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Plasmonics based on localized surface plasmon resonance (LSPR) has found many exciting appli-

cations recently. Those applications usually require a good morphological and structural control
of metallic nanostructures. Oblique angle deposition (OAD) has been demonstrated as a powerful

technique for various plasmonic applications due to its advantages in controlling the size, shape,

and composition of metallic nanostructures. In this review, we focus on the fabrication of metallic

nanostructures by OAD and their applications in plasmonics. After a brief introduction to OAD

technique, recent progress of applying OAD in fabricating noble metallic nanostructures for LSPR

sensing, surface-enhanced Raman scattering, surface-enhanced infrared absorption, metal-enhanced

fluorescence, and metamaterials, and their corresponding properties are reviewed. The future re-

quirements for OAD plasmonics applications are also discussed.
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1 Introduction

Plasmonics is a rapidly growing research field, which ex-
plores the optical properties of metallic nanostructures,
and inspires many applications from novel materials de-
sign to biomedical diagnostics. Plasmonics include two
distinct phenomena: surface plasmon resonance (SPR)
and localized surface plasmon resonance (LSPR). For
thin noble metallic films, when electromagnetic (EM)
waves interacts with the metallic surface, it will generate
charge density wave, and at certain wavelength or inci-

dent geometry, when the horizontal component of the in-
cident wavevector matches with the intrinsic wavevector
of the charge density wave, a resonance absorbance will
occur, which is referred to as SPR. For individual metal-
lic nanostructures, similar resonance absorbance due to
confined collective oscillation of electrons in the nanos-
tructure can be observed, and is referred to as LSPR. The
LSPR depends on the material, size, shape, and also the
surrounding dielectric environment [1-3], and has been
widely applied for chemical and biological sensing [4, 5].
The LSPR sensing utilizes the principle that the LSPR
resonant wavelength depends on the dielectric constant
of the surrounding. In addition, the enhanced localized
EM fields generated by LSPR at the resonant wavelength
are found to be the main origins for the surface-enhanced
spectroscopies, such as surface-enhanced Raman spec-
troscopy (SERS) [6-8], surface-enhanced infrared ab-
sorption (SEIRA) [9, 10], and metal-enhanced fluores-
cence (MEF) [11-13]. Moreover, LSPR has been utilized
to engineer the electromagnetic properties of metamate-
rials due to their strong EM coupling in sub-wavelength
region [14, 15], which possess unique properties usually
not found in nature.
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One important aspect with various plasmonic applica-
tions is to tune the LSPR properties by precisely control-
ling the morphology of the metallic nanostructures. For
example, in SERS, the LSPR wavelength of the metallic
substrates needs to be designed close to the excitation
wavelength to achieve high enhancement. In addition,
practical applications also require the nanostructures to
be uniform, reproducible, low-cost, and easy to fabri-
cate. A great deal of efforts have been devoted to the
fabrication of various metallic nanostructures for plas-
monic applications. Many of them require nanostructures
supported on substrates. This imposes a great challenge
to the fabrication techniques. Methods that can directly
fabricate nanostructures on substrates are usually used,
such as lithography methods [16, 17], self-assembly meth-
ods [18], and physical vapor deposition (PVD) methods
[19-21]. Electron beam lithography (EBL) is an ideal
method for fabricating regular nanostructures for plas-
monic applications due to its ability to precisely control
the size, shape, and spacing of the nanostructures [22—
25]. But EBL is expensive, time-consuming, and thus not
suitable for scalable fabrication. As a cheap and simple
technique, nanosphere lithography (NSL) [26-28], can
easily produce two-dimensional well-ordered nanoparti-
cle arrays, but has the poor ability to tune the shape
of naonstructures and to achieve large surface area. Self-
assembled metallic colloid is another popular way to pro-
duce ordered nanostructures [18]. The monolayer of col-
loid can be formed by reduction reaction, while the ran-
dom aggregation can often occur, leading to a poor uni-
formity and reproducibility. Physical vapor deposition
methods, such as electron-beam deposition, sputtering
growth, and thermal evaporation, are commonly used to
fabricate large-scale thin films. With a normal vapor in-
cidence with respect to the substrates, nanoparticles or
thin films are generally formed on the substrates. When
the vapor is incident with a large angle (§ > 70°) with

(a)

Resulting —=<—1

nanostructure

respect to the surface normal of substrates, nanocolumns
are usually formed. This kind of physical vapor deposi-
tion with large incident angles is referred to as oblique
angle deposition (OAD) [29].

The principle of OAD is shown in Fig. 1(a). The in-
cident vapor flux is arriving at the substrate at an an-
gle 6, which can be tuned by changing the orientation
of substrates through a stepper motor. A quartz crystal
microbalance (QCM) is usually used to monitor the de-
position thickness, which is referred to as QCM thickness
tocem. In OAD, the geometric shadowing effect and sur-
face diffusion of the adatoms account for the formation
of the nanostructures [29, 30]. At the beginning of the
deposition, islands with different heights are randomly
formed on the substrates. As the deposition proceeds,
the shorter islands will be shadowed by the nearby taller
ones and cannot receive more vapor atoms; while the
taller islands continuously receive the source atoms and
grow longer. In the meantime, the adatoms move on the
surface due to the surface diffusion. Consequently, a layer
of nanocolumns tilted towards the direction of incident
vapor is formed. Four structural parameters are usually
used to describe the structure of an OAD nanocolumn
layer: the tilting angle 3, the length [, the diameter D,
and the density p of the nanocolumns as shown in Fig.
1(b). By adjusting the deposition parameters, the mor-
phology of nanocolumns can be changed. The qualitative
relationship between the deposition parameters and the
structural parameters is listed in Table 1.

As the extension of OAD technique, glancing angle
deposition (GLAD) is a combination of OAD and the az-
imuthal rotation of the substrate [21]. An additional mo-
tor which controls the azimuthal motion of the substrate
is added to the deposition system. By programing the
substrate’s polar and azimuthal rotations, a large vari-
ety of morphologies of nanostructures can be fabricated.
For example, vertical aligned nanorods can be fabricated

Stepper motors (b)

Vapor

.’ Stop prowing

Fig. 1 (a) The schematics of OAD and GLAD, and (b) the self-shadowing effect during growth.
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Table 1 The relationship between the deposition parameters and the structural parameters.

Structural parameters

Deposition parameters

Diameter D Length [ Tilting angle 8 Density p
Incident angle 6 T - - 1 1
QCM thickness tqem T T T - 1
Substrate temperature T' T T 1 1 -

by fixing the incident angle and rotating the substrate
azimuthally at a fast speed during the deposition; heli-
cal nanostructures can be obtained by using a slow az-
imuthal rotation speed; and so on [21, 31, 32]. Besides
the diverse shape of nanostructures, different materials
can be used in OAD and GLAD as long as they can
be evaporated. By combining the morphological design
and the depositions of different materials, composite and
heterogeneous nanostructures have been realized [33, 34].
The composite-nanostructures can be fabricated through
a co-deposition, in which two or more materials are va-
porized and deposited on the substrates simultaneously
[35-39], while the heterogeneous nanostructures can be
obtained through a series of depositions of different mate-
rials [40-43]. So far, OAD and GLAD have been demon-
strated as powerful fabrication techniques and have the
following merits: (i) different size, shape and morphology
of nanocolumns can be obtained by conveniently chang-
ing the deposition parameters such as incident angle 6,
QCM thickness tqoMm, substrate temperature 7', and sub-
strate azimuthal rotation ¢; (ii) the materials of nanos-
tructures are not limited as long as it can be evaporated;
(iil) nanostructures are self-aligned on the substrate; and
(iv) the cost is low and large-area fabrication is feasible.
The metallic nanostructures made by OAD and GLAD
have been used for various plasmonic applications such
as LSPR sensors, SERS, SEIRA, MEF, and metamate-
rials. Some of the applications have demonstrated ex-
cellent performance. In the following sections, we will
discuss those applications based on the plasmonic nanos-
tructures fabricated by OAD and GLAD.

2 Localized surface plasmon resonance
Sensors

Ultra-thin layer of noble metallic nanoparticles (NPs)
can be used to generate LSPR response. The LSPR wave-
length is determined by the size, shape, and material of
the nanoparticles as well as the dielectric environment.
The dependence of LSPR on the surrounding environ-
ment can be utilized for sensor applications. By physical
vapor deposition at a normal incident configuration, Ag
and Au NP films can be fabricated and exhibit LSPR
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properties [44]. However, our study reveals that a small
incident angle 6 usually leads to a large variation in the
nanoparticle size distribution and poor uniformity [45].
By using OAD and GLAD, narrower size distribution
and more uniform Ag and Au NP films can be fabricated.
Figures 2(a) and (b) show the representative atomic force
microscope (AFM) images of Ag NP film (tqcm = 25
nm, 6 = 85°) and Au NP film (tqcm = 10 nm, 6 = 85°)
fabricated by OAD, respectively. The Ag or Au films are
composed of small and uniform NPs, whose correspond-
ing LSPR peaks are located at 440 nm and 570 nm, re-
spectively, as shown in Fig. 2(c). GLAD was also used
to produce Ag or Au NPs films. The Au NPs deposited
by GLAD with the same tqcm have the similar morphol-
ogy as that fabricated by OAD (image not shown) [46].
With a film thickness of 150 nm, the Ag NPs prepared
by GLAD have a large size distribution, as shown in Fig.
2(d), with diameters ranging from approximately 20 to
300 nm [47].

The LSPR property of metallic NPs is typically char-
acterized by examining the LSPR wavelength (LSPRW)
Ap and its response to the refractive index of the sur-
rounding environment. From the Mie theory, the LSPRW
Ap red shifts with the increasing particle size, or film
thickness [48, 49]. Figure 3(a) shows the A\,~tqcwm re-
lationship of Ag NPs fabricated by OAD with the in-
creasing incident angles. The LSPRW ), has an aver-
aged red shift of 2-10 nm per 1 nm increment in tqcm
at 0 > 70°, indicating that a fine tunability of LSPRW
can be achieved by using OAD or GLAD.

To investigate the response of nanoparticles to the sur-
rounding medium, the extinction spectra were measured
by immersing the OAD Ag NP sample shown in Fig. 2(d)
in deionized water, 2-propanol, and chloroform, with re-
fractive indices of 1.33, 1.38, and 1.45, respectively, as
shown in Fig. 3(b). The wavelength shift A\, was found
to be linearly dependent on the refractive index with a
sensitivity of 123 + 3 nm/RIU (RIU represents refractive
index unit) [47].

The LSPR properties of metal/insulator/metal island
films deposited by OAD or GLAD have also been ex-
plored [46]. Au NPs/TiO; film/Au NPs sandwich struc-
tures were fabricated by GLAD and the normalized ab-
sorbance spectra of Au NPs, Au NPs/TiO4 film, and Au
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Fig. 2 Representative AFM images of (a) Ag NPs (tqgom = 25 nm, 6 = 85°) and (b) Au NPs (tqcm = 10 nm, 6 = 85°)
films made by OAD. The scan length is 0.5 pm. (¢) Absorbance spectra of samples in (a) and (b). (d) SEM image of Ag NPs
(real thickness t = 150 nm, § = 85°, the substrate is rotated azimuthally at a rate of one revolution for every 3 nm of film
growth) fabricated by GLAD. (a) reproduced from Ref. [45], Copyright © 2008 American Chemical Society; (b) reproduced
from Ref. [46], Copyright (© 2010 Institute of Physics; (d) reproduced from Ref. [47], Copyright (© 2007 American Chemical
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Fig. 3 (a) The relationship between A, and tqcm. The measurements were performed on Ag NPs made by OAD. (b)
Extinction spectra in air before solvent measurements, in solvents of varying index of refraction, and in air again after the
solvent measurements. (c¢) Normalized absorbance spectra of substrates A, A/B and A/B/A. A: Au NPs made by GLAD
(tgem = 30 nm). B: TiO2 deposition by GLAD (tgewm = 5 nm). (a) reproduced from Ref. [45], Copyright (© 2008 American
Chemical Society; (b) reproduced from Ref. [47], Copyright (© 2007 American Chemical Society; (c) reproduced from Ref.

[46], Copyright (© 2010 Institute of Physics.

NPs/TiO; film/Au NPs are shown in Fig. 3(c). After a
5 nm TiOs coating, the plasmon peak of the Au NPs
shifted from 521 nm to 534 nm, due to change in dielec-
tric environment after the coating of TiOa. Interestingly,
after another layer of Au with the same thickness coat-
ing, the LSPRW did not shift, which means that the
TiOs layer can act as a spacer between two Au NP de-
positions. This additional layer of TiOs, like the bow-tie
structure, could generate more “hot spots” for plasmonic
applications.

The sensing ability of OAD Ag NPs based on LSPR
principle to monitor the binding between biotin and Neu-
trAvidin has been demonstrated [45]. After a fresh Ag
NPs film (tqem = 50 nm, 6§ = 85°) went through the
biotin coating, bovine serum albumin (BSA) blocking
and 107% M NeutrAvidin binding step, its LSPRW ),
red shifted from 447 nm to 462 nm, 490 nm, and 509
nm, respectively. The change of A\, from 490 nm to 509
nm was due to biotin-NeutrAvidin binding. Further, dif-

50

ferent concentration of NeutrAvidin was detected and a
clear concentration dependence relationship is shown in
Fig. 4(a), with a detection limit of NeutrAvidin of 10~19
M (AN, = 4 nm) [45]. The LSPR biosensing capabil-
ity of Ag NPs films fabricated by GLAD has also been
evaluated by detecting the binding event of anti-rabbit
immunoglobulin G (anti-rIgG) to rabbit immunoglobu-
lin G (rIgG) attached to the nanoparticle surface. Figure
4(b) shows the shift of LSPRW AM\,, versus anti-rIgG
concentration, [anti-rIgG], with a detection limit of 27
nM (AX, = 2 nm) [47]. The above applications verify
the sensing property of metallic nanoparticle films fabri-
cated by OAD or GLAD for small molecule detection.

3 Surface-enhanced Raman scattering

SERS has become a powerful technique for chemical and
biological sensing applications due to its great sensitivity.

Yizhuo He, Junzue Fu, and Yiping Zhao, Front. Phys., 2014, 9(1)
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Fig. 4 (a) Concentration dependence of NeutrAvidin for SPRW shift AX, based on Ag NPs. (b) The LSPRW shift as
a function of anti-rIgG concentration. (a) reproduced from Ref. [45], Copyright (© 2008 American Chemical Society; (b)
reproduced from Ref. [47], Copyright (© 2007 American Chemical Society.

The application of SERS usually requires the substrates
with good sensitivity and reproducibility. A variety of
Ag nanostructures fabricated by OAD and GLAD tech-
niques have been explored [19, 50-54] and some of them
have demonstrated as excellent SERS substrates. Among
these Ag nanostructures, tilted Ag nanorod (AgNR) ar-
rays are simple to prepare by OAD, and have exhibited
very good sensitivity and reproducibility [19, 50, 55, 56].
As shown in the SEM images in Figs. 5(a) and (b), a typ-
ical layer of AgNRs with QCM thickness tqcm = 2 pm at
an incident angle 6 = 86° under room temperature (RT)
is deposited on a 500 nm thick Ag film. The tilting angle
B, nanorod length [, and diameter D of the resulting Ag-
NRs are 71°£4°, 800900 nm, and 100 nm, respectively.
The SERS response of these AgNR substrates is char-
acterized by measuring the Raman spectrum of trans-
1,2-bis(4-pyridyl) ethylene (BPE) molecules adsorbed on
AgNRs. The enhancement factor (EF), defined as the en-
hancement in SERS signal per molecule relative to the

bulk Raman signal, is evaluated to be as high as 5 x 103,
The uniformity and reproducibility of the AgNR sub-
strates are also estimated by static measurement [50]:
the point-to-point uniformity (relative standard devia-
tion) in BPE SERS intensity obtained on a single sub-
strate is about 10%; the substrate-to-substrate repro-
ducibility within one batch ranges from 6% to 13%; and
the batch-to-batch reproducibility is less than 15%. If a
rotating detection scheme is used, the point-to-point uni-
formity is <5% [57]. Both the enhancement factor and
reproducibility obtained on AgNR substrates fabricated
by OAD are comparable to or even better than those of
SERS substrates prepared by other techniques [58, 59].
As shown in Table 1, the structural parameters of the
OAD AgNR arrays can be tuned by varying three deposi-
tion parameters, incident angle ¢, QCM thickness tqcw,
and substrate temperature 7', and thus the SERS activ-
ity may also be changed. The influence of QCM thick-
ness and incident angle on the SERS activity has been

(b)

104

0

500 1000 1500 2000

Length of Ag nanorod /nm

Fig. 5 (a) Top view and (b) cross-sectional SEM images of OAD AgNR arrays with 6 = 86°. (¢) SERS EF vs nanorod
length [ with different incident angles 0. (a) and (b) reproduced from Ref. [50], Copyright (© 2008 American Chemical
Society; (c) reproduced from Ref. [19], Copyright © 2010 American Chemical Society.
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investigated by Liu et al. [19] and Driskell et al. [50] un-
der room temperature. In their study, AgNR arrays with
various nanorod lengths | (= 200-2000 nm) and tilting
angles 8 (= 57°, 61°, 63°, 65°, and 71°) were fabricated
by OAD with varying QCM thickness tqem (= 400-4000
nm) and incident angles 6 (= 78°, 80°, 82°, 84°, and 86°).
Figure 5(c) shows the relationship between enhancement
factor EF and nanorod length [ at different incident an-
gles #. For different 0, the EF increases, reaches a maxi-
mum at an optimal nanorod length and then decreases,
as [ increases. A further increase in nanorod length [
may result in an increase of EF for § = 78° and 80°.
From another aspect, EF generally increases with the
incident angle #, when the nanorod length [ is fixed. As
shown in Table 1, a smaller 6 leads to larger density p
of Ag nanorods, which increases the possibility that two
or more adjacent Ag nanorods contact each other or fuse
together. This could reduce the strength of the localized
EM field and surface area, resulting smaller EF. Con-
sequently, the optimal AgNR SERS substrate by OAD
under RT can be achieved with incident angle 6 = 86°.
At this incident angle, the best SERS activity is obtained
with tqom &~ 2 um [50].

Besides tqcm and 6, the substrate temperature 7'
can also affect the morphology of AgNR arrays and the
SERS activity. Low-temperature (LT) deposition usu-

(c) (d)
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= =
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o0 £ @
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e 14 i .
‘8
gt
0 T T I 1 0 = i
0.0 0.5 1.0 1.5 2.0 2.5 0.0 05 1.0 15 20

QCM thickness gy /um

ally results in longer nanorods with smaller diameters
since the low temperature limits the surface diffusion
of Ag adatoms and increases the sticking coefficient of
Ag, leading to an increase in the growth along nanorod
and a decrease in the lateral growth. Singh et al. fabri-
cated AgNR SERS substrates by OAD at low temper-
ature T = 140 K [53]. As shown in the top-view and
cross-sectional SEM images in Figs. 6(a) and (b), the
AgNRs made at T' = 140 K have larger nanorod length [
and smaller diameter D than those prepared at RT un-
der similar deposition conditions. In addition, there are
many nano-sized pores on the AgNRs by LT OAD and
blade-like structures are formed at the tips. The SERS
activity is quantified by the SERS intensity of the band of
BPE at 1200 cm™! (I1200), which corresponds to the in-
plane ring mode of C=C. The dependence of both [ and
T1200 on tgew is shown in Figs. 6(c) and (d), respectively.
The SERS substrate made by LT OAD with tqcm = 550
nm exhibits highest SERS signal, and further increase in
QCM thickness reduces the SERS activity. Surprisingly,
the optimal SERS substrate made by RT OAD with
tqom = 2 um and 6 = 86° only yields 60% of the SERS
intensity I1209 obtained by the LT SERS substrate with
tqoem = 550 nm. To explain the high sensitivity of LT Ag-
NRs, a finite difference time domain (FDTD) simulation
was performed and indicated that the nano-size pores

(b)

QCM thickness /ey /um

Fig. 6 (a) Top view and (b) cross-sectional SEM images of OAD AgNR arrays deposited at T' = 140 K with 6 = 86°.
(c) Dependence of nanorod length I and (d) I1200 on tqcm for AgNRs made at LT and RT. Reproduced from Ref. [53],

Copyright © 2012 American Chemical Society.
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and the blade-like connected rod tips played an impor-
tant role in increasing the EM field enhancement. A sim-
ilar study was conducted by Zhou et al. [60], who pre-
pared Ag nanorod SERS substrates by OAD and GLAD
at T'= 233 K and 393 K. Their study has revealed that
LT deposition results in well-separated nanorods with
smaller diameter and also greatly improves the SERS
activity.

Besides the tilted AgNR substrates, more complicated
Ag nanostructures are developed to further improve the
SERS activity by creating more “hot spots” on surface.
Many studies have demonstrated that the “hot spots”
are usually topological singularities on metallic surfaces,
such as corners [61, 62]. Corners or “hot spots” can be
created by bending the nanorods, which can be real-
ized by rotating the substrates between two consecutive
OAD depositions. The SERS activities of the bent Ag-
NRs have been investigated by a series of studies con-
ducted by Zhou et al. [51, 52, 54]. L-shaped nanorod
arrays (bending number N, = 1), as shown in Fig. 7(a),
can be fabricated by azimuthally rotating the substrate
by 180° during the OAD deposition [52]. By repeating
such a process multiple times, zig-zag nanorod arrays
(Np > 1) can be fabricated [54]. Figures 7(b)—(d) show
the SEM images of Ag zig-zag nanorods with N = 3, 5,
and 7, respectively. In order to study how N, affects the
SERS activity, the SERS intensities of R6G 611 cm~*
Raman peak from a group of Ag zig-zag nanorods with
the same total nanorod length but different N, (0-7)
are compared and plotted in Fig. 7(e). It is found the
SERS activity increases with N, when N, < 4 but de-
creases when Nj, > 4. The increase in SERS activity is
believed to be the contribution from more “hot spots”
generated by bending the nanorods, while the decrease
in SERS activity may result from the longitudinal LSPR
wavelength shifting away from the excitation wavelength

300 nm

300 nm

(785 nm) due to the small aspect ratio of Ag arms with
Ny > 4. Thus the maximum SERS response is achieved
at Ny = 4 and almost three times as high as that of
the tilted AgNR arrays. Further, if the substrate is az-
imuthally rotated by 90° between two consecutive depo-
sitions, a three dimensional (3D) square helical AgNRs
can be fabricated as shown in Fig. 8(a). The length of
each arm is fixed at about 760 nm. Figure 8(b) shows the
dependence of SERS signal on the bending number Ny.
When N, < 5, the SERS activity increases rapidly with
Ny, which primarily originates from the contribution of
more “hot spots”. When N, > 5, the SERS activity in-
creases slowly with Np. Although the total number of
“hot spots” still increases with Ny, the “hot spots” at
the bottom of the structures make less or no contribu-
tion to the SERS signal, because the top layers attenuate
both the incident light and scattered light.

4 Surface-enhanced infrared absorption

SEIRA has been developed as a sensitive detection tech-
nique. Similar to SERS, the enhanced localized EM field
generated by LSPR excitation plays a significant role in
improving the IR signals of the molecules in close prox-
imity to the surfaces of metallic nanostructures. The en-
hancement of IR signals can be as high as 1000 and thus
improving the detection sensitivity [9]. Besides the high
sensitivity, another advantage of SEIRA is to shorten
measurement time, especially when compared with the
conventional infrared reflection-absorption spectroscopy
(IRAS).

Thin films composed of island structures have been
widely used as substrates for SEIRA measurements.
These films are usually fabricated by physical vapor de-
position at normal incidence (6§ = 0°). It has been shown

(©) 110K
100K
90K
80K
70K -
60K
50K
40K

30K ‘}'

20K

Raman intensity /a. u.

T 1 T L

o 1 2 3 4 5 6 1 8
Bending number N,

Fig. 7 (a)—(d) Cross-sectional SEM images of zigzag AgNRs with Ny =1, 3, 5, and 7, respectively. (e) SERS intensity
of R6G as a function of bending number N;, at Raman shift Av = 611 cm~! obtained on zig-zag AgNR arrays. Reproduced
from Ref. [54], Copyright © 2012 American Institute of Physics.
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Fig. 8 (a) Cross-sectional SEM image of square helical nanorods with N, = 6, and (b) dependence of I1200 on bending
number Np. Reproduced from Ref. [51], Copyright © 2011 Royal Society of Chemistry.

that the enhancement of IR signals strongly depends on
the shape and size of islands, which are affected by the
deposition parameters, such as the deposition rate, the
thickness of film, and the substrate temperature [63].
However, the NP thin films fabricated by physical va-
por deposition at normal incidence usually have a large
variation of particle size, which leads to a poor unifor-
mity of IR signal.

Because of the similarity between the mechanisms of
SERS and SEIRA, it is reasonable to believe that the
AgNR array prepared by OAD should also be a good
SEIRA substrate. The optimal AgNR arrays fabricated
by OAD were evaluated for the SEIRA performance by
Leverette et al. using the probe molecule paranitroben-
zoic acid (PNBA) [56]. As a reference, Ag thin film with
thickness of 500 nm was used as standard substrates for
IRAS. Figures 9(a) and (b) show the SEIRA and TRAS
spectra of PNBA that were collected in the external re-
flection geometry, respectively. The band at 1410 cm ™!
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Fig. 9 (a) External reflection SEIRA spectrum (32 scans) of 1.67
ug PNBA on a Ag nanorod (average nanorod length = 868 nm)
substrate, and (b) IRRAS spectrum (500 scans) of PNBA on a 500

nm Ag thin film substrate. Reproduced from Ref. [56], Copyright
(© 2006 Society for Applied Spectroscopy.
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is assigned to the symmetric COO- stretching mode and
the other band at 1350 cm ™! is assigned to the symmet-
ric NOg stretching mode [64]. The peak intensity of the
latter one was used to calculate the overall enhancement
factor for SEIRA over IRAS, which was about 31+9. The
enhancement factor is not as high as the one reported by
Osawa [65], but is still very significant.

5 Metal-enhanced fluorescence

MEF is a phenomenon where the fluorescence intensity
can dramatically increase when fluorophores are near the
metallic surfaces, and has been observed and reported
intensively in recent years [11-13]. The enhancement of
fluorescence intensity primarily originates from the en-
hanced localized EM field generated by LSPR, and can
greatly improve the radiative decay rates of the adsorbed
molecules.

MEF based on Ag nanostructures made by OAD and
GLAD has been demonstrated. The experiment pro-
cess was the following: Si nanorods with a normal
thickness of 2000 nm were firstly fabricated by GLAD.
Then Ag of more than 15nm was deposited on the top
of Si nanorods at 6 = 45°, as shown in Fig. 10(a).
The tilted short Ag rods are sitting on top of the Si
nanorods. As a comparison, a thin layer of Au (15 nm)
was deposited on another piece of Si nanorods, shown
in Fig. 10(b). To observe the MEF effect, the Si sur-
face was coated with Fluorescein isothiocyanate (FITC)
and its fluorescence intensity on Ag/Si nanorods and
on Au/Si nanorods were measured quantitatively. Fig-
ures 10(c) and (d) show the cross section of SEM im-
ages of Ag/Si nanorods and Au/Si nanorods after FITC
immobilization onto Si surface. The insets are corre-
sponding confocal microscopy images after FITC immo-
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bilization. It shows that, after the solution treatments,
the Au/Si nanorods are bundled, while Ag nanostruc-
tures in Ag/Si nanorods fall into the gap between the Si
nanorods. According to the confocal images, the signal
from Au/Si nanorods/FITC is weak [dark appearance
in Fig. 10(d)], while Ag/Si nanorods/FITC almost turns
to white due to the intensity saturation. Using Typhon
Scanner (488 nm excitation) to quantitatively evaluate
the intensity of these samples, the integration of the in-
tensity is 358 and 5410 for Au/Si nanorods/FITC and
Ag/Sinanorods/FITC, respectively. Impressively, the in-
tensity of Ag/Si nanorods/FITC increases by 15 folds. It
has been reported that, if the fluorophores are located 5—
10 nm away from the metallic surface, the fluorescence
intensity will be greatly enhanced [66]. Therefore, the
increased fluorescence intensity is caused by the interac-
tion between the FITC coated on Si nanorods and the Ag
nanostructures distributed either on the top or between
the Si nanorods.

Fig. 10 SEM cross sections of Ag/Si nanorods (a) before and
() after FITC immobilization onto Si surface. SEM cross sections
of Au/Si nanorods (b) before and (d) after FITC immobilization
onto Si surface. The insets are corresponding confocal microscopy
images after FITC immobilization.

MEF effect based on OAD nanostructures has been ap-
plied to bacteria imaging by Abdulhalim et al. [67]. For
MEF measurements, Ag nanorods, Ag film, Al nanorods,
and Al film prepared by OAD were spin coated with the
fluorescent dye Rhodamine 123 diluted in methanol at
0.6 wt%. The thickness of the dye layer was estimated
by AFM to be 50 nm. The enhancement factors for the
nanorods with respect to the corresponding reference
film were compared. Figure 11(a) shows the fluorescence
spectra of Ag and Al nanorods together with that of
their reference samples, Ag and Al films. The ratio be-
tween the peaks at 590 nm gives enhancement factors of
15 for Ag nanorods and 11 for Al nanorods. The insert
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in Fig. 11(a) is the SEM image of Ag nanorods showing
the highest enhancement. To demonstrate bio-imaging,
the AgNRs and Ag film chips were inserted in an aque-
ous solution of E. coli with a concentration of 3.6 x 108
cfu/mL to observe the fluorescence from the bacteria.
As shown in Figs. 11(b) and (c¢), undoubtedly, the Ag
nanorods exhibit MEF to a higher degree than the refer-
ence film. The researchers believed that local field plas-
mon enhancement effects might be the main contributor.
In addition, the nanorods are separated by few nanome-
ters to a few tens of nanometers and the dipole-dipole
interaction can play a major role in the enhancement
mechanism [66, 68].

500

(a) _Ae-STF . 200 nm
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Fig. 11 (a) Typical fluorescence spectra from a Ag-nanorod film
and an Al-nanorod film, and from the corresponding reference
films. Inset: SEM image of Ag nanorod film showing the high-
est enhancement factor. Fluorescence images from (b) Ag-nanorod
STF, and (c) a dense Ag film immersed in an aqueous solution of
luminescent E. coli. Reproduced from Ref. [67], Copyright © 2009
American Institute of Physics.

6 Metamaterials

Metamaterials are the artificial composite materials pos-
sessing unique optical properties usually not observed
in nature [14]. Metamaterials consist of large numbers
of unit structures, which are usually made of metal or
dielectric materials, periodically distributed and smaller
than the wavelength being considered. The primary fac-
tors determining the property of metamaterials are the
size, shape, orientation, and arrangement of the unit
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structures, instead of the composition materials.

One of the exciting properties of metamaterial is the
negative refractive index, which has been discussed thor-
oughly in other reviews [14, 69]. When a composite ma-
terial with permittivity e = & + ie”and permeability
w = +iu” have both negative ¢’andy’, or satisfy the
inequality &'u” + p'e” < 0 for a passive medium, the
refractive index of this material n = n’ + in” will have
a negative real part n’. The negative index of refraction
has been realized by various design of structures such as
split ring resonators (SRRs) [70] and fishnet structure
[25, 71]. Recently, the parallel metallic nanorod arrays
exhibit negative index of refraction in visible-near in-
frared region [24, 72]. OAD is one of the methods to be
able to fabricate the parallel nanorod arrays and thus
can be applied in the fabrication of negative refractive
metamaterials. Jen et al. has demonstrated that the ti-
tled AgNR array fabricated by OAD has negative index
of refraction [20]. In their work, the tilting angle 5 of Ag-
NRs was about 66°, and the average length and diameter
are 650 nm and 80 nm, respectively. The refractive in-
dices of the AgNR thin films were derived using both
the transmission and reflection coefficients at different
wavelengths (532, 639 and 690 nm), measured by ellip-
sometry and interferometry, and were found to be n’ =
—0.705, -0.476, —0.552 at the wavelength of 532, 639, 690
nm respectively for p-polarized normally incident light.
Later studies by the same group show that the nega-
tive real refractive index can be varied by changing the
morphology of AgNRs, such as changing the length and
tilting angle [73] and bending the nanorods to form L-
shaped or Z-shaped nanostructures [74]. In addition, a
negative real permeability can also be achieved by in-
creasing the nanorod length, which is attributed to the
effect of the inverse magnetic field [75]. However, the
AgNR arrays usually have very low transmission in visi-
ble region (< 1%) for p-polarized incident light. In order
to improve the transmission, a Ag/SiO2/Ag sandwich
nanostructure was fabricated by GLAD [76]. As shown

| um

in Figs. 12(a) and (b), a 70 nm thick SiO2 segment is de-
posited between two 120 nm thick Ag nanorod segments.
The top view SEM image also reveals no anisotropic
feature of the sandwich structure due to the fast rota-
tion of substrates during the deposition, which leads to
isotropic optical parameters. As shown in Fig. 12(c), the
Ag/Si0Os/Ag sandwich structure exhibits negative real
refractive indices in the wavelength range 476-690 nm
with improved optical transmission. The transmission of
the sandwich ranges from 3.62% to 17.32% in visible re-
gion, which is larger than that of AgNR arrays.

Chiral structures, as a way to obtain negative index of
refraction [77], also exhibits strong chiroptical behavior
such as optical activity and circular dichroism, and has
been developed rapidly [78-83]. Recently, the fabrication
of the chiral metamaterials by GLAD method has been
realized by Gallas et al. [84, 85]. In their work, 3D square
helical nanostructures of Ag with N, = 2 were fabri-
cated and generalized spectroscopic ellipsometry mea-
surements revealed the conversion between polarization
states.

Although OAD and GLAD techniques have demon-
strated some success in fabricating metamaterials, large
numbers of disorders and defects exist in the samples
and limit their application in metamaterials. Future work
should aim to minimize these disorders and defects.

7 Conclusion

We have reviewed the recent progress on the plasmonic
applications of metallic nanostructures fabricated by
OAD and GLAD techniques, which are capable of pro-
ducing versatile nanomaterials, such as Ag and Au
nanoparticles, tilted AgNRs, L-shaped, zig-zag and
square helical AgNRs. These metallic nanostructures
exhibit good or enhanced sensitivity in LSPR sensing,
SERS, SEIRA and MEF, provide practical applications
in monitoring the interaction between molecules and
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Fig. 12 (a) Top-view and (b) cross-sectional SEM image of the Ag/SiO2/Ag sandwich structure. (¢) Measured real and
imaginary parts of refractive indices of the sandwich structure with different polarized incident light. Reproduced from Ref.

[76], Copyright (© 2011 American Institute of Physics.
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protein, recognizing molecules, detecting RNAs, viruses,
and bacteria, and bio-imaging. There is still a lot of
space left for further sensitivity improvement, especially
to tune the size and shape of the nanostructure and
make the structure more uniform. Novel negative refrac-
tive index property is also found in the parallel AgNR
arrays and chiral Ag square helix. In our opinion, these
metamaterial made by OAD and GLAD will offer great
opportunities in making unique optical devices, provided
that the disorders and defects in the nanostructure ar-
rays can be minimized. In a word, the effective use of
OAD and GLAD techniques can result in more novel
applications in the field of plasmonics.
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