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anostructures made from noble

metals such as gold or silver can

harness electromagnetic surface
waves known as surface plasmons (SP),
which are electron density fluctuations that
propagate along the surface of the metal.!
Because of the strong coupling between
photons and the conduction electron
plasma, the SP is confined to within ~100
nm of the metal-dielectric interface in the
form of an exponentially decaying evanes-
cent field. By harnessing these unique quali-
ties of SP waves, plasmonic nanostructures
can squeeze light into nanometer-scale vol-
umes, generating large field enhancements,
and showing promise for applications in
sensing, spectroscopy, photovoltaics and
data storage.? ¢ In particular, Ebbesen’s dis-
covery of the SP-mediated extraordinary
optical transmission (EOT) effect has gener-
ated intense interest in the emerging field
of plasmonics.”®

Since SP waves exist within ~100 nm of

the metal surface, their properties can be
sharply modulated by local refractive index
changes due to the adsorption of a thin film
of molecules, providing the basis for sur-
face plasmon resonance (SPR) biosensing.
By virtue of the SP-mediated EOT effect, pe-
riodic nanohole arrays can also function as
SPR biosensors, operating in a colinear
transmission imaging mode.*~"7 In these
nanohole SPR imaging systems, the source,
sample and detectors are all aligned along
the same optical axis, allowing high-
resolution SPR imaging.'® The develop-
ment of biosensors based on the EOT ef-
fect requires systematic investigations of
how the thickness and spatial distribution
of a thin adsorbed film affects the optical
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ABSTRACT Fabricating plasmonic nanostructures with robust optical and chemical properties remains a
challenging task, especially with silver, which has superior optical properties but poor environmental stability. In
this work, conformal atomic layer deposition (ALD) of thin alumina overlayers is used to precisely tune the optical
transmission properties of periodic nanohole arrays made in gold and silver films. Experiments and computer
simulations confirm that ALD overlayers with optimized thicknesses tune and enhance the transmitted intensity
due to refractive index matching effects and by modifying the dielectric properties of each nanohole. Furthermore,
encapsulating silver nanohole arrays with thin alumina overlayers protects the patterned surfaces against
unwanted oxidation and contamination. The ability to precisely tune the optical properties while simultaneously
providing robust chemical stability can benefit a broad range of applications, including biosensing and

fluorescence imaging.

KEYWORDS: extraordinary optical transmission - periodic nanohole arrays - atomic
layer deposition - plasmonic biosensing - device encapsulation.

transmission properties. A simple method
for tuning the local refractive index in the vi-
cinity of the nanoholes can provide the de-
sign freedom to optimize the EOT effect.
The effects of using different metals are
also of importance for plasmonics.'®~2?
Within the visible spectrum, silver-based
plasmonic devices exhibit better intrinsic
performance—for example, longer SP
propagation lengths and higher sensitivity
for biosensing—than devices made from
gold, copper, or aluminum. Nevertheless,
many plasmonic devices, including the ma-
jority of biosensors, are made with gold.
One of the reasons lies in the poor chemi-
cal stability of silver: it oxidizes readily in air
and easily forms an Ag,S contaminating ad- ~ *Address correspondence to
layer, resulting in unstable chemical proper- ~ sang@umn.edu.
ties. In comparison, gold is inert, has been Received for review December 16, 2009
more widely used as standard substrates for ~ and accepted January 26, 2010.
self-assembled monolayer chemistry, and, Published online February 4, 2010,
unlike silver,® is not toxic to cells. In many  10.1021/nn901842r
applications where interfacing with biologi-
cal materials is not required, for example, © 2010 American Chemical Society
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Figure 1. A SEM image of nanohole arrays in gold film on a glass substrate (a) before and (b) after ALD of a 40 nm thick
alumina overlayer. The insets to panels a and b show enlarged images of the nanoholes; (c) a cross-sectional schematic of
a nanohole array with an alumina overlayer deposited with ALD; (d) a cross-sectional SEM image of a nanohole array with

a 40 nm ALD-grown alumina overlayer.

as electrodes for plasmonic solar cells, silver has been
used because of its lower cost, better optical properties,
and its better adhesion to glass substrates,?*?* though
stability remains an issue. Therefore, a broad range of
applications can benefit by developing a simple
method that can harness the increased plasmonic per-
formance of silver while circumventing its poor chemi-
cal stability. A conformal atomic layer deposition (ALD)
of a dielectric overlayer, such as alumina (Al,O3) or sili-
con dioxide (Si0,), on three-dimensional (3-D) nano-
structures can provide a solution that is generally
applicable.

In this work, we use the ALD growth of alumina over-
layers to characterize the EOT effect through nanohole
arrays in gold and silver films while simultaneously pro-
tecting the surfaces against oxidation and contamina-
tion. Interestingly, EOT intensity is enhanced with the
addition of the alumina overlayers, which is explored
with extensive 3-D computer simulations. Finally, it is
shown that adding a ~20 nm thick alumina overlayer
does not degrade the molecular detection sensitivity of
silver periodic nanohole arrays while simultaneously
providing protection even under harsh oxidizing
conditions.

RESULTS AND DISCUSSION

Nanohole arrays made in a metallic film on a glass
substrate with and without Al,O5 overlayers are shown
in Figure 1. The nanohole arrays were milled using an
FEI dual-beam focused ion beam (FIB). Nanoholes were
milled through a 200-nm-thick gold (with a 5 nm chro-
mium (Cr) adhesion layer) or silver (without a Cr adhe-
sion layer) film on a glass substrate. Each array consisted
of 16 X 16 nanoholes with a periodicity of 500 nm and
a hole diameter of 180 nm (Figure 1a). For encapsula-
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tion (Figure 1b), ALD of thin Al,O3 overlayers was used.
Alumina is deposited conformally by ALD, covering the
flat metal areas as well as the sidewalls and bottoms of
the nanoholes, sketched in Figure 1¢, and confirmed in
a cross-sectional scanning electron microscope (SEM)
image (Figure 1d).

The ALD technique utilizes self-limiting chemical re-
actions to enable conformal deposition of compound
thin films with subnanometer thickness resolution.2%?’
In particular, alumina can act as an excellent barrier
against gas diffusion and is thus suitable for device en-
capsulation.?® Due to these desirable properties, ALD-
deposited alumina has also been used to characterize
the localized surface plasmon resonance (LSPR) of sil-
ver nanoparticles and to increase the stability of pat-
terned silver films for surface-enhanced Raman
spectroscopy.?>3°

Figure 2 shows how the transmission spectra of
both gold and silver nanohole arrays (180 nm hole di-
ameter and 500 nm periodicity) change versus Al,O5
thicknesses. When light is incident on a noble metal film
perforated with a periodic array of subwavelength
nanoholes, the EOT effect manifests itself as a series of
intense peaks in the optical transmission spectra that
are stronger than predicted by classical diffraction
theory. The enhancement occurs through the excita-
tion of SP waves in this nanostructure,’3'32 wherein the
periodic nanohole array acts as a two-dimensional dif-
fraction grating that converts incident photons into SP
waves. The peak transmission wavelengths for normally
incident light are approximated by

aO €€y
7 + 2

where qy is the periodicity of the nanohole array, i and
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Figure 2. Sequence of transmission spectra through the
same 16 X 16 nanohole array as the thickness of the ALD-
grown Al,O; overlayer increases from 0 to 42 nm at 6 nm in-
tervals. The diameter and periodicity of nanohole is 180
and 500 nm, respectively. The nanoholes were milled
through (a) gold and (b) silver films.

j are the grating orders, and €, and €4 are the dielec-
tric constants of the metal and dielectric, respectively.
Measured transmission spectra show red shifts from the
Npeak Values predicted in eq 1 because of Fano interfer-
ence between the direct transmission through the
holes and the excitation of the surface modes.>

The optical transmission through the nanohole ar-
ray in a gold film shows two significant peaks that cor-
respond to the (1,0) and (1,1) resonances at the gold-air
interface from eq 1. The resonance peaks at the
gold—glass interface are dampened due to the pres-
ence of a 5 nm Cr adhesion layer. In the case of silver,
the observed resonances are more complicated since
there is no Cr adhesion layer. There are four main com-
ponents: the (1,0) and (1,1) resonances at the
silver—glass interface and the (1,0) and (1,1) resonances
at the silver—air interface. For both samples, however,
the metal—air transmission peaks red-shift and their in-
tensity increases as the thickness of the Al,O; over-
layer increases from 0 up to 42 nm. The spectral shifts
are mainly due to the refractive index response of the
SPs. In a simplified model, the effective refractive index
neg seen by the SP waves can be approximately calcu-
lated as3*

Nett = Moyt T Mayer = Npuid(1 = exp(=2d/0)  (2)

where njayer and npyi are the refractive indices of a thin
layer deposited on the metal and of the surrounding
bulk material, respectively, d is the thickness of the de-
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posited layer, and / is the decay length of SP evanes-
cent field perpendicular to the surface. Although this
equation is not directly applicable to our 3-D nanohole
geometry, it can be seen that as the thickness of the
Al,O; overlayer increases, neg increases as Ny is smaller
than Njayer. In our case, Ny is air and Njayer is Al,O3, in-
creasing nes and red-shifting Apea. Therefore, the ALD
growth of a dielectric layer, with its ultrafine thickness
resolution, can precisely tune the plasmon resonance of
metallic nanostructures. Additionally, as the peaks red-
shift, the transmitted light intensity also increases,
shown in Figure 2. This is partly due to decreased SP
damping losses at longer wavelengths, demonstrated
by Przybilla et al.3® In that work, when the period of the
array was enlarged to position the transmission peak
at longer wavelengths, they observed an increase in the
optical transmission intensity due to the reduced SP
damping. Although the geometry of our system is dif-
ferent because of the 3-D conformal deposition of Al,03
inside each nanohole and on the top metal surface,
the reduced SP damping at longer wavelengths also
plays a role. In addition, as the effective hole size is in-
creased due to filling the hole with a higher index Al,O;,
the waveguide-type attenuation in the subwavelength
holes decreases, boosting the transmission. Further-
more, index-matching effects between both sides of
the film, that is, making an asymmetric system
(air—metal—glass) into an effectively symmetric one
(air—alumina—metal —glass) at a certain Al,05 thick-
ness, have also been shown to increase the transmis-
sion efficiency.3

To confirm these underlying mechanisms for en-
hancing the EOT effect, the experimental data were
compared with full 3-D finite-difference time-domain
(FDTD) simulations. Figure 3a shows color maps consist-
ing of experimental transmission spectra (similar data
to Figure 2) measured after each consecutive deposi-
tion of 6 nm of Al,O; on the same sample (gold). Fig-
ure 3b shows color maps constructed from 3-D FDTD
simulations for every 10 nm of conformal alumina
deposition. In the color maps, the positions of the (1,0)
and (1,1) resonance maxima and the transmission
minima are shown with white dashed lines. It is seen
that all of the maxima and minima are red-shifted as the
thickness of Al,O3 layer increases. Also, the intensity of
each peak increases up to a factor of about 5 until the
Al,Os layer reaches a certain thickness. Similar trends
are observed from silver nanohole arrays in Figure 3¢,d.
The positions of the transmission peaks in the spectra
from the experimental results match well (within 10
nm) with the FDTD calculations, and the trends in wave-
length shifts and intensity changes are consistent. The
thickness of the Al,O; overlayer where the maximum
peak intensity was achieved experimentally (~100 nm)
is different from that of FDTD calculations (~70 nm).
The difference is likely to come from the imperfections
in fabrication such as the rounded edges of the FIB-
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Figure 3. Color maps of the transmission spectra of a 16 X 16 nanohole array with a 180 nm hole diameter and a 500 nm
periodicity. (a) Experimental results of a nanohole array made in a 200 nm thick gold film as the Al,Os thickness increases
from 0 to 205 nm; (b) 3-D FDTD calculations with the same structure as panel a; (c) Experimental results with the nanohole ar-
ray made in a 200 nm silver film as the Al,O3 thickness increases from 0 to 185 nm; (d) 3-D FDTD calculations with the same
structure as panel c. Dashed lines track the positions of the (1,0) and (1,1) resonance peaks as well as transmission minima.

patterned holes (Figure 1d) as well as the roughness of
metal surface.

Figure 4 shows the spectral shifts of the (1,1),; reso-
nance peaks of Ag and Au nanohole arrays as a func-
tion of increasing Al,O3z overlayer thickness. The (1,0),;
resonance peak was not tracked because of the wave-
length range limits of our spectrometer. Beyond ~100

T
250 ! "
= !
;‘5 200 Lin_ear '
- ® region !
S 8 <—>:
= 8 150+
G2
= ©
£ ¢ 100
S 3
&< :
5 501 ! Periodicity: 500 nm
= o= 200 nm Ag
= 04 | © ----5nm Cr/200 nm Au
0 5 100 150 200

Al,O, thickness (nm)

Figure 4. As the thickness of the Al,O; overlayer increases
from 0 to 205 nm, the (1,1),;, peaks of the Ag and Au nano-
hole arrays red-shift. The periodicity is 500 nm and the hole
diameter is 180 nm for both Ag and Au nanohole arrays. A 5
nm Cr adhesion layer was used only for the Au film. Experi-
mental results are shown as squares (Ag) and circles (Au),
and the data are fit with exponentially saturating curves. The
shift is approximately linear with Al,O; thicknesses ranging
from 0 to 48 nm.
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nm thickness, comparable to the decay length of the
SP evanescent field, the spectral red-shift saturates. In
the linear region, where the alumina overlayer thickness
is less than 50 nm, the spectral shifts for both Ag and
Au nanohole arrays are linearly proportional to the ox-
ide thickness, and the slope of the change, correspond-
ing to the detection sensitivity of the array, is un-
changed by the alumina overlayer. This experiment
shows that an overlayer thickness of up to 50 nm does
not degrade the sensitivity for detecting the subse-
quent deposition of an additional 6 nm-thick alumina
layer. Increasing the overlayer thickness, however,
gradually reduces the probing range, and the detec-
tion sensitivity is sharply degraded. The spectral red-
shift and subsequent saturation were also observed in
a recent work by Stewart et al.3” who used layer-by-layer
assembly to deposit polyelectrolyte on plasmonic crys-
tals and studied how to optimize their molecular detec-
tion sensitivity.

To provide insights into the role of effectively match-
ing the refractive indices on the top and bottom sides
of the metal film by the addition of the ALD overlayers,
the full electromagnetic field distributions of each
nanohole were calculated with 3-D FDTD simulations.
In these simulations, the nanohole arrays were 180 nm
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Figure 5. (a) 3-D FDTD simulation results showing the time-averaged surface plasmon (SP) field intensity for different bulk
refractive indices changing from 1.35 to 1.55. The refractive index of the glass substrate is 1.45, giving maximum transmis-
sion when matched to the bulk. (b) Different thicknesses of a conformal Al,O; overlayer ranging from 0 to 100 nm. The nano-
holes have a diameter of 180 nm and have a 500 nm periodicity in a 200 nm thick silver film. Light is incident from the top.
The field maps are calculated at the resonant peak wavelengths indicated in each panel.

in diameter, with a periodicity of 500 nm, with a silver
film thickness of 200 nm. Figure 5a shows the time-
averaged EM field intensity in the vicinity of the peri-
odic silver nanohole arrays with different bulk refrac-
tive indices over the nanohole array varying from 1.35
to 1.55. The cross-sectional images confirm that the
maximum transmitted intensity and maximum output
field intensity occurs when the refractive index of the
bulk medium above and inside each nanohole matches
that of the glass substrate (n = 1.45). This effect was
also demonstrated by Krishnan et al.*® who showed that
the optical transmission through symmetric hole ar-
rays, wherein the energies of the SP modes on both
sides of the film are equal, is enhanced by a factor of
~10 over asymmetric arrays.

Figure 5b shows the EM field power distributions
with different alumina thicknesses from 0 to 100 nm
on the silver nanohole arrays. In our case, the glass sub-
strate has a refractive index of 1.45 while the alumina
film has an index of 1.65. Although the 3-D geometry of
the ALD overlayer does not make a completely symmet-
ric geometry, it is expected that the effective index of
the alumina overlayer seen by the SP waves, from eq 1,
can closely match the refractive index of the glass sub-
strate for a certain alumina thickness. Simply comparing
the EM field power distributions in Figure 5b with those
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in Figure 53, it can be seen that the enhanced transmit-
ted intensity due to effective refractive index matching
occurs at an Al,Os thickness between 60 and 70 nm.
Therefore, the ALD overlayer can be used to shift the
EOT spectrum and increase the optical transmission of
plasmonic nanoholes in a precisely controlled manner,
which will be valuable for biochemical sensing and pho-
tonics as well as for understanding the various mecha-
nisms involved in the EOT effect. In particular, the in-
creased optical transmission can improve SPR imaging
systems, which is often dominated by shot noise.>®
Besides enhancing plasmon resonances and provid-
ing tunability, the conformal deposition of Al,O; over-
layers simultaneously acts as an encapsulation layer to
protect silver nanohole arrays against unwanted oxida-
tion or contamination. It has been reported that even a
few nanometers of Al,O; layer deposited by ALD is suf-
ficient for blocking water vapor transmission through
the layer.?®3° For robust protection against unwanted
oxidation, a thicker oxide is more desirable. On the
other hand, to maintain sensitivity to molecules bind-
ing on the surface, a thinner overlayer is needed. As
seen in Figure 4, the spectral response remained linear
to additional thin layers with a total thickness below 50
nm. Therefore, a 20 nm Al,O5 overlayer, which does
not sacrifice the detection sensitivity and is at the lower
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Figure 6. (a) Comparison of transmission spectra through
nanohole arrays made in a 200 nm thick silver film
(dashed line), a 200/5 nm thick gold/chromium (dotted
line) film, and with a 20 nm Al,O; layer deposited on the
silver sample (solid line). The nanohole arrays have a di-
ameter of 180 nm and have a 500 nm periodicity. (b)
Transmission spectra change as a nanohole array made
in a silver film is exposed to UV ozone for 1, 4, 7, and 10
min without a protective Al,0; overlayer and (c) with a 20
nm protective Al,O; overlayer.

end as a gas diffuse barrier, was chosen to fulfill both re-
quirements, and its resistance against oxidation was
tested.

Figure 6a shows transmission spectra for three
types of nanohole arrays: made in a 200 nm thick
gold film with a 5 nm-thick Cr adhesion layer; a 200
nm thick silver film; and a 200 nm thick silver film
with a 20 nm-thick protective Al,O; overlayer. The
nanohole array made in the silver film, which does
not have a Cr adhesion layer, shows higher transmis-
sion intensity than the array made in gold with a Cr
adhesion layer films with the same nominal nano-
hole parameters. The transmission through the sil-
ver nanohole array is further enhanced following the
deposition of a 20 nm-thick Al,O; overlayer. The
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Al,O3 layer was deposited at 50 °C to prevent the
possibility of silver oxide formation inside the ALD
chamber due to trace amounts of water vapor.?’

Following the initial measurements of the EOT spec-
tra, all samples were simultaneously exposed to the oxi-
dizing environment inside a UV—ozone chamber, and
their individual optical transmission spectra were re-
corded after 1, 4, 7, and 10 min of oxidation. The EOT
spectrum of the gold nanohole array did not show any
measurable change after 10 min of oxidation (data not
shown). On the other hand, the nanohole array milled in
a bare silver film shows a dramatic reduction in the op-
tical transmission intensity as well as broadened peak
widths, shown in Figure 6b, which was caused by the
formation of a surface oxide layer. The silver nanohole
array that was encapsulated with 20 nm of alumina did
not show any noticeable change in the transmission
spectra, shown in Figure 6c. This result confirms that
an Al,O; overlayer acts as a good passivation layer for
preventing the oxidation of silver. The exact thickness
of the alumina overlayer depends on the specific appli-
cations, weighing whether oxidation protection or
maintaining sensitivity to surface events is more
important.

Simple ALD encapsulation using alumina (Al,05), sili-
con dioxide (SiO,), or hafnium oxide (HfO,) overlayers
can be used for other metals such as copper or alumi-
num, to tune their optical properties and protect the
surface from oxidation. The surface of ALD-
encapsulated silver nanohole arrays or other 3-D plas-
monic devices can be subsequently functionalized by
using a self-assembled monolayer such as
3-aminopropyl triethoxysilane (APTES) for biosensing.*
Also, plasmonic nanostructures coated with ALD over-
layers can be used to precisely control the coupling be-
tween quantum emitters and the SP waves*' as well as
fluorescence quenching.

CONCLUSION

The EOT effect through gold and silver nanohole ar-
rays was systematically characterized as a thin ALL,O;
overlayer was sequentially deposited by ALD. As the
resonance wavelength is red-shifted by the deposition
of an Al,Os overlayer, the transmission intensity in-
creases because of the lower SP damping losses, in-
creased cutoff wavelength by conformally filling nano-
holes with higher index Al,0s, and effective refractive
index matching effects between both sides of the metal
film. It was experimentally shown that a 50-nm-thick
alumina overlayer did not degrade the detection sensi-
tivity of nanohole sensors, thus allowing them to func-
tion as biochemical sensors. Furthermore, the Al,O;
overlayer protects silver surfaces against the growth of
adventitious oxide while acting as a substrate over
which to attach other molecules for biosensing. The
ALD encapsulation technique using a thin alumina, SiO,
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or HfO, overlayer can be easily applied to metallic nano-
structures made from Au, Ag, Cu, or Al to precisely

tune their plasmonic resonances while protecting their
surfaces. In addition, the ALD overlayer can be coupled
with high-throughput nanofabrication techniques such

METHODS

Atomic Layer Deposition (ALD). Al,Os overlayer films were depos-
ited by ALD on the metallic nanohole arrays. Trimethylalumi-
num (TMA) and water vapor were sequentially pulsed through
the reaction chamber. N, gas was used to purge the chamber af-
ter injecting each precursor. The operating temperature was
250 °C for depositing Al,Oj3 films on a gold substrate. In the case
of silver substrates, Al,Os films were deposited at 50 °C to mini-
mize the oxidation of a silver film during the ALD process.?® The
transmission spectra were measured immediately after each
deposition to minimize exposure time of the sample to air.

Computer Simulations. 3-D finite-difference time-domain (FDTD)
simulations were performed using Fullwave (RSoft Design
Group). A nonuniform mesh was used, which had a nominal
size of 5 nm and edge-interface grid size of 1 nm and which in-
corporated at least 20 grid points within the thin ALD layers. The
refractive indices of the glass substrate and alumina overlayers
were set to 1.45 and 1.65, respectively. Periodic boundary condi-
tions were used to simulate an infinite array of periodic nano-
holes. A plane wave was incident from the top (ALD) side of the
nanohole array, pulsed in time with a Gaussian envelope to have
a spectral width of ~700 nm and centered at 500 nm. The trans-
mitted power was recorded, and a Fourier transform was calcu-
lated to obtain the simulated spectral response of the system.
The complex dielectric constants of gold and silver were mod-
eled as having a Drude—Lorentz dispersion response, fitted to
Johnson and Christy experimental values.*
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