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O
ver the past decade, there has been
increasing interest in metal nano-
wires (m-NW) due to their unique

electronic, optical, and electrochemical prop-
erties.1 There are different types of m-NW
devices and substrates depending on
the manufacturing method, such as one-
dimensional quantum confinement devices,2

vertical m-NW arrays,3 and aligned planar
m-NWarrays.4 A full review of previouswork
onm-NW is beyond the scope of this article,
and we refer to a recent review that high-
lightsmany of the differentm-NW types and
fabrication techniques.5 In this article, we
are interested in aligned planar m-NW ar-
rays, commonly referred to as nanogratings,
with pitch dimensions of ∼100 nm and
nanogap dimensions between adjacent
m-NWs <20 nm, which are especially im-
portant for both electrical nanogap bio-
chemical sensors6 and the emerging field
of plasmonics,7 where controllable and uni-
form nanogap dimensions over large areas
are typically required.

There are many techniques available
to fabricate planar NW arrays that can be
broadly classified as either bottom-up or
top-down. Bottom-up nanofabrication is,
in principle, simple and provides many high
quality materials; however, suitable meth-
ods for accurate nanowire alignment are
lacking, thus making this approach proble-
matic for manufacturing large area m-NW
arrays, and will be described in more detail
in the plasmonic substrate section. Top-
down nanofabrication techniques currently
provide the best approach to manufacture
arrays of aligned m-NW with sub-20 nm
separation nanogap dimensions. Conven-
tional top-down nanopatterning techniques,
such as deep-ultraviolet and immersiondeep-
ultraviolet stepper photolithography, are
currently the standard for semiconductor
manufacturing; however, these techniques
are expensive and accessible only to large
integrated circuit manufacturers. Serial
nanopatterning techniques, such as elec-
tron beam lithography and focused ion
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ABSTRACT We report a new top-down nanofabrication technology

to realize large area metal nanowire (m-NW) arrays with tunable sub-

20 nm separation nanogaps without the use of chemical etching or

milling of the metal layer. The m-NW array nanofabrication technology is

based on a self-regulating metal deposition process that is facilitated

by closely spaced and isolated heterogeneous template surfaces that

confine the metal deposition into two dimensions, and therefore,

electrically isolated parallel arrays of m-NW can be realized with uniform

and controllable nanogaps. Au-NW and Ag-NW arrays are presented with

high-density∼105 NWs cm�1, variable NW diameters down to∼50 nm,

variable nanogaps down to ∼5 nm, and very large nanogap length

density∼1 km cm�2. The m-NW arrays are designed and implemented as interdigitated nanoelectrodes for electrochemical applications and as plasmonic

substrates where the coupled-mode localized surface plasmon resonance (LSPR) wavelength in the nanogaps between adjacent m-NW dimers can be

precisely tuned to match any excitation source in the range from 500 to 1000 nm, thus providing optimal local electromagnetic field enhancement. A

spatially averaged (n = 2500) surface-enhanced Raman scattering (SERS) analytical enhancement factor of (1.2 ( 0.1) � 107 is demonstrated from a

benzenethiol monolayer chemisorbed on a Au-NW array substrate with LSPR wavelength matched to a He�Ne laser source.

KEYWORDS: metal nanowire arrays . top-down nanofabrication . nanoelectrodes . metal nanograting . plasmonic substrates
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beam milling can realize feature sizes below 10 nm;
however, uniform chemical etching of polycrystalline
gold and silver thin films over large areas can be
problematic due to etch rate nonuniformity caused
by grain size variations and poor photoresist adhesion,
which manifests as rough nanostructure edges. In the
case of ion beam milling metal materials, metal rede-
position can be a limiting factor in machining nano-
scale dimensions.8

In this article, we present a new m-NW fabrication
technology that is based on a combination of conven-
tional and well-characterized top-down microfabrica-
tion and nanofabrication steps to realize a template
surface that facilitates the growth of the physical vapor
depositedmetal layer on the template surface, reduces
the metal growth rate in the lateral direction between
adjacent template surfaces, and allows for precise
control of the separation nanogaps between adjacent
NWs that are electrically isolated. The advantage of this
new technology is that extremely dense arrays of
electrically isolated metal-NWs that have controllable
elliptical surface shapes and sub-20 nm separation
nanogaps can be realized without the use of a metal
etching or milling step. Furthermore, the m-NW
arrays presented in this article can be reused by
replacing the metal layer, which does not damage
the template substratematerials or alter the template
dimensions.
The m-NW arrays produced with the fabrication

technology presented here are quite different than
conventional subwavelength metal gratings9,10 where
the grating is formed by coating a nanostructured
surface with a continuous metal thin film, and there-
fore, electrically isolated nanostructures separated by
nanogaps are not possible, which precludes applica-
tions requiring electrically isolated nanoelectrodes.
More recently, a metal nanograting was reported11

that consists of isolated nanostructures that are sepa-
rated by nanogaps, but however, requires an oblique
substrate orientation with the metal deposition source
to control the nanogap spacing, and also has not been
shown as electrically isolated nanoelectrodes. We have
fabricated both Au-NW and Ag-NW arrays and have
conducted extensive characterization of the NW di-
mensions and cross-sectional shape using high-resolu-
tion scanning electron microscopy (SEM) and atomic
force microscopy (AFM). A simple model has been
developed that can be used as a design tool to esti-
mate the nanogap dimensions based on the metal
deposition process and template dimensions. Reflec-
tion spectroscopy is used to demonstrate the tunability
of the nanogap dimensions and the uniformity of the
array dimensions over large areas. The m-NW array
substrates are implemented as interdigitated nano-
electrode substrates for electrochemistry applications
and as plasmonic substrates for surface-enhanced
Raman scattering (SERS).

RESULTS AND DISCUSSION

The new metal-NW array nanofabrication technol-
ogy is based on a self-regulating metal deposition
process that is facilitated by closely spaced isolated
heterogeneous template surfaces realizedwith a nano-
patterned silicon nitride (SiN) layer formed on a struc-
tured silicon substrate, which is shown in the brief
process sequence of Figure 1. The SiN template layer is
first patterned with electron-beam lithography, where
the length of the template is aligned parallel to the
[110] direction of a conventional (100) silicon wafer,
and selectively removed with reactive ion etching
(Figure 1a). The SiN layer also serves as a hard mask
for the anisotropic plane-dependent silicon wet etch-
ing step, which results in the well-controlled triangular
undercut region in the silicon layer, where the (100)
planes etch approximately 10 times faster than the
(111) planes in an alkaline etchant (Figure 1b).
The resulting structure is a template surface that

facilitates the growth of individual metal-NWs along
the length of the SiN template (y-direction) while
restricting the lateral (x-direction) growth of the metal
due to the isolation regions of widthw. A conventional
physical vapor deposition method, that is, sputtering
or evaporation, is used to deposit the polycrystalline
metal layers. The undercut sections prevent the metal
from forming a continuous layer, thus the individual
NWs are similar to ultralong cylindrical nanoparticles.
The edge of the etched SiN template layer induces
internal stress in the growingmetal layer, which results
in the elliptically shaped upper surface of each NW in

Figure 1. Top-down metal-NW array fabrication procedure
and relevant dimensions (not to scale). (a) Lithographically
patterned and etched SiN template layer with the length of
the template aligned to the [110] direction of the (100)
silicon wafer; (b) anisotropic etching of silicon to create the
undercut regions; (c) metal deposition using conventional
physical vapor deposition; (d) metal-NW array.
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the array (Figure 1c). The elliptical shape of the NWs,
that is, the major and minor radii, is controlled by the
metal layer thickness tz and template pitch λg and will
be described in more detail in the next section. This
simple fabrication method can provide very uniform
and high-density (∼105 NWs cm�1) metal-NW arrays
with small NW diameters (lower limit, dx ≈ 50 nm),
small NW separation nanogaps (lower limit, g≈ 5 nm),
large length to pitch ratio (L/λg > 104), and extremely
large nanogap length density (∼1 km cm�2) (Figure 1d)
without the use of etching or milling the metal layer.
Figure 2 shows high-resolution SEM images that

are representative of Au-NW arrays fabricated with
the technology reported in this article. The SEM images
clearly demonstrate the effectiveness of this fabrica-
tion technology for manufacturing high quality uni-
form metal-NW arrays with well-controlled sub-20 nm
separation nanogaps using conventional microfabrica-
tion and nanofabrication techniques (Figure 2a).
Figure 2b shows an SEM image of an Au-NW array
cross-section, preparedwith focused ion-beammilling,
which demonstrates that electrically isolated Au-NWs
with uniform shape and sub-20 nm separation nanogap
can be realized. Although electron-beam lithography
has been used to pattern the template surface isolation
region gap, any conventional high-throughput photo-
lithography method, such as deep ultraviolet-stepper
lithography or laser interference lithography,10�12 can
be used to pattern the template surfaces over entire
wafer areas. Ag-NW arrays have also been realized with
this fabrication technique and have similar character-
istics as the Au-NW arrays (Figure S1, Supporting
Information). The small triangular metal deposited at
the base of the isolation pit results from the deposition
method, and is physically disconnected from the ad-
jacent NWs located on the template surface.
Figure 3 shows representative SEM cross sections

and high-resolution AFM three-dimensional topogra-
phy images of an Au-NW array with λg = 150 nm
(Figure 3c) and λg = 100 nm (Figure 3d). The NW shape
and separation nanogap are remarkably uniform con-
sidering that a conventional physical vapor deposition
method is used. The separation nanogap in this case is
g≈ 10 nm and is quite well controlled. Figure 3b shows
experimental measurements of nanogap width g for
different surface template separation widths w, and
nominal metal thickness tz. The nanogap width de-
creases rapidly during the initial deposition of∼20 nm
and then reduces as g becomes smaller. The measured
nanogap widths g can be estimated with an empirical
relationship g = w e�Rtz, where R ≈ 0.02 nm�1 is the
nanogap reduction parameter, which has been deter-
mined by fitting to the measured template width w

and nominal metal thickness tz shown in Figure 3b
(Figure S2, Supporting Information). Figure 3c clearly
illustrates that the metal-NWs with sub-20 nm nano-
gapsarephysically isolated. Fromthestructuredimensions

shown in Figure 3a, the lateral metal overlap thickness
of the deposited metal layer can be estimated with
2tx = w(1 � e�Rtz), which can be used to design the
separation nanogaps between adjacent NWs in the
array. The NW surface follows an elliptical shape with
major radius ex and minor radius ez, as shown in
Figure 3c. The major radius can be estimated with
2ex≈ λg�w e�Rtz, and theminor radius estimatedwith
2ez = tz þ tSiN, where tSiN is the thickness of the SiN
layer, λg and w are defined by the template patterning
method (Figure 1a), and tz is the nominal metal thick-
ness, all of which can be well-controlled. Interestingly,
as λg is reduced in this case, the NW cross-section
approaches a circular shape that is, ez ≈ ex (Figure S3
and Figure S4, Supporting Information), which allows
for an elliptical cross-section with tunable major and
minor axis dimensions. From Figure 3c, the measured
minor radius ez ≈ 50 nm corresponds very well to
(tz þ tSiN)/2, where tz = 70 nm and tSiN = 30 nm, which
were determined with separate AFM measurements.
For λg = 150 nm, w = 50 nm, tz = 70 nm, and R =
0.016 nm�1, ex ≈ 67 nm, which corresponds well to the
measured major radius of 65 nm (Figure 3c).
Figure 4 shows SEM images of Au-NW arrays with

different pitches ranging from λg = 100 nm (Figure 4a)
toλg = 250nm (Figure 4d) anddifferentnanogapwidths
ranging from g = 20 nm (Figure 4a) to g = 10 nm
(Figure 4d). Since the NW dimensions and separation
nanogaps can be well-controlled, the fabrication tech-
nology provides isolated metal nanostructures that
have similar shape and dimensions of conventional
metal cylindrical nanoparticles; however, the top-
down fabrication approach, that results in high-density

Figure 2. High-resolution SEM (acceleration voltage, 2 kV)
imagesof fabricatedAu-NWarrays. (a) Largearea (15� 15μm2)
NW array with λg = 150 nm pitch and g = 20 nm nanogap
spacing (magnification, 45 k� ); (b) Au-NW array cross-
section with λg = 150 nm and g ≈ 10 nm (magnification,
305 k� ).
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well-aligned NW arrays that are self-forming with sub-
20 nm nanogaps, does not provide isolated nano-
structures without the use of metal etching or milling,
which is problematic for most polycrystalline noble
metals due to nonuniform material etching, as pre-
viously described. Many applications, such as biosens-
ing,6 electrochemistry,13 and plasmonics14 can benefit
from the large area metal-NW arrays reported in this
article.

Nanoelectrode Substrate. The metal-NW arrays can be
patterned into functional interdigitated (ID) nanoelec-
trode arrays with the number of nanogaps ranging
from one up to thousands. Figure 5a shows a schematic
of a 4-nanogap ID nanoelectrode array and Figure 5b
shows an SEM image of fabricated 49-nanogap ID

nanoelectrode array device with λg = 200 nm and
g = 20 nm. The application of voltage vne provides a
controllable electric field across each of the nanogaps.
This configuration can be used for a variety of applica-
tions, such as the study of molecular conductance15

from molecules that bridge the nanogap width, elec-
trochemical nanosensors,13 and combined electroche-
mical and surface spectroscopy.16

The electrical behavior of the Au-NWs, and the
electrical isolation of Au-NW pairs separated by a
nanogap, is evaluated using the test structure shown
in the inset of Figure 5c, which shows two Au-NWs of
width wnw and length Lnw, separated by a nanogap
width gnw. The DC electrical resistance R1�2 (and R3�4)
of the test structures is measured for three different
device lengths Lnw (20, 40, and 60 μm), and subse-
quently fit to Rnw = Fp‑AuLnw/Ac, where Fp‑Au is the
resistivity of the polycrystalline Au layer with thick-
ness and Ac is the cross-sectional area of a single NW
structure. The average DC resistance measurement of
three Au-NWs at each device length is shown Figure 5c
(open circles). The solid line in Figure 5c shows the fit to
the measured data with Fp‑Au = (6.24 ( 0.67) � 10�6

Ω-cm, which is larger than the electrical resistivity of bulk
polycrystalline Au samples,17 and consistent with re-
sistivity measurements of thin polycrystalline Au layers
where the electrical resistivity is shown to be inversely
proportional to the electronic mean free path (mfp),
and increases significantly when the film thickness is
less than the mfp.18 The Au-NW electrical isolation has
been measured from over 20 device structures and
R1�4(R2�3) > 100 MΩ (measurement limit of the digital

Figure 3. Au-NWarraynanogapand surface shape. (a) NWarray cross-section schematicwith characteristic dimensions. Black
dashed line shows the ellipsemajor radius ex andminor radius ez; (b) Measured nanogapwidth g as a function of the nominal
Au thickness tz and the template isolationwidthw; (c) High-resolution SEM imageof Au-NWarray cross-section preparedwith
focused ion beammilling with λg = 150 nm and g≈ 10 nm (acceleration voltage, 2 kV; magnification, 300 k� ). White dotted
lines indicate template cross-section profile (i.e., SiN and silicon layers). White dashed lines indicate the elliptical surface
profile with ez = 50 nm and ex = 65 nm; (d) High-resolution three-dimensional AFM image of upper surface and corresponding
two-dimensional profile (inset) of Au-NW array with λg = 100 nm and g ≈ 10 nm.

Figure 4. High-resolution SEM images of fabricated Au-NW
arrays with tunable pitch λg and nanogap with g (accelera-
tion voltage, 2 kV; magnification, 300 k�). (a) λg = 100 nm,
g = 20 nm; (b) λg = 150 nm, g = 10 nm; (c) λg = 200 nm,
g = 10 nm; (d) λg = 250 nm, g = 10 nm.
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multimeter instrument) for the device and layer dimen-
sions tested.

Plasmonic Substrate. The metal-NW arrays are well
suited for plasmonics applications, which use metal
nanostructures that couple far-field electromagnetic
radiation into electromagnetic surface modes, called
surface plasmon polaritons (SPP), that are confined to
the interface of a nonabsorbing dielectric, with positive
real dielectric constant, to a conductive material with
negative real value of its dielectric function, which is
typically a noble metal. The generation of the surface
plasmon modes on metal surfaces has been studied
extensively ranging from one-dimensional SPP mode
confinement on flat surfaces to localized surface plas-
mon resonance (LSPR) mode confinement in two
dimensions on cylindrical nanostructures and three-
dimensional mode confinement on spherical nano-
structures; in all cases the confined surface plasmon
modes result in an enhanced electromagnetic field
magnitude at the surface interface Ms(rB,ω) = |EBs(rB,ω)|/
|EBo(rB,ω)|, where EBs(rB,ω) � EBs(x,z,ω) is the total local
electromagnetic field at the metal surface and rB is a
position vector. More importantly, when two metal
nanoparticles are in close proximity with g < dx (Figure
6), the enhanced electromagnetic fields around each
nanostructure coherently interfere, thus resulting in a
coupled-plasmon electromagnetic field EBc(rB,ω) across
the nanogap, which results in an increased in the elec-
tromagnetic field enhancement Mc(rB,ω) = |EBc(rB,ω)|/
|EBo(rB,ω)|, when the excitation polarization is aligned
along the interparticle axis (Figure 6). For small nanogaps,
where g < 20 nm, the coupled-plasmon enhancement
increases rapidly and typically results in Mc . Ms.

14,19

The coupled-mode plasmon resonators have important
applications in surface spectroscopy,20 fluorescence
enhancement,21 energy conversion,22 and nanoscale
optics.23

Currently, the major challenge in fully exploiting
coupled-mode plasmon resonances on metals is the
reproducible realization of large area metal nanostruc-
ture arrays with uniform sub-20 nm separation nano-
gaps in high density, as previously described. There
have been many different types of plasmonic sub-
strates that can be broadly categorized as isolated
metal nanostructure arrays (IMN) andmetal nanostruc-
ture arrays formed from a continuous metal layer
(CMN). The IMN are typically realized with bottom-up
fabrication techniques and come in many forms, such
as colloidal nanoparticle suspensions24�27 and self-
assembled colloidal films.28 Colloidal nanoparticle sus-
pensions and films, which are relatively simple to
prepare, however, typically have poor enhancement
uniformity and reproducibility due to their random
orientation and composition, lack of precise dimension
control, separation spacing, and excitation polarization

Figure 5. Interdigitated metal nanoelectrode substrate. (a) 4-Nanogap ID nanoelectrode configuration; (b) SEM image of 49-
nanogap Au ID nanoelectrode device with λg = 200 nm and g = 20 nm (acceleration voltage, 2 kV; magnification, 14 k�); (c)
measured (open circles) Au-NW resistances R1�2 from test structure shown in inset with as a function of device length Lnw (20,
40, and 60 μm). The fit to the data is shown as a solid line. Each measured data point represents the average of three
measurements from different device structures; (d) SEM image of representative Au-NW test structure with Lnw = 20 μm.

Figure 6. Plane (p-polarized) wave excitation EBo
p(rB,ω) of

coupled local surface plasmon resonance between a closely
spaced metal-NW and resulting coupled electromagnetic
field EBc(rB,ω).
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alignment, which is especially important for coupled-
mode plasmon resonances. Top-down fabrication
techniques have also been employed for the realiza-
tion of IMN, such as nanosphere lithography,29 elec-
tron-beam patterning, focused ion-beam milling, and
nanoimprinting;30�35 however, the formation of well-
controlled nanogaps over large areas in high density
remains problematic. CMN plasmonic substrates are
usually realized with top-down fabrication techniques,
such as electrochemically roughened surfaces36 and
surface templates coated with the active plasmonic
layer,37�40 which has not achieved surfaces with both
high nanogap density and large enhancements over
large areas.

The new nanofabrication technology described in
this article combines the benefits of top-down fabrica-
tion technology, such as precise nanostructure align-
ment and metal thickness control, and the benefits of
metal nanoparticle geometry, such as isolated nano-
structures with two-dimensional field confinement and
well-understood coupled-mode plasmon resonances.
Metal grating structures have been reported for over
three decades and typically consist of a continuous
metal layer that is periodically roughened to facilitate
the generation of SPP excitation such that themomen-
tum of photons in the top dielectric layer is increased
by the in-plane periodicity to phase-match to the
surface plasmon.41�48 Early research on the optical
properties of metallic gratings typically reported grat-
ing pitches near the excitation wavelength41�45 and
later experimental and theoretical reports developed
the basic understanding of the geometry-dependent
optical properties of zeromode subwavelength

nanogratings;46�48 in all subwavelength nanograting
structures, large electromagnetic field enhancements
due to coupled-mode plasmon resonances are present
in the nanogap region between adjacent nanostruc-
tures (Figure 6).

Reflection spectroscopy is used to demonstrate the
plasmonic functionality, and tunability and uniformity
of the dimensions of the metal-NW arrays, pitch λg and
nanogap g, with a normally incident linearly polarized
white light source that is aligned perpendicular to the
nanogaps. Figure 7 shows examples of reflectance
measurements of Au-NW and Ag-NW arrays where
the reflectance decreases to a minimum value at a
certain wavelength that corresponds to the LSPR
coupling wavelength λL. For all measurements a flat
Au, or Ag, surface is used as a reflectance reference.
Figure 7 panels a, b, and c show that the LSPR
wavelength (reflectance minimum) of Au-NW arrays
with different λg and g (realized using different Au
thickness tz) can be precisely tuned to 633 and 785 nm,
commonly used laser wavelengths used in visible
spectrum plasmonics applications. The Au-NW array
with λg = 200 nm and g = 20 nm (Figure 7b) shows two
resonances, and the origin of the higher energy reso-
nance is not known and further investigation is re-
quired. Figure 7d shows that the LSPR wavelength can
be tuned to 532 and 633 nm for a fixed Ag thickness
tz nm and different λg and g. In all cases, λL red-shifts
when g is decreased, hence demonstrating a strong
dependence on the couple-resonance mode in the
nanogap.

The LSPR can be assessed with the resonance
quality factor Q, which is a dimensionless metric that

Figure 7. Measured reflectance of Au-NWandAg-NWarray surfaceswith different pitch λg and nanogapwidth g showing the
LSPR tuned to commonly used laser wavelengths (λL = 532, 633, and 785 nm). (a) Au-NWwith λg = 100 nm andw = 50 nm; (b)
Au-NWwith λg = 200nmandw=50nm; (c) Au-NWwith λg = 250nmandw=50nm; (d) Ag-NWwith λg = 200 nmandg=20nm;
and λg = 250 nm and g = 15 nm with template width w = 50 nm.
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represents the ratio of energy stored in the resonator
to energy loss per cycle. The experimental quality
factor can be estimated with QL ≈ λL/Δλ, where Δλ is
the full-width half-maximum of the reflectance LSPR
and λL is the wavelength at the minimum reflectance
Rmin. The LSPR mode shape was modeled with a
Lorentzian function and the corresponding Δλ deter-
mined. The quality factor of the Au-NW array with
λg =250 nm and g = 20 nm is QL ≈ 10 (Figure 7c),
and for the Ag-NW array with λg = 200 nm and g =
20 nm QL ≈ 15 (Figure 7d). The relatively low experi-
mental quality factors are typical for noble metals,
such as Au and Ag, due to absorptive damping in the
metal;50,51 however, some inhomogeneous broaden-
ing of the resonance dip occurs to the finite surface
roughness of the polycrystalline metal layer.

The LSPR coupling is dependent on the alignment
of the polarization of the normally incident (β = 0�)
excitation source to the Au-NW nanogap as shown in
reflectancemeasurements in Figure 8. The polarization
of the white light excitation is fixed and the sample
is rotated from θ = 0�, where the source excita-
tion polarization is parallel to the length of the NW
(s-polarized) to θ = 90�, where the electric field polar-
ization of the source excitation is perpendicular to the
length of the NW array (p-polarized) (Figure 8a). The
LSPR coupling dependence on the excitation polariza-
tion is clearly shown as the magnitude of the reflec-
tance dip decreases as excitation is rotated from
p-polarization to s-polarization where no plasmonic

coupling occurs and the reflectance of the subwave-
length surface is similar to a flat (as-deposited) Au
surface.

As is well-known from electromagnetic theory, the
total electric field outside of the metal-NW is EBs = EBoþ
EBi, where EBo is the incident electric field and EBi is the
induced or scattered electric field.51,52 Similar to the
scattering theory of metal nanoparticles, |EBs|

2 = Is
^ sin2

θ, where Is
^ is the total intensity perpendicular to the

plane of incidence, which is dependent on the excita-
tion polarization alignment to the nanostructure, and
therefore, the reflectance of the metal-NW arrays is
modulated according to the alignment of the excitation
polarization to the nanogaps as a function of azimuthal
angle θ (Figure 8a). The polarization-dependent reflec-
tance from an Au-NW array surface (Figure 8b) shows
that the p-polarized excitation aligned perpendicular to
the nanogap (θ= 90�) results in the strongest plasmonic
coupling of the incident radiation in the nanogap and
subsequent reflectance dip Rmin at the coupling wave-
length λL, which corresponds to themaximum |EBs|

2 and
|EBc|

2. As the alignment angle is rotated to θ = 0�, where
the p-polarized incident radiation is aligned parallel to
the nanogap, no plasmonic coupling in the nanogap
occurs, that is, minimum |EBs|

2, and the subwavelength
pitch Au-NW surface exhibits a reflectance similar to
the flat Au surface. Consequently, the minimum reflec-
tance is dependent on the alignment angle according
to Rmin(θ) � cos2(θ), as shown in Figure 8c. The inset
images of the reflectance images of a large area

Figure 8. Measured local surface plasmon resonance dependence on the excitation polarization alignment to nanogap. (a)
Reflectance measurement configuration; (b) reflectance as the azimuthal angle of the p-polarized excitation source is varied
from θ = 0� (no coupling) to θ = 90� (coupled); (c) measured normalized reflectanceminimum Rmin(θ)/Rmin(0�) (solid dots) and
cos2(θ) (solid line) demonstrating the plasmonic coupling dependence. Upper inset: reflectance images of Au-NW surface
(outlined in white dashed line) for different polarization alignments θ = 0� (no coupling), θ = 90� (coupled with dark blue
reflected color), and θ = 180� (no coupling); (d) measured reflectance of Au-NW array with high magnification objective
(100 � /0.9 NA) and low magnification objective (10 � /0.3 NA).
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(1 mm2) Au-NW array show the plasmonic coupling of
the p-polarized incident radiation is aligned parallel
(θ = 0� and θ = 180�) to the length of the NWs, where
no plasmonic coupling occurs and the reflected image
color in the patterned region (within the white dashed
lines) is similar to the unpatterned Au layer (outside the
white dashed lines), and for the p-polarized incident
radiation aligned perpendicular (θ = 90�), where the
strong plasmonic coupling is evident by the reflected
color change to dark blue in the patterned regions
(Figure 8c). The dark blue reflected color corresponds
to a yellow complementary color, which corresponds
to a λL ≈ 633 nm from Rmin (θ = 90�), as shown in
Figure 8b.53 The uniformity of the Au-NW array surface
with λg = 200 nm and g = 20 nm is demonstrated using
reflectance spectroscopy, as shown in Figure 8d, where
the reflection spectrum collected using a low magni-
fication microscope objective (10 � /0.3 NA) with a
large spot diameter is shown with the reflection spec-
tra collected with a high magnification microscope
objective (100 � /0.9 NA) with a much smaller spot
diameter. The large area reflectance spectra are nearly
identical to the small area reflectance measurements,
thus demonstrating the high degree of uniformity in
the pitch and nanogap dimensions of the Au-NW
arrays.

The Au-NW arrays are applied as SERS substrates by
covering the Au-NW array surface with a monolayer of
benzenethiol (BT) molecules, which provides an esti-
mation of the uniformity of the spatially averaged
enhancement factor from a small number of molecules.

BT is a commonly used SERS probemolecule since it has
a small number of well-characterized and strong
Raman active modes, and does not fluoresce in the
visible spectrum (Figure S5, Supporting Information).
The measured Raman intensity (in units of photons s�1)
of a vibration band can be estimated with φi

υ =
(Io/pωo)συ

R∑j = 1
N Gi,j

EMGi,j
Ch, where i is the measurement

location, j represents each molecule in the measure-
ment collection volume, that is, objective spot size for a
monolayer on a surface, υ is the vibration band, Io is the
power on the excitation source with energy pωo, συ

R is
the Raman scattering cross-section of band υ, N is the
total number of molecules in the collection volume,
Gi,j
EM is the electromagnetic enhancement factor, and

Gi,j
Ch is the chemical enhancement.53 The electromag-

netic enhancement can be estimated as Gi,j
EM(rB,ω) ≈

Mci,j
(rB,ωo)

2
3Mci,j

(rB,ωo � ωυ)
2, where ωo is the incident

radiation frequency and the scattered radiation has
vibrational frequency ωυ. It is commonly accepted
that electromagnetic enhancement dominates the en-
hancement process, and therefore, φi

υ ≈ (Io/pωo)συ
RGi,

where Gi ≈ ÆGi
EMæ is an ensemble average enhance-

ment factor from the N molecules in the collection
volume at each measurement location i, which is a
similar effect reported for fluorescence spectroscopy,54

and significantly affects the measured Raman intensities.
In Figure 9a, a representative SERS spectrum of a BT

chemisorbed monolayer on a Au-NW array surface is
shown with the dominant Raman active vibrational
modes: 416, 691, 994, 1018, 1068, and 1565 cm1, all of
which have beenpreviously reported; the 416, 691, and

Figure 9. Measured SERS spectra of BT chemisorbed on Au-NW array and flat-Au surfaces. (a) Top: measured (red) spectrum
from surface with pitch λg = 100 nm and g = 20 nm (measured with SEM), and modeled Lorentzian bands (blue). Bottom:
measured spectrum from BT chemisorbed on a flat (as-deposited) Au layer. (b) SEM image of Au-NW array surface
(acceleration voltage, 2 kV; magnification, 300 k�); (c) Raman image of the integrated intensity of the 1068 cm�1 band
over a 40 � 40 μm2 area; (d) three-dimensional scatter plot of the 1068 cm�1 band integrated intensity; (e) histogram of
1068 cm�1 band integrated intensity from Raman image and modeled Gaussian distribution.
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1068 cm�1 bands are due to a combination of the ring
modes and C�S stretch mode, the 994 cm�1 band is
due to a ring mode, the 1018 cm1 band from an
H-stretch, and the 1565 cm�1 band represents a C�C
ring stretch mode.55 Note that the absence of the
917 cm�1 vibration mode, which is present in the
normal Raman BT spectrum (Figure S6, Supporting
Information), in the SERS spectrum is a good indicator
of BT monolayer formation. Themeasured spectrum of
BT on a flat Au layer is also shown in Figure 9a, which
does not contain any detectable vibration bands and
establishes the background noise floor of themeasure-
ment system. Also, note that the broad background
signal is not present in the BT chemisorbed to the flat
Au surface (Figure 9a) or the neat BT solution measure-
ments (Figure S6, Supporting Information).

Each vibration band of a measured SERS spectrum
at each measurement location is modeled with a
Lorentzian function, and the background signal is
modeled with a polynomial function. The integrated
intensity of each vibration band κi

υ was calculated by
integrating the area of the fitted Lorentzian function
after the removal of the background. The fitting accu-
racy of the Lorentzian function was comparable to the
Voigt functions and is used for modeling all measured
vibrational spectra. An example of a modeled spec-
trum is shown in the upper plot (blue solid line) of
Figure 9a. Figure 9b shows a high resolution SEM
image of the Au-NW array surface used for the mea-
surements shown in Figure 9. The average nanogap
spacing g = 22 ( 2 nm, which was estimated from the
10 nanogaps (black regions) is shown in Figure 9b.
Figure 9c shows a Raman image of the integrated
intensity of the combined ring-bending and C�S
stretchmodes (1068 cm�1 band) from 2500 full spectra
measured over an area of 1600 μm2, which demon-
strates the high spatial uniformity of the nanogap LSPR
of the Au-NW array substrates, where 100% of the
measured locations generate very large Raman inten-
sities. The integrated intensity of the 1068 cm�1 vibra-
tion band is shown in the spatial Raman integrated
intensity image map (Figure 9c) and the three-dimen-
sional scatter-plot shown in Figure 9d. The histogram
of the measured integrated intensity and fitted Gauss-
ian distribution withmean κh

1068 = 3.5� 105 photon s�1

and standard deviation sκh
1068 = 0.4 � 105 photon s�1 is

shown in Figure 9e. From the scatter and histogram
plots, themeasured SERS spectra is highly uniformwith
every measurement location providing a large en-
hancement factor with about 11% variation across
the measured surface, which we attribute to the new
fabrication technique with controllable and uniform
nanogaps with extremely large nanogap length den-
sity (∼1 km cm�2) that provides a large number of
scattering hot-spots at each measurement location.
Additionally, the sample-to-sample variation has been
estimated at about 10%.

The analytical enhancement factor is commonly
used to assess the magnitude of the experimental
Raman enhancement AEFGi ≈ (κi

υ/NSERS)(κNR
υ /NSR)

�1,
where κi

υ and κNR
υ are the integrated intensities from

the SERS and conventional Raman measurements,
respectively, and NSERS and NNR are the number of
molecules in the collection volume of each measure-
ment. Furthermore, the spatially averaged SERS en-
hancement of the 1068 cm�1 band estimated from
2500 spatial Raman data (Figure 9b,c), and conven-
tional Ramanmeasurements of neat BT, is AEFG≈ 1.2�
107, which is extremely large considering that all of the
BT molecules chemisorbed to the Au-NW surface have
been included in the estimation of the enhancement
factor, while it is well-known that the molecules in the
nanogap region generate themajority of themeasured
signal. The standard deviation of the spatially averaged
SERS enhancement factor is 0.1 � 107, which repre-
sents an 11% enhancement factor variation averaged
over the 2500 measurements. The large spatially aver-
aged SERS enhancement and small variance demon-
strated in the histogram shown in Figure 9e is very
significant compared to previously reported distribu-
tions,12 where a significant number of measurement
locations on the surface were not enhanced as evi-
denced by a spatial intensity distribution shifted sig-
nificantly toward zero, or low average enhancement
factor. Similar SERS measurement results were ob-
tained from Ag-NW arrays with chemisorbed BTmono-
layers and λL‑Ag ≈λo = 532 nm (Figure S7, Supporting
Information).

As previously described, the generation of the LPSR
is dependent on the alignment of the excitation

Figure 10. Normalized polarization-dependent Raman in-
tensity measurements of chemisorbed BT on Au-NW array
surfaces with pitch λg = 200 nm and g = 20 nm (measured):
(a) 1068 cm�1 band; (b) 1565 cm�1 band.
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polarization with the nanogaps, and since the magni-
tude of the electromagnetic field in the nanogap |EBc| is
related to the SERS enhancement as Gi � |MBc|

4, then
optimizing the polarization alignment to the nanogap
also maximizes the SERS signal. For most plasmonic
substrates, aligning the excitation polarizationwith the
geometry of the nanostructures is very important to
maximize the electromagnetic enhancement. The po-
larization alignment was performed by manual rota-
tion of the excitation laser beam using a λ/2 rotator
plate. From the polarization dependent reflectance
measurements (Figures 8b and 8c), the minimum
reflectance was shown to follow Rm(θ) � cos2(θ),
hence, the Raman enhancement is Gi � cos2(θ), and
therefore, φmax(θ) � sin2(θ), where the maximum
Raman enhancement occurs at θ = 90�, as shown in
Figure 10.

CONCLUSIONS

In summary, a newmetal-NW fabrication technology
has been presented that is based on a combination
of conventional microfabrication and nanofabrication
steps to realize a template surface that eliminates the
growth rate of physical vapor depositedmetal layers in
the lateral direction between adjacent template sur-
faces and allows for precise control of the separation

nanogaps between adjacent NWs that are electrically
isolated. The advantage of this new technology is that
extremely dense arrays of electrically isolated metal-
NWs that have controllable elliptical surface shapes
and sub-20 nm separation nanogaps can be realized
without the use of a metal etching or milling step.
Additionally, the template surface can be reused by
selectively replacing the metal layer. We have demon-
strated that the new fabrication technology using Au
and Ag noble metals deposited with conventional
physical vapor deposition have a high degree of uni-
formity and dimension control using far-field reflec-
tance measurements of the nanograting structure.
Finally, Au-NW arrays and Ag-NW arrays were fabri-
cated, andwith the use of high-resolution SEM imaging
to determine the nanogap dimensions, the localized
surface plasmon resonance in the nanogap was sys-
tematically tuned to common excitation laser wave-
lengths, 633 and 532 nm. The specifically designed Au-
NW array substrates were used to measure the SERS
spectra of benzenethiol chemisorbed resulting in a
spatially averaged Raman analytical enhancement
factor of (1.2 ( 0.1) � 107 from 2500 measurement
locations. Our simple metal-NW arrays can be manu-
factured in any conventional microfabrication clean-
room using the established design rules.

METHODS
Metal Nanowire Fabrication. Conventional (100) silicon sub-

strates have been used for all template fabrication. First, a thin
(∼30 nm) low stress silicon nitride (SiN) layer is deposited onto
the silicon device layer by low-pressure chemical vapor deposi-
tion (pressure, 100 mTorr; 77.5 sccm H2SiCl2, 20 sccm NH3;
temperature, 850 �C; deposition rate, 4 nm min�1; refractive
index, 2.2). A 100 nm polymethyl methacrylate (PMMA, Micro-
Chem Corp.) electron-sensitive photoresist was spin-coated on
a silicon substrate and exposed to a 95 pA electron beam
(acceleration voltage, 10 kV; aperture size, 20 μm) with the area
dose in the range of 90�120 μAs cm�2 (Raith150-TWO). The
electron-beam exposure along the length of the SiN template
was aligned to the [110] direction of the (100) silicon wafers
using the wafer flat as a reference. The total template surface
array of 1 mm2 is written in 100 � 100 μm2 sections. The ex-
posed regions were developed in a 1:3 methyl isobutyl ketone/
isopropanol solution for 30 s, followed by immersion in iso-
propyl alcohol. The exposed SiN regions were removed using
reactive ion etching (parallel plate reactor; pressure, 10 mTorr;
RF (13.56 MHz) power, 60 W; electrode voltage, �500 V;
electrode temperature, 10 �C; 25 sccm CHF3, 5 sccm O2; etch
rate, 60 nm min�1) followed by removal on the remaining
PMMA and surface cleaning with oxygen plasma. Prior to silicon
etching, the native oxide on the exposed silicon regions was
removed by immersion in 1% hydrofluoric acid solution for
1minandsubsequently rinsedwithdeionizedwater. Thesiliconwas
etched in a1%KOHsolution at 55 �Cwith stirring for 45 s and rinsed
with deionized water for 2 min. The different crystal planes etch
anisotropically by hydroxide ions in an alkaline solutionwhere (111)
planes have the lowest etch rate and (100) and (110) planes both
have higher etch rates. The surfaces were then cleaned in a 3:1
piranha solution (H2SO4:H2O2) for 15 min, rinsed with deionized
water for 2 min, and dried with N2. The polycrystalline metal layer
(Au and Ag) was sputtered-coated (DC source) from a high-purity
target in Ar plasma with a deposition rate of 0.6 nm s�1.

SEM Sample Preparation and Imaging. The Au-NW cross-section
samples were prepared by depositing a 100 nm thick Pt
protection layer onto the upper surface. The sample slices were
prepared (by NanoPhysics BV, Enschede, The Netherlands) in a
dual-beam FIB (FEI Tecnai G2 F20 X-Twin FEG) and SEM imaging
(LEO 1550, Zeiss) was performed at acceleration voltages ran-
ging from 2 to 10 kV. The average nanogap dimensions were
estimated by analyzing the SEM images with an image proces-
sing program (ImageJ 1.46r, National Institutes of Health). The
area of the nanogap was estimated by fitting a closed polygon
along all nanogap edges. The area of each nanogap is Ang =
g � L, where g is spatial average nanogap width and L is the
length of the NWs, which is a fixed dimension in the SEM image.
The area of each of the 10 nanogaps in Figure 9bwasmeasured,
and g was calculated. The average and standard deviation of
the calculated nanogapwidths were then calculated as g= 22(
2 nm.

AFM Imaging. A Digital Instruments Dimension 3100 was
used for all AFM images. All AFM images were obtained in tapp-
ing mode with ultrasharp (average tip diameter ∼2 nm) single
crystal silicon tips (SSH-NCH-10, NanoandMore, GmbH).

Electrical Measurements. Electrical measurements (2-wire)
were recorded in air on a probe station (PM8, Karl Süss), using
flexible probe tips (model 407-A, Probing Solutions, Inc.) tomin-
imize damage to the thin Au layers while probing. The probe
tips are connected to a digital multimeter (model 2100, Keithley)
with amaximum resistancemeasurement range limit of 100MΩ.

Reflectance Measurements. Normal incidence reflection mea-
surements were performed with a p-polarized (LPVISB100,
Applied Laser Technology) white light source (100 W tungsten
xenon lamp) focused on the Au- and Ag-NW surfaces with a
microscope objective (10 � /0.3 NA, Leica and 100 � /0.9 NA,
Olympus). The reflected beam is collected by the same objec-
tive and passed through a multimode fiber (QP450-1-XSR,
Ocean Optics) to the spectrometer with an integrated detector
(HR4000, Ocean Optics). All measurements were calibrated with
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a flat (nonpatterned) as-deposited Au or Ag surface on the same
template surface with the same nominal metal thickness on the
NW surface. The polarization-dependent reflectance measure-
ments were done by first aligning the sample and rotation stage
concentric. The reflectance minimum was then determined by
manually rotating the sample and monitoring the reflectance
measured with the spectrometer. The sample was rotated 180�
from the initial position in increments of 22� and the reflectance
was recorded.

Raman Spectroscopy Instrumentation. A confocal Raman micro-
scope system (alpha300R, WITec GmbH) was used for the
Raman measurements, which consists of a TE-cooled charge
coupled device (DU970P�BV, Andor Technology, Belfast,
Northern Ireland) and UHTS300 spectrometer (f/4 300 mm FL;
grating, 600 lines mm�1). A He�Ne laser (λo = 632.8 nm) in a
backscatter configuration was focused on the surface using a
100 � /NA 0.9 microscope objective. The elastically scattered
laser excitation was removed with an edge filter. The polariza-
tion alignment was performed by manual rotation of the
excitation laser beam using a λ/2 rotator plate.

Raman Measurements. Au-NW array surfaces were fabricated
with Au thickness tz = 40 nm and w = 50 nm, and the reflectance
minimumwasmeasured to confirm that λL≈ 633nm. Benzenethiol
(BT) monolayers were prepared by placing clean Au-coated NW
array surfaces into a 4mMBT-ethanol solution for 4 h. The substrate
was gently rinsed with dehydrated ethanol and dried with pure N2

gas. Raman spectra of chemisorbed BT on both flat Au and
patterned Au-NW array surfaces have been measured in an
ambient air environment with a 2 mW power (measured at the
entrance of the microscope objective) He�Ne laser focused on
the sample surface with 100 � /NA 0.9 microscope objective
(Olympus MPlan FLN). The integration time for all Raman
spectra is 100 ms. The measured signal is presented in CCD
counts. Spatial imaging was performed over a 40� 40 μm2 area
with 50 measurements per line and 50 lines for a total of 2500
measurements per scanned image.

Data Processing and Enhancement Factor Estimation. All measured
Raman spectra of benzenethiol (BT) have been modeled with
a Lorentzian mode shape, and the background has been
modeled with a cubic polynomial function. The measured
Raman intensity φυ of vibration band υ, presented in units of
photons s�1, is modeled by fitting the Lorentzian function f(υ) =
A[(υ � υo)

2 þ B]�1, where υo is the center vibration shift and A
and B are constants, after removal of the background. The
integrated intensity is calculated from the modeled vibration
mode κ =

R
�¥
þ¥f(υ) dυ in units of photons s�1. The spatially

resolved SERS spectra (n = 2500) were modeled with Lorentzian
functions and the background with a cubic polynomial function,
and subsequently the integrated intensity κi

υ of each vibrational
mode from imeasurement locations was calculated. The number
of chemisorbed BT molecules probed on the SERS surface is
estimated as NSERS = AsDBT ≈ 3.4 � 106 molecules, where As =
1.04� 10�12 m2 is the Au-NW surface area with λg = 100 nm, g =
20 nm and a half-ellipse cross-section (ex = 40 nm and ez = 40 nm)
in a 1 μmdiametermicroscope objective spot size, which includes
10 Au-NWs and 10 nanogaps. DBT = 3.3 � 1018 molecules m�2 is
the surface density of BT molecules chemisorbed on a Au(111)
surface.56 The number of molecules in the confocal volume of the
conventional Raman measurement is estimated with NRS =
NA(MWBT)

�1FBTVCV ≈ 9.3 � 109 molecules, where NA = 6.02 �
1023 molecules mol�1, MWBT =110.18 g mol�1 is the molecular
weight, FBT≈ 1.08 g cm�3 is the density, andVCV≈ 1.6� 10�18m3

is the experimentally determined confocal volume of the mea-
surement system. The integrated intensity of the conventional
Raman spectrum from a neat BT solution in a sealed glass vial is
κNR
1094≈ 76 photons s�1, which ismeasuredwith 2mW laser power
(λo = 632.8 nm) and 100 ms integration time. The mean spatially
averaged integrated intensity of the SERS measurement is κh

1068 ≈
3.5� 105 photons s�1, and therefore, themean spatially averaged
Raman enhancement is AEFG1068 ≈ 1.2 � 107.
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