exci-
tations are far from equilibrated and even strongly nonequili-
brated due to efficient carrier diffusion driven by concentra-
tion and temperature gradients. Recently, the theory of THL
has been extended for the nonequilibrated valence holes in
semiconductors.’* For completeness, we summarize briefly
the essential points of the modification.
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For nonequilibrated carriers, local valence-hole distribu-
tions for temporal domains longer than a few picoseconds
have been characterized in terms of quasi-Fermi level ¥,
and an effective temperature 7".2! Under the effective-mass
approximation, the quasiequilibrium local hole concentration
N,(7,t) at position 7 and time ¢ of a three-dimensional va-
lence system is given by

. 2 * \J;
Ny(F,1) = —=Z,(T") f . dx, (8)
\r o expix—m(rn}+1

where Zh(T*) is the effective density of states for valence
holes at 7° and 7, is the reduced quasi-Fermi level given by

_Ev-th
h T

The symbol Ey represents the energies of the VBM.

Based on the classical Boltzmann equation in the
relaxation-time approximation for nonequilibrium thermody-
namics, the electrical currents of carriers are governed by the
gradients of quasi-Fermi levels and effective temperatures.

)

The explicit expression of current J of pair concentration due
to a strong Dember field has been derived.?’** However, in
the excitation density regime of N,, less than Z,,, any density-
dependent effects on carrier diffusion, on band-gap gradient,
and on temperature gradients can be ignored for nanosecond-
laser pulses. Then, the local density of holes is governed by
the equation of particle balance, given by

N, (r, . - .
# —DVN, (.0 =GRt —RGED,  (10)

where D is the classical ambipolar diffusion constant, and G
and R are the pair generation and recombination rates, re-
spectively. By solving Eq. (10) under appropriate boundary
conditions, we can evaluate the density of valence holes in
the subsurface layer N,(0,7), which corresponds to the hole
density in Sumi’s theory contributing to the two-hole local-
ization on surface sites.

Under the presumption of local equilibrium, we can re-
place the Fermi energy, for an equilibrated electronic system,
by the quasi-Fermi level for the density of valence holes in
the subsurface layer, both of which are correlated with Eq.
(8). Although no analytical expressions are possible for the
Fermi integral in general cases, we can approximate it for the
density range N,<Z, by using Ehrenberg’s expression,
yielding exp(-#,)=Z,/N,—1/4. Then, the bond-rupture rate
for nonequilibrium valence holes in a moderate density range

is given by
-2
-025¢7 . (11)

The experimentally determined value of per pulse rate K, of
bond rupture is obtained by integrating J(r) with respect to
time:

J(t) = JO{ Nh(Zg 5

K0=JJ(t)dt. (12)
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FIG. 6. The temporal change in hole density N,(0,7) near the
surface generated by a 3.5 ns, 1064 nm laser pulse at the fluence of
32 mJcm™2 and the bond-rupture rate J(z) as a function of time,
evaluated by the two-hole localization mechanism (see text). The
inset shows the calculated spatial profiles of hole density from the
surface generated by a 3.5 ns, 1064 nm laser pulse at the fluence of
32 mJcm™2 on silicon for time delays of 5, 15, and 25 ns with
respect to the peak of the incident pulse. The broken curve shows
the concentration gradient without hole diffusion.

b. Numerical calculations and comparison with experi-
mental results. Using the above equations, we calculate
bond-rupture rates for comparison with measured rates.
Since the laser-excited area is much wider than the area
probed by STM, any effects of lateral carrier diffusion along
the surface can be ignored. Then, the material balance equa-
tion is reduced essentially to a normal one-dimensional dif-
fusion equation along a distance z from the surface. We use
the following standard boundary conditions:

N, (2,1
lim N, (o) =n, D SNal&d)

=S,Nh(0,t), (13)
= J =0

where S, is the surface-recombination velocity and #n; is the
hole density at thermal equilibrium which is negligible com-
pared to laser-generated hole densities. We assume a Gauss-
ian time profile of the laser pulse for G(r,t) in Eq. (10) and
consider only Auger recombination with the coefficient (
=3.8X 1073 cm%/s) (Ref. 35) as a pair recombination rate,
since the radiative recombination rate in Si is negligible for
the present temporal domain. Thus, we can evaluate N, (z,?)
with only one unknown parameter S,.

The inset of Fig. 6 shows the spatial distributions of
N,,(z,t) with respect to the time of peak laser intensity, for
some selected delays, at a laser fluence of 32 mJ cm™2. Be-
cause of the small « at 1064 nm, holes are initially generated
almost uniformly. However, surface recombination governed
by S, generates concentration gradients that induce hole dif-
fusion toward the surface. In Fig. 6, we show the temporal
evolution of the hole density near the surface, N,(0,7); it
reaches the peak density of 6X 10" cm™ at the end of a
laser pulse followed by a slow decay. Because of the slow
recombination rate in bulk Si and the persistent hole flow
from the bulk, the hole density in the subsurface layer main-
tains relatively high density for a long time after
nanosecond-pulse excitation. The bond-rupture rate at time ¢,
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TABLE 1. Several energies for the two-hole localization on
Si(111)-(2% 1) and (110) surfaces of GaP and InP, and the surface
static dielectric constant (g,) and the effective mass of heavy hole
(my,). The my is the rest mass of electron, and for symbols in the
table, see the text.

Si(111)-(2x 1) GaP? InpP®
E; (eV) 0 0.5 0.77
E, (eV) 1.5 1.0 1.2
U (eV) 1.0 1.0 0.83
S (eV) 2.5 2.5 2.75
Er (eV) 0.14 0.16 0.13
&, 6.45 6 6.8
my, 0.49m, 0.67my 0.45my,
C (s7h 1.6 X103 3.1X10° 5.9%10°

4Reference 29.
PReference 36.

evaluated by inserting N,,(0,¢) into Eq. (11), is also shown in
Fig. 6. The bond-breaking process induced by a 3.5 ns pulse
effectively lasts for a few tens of nanoseconds. The result of
K,, evaluated by integrating J(r) with respect to time, is plot-
ted (the solid curve) as a function of the excitation intensity
in Fig. 3 and compared with experimental results. The cal-
culated results fit the experimental data reasonably well. The
magnitude of S, used in the calculation is 1X 10* cms™.
However, a rather wide range of S, (5X 10°-8
% 10* cm s™!) gave a similar nonlinear dependence.

In the evaluation of Ky(/,), we assumed J,=2.2
X 10° s7! as fit from the absolute magnitude of the STM
results. As an additional test of the theory, we evaluate J,
based on Eq. (6). The exponent of the integrand in Eq. (6)
exhibits a sharp peak with changing E at a particular energy
E7,* which represents an average kinetic energy of a free
hole, with which it tunnels most dominantly to a bond at the
first localized hole against the Coulomb repulsion between
them. The energy Er is given by

Ep= (2mkgTSIA) A3, (14)
with
A=2S—Eb—U+§(%)U2&5T (15)
and
A =e*my)(2e7h7), (16)

where e is a unit charge, my, is the effective mass of free
holes, and & is the static dielectric constant at the surface.?
The values of the evaluated energies are listed in Table I,
together with those obtained previously for GaP (Ref. 29)
and InP3® The calculated J, (=C for E,=0) is 1.6
X 10° cm s™! which is reasonably consistent with the value
we used in evaluating K. Therefore, the THL theory reason-
ably describes both the superlinear dependence of the bond-
rupture rate on /,, and its absolute magnitude.
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Next, we analyze the bond-rupture rate as a function of
surface-defect concentration. As seen in the inset of Fig. 3,
the bond-rupture rate at originally perfect surface sites de-
pends on the concentration of surface vacancy sites. An ini-
tial rate obtained from the slope of 1.7 X 10~ ML/pulse re-
duces to a slope of 2.7 X 1077 ML/pulse after 5000 pulses,
where the total surface-vacancy-site density (V) increases to
0.01 ML. We presume that the primary effect of surface va-
cancies on the valence holes is effective trapping near pre-
existing defect sites, since surface defects break the transla-
tional symmetry and may introduce localized electronic
levels within the band gap. It is possible that hole localiza-
tion around pre-existing vacancies may serve to enhance
bond breaking near defects, leading to efficient formation of
vacancy clusters as observed experimentally. On the other
hand, defect-assisted hole localization reduces, on the aver-
age, the density of valence holes in the near surface region.
Because the factor exp(27,) is strongly dependent on N(0,1),
a small reduction of N(0,) could significantly decrease the
magnitude of the bond-rupture rate K. Therefore, the result
in the inset of Fig. 3 is qualitatively consistent with the THL
mechanism.

Hole trapping by pre-existing vacancies can be modeled
by introducing a vacancy-concentration dependent term in
Sk, for damaged surfaces,

Sp(V) =Sy + oV (17)

The symbol o represents the average trapping velocity per
surface vacancy. In principle, the trapping velocity may de-
pend on the size and form of vacancy clusters. For simplicity,
we assumed that each vacancy site has the same average
trapping velocity, characterized by o. Based on the experi-
mentally determined total vacancy-site densities V, we solve
Eq. (10) with the Sg(V) to have N(0,r) for the surfaces with
a given surface vacancy concentration. Then, the bond-
rupture rate per pulse is evaluated. The result is shown by the
solid curve in the inset of Fig. 3; it reasonably describes the
growth curve of N, or the bond-rupture rate as a function of
V. The magnitude of o obtained by the fitting procedure is
3.7X 1078 cm® 57!, which is larger, by more than a factor of
103, than the magnitude of Sy/Ny (2.6 X 107! cm® s7!) for a
perfect surface. The large value may reflect an effective hole
trapping near defect sites rather than the intrinsic recombina-
tion process mainly determined by intrinsic surface elec-
tronic states.

C. Bond rupture near vacancy sites: Anisotropic growth of
vacancy clusters and Fermi-level effects

Figures 1 and 2 show that an efficient formation of va-
cancy clusters via consecutive bond rupture is an important
feature of structural changes on this surface. The mode of
vacancy-cluster growth is highly anisotropic given that va-
cancy string formation precedes vacancy island formation.
The formation of VSs results from bond rupture of Si atoms
nearest to monovacancies and/or strings along a chain, while
the formation of VI needs bond rupture at the neighboring
sites of VMs or VSs across the chain. The anisotropic growth
of the two types of vacancy clusters indicates that the per
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TABLE II. Total number densities prior to laser irradiation,
Ny (0), and the laser-induced increase in the total number density,
AN, ;> and the densities of monovacancy, ANy,,, dimer-vacancy
strings ANVSZ, and dimer-vacancy clusters, ANy; on n- and p-type
Si(111)-(2 X 1) surfaces irradiated by 1000 shots of laser pulses at

the fluence of 10.5 mJ cm™2.

P type n type
Ny (0) (10* ML) 5.8+2.0 3.6+0.13
AN,y (10~* ML) 8.4+0.06 83x1.5
ANyy (107* ML) 5.9+0.05 4.2+0.02
ANys, (10~* ML) 1.2+0.4 2.4+0.3
ANy, (100* ML)  0.054+0.02  0.051x0.02
K. /Kg 22+14 47+27
2(K,+Kp) /K 500+180 1400+260

pulse rate K, along the chain is higher than the rate Kg
across the chain.

To understand the microscopic mechanisms of the aniso-
tropic growth of vacancy clusters and of enhanced rate of
bond rupture at sites nearest to pre-existing vacancies, we
quantitatively analyzed the vacancy-cluster growth process.
To simplify the statistical analyses, we restricted ourselves to
a particular dose region where monovacancies and vacancy
clusters consisting of two adjacent vacancies dominate other
higher aggregates. In this region, the density of VM in-
creases by bond rupture at perfect sites with the rate K but
decreases by the bond rupture at the nearest sites to trans-
form into VS, with the rate 2K, and VI, with the rate 2K
(the factor of 2 comes from the available sites nearest to one
VM). When we assume that the bond-rupture rates are con-
stant in the limited dose region, then the number density Ny,
of VM is governed by the following rate equation:

dNyy _

Ky—2(K,+ KNy, 18
dn 0= 2(K, ﬁ)VM (18)

where the number n of laser shots is treated as a continuous
variable for convenience.
Similarly, the number densities of VS, (Nys,) and VI,
(Ny;,) are given by
dNVS2 dN

VI
=2K , ——==2KNyy. 19
dn oNvm dn BNVM ( )

Therefore, the ratio of K|, relative to K is obtained directly
from the laser-induced number-density ratio of VS, relative
to VI, after n laser pulses.

Table II summarizes the results of STM measurements for
the surfaces irradiated by laser pulses with small doses,
where the number densities of monovacancies and dimer va-
cancies are more than 80% of total number densities. Al-
though the measured values are scattered statistically due to
experimental difficulties in evaluating precisely the low-level
defect concentrations, it is evident that AN Vs, is substantially
larger than ANV,2 for both n- and p-type surfaces. The aver-
age ratio of K,/Kg is 22 (47) for p-type (n-type) surfaces.
Therefore, the rate along the chain is higher than that across
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the chain, which is a primary reason why the vacancy strings
are formed efficiently in low-dose regions.

Next, we compare the magnitudes of K, (and K ) relative
to K,. For low-dose regions, we may be able to approximate
2(K,+Kgn<1 in Eq. (18). The ratio may then be estimated
from the relationship obtained from the solution of Eq. (18):

2K, +Kg) 1 (1 ANy, )
KO NVM(O) A]\']total .

(20)

The ratio 2(K,+Kg)/ K, evaluated from the results in Table
IT is about 500 (1400) for p-type (n-type) surfaces. There-
fore, the bond-rupture rate at sites nearest to pre-existing
monovacancies is strongly enhanced.

The aforementioned detailed measurements of atomic re-
laxation around a monovacancy have shown that the Si at-
oms near pre-existing vacancies are strongly relaxed. The
occupied dangling bonds at the nearest sites of VM along the
chain are displaced as much as 0.85 A, while the displace-
ment of the nearest site of a monovacancy across the Si chain
is less than 0.3 A.37 The significant difference between K,
and Kz may be related to the strong anisotropy of relaxation
of atoms around vacancies. The large distortions of surface
atoms from their intrinsic sites can first contribute to enhanc-
ing the hole-trapping rate. Since carrier localization results
from competition between intersite transfer and electron-
phonon interaction at the site, the large displacement at a
distorted site reduces the transfer and hence gives enough
time to localize carriers via interaction with the lattice, lead-
ing to more efficient trapping of carriers. Also, strongly dis-
torted atoms are generally in weakened-bond configurations
due to reduced coordination and/or significant charge redis-
tributions, which may enhance bond-rupture efficiency.
Therefore, the atoms near pre-existing vacancies, in particu-
lar, along the Si chains, can have higher bond-breaking rates
than normal sites upon successive two-hole localization.

With increasing dose, however, the number density of
strings is saturated, and the saturation appears to be compen-
sated by the efficient formation of vacancy islands as shown
in Fig. 2. Therefore, bond breaking at the nearest sites across
the chain becomes dominant in a high-dose region. The pre-
vious measurements have shown that the displacement of Si
atoms nearest to a vacancy string consisting of three adjacent
vacancies induces less displacement of the dangling bonds;

the lateral displacement is only 0.3 A along the [011] direc-
tion, almost the same as those at the nearest sites across the
chains. Also, the number of nearest-neighbor sites on the
neighboring chains increases with increasing vacancy string
length, although the number of sites on the chain is always 2.
These features may enhance bond breaking at the next chain,
forming the vacancy islands instead of elongating vacancy
strings.

There is another characteristic feature shown in Table II
and Fig. 5(b), which is an interesting Fermi-level effect on
the electronic bond rupture. It should be stressed here that
the ratio 2(K,+Kpg)/K,, on n-type surfaces and p-type sur-
faces are substantially different, far beyond statistical varia-
tion. Since the magnitude of K, (the rate of bond rupture at
originally perfect sites) is the same for both n-type and
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p-type surfaces as shown in Fig. 5(a), this indicates that the
rate of bond rupture at pre-existing defect sites is enhanced
strongly on n-type surfaces relative to p-type surfaces

The enhanced rate of K, relative to K, is more than a
factor of 1000 on n-type specimens, implying that the lower
density of holes can be active in rupturing bonds near de-
fects, although they cannot induce bond rupture at perfect
sites in a practical sense. As discussed before, the band be-
comes flat at the onset of the laser pulse. However, the pho-
tovoltaic effect is lost as the carrier density decreases. There-
fore, spatial distributions of carriers at later time delays are
affected again by the recovering band bending. Long et al.
have shown that the recovery of the band bending to the
original value takes a few microseconds.? Using numerical
simulation, they demonstrated that the accumulation of
valence-hole concentration near surface is induced at 1 us
after nanosecond-laser excitation and that the hole density
accumulated is about one-tenth the initially populated hole
density. Since the surface structures are different, we cannot
directly apply this number. However, we may expect a simi-
lar effect for n-type Si(111)-(2X1). In the present hole-
density regime, the bond-rupture rate is almost proportional
to the square of the density. As we showed through numeri-
cal calculation, density near the surface region is typically
10" cm™ just after a nanosecond-laser pulse, which results
in Ky~ 1x107° ML/pulse. Since K, is 1400 times more ef-
ficient than K, the hole density of 10'® cm™ can still be
active in inducing bond rupture near defect sites. Therefore,
on n-type surfaces, vacancy strings and clusters can be gen-
erated at late time delays after laser excitation. On the other
hand, holes are repelled from the surface region of p-type
specimens reducing the magnitude of K, at late time delays
relative to that on n-type specimens. Therefore, a strong en-
hancement of K, particularly on n-type surfaces can be
viewed as a direct consequence of the THL mechanism of
bond rupture.

D. Possible roles of electrons and excitons in the laser-induced
surface band rupture

We have discussed several features of laser-induced struc-
tural instability of Si(111)-(2X 1) in terms of the THL
mechanism. The characteristics of the instability are (1) su-
perlinear dependence of the bond rapture rate on the excita-
tion intensity, (2) efficient formation of vacancy clusters due
to enhanced bond rupture near pre-existing vacancies, and
(3) a prominent Fermi-level effect only on the bond rupture
near vacancies. As shown above, the THL mechanism can
describe the experimental results both qualitatively and
quantitatively. In order to further substantiate the validity of
the model, we briefly discuss the possible roles of other pho-
togenerated excited species (electrons and excitons) in the
surface bond-rupture process.

First, we discuss the roles of electrons in bulk conduction
band and in the surface 7" band. As discussed before, the
vibrational excitation mechanism of Si,, atoms by hot elec-
trons can be ignored, since the electron temperature in the
present case is too low. Since the electron is a fermion, a
similar formalism can be applied for “two-electron localiza-
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tion” for bond rupture: if two localized electrons could in-
duce instability, electrons might localize in the unoccupied
dangling-bond orbitals of Si,,,, atoms. Although no theoret-
ical examination has been undertaken for localized electrons
on semiconductor surfaces, it would be natural to suppose
that the spatial extension of localized electrons is wider than
that of localized holes. Therefore, structural instability due to
two-electron localization, if any, may be weaker than that
due to THL. Furthermore, as discussed above, the Fermi-
level effects we observed clearly demonstrate that valence
holes, not conduction electrons, play crucial roles in the Si-
bond rupture at surfaces. Thus, we conclude that electrons
generated by valence excitation are not active in inducing
structural instability on Si(111)-(2 X 1). Rather, electrons in-
jected in the surface 7" band may reduce the efficiency of
the bond-rupture process through surface electron-hole re-
combination, which we considered only phenomenologically
in terms of the surface-recombination velocity.

Rohlfing and Pollmann have shown theoretically that self-
trapping of surface excitons on Si(111)-(2 X 1) is possible.!”
Although 1.15 eV photons induce bulk-valence excitation,
electrons and holes transferred to surface 7" and 7 bands
may lead to the formation of surface excitons that may even-
tually self-trap. In ionic crystals, exciton self-trapping is the
primary mechanism of structural instability which results in
lattice defect formation.* The instability in ionic crystals
results from the repulsive interaction between an electron
and a hole via electron-phonon interaction in deformable lat-
tices, and during the self-trapping process, a few eV may be
deposited into the lattice. However, the lattice relaxation en-
ergy of exciton self-trapping on the silicon surface is as small
as 30 meV,"”7 which is unlikely to break threefold-
coordinated Si,, bonds. Multiexciton localization** could in-
duce the instability to break the Si,, bonds, if exciton con-
densation were possible. However, since self-trapping is the
intrinsic mechanism, localization of excitons may take place
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at intrinsic sites predominantly for surfaces with surface va-
cancy concentrations of less than 1%. Once the excitons are
self-trapped, they are not mobile, so exciton condensation
cannot be induced. On the other hand, we have revealed
strong condensation of excited species responsible for the
bond rupture around pre-existing vacancy sites; it implies
that highly mobile excited species are responsible for bond
rupture. Therefore, surface excitons cannot be the excited
species responsible for the electronic bond rupture on this
surface. We presume that radiative and/or nonradiative re-
combination, via self-trapping of excitons, may play a cru-
cial role in surface electron-hole recombination, which can
be the microscopic process responsible for the surface-
recombination velocity.

V. CONCLUSION

We have shown that the laser-induced electronic bond
rupture of Si atoms on the Si(111)-(2 X 1) surface is induced
by the lowest bulk-valence excitation of Si. At the nearest-
neighbor sites of vacancies, differences in the efficiency of
bond rupture between n- and p-type surfaces indicate that
bulk-valance holes in the surface region play the crucial role
in the bond rupture. The THL mechanism of bond rupture
gives a reasonable description, not only for the superlinear
dependence of the bond-rupture rate but also for the decreas-
ing rate of bond rupture as a function of vacancy density.
Therefore, we have concluded that THL in the surface region
is crucial for the excitation-induced bond rupture of Si atoms
on the Si(111)-(2X 1) surface.
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