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Ultrasmooth Patterned Metals
for Plasmonics and Metamaterials
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Surface plasmons are electromagnetic waves that can exist at metal interfaces because of
coupling between light and free electrons. Restricted to travel along the interface, these waves
can be channeled, concentrated, or otherwise manipulated by surface patterning. However,
because surface roughness and other inhomogeneities have so far limited surface-plasmon
propagation in real plasmonic devices, simple high-throughput methods are needed to fabricate
high-quality patterned metals. We combined template stripping with precisely patterned silicon
substrates to obtain ultrasmooth pure metal films with grooves, bumps, pyramids, ridges, and
holes. Measured surface-plasmon—propagation lengths on the resulting surfaces approach
theoretical values for perfectly flat films. With the use of our method, we demonstrated
structures that exhibit Raman scattering enhancements above 107 for sensing applications and

multilayer films for optical metamaterials.

waves known as surface plasmons that can

propagate along a metal interface (/). Be-
cause these waves involve a mixture of both light
and charge fluctuations on the metal surface, they
have a unique hybrid character. Their photonic
component allows them to interact with optical
waves, whereas their electronic component al-
lows these optical waves to be concentrated in
volumes much smaller than the diffraction limit.
This combination is useful for applications rang-
ing from biosensing to solar cells (2—6). In a
typical device, surface plasmons are created when
a film of silver or gold is illuminated on its ex-
posed surface. Although this excitation process
is forbidden when the interface is perfectly flat,
surface patterning on a suboptical length scale
allows incident light to generate surface plas-
mons in the film (/). Patterning also provides
a means to manipulate these plasmons, once they
have been created. For example, surface structures
can direct, channel, or focus the surface plasmons
toward specific locations. However, because sur-
face plasmons exist very close to the interface,
they are extremely sensitive to surface inhomo-
geneities, which can cause absorption, scatter-
ing, and limited propagation. Consequently,
fabrication of plasmonic devices requires metal
films to be patterned while avoiding unwanted
roughness and impurities that can seriously
degrade their performance.

Unfortunately, metal films deposited by evap-
oration are inherently rough due to polycrystal-
linity. Moreover, when such films are patterned,
for example by a focused ion beam (FIB), this
roughness is increased as the grains are exposed.
To avoid these problems, alternatives ranging
from films with extremely small grains grown
by fast sputtering (7) to large single crystals
grown by the Czochralski process (8, 9) have
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been explored. Although each of these al-
ternatives can provide surfaces that are smoother
than evaporated films, their devices still exhibit
shorter-than-expected surface-plasmon propaga-
tion. In particular, ion impurities implanted in the
metal during patterning introduce absorption. For
sputtered films, plasmons can also scatter at the
numerous grain boundaries. To increase the
propagation, one solution is to use extremely
thin metal films (~10 nm), in which long-range
surface plasmons have been reported at infrared
wavelengths (/0). However, this occurs because
most of the electromagnetic field from the
surface plasmon is in the surrounding medium
instead of the metal. For applications that
exploit concentrated electromagnetic fields near
a metal interface, thicker structures are required.
All fabrication methods have also been limited
to patterning one film at a time. This affects not
only cost but also performance, because nanometer-
scale differences between structures can influence
the plasmons.

The emerging field of plasmonics needs sim-
ple, high-throughput, and reproducible approaches
to obtain pure metallic films that are smooth yet
patterned over large areas. Although techniques
such as nanoimprinting and nanomolding can
casily pattern metals on the proper length scales
(11-13), none of these methods have been suit-
able. In most techniques, patterned polymeric
molds are filled with metal to form a replica.
This process introduces serious surface rough-
ness because metals do not easily wet polymer
interfaces. Even if this problem is avoided by
substituting other mold materials, molds have to
be etched away to release the metal structure.
This reduces throughput and reproducibility be-
cause each mold generates only one device.

In contrast, a simple technique already exists
to generate smooth unpatterned metallic films.
Known as template stripping, this method makes
use of the poor adhesion and good wettability
of noble metals on solids such as mica, glass,
and silicon (/4). Typically, freshly cleaved mica
is coated with a film of gold, and the exposed
surface of gold is then attached to another sub-

strate with an epoxy adhesive. When the mica
and substrate are separated, the gold clings to
the epoxy, and a metal interface that has formed
on the mica is exposed. Because mica can be
extremely smooth, ultraflat gold surfaces can
be generated. These have been used widely in
scanning probe experiments and studies of self-
assembled monolayers.

However, it has not been realized that the
same approach can produce smooth patterned
metal films. Whereas template stripping was ap-
plied to form patterns on mica, complex multi-
step processes were employed (/5-17). Instead
of mica, we used inexpensive silicon wafers as
the template to exploit the well-developed fabri-
cation techniques for microelectronics. After the
wafer is patterned (Fig. 1A), for example, with
lithography or FIB, it is coated with a thin metal
film and a layer of epoxy (/8). The epoxy-metal
bilayer can then be peeled off of the substrate to
reveal a patterned structure with a surface rough-
ness determined by the wafer template. Figure 1B
shows a silicon substrate with circular concen-
tric grooves defined by FIB. We thermally evap-
orated 275 nm of silver on this substrate, added
epoxy, and peeled off the bilayer. Figure 1, C to
E, indicates the quality of the silver “bull’s eye”
structure that results. Electron micrographs taken
at glancing incidence (Fig. 1E) are extremely ef-
fective at exposing any surface roughness.

The evaporated silver film has a rough sur-
face after deposition, but the device uses the
opposite interface, which is smooth. If the film
is thicker than ~100 nm, the rough side will not
influence surface-plasmon propagation. Because
the silicon wafer, and not the silver, is patterned
by FIB or reactive ion etching (RIE), no ion im-
purities are implanted in the silver. We used x-ray
photoelectron spectroscopy to analyze the sur-
face composition of metal films patterned via
RIE with SF4 and found 49 atomic percent of
fluoride ions within the top ~5 nm of the film,
whereas template-stripped metals had no detect-
able surface impurities.

In addition to silver bull’s eyes, we fabricated
a variety of silver, copper, and gold plasmonic
structures (Fig. 2). From the same patterned sub-
strate, we have created more than 30 films with-
out damage. If it was necessary to avoid epoxy,
which remains attached to the metal and can be
problematic for some applications, we used metal
electrodeposition (19). For example, after a thin
~250-nm film of copper was evaporated onto a
bull’s eye template, we electrodeposited another
~1 mm of copper. The resulting patterned cop-
per foil (Fig. 2A) could be peeled off directly,
without the aid of epoxy. Similarly, a silver bump
array (Fig. 2B) was produced on a free-standing
~100-um-thick silver foil.

We also used simple chemical etching tech-
niques to pattern the silicon substrate. When the
surface of a [100]-oriented silicon wafer is ex-
posed to a solution of KOH, anisotropic etch-
ing can lead to pyramidal divets or triangular
grooves. We formed such patterns by coating a
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watfer with chromium and gold, selectively remov-
ing these layers with either FIB or photolithog-
raphy, and immersing the substrate in KOH
(18). Previously, pyramidal particles were created
by depositing metals only at the bottom of such
divets and then releasing the deposits to form
a colloidal suspension (20, 21). In our case, the
divets were coated with ~250 nm of metal, which

was removed with epoxy to produce silver (Fig. 2,
C and D) or gold (Fig. 2E) pyramid arrays. (We
also obtained similar structures with electrode-
position.) The pyramids were smooth, highly
reproducible, and exhibited sharp tips with radii
of curvature as small as 10 nm (Fig. 2D, inset).

The surfaces that are produced have a rough-
ness that can approach that of the template, as

—

Fig. 1. (A) Schematic for fabricating ultrasmooth patterned plasmonic structures. After adding a
desired pattern to a silicon wafer (green), a metal film is deposited and then coated with epoxy or
additional metal (blue). The combined film can be peeled off of the substrate to reveal a smooth
patterned surface. The substrate can be reused to form additional identical structures. (B) Electron
micrograph of a silicon wafer patterned with circular grooves (bull's eye) by FIB. The grooves were
285 nm wide and spaced every 570 nm. (C to E) Electron micrographs of a silver bull’s eye that was
template stripped off of the silicon substrate in (B) using epoxy.

Fig. 2. Electron micrographs of various
metal structures. (A) A copper bull's eye
with 1.3-um-wide circular grooves spaced
every 3.5 um; the template was patterned
with photolithography and RIE. (B) A square
silver array of 240-nm-diameter bumps
spaced every 600 nm; the template was
patterned with FIB. (C and D) A silver
pyramid array made by anisotropic etch-
ing. A gold-on-chromium mask with square
holes was formed with FIB on a silicon
wafer and etched in KOH. The inset in (D)
shows the tip of one of the pyramids. (E)
A gold pyramid array made by anisotropic
etching as in (C), except a chromium mask
was patterned with a hexagonal array of
1-um-diameter circles spaced by 2.25 um
using photolithography. (F) A thin silver
nanohole array made with template strip-
ping and nanosphere lithography. 265-nm-
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confirmed by atomic force microscopy (AFM).
For a silicon substrate with a root mean square
(RMS) roughness of 0.19 nm, we measured
0.65 nm for the corresponding silver film. The
largest contribution to this value was the grain
boundaries in the polycrystalline silver. Within a
single grain, the roughness was 0.26 nm, much
closer to that of the silicon. These measurements
were obtained for silver evaporated onto test-
grade wafers at room temperature (/8). Under
slow-evaporation conditions with wafers heated
to 75°C, the RMS roughness improved even
further to 0.34 nm. Of course, the smoothness of
the metal is affected by the method that we used
to pattern the substrate. For example, the silicon
bull’s eye in Fig. 1B had an RMS roughness of
1.89 nm due to redeposition of material during
patterning of the grooves with FIB. The corre-
sponding silver film (Fig. 1C) had a roughness
of 2.18 nm. Even in this case, the bull’s eye,
which is designed to have a sharp and direc-
tional absorption feature due to optical coupling
to surface plasmons, exhibited a sharp absorp-
tion peak (fig. S1) that was not observed in the
same structure made by standard methods (i.e.,
evaporated films patterned directly with FIB).
To quantify this further, we measured the prop-
agation length of the surface plasmons. We pre-
pared a 200-nm-thick ultrasmooth silver film on
epoxy and then milled a series of identical slits
through the metal with FIB. For each slit, we
added a parallel groove in the film at a differ-
ent fixed separation d (Fig. 3A). By illuminat-
ing the epoxy side of the bilayer with white light,
surface plasmons could be launched on the film
as light passed through the slits (22). When these
propagating plasmons struck the grooves (Fig. 3A,
inset), they scattered light that could be collected
by a microscope. For each groove, we measured
the spectrum of this light and, from an analysis of
all such spectra, determined the scattered intensity
as a function of d. Because this is directly related
to the intensity of the surface plasmons at the

diameter holes spaced by 450 nm were formed in a 30-nm-thick silver film. (G) A multilayer bull’s eye with alternating layers of silver (30 nm) and alumina (15 nm).

A cross section etched by FIB shows seven layers.
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grooves, the plasmon propagation length could
be extracted for each wavelength. Figure 3B
shows the measured propagation lengths for our
template-stripped film. [Fringes appear in these
data because of interference between surface plas-
mons propagating toward and away from the
groove (22).] For comparison, we also plotted
previously reported propagation lengths (23), as
well as those that we obtained for a control film
made by standard methods.

Due to roughness, propagating surface plas-
mons can be scattered in-plane (into other sur-
face plasmons) or out-of-plane (into light). These

losses can be quantified individually by propa-
gation lengths L., and Lq4, respectively, that
contribute to the overall propagation length L
(1, 24). For a perfectly smooth single-crystalline
film, Ly, and L,,q are infinite, and L is limited
by the ohmic losses (electron scattering) in the
metal, described by Loy, If the dielectric proper-
ties of the film are known, L, can be calculated
directly (/8). Using ellipsometry, we measured
the dielectric function for our films and com-
puted Lo (see figs. S2, S3, and S4). Figure 3B
illustrates a comparison of our slit-groove data
with Loy, determined for a template-stripped

A NN

525 550 575 600 625 650 675 700
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Fig. 3. (A) An electron micrograph of a slit-groove pair separated by 6 um in a template-stripped 200-
nm-thick silver (Ag) film. (B) Plot of propagation length versus wavelength extracted from a range of
slit-groove separations, d. At every wavelength, we fit the decay of the scattered intensity with an
exponential to extract the propagation length (diamonds). Error bars denote SE. Fringes appear in these
data because of interference of surface plasmons propagating toward the groove and those reflected
back, as confirmed by finite difference time-domain simulations. From the measured dielectric function
of a template-stripped silver film treated to the same conditions, we determined the expected
propagation length assuming only ohmic losses (solid curve) (1). Previously reported data (squares) (23)
and values extracted from the rough side of a thermally evaporated control film (circles) are also shown.
Error bars for the control data were smaller than the symbols in the plot and are not shown.

Fig. 4. (A) Electron mi-
crograph of a silicon wafer
patterned with a grating
of triangular grooves by
photolithography, lift-off,
and anisotropic etching.
The grooves cover 2 X
2 cm”® on the wafer. (B)
A silver film with trian-
gular ridges formed from
the wafer in (A). 280 nm
of silver was evaporated,
followed by 100 um by
electrodeposition. Due to
slight misalignment of the
grooves and the <110>
direction of the wafer,
step edges formed in the
grooves during etching
that are reproduced on
the sides of the silver ridges. (C and D) Confocal Raman scattering microscopy scans of the film in (B)
after incubation in 1 mM benzenethiol in ethanol for 16 hours. The excitation wavelength was 514 nm.
The scan was in the plane of the ridge peaks in (C) and a cross section of the ridges in (D). CCD, charge-
coupled device. (E) Raman scattering spectra for the same benzenethiol-coated silver film shown in (C)
and (D) (red curve) and for neat benzenethiol (blue curve). The excitation wavelength was 532 nm.
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film exposed to the same conditions. The mea-
sured values are close to Ly, especially at longer
wavelengths.

To confirm that the observed increase in prop-
agation length is due to decreased roughness,
we combined AFM and ellipsometry data to
estimate the effect of different contributions to
Ly, for template-stripped silver and gold sam-
ples, as well as standard films (/8). From AFM
scans (figs. S5 and S6), parameters describing
the surface corrugation could be extracted (table
S1) and used to estimate L., and Lq within
the single scattering approximation (7, 24, 25).
Lonm Was determined separately from ellipsom-
etry data. Table S2 shows that the reduction
of surface roughness in template-stripped silver
films should cause an increase in L, by a factor
of 5 to 7, in agreement with Fig. 3B. For gold,
which is inherently smoother than silver, the
improvement is smaller. However, other benefits
of template stripping may still be exploited.
AFM scans (figs. S5 and S6) suggest a large
increase in the grain size for template-stripped
films. This occurred in silver during the mild
heat treatment that we used to cure the epoxy
(150°C). In gold, we intentionally annealed at
500°C. Unlike standard films, where thermal
annealing under the same conditions increases
roughness, template stripping allows grains to
grow while constraining the surface. Because
scattering of plasmons at grain boundaries can
be an important loss mechanism on gold inter-
faces (9), grain growth can improve plasmon
propagation. Assuming an increase in grain size
from 80 to 1000 nm (fig. S6), Ly should be im-
proved by a factor of ~2 (table S3). The com-
bined effect of larger grains, decreased roughness,
and reduced impurities should also increase Loy,
due to reduced electron scattering. This increase
and the preferred grain orientation (texturing)
that we observe on template-stripped films offer
additional advantages.

To demonstrate the utility of our approach,
we fabricated large-area (square centimeters) sub-
strates for surface-enhanced Raman scattering
(SERS). In general, Raman scattering can iden-
tify molecules through their unique vibrational
signatures. Because of the concentrated electric
fields near patterned metal surfaces, gold and
silver films have been studied for enhanced mo-
lecular and biological sensing (26). Signal enhance-
ments above 10° for specific surface structures
have been reported (27). However, more im-
portant for sensing applications is the ability to
generate enhancements with films that are easily
and reproducibly fabricated, and we illustrate
this ability in Fig. 4. We first formed triangular
grooves on a silicon wafer by combining photo-
lithography and anisotropic etching (Fig. 4A).
Figure 4B shows the smooth silver film with
raised triangular ridges that was peeled off of this
wafer. We then attached a self-assembled mono-
layer of benzenethiol to this surface and used
scanning confocal Raman microscopy to collect
the SERS signal as a function of position. The
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resulting images for scans parallel to the ridge
tops (Fig. 4C) reveal uniformly enhanced signals
near the triangular peaks. More importantly,
cross-sectional scans (Fig. 4D) show that the re-
sponse is high at this peak while remaining low
along the smooth sides of the ridges and the
valleys in between. Using the protocol and ap-
paratus in (28), we quantified the SERS enhance-
ment by comparing the Raman signal from neat
benzenethiol with that from our monolayer-
coated substrate (Fig. 4E). After correcting for
the number of molecules, we determined an en-
hancement factor of 1.4 x 10”. Because this
represents an average over the entire surface, the
actual enhancement near the ridge peak should
be much higher.

Whereas bumps, ridges, and grooves are
clearly useful for these types of applications,
different structural elements are necessary for
others. For example, a nanoscale hole surrounded
by surface structures can allow enhanced trans-
mission of electromagnetic waves through a metal
film (3). Figure 2F shows that we can also
create such holes in thin smooth silver films.
A hexagonal array of deep circular pits was
formed on a silicon wafer with nanosphere li-
thography. By evaporating silver on top of such
pits and adding epoxy, a thin silver film with a
hole array was obtained. Although only one
side of this film is ultrasmooth, which would af-
fect its transmission properties, an additional
absorbing layer such as Cr could be added to
the rough side to minimize its effects. A second
useful element is the multilayer structure. For
example, thin patterned films with alternating
layers of metal and insulator can exhibit a nega-
tive refractive index (29), which can lead to new
optical phenomena (30). Our approach can also
yield such structures, called metamaterials. After
evaporating a thin film of silver on patterned
silicon templates, we deposited alternating layers

of alumina and silver. Because silver adheres to
alumina better than silicon, the entire stack could
be removed with epoxy. For example, a bull’s
eye (Fig. 2G) and a bump array (fig. S7) could
be easily obtained, both of which have potential
use as superlenses (30). As long as the adhesion
requirement is satisfied, other materials besides
alumina are also possible. The resulting films can
lead to a variety of useful optoelectronic devices,
especially considering that they are formed on
flexible substrates with built-in metal contacts.

These results indicate that template stripping
can be combined with silicon microfabrication
methods to create ultrasmooth patterned metals
for plasmonics and metamaterials. Although ex-
tremely simple, it provides a route to fabricate
integrated metallic multilayer structures with
designed grooves, bumps, tips, and holes with
controlled spacings and orientations, while simul-
taneously avoiding previous problems because
of roughness and impurities.
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Probing Spin-Charge Separation in a
Tomonaga-Luttinger Liquid
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In a one-dimensional (1D) system of interacting electrons, excitations of spin and charge

travel at different speeds, according to the theory of a Tomonaga-Luttinger liquid (TLL) at low
energies. However, the clear observation of this spin-charge separation is an ongoing challenge
experimentally. We have fabricated an electrostatically gated 1D system in which we observe
spin-charge separation and also the predicted power-law suppression of tunneling into the 1D
system. The spin-charge separation persists even beyond the low-energy regime where the TLL
approximation should hold. TLL effects should therefore also be important in similar, but shorter,
electrostatically gated wires, where interaction effects are being studied extensively worldwide.

he effects of interactions are almost im-
I possible to calculate in a general many-
particle system, although they cannot be

ignored. However, for a one-dimensional (1D)
system, Luttinger, building on an approximation

scheme of Tomonaga, constructed a soluble 1D
model with infinite linear dispersion and a re-
stricted set of interactions. The solution has the
remarkable property that the excitations of spin
and charge behave independently and move with

different speeds. It has been argued (/) that all 1D
metals are adiabatically continuous with the
Tomonaga-Luttinger model at low energies, and
hence spin-charge separation should be observ-
able in real systems. Determining the extent of its
applicability would provide a major test of more
general methods of modeling interaction effects,
with relevance to quantum devices and the theory
of high-temperature superconductivity. Recent
work (2) presents a more general theory of 1D
systems with a nonlinear dispersion, but the ef-
fects of spin are not yet included.

Some properties of the Tomonaga-Luttinger
liquid (TLL), such as power-law behavior, have
been observed and studied in a variety of systems,
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