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ABSTRACT In this paper, we report the optical constants (refractive index, extinction coefficient) of self-

assembled hollow gold nanoparticle (HGN) monolayers determined through spectroscopic ellipsometry (SE). We

prepared a series of HGNs exhibiting various morphologies and surface plasmon resonance (SPR) properties. The

extinction coefficient (k) curves of the HGN monolayers exhibited strong SPR peaks located at wavelengths that

followed similar trends to those of the SPR positions of the HGNs in solution. The refractive index (n) curves

exhibited an abnormal dispersion that was due to the strong SPR extinction. The values of An and ki, both

correlated linearly with the particle number densities. From a comparison of the optical constant values of HGNs

with those of solid Au nanoparticles (NPs), we used SE measurements to demonstrate a highly sensitive Si-based

chemical sensor. HGNs display a slightly lower value of k at the SPR peak but a much higher sensitivity to changes

in the surrounding medium than do solid Au NPs.
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n recent years, there has been increas-

ing interest in determining the physical

properties of metal nanostructures be-
cause of their fundamental and technologi-
cal applications. In particular, metal nano-
particles (NPs) are known for their ability to
support resonant plasma oscillations. For
example, Au NPs are attractive for their sur-
face plasmon resonance (SPR) properties.
The strong interactions of metallic NPs with
incident light, that is, with the oscillating
electric field, originate from the excitation
of collective oscillations of conduction elec-
trons within these particles. The collective
oscillation of the electrons is called the di-
pole plasmon resonance of the particle.
The SPR frequency of a metal NP can be
tuned through controlling its size,” shape,®
structure,*® aggregate morphology,® sur-
face modification,” and the refractive index
of surrounding medium.®

Moreover, hollow gold NPs (HGNs) have
attracted a great deal of attention because
of their unique structural and optical prop-
erties, including high surface areas, low
densities, and tunable SPR features. In par-
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ticular, HGNs exhibit an apparent red shift
of their SPR signal relative to that of solid Au
colloids. The SPR wavelength depends on
the ratio of the shell thickness to its diam-
eter. In addition, the SPR wavelengths of
HGNs are much more sensitive toward
variations in the surrounding medium than
are those of solid Au or Ag NPs."® This new
class of metal nanostructures has a number
of uses, including applications in surface-
enhanced Raman scattering (SERS),"" opti-
cal imaging,'? and photothermal therapy.'®
SPR techniques are now used routinely
in a wide variety of chemical and biological
sensors."* 9 Of particular note, solid Au NP
monolayers have been used as SPR
sensors'”'® and incorporated into an SPR
chip to enhance the signal amplitude.'® An
SPR chip generally features a layer-by-layer
structure; its optical performance can be
simulated by determining the refractive in-
dex (n) and extinction coefficient (k) of the
Au NPs. In contrast, the optical characteriza-
tion of monolayer Au NPs is ambiguous
and not straightforward. To determine
more of the optical properties of metal NP
films, spectroscopic ellipsometry (SE) has
been applied to characterize assemblies of
Au NPs deposited on solid substrates. Kooij
et al. reported the optical constants of
monolayer Au NPs adsorbed on Si sub-
strates: they determined extremely small
optical constants in the visible wavelength
region (n < 1.2; k < 0.15).2° Evans et al. also
characterized the values of n and k of layer-
by-layer self-assembled Au NPs; they var-
ied from 1.46 and 0.97, respectively, at 500
nm to 2.60 and 0.98, respectively, at 650
nm.?! These large discrepancies in the val-
ues of n resulted from the nature of the NP
structures. Several other groups have also
studied the relationship between the
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optical constants and the particle density of Au NP
films.22~ 2> Besides, SE has also been applied to investi-
gate the optical constants of different metals.>>>° To
date, however, no studies of the optical constant of self-
assembled HGNs have been reported, especially for
sensing applications.

In this paper, we report the optical constants n
and k of self-assembled monolayer HGNs immobi-
lized on substrates. We prepared various solid and
hollow metal NPs through the galvanic replacement
reaction between Ag NPs and HAuCl,. Changing the
Ag NPs-to-HAuCl, ratio allowed us to modify the SPR
wavelength. To obtain the values of n and k of the
monolayer HGNs, we used ellipsometry to measure
the change in the polarization state of light reflected
from the surface of a sample in terms of the values
of W and A. We then used the simplest three-layer
model, consisting of the ambient, NP layer, and sub-
strate, to fit the experimentally measured values of
tan(W¥) and cos(A). Herein, we provide a discussion of
the factors that govern the optical properties of the
monolayer HGNs, emphasizing the morphologies
and particle densities on the substrates. We also of-
fer a quantitative comparison of the values of n and
k between solid Au NPs and HGN monolayers. Fi-
nally, we demonstrate a simple, highly sensitive
chemical sensor prepared through surface modifica-
tion of metal NPs immobilized on a Si substrate.
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Figure 1. TEM images of (A) Ag NPs, (B—D) HGNs synthesized after reacting the Ag NPs with (B) 0.75, (C) 1.3, and (D) 1.45

mL of an aqueous HAuCl, solution, and (E) the solid Au NPs (collapsed HGNs) obtained after adding 2 mL of the HAuCl, so-
lution to the Ag NPs. (F) Typical SEM image of an HGN monolayer on a Si substrate. The arrow in B indicates the formation of
holes on the surface and the hollow nanostructure in the interior. The arrows in D indicate the pinholes and the porous sur-
face.

RESULTS AND DISCUSSION

We prepared HGNs through the reaction of aque-
ous HAuCl, solutions with Ag NPs as templates.'® Fig-
ure 1 reveals that the morphologies of the metal NPs,
including spheres, seamless hollow particles, and shells
with pinholes, could be controlled by changing the vol-
ume of HAuCl,. The as-prepared Ag NPs were solid
spheres having an average diameter of ca. 27 nm (Fig-
ure TA). When a small amount of HAuCl, solution was
added, the Ag started to dissolve to generate holes on
some of the active sites. The dissolution of Ag trans-
formed each Ag NP into an HGN, with holes on its sur-
face and small voids (Figure 1B). After more HAuCl, so-
lution had been introduced, seamless hollow particles
formed with uniform and homogeneous walls (Figure
1C). Moreover, Figure 1D reveals the presence of pin-
holes on the surface of an HGN. These holes originated
from the so-called dealloying process.® More porous
HGNs formed after increasing the volume of added
HAuCl,. Finally, an excessive amount of HAuCl, led to
solid Au spheres forming from the hollow structures
(Figure 1E), through collapse of the HGNs. To investi-
gate the optical properties of monolayer HGNs, we al-
lowed the HGNs to self-assemble through chemical ad-
sorption onto Si substrates that we had modified to
present NH, groups. Figure 1F displays a typical SEM im-
age of an HGN-deposited Si substrate at saturation.
The number density was ca. 350 particles um~2 the sur-
face coverage was ca. 22%.
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Figure 2. UV—vis—NIR absorbance spectra of aqueous dis-
persions of Ag NPs before and after reactions with different
volumes of 2 mM aqueous HAuCl,;. On the basis of the spec-
tral changes, the replacement reaction could be separated
into two stages: (a) formation of HGNs; (b) fragmentation of
the HGNs into discrete nanostructures. All spectra have been
normalized against the intensities of their strongest peaks.

Because Ag, Au NPs, and HGNs often exhibit differ-
ent SPR peaks in the UV—vis—NIR wavelength region,*
we could monitor the replacement reaction between
the Ag NPs and the HAuCl, solution using absorption
spectroscopy. Figure 2 displays the UV—vis absorbance
spectra recorded from aqueous dispersions of Ag NPs
after they had reacted with various volumes of the
HAuCl, solution. The Ag NPs exhibited a typical SPR
peak at ca. 400 nm (black line in Figure 2a). After we
added a small amount of the HAuCl, solution (<0.5 mL),
the SPR peak underwent a slight red shift as a result of
the Au layer forming on the surfaces of the Ag NPs. This
peak decreased in intensity, and signals at longer wave-
lengths (>600 nm) exhibited significant increases in in-
tensity after we added more HAuCl, solution to the re-
action system. The peak for the Ag NPs disappeared
after 1.25 mL of the HAuCl, solution had been intro-
duced (cyan line in Figure 2a), indicating the formation
of HGNs possessing complete shells; meanwhile, the
signal at long wavelength underwent a red shift to ca.
710 nm. As more HAuCl, was added, the SPR peak red-
shifted continuously, owing to the larger void sizes,
thinner dimensions of the shells, and the formation of
pinholes. The peak underwent a further red shift to ca.
790 nm when 1.45 mL of the HAuCl, solution was added
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to the reaction mixture (yellow line in Figure 2a). The
suspension displayed a color change from dark blue to
purplish red when the Ag NPs were reacted with 2 mL
of the HAuCl, solution. The blue line in Figure 2b reveals
that the signal blue-shifted back to ca. 520 nm, and
the peak at NIR wavelength disappeared. These spec-
tral changes indicated that the HGNs had collapsed into
solid Au NPs with small fragments. Our TEM images
and absorbance spectra are consistent with those re-
ported in the literature.?” It is noteworthy that the sur-
face plasmons on these metal NPs still behaved as di-
poles, even though the various SPR extinction
phenomena arose from different morphologies, reso-
nance modes, and compositions.

To determinate the optical constants of monolayer
HGNs presenting different morphologies, we fixed the
immersion time of the Si substrates for the various
samples and estimated that the HGN monolayers had
similar particle number densities. We used a spectro-
scopic ellipsometer to measure the ellipsometric pa-
rameters [tan(V¥) and cos(A)] of these samples within
the range of wavelengths from 300 to 880 nm and at
an incident angle of 75°. Next, we used a three-layer
model, consisting of the ambient, the NP layer, and the
substrate, to fit the measured values of tan(¥) and
cos(A). The values of n and k of the HGN monolayers
were set as fitting variables and evaluated from fitting
curves. Figure 3 displays the n and k curves obtained
with fitting of low-mean-square errors. Typically, one
or two pronounced extinction peaks appeared in all of
the k curves in Figure 3b. After we had added 0.5 mL of
the HAuCl, solution, the curve displayed an extinction
peak at 432 nm. The curves of the samples prepared af-
ter adding 0.75 and 1 mL of the HAuCl, solution each
display two weak extinction peaks: one at ca. 450 nm
and the other at a longer wavelength (640 and 664 nm,
respectively). The two curves of the samples obtained
after adding 1.3 and 1.45 mL of the HAuCl, solution
each present only one peak over the entire spectral re-
gion. The most red-shifted extinction peak appeared at
864 nm, with the k value of 0.227. After we added more
HAuCl, solution (1.75 mL), the peak at long wave-
length decreased in intensity and a weak peak ap-
peared at 528 nm. The curve obtained after adding 2
mL of the HAuCl, solution displays no peak at the long
wavelength and only one peak at shorter wavelength
(548 nm; dark yellow line in Figure 3b); this signal had
the highest value of k. All of the values of k were low, ex-
cept for those in the SPR extinction region, indicating
that this material selectively absorbed and scattered in-
cident light at specific wavelength bands. The varia-
tions in the trend of the k curves are in good agree-
ment with those of the absorption spectra of the same
HGNs in aqueous solution (Figure 4a). Thus, the pro-
nounced extinction peaks resulted from the dipole plas-
mon resonance of these HGNs. We suspect that the
slight red shift occurred because the Si substrates had
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higher refractive indexes than that of water.?® Our re-
sults reveal that we can indeed use SE to observe the
optical behavior of HGN monolayers.

Figure 3a displays the refractive index curves of our
HGN monolayers. The n curves were highly affected by
the k curves: in the nonabsorbed region (k = ca. 0), the
refractive index remained constant (between 1.0 and
1.6) for the various samples; in the absorbed region (k
> 0.05), the refractive index curves exhibited abnormal
dispersion behavior.?® It is interesting that the value of
n at 300 nm was different for each of the samples, even
when the wavelength was located in the nonabsorbed
region, as indicated in Figure 4b, which also displays the
particle density for each sample with respect to the
amount of HAuCl, added. Because these samples were
immersed in the HGN solutions for the same duration,
they should have similar densities, except for the case in
which the HGNs had collapsed into solid Au NPs with
small fragments. The formation of a greater number of
smaller solid Au NPs led to higher concentrations of the
colloidal solutions and higher particle densities on the
Si substrates after 1.75 and 2 mL of the HAuCl, solution
were added. Moreover, the curve for the values of n at
300 nm is very similar to that of the particle density,
both plotted with respect to the amount of HAuCl,
added; indeed, the value of n correlated strongly with
the particle density (see the inset to Figure 4b).

To further investigate the correlation between the
particle density and the optical properties of the metal
NPs, we examined the behavior of Ag NPs having an av-
erage diameter of ca. 42 nm. We adjusted the immer-
sion time of the Si surfaces to control the particle den-
sity of the Ag NPs. Figure 5 displays the measured
ellipsometric parameters and optical constants of the
monolayer Ag NPs. The tan(¥) and cos(A) curves exhibit
obvious increases in the peak intensity upon increas-
ing the immersion time. This result agrees with the pre-
viously reported behaviors of Au NPs.?*> When the im-
mersion time was greater than 6 h, these curves
displayed similar features, indicating that the Ag NPs
were almost saturated on the surfaces. It is difficult,
however, to directly suggest a clear physical meaning
for the blue shift in the ellipsometric parameter curves.
Therefore, we fitted the parameters and found the op-
tical constants mentioned above; panels c and d in Fig-
ure 5 present the n and k curves of the samples. The ex-
tinction peak present in the k curves also increased in
intensity when the samples were immersed for longer
times. All of the extinction peaks were located at ca. 440
nm without shift, revealing the SPR phenomenon of
the Ag NPs. The strong extinction peaks also caused
the n curves to exhibit an abnormal dispersion in the
absorbed region. Moreover, the value of An (i.e., Nmax —
Nmin) increased consistently with respect to the inten-
sity of the extinction peak in the k curves. It is notewor-
thy that the values of n varied slowly in the nonab-
sorbed region (A > 650 nm) and grew with increasing
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Figure 3. (a) Refractive indices and (b) extinction coefficients, determined
from the ellipsometric parameters, of monolayers of the HGNs prepared
through reactions with various volumes of the aqueous HAuCl, solution.

immersion time. The values of n ranged from 1.06 to
1.20; they were much higher than that of bulk Ag (e.g.,
n = 0.04, A = 826 nm).>°

We also deposited the HGNs having a diameter of
ca. 42 nm on the Si substrates through controlling the
immersion times from 1 to 52 h. Figure 6 displays the
measured ellipsometric parameters and fitted optical
constants of the monolayer HGNSs. Similar to the situa-
tion described above, the tan(W¥) curves display an ob-
vious peak located at ca. 730 nm. The intensity of this
signal also increased upon increasing the immersion
time (Figure 6a). Unlike the cos(A) curves of Ag NPs,
however, the cos(A) curves of the HGNs presented a
broad peak with no enhancement in intensity upon in-
creasing the immersion time (Figure 6b). We suspect
that this result arose due to the intrinsic limit of the
value of cos(A). We might, however, expect to observe
such a tendency in the intensity at shorter wavelength
(e.g., N\ < 400 nm) upon increasing the immersion time.
Figure 6c,d displays the n and k curves of monolayer
HGNs prepared with different immersion times. Be-
cause the SE used in this work could only measure the
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Figure 4. (a) Relationship between the SPR peak wavelength of
HGNs on a Si substrate (square) or in aqueous solution (circle) and
the volume of the HAuCl, solution added during the HGN synthe-
sis. (b) Relationships between the volume of the HAuCl, solution
added during the HGN synthesis and, respectively, the particle
number density (square) and the value of n at A = 300 nm (circle)
of HGNs on a Si substrate. Inset: Relationship between the par-
ticle number density and the value of n at A = 300 nm for HGNs
on Si substrates.

samples at wavelength of less than 880 nm, the fea-
tures of these curves could not be determined com-
pletely. Nevertheless, we could still observe the charac-
teristic peaks in the k curves. In addition, the extinction
peaks developed and displayed an obvious red shift
(from 740 to 870 nm) upon increasing the immersion
time (Figure 6d). The red-shift phenomenon might be
attributable to the coupling effect due to the neighbor-
ing HGNs.2" It is interesting that the values of N, de-
creased in the absorbed region (e.g., \ = 700 nm) ow-
ing to the stronger abnormal dispersion induced by the
k values. In contrast, the values of n increased in the
nonabsorbed region (e.g., A = 300 nm) because of the
higher particle density.

Figure 7a—f displays SEM images of the HGNs de-
posited on Si wafers for various immersion times. Fig-
ure 7g presents the relationship between the immer-
sion time and the particle number density, as
determined from the SEM images. The particle num-
ber density exhibited a linear correlation with re-
spect to the immersion time before saturation and
after reaching saturation. In addition, the value of
kmax also displayed a high correlation with respect
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to the immersion time. Figure 7h reveals the linear
correlation between the particle number density and
the value of kyay. It is noteworthy that the value of
nmin also correlates significantly with respect to the
particle number density. In general, a change in
cos(A) is more obvious than a change in tan(¥) for
a thin layer of a deposited material. Therefore, previ-
ous studies of the relationship between the ellip-
sometry parameters and the particle number den-
sity for Au NPs have focused on the change in
cos(A).2>~2° Because it is more difficult to observe
such a trend in the values of cos(A) for HGNs, we
suggested that the change in tan(¥) near the posi-
tion of the SPR peak is more suitable for HGNs of
various particle number densities (see Figure 6a,b).

Clearly, the HGN monolayers exhibit distinct differ-
ences from the optical properties of bulk Au. Gener-
ally, metals such as Au or Ag exhibit large values of k be-
cause of their conductive characteristics and have very
low values of n (typically, n < 0.4 at \ = 550—1000
nm).2° In contrast, our HGN monolayers possess rela-
tive large values of n (typically 1—1.5) but small values
of k. Moreover, a pronounced peak was present in the k
spectra and an abnormal dispersion appeared in the n
spectra associated with the SPR band of these HGNSs. In
addition, we found that the particle number density
had a strong effect on the optical behavior of these
HGN monolayers. Because the surface plasmon of the
HGNs can be considered as an oscillating dipole, the
Lorentz oscillator model?® (usually used for insulator
materials) could be introduced to successfully explain
the optical behavior of the HGN monolayers. If the
HGNs interact with an external electromagnetic wave
at the wavelength associated with their SPR position,
then we would expect to observe the resonance ab-
sorption phenomenon. Because this behavior induces
large amplitude oscillations, the HGNs can, therefore,
absorb energy from the incident light. If the light does
not coincide with the SPR wavelength, then the HGNs
will not the absorb energy. In this situation, the light
wave drives nonresonant oscillations of the HGNs and
has a smaller propagation velocity than that in free
space. The reduction of the velocity is characterized by
the refractive index. Therefore, more HGNs result in
more oscillating sites in the medium, enlarging the val-
ues of k in the absorbed wavelength region and the val-
ues of n in the nonabsorbed wavelength region. This
tendency agrees with our experimental results men-
tioned above.

Moreover, we measured the optical constants for
HGNs linked on a Si substrate with saturation and com-
pared these values with those for solid Au NPs. Be-
cause the particle number density is a major factor in
determining the refractive index, we tuned the immer-
sion times to obtain similar densities for the two kinds
of samples. Figure 8a displays the curves of the optical
constants for HGNs (diameter = 27 nm) and solid Au
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NPs (diameter = 20 nm), each with a particle density ume between the solid Au NPs (Au) and the HGNs (Au

of ca. 350 particles wm™2, First, we compared the val- and air). Because bulk Au films have values of n larger
ues of n at wavelengths in the nonabsorbed wave- than 1.5 in the wavelength range from 300 to 450 nm,*°
length region. The solid Au NPs displayed slightly when incident light interacted with the monolayer

higher values of n than those of the HGNs in the nonab-  NPs, the solid Au NPs displayed a higher effective refrac-
sorbed region, even through the particle density was tive index than did the HGNS. In addition, Figure 8a re-

similar, possibly because of the difference in metal vol-  veals that the value of k., of the HGNs (0.34 at 802 nm)
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extinction coefficient for HGN-adsorbed Si wafers prepared over various immersion times.
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was lower than that of the solid Au NPs (0.43 at 545
nm) in the respective SPR wavelength regions. This phe-
nomenon might be attributable to the difference in
the intrinsic SPR extinction efficiency between an HGN
and a solid Au NP. Calculations performed according to
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the Mie theory have suggested that a solid Au NP has al-
most twice the extinction efficiency of an HGN of equal
diameter.>? On the other hand, the SPR extinction effi-
ciency is also sensitive to the size of particles.®** When
the particle size is increased, the greater degree of scat-
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nm (circle)] adsorbed on Si wafers at saturation.

tering results in a higher extinction efficiency. In our
case, the HGNs had slightly larger diameters than did
the solid Au NPs; therefore, we would expect the former
to possess a value of k slightly higher than half of that
of the solid Au NPs. Furthermore, we compared the op-
tical constants at saturation for HGNs possessing aver-
age diameters of 27 and 42 nm (Figure 8b). When the
samples reached saturation on the Si substrates, the
smaller-sized HGNs had a higher particle density (ca.
350 particles wum™2) than that of the larger HGNs (ca.
150 particles wm™2). This result agrees with that found
in the n curves in Figure 8b, where the smaller HGNs dis-
played a higher value of n at 300 nm (n = 1.15) than
that (n = 1.1) of the larger ones. It is interesting, how-
ever, that the larger HGNs provided a dramatically
higher value of ki (0.92 at 870 nm) than did the
smaller ones (0.34 at 802 nm), even when the former
had a much smaller particle density. This behavior indi-
cates that the values of k might be more sensitive to
the particle size than to the particle density.

We also compared the values of the optical con-
stants of our monolayer HGNs with those reported pre-
viously for solid Au NPs.2°~2%25 For instance, Evans?’
characterized very high refractive index values (Nmax =
2.6; keax = 1.4) for self-assembled Au NPs, although we
note that their Au NP film was a 12-layer structure
rather than a monolayer, so their results are not di-
rectly comparable with ours. We can, however, com-
pare our results with those for the optical constants (n
< 1.2; k < 0.15) reported by Kooij et al.?° for monolayer
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Au NPs. Previously, we reported®* much higher values
for the optical constants of monolayer Au NPs than
those reported by Kooij. For a saturated monolayer of
Au NPs having a diameter of ca. 10 nm, we obtained a
maximum refractive index and extinction coefficient of
ca. 1.9 and 1.2, respectively. We suspect that the differ-
ence arose due to the lower surface coverage of their
monolayer Au NPs. In addition, Lin et al.*® recently re-
ported values of n and k for monolayer Au NPs that are
comparable to ours. As indicated in Figure 8b, we could
increase the value of k of the HGNs to 0.92 through in-
creases in the size and density of the particles. Although
our highest value of k is still slightly lower than that re-
ported previously for solid Au NPs,?? the values of k for
our HGNs in the SPR absorbance region are high
enough for them to serve as sensors.

Generally, a UV—vis transmission measurement
is used to monitor a typical glass-based SPR sen-
sor.>®> To develop an applicable SPR-based chip, a
conductive or nontransmitting substrate might be
necessary. Here, however, we demonstrate a simple
concept: relating the device sensitivity to changes in
the surrounding medium, using solid Au NP and
HGN monolayers on a Si substrate. Because of the
high absorption of Si over the whole visible wave-
length region, we used the reflectance spectrum and
SE to observe the sensitivity. It is worthy to be noted
that SE usually could present more details and slight
changes of optical properties of a thin film than com-
mon transmission or reflection measurement. The
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Figure 9. (a,b) Reflectance and (c,d) extinction coefficient spectra of (a,c) Au NP and (b,d) HGN monolayers before (black)

and after (red) surface modification with added MPA.

reason could be attributed to the fact that SE col-
lects the change in polarization state of light re-
flected from the surface of a sample, such as ampli-
tude and phase. Figure 9 displays the reflectance
and normalized extinction coefficient spectra of
saturated solid Au NP and HGN monolayers before
and after binding MPA molecules. Figure 9a,b reveals
that no apparent characteristic features appeared

in the reflectance spectra, even though extremely
slight changes occurred in the curves of the both
samples before and after binding MPA molecules. In
contrast, the extinction coefficient curves display
very distinct SPR peaks (Figure 9¢,d). Under the same
experimental conditions, the peak for the solid Au
NP monolayer displays a red shift from 526 to 530
nm; that for the HGN monolayer displays an obvi-
ously larger red shift from 780 to 814 nm. The SPR
sensitivity of the HGNs, relative to that of solid Au
NPs, was almost 8-fold, possibly because the hollow
structure allowed the MPA molecules to diffuse
freely into the interior regions of the HGNs and self-
assemble to form a monolayer on both the inner
and outer faces of the shells.’® The greater number
of bound MPA molecules induced a larger change in
the optical constant of the medium surrounding
the HGNs. This behavior would cause the SPR peak
of the HGNs to undergo a larger red shift. Thus, the
HGNs are more suitable for use as SPR sensors than
are the solid Au NPs because the former have the
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same chemical affinity yet higher sensitivity to the
surrounding change. In addition, we suggested that
SE measurements are useful for measuring the sen-
sitivity of a conductive or nontransmitting SPR
sensor.

CONCLUSIONS

We prepared a series of the monolayer HGNs pos-
sessing various morphologies and investigated in
detail the optical constants (values of n and k), deter-
mined using spectroscopic ellipsometry, of their self-
assembled monolayers immobilized on Si substrates.
The samples exhibited SPR peaks in their k curves
that were comparable with those of the same par-
ticles in aqueous solution. Furthermore, we use the
Lorentz oscillator model to explain the behavior of
these HGN monolayers. In the absorbed region, the
values of k increased upon increasing the particle
number density, reaching a maximum of 0.92; the n
curves displayed an abnormal dispersion associated
with the strong SPR extinction. In the nonabsorbed
region, a relatively larger value of n occurred than
that found for bulk Au; it increased upon increasing
the particle number density. In addition, we com-
pared the optical constants for monolayers of HGNs
and solid Au NPs with similar particle densities. The
higher value of k. for the solid Au NP monolayer
than that of the HGN monolayer was due to the
former’s larger extinction efficiency at the SPR wave-
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length. Finally, we found that HGN monolayers dis-
play a greater sensitivity to changes in their sur-
roundings than do their corresponding solid Au NP

METHODS

Materials. All chemicals were used as received, without any
further purification. Sodium citrate (99%), silver nitrate (AgNOs,
99%), hydrogen tetrachloroaurate (HAuCl,;, 99.999%), poly-
vinylpyrrolidone (PVP, M,, = ca. 30K), 3-aminopropyl-
trimethoxysilane (APTMS), 3-mercaptopropanoic acid (MPA,
99%), methanol (MeOH, 99.5%), ethanol (EtOH, 99.8%), and eth-
ylene glycol (EG, 99.8%) were obtained from ACROS. The Au col-
loid solution (20 nm) was obtained from Aldrich. Si wafers were
obtained from Summit-Tech Co.

Colloid Preparation. HGNs were prepared through the reaction
of HAuCl, with Ag NPs, similar to the method published by Sun
and Xia."® Briefly, AgNOs (0.04 g) and PVP (1 g) were dissolved in
EG (20 mL). This mixture was heated at 160 °C for 2 h under vig-
orous magnetic stirring and then cooled to room temperature.
The resulting Ag colloid prepared using the polyol method
formed stable dispersions in water without the need to add ad-
ditional stabilizers. The solution of the Ag NPs (1 mL) was diluted
in deionized water (25 mL) and then heated under reflux for 10
min before a specific volume of 2 mM aqueous HAuCl, was
added dropwise. A color change—sequentially from yellow to
colorless to dark blue—occurred during the course of the re-
placement reaction. After 20 min of stirring, the particles were
cooled to room temperature, purified through gradient centrifu-
gation, washed twice with 0.3 mM aqueous sodium citrate, redis-
persed in 0.3 mM sodium citrate (5 mL), and finally stored at 4
°C.

HGN Monolayer Preparation. Clean, polished Si substrates were
immersed for 45 min in boiling solution of 2% (v/v) of APTMS in
anhydrous EtOH. The substrates were then rinsed thoroughly
with MeOH to remove any unbound monomer from the sur-
face. At this point, the silanized substrates were stored in MeOH
until required. Prior to derivatization with colloidal NPs, the sub-
strates were rinsed with ultrapure water (UPW) and immersed
in vials of NPs for lengths of time from 1 to 52 h. The NP-
deposited substrates were then spun at 3000 rpm to remove
any excess NPs. After performing a final UPW rinse, the samples
were dried and stored under ambient conditions until required
for further use.

Modification With MPA. The Si substrates were immersed until
saturation in a solution of the solid Au NPs or the HGNs. The
samples were then immersed in the same solution of MPA in
EtOH (50 mM) for 4 h. After performing a final EtOH rinse, the
samples were dried and stored under ambient conditions.

Characterization. The absorption and reflectance spectra were
recorded using a Hitachi U4100 optical spectrometer. The sizes
of NPs were measured using a Philips Tecnai F20 G field emis-
sion tunneling electron microscope (FEI-TEM). The NP-deposited
substrates were observed using a JEOL JSM-6500F scanning elec-
tron microscope (SEM). The ellipsometric parameters of the NP-
deposited substrates were measured using a SOPRA SE5E spec-
troscopic ellipsometer (SE). Measurements were preformed at
wavelengths between 300 and 880 nm at a fixed incident angle
of 75°. SE measures the change in polarization state of light re-
flected from the surface of a sample in terms of ¥ and A, which
are related to the ratio of total reflection coefficients, R* and R®
for p- and s-polarized light, respectively, according to the
expression®’

RP

g = tan We' = E

That amplitude of g = RP/R* is given by tan(¥), and the dif-
ference of the phase between p- and s-polarized components is
related to cos(A). On the other hand, a relation between total re-
flection coefficients and complex refractive index (N, = n — ik)
of a thin film coated on the substrate is
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monolayers. As a result, HGNs monolayers appear
to be particularly useful when incorporated into SPR-
based sensors or SPR chips measured using SE.

. riy + rsexp(—i2p)
1+ rhyrhexp(—i2f)

B = 1yt rexp(—i2p)
1+ r},rsexp(—i2f)

where
d, —
p=2n 0 NZ\/1 — (n,sin @/N,)

Here, r;, and r»3 are the Fresnel reflection coefficients for
the 1—2 (ambient—film) and 2—3 (film—substrate), respec-
tively. Besides, n, is the real refractive index of the ambient, and
¢ is the incident angle.

After the ellipsometry data have been collected, it is neces-
sary to use these data to determine the optical constants. For
our NP-deposited substrates, a there-layer model is postulated
with value of thickness for the NP layer and values of the opti-
cal constants for the NP layer and the substrate. The expected
values of ellipsometric parameters [tan(¥) and cos(A)] are calcu-
lated and compared with the measured quantities. A regression
analysis then refines the choices of values for the optical con-
stants until the difference between the calculated values and the
measured values is minimized.
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