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Second-harmonic generation �SHG� has been used to monitor the adsorption of Ag on the Si�111�-7�7
surface and its successive transformation to Si�111�-�3��3-Ag in situ at several sample temperatures in the
range from 190 °C to 570 °C. The decrease of the SH intensity with Ag deposition at elevated temperatures
higher than about 200 °C was found to be a result of destructive interference between the SH signals from
Si�111�-7�7 and Si�111�-�3��3-Ag. The temporal dependence of the SH intensity was calculated for a
direct transformation model of Si�111�-�3��3-Ag formation. The calculation using the phase differences and
the desorption rates obtained from the SH signal shows a temperature-dependent systematic deviation from the
observed data; that is, reduced transformation to Si�111�-�3��3-Ag in the initial stage of Ag deposition as
compared with that in the direct transformation model, which clearly suggests the existence of a critical size of
Ag islands for the nucleation of Si�111�-�3��3-Ag. Once nucleated, the Si�111�-�3��3-Ag transformation
is indicated to be accelerated by the additionally deposited Ag atoms up to a Ag coverage, at which point all
the deposited Ag atoms are incorporated into the reconstruction. Moreover, the peak of a polarization-selected
SHG signal observed during desorption was found to correspond to a surface fully covered by the 3�1
structure with a Ag coverage of 1/3 monolayer.
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I. INTRODUCTION

Studies of a few monolayers of Ag on Si�111� have been
conducted intensively because of the scientific and techno-
logical interests.1 It is established that at room temperature,
the Ag layer grows in a quasi-Frank-van der Merwe mode up
to a few monolayers �MLs�. A two-dimensional wetting
layer, which was observed to consist of a network of Ag
clusters with a complex structure in half-unit cells of
Si�111�-7�7 �hereafter referred to as 7�7� reconstruction,2

grows from the beginning of Ag deposition, followed by the
growth of three-dimensional �3D� islands after the comple-
tion of the growth of the Ag wetting layer.3–9 Above
the phase transformation temperature Tc �about 200 °C�, Ag
grows in the Stranski-Krastanov mode; a Si�111�-
�3��3-Ag �hereafter referred to as �3��3-Ag� structure is
formed at approximately one ML and further deposition re-
sults in a nucleation of 3D Ag islands.1 The formation of
�3��3-Ag has been reported to proceed with the creation of
hole-island pairs of the �3��3-Ag structure.10–12 The re-
structuring to �3��3-Ag at 240 °C was observed when the
Ag island was larger than four times the size of a half of the
7�7 unit cell,10,11 which was explained by the existence of a
critical size of Ag islands on 7�7. To our knowledge, there
are still few detailed studies on the critical size of Ag islands
in the transformation from 7�7 to �3��3-Ag.

Second-harmonic generation �SHG�, which is a technique
capable of in situ measurement and is sensitive to the sym-
metry of surface structures, has already been successfully
applied to the study of 7�7. The 7�7 structure is known to
generate a strong SH signal at 1.17 eV, the fundamental fre-
quency of the yttrium aluminum garnet �YAG� laser, which
has been attributed to the resonance enhancement due to the

surface-state transitions.13–15 By Ag deposition onto 7�7 at
RT, the SH intensity decays monotonically down to zero at a
Ag coverage of about 1 ML.16 The decay in the SH intensity
signifies the quenching of the surface dangling bonds by the
Ag adatoms.16 In contrast, for Ag deposition at elevated tem-
peratures above Tc, the SH intensity decreased until a Ag
coverage of about 1 /3 ML, and then increased for further Ag
deposition until 1 ML, where the �3��3-Ag surfaces were
formed.17,18

During our in situ monitoring of the change of the SH
intensity induced by Ag deposition17,18 above Tc, the initial
delay was recognized to change with sample temperature;
delay increased for lower temperatures approaching Tc. It
was suggested that the delay might be related to the nucle-
ation process of �3��3-Ag. Thus systematic experiments
have been carried out to reveal the nucleation process.

In this paper, we report a series of in situ SHG measure-
ments for Ag deposition onto the 7�7 surface at different
substrate temperatures from 192 °C to 575 °C. We also
measured the relative phases of the SH signals from 7�7
and �3��3-Ag at several temperatures. The desorption rates
were obtained from in situ SHG results. The measured phase
difference and the obtained desorption rates were success-
fully used to simulate the change of SH intensity during Ag
deposition.

II. EXPERIMENTAL

The Si�111� wafer, with the size of 25�4�0.35 mm3,
was placed in a UHV chamber with the longer side horizon-

tal and along the �21̄ 1̄� direction. The pump for the SHG
was 1064 nm �1.17 eV� radiation from a YAG laser, with a
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repetition rate of 10 Hz. For in situ observation, the laser was
obliquely incident at an angle of 45° and focused to a spot
with a diameter of 2 mm on the sample. The SH signal was
detected along the reflected direction by a photomultiplier
tube through a monochromator tuned at 532 nm. The input

beam was vertically polarized along the �011̄� direction of
the sample. The SH signal was detected in the polarization
direction perpendicular to the input polarization. The sample
was flashed at a temperature of 1150 °C to expose a clean
7�7 surface by resistive heating of the sample through a
direct current source. The sample temperatures above
400 °C were measured using an optical pyrometer with a
nominal accuracy specified by the manufacturer of ±4 °C for
temperatures lower than 800 °C. Due to a limited accuracy
of the Si emissivity used in our experiment, the accuracy of
the temperature measurement would be around ±10 °C.
Temperatures lower than 400 °C were estimated using the
temperature to current relationship developed by Ichikawa
and Ino,19 i.e., ln T=A ln I+B. This estimation procedure
would allow an error of ±20 °C. Silver flux from a Knudsen-
Cell �Kcell� was incident almost normally onto the sample.
The UHV chamber was capable of an ultimate vacuum better
than 2�10−10 Torr. The pressure in the chamber was below
5�10−10 Torr at all times during the experiment. The sample
temperature was kept constant during Ag deposition. The
relative phase of the SH signal was measured from the inter-
ference between SH signal from the sample with that from a
y-cut quartz plate mounted on a translation stage in the out-
put line in air.20

III. RESULTS AND DISCUSSION

The change of the SinPout signal during Ag deposition
onto a clean 7�7 surface is shown in Fig. 1 for various
sample temperatures, where the SH intensity from a clean
7�7 surface is normalized to a constant value. The SH in-
tensity decreased monotonically at 192 °C. As reported in
the literature,1 the phase transformation to �3��3-Ag does

not occur when the temperature is lower than Tc. At tempera-
tures above Tc, an accelerated decrease of the SH intensity
occurred, particularly up to the Ag coverage of about
1 /3 ML; this is related to the phase transformation to
�3��3-Ag. Moreover, a careful investigation of the initial
stage of the decrease revealed that, at 338 °C, the decrease
of the SH intensity showed a delay until around 200 s, com-
pared with that at the highest temperature. A delay until
around 80 s was also identified at 440 °C. For still higher
temperatures in Fig. 1, the decreases of SH intensities were
sufficiently rapid to make the delay less discernible. Almost
no difference was observed in the increase of the SH inten-
sity in the temperature range between 338 °C and 496 °C, as
can be seen in Fig. 1. The increase was clearly much slower
at 543 °C, which was found to be due to the slow increase of
Ag coverage caused by Ag desorption, as will be discussed
below. The SH signals in the initial stage of Ag deposition at
three typical temperatures are shown in the inset of Fig. 1.
The decrease at 338 °C was similar to that at 192 °C up to
200 s, but deviated with further Ag deposition. At 543 °C,
the deviation began much earlier, from at least about 100 s.

The delay of the decrease of the SH intensity at 338 °C,
as shown in Fig. 1, may be related to the nucleation of �3
��3-Ag. For the nucleation of a new structure, the nucleus
size must exceed a critical size to grow larger.21 Since the
transformation to �3��3-Ag is an activated process, Ag is-
lands must also grow to a certain size to surmount the energy
barrier before they can transform into �3��3-Ag. In the
following discussion, in order to evaluate the delay of the
phase transformation, we will express the SH intensity as a
function of the Ag coverage and sample temperature, and
then compare the experimental data shown in Fig. 1 with the
temporal dependence of the SH intensity simulated accord-
ing to the “direct transformation model,” in which all the Ag
atoms of less than 1 ML are assumed to instantaneously
transform into �3��3-Ag.

The Si�111� surface is known to be a mixture of 7�7 and
�3��3-Ag for a small amount of Ag deposition at sample
temperatures higher than but close to Tc.

7 At higher sample
temperatures of around 600 °C, Si�111�-3�1-Ag �hereafter
referred to as 3�1-Ag� may coexist on the surface.7,22,23

Then the SH intensity for Ag coverages less than 1 ML can
be expressed as the sum of each contribution

ISHG � ���1�S1ei�1 + ��2�S2ei�2 + ��3�S3ei�3�2, �1�

where �, S, and � are the second-order nonlinear suscepti-
bility and the area and the phase of the SH response,
respectively. The subscripts 1, 2, and 3 represent 7�7,
�3��3-Ag, and 3�1-Ag, respectively. The intensity of the
observed SH signal is a superposition of all the SH responses
from coexisting structures.

First, let us estimate the SH contribution from the
3�1-Ag structure. In Fig. 2, the change of the SinSout signal
during Ag deposition onto the 7�7 surface is plotted as a
function of time. No SinSout signal, except for the dark count
of the photomultiplier tube �PMT�, was observed for either
the 7�7 or the �3��3-Ag structure,16,17 as expected from
their 3m symmetry. Thus the SinSout signal can originate only
from 3�1-Ag or its related structures.17 Although the details

FIG. 1. The change of SH intensity during Ag deposition onto
Si�111�-7�7 at various sample temperatures from 192 °C to
575 °C. The inset shows the plot of SH intensity from 0 to 800 s
for three typical temperatures. The Ag flux was approximately
0.06 ML/min.
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of the origin of the SinSout signal are still unclear, the SinSout
signal intensity can be assumed to be proportional to the
square of the 3�1-Ag area.17 As shown in Fig. 2, the peak
SinSout signal intensity observed during Ag deposition
at 470 °C was about 1 /9 of that observed during Ag de-
sorption, which we consider to correspond to a nearly full
3�1-Ag surface.17 No signals from 3�1-Ag were recog-
nized for temperatures lower than 400 °C. Moreover, the SH
signal from 3�1-Ag was much weaker during adsorption
than during desorption. Thus, we simply assume that the
contribution to SinPout from 3�1-Ag can be neglected in
Fig. 1, particularly for low Ag coverage at temperatures
lower than 450 °C.

We will consider only the contributions from 7�7 and
�3��3-Ag. Then the expression for the SH intensity can be
simplified to

ISHG � ���1�S1ei�1 + ��2�S2ei�2�2

= ��1�2S1
2 + ��2�2S2

2 + 2��1�S1��2�S2 cos��1 − �2� . �2�

Then, �, S, and �1 -�2 can be evaluated from experimental
data as follows. The ratio of the nonlinear susceptibility of
�3��3-Ag to that of 7�7, ��2 /�1� was obtained from the
ratio of the signals at B and A in Fig. 1 since B corresponds
to a full �3��3-Ag surface. In the simulation, we used the
same ratio at all sample temperatures since little difference
was observed in the ratios.

Figure 3 shows the typical phase measurement results at
RT and 460 °C. By fitting the experimental data using the
sine function, we obtained 148° and 155° for the phase dif-
ferences between 7�7 and �3��3-Ag at RT and 460 °C,
respectively. Then the change of the SH intensity with Ag
deposition above Tc can clearly be interpreted by the destruc-
tive interference resulting from the phase difference of 150°.
We assume that the phase difference is temperature indepen-
dent and is 150° at all the employed temperatures, although
we note that the absolute phase of the SH signal from
7�7 was slightly dependent on temperature.20 Note that
even if we include the slight temperature dependence of the
phase difference, the following conclusions will be little af-
fected.

Next, we will evaluate the temperature dependence of the
contribution of desorption to S1 and S2. S1 and S2 can be
expressed by �. Because the Ag coverage of �3��3-Ag
surface is 1 ML, the area of �3��3-Ag �S2� can be ex-
pressed by � in our simple model, while the area of 7�7
�S1� is 1-�, where ��t� can be described by the rate equation
d� /dt=A−D� with A being the Ag flux and D the desorption
rate. The sticking probability of Ag atoms is taken to be 1
for Ag coverages less than 1 ML.24 Using the solution of
the rate equation, �=A /D�1−e−Dt�, the areas of 7�7 and
�3��3-Ag can then be expressed by S1=1−�=1−A /D�1
−e−Dt� and S2=�=A /D�1−e−Dt�, respectively. The desorp-
tion rate D was obtained from the isothermal experimental
results, as shown in the inset of Fig. 4, where the initial
7�7 surface had no SinSout signal. During Ag deposition,
the SinSout signal increased in response to the growth of
3�1-Ag, and then, after a peak, it decreased gradually to

FIG. 2. The change of SinSout signal from Si�111�-3�1-Ag dur-
ing Ag deposition onto Si�111�-7�7 at RT and 470 °C. The Ag
flux was 0.03 ML/min. The inset shows the sample temperature
dependence of the peak SinSout signal observed during Ag deposi-
tion onto Si�111�-7�7. The Ag fluxes were approximately 0.016
and 2 ML/min, respectively. FIG. 3. Interference pattern of the SH signal as a function of the

distance that a quartz reference moved from its original position for
�a� Si�111�-�3��3-Ag at RT, �b� Si�111�-�3��3-Ag at 460 °C,
�c� Si�111�-7�7 at RT, and �d� Si�111�-7�7 at 460 °C. The sym-
bols represent the experimental data and the solid lines are the fitted
results.

FIG. 4. Desorption rates of Ag atoms from Si�111�-�3��3-
Ag versus the sample temperature �Arrhenius plots�. The inset
shows the results of an in situ SH measurement used for the esti-
mation of desorption rate at a sample temperature of 543 °C, where
�A� corresponds to a Si�111�-�3��3-Ag surface and �B� corre-
sponds to a Si�111�-7�7 surface.
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zero at 1 ML. After closing the shutter at A �see the inset�,
the SinSout signal again started to increase in response to Ag
desorption. The peak SinSout signal corresponding to the larg-
est 3�1-Ag area appeared during Ag desorption. At the end
of desorption, indicated by B, the SinSout signal was again
zero, corresponding to a surface fully covered by 7�7.
Since the desorption energies reported for �3��3-Ag and
3�1-Ag are sufficiently close, 64 and 69 kcal/mol,
respectively,24 it may be reasonable to use the same rate for
Ag desorption from �3��3-Ag and 3�1-Ag. The Ag cov-
erage can then be expressed by �=e−Dt, according to a
simple rate equation, by taking t=0 at A, where D and �
represent the desorption rate and Ag coverage, respectively.
If we assume that the peak SinSout signal observed during Ag
desorption from �3��3-Ag corresponds to Ag coverage of
1 /3 ML, we can numerically evaluate D. Figure 4 shows the
Arrhenius plot of D versus 1/T, where T is the sample tem-
perature in Kelvin. A desorption energy of 59 kcal/mol was
obtained from Fig. 4, which is sufficiently close to the re-
ported value of 64 and 69 kcal/mol for �3��3-Ag and 3
�1-Ag, respectively. This may, in turn, confirm our interpre-
tation that the SinSout signals come from 3�1-Ag and the
peak SinSout signals observed during Ag desorption corre-
spond to a surface fully covered by 3�1-Ag with a Ag cov-
erage of 1 /3 ML.17

Figure 5 shows the calculated Ag coverage for 192 °C,
440 °C, and 543 °C. The increase of Ag coverage at 543 °C
or higher is clearly slower than those at 338 °C or 440 °C,
as a result of stronger Ag desorption. This clearly indicates a
negligible contribution of desorption at sample temperatures
up to 440 °C.

The time dependences of the SH intensities shown by the
dotted lines in Figs. 6�b�, 6�c�, and 6�d� are thus calculated
from Eq. �2� using S1 and S2 obtained from the desorption
rates. The experimental results normalized by 1 for the SH
intensity from a 7�7 surface are also plotted as solid lines
for comparison. The decrease of the SH intensity in Fig. 6�a�
can be attributed to the quenching of the surface states of 7
�7,16 because the sample temperature of 192 °C was not
high enough for the phase transformation to �3��3-Ag to
occur. Thus the SH intensity at 192 °C may be expressed by
I� �1−��2 if we assume that the 7�7 area is quenched in
proportion to the Ag coverage � up to 1 ML. This assump-
tion may be justified by the change of the SH intensity being
well reproduced using this expression, as shown by the solid
line in Fig. 6�a�. For the case of 338 °C shown in Fig. 6�b�,
there exists a large discrepancy between the experimental

data and the simulation before 500 s, while the simulation
agrees better with the experimental data after 500 s. At
440 °C, the discrepancy before 500 s is clearly smaller than
that at 338 °C. In Fig. 6�d�, where the sample temperature
was 543 °C, the discrepancy before 500 s is much smaller.

The rapid decrease of the simulation data reflects the can-
cellation of the signals from 7�7 and �3��3-Ag because
their phase difference of around 150° results in a destructive
interference as has been discussed above. Since there were
no structures other than 7�7 and �3��3-Ag existing on the
surface at the temperature of 338 °C, the slower decrease of
the experimental data compared to the results of the simula-
tion based on the direct transformation model can be attrib-
uted only to a delay of the phase transformation, i.e., a
smaller area of �3��3-Ag in the initial stage of Ag deposi-
tion compared to that determined by the model. Figure 6�c�
shows a similar behavior at 440 °C, but with a smaller dis-
crepancy between the simulation and experimental results. A
possible small contribution from 3�1-Ag was neglected in
the case of Figs. 6�c� and 6�d�. Even if we change �1 -�2 by
10°, the simulation results show negligible deviation from
the results in Figs. 6�b� and 6�c�. This will justify our as-
sumption of a temperature-independent �1 -�2.

Thus, Fig. 6 indicates that the phase transformation from
7�7 to �3��3-Ag does not occur instantaneously follow-
ing Ag deposition. The delay in the initial stage of Ag depo-
sition is shown to decrease with increasing temperature. Af-
ter the delay, the transformation appears to be accelerated to
catch up with the transformation in proportion to the Ag
coverage. The delay of the decrease of the SH intensity
shown in Fig. 1 may correspond to the transformation being
able to start only after the Ag island reaches a critical size.
Once the �3��3-Ag nuclei are formed, the transformation
will be accelerated because of the low barrier energy for
growth, until all of the deposited Ag atoms are incorporated
into the �3��3-Ag transformation. Considering the low
barrier energy for the transformation at high temperatures,
the shorter delay at high temperatures shown in Fig. 1 may
be explained either by a smaller critical cluster size at high
temperatures or a faster diffusion of Ag atoms at high tem-
peratures. A detailed quantitative study of the nucleation and
growth process is now under way.

FIG. 5. Deposition time dependence of Ag coverage � calcu-
lated from the desorption rates shown in Fig. 4.

FIG. 6. Simulation and experimental results for several typical
sample temperatures. Dotted lines are the simulation results and
solid lines are the experimental results. The experimental results
have been normalized to 1 for the signal from clean 7�7.
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IV. CONCLUSION

A delay of the decrease of SH intensity was observed
during Ag deposition onto a 7�7 surface at elevated sample
temperatures. The temporal dependence of the SH intensity
calculated for the case of direct transformation to Si�111�-
�3��3-Ag shows a temperature-dependent deviation from

the experimental data. These results suggest that a critical
nucleus for the growth of Si�111�-�3��3-Ag can be identi-
fied. The peak of a polarization-selected SHG signal ob-
served during desorption was also found to correspond to a
surface fully covered by 3�1 structure with a Ag coverage
of 1 /3 ML.
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