PHYSICAL REVIEW B, VOLUME 64, 195415

Oscillation of the optical second-harmonic generation intensity during Ag thin film growth
on a S(111)7X7 surface
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The optical second harmonic generati@HG) intensity demonstrated clear oscillations during Ag thin film
growth on an Si(111)X 7 surface at room temperature. The first intensity peak appeared at two monolayer
(ML) for 1.20, 1.30, and 1.40 eV pump photon energies, and the second peak shifted to a lower coverage side
with increases in the excitation photon energy. The SHG spectra and atomic force microscope images indicated
that the first peak was due to local field enhancement by the plasmon confined in isolated Ag islands. The
second peak was caused by resonance with the quantized electronic states confined in the flat Ag thin film.
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I. INTRODUCTION an oscillation of the SHG intensity with coverages at several
fixed pump photon energies. Peaks in the SHG intensity were
Optical second harmonic generatitBHG) has gained at- Vvery recently attributed to resonance with the quantum well
tention as a powerful tool fan situ monitoring of thin film states”” However, the initial change of the SHG intensity
growth processes because it eliminates the needs for vacuuffPuld not be explained by the quantum well resonance. Local
a quick response in the time domain, and sensitivity to théIeld enhancement was cited as the reason for the unex-

) . . plained initial change of the SHG intensity, but the details
surface and interface in SHG measuremeritse SHG in- were not studied. Our study complements that of Pedersen

t_ensit.y is quadratically proportional_to the !pcident PUMP ot 4148 |n this study, we concentrate on coverage up to
light intensity. Thus, growth of the film modifies the SHG _109 ML, where the growth mode changes from three-
intensity by enhancing the local electric field. Enhancemengiimensional small island nucleation to flat layer growth, and
of the SHG intensity has been previously reported withinvestigate the changes in the SHG intensity in more detail.
nucleation of three-dimensional islaRdsdue to light field A combination of the SHG intensity measurements with sev-
enhancement by local plasmons confined in the small iseral fixed pump photon energies, the SHG spectrum mea-
lands. Enhancement of the SHG intensity by resonant transpurements at several fixed coverages, and an atomic force
tion with the quantum well states confined in planar thinMicroscopelAFM) measurement revealed that the first SHG
films grown layer-by-layer was also recently reportalin intensity peak was due to local field enhancement, while the
general, both the local field enhancement and resonance B?HOW'UQ peaks were due to resonance to the quantum well
the quantum well states could influence the SHG intensityc'tates in the flat Ag layers.

during the growth of thin films with morphological changes.
However, only one of the two origins was investigated in
previous studies on the correlation of the SHG intensity with Details of the experiments have been described
the thin film growth process. In this study, we combine SHGelsewheré! Briefly, experiments were performed in an ultra-
and atomic force microscopéAFM) observations for Ag high vacuum chamber equipped with reflection high-energy
thin film growth on an Si(111)¥ 7 surface at room tem- electron diffraction (RHEED), low-energy electron
perature to demonstrate that both local field enhancemeftiffraction-Auger electron spectroscogyEED-AES), and
with island nucleation and resonance with quantum welilan Ag Knudsen cell with a shutter. (811) samples were
states in a flat film contribute to changes in the SHGthermally cleaned in the chamber. The surface cleanliness
intensity. was confirmed by observing a sharpx7 RHEED pattern.

Ag film grows in the Stranski-Krastanov mode on an SHG was caused by a pulsed laser beam from an optical
Si(111)7x7 surface at room temperature in the initial parametric oscillatiofOPO system excited by @ switched
growth stage. A scanning tunneling microsc¢p@M) study ~ YAG laser. The SH signal was separated from the pump light
indicated that a two-dimensional wetting layer is completeddy color filters and was detected by a photomultiplier tube
at~0.7 ML, and three-dimensional Ag islands then start to(PMT). The SHG intensity was calibrated by considering the
nucleate. However, large islands with flat surfaces havewavelength dependence of the transmittance of the color fil-
been observed in ultrahigh vacuum secondary electron miers and the sensitivity of the PMT. The quadratic depen-
croscope(FE-SEM images at coverages abovel0 MLE  dence of the SHG intensity on the pump beam intensity was
Quantum well states in flat Ag thin films have also beenalso considered. The sample was irradiated at 45° from the
reported for coverages above 5 ML in an ultraviolet photo-surface normal by &P-polarized pump laser beam. The
emission(UPS study’ SHG intensity changes with Ag film P-polarized component of the SHG light was detected. The
growth on an Si(111)X 7 surface were recently reported by polarization vector was parallel to tfé11] direction at the
Pederseret al.for Ag coverage up to 25 ML. They observed Si(111) surface. The SHG intensity was measured at 1.20,

Il. EXPERIMENT
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FIG. 1. The SHG intensity oscillation with an increase in Ag
coverage. The results for 1.20, 1.30, and 1.40 eV pump photon
excitations are indicated by triangles, squares, and dots. The solid
lines are the least square fits of the data.

1.30, and 1.40 eV pump beams during Ag growth on an
Si(111)7x7 surface at room temperature. The SHG spec-
trum was also measured at several coverages in a pump beam
range between 1.05 and 1.60 eV. The Ag coverage was de-
termined by the deposition time under the assumption that
the Ag-induced\/3x /3 reconstruction was completed at 1 1.1 1.21.31.41.5 1.6
monolayer(ML).*? The growth rate of the Ag film was 0.25 Pump photon energy (eV)
ML/min. The surface morphology of the grown film was
observedex situby an atomic force microscop@FM) in
contact mode.

SHG Intensity(arb.units)

FIG. 2. SHG spectrum taken at Ag coveragesayfl.9ML, (b)
3.7ML, (c) 5.2ML, and(d) 7.5ML. Arrows indicate the pump pho-
ton energies of 1.20, 1.30, and 1.40 eV used for the measurements
in Fig. 1. The zero signal lines are indicated by fine horizontal lines
in (c) and(d).
Ml RESULTS coverage of the second peak in the 1.30 eV pump photon
Figure 1 shows the coverage dependence of the SHG irenergy. This coverage also corresponds to the high and low
tensity at 1.20, 1.30, and 1.40 eV pump photon energies. Theoverage side tails of the second peak in the 1.40 and 1.20
SHG intensity initially decreased with the coverage in theeV pump beams. Figurg@ was taken at the coverage of the
submonolayer regime at all pump photon energies. The insecond peak at the 1.20 eV pump photon energy. At this
tensity then increased and exhibited the first peak at 2MLcoverage, the SHG intensity of the second peak was suffi-
The intensity was twice a great in the 1.40 eV pump beam asiently reduced at the 1.30 and 1.40 eV pump photon ener-
in the 1.30 and 1.20 eV pump beams. However, the positiogies in Fig. 1. The spectral shape of Figai2is similar to
of the first peak was independent of the pump photon energyhat of (b), though the spectruitb) intensity is relatively less
In contrast to the first peak, the second peak position wathan that of(a). The SHG intensity in Fig. @) is relatively
dependent on the pump photon energy. The second peak agreater at around 1.4 eV compared with spe@aand (b),
peared at 4, 6, and 8 ML for 1.40, 1.30, and 1.20 eV pumpsuggesting that a small peak was embedded &4 eV in
photon energies. The intensity of the second peak decreas#ite slope from the higher energy side. A clear peak is ob-
with decreases in the pump photon energy. served at 1.20 eV in Fig.(d), while the intensity is reduced
Figure 2 shows the SHG spectra taken at(®93.7 (b), at ~1.30 and 1.40 eV relative to speci@ and (b).
5.2(c), and 7.5ML(d). Arrows in the figure indicate the 1.20, Figure 3 shows AFM images of the Ag films grown on the
1.30, and 1.40 eV pump photon energy positions at which th&i(111)7x 7 surface. Figures(d), 3(b), and 3c) were taken
SHG intensity oscillations were observed in Fig. 1. Figuresat the coverages at the upward tail, the maximum, and the
2(a) and Zb) were taken at the coverage of the first peak anddownward tail of the first peak in Fig. 1. Figuréd} was
the subsequent valley in Fig. 1. Figur&Pwas taken at the taken at the coverage of the valley following the first peak.
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Si(111)7x 7 surface exhibited peaks at 1.15, 1.35, and 1.7
eV pump photon energies due to a two-photon transition
from the occupied back bond state to the empty adatom state
(S3-U1), a one-photon transition from the occupied rest atom
state to the empty adatom std&2-UJ) of the 7X7 dimer-
adatom-stackingDAS) fault surface reconstruction, and the
two-photon resonance to thg; transition in the strained
near-surface layers:*The assignments of the 1.15 and 1.35
eV peaks are convincing because these surface dangling
bond-related peaks are quenched by exposure to
oxygert®1*1"=9and hydrogert>? Only the E/ transition
was observed as a distinct peak in the spectrum in a
P-polarized SHG intensit}?! However, the S2-U1 transi-
FIG. 3. AFM images of Ag films grown on an Si(111X7  tion has been reported to cause a broad resonance at

surface at room temperature. The image size wad 1um. The  ~1.30 eV and to contribute to the intensity at the long tail
Ag coverage is indicated in the figures. of the peak at-1.7 eV in theP-polarized SHG spectrur.

In our previous study on th&-polarized SHG spectrum, the

peak due to the S2-U1 transition was observed to decrease
Figure 3e) was taken at the coverage of the second peak ifvith coverage in the submonolayer regime in Ag deposition
the 1.40 eV pump beam. This coverage also corresponds h an Si(111)% 7 surface because of the saturation of the
the valley follow_ing the first peak in the 1.30 and 1.20 eV g rface dangling bonds by Ag atofisThus, an initial de-
pump beams. Figure( was taken at the coverage of the rease of the SHG intensity is reasonable at pump photon

second peak in the 1.20 eV pump beam. These AFM imagesnergies of 1.20, 1.30, and 1.40 eV close to the broad S2-U1
demonstrate that the Ag atoms initially nucleate into threejegonance.

dimensional islands. The islands then coarsen into a network. Agm images indicated that the film was not continuous

Finally, the surface of the film had the same contrast in mosf consisted of three-dimensional Ag islands at around the
areas except for small dark regions in AFM images. It meang st peak in Fig. 1. The two-dimensional quantum well does

that the surface morphology changes to flat, though the Sufjot expand in such an assembly of three-dimensional Ag
face includes many holes. In comparison with Fig. 1, the firsfgiands. Therefore, the first peak is not due to resonance with
peak was found to appear in the growth stage of the smajq quantum well states in the Ag film, but to local field

island nucleation. The second peak was found to appear iBhhancement in the Ag small islands. The light field can

the se_cond stage where the islands coalesced and formedcgume with the plasmon due to the breakingkgfconserva-
film with flat surface morphology. tion at the surface with small islands, and can then enhance
the local field. The SHG intensity increases through the en-
hancement of the local fiefd. The number of nucleated
small islands increased with the coverage in the initial stage
V. DISCUSSION of the Ag thin film growth. However, the islands later de-
The positions of our second peaks in Fig. 1 are consisterdreased to form a continuous flat film, and the number of
with the positions of the first clear peaks in Pedersen’s reislands decreased. This change in the number of islands
cently published resulsThe first peaks were identified at caused the first peak in the initial stage of the thin Ag film
~5 ML in the 1.40 eV pump beam and at7 ML in the  growth.
1.17 eV pump beam in the SHG intensity oscillation in their In surface enhanced Raman scatteri8&RS, the local
report. However, the change in the SHG intensity differed infield has been reported to be enhanced by several orders
the small coverage region up to 3 ML. Our results are charwhen the pump beam photon energy hits the local plasma
acteristic in that the SHG intensity initially decreased andresonance precisefy. The increase of our first SHG peak
then the first peak appeared clearly at 2 ML, independent ofvas not substantial, probably because the pump photon en-
the pump photon energy. In Pedersen’s results, the SHG irergies of 1.20, 1.30, and 1.40 eV were far from the local
tensity increased from zero toward a small peak at 1 ML angblasma resonance. The resonant energy depends on the shape
an intense shoulder at 4 ML before the clear peak at 7 ML irof the Ag island®*~2%In the simplest sphere shape of depo-
a 1.17 eV pump beam. The SHG intensity initially decreasedarization factorA=1/3, the resonant energy is calculated to
in their 1.40 eV pump energy, had a minimum at 2 ML, andbe 2.20 eV using EqJ) in Ref. 26 for a Drude type dielec-
then increased to a clear peak at 5 ML. These discrepancigsc function with an Ag bulk plasma frequency of 3.84 eV.
may be caused by a difference in the growth rate, whiclirhe resonant energy differs for a more complicated shape,
influences the island nucleation, though no description of théut is still expected to be higher than our scanning range of
rate was found in the previous report. the photon energy of the spectrum in Fig. 2. Thus, no local
The pump photon energy dependence of $ygolarized  plasmon resonant peak was observed in the spectrum. How-
SHG intensity from an Si(111)X%7 surface has been re- ever, the local plasmon resonance has a broad tailing of
ported by several grougs*~*In the SHG spectrum, the ~0.6 eV in the full width of the half maximurtFWHM).2
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Thus, our pump photon energies are expected to be on th#ency of the quantum well state to become shallower with
edge of the lower energy side tail of the local plasma resothe thickness of the Ag thin film. Our results indicate that the
nance in the initial growth stage. This agrees with the specquantum well states evolved in the Ag films of coverages
tral shapes in Figs.(3) and 2b). The increasédecreaspof ~ above~4 ML. This is consistent with the UPS stutignd a

the number of islands increasédecreasesthe intensity at linear optical reflectance spectroscopic study on g003)

the tail. However, this change does not depend on the pumgurface, which indicated that Ag film suddenly has a metallic
photon energy. We presume that this is the reason for theature at a coverage of 3.4 ME The clear peak at 1.20 eV
pump photon energy independence of the first peak. This is Fig. 2(d) and the peak suggested to be embedded at 1.40
also consistent with the spectral change in Fig®) 2nd eV in Fig. Zc) also support resonance with the quantum well
2(b). state. Pederseat al° recently theoretically studied the con-

In addition to the local plasmon resonance, a two-photoriribution of the quantum well states in an Ag film on an
resonance with the] transition in the strained subsurface Si Si(111) surface to the SHG. They calculated the SHG by the
layers at~1.7 eV (Refs. 16, 21 could increase the SHG at electronic transition from the occupied quantum well states
the high-energy side in our SHG spectrum. Higresonance 0f an Ag film to the quasifree empty states coupled to an Si
has been reported to shift by0.1 eV with a change of the conduction band continuum as a function of the Ag film
strain due to a heterolayer growth on the Si substfaté. thickness. Several transitions were included simultaneously
The direction of the shift depends on the sign of the changdh a film of specific thickness because of the broadness of the
of the strain. A redshift is expected in the Ag deposition onempty states. The resonant peak was predicted to appear at 7
an Si substrat& This shift may increase the SHG intensity and 5 ML for 1.17 and 1.40 eV excitations in the theory. This
on its lower energy side, but the direction of the shift doedS consistent with our results.
not reverse in the course of the Ag thin film growth. Thus, it
does not produce a peak in the coverage-dependent change
of the SHG intensity and is ruled out as the reason for the
first peak in Fig. 1. The strain resonance remains in all stages In summary, we studied SHG intensity oscillation in de-
of Ag thin film growth; therefore the tail of the local plasmon tail during Ag film growth on an Si(111)X 7 surface. The
resonance with the low-energy side was superimposed on tH#st peak appeared at 2 ML, and was independent of the
strain resonance in the initial stage of growth. The contribupump photon energy. Based on the independence of the
tion of the local plasmon tail first increased in the initial pump photon energy and the SHG spectra and the AFM im-
stage and then decreased to cause the first peak in Fig. 1. Thges of the three-dimensional Ag islands, we concluded that
local plasmon contribution disappeared in the latter stagethis peak was due to local plasmon resonance in the Ag is-
but the strain resonance remained. The increase in the SHI@nds. The second peak shifted to a lower coverage with
intensity at the high-energy side in Figs(cRand 2d) is  increases in the pump photon energy. The peak position
regarded to be due to this residual strain resonance. agreed with theoretical values. The pump photon energy shift

In contrast to the first peak, the excitation energy-and the AFM images of the flat surface morphology of the
dependent shift and flat surface morphology of Ag films sup-Ag film support the supposition that the peak is caused by
port the hypothesis that the second peak is caused by SH@sonance with the quantum well states in the Ag film. This
resonance with the quantum well states confined in the Agtudy demonstrated that coverage-dependent oscillation of
films. The shift of the peak to the large coverage side withthe SHG intensity can provide information about both island
decreases in the pump photon energy agrees with the tenucleation and flat layer film growth.

V. SUMMARY
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