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C
ollective oscillations of conduction
band electrons known as localized
surface plasmon resonances can be

excited when metal nanostructures/nano-
particles interact with electromagnetic radi-
ation in the appropriate frequency region.
The collective oscillation decays due to
various processes1,2 such as radiation damp-
ing,3 interband damping,4,5 surface scatter-
ing,6�8 and chemical interface damping,8�10

leading to dephasing times (T2) on the order
of 10 fs. The importance of the different
decaying mechanisms can depend on many
factors such as the particle size and shape, the
plasmon resonance energy, and the chemical
environment. For example, the radiation
damping, the loss due to conversion of
the surface-bound wave (plasmon) into a
photon, increases with the volume of the
particle while the loss due to the surface
scattering becomes important as the parti-
cle size decreases according to the pro-
portionality T2 � R/vF, where vF is the Fermi
velocity and R is the particle radius.1�3

When the resonance energy is within the
interband electron transition edge, the plas-
mon decays rapidly due to electron�hole
formation.4 The dephasing time is a critical
parameter for understanding the decay
dynamics of the localized surface plasmon
resonance. In addition, the dephasing time
is directly related to the near-field ampli-
tude, which is responsible for spectroscopic
signal enhancement.11When the resonance
spectra of individual nanostructures are
measured, T2 can be reliably determined
from the homogeneous linewidth (Γ) using
the relation T2 = h/(πΓ), where h is Planck's
constant.12 This approach has success-
fully been applied to understand the parti-
cle plasmon dephasing rate, and substantial
differences have been observed in dephasing

times based on the geometries of the
particles.4,11

In lithographically fabricated noble metal
nanostructures, the plasmon damping is
exacerbated by the ultrathin adhesion layer
that uses metals such as titanium (Ti) and
chromium (Cr) due to chemical interface
damping.8�10 In the fabrication of integrated
circuits,13 Ti and other metallic adhesion
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ABSTRACT

Drastic chemical interface plasmon damping is induced by the ultrathin (∼2 nm) titanium (Ti) adhesion layer;

alternatively, molecular adhesion is implemented for lithographic fabrication of plasmonic nanostructures

without significant distortion of the plasmonic characteristics. As determined from the homogeneous

linewidth of the resonance scattering spectrum of individual gold nanorods, an ultrathin Ti layer reduces the

plasmon dephasing time significantly, and it reduces the plasmon scattering amplitude drastically.

The increased damping rate and decreased plasmon amplitude are due to the dissipative dielectric function

of Ti and the chemical interface plasmon damping where the conduction electrons are transferred across the

metal�metal interface. In addition, a pronounced red shift due to the Ti adhesion layer, more than predicted

using electromagnetic simulation, suggests the prevalence of interfacial reactions. By extending the

experiment to conductively coupled ring-rod nanostructures, it is shown that a sharp Fano-like resonance

feature is smeared out due to the Ti layer. Alternatively, vapor deposition of (3-mercaptopropyl)-

trimethoxysilane on gently cleaned and activated lithographic patterns functionalizes the glass surface

sufficiently to link the gold nanostructures to the surface by sulfur�gold chemical bonds without observable

plasmon damping effects.

KEYWORDS: lithography . adhesion layer . chemical interface . plasmon
damping . molecular adhesion
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layers are known to have a degrading effect due to
interdiffusion14 across the grain boundaries into the
outer layer (e.g., gold) and to subsequent oxidation
reactions. As a result, other metals such as platinum
and palladium are used as a diffusion barrier.13,15 For
plasmonic nanostructures, on the other hand, Ti (or Cr) is
directly used as an adhesion layer for gold and silver
nanostructures, and the effect of the underlying metal
on the optical response has gained attention only
recently.16�19 For thin film plasmon sensors, it has been
reported that a chromium adhesion layer decreases the
sensitivity of reflectance change.20 For gold split-ring
resonators, it has been shown that the presence of a Ti
layer leads to a resonance red shift and linewidth
broadening.18,19 However, the reports so far are based
on ensemble measurements where the dephasing time
cannot be extracted due to inhomogeneous broaden-
ing, and hence quantitative investigation of the Ti-
induced interface plasmon damping is lacking. More
importantly, to date, no alternative way of adhering the
plasmonic nanostructures to the substrate has been
presented.
In thiswork, first, the drastic plasmondamping effect

of an ultrathin layer of Ti is quantified. By measuring
the scattering spectra of individual nanostructures, the
dephasing times are extracted from the homogeneous
linewidth of the resonances. The plasmon decay dy-
namics of gold nanorods are discussed by comparing
both the resonance energies and the dephasing times
obtained in the absence or presence of an ultrathin
Ti layer. The deviation of the observed results from
predictions based on the bulk dielectric functions is
attributed to interfacial reactions of Ti with the glass
substrate and the gold layer. The roughness of the
deposited materials surfaces is also expected to facil-
itate intermetallic diffusion through the grain bound-
aries, leading to the formation of Au�Ti compounds.
The interpretations of the experimental results are
supported with electromagnetic simulations that are
carried out using the finite-difference time domain
(FDTD) method.
We demonstrate a simple and efficient alternative

for adhesion by using molecular linkers in the litho-
graphic fabrication of gold nanostructures on a glass
substrate. Specifically, it is shown that vapor deposition
of (3-mercaptopropyl)trimethoxysilane (MPTMS) on as-
developed e-beam-patterned glass/photoresist can
effectively serve to covalently bind gold nanostruc-
tures on a glass substrate. It is well-known that the
silane functional group [�Si(OCH3)3] of MPTMS reacts
with the hydroxyl group of the glass surface forming
Si�O�Si bonds, making the thiol group [�SH] avail-
able for S�Au bonding when gold is deposited on the
top.21,22 However, we note that the wet surface clean-
ing and activation (hydroxylation) procedures that
are usually implemented in the formation of a self-
assembled monolayer of MPTMS are not appropriate

for the lithographic fabrication of nanostructures that
involves liftoffprocedures. Thewet chemical treatment
can easily dissolve the poly(methyl methacrylate)
(PMMA) sacrificial layer that is used as a photoresist
in the lithographic fabrication. It is also important to
note that the MPTMS functionalization cannot be
performed before the substrate is covered with the
photoresist because the subsequent high-energy
e-beam exposure can damage the molecular linker.23

In this work, after the lithographic patterns are devel-
oped on the PMMA photoresist, the surface is gently
activated applying ultraviolet/ozone (UVO) cleaning
for a short period of time followed by vapor deposition
of MPTMS. This procedure may not be expected to
achieve uniform surface hydroxylation and MPTMS
functionalization. However, arrays of gold nanostruc-
tures deposited on the pretreated glass substrate
remain intact during the liftoff procedures even when
vigorous sonication has been applied, indicating that
the functionalization is sufficient to tether gold nano-
structures to a glass substrate via sulfur�gold chemical
bonding.

RESULTS AND DISCUSSION

Thedephasing times and the resonance energies are
investigated for three sets of arrays of gold nanostruc-
tures that are supported (a) directly on a glass, (b) on
top of an ∼2 nm Ti adhesion layer, and (c) on MPTMS-
functionalized glass, as shown in the schematics in

Figure 1. Schematics (a�c) showing how the gold nanos-
tructures are supported on a glass substrate: (a) directly on
glass, (b) on an ∼2 nm titanium adhesion layer, and (c) on
MPTMS-functionalized surface. (d) Scanning electronmicro-
scope imageof fabricatedgoldnanostructureswitha thickness
of ∼17 nm.
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Figures 1a�c (seeMethods section and Figure S1 of the
Supporting Information for experimental details). We
note that when the gold nanostructures are supported
directly on a glass surface, a significant number of
structures are washed away during the liftoff proce-
dures. Representative scanning electron microscope
(SEM) images of fabricated gold nanorod and ring-rod
nanostructures are shown in Figure 1d. The average
dimensions of the parameters are D1 = 144 nm,
D2 = 190 nm, L = 85 nm, andW = 40 nm. The thickness
of the gold nanostructures without the adhesion layer
is ∼17 nm. Scattering spectra for individual plasmonic
nanostructures are acquired using a dark-field confocal
microscope using excitation light that is polarized
along the long axis of the nanorod.
Representative scattering spectra of the single nano-

rods are shown in Figure 2a, which can be compared
with the calculated scattering cross section plotted in
Figure 2b. The resonance peak is due to the long-
itudinal dipolar mode of the nanorod. Both the experi-
mental and theoretical results show that the presence
of the ∼2 nm titanium adhesion layer significantly
reduces the scattering intensity of the gold nanorod.
The calculated absorption cross section shown in
Figure 2c has an overall increased magnitude in the
presence of Ti considering the total area under the
broadened spectra. The near-field amplitude, which is
directly proportional to the scattering cross section,24

is significantly reduced in the presence of the Ti layer,
as shown in Figure 2d. This drastic reduction of the
plasmon amplitude is due to the dissipative imaginary
part (ε2) of the Ti dielectric function, ε = ε1 þ iε2. For
example, at a photon energy of 1.7 eV, ε = �3.98 þ
i16.4 for titanium compared to �18.7 þ i1.2 for gold.
The near-field enhancement of a plasmonic material is
proportional to the |ε1/ε2| ratio

25 (see also Supporting
Information Figure S2). The presence of the Ti deposit
increases the rate of plasmon dephasing via charge
transfer across the metal�metal interface, resulting in
less confinement and greatly reduced near-field oscil-
lation amplitude. The reduction of the near-field am-
plitude is consistent with the recent observation that
the presence of a Ti or Cr adhesion layer results in
reduced fluorescence signal enhancement.17 It is
known that for metal particles in metal matrices the
particle plasmon can disappear due to chemical interface
damping.1,9 The result presented here demonstrates that
the chemical interface damping effect is prevalent in the
Au�Ti system even for ultrathin adhesion layers of Ti.
While the values of the bulk dielectric constant used here
may not be completely valid for simulating such small
thicknesses of Ti, the results of the calculation in Figure 2b
indicate that the damping effect is drastic even for 1 nm
of Ti, compromising the use of Ti as an adhesion layer for
plasmonic nanostructures, particularly in the visible re-
gion. The situation is worse for chromium as it is more
absorptive than titanium.16,26

The plasmon resonance peak energy and the full
width at half-maximum (linewidth, Γ) are determined
by fitting Lorentzian functions to the measured scat-
tering spectra. Although a polarizer is used to orient
the electric field of the excitation light along the long
axis of the nanorod, the spectra of some of the struc-
tures are slightly asymmetric due to the small contri-
bution of the transverse (the short axis) mode, which
peaks at ∼0.45 eV higher than that of the longi-
tudinal mode. Therefore, for reliable comparison, two
Lorentzian functions are used throughout the fitting

Figure 2. Measured and calculated spectra of gold nano-
rods. (a) Measured single particle scattering spectra for Au
nanorod supported directly on a microscope cover glass
(blue line) and on a∼2 nm Ti adhesion layer (black line), (b)
calculated scattering cross section, (c) calculated absorp-
tion cross section, and (d) calculated near-field amplitude.
The near-field amplitude is the peak (maximum) value in
the xz plane that crosses the nanorod through its center
longitudinally.
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procedure (see Figure S3), and only the parameters
that are extracted from the longitudinal resonance
peaks are considered in the discussion. The average
parameters are summarized in Figure 3a; each data
point, which represents slightly different electron
doses during e-beam fabrication, is the average of
parameters that are extracted from the spectra of
about 25 nanorods.
Related to the plasmon damping, the spectral line

width (Γ) is significantly broadened due to the Ti
adhesion layer, as seen in themeasured and calculated
spectra in Figures 2a,b.When gold is supported directly
on glass, Γ = 156 ( 7 meV, which corresponds to
T2 = 8.5 ( 0.4 fs. When the gold nanorods are depos-
ited on top of∼2 nmTi layers, themeasured resonance
linewidth is 216( 19meV, a 40% increase compared to
Au on glass. This Ti-induced linewidth broadening
corresponds to a decrease of the dephasing time from

8.5 ( 0.4 fs to 6.1 ( 0.5 fs. In other words, the small
fraction of Ti adhesion layer (∼10% of the total
thickness) results in an increase of the plasmon de-
phasing rate, T2

�1, by ∼40%. The average Γ plotted in
Figure 3a has larger error bars for Au�Ti than for Au,
which can be attributed to the uneven layer thickness
of Ti for each nanostructure. For film thicknesses as thin
as 2 nm of Ti, the electron beam evaporation process
likely results in non-uniform (discontinuous) surface
coverage, resulting in different values of plasmon
damping for similar gold nanorods. The irregular film
structure (see Figure S4) is difficult to exactly define in
the simulation, and hence uniform thin films of Ti and
gold are assumed in the calculation of the scattering
cross sections. It is important, however, to note that the
rough film structures of Ti and Au increase the plasmon
dephasing rate through electron-surface scattering
and radiation damping. The linewidths extracted from
the calculated scattering spectra for Au and Au�Ti
nanorods are plotted in Figure 3b. In qualitative agree-
ment with the experimental result, the presence of a
2 nm Ti layer increases the linewidth from 104 to
242 meV. As the total thickness of the nanorod is
increased by increasing the fraction of Ti, Γ increases
rapidly (black line); when the thickness is increased by
the same proportion, by increasing the fraction of Au,
the change in Γ is insignificant (blue line).
When the gold nanorods are fabricated directly on a

glass substrate, the resonance energy, on average,
peaks at 1.729 ( 0.017 eV (717 ( 7 nm), which shifts
to 1.661 ( 0.017 eV (747 ( 8 nm) when an ∼2 nm Ti
adhesion layer is used. The uncertainty indicates one
standard deviation. According to the results of the
calculation presented in Figure 3c, the resonance en-
ergy of the Au�Ti nanostructure is lower than that of
pure gold, provided that the total thickness and other
dimensions are the same. However, when the thick-
ness of the Ti layer is increased while that of gold is
fixed, the spectral peak energy first decreases and then
increases continuously with increasing Ti thickness,
which is due to the increased aspect ratio of the total
thickness of the nanorod (Au þ Ti) to its length.
Comparing the spectra in Figures 2a,b, and considering
the values plotted in Figures 3a,c, it can be seen that
the experimental red shift is more pronounced than
theoretically predicted. That is, the observed red shift
(29( 8 nm) is reproducibly higher than the calculated
shift (∼6 nm). The results presented in Figure 3a con-
firm that the deviation cannot be due to slight struc-
tural differences of the fabricated Au�Ti and Au
nanorods. Although variations in electron doses of
fabrication produce slightly different sizes, the average
resonance energies of the nanorods remain nearly the
same as shown in Figure 3a.
The significant deviation of the calculated shift from

the observed result can be explained by considering
that a smooth interface boundary and bulk dielectric

Figure 3. Experimental and calculated linewidths and
resonance energies of gold nanorods. (a) Average line-
widths as a function of resonance peak energy (Eres). Each
data point represents the average linewidth and reso-
nance energy extracted from the spectra of an array of 25
gold nanorods. Each set of nanostructures are obtained
under slightly different electron doses of fabrication. (b)
Linewidth extracted from the scattering spectra calcu-
lated for different total thickness of the nanorod. (c)
Calculated resonance energy as a function of the nanorod
total thickness.
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functions of pure Au and Ti are assumed in the
calculation. The granular surface structures of
the deposited films are clearly seen in the atomic force
microscope (AFM) and scanning electron microscope
images (see Figure S4). As determined from the AFM
images, the Au�Ti film deposited on a siliconwafer has
root-mean-square deviation of 234 pm, compared to
75 pm for a silicon wafer, which is coated with a native
oxide. However, as noted above, these structural de-
fects that result from the metal deposition and also
from the liftoff processes are not fully accounted for in
the simulation. In addition, the simulation completely
ignores any interfacial chemical reactions, which are
known to be important. For example, in the experi-
ment by Tisone and Drobek,14 Ti�Au compounds such
as Ti3Au, TiAu, and TiAu2 are detected in as-deposited
films, suggesting that interdiffusion and subsequent
reactions take place during the deposition. A diffusion
coefficient (D) of ∼5 � 10�15 cm2/s was reported
compared to 1 � 10�21 cm2/s for bulk systems, in-
dicating high defect density in the deposited films. This
corresponds to a diffusion length [2(tD)1/2, t is time] of
∼10 nm per minute. In addition, titanium bonds to the
glass substrate via oxide formation, the very character-
istic for its use as an adhesion layer.13 It is well-known
that the plasmon resonance is sensitive to the refrac-
tive index of the surrounding medium.27 Considering
that oxides of titanium have characteristically high
refractive indices (for example, a TiO2 film28 has a
refractive index of 2.35 compared to ∼1.5 for glass),
even trace amounts of oxides at the interface can shift
the resonance peak noticeably, resulting in a more
pronounced red shift than theoretically predicted.
The combined effect of the linewidth broadening

and resonance red shift is a reduced quality factor (Q =
Eres/Γ), which is related to the field enhancement.
Using the above values, it can be seen thatQ is reduced
from 11.1 to 7.7 due to the interface damping, which is
a significant loss for nonlinear and surface-enhanced
spectroscopic optical applications. For example, the
Raman signal is proportional to Q4, which means that
the Ti-induced chemical interface damping reduces
the signal enhancement by a factor of greater than 4.
One of the important applications of particle plas-

mon resonances is in monitoring slight changes in the
refractive indices of chemical and biological media.
These sensing applications require sharp resonance
features. The adverse effect of the chemical interface
plasmon damping on sharp resonance features is
demonstrated by the optical response of conductively
coupled ring-rod nanostructures (see SEM image in
Figure 1c). As reported recently29 and shown by the
blue curve in Figure 4a, when the nanorod is linked
to the nanoring by a neck-like conductive bridge, a
quadrupole plasmon resonance of the ring is excited,
peaking at ∼1.38 eV. In addition, a Fano-like reso-
nance is observed at 1.76 eV due to the destructive

interference of the octupolar resonance with the over-
lapping and broadened dipolar resonance. When simi-
lar ring-rod gold structures are supported on top of a
2 nm Ti adhesion layer, the overall scattering intensity
is drastically reduced, and the Fano-like resonance
feature is completely smeared out. This trend is repro-
duced in the calculated spectra, as seen in Figure 4b.
The lower relative intensity of the quadrupolar reso-
nance peak compared to the calculated one is due to
the reduced efficiency of the detector close to the
near-infrared region.
The discussion so far clearly underscores that using a

metallic adhesion layer drastically reduces the plasmo-
nic optical effect of noble metal nanostructures. There-
fore, it is imperative that alternative adhesion mecha-
nisms are sought. In the following, we discuss the
implementation of readily available MPTMS as a mo-
lecular adhesion layer without compromising the op-
tical effect of the plasmonic nanostructures.
A glass substrate is treated with MPTMS after the

desired patterns are written on a PMMA sacrificial layer
using e-beam lithography and development processes
as described in the Methods section and in Figure S1,
Supporting Information. In this procedure, the glass
surface functionalization takes place only in the ex-
posed areas defined by the e-beam lithography, as the
remaining region is covered with the PMMA photo-
resist. A fused silica cover glass (Esco Products, Inc.) and
a quartz wafer (Silicon Quest International, Inc.) have

Figure 4. Scattering spectra of ring-rod gold nanostructure
shown in Figure 1d. (a) Measured scattering spectra when
the gold nanostructure is supported directly on a micro-
scope cover glass (blue line) and on a ∼2 nm Ti adhesion
layer (black line). (b) Calculated scattering cross section.
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been used in this experiment, and the result is similar.
In the case where the glass substrate is pretreated with
MPTMS, nearly all of the structures remain at the
desired location after the liftoff procedures. In the
absence of the pretreatment, the yield varies dramati-
cally; in some cases, nearly all of the structures are
eitherwashed away or distorted [compare (a) and (b) in
Figure S5], and in other cases, the loss can be as low as
5% [compare (c) and (d) in Figure S5].
Representative scattering spectra of gold nanorods

supported on three different regions (bare glass,
∼2 nm Ti layer, and MPTMS-functionalized) of the
same quartz wafer are compared in Figure 5a. Fabricat-
ing the nanostructures on the same wafer on top of
different underlayers avoids the structural variations
that result from different batches of fabrication, mak-
ing the optical response comparison more reliable. In
each case, more than 20 spectra of individual gold

nanorods are evaluated. As shown in Figure 5a, the
intensity and linewidth of the resonance scattering
spectra of the gold nanorods that are deposited
directly on glass and on MPTMS-pretreated surface
are practically the same, considering the fluctuations
even for nominally the same structures. As seen in
Figure 5b, the sharp Fano-like resonance feature ob-
served in a ring-rod structure is preserved when
MPTMS is used as a molecular adhesion. In contrast
for Au�Ti nanorods, the intensity is drastically reduced
(black line in Figure 5a), and the linewidth is signifi-
cantly broadened, resulting in smearing out of sharp
resonance features.

CONCLUSION

Quantitative analyses of the chemical interface plas-
mon damping and resonance shifts are presented for
Au�Ti nanorods in comparison with pure gold using
single particle scattering spectroscopy. Using titanium
as an example, it is demonstrated that a metallic
embeddingmedium increases the plasmon dephasing
rate, drastically reduces the plasmon amplitude, and
red shifts the resonance peak. The increased dephas-
ing rate is explained in terms of the dissipative di-
electric function of the Ti and chemical interface
damping where the conduction electrons are trans-
ferred across the metal�metal interface. The observed
red shift is greater than predicted from electromag-
netic simulation, which is based on the bulk dielectric
functions of pure Au and Ti. The deviation is attributed
to interface reactions and intermetallic diffusion pro-
cesses, which are ignored by the calculation. By ex-
tending the experiment to conductively coupled ring-
rod nanostructures, it is shown that sharp resonance
features such as Fano-like resonances are smeared out
completely due to the chemical interface plasmon
damping, significantly reducing the usefulness of such
features in sensing applications. It is shown that vapor
deposition of (3-mercaptopropyl)trimethoxysilane on
gently cleaned and activated lithographic patterns can
efficiently link gold nanostructures to a glass substrate
with no noticeable plasmon damping effect, and
hence this fabrication method is proposed as a sound
alternative for fabrication of plasmonic devices with
improved performance. The molecular linker alterna-
tive presented here is based on the known S�Au
covalent bond, and for other metals that do not form
a strong chemical bondwith sulfur, an ultrathin layer of
gold can be used as an intermediary.

METHODS

Three types of arrays of gold nanostructures with 4 μm lattice
spacing are fabricated using electron beam lithography and
liftoff procedures: (1) directly on a glass, (2) on top of a ∼2 nm
titanium adhesion layer, and (3) on a MPTMS-functionalized

glass surface, as shown in the schematics in Figure 1a�c. The

fabrication process is summarized in Supporting Information,

Figure S1. A cleaned glass substrate is spin-coated with

50 nmof poly(methyl methacrylate) (PMMA), a positive electron

beam resist. To avoid charging effects during electron beam

Figure 5. Scattering spectra of single gold nanorod (a) and
ring-rod nanostructures (b) deposited directly on glass
(blue line), onMPTMS-functionalizedglass surface (red line),
and on a ∼2 nm Ti adhesion layer (black line). For the
nanorod resonances in (a), the spectra normalized to the
corresponding peaks are shown in the inset.
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exposure, a conductive polymer called aquaSAVE (Mitsubishi
Rayon Co, Ltd.) is spin-coated on top of the PMMA. A defined
area of the resist is exposed with an electron beam at 100 keV of
energy, 500 pA of beam current, and∼2000 μC/cm2 dose using
a Vistec VB300 e-beam lithography system. After the aquaSAVE
is removed by rinsing with water, the desired patterns are
developed by dissolving the exposed part of the resist in a 7:3
ratio mixture (chilled to �5 �C) of isopropyl alcohol and water,
applying sonication for 100 s. Films of Ti first and Au second are
then deposited in vacuum (∼10�7 Torr) all over the glass/PMMA
surface using a Semicore SC600 evaporator, which focuses a
∼10 keV e-beam on the materials contained in a crucible. Ti is
deposited at a rate of ∼1 Å/s to a final thickness of ∼2 nm.
Subsequently, Au is deposited at a rate of ∼4 Å/s to a final
thickness of ∼17 nm. The PMMA and the metal film on top are
removed via the liftoff procedure that involves immersing the
sample in dichloromethane for ∼15 min followed by imme-
diate rinsing with isopropyl alcohol and sonication in acetone
for 1�3 min.
For the Au glass and Au�Ti glass samples (discussed in

Figures 2, 3, and 4), Au�Ti is directly deposited on the devel-
oped patterns. For the evaluation of MPTMS for molecular
adhesion (Figure 5), the lithography, pretreatment, and eva-
poration processes are performed as follows. Three groups of
structural features with the same structural parameters are
developed in three regions on a quartz wafer of 100 mm
diameter. In order to remove some residue of photoresist and
activate the glass surface, UV-ozone cleaning is applied for 15 s
(note that long time duration UV-ozone cleaning can affect the
desired dimensions of the nanostructures). Gold is evaporated
on region 1 while regions 2 and 3 are masked, and then Ti and
Au are evaporated sequentially on region 2 while regions 1 and
3 are masked. The sample is then kept for 3 hours to 3 days in
vacuum where there is an open vial filled with MPTMS. Gold is
then evaporated on region 3 (MPTMS-functionalized glass
surface), while regions 1 and 2 were masked. The PMMA
photoresist is then removed by the liftoff procedures as de-
scribed above. In all of our experiments, vapor deposition of
MPTMS takes place at room temperature, and the adhesion
performance appears to improve with longer deposition time.
The reaction condition may further be improved by optimizing
the deposition temperature.
The scattering spectra for individual nanostructures are

acquired using a transmission mode dark-field confocal micro-
scope (Nikon TE2000-U). The plasmonic resonances are excited
with a white light (halogen lamp) that is polarized along the
long axis of the nanorod and focused by an oil immersion dark-
field condenser (numerical aperture, NA = 1.2�1.4) oriented
normal to the sample surface. The light scattered by an indivi-
dual nanostructure is collected with a 100�, 0.95 NA air
objective. The scattered light is then directed through a 150
μm diameter pinhole and spectrally analyzed with a spectro-
meter (PI-Acton 2300i) equipped with a CCD camera that is
cooled with liquid nitrogen. After the optical measurement is
finalized, structural analysis is performed using a Zeiss Ultra
60 scanning electron microscope, avoiding the charging
effect by coating the sample substrate with an ultrathin layer
(less than 3 nm) of gold�palladium.
The electromagnetic simulations are performed using the

finite-difference timedomain (FDTD)method and implemented
with Lumerical software. A total-field/scattered-field source
scheme30 is used to introduce light energy into the simulation
region where the grid size is 1 nm in x, y, and z directions. The
bulk dielectric constants of gold31 and titanium32 are used to
model the nanostructures. The glass substrate is included in the
calculation, and the calculated resonance peak energies
match the observed ones when a background refractive
index of 1.1 is used. For best estimates of the actual struc-
tures, the SEM images are directly imported into the simula-
tion region and extruded along the z-direction to define the
height. That is, except for the roughness of the surface, the
simulation mimics the size and shape of the real (fabricated)
nanostructures to the accuracy of the SEM.
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