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Optical second harmonic generation spectrum of A{i(111) reconstructed surfaces
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Optical second harmonic generatiHG) spectra were measured at Ag/Ril) reconstructed surfaces; the
excitation photon energy ranged from 1.0 to 1.7 eV. TH&Hl) surface exhibited two peaks resonant to the
transition between the surface states of the77reconstruction at 1.15 and 1.35 eV. These peaks disappeared
in the Ag deposition at room temperature with the completion of the Ag-induced %urface structure.
Instead, theE| transition peak red-shifted to appear at 1.6 eV. The peaks of e econstruction disap-
peared at 0.5 monolayers in the deposition at 400 °C, and two new peaks then grew at 1.15 and 1.45 eV with
the appearance of the Ag—induce/éx J/3 reconstruction. The peak at 1.15 eV was reasonably assumed to be
the transition from the free-electron-like surface state to the surface Umklapp empty state o8 the
x \/3-Ag reconstruction. The intense peak at 1.45 eV was tentatively assigned to the multipole plasmon
excitation at the Si(111)\/3x \/3-Ag reconstructed surface with a metallic nature.
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[. INTRODUCTION structed surfaces in this study as a first step in examining the
possibility of SHG spectrum measurement to monitor inter-

Reconstructions of a Si surface ag 7 and\/3x /3 have face excitation. The characteristic peaks of the77recon-
been reported to be maintained at the interface between ffuction disappeared in the submonolayer Ag deposition on
thick Ag film and S{111) substraté:2 In addition, a close th_e S(ll_l) surface, while new peaks appeared in acco_rdance
correlation between the interface reconstruction andVith Ag-induced changes of the surface reconstruction. A
Schottky barrier heigh{SBH) of the interface has been close correlation between the SHG spectrum and the elec-

identified®* An investigation into the characteristic elec- tronic states of Ag-induced reconstructions atl$l) was

tronic states of these interface reconstructions is of great inc_:learly demonstrated in this study.

terest. Unfortunat_ely, conventiqnal electror_1 spectroscopy Il EXPERIMENT

cannot approach interfaces buried under thick metal films. _ _ _

However, light can penetrate the film, and reach the buried The experiments were performed in an ultrahigh vacuum

interface. Optical second harmonic generaliBhiG) in par- ~ apparatus with a base pressure Offf_(Tg Pa. The appara-

ticular is sensitive to the electronic excitations at the surfacéus was equipped with reflection high-energy electron dif-

and interface of centrosymmetric crystals like’Sihus SHG ~ fraction (RHEED), low-energy electron diffraction-Auger

is expected to be a useful tool for characterizing buried in-electron spectroscopy EED-AES), and an Ag Knudsen cell

terface states. with a shutter. An &9-mn?, sample was cut from an
SHG intensity has been monitored at several excitatiof"yP€ S(111) wafer. The sample was loaded into the UHV

beam energiei situ during Ag deposition up to 25 mono- apparatus after being rinsed in a chemical solutions and was

layers(ML's) at S(111) surfaces by Pederse als’ They f_Iashed up to 1200 °C to expose a clean surface. _The clean-

observed a coverage-dependent change of the SHG intensifil'¢SS Of the surface was confirmed by observing sharp

HEED spots on the X 7 reconstruction. Ag was deposited
However, the change was concluded to be caused by tha?t 400°C and at room temperature on the Si(111) 77

formation of Ag islands to enhance the local plasmon exci- .
. - surface to cause/3x \/3-Ag and 1x 1-Ag reconstructiof.
tation and the resonance to the quantum well states com‘meﬁl1e Ag coverage was determined by AES under the assump-

in the Ag films. Although a different Ag coverage depen- . i :
dence of the SHG intensity has been observed orﬁ')(r)]g mg:] ;raiﬁﬁﬁ Ag reconstruction was completed at

Si(111) 77, y3x3, and 1X1-H surfaces, the variance " rpq sample was illuminated by a pulsed laser beam from
is attributed to differences in the growth modes. No interfacey, optical parametric oscillation/amplifigfOPO system
state-related excitation was reported in their studies. One re umped by aQ-switched Nd:YAG laser. A 10-nsec laser
son that interface excitation has not been observed is that thgy|se was supplied with a repetition rate of 10 Hz.The wave-
SHG has been measured at a fixed excitation beam energigngth of the beam could be changed within a range of 1.05—
The interface excitation is expected to be detected as peaks &t70 eV (729-1180 nm The pulse energy changed depend-
the energy resonant to the interface excitation in a spectruimg on the wavelength, but was in the range of 2-8 mJ in a
of SHG intensity obtained by varying the excitation beam6-mm¢ spot. The laser beam was introduced to the sample
energy. However, the resonance to the quantum well state @fi the UHV apparatus through a quartz window from a near
an Ag film will overlap the interface-related peaks and makesurface-normal directiorfthe off-normal angle was 1.5°).
the assignment somewhat complicated for a thick Ag film onThe beam was polarized along the11] direction of the

an S(111) surface. Thus we investigated the SHG spectrunsi(111) surface. The SHG signal was separated from the fun-
of Si(111) 7x7-Ag, 3X+3-Ag, and 1x1-Ag recon- damental beam by the combination of color filters in the
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specular reflected beam. The filters blocked the fundamental
beam but penetrated the beam in a narrow wavelength range

around the SH component. Th211] polarized component

of the SHG signal was detected with a polarizer. The gated
SHG signal applied to the excitation laser pulse was detected
by a photomultiplier tub€éPMT) and was averaged over 128

laser shots by a digital storage oscilloscope. A successful
separation of the SHG signal from the fundamental beam
was confirmed by observing that the SHG signal showed
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theory!® The SHG intensity was calibrated by dividing the o oaoo PR
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filters, and the sensitivity of the PMT at each SH wave-
length. The quadratic dependence of the SHG intensity to the
excitation beam was also considered. The excitat_ion pulse g 1. Ag coverage dependence of the SHG intensity from the
energy was checked at every wavelength every time by &g/sj111) surfaces. The SHG intensity was meastireditu with
power meter. the fixed excitation photon energy at 1.17 eV. The dots and circles

Two types of experiments were performed in this studyingicate the SHG signal measured for room-temperature and 400 °C
One experiment was am situ measurement of the SHG depositions.

intensity during the Ag deposition with the excitation wave-

length fixed at 1064 nril.17 eV). The coverage dependence ) ) .

of the SHG intensity was measured in detail with respect tgVhile it recovered to a higher level in the 400 °C deposition.
the change of the surface reconstruction induced by sub-owering the substrate temperature from 400°C to room
monolayer Ag atoms both at room temperature and atemperature did not change the RHEED pattern, but the SHG
400°C. The surface reconstruction was monitored byintensity increased by several tim@sot shown. Thus the
RHEED during and after the Ag deposition. This measure-igh SHG intensity in the 400 °C deposition was not due to
ment corresponded to the recent study by Pedesalf’ in the high substrate temperature, but was essential ta/ghe
which the change of SHG intensity was measured up to & /3-Ag reconstruction.

coverage of 25 ML's with respect to the number of Ag layers  Figure 2 shows the SHG spectrum of the A¢ISil) sur-
deposited on the &ill) surfaces. The second experimentaces. The spectra obtained in the 400 °C deposition and in
was the SHG spectrum measurement. Since this measurge room-temperature deposition are shown in the left and
ment took time, the spectra were taken only for several COViight columns. The spectra were obtained at 0, 0.25, 0.50,
erages in both the room-temperature and 400 °C depositiong. 75 414 1.00 ML coverage. Note that the bottom panels in
The surface structures were not changed by lowering th?ne left and right column show the same spectrum of the

substrate temperature from 400°C to room temperatur i(111) 7x7 clean surface at different magnifications. Fur-
Thus all the spectra were measured at room temperature Rermore. the spectra at 0, 0.25, and 0.50 ML in the left

mgxfm thermal desorption of Ag atoms during the measureéolumn are magnified by a factor of 2 with respect to those at

0.75 and 1.00 ML. Consequently, the maximum intensity in
the SHG spectrum of thg3x \/3-Ag reconstructed surface
(top panel in the left columnwas roughly six times larger
The 7x7 RHEED spots of the clean @il1) surface be- than that of the Si(111) X7 surface. The maximum inten-
came faint at 0.25 ML, and almost disappeared at around 0.5ty of the 1x 1-Ag surface(top panel in the right column
ML in the room temperature deposition. No spots other thawas 1/3 that of the Si(111) X7 surface.
the 1x1-Ag structure were observed in further deposition. The spectrum of the Si(111) X7 surface(the bottom
In the 400 °C deposition, theX?7 spots became faint at 0.25 panel in the right columncontained two peaks at excitation
ML as well as in the room-temperature deposition. Howeverphoton energies of 1.15 and 1.35 eV. In addition to these
the spots of the/3x \/3- Ag reconstruction started to appear peaks, a small increase of the SHG intensity was observed at
at ~0.5 ML. The/3x /3 diffraction became intense with ~1.7 eV. Since the region above 1.7 eV could not be
the coverage, and thé3x \/3 reconstruction was completed reached in our optical system, no obvious peak was detected
at~1.0 ML.® at ~1.7 eV. However, a peak has been reported at
Figure 1 shows the results of the situ measurement of ~1.7 eV in previous studies on the SHG spectrum from
the SHG intensity excited by a 1.17-eV photon energy laseBi(111) 7x7 surfaces in a wider energy rantfe’* Thus
beam. The SH intensities in the room-temperature andve regard the increase of the SHG intensity as a trace of the
400 °C depositions are indicated by dots and circles. Theeak at~1.7 eV. For the peak intensity dependence on the
SHG intensity initially decreased with the coverage in bothcombination of the polarized directions of the excitation and
the room-temperature and 400 °C depositions. However, ththe resulting SHG light? the P-polarized excitation has been
SHG intensity did not change in further depositions and rereported to exhibit only a small peak atl1.7 eV in the
mained at a low level in the room-temperature depositionS-polarized SHG signal. Since our optics were Pin-Sout, we

Ag coverage (ML)

Ill. RESULTS
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consistent with these previous studies, in which peaks were
observed at-1.2, ~1.4, and~1.7 eV. Since the peak at
~1.7 eV is not reduced with the oxygen adsorpttbit,has
been attributed to the band transition in the strained subsur-
face Si layers, as described later. The peaks-a&t2 and
~1.4 eV have been attributed to the transition with the sur-
face states of Si(111) X7, since these peaks decrease with
the oxygen adsorptioh:'2Based on the energy levels of the
occupied and empty surface states of Si(111} 77*>%the
peak at~1.4 eV has been designated as a one-photon tran-
sition between the occupied rest ato8) state to the empty
adatom {U,) state. However, the assignment of the peak at
~1.2 eV is controversial. Pedersen and Morgen designated
the peak as the transition frof), to the lower edge of the
broadU, state band! while Suzuki assigned the peak to the
two-photon transition between the occupied back bdByg (
3 state to theU; state'? In this study, the two peaks were
IO e found to reduce at different rates with the Ag coverage. The
101.21.31.4 151617 111213 14151617 different reducing rates indicate that the two peaks have dif-
Photon enerey (eV) Photon energy (eV) ferent origins. Thus we support that the peak at 1.15 eV was

a S3-U; two-photon transition. This designation is consistent

FIG. 2. The SHG spectrum of the Ag($L11) surfaces. The \yith the results of our STM study. STM images have

spectra obtained in the 400°C deposition and in the rooM<shown that the long-range ordering ok7 dimer-adatom-
temperature deposition are shown in the left and right columns

: o ) stacking fault(DAS) reconstructioff is preserved in a room
Circles: data. Solid line: least-square fit of the data. The coverage mperature deposition even after the 1-ML Ag deposition
indicated in each panel. Note that the bottom panels in the left an ough the adatom and rest atom sites of the surface a}e
right columns show the same spectrum of the Si(11% 77clean already covered by the Ag wetting layer. Therefore it is rea-
surface with different magnifications. In the left column, the spec- ) .
trum of 0, 0.25, and 0.50 ML are magnified by a factor of 2 with sonable fo assume that the peak at 1.35 eV with the re;t atom
respect to those at 0.75 and 1.00 ML. Eféi E)sc)r?éji?;:tr;ed faster than the peak at 1.15 eV with the
attribute the small increase to the trace of the peak at The spectrum changed in a different way in the Ag depo-
~1.7 eV. sition depending on the substrate temperature as shown in

The peaks at 1.15 and 1.35 eV disappeared at 0.50 ML ifig. 2. We obtained the spectra of the 400 °C deposition at
the 400 °C depositiolithe left column. The peak at 1.7 eV room temperature by cooling the substrate after a small in-
red-shifted to~1.6 eV. At coverages above 0.5 ML, where crease of the coverage. Thus the difference in the SHG spec-
the 3% /3-Ag reconstruction started to appear, two newtrum is related to a difference in the electronic states of the
peaks grew at 1.15 and 1.45 eV. The evolution of the peak a{3x \/3-Ag structure in the 400°C deposition and the 1
1.45 eV was particularly outstanding. The peak-dt.6 eV X 1-Ag structure in the room-temperature-deposition.
was not distinct at 0.75 and 1.00 ML. It may be involved The peaks in the SHG spectrum of the Si(llﬂ
under the shoulder of the intense peak at 1.45 eV, but thix \/3-Ag are related to the transition with the characteristic
has not been clarified. . surface electronic states of this surface reconstruction. Al-

The peaks at 1.15 and 1.35 eV of the Si(111X7sur-  though one of the two characteristic peaks of th@
face were reduqed in the room-temperature deposition. We J3-Ag reconstruction appeared at the same energy as the
found the reducing rate of the peak at 1.35 eV to be clearl)ga_u1 transition of the Si(111) X7 surface(1.15 eV, it
faster than that at 1.15 eV. The peak at 1.7 eV red-shifted Qa5 regarded to have originated from the intrinsic transition
1.6 eV with the coverage as well as in the 400°C deposmonof the 3x\3-Ag surface because y3X \3-Ag
However, no new peak appeared at coverage a_bove 0.5 Ml constructioft has a completely different framework from

The coverage dependence of the SHG intensity at 1.17-€p g reconstructiort® Angle-resolved ultraviolet photoelec-

excitation(FAg. 1) is consistent with thedchange ﬁf thﬁ SHG 1o spectroscopyAR-UPS studies have revealed three oc-
spectrum shown in Fig. 2. Figure 2 indicates that the SHG_ . p , / :
intensity initially reduced from the intensity at 1.17 eV, and tupied surface statesS{, S;, S;) at the Si(111)\3

9,20 o/ —
then recovered in the 400 °C deposition, while it reduced>< V3-Ag surface. S, was located at-—0.3 EV and had

monotonically in the room-temperature deposition, as show free-electron-like upward dispersion at arodhdwhereas
in Fig. 1. S, and S; were degenerated at 1.4 eV atK. Only one
distinct surface statel’) has been observed &tl.9 eV
IV. DISCUSSION above Fermi level by inverse photoemission spectroscopy
The SHG spectrum at the Si(111)X7 surface has re- (1P U’ was designated as a surface Umklapp of the Si
cently been reported by several grodps® Our result is empty state aK to I'. Judging from the energy difference
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andk; conservation, we attributed the peak at 1.15 eV at thgellium model where the anisotropic response in SHG is
J3x\/3-Ag reconstructed surface to the two-photon transi-neglected.” The surface parallel electric field does couples,
tion between theS] and —U' states(energy difference however, with the surface normal electric field through its
~2.2 eV). In addition to these surface states, the valenc@NiSotropic response at the(EL1) surface. In this study, we -
band can also contribute to the SHG in the surface |ayersqbserved an SHG signal with the surface parallel electric
which lacks inversion symmetry. However, no suitable val-vector along 211](x-axis) excited by a laser beam with the
ance band was found at th@x \/3-Ag surface in the theo- surface parallel electric vector alofif11](y-axis). The sec-
retically calculated band structufe. ond order nonlinear polarization aloﬁﬂs described by

In an unpolarized AR-UPS study, tH& state was ob- the following equation for normal incident beam geométty:
served clearly only under the electric vector parallel to the 2o v e v 5
surface®® Therefore the transition from tH8] state could be P~ (Xoo COS b+ Xy SN+ Xy Sin 260 EZ.
excited strongly in our SHG measurement with the excitation

2&) . . g -
beam polarized parallel to the surface. Recent theoretical Ca{ﬁexan Slealr:)eetf/t/]:egotﬂgni?\iir dzlrﬁcé?g(ttlt?ilg%ef;r\?ep(;?:nrgstlhse
culation indicated that th&; state has an Ag-Si bonding 9

— x axis. =90 ° in our experimental setup, and the response
characteristié® Since the Ag-Si bond directs anr{g.lZi, came from anisotropic tensor compon _ This aniso-
the S; state is regarded to have even parity with [ié2] tropic response is understood in the bond modslthe sum
T of the nonlinear polarization at each surface bond along

{211} directions. The surface bond does not lie in {h&1)

mirror plane. The Umklappetl’ state atl’ also has even

parity with the[ 112] mirror plane. The SHG was excited in .
this study by the electric field polarized alopg10] (which plane here, and it has a surface normal component. Thus the
IS study by Ic ield pofariz DG10] (whi surface parallel electric field can couple with the surface nor-

is perpendicular to the211] mirror plang. Thus the optical 3| excitation at the $111) surface via polarization of the
transition matrix is nonzero in the one-photon process begyrface bond. Therefore our electric field can couple with the
tween the states of different parity with tf@11] mirror  multipole plasmorf®
plane, and in the two-photon process between the states with The multipole plasmon peak became sharper and blue-
the same parity? In this case, the above assignment of theshifted with the coverage in electron energy-loss spectros-
two-photon transition betweeB; andU’ state is reasonable. copy of Na and K overlayer formation on @n1.% This is

The intense peak at 1.45 eV has no suitable transitiomn contrast to the peak at 1.45 eV not shifting for 0.75-
between the characteristic states of thé8x \3-Ag 1.0-ML coverage at the/3x \3-Ag surface. Theoretical
reconstruction. Judging from its strong intensity, we tentaworks have indicated that the blue-shift and sharpening of
tively attribute this peak to plasmon excitation. The the peak are due to a reduction of the coupling between the
Si(111) 3x \/3-Ag surface is regarded to have a metallic collective mode and one particle excitatioit’ The alkali
nature in respect to the free-electron-like dispersion ofghe atoms distributed uniformly in the overlayer and their dis-
surface staté??° The Na overlayer makes surfaces metallictance reduced gradually with the coverage. The overlap of
similar to the Si(111)+3x y3-Ag surface. A theoretical the electron orbital with the coverage enhances the metallic
study demonstrated that this Na overlayer shows plasmoRiature of the overlayer and causes a peak shift. However, Ag
peaks at 0.8, andw,, wherew,, is the bulk Na plasmof® ~ atoms demonstrated perfe¢Bx 3-Ag reconstruction lo-
The multipole plasmon at Ocg, in particular has been Ccally on the Si11l) surface even at a small coverage. The
shown to cause a strong peak in SHG at the excitation phdocal domain of the3x y3-Ag reconstruction extended
ton energy of 0.4, .2425The multipole plasmon peak was With the coverage and finally covered all of the surface at 1.0
expected to appear at 1.51 eV (@4 in our case of the ML. We deduced that the loca/3x y3-Ag domain forma-
Si(111) /3% \3-Ag surface, assuming that, is 3.78 eV tion is the reason why the peak did not shift at 1.45 eV.
(the bulk plasmon valye This estimation is satisfactorily =~ The SHG spectrum of an Si(111)x11-Ag surface is
close to the observed peak position at 1.45 eV. In respect tgharacterized by a single peak-atl.6—1.7 eV. This feature
the peak position and intensity, the peak at 1.45 eV can bBas been commonly observed in the SHG spectrum at
attributed to multipole plasmon excitation at the metallicmolecule-adsorbed ~ Si surfaces and S8
Si(111) 3x J3-Ag surface. interfaces »143031The peak was attributed in these previous

The problem here is whether the surface parallel electri€ases to the bulk band transition since the intrinsic surface
field of our normal incident laser beam can excite the multi-states of the Si surface had been quenched. The peak has
pole plasmon. A time-dependent density-functional approachince been assigned to be due to &g transition in the
has indicated that the multipole plasmon excitation is a resulgtrained subsurface layers that lacks the inversion symmetry
of dynamic screening of the surface normal electric field afor the SHG excited by the surface parallel electric fiéld.
the edge of the jellium surfa@? The strong resonance The Si(111) 1X1-Ag surface is similar to SiQ'Si inter-
enhancement of SHG has in fact been found at an excitatiofaces in that the dangling bonds of the Si surface are passi-
photon energy of 04, at metal surfaces in an SHG experi- vated. Thus we also attributed the peak toEgeransition in
ment with ap-polarized off-normal incident laser be&ir® the subsurface Si layers. The peak position has been ob-
However, the surface parallel electric field does not couple tserved to shift at Sig¥Si interfaces depending on the film
the multipole plasmon excitation within the framework of a thickness and the film growth conditidfi-*2 Some previous
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studies have determined the vertical tensile strain to be ththe study cited aboveThe starting surface dependence was
cause of the red-shiff:3! Ag film has been reported to ac- related to a difference in the growth mode of the Ag film.
cumulate tensile strain in thélll) plane at the epitaxial The quantized states in the Ag film and enhancement of the
Ag/Si(111) interface®® Assuming volume conservation in field by the localized plasmon in three-dimensional Ag is-
the deformation, the in-plane tensile strain in the Ag filmlands have been suggested as the origins of the coverage
causes a vertical tensile strain in the Si layer. This is qualidependence of the SHG intensity. However, this local plas-
tatively consistent with the redshift of the peak with the Agmon in Ag islands is not the same as the plasmon of the
coverage. However, a recent study indicated that the chang¢3 x \/3-Ag surface discussed in this study. Further studies
in the surface local electric field, not the strain, is the primarywith a full spectrum measurement for a thick Ad/Si)
origin of the peak shiff? In that case, a charge redistribution system are necessary to examine whether the electronic
due to the quenching of the dangling bonds may be the maistates at a buried interface can be detected by SHG.
reason for the redshift of the peak.

Finally, we compare the present results with previous V. SUMMARY
studies on the SHG from thick Ag film on an (%11
surface®” A change of the SHG intensity has been reported The SHG spectrum was measured at Si(112) 77 /3
in coverage up to 25 ML’s with the excitation beam fixed at X J3-Ag, and 1x 1-Ag surfaces. The SHG spectrum exhib-
1.17, 1.40, 1.70, and 2.34 eV in the room-temperature depdted features characteristic of the surface electronic states of
sition of Ag film on an Si(111) X7 surfac€. The oscilla-  these surfaces. The peaks at 1.15 and 1.35 eV of thé 7
tory behavior with the film thickness has been attributed sucreconstruction reduced in the Ag deposition. Based on their
cessfully to the resonance of the transition from the quantundifferent reducing rates, these peaks were designated as a
well states localized in the Ag film at each excitation photonS;-U, two-photon transition and,-U; one-photon transi-
energy. Our results suggest that ffginterface SHG should tion of the 7X7 reconstruction. Two intense peaks were ob-
also be observed at 1.6 eV. However, it is difficult to served at 1.15 eV and 1.45 eV at the Si(1143X \3-Ag
judge whether theEj interface SHG was detected in the surface. These were attributed to the two-photon transition
previous data, though the excitation energy at 1.70 eV waffom the free-electron-likeS; state to the surface Umklapp
close toE}, transition and a relatively larger SHG intensity U’ state, and the multipole plasmon resonance at.fBe
was recorded at this excitation photon energy. The thickness \/3-Ag reconstructed metallic surface. The dangling bond-
dependence of the SHG intensity has also been measured fi@lated peaks disappeared at the Si(112¥ 1tAg surface,
thick Ag fim at 1.17 eV on Si(111) X7 and {3 and only the peak due to tHe, transition at the strained
X \3-Ag surface$. In this study, the thickness dependencessurface layers was observed. These results demonstrated the
were found to differ depending on the starting surface strucpossibility of using SHG spectrum measurements to detect
ture, though the oscillatory behavior was not as obvious as icharacteristic electronic states localized at the surface.
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