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Silver nanoparticles were fabricated using the gas-evaporation method, and were deposited directly
onto various substrates for different measurement purposes. Surface images obtained by transmission
electron microscope and atomic force microscope show that the films fabricated consist of Ag nanoparti-
cles rather than a smooth Ag layer or Ag islands. A series of Ag-nanoparticle films fabricated at
different evaporation rates but with mass thickness fixed at 100 A was used to study the surface-
enhanced Raman scattering (SERS) from benzoic acid. The major differences among the films fabricated
are the degrees of aggregation of Ag nanoparticles, while their mean grain sizes fall in the same length
scale. Every film studied exhibits a surface-plasma resonance peak at ~ 3800 A with a long tail extend-
ing to the visible region, and the extinction of aggregated films is much stronger than that of dispersed
films. In emphasizing the electromagnetic effect, the attenuated total-reflection method was employed in
obtaining the SERS spectrum, where the excitations of surface plasmons and the enhanced Raman inten-
sities were measured simultaneously. Densely aggregated films give stronger enhancements than
dispersed films do, and a factor difference as large as 15 on the enhanced Raman intensities was observed
between the most densely and the most loosely aggregated films studied. The enhancements are elec-
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tromagnetic in nature, and we attribute them to the excitations of surface plasmons.

I. INTRODUCTION

The observation! of huge Raman signal from pyridine
adsorbed onto electrochemically roughened Ag elec-
trodes has initiated numerous investigations®>3 on its re-
lated topics. Quantitative analyses* ® have indicated
that the Raman cross section may have been enhanced by
a factor as large as 10%. Any mechanism that is capable
of enhancing signals by a factor of 10 deserves detailed
investigations in every sense. This enhancement
phenomenon of electromagnetic radiation by roughened
surfaces is nowadays known as surface-enhanced Raman
scattering (SERS). That has become a widely used tech-
nique in obtaining vibrational spectrum, developing sur-
face analytics, and investigating energy-conversion pro-
cesses on the surfaces.

The mechanisms for the huge enhancement of Raman
signal by roughened surfaces are still puzzling, but fall
into two general categories of electromagnetic (EM) and
chemical (CHEM) effects. In the long-range EM mecha-
nism, > the enhancement is originated from the creations
of either extended surface plasmon’® (SP) on continuous
surfaces or localized particle plasmon®!° (PP) on isolated
metal-particle surfaces by a strong local electromagnetic
field induced by incident light. The short-range CHEM
mechanism,® on the other hand, asserts that particular
chemical bonds between the substrate and the molecules
that modify Raman cross section are established by the
roughened surfaces.!! The overall enhancement factor
for each of the two mechanisms is still a matter of debate.
However, it is in general believed that a factor of 10* on
the enhancement can be expected from the EM effect,
whzile the CHEM effect may contribute a factor of about
10°.

At present stage, the EM mechanism is generally of
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overwhelming importance in most situations studied.
Numerous studies®>!? have demonstrated that rough
surface consisting of metal islands can support extended
SP as well as highly localized PP that appear to be partic-
ularly efficient in enhancing electromagnetic radia-
tions. 37 !® Particle plasmons are the plasma oscillations
of the conduction electrons on the surface of isolated
metal particles. They are localized in nature, and can be
excited by light of suitable frequency. If continuous sur-
faces are present, the extended SP’s can then be excited
as well. The excitations of either PP or SP result in creat-
ing a strong local field close to the metal surfaces. This
induced electromagnetic field then polarizes the Raman
molecules adsorbed on the metal surfaces, and gives rise
to electric dipoles that are oscillating at Raman frequen-
cies. In addition to this direct radiation of Raman sig-
nals, the vibrating molecules in turn polarize the metal
particles and reenhance their electric dipole moments. It
is this multienhancing process that generates a huge
enhancement to Raman signals with metal particles and
roughened metal surfaces act as an antenna in amplifying
Raman signals. 2

In this paper, we report studies made on the SERS ac-
tivities of gas-evaporated Ag films. Both the transmission
electron microscope (TEM) images and the atomic force
microscope (AFM) images of the films show that they
consist of Ag nanoparticles (AGN’s). And the AGN’s in
the films fabricated at low evaporation rates are well
separated, while those in the films fabricated at high eva-
poration rates are highly aggregated. The mean grain
sizes of the AGN’s, on the other hand, show only small
deviations from one film to the others. The differences on
the optical properties among the films are hence mainly
caused by the differences on the degree of aggregation of
the AGN’s in each film, although the size effect is
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definitely present. Every film studied shows a surface-
plasma resonance (SPR) spectrum that peaks at ~3800 A
with a long tail extending to the visible region. These ob-
servations indicate that, although it may not be efficient,
PP and SP can be created by visible light. And the inter-
play between SPR and SERS can be studied using visible
light as the excitation source. In emphasizing the EM
effect, the SERS activities were studied using the
Kretschmann’s attenuated total reflection (ATR)
method, ! with benzoic acid (CqH;COOH) being the
reference molecules. The relation between SERS activi-
ties and the excitations of PP and SP was studied by
means of simultaneously measured SERS spectrum and
the intensity of reflected light in the ATR geometry. The
AGN films were found to be good enhancers of Raman
signals, and a systematic increase in the enhanced Raman
intensities with films fabricated at higher evaporation
rate was observed. The SERS intensities are linearly pro-
portional to the energy absorbed at the interface. These
observations demonstrate the existence of enhancement
effect by AGN’s and the aggregation among them. We
attribute the SERS activities observed to the excitations
of localized PP and extended SP.

II. EXPERIMENTAL DETAILS

Ag nanoparticles were fabricated using the gas-
evaporation method, where high-purity bulk silver
(99.999%) was heated by a current source and was eva-
porated in argon atmosphere from a tungsten basket.
With careful selections of chamber pressure and evapora-
tion rate, we were able to fabricate AGN’s that have
mean grain sizes fall in the nanometer scale. The AGN’s
fabricated were deposited directly onto the substrates
that were placed 15 cm above the heater source. Three
different types of substrates were used for different mea-
surement purposes: The bases of prisms were used for
ATR measurements, while glass slides and Cu grids were
used for extinction and surface-analysis measurement. A
series of six AGN films was fabricated with a mass thick-
ness fixed at 100 A, a chamber pressure fixed at 1.5 torr
of Ar atmosphere, and evaporation rates varying from
0.05 to 5 A/s. The evaporation rates were carefully con-
trolled, and the mass thickness was monitored by a cali-
brated quartz microbalance.

The surface morphology and the grain-size distribution
of the AGN’s in each film were analyzed using an AFM
as well as a TEM. The AFM images were taken using
the Digital Instruments Nanoscope III operated in the
Tapping Mode, where a noncontact technique, with the
cantilever tip vibrating at a large amplitude to avoid trap-
ping, was used to profile sample surface. The scan speed
was three lines per second, and scan ranges covering from
0.5X0.5 um? to 2.0X 2.0 um? were employed for obtain-
ing conceivable descriptions of the surface. The TEM
images were taken using the JOEL 200CX electron mi-
croscope operated at an acceleration voltage of 160 kV.
The degree of aggregation of the AGN’s was found quite
sensitive to the evaporation rate used, while the mean
particle size was less sensitive to that over the range of
evaporation rate studied.
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Colorless benzoic acid was used as the reference mole-
cules, and only a very thin layer of benzoic acid was de-
posited on top of the AGN films for emphasizing the
enhancement effect by AGN’s. A drop of the solution of
benzoic acid dissolved in ethanol (0.15 mg/ml) was spot-
ted onto an AGN film, followed by spinning the film at
1500 rpm for 30 sec to reduce the accumulation of the
benzoic-acid molecules and obtain better homogeneity
over the film. This standard process of depositing Raman
active molecules was frequently employed, and was be-
lieved to provide a very thin layer of benzoic acid onto
the surfaces of AGN’s films.

The SERS spectra were collected using the
Kretschmann’s configuration!’® of the ATR method,
while optical extinction spectra were measured with the
conventional setup. In the ATR configuration, the exci-
tation light was directed to impinge upon a lateral face of
the prism and it reaches the base of the prism, where
AGN’s and benzoic acid were deposited, with an incident
angle which is greater than the critical angle so that total
reflection occurs inside the prism. Raman signals from
benzoic acid were excited by the attenuated wave,
enhanced by the AGN’s, and collected on the opposite
side of the prism. To determine the energy being ab-
sorbed at the interface, the intensity of the reflected light
that emerged from the other lateral face of the prism was
also measured. This intensity gives the amount of energy
that was absorbed and being used to excite PP’s and SP’s
in AGN film. The advantage of employing ATR
geometry is that the SERS intensities and the excitations
of PP’s and SP’s can simultaneously be measured. For
each measurement, the incident beam was carefully set to
the angle at which SPR shows a maximum absorption
and SERS shows maximum intensities. This is technical-
ly a crucial step in this study, since we are comparing the
SERS intensities from one film to the others. An Ar*
laser and a He-Ne laser were used as the excitation
sources, and the SERS spectra were recorded using the
Spex 1404 double monochromator equipped with a
photon-counting system.

III. RESULTS AND DISCUSSIONS

Although relatively few mechanisms have been real-
ized, it is nowadays well known that Ag island films and
roughened Ag thin films are capable of enhancing Raman
signals. Recent studies?*?! have shown that films consist-
ing of AGN’s are also good enhancer of Raman signals.
Our aim in the present studies concentrates on the effects
of aggregation of AGN’s on the SERS enhancement fac-
tor, subject to a fixed total volume of AGN present in the
films. A series of six AGN films was fabricated at eva-
poration rates of 0.05, 0.5, 1.0, 2.0, 3.0, and 5.0 A/s, with
chamber pressure fixed at 1.5 torr of Ar atmosphere and
mass-thickness fixed at 100 A. An argon atmosphere of
pressure 1.5 torr can, through collisions, take away most
of the kinetic energy of the evaporated Ag atoms before
they reach the substrate, and form AGN film rather than
smooth Ag thin film on the substrate. The surface of the
substrate was not completely covered by AGN’s as the
mass thickness was chosen to fix at 100 A. We note that
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50% of the surface of the substrate will be covered by
AGN’s if they are well separated and have a mean grain
size of 200 A. The aggregation then reduces the surface
area of the substrate that was covered by AGN’s, since it
results in a higher stacking height. Differences on the size
as well as on the degree of aggregation of the AGN’s de-
posited can be expected, whenever different evaporation
rates were employed. Knowledge on the surface mor-
phology of the films hence plays an important role in un-
derstanding various optical properties we are reporting
here.

A. TEM and AFM studies

Surface morphology of the films fabricated were stud-
ied using TEM and AFM. Figures 1 show four of the
TEM bright-field images of the films fabricated at
different evaporation rates. These images provide good
overviews to the film surfaces. The magnification is
50X 10° and the images displayed are with 1.5X1.0 um?
field of view. The AGN’s shown in Fig. 1(d) are
dispersed, while those shown in Fig. 1(a) are aggregated.
A progressive increase in the degree of aggregation of the
AGN’s with an increasing evaporation rate is clearly evi-
dent. We believe that the aggregation must have been
formed before AGN’s reach the substrate. Trying to
determine the mean particle sizes using the images shown
in Fig. 1 will generate large uncertainties, simply because
the magnification is not large enough and the structure of
the aggregates are hard to resolve.

The overall degree of aggregation is better revealed by
the TEM image, while the AFM image provides a better
resolution on determining the grain sizes. The advantages
of using AFM are its capability of mapping three-
dimensional images of the surface and its flexibility of us-
ing nonconducting substrates in supporting the surface
being studied. A three-dimensional image allows us to
determine the size as well as the stacking height of the
AGN’s deposited. And using a nonconducting substrate
allows in more closely simulating the surface being used
in SERS studies. We note that spherical structure will
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show a hemispherical image when it is viewed using an
AFM, since it measures the atomic forces between the
object and the probe from the top of the object. Figures
2(a) and 3(a) show the AFM images of the AGN’s depos-
ited on glass slides at evaporation rate of 5 and 0.5 A/s,
respectively. The fields of view is 1 X1 um? and the z-
contrast scale, which is shown on the upper right-hand
corner of each figure, provides a quantitative indication
of the stacking heights of the AGN’s. Individual AGN’s
are clearly seen in both images shown, and they are
spherical in nature. These images clearly demonstrate
that our films consist of AGN’s rather than Ag islands or
flat Ag layers. And the AGN’s in the film fabricated at a
high evaporation rate are more aggregated than those in
the film fabricated at a low evaporation rate. This result
is consistent with what the TEM images have indicated.
We note that some portions of the images shown in Figs.
2(a) and 3(a) have their heights range up to 100 nm; this
is mainly due to the stacking of AGN’s. The sudden
change in the stacking height frequently causes a techni-
cal difficulty in obtaining good quality AFM images due
to the trapping of AGN’s on the cantilever tip.

It is clear that the images shown in Figs. 2(a) and 3(a)
are in good quality for grain-size analysis, and their size
distributions are shown in Figs. 2(b) and 3(b), respective-
ly. The size distributions for those films fabricated at low
evaporation rates can be described by log-normal distri-
bution function, and as expected they peak at different
positions for films fabricated at different evaporation
rates. However, the size distribution departs from the
log-normal function as the evaporation rate was in-
creased. An almost even distribution on the particle size,
ranging from 10 to 80 nm, was obtained for the film eva-
porated at 5 A/s, as shown in Fig. 2(b). A higher eva-
poration rate not only provides more Ag vapors in the
chamber but also gives a higher kinetic energy to each of
the evaporated Ag atoms, that in turn increase the col-
lision probability among them, and results in producing
larger AGN’s and forming aggregated AGN’s.

The mean grain sizes, which are the number-of-grain
weighted average particle diameter, that we obtained for

FIG. 1. The TEM bright-field images of the
films fabricated at evaporation rates of (a) 5
Ass, () 2 Ass, (©) 1 Ass, and (d) 0.5 Ass.
These images provide the overviews of the film
surfaces. The AGN’s shown in (d) are
dispersed, while those shown in (a) are aggre-
gated. A progressive increase in the degree of
aggregation of the AGN’s with an increasing
evaporation rate is clearly evident.
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each of the films are listed in Table I. We note that the
mean grain size does not, in general, coincide with the
peak position. And we choose to quote mean grain size
rather than peak position to reflect the size effect, in addi-
tion to the aggregation effect, that may contribute to the
optical properties discussed below. We did obtain a
higher mean grain size for the film fabricated at a higher
evaporation rate. Nevertheless, the differences in the
mean grain size of the AGN’s among each film are less
effective than that in the degree of aggregation among
AGN’s. This is presumably because of a pressure of 1.5
torr, the argon gas in the chamber is not efficient enough
in confining Ag atoms to the growth regions. This result
suggests that the differences in the SERS activities among
each film (see below) are mainly originated from the
differences in the degree of aggregation among AGN'’s
rather than in their sizes. Calculations made on summing
over (number-of-grain) X (r/6) X (grain-size)® for each of
the films are listed under the column named total volume
in Table I. In the unit of um? A, the values listed are the
mass thickness of the film in unit of A. They are in good
agreement with the values obtained from the thickness
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TABLE I. Various values obtained from the AFM images of
the AGN films fabricated at different evaporation rates.

Evaporation Total number Mean grain Total
rate of grain size volume Coverage
(A/s) (Counts) (nm) (um? A) (%)
0.05 259 36 115 36
0.5 216 38 115 31
1.0 231 35 100 28
2.0 179 39 105 28
5.0 139 43 110 25
monitor. This result supports the argument that the

mass thickness of the films is kept fixed. Moreover, it is
obvious and clearly shown in Table I that aggregation
among AGN’s reduces both the total number of grain ap-
pearing in the film and the percentage of the surface that
was covered by AGN’s. About 30% of the substrate sur-
face was covered by AGN’s.

FIG. 2. (a) The AFM image of the film fa-
bricated at an evaporation rate of 5 Ass. Tt
clearly shows that the film consists of Ag nano-
particles rather than flat Ag layers, and the
AGN’s are aggregated. The z contrast, which
is shown on the upper right-hand corner, pro-

vides a quantitative indication of the stacking
heights of AGN’s. (b) The size distribution of
] the AGN’s determined from the image shown
] in (a). An almost even distribution on the par-
ticle size is obtained.
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FIG. 3. (a) The AFM image of the film fa-
bricated at an evaporation rate of 0.5 Ass. In-
dividual AGN’s are clearly revealed, and they
are dispersed. (b) The size distribution of the
AGN’s determined from the image shown in

(a). The size distribution may be described by a
log-normal function.
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B. Extinction and surface plasma spectra

Optical transmission spectra were measured using a
conventional setup, where a monochromated and col-
limated light was incident perpendicularly upon the sur-
face of the film, with the detector placed directly on the
opposite side of the film to collect the transmitted light.
In this setup both the absorbed and the scattered light by
AGN’s were filtered out, we hence adopt the name ex-
tinction instead of absorbance to emphasize this feature.
Figure 4 shows the wavelength dependence of the extinc-
tion E = —log,,T, where T is the transmittance, for four
of the AGN films fabricated at different evaporation
rates. The spectra were obtained from AGN’s being de-
posited on glass substrates, and the extinction from the
glass substrates themselves have been subtracted. We
note that the scales used for extinction shown in Fig. 4
are different from one curve to the others, and their mul-
tiplication factors are indicated on top of each curve.
Figure 4 clearly shows that the extinction for the film de-
posited at a lower evaporation rate is much smaller than
that deposited at a high evaporation rate, and the aggre-

gation among AGN’s results in a higher SPR intensity.
At peak position, a factor as large as 25 difference on the
transmittance were observed between the films deposited
at 5 and at 0.25 A/s. On the other hand, they all show
the same extinction profile that exhibits a maximum at
~3800 A with a long tail extending throughout the
whole longer wavelength region studied. The maximum,
however, does show a small redshift and the width
broadens as the evaporation rate was lowered.

We attribute the observed maximal extinction of elec-
tromagnetic wave at ~3800 A to the SPR peak of
AGN’s. The peak position is consistent with a Mie
theory??~%* calculation?® made for particles that have
sizes smaller than 600 A, and the small redshifts on the
peak position for the films fabricated at low evaporation
rates are likely due® to their smaller mean particle size of
the AGN’s. The appearance of the long tails on the SPR
bands is a direct result of the aggregation among
AGN’s, 2026 where additional normal modes arising from
interactions between aggregated AGN’s need to be ac-
counted for. The existence of the tail in the visible region
indicates that PP’s and SP’s of GNA’s can be excited by
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FIG. 4. The optical extinction spectra of AGN’s deposited
on sgide glasses at eva;‘)oration rates of (a) 5 A/s, (b) 2 A/s, (c)
0.5 A/s, and (d) 0.05 A/s. A different scale was used for each
curve shown, and the multiplication factor is indicated on top of
each curve. The maximal extinction at ~3800 A is the surface-
plasma resonance peak of AGN. The long tail extending to the
long-wavelength region observed in each spectrum is a direct re-
sult of the aggregation among AGN’s.

visible light, although the SPR spectrum of AGN’s peaks
at the ultraviolet region. We note that the tails of the ex-
tinction curves of the densely-aggregated films are on the
increase as extending to the long wavelength region. Its
physical origin is not clear to us at this point.

C. SERS activities

The evanescent electromagnetic field that is present in
the film region can excite PP and SP of the AGN’s, and
gives rise to a measurable Raman intensity. In the study
of the interplay between the excitations of surface plasma
and the enhancement of Raman signals, the ATR
geometry was employed where the reflected light and Ra-
man intensity were measured simultaneously with a vary-
ing incident angle. By applying ATR geometry, the elec-
tromagnetic effect is emphasized over the molecular
effect.” And the colorless benzoic acid displays no pro-
nounced absorption in the visible region. The surface
enhancement effect is therefore dominating the resonance
enhancement effect, if visible lights are used for excita-
tion. Based on the above two advantages, we hence em-
ployed ATR geometry and used benzoic acid as the refer-
ence molecules in study SERS activity of the AGN films.
Figure 5 shows the reflectance of the excitation light as a
function of incident angle for both the s- and p-polarized
modes measured in the ATR geometry shown in the in-
set. The spectra were obtained from the film fabricated
at an evaporation rate of 0.5 A/s, and used the 514.5-nm
line from an Ar™ laser as the excitation source. Similar
spectral profiles with smaller reflectance were obtained
for the films fabricated at higher evaporation rates. As
expected, every spectrum shows a turning point near the
critical angle 6, of total reflection, which is of course
wavelength dependent. The data shown in Fig. 5 clearly
reveal that the resonance absorption of the p-polarized
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FIG. 5. The reflectance of the excitation light as a function of
incident angle measured in the ATR geometry shown in the in-
set. The absorption of p-polarized mode is at every angle
greater than that of s-polarized mode. It shows that the p-
polarized mode is more efficient in exciting PP and SP than the
s-polarized mode does.

mode is at every incident angle greater than that of the s-
polarized mode, and for both polarizations the absorption
becomes weaker as the incident angle was increased.
This is in contrast to what was observed in the Ag island
films, where a larger resonance absorption at larger in-
cident angles was observed for the p-polarized mode. '®
Applying the ATR method to prism-AGN’s-air sys-
tems, at incident angles that are greater than 6., an
evanescent nonpropagating electromagnetic field?’ can
penetrate into the AGN region, and excites PP’s and SP’s
within the AGN’s.!® The energy being absorbed at the
prism-AGN’s interface depends on the strength of the
evanescent E field as well as on the energy associated
with the dipole oscillations in AGN’s. From the symme-
try consideration it is clear that the energies associated
with a dipole oscillation along all directions in spherical
AGN’s are the same. The absorptance of spherical
AGN’s is, therefore, mainly determined by the strength
of the evanescent E field. The variation of the E-field in-
tensity at the interface with the incident angle can be
easily found, by using Snell’s law and the well-known
boundary condition that requires the tangential com-
ponent of the E field be continuous as the boundary is
crossed.?® The amplitude of the penetrated E field decays
exponentially with distance from the prism-AGN’s inter-
face. And the strength of the E field at the interface for
both the s- and p-polarized modes was found?® to de-
crease with increasing incident angle. The decrease in
absorption with the increasing incident angle shown in
Fig. 5 is then realized as a direct result of a decreasing on
the E-field strength. Furthermore, at the interface the
E-field intensity of the p-polarized mode are at every an-
gle greater than that of the s-polarized mode,? which
then results in greater absorptions for p polarization than
for s polarization as observed. Figure 5 clearly indicates
that the p-polarized mode is more efficient in exciting PP
and SP than the s-polarized mode. And the highest
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efficiency occurs at the incident angle at which the
reflectance shows a minimum. These results suggest that
the p-polarized mode should be used and the incident an-
gle should be chosen, in addition to be greater than 6, at
the reflection minimum for obtaining maximum enhance-
ment and avoid the confusion that may be caused by the
refracted light. We note that the excitations are basically
done by an uniform time-varying electromagnetic field,
since the sizes of the AGN’s are considerably smaller
than the penetration depth of the evanescent wave.
Figure 6 shows the variation of the intensity of the
1001 cm ™! Raman line of benzoic acid versus the absorp-
tion of the p-polarized excitation light measured with in-
cident angles lay in the vicinity of 6,. The spectrum was
taken using the film fabricated at an evaporation rate of 5
A/s, and was excited by the 514.5 nm line from an Ar™
laser of power 20 mW. Clearly, the Raman intensity in-
creases as the energy absorbed at the interface becomes
higher. In ATR geometry, the energy absorbed from the
incident light is transferred into a collective motion of
surface charges, and both the nonradiative PP (Refs. 30
and 31) and radiative SP (Ref. 32) can be excited simul-
taneously on the surfaces of aggregated AGN’s. The os-
cillation of the surface charges modifies the nearby elec-
tromagnetic field, and results in an enhancement of Ra-
man signals.® Figure 6 then displays the relation between
the energy being used in exciting surface plasma and the
enhanced Raman signals. The solid curve shown is a
least-square linearly fit to the data, which indicates that
the enhanced Raman signal is in linear proportion to the
energy transferred from the incident light over the ab-
sorption range studied. Measurements made on other
Raman lines of benzoic acid reveal the same behaviors.
This linear relationship between SERS intensity and the
energy associated with SPR was observed!® in flat Ag
films and in Ag island films as well. However, our data
cannot resolve a linear from a quadratic relation between
absorption and SERS intensity, simply because the ab-
sorption range we have covered was too narrow to tell a
difference between these two types of dependence. Our
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FIG. 6. The relation between the enhanced Raman intensity
of the 1001-cm™! line of benzoic acid and the energy being ab-
sorbed at the prism-AGN’s interface. The spectrum was taken
from the film fabricated at 5 A/s. The solid line is a linear fit to
the data, that indicating a linear relationship between SERS in-
tensity and the energy associated with SPR.
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aim, in the present study, was concentrated on the SERS
activities, and, therefore, did not pursue further study
along this line. Nevertheless, Fig. 6 clearly points out
that on comparing the enhancement effect from different
films by means of ATR geometry, the incident angle in
each of the measurements must be carefully selected so
that the SERS shows a maximum in intensity. Further-
more, the excitation wavelength used is far away from the
SPR frequency but locates at the tail region of its absorp-
tion band, as shown in Fig. 4. The observations of the
SERS intensities demonstrate that the enhancement of
electromagnetic fields can still be achieved, and the films
consisted of AGN’s are good enhancers of Raman sig-
nals. Much higher enhancements are expected if shorter
excitation wavelength that is closer to the SPR peak is
used.

Figure 7 shows the enhanced Raman spectra of a thin
layer of benzoic acid adsorbed on AGN films fabricated
at six different evaporation rates with mass-thickness the
fixed at 100 A. The spectra were obtained using the ATR
geometry, and were excited by a 488-nm laser light of
power 20 mW. The TEM and AFM images of the films
have shown that the aggregation among AGN’s progres-
sively increase as a higher evaporation rate was used,
while their mean grain sizes fall in the same length scale.
The differences on the spectra shown in Fig. 7 are, there-
fore, mainly caused by the aggregation among AGN’s.
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FIG. 7. Enhanced Raman spectra of a thin layer of benzoic
acid adsorbed on AGN films fabricated at evaporation rates of
(a) 5.0 A/s, (b) 3.0 A/s, (c) 2.0 A/s, (d) 1.0 A/s, (e) 0.5 A/s, and
(0 0.05 A/s. All spectra shown reveal the Raman lines of ben-
zoic acid molecules, and no obvious frequency shift was ob-
served. The enhancements are hence electromagnetic in nature.
It clearly shows that the films fabricated at higher evaporation
rates give rise to higher enhanced Raman intensities.
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The data shown in Fig. 7 clearly reveals a progressive in-
crease in SERS intensity as the evaporation rate was
raised, and demonstrates the enhancement effect that was
mainly originated from the aggregation among AGN’s.
Although we observed a monotonical increase in Raman
intensity, we believe the enhancement factor will eventu-
ally saturate, and then may even be decreasing for dense-
ly aggregated films. The SERS spectra taken with films
fabricated at even higher evaporation rates did show a
decreasing in Raman intensity. We choose not to present
those data, because at an evaporation rate exceeding 5
A/s, technically it becomes difficult fczr the mass thick-
ness to be well controlled at 100 A. Moreover, no
measurable Raman signals were detected in systems
where no AGN’s were present. This result, on one hand,
reassures the existence of the enhancement effect by
AGN’s, but on the other precludes the ambition in deter-
mining the absolute values of enhancement factor for
each film. Nevertheless, the absolute intensities of the
fastest-deposited film shown is about an order of magni-
tude higher than that of the slowest-deposited film
shown.

All spectra shown in Fig. 7 reveal the Raman lines of
benzoic-acid molecules. No obvious frequency shift with
respect to the ‘“normal” Raman lines was observed,
which then suggests that the enhancements are mainly
electromagnetic in nature. However, three broadbands
peaking around 900, 1300, and 1600 cm ™! were also evi-
dent in all spectra. The broadband peaking around 900
cm ! originates®® from the Ag,WOQ, that was present in
the surface layer. The tungsten was introduced to the
system from the boat that was used to hold the Ag
powder for evaporation. On the other hand, the broad-
band peaking around 1300 and 1600 cm ! are the vibra-
tion modes of amorphous carbon.®* 3¢ The amorphous
carbons were introduced to the surface layer because an
oil diffusion pump was used during evaporation for main-
taining chamber pressure.

The Raman intensities obtained from the most densely
aggregated film shown in Fig. 7 is a factor of 7 higher
than that obtained from the most loosely aggregated film.
The size of the AGN’s and the degree of surface rough-
ness are the two dominant physical parameters that may
affect the EM mechanism for SERS activities. As we have
shown above, the mean particle sizes of the AGN’s that
we deposited on each of the films are in the same length
scale. On the other hand, at a mass thickness at which
the AGN’s do not cover the whole surface area of the
substrate, the aggregation then results in creating more
submicroscopic valleys and bumps on the film surface.
This is evident from the higher mean surface heights ob-
tained for the films fabricated at higher evaporation rates.
It then suggests that the variation on the enhancement
effect observed is primarily originated from the
differences on the degree of surface roughness among
each film. And the fast-deposited forms are better SERS
enhancers than the slow-deposited films are. Numerous
observations®>%1624 have shown that well-separated
AGN’s can support localized PP’s, and the aggregation
among them can, in addition, support extended SP’s that
are propagating within the aggregates. The presence of
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the isolated AGN’s amplifies the immeasurable Raman
signals from a very thin layer of benzoic acid into a
measurable spectrum as shown in Fig. 7(f). The estimat-
ed enhancement factor lies in the order of 10%. The ag-
gregation among them gives rise to a further
amplification to the Raman signals, and results in a spec-
trum as shown in Fig. 7(a). An additional enhancement
factor in the order of 10 was then obtained. The total
enhancement factor that we obtained is below the 10* ex-
pected by the EM model.? This is understandable since
the frequency of the excitation light used is far away from
the SPR frequency, that in turn reduces the efficiency in
exciting surface plasma of the AGN’s. The field enhance-
ment originated from extended SP’s may be smaller than
that from localized PP’s; our observations shown in Fig.
7 indicates that it is large enough for us to detect.

The enhancement originated from the aggregation
among AGN’s is even more pronounced, if longer wave-
lengths were used for excitation. The absolute intensities
obtained from the most densely and the most loosely ag-
gregated films studies are different by a factor of 12 and
15 if 514.5 and 632.8 nm laser lights were used, respec-
tively, for excitation. These results are consistent with the
extinction spectra shown in Fig. 4, where the densely ag-
gregated films show an upturn while the loosely aggregat-
ed films continuously show a decrease in the absorption
as a longer wavelength was used. A bigger difference be-
tween the enhancement obtained from the densely and
the loosely aggregated films may be expected as an even
longer wavelength was used for excitation.

IV. CONCLUSIONS

Silver nanoparticles were deposited directly onto vari-
ous substrates by a gas-evaporation method at different
evaporation rates but with the mass thickness fixed at 100
A. The TEM and AFM images show that the major
differences between the films deposited at high and low
evaporation rates are the degree of aggregation of AGN’s
deposited, while their mean particle sizes fall in the same
length scale. The differences on the optical properties
presented among the films are therefore mainly originat-
ed from the aggregation effects, where the dipole-dipole
interactions among aggregated AGN’s cannot be ignored.
A long tail extended to the longest wavelength studied
(900 nm) in the extinction spectrum was observed in
every film studied, which is believed to arise from the
dipole-dipole interactions among the aggregates. The ex-
istence of this tail allows us to study the interplay be-
tween SERS activities and the excitations of surface plas-
ma using visible excitation lights. Only small redshifts on
the peak positions of the SPR spectra for the slow-
evaporated films were observed, which are believed to be
due to the small decrease in the mean particle sizes.
Moreover, the tails of the SPR spectra of the aggregated
films show upturns on the long-wavelength side, and the
upturn becomes more pronounced as the AGN’s are
more aggregated. The question on whether there exists a
second resonance peak at even longer wavelength for
well-aggregated films requires further investigations.
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The SERS activities of the AGN’s were studied using
an ATR method, where the excitations of surface plasma
and the SERS activities were measured simultaneously.
The enhanced Raman intensities can be described as
linearly proportional to the energy transferred to the in-
terface from the incident light, this is the same result as
that observed in Ag thin films and in Ag island films.
However, a quadratic relation also fit nicely to our data,
simply because the range studied on the energy
transferred was too narrow to really resolve these two
types of relations. Further studies with extended range
are needed to draw a definitive conclusion on this point.
The enhancement factor depends strongly on the degree
of aggregation of the AGN’s. With a mass-thickness
fixed at 100 A, the densely-aggregated films give rise to
higher enhancements to the Raman signals. And the
enhancement obtained from the densely and loosely ag-
gregated films can be different by a factor in the order of
10, and this difference on the enhancement factor may be-
come even bigger if longer wavelengths were used for ex-
citation. On the other hand, a huge increase in the
enhancement factor for each of the films can be expected
if a shorter wavelength that is closer to the SPR frequen-
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cy is used for excitation.

The results concluded from the studies made on the an-
gular and polarization dependence of ATR spectra sug-
gest that the enhancement of Raman signals is a direct
result of the optical electromagnetic field amplification
due to the excitation of surface plasma. The aggregated
AGN’s support localized as well as extended surface-
plasma excitations, and are better Raman enhancers than
the dispersed AGN’s. In this study, the mass thickness
was chosen to be fixed, and the enhancement effect ori-
ginated from the particle size was ignored. We believe®>’
that these two physical parameters may also play impor-
tant roles in the enhancement effect. The dependence of
enhancement factor on particle size is currently under in-
vestigation.
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FIG. 1. The TEM bright-field images of the
films fabricated at evaporation rates of (a) 5
Ass, (b) 2 Ass, (©) 1 A/s, and (d) 0.5 A/s.
These images provide the overviews of the film
surfaces. The AGN’'s shown in (d) are
dispersed, while those shown in (a) are aggre-
gated. A progressive increase in the degree of
aggregation of the AGN’s with an increasing
evaporation rate is clearly evident.



Numbers of Counts

a5

20

15

10

0.50Microscope NSIII TH_AFM
/ Scan size

Setpoint
.25 Scan rate
Number of samples

{a)
Evaporation rate = 5 A/s |
[ Mean grain size = 43 nm ]
i i ]
0 R Rl

0

Grain Size (nm)
(b)

FIG. 2. (a) The AFM image of the film fa-
bricated at an evaporation rate of 5 Ass. Tt
clearly shows that the film consists of Ag nano-
particles rather than flat Ag layers, and the
AGN’s are aggregated. The z contrast, which
is shown on the upper right-hand corner, pro-
vides a quantitative indication of the stacking
heights of AGN’s. (b) The size distribution of
the AGN’s determined from the image shown
in (a). An almost even distribution on the par-
ticle size is obtained.
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FIG. 3. (a) The AFM image of the film fa-
bricated at an evaporation rate of 0.5 A/s. In-
dividual AGN’s are clearly revealed, and they
are dispersed. (b) The size distribution of the
AGN’s determined from the image shown in
(a). The size distribution may be described by a
log-normal function.



