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Surface-state transitions of Si„111…-7Ã7 probed using nonlinear optical spectroscopy
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~Received 21 September 1999!

Surface second-harmonic generation of Si~111!-737 at RT reveals two surface-state transitions at 1.2 and
1.4 eV fundamental photon energies, in addition to the well-known two-photon resonance at 3.3 eV. A detailed
analysis of the temperature-dependent spectral profile, combined with a separate sum-frequency generation and
its gas-exposure measurement, attributes the 1.4-eV peak to the one-photonS2-U1 transition and the 1.2-eV
peak to the two photonS3-U1 transition at 2.4 eV, which are fully consistent with the existing data on the
surface states.
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Surface states of Si~111!-737 have been the subject o
numerous theoretical and experimental studies. Photoe
sion, electron energy loss, and scanning tunneling mic
copy ~STM! studies have revealed three occupied surf
states and two unoccupied surface states.1–5 Optical method
~linear and nonlinear! has never definitely identified the op
tical transitions among the surface states of Si~111!-737.
Linear optical methods, such as differential reflectance6,7 and
spectroscopic ellipsometry,8 being in general accompanie
by allowed bulk transitions, show a wide scattering of t
surface-state transition energies.7,8 The second-harmonic
generation ~SHG! and sum-frequency generation~SFG!
spectroscopy, more sensitive in nature to the surface-s
transitions, have been found to give a well-defined reson
profile.9–12 The assignment of the transitions, however, s
remains unclear mainly due to the limited wavelength ran
studied and to the interference among coexist
transitions.9–13 It is further complicated by the fact that th
two types of resonance enhancement, i.e., at the fundam
frequency~1v! or at the second-harmonic frequency~2v!,
are in general not readily discernible. The assignment of
SHG surface-state transitions is thus highly required fo
further understanding of this surface.

Various techniques have shown the existence of th
filled surface states of Si~111!-737 below/above the Ferm
level: S1 at ;20.2 eV,S2 at ;20.8 eV, andS3 at 21.8 eV,
and two empty surface states:U1 at ;0.5 eV andU2 at
1.3–1.5 eV.1–5 Within the dimer-adatom-stacking fau
~DAS! model,14 these states are attributed;S1 to the adatom
dangling bond,S2 to the rest-atom dangling bond,S3 to the
back-bond of the adatoms and the corner-hole atoms,U1 to
the adatom dangling bond, andU2 to the adatom back anti
bond. Inverse photoemission3 ~KRIPES! and angle-resolved
photoemission spectroscopy4,5 ~ARUPS! have also reported
the bandwidth and the band dispersion of the surface sta
The temperature dependence of the surface states has
been studied by ARUPS.15

In our previous work,16 we presented the temperature d
pendence of the nonlinear susceptibility of the surface-s
transitions of Si~111!-737 for temperatures from room tem
perature ~RT! to 1204 K. The strain-induced resonan
around 3.3 eV, showing a clear increase in intensity w
temperature, has been interpreted by thermal excitation
phonon modes localized at adatomic sites from an analys
PRB 610163-1829/2000/61~8!/5117~4!/$15.00
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the SHG spectral profiles by using the classical anharmo
oscillator model.16 In our successive work, we demonstrat
the feasibility of the excitonic line-shape model for separ
ing the surface-state transitions from other coexisting one13

In this paper, we carried out an oxygen-exposure meas
ment of SHG and SFG at several wavelengths. The anal
of the coverage and temperature dependence of SHG
SFG has guided us to uniquely assign the surface-state
sitions, which are fully consistent with the existing data
the surface states.

The details of our observation of the SHG spectra
Si~111! have been described elsewhere.16 In our experiment,
the anisotropic component of the second-order susceptib
xxxx was measured by detecting the generated SHG pho
with s polarization in response to the incident beam at ne
normal incidence withp polarization, which is perpendicula
to the crystal @211# direction. An optical parametric
oscillator/amplifier system at a 10 Hz repetition rate with
nominal bandwidth of 0.3 cm21 was used as a pumping lase
For an SFG measurement, we usedp polarized second har
monics ~0.532 mm! of 10 mJ output energy from anothe
synchronously operatedQ-switched YAG laser directed col
linearly with the tunable laser. The Si sample, cut from
B-doped commercial wafer with a resistivity of 0.4V cm,
was set in an ultrahigh vacuum chamber and cleaned by
sistive heating to 1420 K. Oxygen dosing was done by ba
filling the chamber with O2. The SHG and SFG spectra no
malized against the incident laser energy are shown
uxxxxu2 by correcting for the Fresnel factors.16

Figure 1 reproducesuxxxxu2 of Si~111!-737 obtained by
SHG as a function of the pumping photon energy for seve
temperatures.16 The lines showing the fits to the experime
tal data will be discussed later. The peak around 1.65
~1.65-eV peak! has been attributed to a strain-induced tw
photon resonance of theE08 interband transition in the sur
face layers of bulk silicon.16,17 The broad feature of 737 is
known to originate from the resonant enhancement of S
by the dangling bond states,9–12 which appears to be com
posed of two components around 1.2 eV~1.2-eV peak! and
1.4 eV~1.4-eV peak! in Fig. 1~a!. The 1.4-eV peak decrease
its amplitude much faster with temperature than that of
1.2-eV peak@Fig. 1~a!–1~c!#, and is not recognizable in Figs
1~d!–1~g!. Our observation of the surface-state transitio
R5117 ©2000 The American Physical Society
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shows an unusual feature in that a single and broad p
centered at 1.3 eV reported previously9–12 is clearly sepa-
rated into two components. Besides, the 1.15-eV peak
ported by Pedersen and Morgen11 was never observed. Th
two panels~f! and ~g!, just above the phase-transition tem
peratureTc;1103 K, corresponds to the SHG spectra
‘‘1 31.’’

Figure 2 is the SFG spectra obtained at RT together w
a reproduction of Fig. 1~a! for comparison. SFG noises wer
much larger than those of SHG, which were introduced
the timing and intensity fluctuations of the fixed waveleng
laser and by a low efficiency of our detection system in
UV region. The SFG spectra showing a broad resona
around 1.2 eV without any enhanced peak at 1.4 eV
guided us to incorrectly assign the 1.2-eV peak of SHG t
one-photon resonance.13

The variation of SH and SF signals with O2 exposure at a
pressure of 231028 Torr at RT is shown in Fig. 3 for a few
selected wavelengths, where the oxygen exposure is
pressed in units of L~1 L5 1026 Torr s!. The SHG data with
a rapid decrease to zero are consistent with previ
measurements.11,18,19The SFG spectra, however, shows on

FIG. 1. Wavelength dependence of the second-order nonli
susceptibilityxxxx of Si~111! for several temperatures.~a!–~e! for
737, and~f!, ~g!, for ‘‘1 31.’’ The solid lines are the fitting results
using the excitonic line shape. The dotted lines in~a! are the calcu-
lated individual components.
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a partial decrease followed by a much slower increase
wavelength-dependent saturation level. Thus, the sensit
to oxidation is clearly different between SHG and SFG.

The dangling-bond-derived surface states are quenche
most chemisorbates.9,18,19The coverage dependence of SH
has been well described by expressing the nonlinear sus
tibility xs

(2)(u) as a sum of a strong coverage-depend
surface-state~SS! contribution proportional to the number o
dangling bondsxs,db

(2) and a weakly coverage-depende
background~BG! contributionxs,BG

(2) , as9

xs
~2!~u!5xs,db

~2! ~12au!1xs,BG
~2! ~u!, ~1!

wherea incorporates the nonlocal influence of adsorption
the surface electronic states, which turned out to be unity
this work. The oxide coverageu can be described by a
oxygen exposured and a reactive coefficientk as u(d)51
2exp(2kd). The phasef of xs,BG

(2) relative toxs,db
(2) is also

obtained in the fitting procedure. This model reproduced w
the SHG adsorption curves as shown by the solid lines
Figs. 3~a!–3~d! with k;0.4 L21 andf;160°. The obtained

ar

FIG. 2. The SFG spectra of 737 at RT taken by mixing with a
fixed wavelength laser at 2.34 eV, with a reproduction of Fig. 1~a!
for comparison. Calculated SFG spectra are shown by the solid
with dotted and dashed lines separately showing the SS and
contributions, respectively~see text for details!.

FIG. 3. Oxygen-exposure experiment for SHG and SFG
tained at several wavelengths. The solid lines are the best-fit cu
with the dotted and dashed lines separately showing the SS and
contributions, respectively.
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phase is sufficiently close to the directly measured value
132° for a sample with a 30 L oxygen exposure.13 The BG
contribution has been suggested to be mainly the tail of
strain-induced resonance at 3.3 eV.9,11 The reactive coeffi-
cients obtained for SFG by using Eq.~1! were about half of
SHG values, which disagrees with our adsorption mo
where a similar value is expected both for SHG and SF
When we added to Eq.~1! a coverage-dependent BG cont
bution in proportion to@12exp(2kbd)#, k;0.4 L21 was
also obtained for SFG, which reasonably made us conc
that the slower increase observed in SFG is due to
coverage-dependent BG contribution. The solid lines in F
3~e!–3~h! are thus obtained with the dotted and dashed lin
separately indicating the fast-decay SS contribution and
coverage-dependent BG contribution, respectively. Note
the BG contribution for 737 is dominant at lower photon
energy@Fig. 3~e!#, while the SS contribution is most dom
nant around 1.48 eV@Fig. 3~g!#. Note also that the SS con
tribution with a sum-frequency energy of 3.8 eV, mu
larger than the 3.4 eV direct band gap, is of the 1v resonance
type, while the BG contribution to SFG increasing with ox
gen coverage is of a sum-frequency resonance type. T
the main contribution to SHG in Fig. 1 can be interpreted
a 1v resonance for the 1.4-eV peak and a 2v resonance for
the 1.2-eV peak.

Now that we know the resonance type of the main con
bution to the SH response shown in Fig. 1, the interfere
among different transitions can be resolved. The excito
line shape has been discussed in detail in Refs. 20 and
We simply use the excitonic line shape in our analysis of
SHG and SFG spectra, although we are unaware of
character21 of the SS transition. In this model, the SHG spe
tral profile is reduced by a coherent superposition of
second-order nonlinear susceptibility of 1v and 2v reso-
nances, as13,20

xs
~2!~2v!}(

k,l
H f k exp~ iwk!

~v2vk1 iGk/2!
1

f l exp~ iw l !

~2v2v l1 iG l /2!J , ~2!

wherev j is the resonance frequency,G j is a damping fre-
quency~FWHM of the resonance!, with the amplitudesf k
and f l , and phaseswk and w l . Phases are introduced fo
each resonance in order to describe other reson
nonresonant contributions.13

The solid lines in Fig. 1 are the fitting results for thre
resonances given by~2! (k51, l 52), which relates one to a
1v resonance around 1.4 eV, another to a 2v resonance
around 1.2 eV, and the other to a 2v resonance around 1.6
eV. In the fitting procedure, the same phasew is assumed for
the two SS transitions leaving the relative phase of
1.65-eV peak as a fitting parameter. All others are used
fitting parameters. The SHG spectra are reproduced wel
the three-resonance model for~a!–~c!. Since the 1.4-eV peak
already becomes negligible in~d!, we used the two-
resonance model~k50, l52! for fitting ~d!–~g!. The solid
lines in Fig. 1 are thus obtained with dotted lines in~a!
showing the individual contributions. The fitting results a
shown in Fig. 4. Although a different SS transition type
employed compared to Ref. 16, the main features of
1.65-eV peak remain the same; only with a slightly sma
activation energy of 62 meV~from 75 meV!, which favors
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our interpretation in terms of excitation of surface phon
modes at 17 THz~68 meV! or 12.5 THz~50 meV!.16

The surface-state transitions in Fig. 4~a! show a redshift
with a temperature coefficient of 4.331024 eV/T ~1.2-eV
peak! and 1.531024 eV/T ~1.4-eV peak!, which is roughly
in agreement with 1.931024 eV/T ~1.65-eV peak! and the
bulk E08/E1 value of 1.731024 eV/T which has been asso
ciated with the lattice expansion and the electron-phon
interaction.21 The amplitude and width of the SS transition
show a different temperature dependence as compared
the 1.65-eV peak. While the 1.2-eV peak has a temperat
independent amplitude and width~0.8 eV!, the 1.4-eV peak
with a temperature-independent width~0.3 eV! decreases its
amplitude with a rate corresponding to an activation ene
of ;25 meV. The 737-‘‘131’’ phase transition appear
only as a jump of the surface-state transition amplitu
showing a similar electronic structure in both phases in s
of a different surface atomic geometry.

Although all transitions, among surface states and
tween surface states and bulk conduction/valence bands
in principle allowed for SHG at silicon surfaces,7 we may
first look for transitions among the surface states for the
served well-defined two peaks. The 1.4-eV peak may be

FIG. 4. Parameters obtained by fitting the SHG data in Fig. 1
the excitonic line shape.



g

in
so

it
o

k
its

th

a
ha

a

d
-

a

id

e
an
e

G
m

f
of

ws

a
b-
ra-
lts
ce
he

ated

is-

on

e

nor

g at
n-
-
ith

is-
u
.

RAPID COMMUNICATIONS

R5120 PRB 61TAKANORI SUZUKI
signed to theS2→U1 transition because of the matchin
with the known energy level spacing of;1.3 eV. It also
agrees with the 1.45 eV estimated by the tight-bind
calculation.7 The charge transfer from the adatoms will al
ensure a significant population ofS2 . Moreover, our SHG
observation of decreasing intensity of the 1.4-eV peak w
temperature is in accord with the ARUPS observation
disappearance of the surface state at20.8 eV below the
Fermi energy~corresponding toS2) above 250 °C reported
by Yokotsukaet al.15 The initial state of the 1.2-eV pea
may then beS3, sinceS2 can be discarded because of
temperature-independent amplitude. TheS3→U1 transition
with an energy level separation of;2.3 eV, then matches
well with the two-photon transition at 2.4 eV. Thus, bo
resonances can be assigned to the transitions among
known surface states.

The above assignment is further supported by the av
able widths of the surface states; a bandwidth of larger t
0.5 eV and a dispersion of 0.2 eV forU1 obtained by
KRIPES~Ref. 3! and a dispersion of less than 0.15 eV for
flat bandS2 obtained by ARUPS.5 The 0.3-eV width ob-
tained for theS2→U1 transition @Fig. 4~c!# gives ;0.3 eV
for the total width ofU1, since the linewidth is determine
mainly byU1 having a larger width. This width, more accu
rate in nature, is consistent with the above KRIPES dat
their instrumental bandwidth of as large as 0.35 eV,3 is taken
into account. The broad and temperature-independent w
of 0.8 eV of the 1.2-eV peak then must be explained byS3,
for which a bandwidth of 0.3 eV is reported.5 It is to be noted
that the SHG width reflects both the bandwidth and disp
sion since a pure optical method cannot resolve the b
dispersion. Although numerical specifications for the disp
sion ofS3 are not given, a dispersion of;0.4 eV seen in Fig.
8 of Ref. 5 gives a total width of 0.7 eV forS3. The SHG
width of 0.8 eV then reasonably matches theS3→U1 transi-
tion width if we take into account theU1 width of ;0.3 eV.

The background SFG signal is likely related to the SH
resonance at 3.6 eV, recently reported by Erley and Dau20

for an interband transition at the Si~100!- SiO2 interface and
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assigned to Si atoms withoutTd lattice symmetry, because o
a coincidence of the transition energy. The SFG signal
similar origin may also be expected for 737 due to the lat-
tice distortion inherent to this reconstruction. Figure 3 sho
a redshift for the SFG BG contribution of 737 compared
with that of the oxidized surface. This, possibly related to
different amount of distortion, also contributes to the o
served coverage dependence of the BG contribution. The
tios of the BG and SS contributions in Fig. 3 and the resu
in Fig. 4 for the SS transitions can also roughly reprodu
the SFG spectra in Fig. 2, as shown by the solid line for t
BG resonance energy of 3.55 eV and a FWHM width20 of
0.3 eV. The dotted and dashed lines represent the separ
BG and SS contributions, respectively.

Our assignment of the SHG resonances; theS2→U1 tran-
sition for the 1.4-eV peak and theS3→U1 transition for the
1.2-eV peak, is thus consistent with the available photoem
sion and STM data on the Si~111!-737 surface states. The
1v SS transition is consistent with the transient populati
grating in theU1 state formed by excitation at;1.5 eV
reported by Ho¨fer et al.,22,23 while the assignment of the
SHG broad resonance around 1.3 eV to theS2→U1 transi-
tion suggested by Pedersenet al.11,12 is clearly not consistent
with our findings.

The origin of the temperature dependence ofS2 has not
been identified.15 Changes in the symmetric property of th
surface states by phonon excitation16 do not describe the
temperature dependence observed by photoemission,
does the electric-field induced SHG,24 even with a coinci-
dence of the disappearance of the surface band bendin
some 800 K estimated for our sample with a doping conce
tration of 1017 cm23.25 At present, we do not have a conclu
sive explanation for the decrease of the 1.4-eV peak w
temperature.
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