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urface plasmons (SP), collective elec-

tron oscillations at the surface of

noble metals, have demonstrated tre-
mendous potential as a route to tailor and
selectively amplify myriad optical phenom-
ena in molecular thin films.'” " A simple
method for the integration of plasmon ac-
tive materials into opto-electronic devices is
the addition of metal nanoparticles.''2~17
An alternate route to introduce plasmon ef-
fects is the addition of subwavelength scale
holes in a metal surface.'®2* We have re-
cently used this approach in an organic
photovoltaic device.”> Here we present a
thorough characterization of the electrical
and optical properties of random nanohole
arrays as a function of hole density. Our aim
is to evaluate the potential of these films
as transparent conductors where both high
transmissivity and low resistance play a criti-
cal role in overall performance.

The optical properties of nanometer-
sized holes in metal films have been the fo-
cus of intense research.'®?*2636 The major-
ity of the work has examined materials with
regular periodic hole structures. The most
significant finding concerning ordered
nanohole films in silver has been the sur-
prising magnitude of transmission reported.
Such “enhanced optical transmission” has
been explained as a surface plasmon as-
sisted transmission process. The basic
mechanism for the transmission process is
(1) a photon couples to a SP on the incident
side of a nanohole film, (2) the SP propa-
gates within the hole to the opposite side
of the film, (3) the SP is converted back to a
photon and radiated into the far-field.>’
The energy of the photons resonant with
the enhanced transmission process can be
tuned by varying the metal in use, usually
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ABSTRACT Disordered nanohole arrays were formed in silver films by colloidal lithography techniques and

characterized for their surface-plasmon activity. Careful control of the reagent concentration, deposition solution

ionic strength, and assembly time allowed generation of a wide variety of nanohole densities. The fractional
coverage of the nanospheres across the surface was varied from 0.05—0.36. Electrical sheet resistance

measurements as a function of nanohole coverage fit well to percolation theory indicating that the electrical

behavior of the films is determined by bulk silver characteristics. The transmission and reflection spectra were

measured as a function of coverage and the results indicate that the optical behavior of the films is dominated

by surface plasmon phenomena. Angle-resolved transmission and reflection spectra were measured, yielding

insight into the nature of the excitations taking place on the metal films. The tunability of the colloidal lithography

assembly method holds much promise as a means to generate customized transparent electrodes with high

surface plasmon activity throughout the visible and NIR spectrum over large surface areas.
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deposition.

gold or silver, or by changing the character-
istics of the ordered nanohole array. Charac-
teristics such as the hole diameter, hole
shape, hole spacing (lattice constant), film
thickness, and array type (hexagonal,
square, trigonal, etc.) can be used to tune
the SP energy to specific wavelengths. The
dielectric surroundings can also be used to
manipulate SP resonances. The most widely
used starting point to describe how SP reso-
nances depend on a square nanohole array
structure is the equation:
s €€

b NP+ 7 = ay em"‘—+“8d )
where \nax is the normal incidence trans-
mission maximum, i and j are indices identi-
fying scattering modes from the periodic
lattice, ay is the array lattice constant, g, is
the real part of the dielectric constant of the
metal, and g4 is the real part of the dielec-
tric constant of the surroundings. Even
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though this simple equation omits many important fac-
tors, such as those mentioned above, it is highly effec-
tive in estimating the basic transmission behavior of a
nanohole array.

Surface plasmons are additionally described accord-
ing to their degree of localization. A localized surface
plasmon (LSP) is typically used to describe the oscilla-
tion of electrons on a nanoparticle or around a nano-
hole. A propagating surface plasmon (PSP) is an excita-
tion that is localized to a metal nanoparticle or
nanohole and propagates on a flat film. These two sub-
tly different renditions of surface plasmon excitations
can interact and interconvert if the proper conditions
are met. Numerous experimental studies exist that
demonstrate the interconversion and constructive and
destructive interference of LSPs and PSPs.3¥~4! Studies
involving LSPs and PSPs usually employ the use of near
field scanning optical microscopy with dramatic modu-
lation of the near field optical electric field distribu-
tions observed due to SPs. Recently it has also been
verified that the interaction of LSPs and PSPs at close
distances can modulate the far-field scattering of nano-
structures. The interaction of LSPs with PSPs can be
viewed as an additional mechanism to tune the optical
behavior of nanostructured thin films and nanoparticle
assemblies. Improved understanding of how this addi-
tional coupling mechanism influences far field optical
properties may lead to greater application of plasmonic
technologies.

While the majority of work on SP-enhanced trans-
mission phenomena has focused on ordered nanohole
arrays, facile methods to fabricate such arrays over large
areas have remained limited thereby reducing wide-
spread implementation. Simple nanolithography meth-
ods such as nanosphere lithography can be extended
to create ordered hexagonal close packed arrays* but,
it is often the case that the highly ordered regions of
nanospheres form in unpredictable locations on the
surface. While this may not impede fundamental opti-
cal characterization it does create additional challenges
when the arrays are intended for studies in opto-
electronic devices such as solar cells or light emitting di-
odes. In these studies one must be able to reproduc-
ibly locate the nanohole patterns in the same location
on a substrate over a sufficiently large area such that
multilayered architectures and macroscopic character-
ization can be accomplished. Therefore, a facile method
that can reproducibly create a surface of nanoholes in
an arbitrary metal film over large areas may enable re-
search in plasmonics not currently achievable with the
low throughput, small area, and/or unpredictable loca-
tion of the most common nanolithography methods.

Additional advantages may exist in the use of metal
nanohole films because of their high electrical conduc-
tivity. This allows the films to serve in a multiplexed
sensing platform, for example, electrical and optical
sensing, or as we have demonstrated to serve as an op-
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Figure 1. A representative atomic force micrograph of the
disordered nanohole system studied.

tical enhancing component in organic solar cells while
also serving as a carrier extracting electrode. It is more
difficult for SP active nanoparticle systems to perform
dual optical and electrical roles since nanoparticles are
isolated and means of electrically connecting them is
nontrivial.

A solution to the aforementioned application de-
mands is the recent method published by Hanarp et
al® dubbed colloidal lithography; the method modi-
fies an arbitrary surface with polyelectrolytes to carry a
preferential charge such that oppositely charged com-
mercially available latex spheres will bind to the surface
owing to Coulombic attraction. Since the latex spheres
are of like surface charge, they repel each other and
avoid clustering on the surface. The Coulombic repul-
sion also prevents multilayers from forming on the sur-
face ensuring a uniform nanosphere mask. A drawback
of the technique presently is that the resulting nano-
sphere mask lacks long-range order. Short-range order
does arise from the surface striving to find an electro-
static potential energy minimum so the nanoparticles
do have a systematic mean separation distance.

The colloidal lithography method has been used to
prepare random nanohole arrays to study the optical
properties of single, isolated holes in a gold film.##4> De-
spite the ease with which random nanohole structures
can be produced using simple and inexpensive pro-
cesses, there have been relatively few publications that
deal with their optical characterization and none that
deal with electrical characterization. By understanding
how to control the SP behavior of random nanohole
films and how nanostructuring influences the electrical
properties of the films, the widespread implementation
of nanohole films in many applied fields of science be-
comes possible. Figure 1 shows a representative atomic
force micrograph of the disordered nanohole film inves-
tigated in this study.

In this paper, we have thoroughly characterized the
SP activity and electrical characteristics of silver nano-
hole films with a mean nanohole diameter of 92 nm and
a constant silver film thickness of 40 nm. First, to
achieve wide control over the nanosphere colloidal li-
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Figure 2. Nanohole coverage as a function of salt concen-
tration in deposition solution. A sigmoidal fit has been
added to guide the eye.

thography mask coverage and to obtain a greater un-
derstanding of the deposition process, deposition con-
ditions such as nanosphere solution concentration,
deposition time, and salt concentration were explored
in greater detail than present in the literature. The ob-
served optical effects can be interpreted as largely due
to disordered grating structures and the electrical be-
havior follows closely to a simple percolation model.
The plasmon behavior is compared to the body of lit-
erature surrounding this promising nanostructured
system.

RESULTS AND DISCUSSION

Colloidal Lithography. Figure 1 shows an atomic force
micrograph of a typical random nanohole film pre-
pared using colloidal lithography. From AFM images,
the fractional hole coverage and average hole-to-hole
distance were determined. The colloidal lithography
technique relies on repulsion between similarly charged
latex spheres to provide spacing and eventual short-
range order between the spheres when adsorbed on a
charged surface. Using this technique, we found a maxi-
mum fractional coverage of 0.20 * 0.03 (n = 11) for sys-
tems with no intentionally added salt. To obtain cover-
ages higher than this we used the procedure outlined
by Hanarp et al.** The hole density was adjusted by con-
trolling the ionic strength of the deposition solution.
As the salt concentration increases, more of the charge
on the latex sphere becomes shielded thus allowing for
control of the distance between spheres.

Figure 2 shows the fractional coverage of 92 nm
holes in a 2.5 um by 2.5 wm region of the surface as a
function of NaCl concentration in the deposition solu-
tion. All depositions were performed with a 0.1% par-
ticle concentration and using a 30 min deposition time.
The nanohole coverage increases rapidly upon the ad-
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Figure 3. Plot of nanohole coverage as a function of particle
concentration (wt %). The legend indicates the deposition
time used for that sample set. The only way to achieve a cov-
erage below 0.10 from this study was to use both a short
deposition time and low solution concentration.

dition of salt and quickly approaches a limit at ~ 0.35.
Each data point represents an average for at least three
2.5 pm by 2.5 um regions of a 1 in. by 1 in. surface.

For high-density samples, heat treatment by immer-
sion in boiling, ultrapure water of the sample after the
initial sphere deposition was found to be crucial to re-
duce multisphere aggregate formation. For high par-
ticle densities, the films are initially highly aggregated
but upon heating the particles redistribute. The temper-
ature of the hot bath was found to be crucial. It is im-
portant that the bath be at a boil prior to exposing de-
posited spheres. With the bath at lower temperatures,
high-density samples were severely aggregated.

Surface coverages below 0.20 were obtained by ad-
justing both the solution particle concentration and
the deposition time. Figure 3 shows the fractional sur-
face coverage as a function of particle concentration.
The highest particle concentrations and times used
gave a surface coverage similar to those observed for
the control experiments at 0.1% particle concentration
and 30 min deposition times. As evidenced from the
data, times in excess of five minutes are unlikely to have
an appreciable effect on surface coverage. The mea-
sured surface coverages for all concentrations used with
the exception of the 0.01% particle solution are statisti-
cally identical. This implies that particle concentration
is the more significant factor in determining final sur-
face coverage. We can also infer that while time does
appear to have an effect on surface coverage, for the
times examined (30 s to 5 min) the effect is small. No at-
tempt was made to examine times shorter than 30 s.
This was deemed impractical based on our current pro-
cedure. The data at the lowest particle concentration
give the only statistically significant difference in sur-
face coverage with a minimum coverage observed at
0.01% particle concentration and a deposition time of
30 s of 0.04 = 0.01.
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Figure 4. Sheet resistance of the nanohole films as a func-
tion of fractional hole coverage. The dotted line represents
a fit to standard percolation theory indicating the electrical
properties of the silver films are well described by bulk prop-
erties and geometric analysis.

The data taken as a whole show that while deposi-
tion time does play a factor in final surface coverage,
in practice particle concentration determines the ulti-
mate hole density. Close to maximum film density is
achieved in under 30 s. The most practical way to con-
trol surface coverage is therefore by using low concen-
trations of particles with deposition times of no longer
than 5 min.

Electrical Characterization. The sheet resistance of the
films as a function of nanohole surface coverage is
shown in Figure 4. For all cases measured, the sheet re-
sistance was better than that typically reported for in-
dium tin oxide coated glass substrates (ca. 15—30
Q/sq). The influence of nanohole coverage on sheet re-
sistance followed the well-known equation derived
from percolation theory:

flc) = Alc

crit

" ()

where A is a pre-exponential factor, c. is the critical
nanohole coverage condition where the probability of
a conducting pathway in the film falls to zero, c is the
hole coverage, and m is the 2D conductivity exponent.
Fitting the conductivity data to the percolation thresh-
old equation yielded a c.; value of 0.42 = 0.01 and a 2D
conductivity exponent of 1.37 * 0.06. These results
are identical to the percolation threshold values pre-
dicted and reported by others on similar systems that
used much larger not nanosized holes.**#” This result in-
dicates that while nanostructuring the surface can have
strong nonclassical optical effects, the conductivity of
the silver films as a function of hole coverage still fol-
low a simple percolation threshold theory. This is of
course not unexpected as the presence of the holes
should only significantly impact the conduction mech-
anism in the silver film when the feature size drops be-
low the electron mean free path, which is about 57 nm
at room temperature.*® The nanohole coverage in
theory should be able to go to the limit of a hexagonal
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close packed arrangement but without access to pre-
cise ordering there is little advantage obtaining disor-
dered hole coverages above a value of ~0.4 since it will
result in a nonconductive film. The sheet resistance val-
ues observed here suggests these films have promis-
ing high current applications where the resistive losses
of typical transparent conductors may result in poor
performance.

Optical Characterization. Figure 5 shows transmission
and reflection spectra taken for a series of nanohole
films of different coverages. The transmission and re-
flection spectra were collected using an integrating
sphere whereby both forward scattered and backscat-
tered light are detected. The nanohole films show an in-
crease in transmission magnitude and a decrease in re-
flection as coverage increases. When employing these
films as transparent conductors one needs to strive for
the highest nanohole coverage possible while still re-
taining a conductive film as the overall transmission of
the films continues to rise with nanohole coverage. At
specific wavelengths there are specific nanohole cover-
ages that yield a maximum transmission, for example,
~550 nm, where increasing nanohole coverage does
not increase transmission.

In square nanohole arrays, the transmission maxima
of the array should depend linearly on the lattice con-
stant. The random films do not have any long-range or-
der but with increasing coverage, there is a systematic
reduction in the average interparticle spacing. As an ini-
tial approximation the changes in coverage, and there-
fore hole-to-hole separation, observed for this disor-
dered system may be thought of as a change in the
lattice constant of the nanoholes. Equation 1 suggests
one should observe a blue shift in the SP transmission
maxima as the coverage increases and the hole-to-hole
separation decreases. As can be seen in Figure 6, the
transmission maxima are not strongly influenced by
changes in hole-to-hole separation, estimated from the
nanohole coverage. Figure 6 indicates that the differ-
ent optical data collected contain unique information
about the system under investigation. In contrast with
the study of scattering and extinction from nanoholes
in a thin gold film,** we do not observe a close linear re-
lationship with hole-to-hole separation in transmission.
By comparing the slope of the reflection data and trans-
mission data, the reflection minima change more rap-
idly with hole-to-hole spacing than the transmission
maxima. This is likely due largely to the difference in di-
electric values between glass and air. Since the hole-to-
hole separation is the same for transmission and reflec-
tion at each coverage, the ratio of the slope in
transmission maxima and reflection minima should
yield the ratio of the terms contained in the square
route argument of eq 1. Using the real dielectric values
of silver, glass and air at 550 nm predicts a slope of
~1.5. In this work, the ratio experimentally obtained is
6.3. Solving for the effective real dielectric value of sil-
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Figure 5. Transmission spectra (left) and reflectance spectra (right) measured with an integrating sphere for a series of nano-
hole silver films with varying nanohole coverage. The spectra demonstrate that the magnitude of transmission or reflectance
can be tuned via nanohole coverage without changing the nanohole size. The inset legend indicates the nanohole coverage for

each spectrum.

ver to support a slope ratio of 6.3 yields a value of —2.
This value is far outside the accepted range of the opti-
cal constants of silver leading to the conclusion that
the changes in the optical data must explained by phe-
nomena beyond those contained in eq 1.

One explanation may be that the hole-to-hole sepa-
ration is too small to compare with the work of Priku-
lus et al who studied hole-to-hole separations of 575 to
625 nm. The largest hole-to-hole separation studied in
this work is estimated at 376 nm so the resulting first or-
der grating coupling effects expected to arise from the
nearest-neighbor nanohole separation distance are at
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Figure 6. The measured transmission, absorbance maxima,
and reflection minima vs the hole-to-hole separation for the
disordered nanohole films. Linear fits to the maxima and
minima have been added to guide the eye.
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wavelengths below those investigated in this study.
The nanohole films investigated here are effectively
nondiffracting due to the short hole-to-hole separation.

A recent report on ordered, nondiffracting nano-
hole films in a square lattice with constants of 200,
225, and 250 nm (similar hole-to-hole separations as
the present study) revealed that the transmission spec-
tra can still be tuned somewhat by changing hole-to-
hole separation even when lattice constants would sug-
gest the nanoholes should be nondiffracting at visible
wavelengths.* At these separation distances it has been
proposed that the continuous film allows for the localized
hole plasmon to couple via the PSP of the film to other lo-
calized hole plasmons. In this work we observe qualita-
tively the same effect, as the hole-to-hole separation de-
creases, the transmission peak moves to shorter
wavelengths even though the hole-to-hole separation is
much smaller than an effective lattice constant for visible
wavelengths. This indicates that a similar nanohole cou-
pling mechanism as discussed above for square lattices
operates in the random nanohole arrays.

Enhanced optical transmission initially reported by
Ebbesen and co-workers was defined as the transmit-
ted power incident on the area of a subwavelength hole
in an optically thick metal film. When the transmitted
power through the hole exceeds that predicted by Be-
the theory the transmission is “enhanced.” Hanarp et al
estimated based on individual extinction and dark field
scattering measurements that the nanohole films in
thin gold films exhibited an enhancement factor of ~5,
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Figure 7. Enhanced optical transmission spectra calculated
from the nanohole transmission spectra, nanohole coverage,
and silver reference film spectrum. A value of 1 indicates
no enhancement in transmission compared to the silver ref-
erence film, values greater than 1 indicate wavelengths
that are enhanced. Values less than 1 indicate the films
transmit less light than the silver reference film.

that is, at maximum transmission the holes transmit-
ted five times more light than incident upon their geo-
metric area. The results presented in this paper agree
strongly with this estimation. The enhanced transmis-
sion spectra for the films in this work are shown in Fig-
ure 7. The spectra were calculated by subtracting the sil-
ver film reference spectra, weighted by the fraction of
the area occupied by the silver film, and dividing by the
fractional coverage occupied by the nanoholes. The
magnitude of enhanced transmission reaches a maxi-
mum value of 2.5, in agreement with similar work on
nanoholes in thin gold films.

The enhanced transmission maxima from Figure 7
are plotted as a function of hole-to-hole separation in
Figure 8. The hole-to-hole separation was calculated us-
ing a two-dimensional radial distribution function de-
rived from simulated nanohole distributions governed
by Coulombic repulsion. (See Supporting Information
for more information on the nanohole distributions.)
While the hole-to-hole separation studies in this work
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Figure 8. Enhanced transmission maxima for the nanohole
coverages plotted vs hole-to-hole separation.
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are over a short-range, it is easily seen that the nano-
holes have a clear enhanced transmission resonance
where the enhanced transmission rises well above a
value of 1 but at the high and low coverages the en-
hanced transmission values remain close to 1. The ob-
servation that enhanced transmission does not con-
tinue to rise with nanohole density but appears to have
a resonant coverage agrees with the recent work of Ala-
verdyan et al,?’ who modeled the interaction of
1-dimensional chains of nanoholes in thin gold films
and experimentally measured the elastic scattering
spectra of nanohole chains in thin gold films. It was ob-
served that elastic forward scattering can be enhanced
significantly when the amplitude of dipolar charge os-
cillations occurring at two closely spaced nanoholes is
constructively combined with the charge oscillations of
the antisymmetric bound PSP of the gold film. The con-
structive resonance condition is met when the edge to
edge distance of the nanoholes is equal to (n + 1/2)\psp,
where n =0, 1, 2, ..., and \psp is the wavelength of the
antisymmetric bound mode of the thin metal film. In
the instance of thin films where the SPs at both inter-
faces can strongly couple with one another, the wave-
length of the bound modes is roughly half the wave-
length of the photon in free space.?” With such small
values of N\psp, the impact of LSP—PSP coupling can only
be observed at small nanohole separations such as the
ones studied in our case. The resonance effect can be
observed in Figure 8 where at hole-to-hole separations
of approximately 225 nm, the enhanced transmission
spectra reach a maximum. Assuming this is the n = 0
case we estimate \psp of @ 40 nm silver film to be 266
nm (225 nm hole-to-hole separation = 133 nm edge-to-
edge separation for 92 nm diameter nanoholes) for
the antisymmetric bound PSP mode.

The absorbance of the nanohole films is shown in
Figure 9. Since an integrating sphere was used to cap-
ture forward and backscattered light in the transmis-
sion and reflection data, the absorbance spectra do not
contain a scattering component and they represent
the real energy absorbed in the film. This is in contrast
to extinction spectra typically reported in plasmonics
literature that do not distinguish between scattered
and absorbed photons. Perhaps the most striking ele-
ment of the absorbance data is the observation of the
dramatically rising long wavelength component of the
absorbance spectrum at increasing coverages. Such a
broad spectral plasmon response has been proposed to
be integral to the application of SPs for solar energy
harvesting.>® AFM images revealed that as coverages
approach the percolation threshold, an increased popu-
lation of merged nanohole dimers and trimers is ob-
served. Since nanohole transmission, and therefore film
absorbance, red shift with increasing nanohole diam-
eter, the merged nanoholes provide a distribution of ef-
fective nanohole diameters which may be responsible
for the mainly featureless longer wavelength absor-
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Figure 9. Absorbance spectra of the nanohole films as a
function of nanohole coverage. With increasing nanohole
coverage the films are capable of trapping more light at the
surface. The absorbance maximum blue shifts as coverage
increases and the integrated absorbance also increases
across the wavelengths monitored.

bance observed beyond 600 nm at the highest cover-
ages studied.

In analogy to the ordered nanohole arrays and iso-
lated nanoholes, it is expected that the random nano-
hole array would exhibit angle dependent transmission
and reflection spectra. Figure 10 shows polarization-
resolved, angle-dependent extinction spectra of a
nanohole film. Extinction was calculated from direct
transmission and reflection measurements. As the angle
of incidence increases, the extinction of p-polarized
light shifts to higher energies. The main extinction fea-
ture appears to be composed of two closely overlap-
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ping peaks and the relative intensity of the high-energy
peak to the low-energy peak increases as a function of
angle of excitation. The s-polarized extinction spectra
flatten and red shift slightly but are largely invariant
compared to the p-polarized spectra. As the excitation
angle increases, the electric field vector of the
p-polarized light moves toward a perpendicular excita-
tion of the film instead of a horizontal excitation. In
s-polarized mode, the electric field vector is in the plane
of the film and does not change with excitation angle.
A perpendicular excitation should be constrained by
the film thickness and the dimensions of the nanohole.
Given these two criteria, it is reasonable to expect that
the high-energy peak in the extinction spectra is a result
of the nanohole cavity LSP mode whose oscillation is
perpendicular to the substrate. The symmetry of this ex-
citation is similar to the symmetric leaky mode of a con-
tinuous thin film, although it is not possible to directly
excite this symmetry excitation in a flat thin film.2

The integrating sphere transmission and reflection
measurements allow one to calculate the energy loss
due to absorption. The energy-integrated absorbance
data as a function of coverage has a positive slope for
the coverages investigated in this work. Intuitively this
extrapolation must not be correct, in the limit of very
high nanohole coverage our data must converge with
the dispersed nanoparticle data in the literature that in-
dicates very low coverage nanometric silver particles
will have low absorbance. This leads to the conclusion
that the absorbance as a function of coverage must not
fit linearly to coverage, it must ultimately return to
zero absorbance at a nanohole coverage of 1 (zero sil-
ver content). This requirement indicates that the absor-
bance plot as a function of coverage should lead to a
maximum that indicates how to best couple visible light
to silver films. A simple polynomial fit to energy-
integrated absorbance data (not shown) estimates a
maximum absorbance at a coverage of 0.5 for this sys-
tem. This may be useful for photothermal, photochemi-

Extinction (a.u.)

0.0 —

T T I I T
400 500 600 700 800

Wavelength (nm)

Figure 10. Extinction spectra of a nanohole film based on direct transmission and reflection measurements. The legends in-
dicate the angle between excitation and collection optics for the film: (a) p-polarized extinction spectra of a nanohole film; (b)

s-polarized extinction spectra from the same film.
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cal, or photoelectrical applications where the mecha-
nism for energy harvesting initiates by coupling
photons to SPs in silver. For applications that require
the silver films to remain conductive over long ranges,
the maximum photon harvesting coverage has already
been determined from the electrode data presented
here to be ~0.4.

In summary, an extensive study of the electrical
and optical properties of nanohole silver films was con-
ducted. A detailed exploration of deposition condi-
tions revealed that in order to achieve the lowest cover-
ages, the latex sphere concentration must be reduced
from previous reports and deposition times must be
minimized. The nanohole films remain electrically con-
ductive over the entire range of coverages studied. The
electrical behavior is well described by a percolation
model suggesting that the films can serve as effective
conductive transparent electrodes up to coverages of
0.4. To obtain nanohole coverages higher than 0.4 it will

METHODS

Materials. The method of Hanarp et al** was initially followed
to guide the further development of the colloidal lithography
process. Sulfate modified latex spheres (92 nm diameter) in wa-
ter (8% w/v) were purchased from Invitrogen Corporation, Carls-
bad, CA. Poly(diallyldimethyl ammonium chloride (PDDA) (me-
dium molecular weight) 20% in water and poly(sodium 4-styrene
sulfonate) (PSS) 30 wt % solution in water were purchased from
Aldrich Chemical Co., St. Louis, MO. Aluminum chlorohydrate
was purchased from Spectrum Chemical Manufacturing Corpo-
ration, Gardena, CA. Sodium chloride Baker Analyzed Reagent
grade was purchased from J.T. Baker Chemical Company, Phil-
lipsburg, NJ. All chemicals were used as received without any fur-
ther purification.

Solution Preparation. All solutions were made using 18.2 MQ)
deionized water. All salt-containing solutions were prepared
from dilutions of the same stock solution and were brought to
the desired concentration prior to the addition of spheres.

Glass Substrate Cleaning. All samples were prepared on glass mi-
croscope slides. Slides were scrubbed using a sponge with a di-
lute solution of Liquinox following by rinses in tap water, house
deionized water and a final rinse with 18.2 M() deionized water.
The slides were blown dry using nitrogen. Following the water-
based cleaning, slides were treated in an oxygen plasma (700
mTorr O,, 150 W, 5 min process time). All depositions were per-
formed within a few hours of, if not immediately following, the
sample cleaning steps. Prior to exposure to the oxygen plasma,
the glass slides were cut into roughly 1” by 1” squares. Samples
were blown off with a nitrogen gun to remove any glass shards
remaining from the scribing and breaking process.

Polyelectrolyte Glass Treatment. The glass surface was modified
with a polyelectrolyte multilayer as demonstrated by Hanarp et
al® Slides were exposed to 30 s dips in 2% by weight solution of
PDDA, 2% PSS, and 5% AICH solutions sequentially. Samples
were rinsed in a 18.2 M) water bath and blown dry with nitro-
gen following each exposure.

Controlled Sphere Deposition. A 0.5 mL aliquot of latex sphere so-
lution was deposited on top of each 1” X 1” square of triple-
layer treated glass slides. Samples were left in a closed Petri dish
to avoid contamination and avoid solvent loss due to
evaporation.

Dense packing of latex spheres was achieved by adding vari-
ous concentrations of NaCl to the deposition solutions thereby
reducing charge repulsion between spheres. All high coverage
samples were deposited for 30 min.
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be necessary to use ordered systems such as a hexago-
nal close packed nanohole arrays in order to retain con-
ductive pathways. The optical properties of the nano-
hole films have been interpreted in light of their SP
enhanced optical transmission properties. We observe
close agreement with recent work describing ordered
nondiffracting square nanohole arrays and random
nanohole films in gold that indicate that at these cover-
ages the far-field optical properties are strongly in-
fluenced by LSP—PSP coupling. Since the highest
transparency nanohole films were achieved at the
highest nanohole coverages with hole-to-hole sepa-
rations below visible diffraction wavelengths, a
deeper understanding of how LSP—PSP coupling in-
fluences a film’s optical behavior is needed in order
to take full advantage of plasmon enhanced trans-
mission. With improved understanding, this multi-
functional plasmonic system may see greater wide-
spread implementation.

Low coverage samples were generated in the absence of in-
tentionally added salts and were controlled by varying both
sphere concentration and deposition time

Post-Deposition Processing. Following the sphere deposition
step, samples were rinsed with 18.2 M) deionized water. Main-
taining the water meniscus over the top of the sample was found
to be extremely crucial to obtaining bulk sample uniformity.
Samples were maintained level during the rinsing step and rin-
sewater was added with a spray bottle. A gentle stream from the
spray bottle was directed away from the center of the sample
and to an area that was deemed noncritical to sample success.
It was found that a direct sharp stream from the spray bottle
could easily remove spheres from the sample surface. Water was
streamed over the top of the sample until the meniscus was
clear and appeared void of latex spheres. An alternate method
to the gentle rinsing step using a spray bottle is to immerse the
entire sample in a beaker of water to remove the excess spheres.
For 1” X 1" glass substrates approximately 400 mL of 18.2 MQ)
water was used as the rinse bath at room temperature. Provided
a water meniscus remains over the surface of the sample
through the entire process, this was determined to be an equally
effective means of rinsing the excess sphere suspension. While
still carefully maintaining a level surface to keep the meniscus in-
tact, the rinsed sample was immersed in a beaker of boiling wa-
ter for 60 s. The temperature of the heated bath was also found
to be critical in suppressing large-scale aggregation of the
spheres on the sample surface. When treated in a hot bath that
was at a rolling boil, no large-scale aggregation was observed. If
the hot bath was not at a rolling boil significant aggregation
was observed. After the hot bath soak, samples were transferred,
again with great care to maintain a water overcoating on the
sample surface, into a cold bath. The exact temperature of the
cold bath was not determined and certainly varied significantly
during the preparation of large numbers of samples. Initially the
cold bath was cooled to the point of containing several ice crys-
tals. No attempt was made to control the temperature of the
cold bath and the variability described did not appear to have
any significant effect on sphere deposition results. After expo-
sure to the cold bath, samples were transferred, again with care-
ful attention to maintaining the sample level, onto a dry clean
kimwipe, which allowed a significant volume of water to wick
away. The sample was blown dry with nitrogen. A gentle stream
of nitrogen was at first focused on the center of the sample al-
lowing this region to dry first. The flow rate of the nitrogen
stream was gradually increased to push the water “front” out to-
ward the extreme edges of the sample surface. This was done
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to keep any portion of the dried surface from rewetting. Rewet-
ting of the already dried surface lead to large-scale surface non-
uniformity in all cases.

Silver Film Deposition. Following the sphere deposition steps, sil-
ver was deposited at a rate of 1 A/s starting with a base pres-
sure of 1 X 1077 Torr in a thermal evaporator (Angstrom Engi-
neering). In this study, the silver film thickness was kept constant
at 40 nm.

Sphere Removal. Following silver deposition, the silver films
with embedded spheres were sonicated in isopropyl alcohol.
Samples were sonicated for several different times over the
course of our experiments. Samples appeared to be stable with
up to 15 min of sonication exposure. Shorter times often lead to
incomplete removal of spheres. Several samples appeared to
have spheres remaining after 30 min of sonication but this was
unusual and these samples were excluded from the statistical
nanohole analysis.

Optical Data Collection. Transmission and reflection data were
collected using a Cary (2500) spectrophotometer with an inte-
grating sphere attachment. A packed Teflon powder reflectance
standard from LabSphere was used as a reference. The instru-
ment baseline was established with the transmission holder
empty and the reflectance standard in the reflectance holder.

AFM Analysis. Fractional nanohole coverage was calculated by
counting the number of holes in the image, multiplying by the
nominal area of a 92 nm diameter circle, and dividing by the to-
tal image area. Comparison was made to more complex soft-
ware package systems for analysis, but for 92 nm structures tip
artifacts were found to lead to significant error in measuring an
accurate hole coverage.
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