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Surface-state transitions of S{111)-7X7 probed using nonlinear optical spectroscopy
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Surface second-harmonic generation dfL$1)-7X7 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-ghdigntransition and the 1.2-eV
peak to the two photo®;-U, transition at 2.4 eV, which are fully consistent with the existing data on the
surface states.

Surface states of @il11)-7X7 have been the subject of the SHG spectral profiles by using the classical anharmonic
numerous theoretical and experimental studies. Photoemisscillator modef® In our successive work, we demonstrated
sion, electron energy loss, and scanning tunneling microghe feasibility of the excitonic line-shape model for separat-
copy (STM) studies have revealed three occupied surfacéng the surface-state transitions from other coexisting dnes.
states and two unoccupied surface staté©ptical method In this paper, we carried out an oxygen-exposure measure-
(linear and nonlinearhas never definitely identified the op- ment of SHG and SFG at several wavelengths. The analysis
tical transitions among the surface states ofLl81)-7X7.  of the coverage and temperature dependence of SHG and
Linear optical methods, such as differential reflectdf@md  SFG has guided us to uniquely assign the surface-state tran-

spectroscopic ellipsometfybeing in general accompanied sitions, which are fully consistent with the existing data on
by allowed bulk transitions, show a wide scattering of thetne syrface states.

surface-state transition energies.The second-harmonic The details of our observation of the SHG spectra of

generation (SHG) and sum-frequency generatiofSFG  s;j(111) have been described elsewh&én our experiment,

spectroscopy, more sensitive in nature to the surface-staliﬂe anisotropic component of the second-order susceptibility

transitions, have been found to give a well-defined resonant ;
; ’ ; " . was measured by detecting the generated SHG photons
profile®~12 The assignment of the transitions, however, still X y gmheg P

; . . with s polarization in response to the incident beam at near-
remains unclear mainly due to the limited wavelength range o . - S .
ormal incidence witlp polarization, which is perpendicular

studied and to the interference among coexistingn ; ) ) )
transitions®~22 It is further complicated by the fact that the © the crystal [211] direction. An optical parametric

two types of resonance enhancement, i.e., at the fundamenfegcillator/amplifier system at a 10 Hz repetition rate with a
frequency(lw) or at the second-harmonic frequen(3w), nominal bandwidth of 0.3 cm' was used as a pumping laser.
are in general not readily discernible. The assignment of th&or an SFG measurement, we ugegolarized second har-
SHG surface-state transitions is thus highly required for @nonics (0.532 um) of 10 mJ output energy from another
further understanding of this surface. synchronously operate@-switched YAG laser directed col-

Various techniques have shown the existence of threénearly with the tunable laser. The Si sample, cut from a
filled surface states of Qi11)-7x7 below/above the Fermi B-doped commercial wafer with a resistivity of 0@cm,
level: S, at~—0.2 eV,S, at~—0.8 eV, andS; at —1.8 eV,  was set in an ultrahigh vacuum chamber and cleaned by re-
and two empty surface states; at ~0.5 eV andU, at  sistive heating to 1420 K. Oxygen dosing was done by back-
1.3-1.5 e\V\™® Within the dimer-adatom-stacking fault filling the chamber with @ The SHG and SFG spectra nor-
(DAS) model* these states are attribute®}; to the adatom malized against the incident laser energy are shown for
dangling bondS, to the rest-atom dangling bon8; to the | xxxxl? by correcting for the Fresnel factots.
back-bond of the adatoms and the corner-hole atdmso Figure 1 reproducefy,y* of Si(111)-7x7 obtained by
the adatom dangling bond, and}, to the adatom back anti- SHG as a function of the pumping photon energy for several
bond. Inverse photoemissibfKRIPES and angle-resolved temperature$® The lines showing the fits to the experimen-
photoemission spectroscdl®/(ARUPS have also reported tal data will be discussed later. The peak around 1.65 eV
the bandwidth and the band dispersion of the surface statetl.65-€V peakhas been attributed to a strain-induced two-
The temperature dependence of the surface states has afjaoton resonance of tHg interband transition in the sur-
been studied by ARUPS. face layers of bulk silicod®'’ The broad feature of %7 is

In our previous work® we presented the temperature de-known to originate from the resonant enhancement of SHG
pendence of the nonlinear susceptibility of the surface-statby the dangling bond statés!? which appears to be com-
transitions of Si111)-7X7 for temperatures from room tem- posed of two components around 1.2 &\2-eV peak and
perature (RT) to 1204 K. The strain-induced resonance 1.4 eV(1.4-eV peakin Fig. 1(a). The 1.4-eV peak decreases
around 3.3 eV, showing a clear increase in intensity withits amplitude much faster with temperature than that of the
temperature, has been interpreted by thermal excitation df.2-eV pealFig. 1(a)—1(c)], and is not recognizable in Figs.
phonon modes localized at adatomic sites from an analysis df(d)—1(g). Our observation of the surface-state transitions
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FIG. 2. The SFG spectra of7 at RT taken by mixing with a
fixed wavelength laser at 2.34 eV, with a reproduction of Fig) 1
for comparison. Calculated SFG spectra are shown by the solid line,
with dotted and dashed lines separately showing the SS and BG
contributions, respectivelisee text for detai)s

a partial decrease followed by a much slower increase to a
wavelength-dependent saturation level. Thus, the sensitivity
to oxidation is clearly different between SHG and SFG.

The dangling-bond-derived surface states are quenched by
most chemisorbates'®1°The coverage dependence of SHG
has been well described by expressing the nonlinear suscep-
tibility Xg2>(e) as a sum of a strong coverage-dependent
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dangling bondsy{),
backgroundBG) contribution X(S?E);G,

surface-statéSS contribution proportional to the number of

and a weakly coverage-dependent

as

x2(0)=xZp(1— ab)+ xZs(6),

D)

wherea incorporates the nonlocal influence of adsorption on
the surface electronic states, which turned out to be unity in

this work. The oxide coveragé can be described by an
FIG. 1. Wavelength dependence of the second-order nonlineapxygen exposurel and a reactive coefficiert as 6(d) =1

susceptibility x4« Of Si(111) for several temperaturega)—(e) for
7X7, and(f), (g), for “1 X1.” The solid lines are the fitting results
using the excitonic line shape. The dotted lineganare the calcu-
lated individual components.

shows an unusual feature in that a single and broad peak
centered at 1.3 eV reported previolsif is clearly sepa-
rated into two components. Besides, the 1.15-eV peak re-
ported by Pedersen and Mordémvas never observed. The
two panels(f) and (g), just above the phase-transition tem-
peratureT,~1103 K, corresponds to the SHG spectra of
1 x1.”

Figure 2 is the SFG spectra obtained at RT together with
a reproduction of Fig. (B) for comparison. SFG noises were
much larger than those of SHG, which were introduced by
the timing and intensity fluctuations of the fixed wavelength
laser and by a low efficiency of our detection system in the
UV region. The SFG spectra showing a broad resonance
around 1.2 eV without any enhanced peak at 1.4 eV had
guided us to incorrectly assign the 1.2-eV peak of SHG to a
one-photon resonanc@.

The variation of SH and SF signals with, ®xposure at a
pressure of X108 Torr at RT is shown in Fig. 3 for a few

(=]

-
(=3

SH Intensity [arb.units]
> o

(=1

-
[=3
T

—exp(—kd). The phasep of x g
obtained in the fitting procedure. This model reproduced well
the SHG adsorption curves as shown by the solid lines in
Figs. 3a)—3(d) with k~0.4 L and¢~160°. The obtained

SHG

SFG( +2.34 eV)

(@) 110eV

\h\iuu-

(&) L10eV

(b) 129V

) 154€)

i ) 154eV

] 5 10

5 0 5 10 15 20
Ozexposure [L]

relative tox{2),

is also

[syun-qre] Lysuapuy 4§

selected wavelengths, where the oxygen exposure is ex- FIG. 3. Oxygen-exposure experiment for SHG and SFG ob-

pressed in units of (1 L= 10 ® Torrs). The SHG data with

tained at several wavelengths. The solid lines are the best-fit curves

a rapid decrease to zero are consistent with previougith the dotted and dashed lines separately showing the SS and BG
measurements-'819The SFG spectra, however, shows only contributions, respectively.
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phase is sufficiently close to the directly measured value of

( Si(111)
132° for a sample with a 30 L oxygen expostitélhe BG S 4 T - T y . T
contribution has been suggested to be mainly the tail of the = (a) 1.9x107 eV/K
strain-induced resonance at 3.3 8. The reactive coeffi- B, P orerenona. oo.0
cients obtained for SFG by using E{) were about half of !g‘ S-S 26 “
SHG values, which disagrees with our adsorption model b 2.526 ""-*~v-_qf?xw VK
where a similar value is expected both for SHG and SFG. g 2 SSio %oy A
When we added to Eq1) a coverage-dependent BG contri- = " 4

Y . 43 - .
bution in proportion to[1—exp(—kyd)], k~0.4 L1 was § i 145, - ,+.' , 15x:10 ev:/K
also obtained for SFG, which reasonably made us conclude ol (b)l o o °
that the slower increase observed in SFG is due to a - P
coverage-dependent BG contribution. The solid lines in Figs. g L N e 4 ° e
3(e)—3(h) are thus obtained with the dotted and dashed lines, b d T
separately indicating the fast-decay SS contribution and the g 0 - . i ~—_eXP(-0.0626V/KT) -
coverage-dependent BG contribution, respectively. Note that 2 10 k- ?: @
the BG contribution for X7 is dominant at lower photon 5 b “-am ¥ exp(0.025¢VIKT)

energy[Fig. 3(e)], while the SS contribution is most domi- < —t
nant around 1.48 eYFig. 3(g)]. Note also that the SS con- (© e ® ® o® ®
tribution with a sum-frequency energy of 3.8 eV, much
larger than the 3.4 eV direct band gap, is of therésonance
type, while the BG contribution to SFG increasing with oxy-
gen coverage is of a sum-frequency resonance type. Thus,
the main contribution to SHG in Fig. 1 can be interpreted as
a lw resonance for the 1.4-eV peak and @ r2sonance for )
the 1.2-eV peak. B
Now that we know the resonance type of the main contri- @ TN
bution to the SH response shown in Fig. 1, the interference
among different transitions can be resolved. The excitonic
line shape has been discussed in detail in Refs. 20 and 21.
We simply use the excitonic line shape in our analysis of the
SHG and SFG spectra, although we are unaware of the
charactet! of the SS transition. In this model, the SHG spec- L L L L L L
tral profile is reduced by a coherent superposition of the 0 200 400 GO0 800 1000 1200 140
second-order nonlinear susceptibility ofvland 2v reso- Temperature{K]
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FIG. 4. Parameters obtained by fitting the SHG data in Fig. 1 by
@)(24)2 S fi expli k) f, explio) o the excitonic line shape.
* i (0o +ilW2)  (2ow—w+il/2)]’

our interpretation in terms of excitation of surface phonon
where w; is the resonance frequendy; is a damping fre- modes at 17 THZ68 me\) or 12.5 THz(50 me\).*®
quency (FWHM of the resonande with the amplitudesf, The surface-state transitions in Figa®show a redshift
and f;, and phases, and ¢,. Phases are introduced for with a temperature coefficient of 4310 4 eVIT (1.2-eV
each resonance in order to describe other resonangeak and 1.5<10 * eV/T (1.4-eV peak which is roughly
nonresonant contributiorts. in agreement with 1.810 % eV/T (1.65-eV peak and the

The solid lines in Fig. 1 are the fitting results for three bulk E4/E, value of 1.7<10™ 4 eV/T which has been asso-

resonances given ) (k=1, =2), which relates one to a ciated with the lattice expansion and the electron-phonon
1o resonance around 1.4 eV, another to @ @sonance interaction’! The amplitude and width of the SS transitions
around 1.2 eV, and the other to @ 2esonance around 1.65 show a different temperature dependence as compared with
eV. In the fitting procedure, the same phasis assumed for the 1.65-eV peak. While the 1.2-eV peak has a temperature-
the two SS transitions leaving the relative phase of théndependent amplitude and wid(d.8 e\), the 1.4-eV peak
1.65-eV peak as a fitting parameter. All others are used awith a temperature-independent width3 e\) decreases its
fitting parameters. The SHG spectra are reproduced well bgmplitude with a rate corresponding to an activation energy
the three-resonance model f@—(c). Since the 1.4-eV peak of ~25 meV. The K7-“1X1"” phase transition appears
already becomes negligible irid), we used the two- only as a jump of the surface-state transition amplitude,
resonance modgk=0, |=2) for fitting (d)—(g). The solid showing a similar electronic structure in both phases in spite
lines in Fig. 1 are thus obtained with dotted lines (&) of a different surface atomic geometry.
showing the individual contributions. The fitting results are  Although all transitions, among surface states and be-
shown in Fig. 4. Although a different SS transition type istween surface states and bulk conduction/valence bands, are
employed compared to Ref. 16, the main features of thén principle allowed for SHG at silicon surfacésye may
1.65-eV peak remain the same; only with a slightly smallerfirst look for transitions among the surface states for the ob-
activation energy of 62 meVfrom 75 meVj, which favors  served well-defined two peaks. The 1.4-eV peak may be as-
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signed to theS,— U, transition because of the matching assigned to Si atoms withotit; lattice symmetry, because of
with the known energy level spacing ef1.3 eV. It also a coincidence of the transition energy. The SFG signal of
agrees with the 1.45 eV estimated by the tight-bindingsimilar origin may also be expected fo7 due to the lat-
calculation! The charge transfer from the adatoms will alsotice distortion inherent to this reconstruction. Figure 3 shows
ensure a significant population &. Moreover, our SHG  a redshift for the SFG BG contribution of<%7 compared
observation of decreasing intensity of the 1.4-eV peak withyith that of the oxidized surface. This, possibly related to a
temperature is in accord with the ARUPS observation ofgjfferent amount of distortion, also contributes to the ob-

disappearance of the surface state-#1.8 eV below the — seryed coverage dependence of the BG contribution. The ra-
Fermi energy(corresponding td5,) above 250 °C reported ios of the BG and SS contributions in Fig. 3 and the results

by Yokotsukaet al.™” The initial state of the 1.2-eV peak i, kg 4 for the SS transitions can also roughly reproduce
may then bes;, sinces, can be discarded because of its y, grg spectra in Fig. 2, as shown by the solid line for the
temperature-independent amplitude. T®e— U, transition BG resonance energy of 3.55 eV and a FWHM wiftof

with an energy level separation 6f2.3 eV, then maiches 0.3 eV. The dotted and dashed lines represent the separated
well with the two-photon transition at 2.4 eV. Thus, both E’G and SS contributions, respectively
resonances can be assigned to the transitions among t eOurassignment of the SHG resonances:Spe U, tran-

known surface states. . ”
The above assignment is further supported by the avail§Itlon for the 1.4-eV peak and #®—U, wansition for the

; X ; .2-eV peak, is thus consistent with the available photoemis-
ngIe (;/{//ld':: do;tr:jt?ssir:;gi s;?tgsé aesa?gdW'dégtg: r:g:jgebr thaiiion and STM data on the @il1)-7X7 surface states. The
K'RIPES(Ref 3 ang a dispersioﬁ of less tﬁan 0.15 eV fz)/r alw SS transition is consistent with the transient population
flat bandS, obtained by ARUPS.The 0.3-eV width ob- 9raling in theU, state formed by excitation at1.5 eV
tained for theS,— U, transition[Fig. 4(c)] gives ~0.3 eV rSergts?o;g rglg:];r:cﬂqar’ounwdhlllestg?/ ?oszg’;n&en:r;r:sre
for the total width ofU,, since the linewidth is determined 1112 179
mainly by U, having a larger width. This width, more accu- tion Squ?St?d by Pedersenal.is clearly not consistent
rate in nature, is consistent with the above KRIPES data iwlt_?h%urol;'in?r:ngfs‘the temperature dependenceSgfhas not
their instrumental bandwidth of as large as 0.35%@¥taken cen iden?ifiedS Chan eg in the s rr?metric roperty of the
into account. The broad and temperature-independent widt% ; ' hg ; %/6 property h
of 0.8 eV of the 1.2-eV peak then must be explainedSgy surface states by phonon excitatidrdo not descrl_be_t e
for Which a bandWidth of 0.3 eV is reportédt is to be noted temperature de_pe_nden_ce obser\ﬁg by ph(_)toem|s$|or_1, nor
that the SHG width reflects both the bandwidth and disperSjoes the electric-field induced SHGeven with a coinci-

sion since a pure optical method cannot resolve the bangence of the disappearance of the surface band bending at

dispersion. Although numerical specifications for the disper—Some 800 K estimated for our sample with a doping concen-

sion ofS, are not given, a dispersion 6f0.4 eV seen in Fig tration of 137 cm 2.%° At present, we do not have a conclu-
: P ' " sive explanation for the decrease of the 1.4-eV peak with

8 of Ref. 5 gives a total width of 0.7 eV fdb;. The SHG temperature
width of 0.8 eV then reasonably matches #e- U transi- '
tion width if we take into account thg; width of ~0.3 eV. We thank S. Kogo and M. Kaneuchi for technical assis-

The background SFG signal is likely related to the SHGtance, and Dr. M. Tsukakoshi, Dr. M. Aono, and Dr. A. Misu
resonance at 3.6 eV, recently reported by Erley and Bum for helpful discussions. Stimulating discussions with Dr. U.
for an interband transition at the($00- SiO, interface and  Hofer are gratefully acknowledged.
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