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T
hefield of plasmonics1,2 has expanded
rapidly over the past decade. The op-
tical properties of metal nanostruc-

tures are very different from those of bulk
materials because of the strong coupling
that can occur between oscillations of their
surface electrons and incident electromag-
netic radiation.3�9 Nanostructures formed
from gold and some other metals may ex-
hibit strong plasmon bands in their optical

spectra as a consequence of this coupling,
leading to pronounced coloration and dra-
matic changes in the optical properties of
molecules that are placed in close proximity
to the metal surface.8 For example, gold
nanoparticles display strong, size- and struc-
ture-dependent colors10 that are subject to
modification through nonradiative coupling
between neighboring particles.10�12 These
effects have been used in elegant analytical
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ABSTRACT We describe a fast, simple method for the fabrica-

tion of reusable, robust gold nanostructures over macroscopic (cm2)

areas. A wide range of nanostructure morphologies is accessible in a

combinatorial fashion. Self-assembled monolayers of alkylthiolates

on chromium-primed polycrystalline gold films are patterned using a

Lloyd's mirror interferometer and etched using mercaptoethylamine

in ethanol in a rapid process that does not require access to clean-

room facilities. The use of a Cr adhesion layer facilitates the cleaning of specimens by immersion in piranha solution, enabling their repeated reuse without

significant change in their absorbance spectra over two years. A library of 200 different nanostructures was prepared and found to exhibit a range of optical

behavior. Annealing yielded structures with a uniformly high degree of crystallinity that exhibited strong plasmon bands. Using a combinatorial approach,

correlations were established between the preannealing morphologies (determined by the fabrication conditions) and the postannealing optical properties

that enabled specimens to be prepared “to order” with a selected localized surface plasmon resonance. The refractive index sensitivity of gold

nanostructures formed in this way was found to correlate closely with measurements reported for structures fabricated by other methods. Strong

enhancements were observed in the Raman spectra of tetra-tert-butyl-substituted phthalocyanine. The shift in the position of the plasmon band after site-

specific attachment of histidine-tagged green fluorescent protein (His-GFP) and bacteriochlorophyll a was measured for a range of nanostructured films,

enabling the rapid identification of the one that yielded the largest shift. This approach offers a simple route to the production of durable, reusable,

macroscopic arrays of gold nanostructures with precisely controllable morphologies.

KEYWORDS: nanofabrication . photolithography . plasmonics . self-assembled monolayers . interferometric lithography .
gold nanostructures
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systems based on the colorimetric detection of binding
between nucleic acids11,13 and proteins.14,15 Raman
dyes16,17 and fluorophores may yield greatly enhanced
cross sections when coupled to nanostructures.18�20

Enhancements of 6�8 orders of magnitude have been
reported in theRamanscattering cross sections of Raman
dyes coupled to gold and silver nanostructures.21�24

A number of routes exist for the synthesis of nano-
particles in solution, including the citrate-stabilized
reduction of chloroauric acid25 and the Brust�Schiffrin
method.26 However, for many potential applications of
gold nanoparticles in sensing, it is necessary to be able
to form well-ordered assemblies of particles on a solid
substrate. There are twobroad classes of approaches to
this. First there are methods that provide great preci-
sion, but rely upon rather complex and specialized
instrumentation, including electron beam lithography18

and nanoimprint lithography.15,27�29 Second, there are
approaches that use very simple apparatus, in particular
colloidal lithography,30,31 but where the degree of con-
trol over particle spacing, size, and periodicity is more
limited. These methods have been used very widely
because of their simplicity and low cost.
There has been a great deal of interest in the

development ofmethods that combine precise control
over particle morphology and packing, while not re-
quiring the use of costly, specialized apparatus. Photo-
lithography is one approach that has attracted
interest.32,33 Interferometric lithography (IL)34,35 is an
attractive approach because it offers the possibility of
carrying out lithographic modification rapidly over
macroscopic areas. Moreover, because of the ease with
which the exposure parameters may be controlled, it
offers a great deal of flexibility and provides, in princi-
ple, the possibility for rapid and facile fabrication of a
wide range of nanoparticle morphologies. Previously,
IL has been used in a conventional lithographic pro-
cess, to expose photoresist in combination with metal
deposition and lift-off.14,32,36 The use of IL to pattern
self-assembled monolayers (SAMs) of alkylthiolates37

has also been reported, but the fabrication of only one
type of structure was reported and no measurements
were made of the optical properties.38

In the present work we explore the feasibility of
using IL to produce a wide range of structures in a
combinatorial fashion by direct, double exposure of
SAMs and wet etching. The processing methodology
relies upon a simple Lloyd's mirror interferometer,
consisting of a laser and a small number of simple
optical components, and is not carried out under clean-
room conditions. Excellent results are achieved using
polycrystalline gold films supported on chromium-
primed glass slides, in combination with amild organic
etch (mercaptoethylamine and ammonia in ethanol39).
The use of a Cr adhesion layer enables multiple reuses
of the substrates over periods as long as two years,
by cleaning in cold piranha solution. A wide range of

structures can be fabricated rapidly in a combinatorial
fashion (ca. 45�50 min from the as-prepared SAM to
the completed nanostructure array). Many of these
structures yield strong plasmon bands, and annealing
causes recrystallization of the gold so that all speci-
mens yield strong plasmon absorptions. Importantly,
the localized surface plasmonwavelength (λSPR) can be
controlled by varying the fabrication conditions. By
varying the angle of rotation of the sample between
exposures, while maintaining a fixed angle between
the interfering beams, or by varying the angle between
the interfering beams, it is possible to select the value
of λSPR over a significant range. This enables the
selection of the sample with highest sensitivity to a
given analyte, demonstrated here for green fluores-
cent protein and bacteriochlorophyll a. Because of the
simplicity and speed of the process, we believe it could
enable the mass production of inexpensive materials
that exhibit strong optical activity over macroscopic
areas.

RESULTS AND DISCUSSION

Combinatorial Fabrication of Gold Nanostructures over Macro-
scopic Areas. SAMs of octadecanethiol (ODT) on gold
were photopatterned by interferometric lithography
using a Lloyd's mirror two-beam interferometer, as
shown in Figure 1. Half of the clean coherent beam
was pointed directly onto the sample surface, and the
other half of the beam was pointed onto a mirror, from
which it was reflected onto the sample surface where it
interfered with the other half of the beam to yield a
sinusoidal pattern. The period (d) of the resultant inter-
ference pattern depends on the wavelength (λ) of the
laser used, the (n), and the angle (θ) at which the two
beams interfere:34,35

d ¼ λ

2sin θ
(1)

IL was utilized to fabricate gold nanodots, using
double exposures of SAMs on gold. The first exposure
was carried out after locating the sample on the stage
close to the mirror. SAMs of ODT on 20 nm thick gold
films were exposed to between 34 and 54 J cm�2 at
244 nm. At the lower limitwell-separated sampleswere
formed that did not exhibit plasmon bands in their
absorbance spectra; at the upper limit, structures were
formed at larger separations. A second exposure was
carried out after rotating the sample on the stage
through an angle φ, as shown in Figure 1b. A dose of
20 J cm�2 was used for the second exposure. After
photopatterning, the samples were etched using
2-mercaptoethylamine hydrochloride (MEA) (at a con-
centration of 0.2 mol dm�3 and 8% ammonia in
ethanol) for 12 min. The total time taken, from the as-
prepared SAM to completion of the etching process,
was 45�50 min. The angle 2θ between the mirror and
sample was set to 60� to yield a period equal to the
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laser wavelength for fabrication of relatively large
structures to demonstrate the difference in morphol-
ogy. AFM topographical images of samples formed
using different rotations φ are shown in Figure 2. For
φ = 90�, a square array of dots results, while for φ = 60�,
a hexagonal array is formed. As φ is decreased further,
the structures become elongated until at φ = 25�
parallel rows of needles are formed.

Figure 2g shows an SEM image of a gold nanorod
array that was fabricated by two exposures with
φ = 30�. This image demonstrates that a high degree
of perfectionwasmaintained in the fabrication process
over a large area. SEM was used to map samples of
1 � 1 cm2 and confirmed the morphology and quality
were invariant over areas as large as ca. 9 � 8 mm2.

A very large variety of structures could be prepared
in a combinatorial fashion. A library of 200 different
structures was selected for detailed characterization.

Characterization of As-Prepared Nanostructures. Figure 3
shows absorption spectra acquired using a spectro-
photometer. In order to achieve good localized surface
plasmon absorptions, it is necessary for the separation

between nanostructures to be optimal.40 Samples that
were fabricated using φ= 90�, 60�, or 45� and exhibited
interparticle separations of less than 125 nm (referred
to hereafter as type I structures) yielded spectra that
were indistinguishable from those recorded for con-
tinuous polycrystalline gold films (Figure 3a). In some
cases, these samples exhibited small aggregates of
residual gold between the nanostructures, as a result
of incomplete etching.

As the spacing (the mean distance between nano-
structures) increased, LSPR was observed (Figure 3b).
Of the samples that exhibited these strong plasmon
absorptions (referred to hereafter as type II structures),
95%were fabricatedwithφ= 30�. Once the parameters
(θ, φ) that yielded strong plasmon bands had been
identified from the library of 200 samples, further
samples with identical morphologies and absorbance
spectra could be prepared repeatably. Figure 2e and g
show, respectively, AFM and SEM images of such
structures. The mean aspect ratio (length/breadth) of
these structures was 3.4 ( 0.4.

Absorption spectra for these samples had λmax

values in the range 480�540 nm. Even where, in some
cases, small deposits of gold remained between the
structures after etching, strong plasmon bands were
observed as a result of the increased separation be-
tween the structures. The spectrum in Figure 3b ex-
hibits an absorption maximum at ca. 520 and a
shoulder at 720 nm, possibly corresponding to the
transverse and longitudinal modes, respectively. De-
tailed analysis suggests that the main peak is in fact
composed of two overlapping components. This is
possibly explained by the inherent heterogeneity of
structures: the nanorods are formed from clusters of
gold crystallites, and the absorption band in the ex-
perimental spectrum is likely a superposition of the
transverse mode of the nanorods and the plasmon
absorption of the gold grains from which they are
formed. (A high-magnification AFM image is provided
in the Supporting Information.) Moreover, the area
illuminated by the spectrophotometer is 1 mm2, and
the responses are an average from ca. 7 � 106 nano-
rods. While the resulting integrated signal from such a
system reduces the absolute sensitivity comparedwith
individual particles, the system averages are much
more consistent than measurements on individual
nanorods.

The LSPR wavelength λSPR of the nanostructures
could be varied by changing their size, height, and
spacing. Figure 4a shows the variation in λSPR as a
function of the interparticle spacing. In agreement with
previously published observations for gold nanostruc-
tures prepared by othermethods,40 the resonancewave-
length λSPR increases with spacing, S (∼Δλ/ΔS ≈ 0.16).

Between these two extremes, intermediate beha-
vior was observed; for these samples, the spectra were
different from those of continuous polycrystalline gold

Figure 1. (a) Schematic diagram of a Lloyd's mirror inter-
ferometer. (b) Schematic diagrams showing the fabrication
of structures using two exposures, with the sample being
rotated through an angle φ between exposures. (c) Sche-
matic diagram illustrating the use of a SAMas a resist for the
etching of nanostructures into a gold film.
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films, but without strong, unambiguous plasmon
absorptions.

To analyze the sensing characteristics of the type II
structures, we examined their sensitivity to the bulk
refractive index (RI) by collecting the extinction spectra
of nanorods surrounded by air and aqueous solutions
containing 0�72% glycerol. Representative absorption
spectra for gold nanorods are shown in the Supporting
Information. The nanostructures were sensitive to the
dielectric environment, and the resonance peaks red-
shifted as the refractive index of the surrounding
medium increased. Figure 4b shows the linear relation-
ship between the refractive index and the extinction
spectra peak wavelengths. The slope of the line,
m = 52.5 nm/RIU (refractive index unit), is the refractive
index sensitivity factor for that nanorod sample. There
is scope for further improvement to the current system.
The most effective approach would be to tune the
LSPR peak by changing the size and spacing of the
nanorods.

Raman spectra were acquired for films of the tetra-
tert-butyl-substituted phthalocyanine (H2Pc) depos-
ited on type II nanostructures and on continuous
polycrystalline gold (as a reference). First, the spectrum
of solid H2Pcwas obtained as a reference and the peaks

were identified and assigned (Supporting Information).
The symmetry assignment of vibrations in the spectrum
ofH2Pcwasdoneon thebasis of comparisonwith Raman
spectra of unsubstituted metal-free phthalocyanine.41

The SERS spectra in the range 200�2000 cm�1 are
shown in Figure 5 for H2Pc adsorbed on both type II
nanostructured surfaces and a continuous polycrystal-
line film. Raman bands detected on the continuous
gold surface were very weak. However, a large en-
hancement was observed in the Raman scattering
intensities for a H2Pc film deposited on the gold
nanostructures. This is attributed to strong coupling
between the adsorbate and the gold plasmons. The
extent of the enhancement in the Raman bands was
correlated with the change in topography: in Figure 5,
samples (b) and (c) consist of larger gold particles,
with the denser packing in (c) yielding a larger en-
hancement in the Raman signal; sample (d) consists of
smaller particles and yields a Raman enhancement that
is still stronger.

Sample Stability and Aging. We also used AFM analysis
and visible spectroscopy to investigate the stability
and aging of the sample surfaces as a result of mul-
tiple reuse. The cycles included the immobilization of
protein (or phthalocyanines) and spectroscopic and

Figure 2. (a�f) AFM topographical images of as-prepared gold nanostructures fabricated using two exposures with varying
angles of rotation between exposure, φ, of 25�, 30�, 45�, 60�, and 90�. (g) SEM image of a sample prepared using φ = 30�. (h, i)
AFM topographical images of as-prepared gold nanostructures fabricated using a Ti adhesion layer and two different
rotations φ. In all images, the value of φ is indicated. All AFM images are adjusted to the same vertical scale for ease of
comparison, with height range 0�20 nm from dark to bright contrast. Samples (a) to (g) were fabricated using a Cr adhesion
layer and samples (h) and (i) with a Ti adhesion layer.
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Raman measurements followed by washing with cold
piranha solution. AFM analysis of “used” samples,
subjected to multiple repeated cycles of cleaning
and reuse, showed very small (less than 1%) changes
in height, width, length and spacing of IL-fabricated

nanostructures. Absorption spectra showed a blue shift
of less than 1 nm (for example, from λres = 528 nm for
virgin particles to λres = 527 nm after 20 cycles
(approximately 9months)). Some specimens have been
in continuous reuse for periods as long as two years.
Figure 6 shows a representative example, which has
been subjected to 17 reuse cycles. The high stability
of these samples is attributed to the presence of the Cr
adhesion layer between the gold and the substrate,
which stabilizes the gold particles under the harsh
conditions during exposure to piranha solution.

Annealing. To increase their crystallinity and reduce
their intrinsic granularity, type I sampleswere annealed
in air at between 450 and 555 �C for times varying from
50 to 120 min and characterized by AFM. Annealing at
temperatures above 555 �C led to complete destruc-
tion of the nanostructures. The periodic pattern was
also lost when the thickness of the gold film, prior to

Figure 3. Absorption spectra of gold nanostructures. (a)
Type I structures (blue spectrum; see text for definition),
together with a spectrum acquired for a continuous poly-
crystalline gold film (red spectrum). (b) Spectrum acquired
for a plasmonically active type II structure (see text for
definition).

Figure 4. (a) Variation in λSPR as a function of the period (the
peak-to-peak distance between rows of nanostructures). (b)
Variation in λSPR as a function of the refractive index of the
medium for type II structures. The error bars (not shown for
the sake of clarity) are of similar size to the symbols used to
mark the data points.

Figure 5. SERS spectra of H2Pc on a bare gold surface and
on IL-fabricated nanostructures. Spectrum (a) was acquired
from a polycrystalline gold film, while spectra (b) to (d) were
acquired from samples with the morphologies shown,
respectively, in the AFM height images (b) to (d).

Figure 6. Absorption spectra of a type II as-prepared sample
before andafter 17cyclesof use, cleaning inpiranha solution,
and reuse.
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patterning and etching, was less than 20 nm. Figure 7a
and b show representative AFM images of a sample
before and after annealing at 450 �C. After annealing,
the periodicity of the nanostructures was generally
retained, but their dimensions changed. Annealed
nanostructures were higher but smaller, laterally, than
was the case before annealing. The regions between
features in the as-prepared samples contain small
crystallites, which disappear following annealing, and
these are likely incorporated into the nanostructures
during the process. Data are presented in Table 1,
which show the extent of the change in dimensions
that was observed for a representative selection of
samples that exhibited no plasmon absorptions in
their as-prepared state. AFM images of representative
samples are shown in the Supporting Information. It
should be noted that the errors shown for the dimen-
sions of the structures before and after annealing may
be underestimates because of the difficulty associated
with determining perimeters of the nanostructures
before annealing. The morphologies of the structures
also changed as a result of annealing, undergoing
a transition from being approximately flat-topped to
approximately pyramidal in cross section.

For samples fabricatedwithφ= 30�, the period both
along and perpendicular to the rows of nanostructures
is little changed by annealing, but the structures
increase greatly in height (by a factor of ca. 6). For
φ = 60�, a small change in the period is observed in one
direction, but again, a substantial increase in the height
of the nanostructures is observed. For φ = 45�, a small
change in the period is observed in one direction,
but the increase in height of the structures is smaller
(it doubles). Finally for φ = 90�, there is a small increase
in period in one direction and a small decrease in the
other, in addition to an increase in the height.

After annealing, all structures yielded absorbance
spectra that were significantly changed and exhibited
strong plasmon bands (see discussion below).

The effect of annealing was investigated by X-ray
diffraction. Figure 7c and d show the reflected inten-
sity as a function of the diffraction angle (2θ) before
and after annealing (respectively) for nanostructures
formed on Cr-primed substrates. A peak is observed
at an angle of 38.3�, that corresponds to the (111)
orientation of the cubic gold structure.31 It can be seen
that the intensity of this peak was very much increased
after annealing, indicating that the annealing process
caused extensive recrystallization of the gold in the
nanostructures. The increased height and reduced
lateral dimensions of the nanostructures are likely a
consequence of this recrystallization.

Figure 7f shows X-ray data for a type II structure.
The (111) peak is increased in intensity compared to
the corresponding peak in Figure 7c, suggesting that the
plasmonic properties of these structures may be attri-
butable to a higher degree of crystallinity. However, the

intensity of the (111) peak in Figure 7e is still very much
less than that of the peak in Figure 7d.

Annealing of nanostructures formed on Ti-primed
substrates also yielded a substantial increase in crystal-
linity (Figure 7f). However, the absorbance spectra of
these samples did not exhibit plasmon peaks.

Figure8a showsabsorption spectraof a representative
type I sample before and after annealing. An AFM image
of this sample is shown in Figure 7a. The as-prepared
sample (red spectrum) exhibits no plasmon peak and
resembles the absorbance spectrum of a polycrystalline
film. After annealing, however, a strong plasmon peak
may be observed. The average crystal size was calculated
from the X-ray data using the Scherrer equation:42

τ ¼ Kλ

β cos θ
(2)

Figure 7. (a and b) AFM topographs for type I gold nano-
structure arrays on Cr-primed silica before and after anneal-
ing, respectively. (c and d) Corresponding X-ray diffraction
data, before and after annealing (respectively). (e) X-ray
diffraction data for a type II sample, fabricated with φ = 30�.
(f) X-ray data for an annealed nanostructure array that was
prepared on a Ti-primed substrate.
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where K is an instrumental constant, λ is the X-ray wave-
length, β is the line broadening at half the maximum
intensity in radians, and θ is the Bragg angle. The sizes of
the gold crystals at the diffraction angles of 38.3� and
81.75� (one with the strongest reflected intensity) varied
from ca. 19 to 66 nmdepending on the samplemorphol-
ogy. The position of the plasmon peak in the absorbance
spectrum, λSPR, was found to change with the crystallite
size (Figure 8b), becoming increasingly red-shifted as the

crystallite size increased. In these specimens, the mean
crystallite size was smaller than the particle size; the
increase in crystallite size likely means a larger crystalline
fraction, and this probably accounts for the change in
optical properties.

The angle of rotation between exposures, φ, was
found to be strongly correlatedwith the position of the
plasmon peak in the absorbance spectrum. Figure 8c
shows mean data for a large number of samples.

TABLE 1. Effects of Annealing on the Dimensions and Optical Properties of Gold Nanostructures Formed on Cr-Primed

Substrates

φ/deg

anneal

temp/�C

anneal

time/min height/nm length L/nm width W/nm L/W period P1/nm period P2/nm λSPR/nm

30 13.7 ( 1.0 410.3 ( 41.5 120.2 ( 7.1 3.41 ( 0.4 275.9 ( 6.8 536.2 ( 5.1 absent
30 450 50 83.9 ( 10.7 238.3 ( 20.7 164.8 ( 16.3 1.45 ( 0.19 263.7 ( 23.1 510.2 ( 32.6 664
45 16.6 ( 1.8 228.7 ( 12.8 142.6 ( 6.9 1.60 ( 0.12 263.3 ( 5.2 374.0 ( 9.9 absent
45 490 120 31.9 ( 1.0 153.4 ( 17.9 112.2 ( 11.8 1.37 ( 0.21 261.3 ( 10.9 271.0 ( 10.6 565
60 18.3 ( 1.8 776.0 ( 78.0 366 ( 37 2.12 ( 0.3 648.7 ( 6.1 787.0 ( 24.1 absent
60 470 120 143 ( 16.2 513.4 ( 30.3 332.3 ( 3.1 1.54 ( 0.1 622.3 ( 55.0 683.0 ( 52.3 594
90 12.9 ( 1.1 183.2 ( 11.9 127.9 ( 12.7 1.43 ( 0.17 208.9 ( 5.2 242.1 ( 9.3 absent
90 470 120 43.3 ( 4.5 122.2 ( 12.2 89.5 ( 7.3 1.36 ( 0.17 228.5 ( 13.9 149.7 ( 10.8 569

Figure 8. (a) Absorption spectrumof a type I sample, fabricatedwith φ= 90�, before (red) and after (blue) annealing, acquired
using a spectrophotometer. (b) Variation in the position of the plasmon peak, λSPR, as a function of crystallite size for a large
number of samples consistingof annealednanostructures. (c) Variation in the positionof the plasmonpeak, λSPR, as a function
of the angle of rotation φ between exposures for annealed samples. (d) Variation in the extinction coefficient with
wavelength, determined by fitting of ellipsometry data, for two representative samples fabricated with φ = 90� and 60�
after annealing. (e) Variation in the refractive index with wavelength, determined by fitting of ellipsometry data, for two
representative samples fabricated with φ = 90� and 60� after annealing.
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The relationship between λSPR and φ was found to
be linear, meaning that samples could be prepared
to yield a specific λSPR value simply by setting φ to
an appropriate value during the lithographic process.
For a given, fixed angle 2θ between the two interfering
beams in the interferometer, control of φ enables
selection of λSPR.

Annealed samples were characterized by spectro-
scopic ellipsometry. A fitting procedure was applied to
the ellipsometric spectra to adjust the free parameters
of the dielectric functions and thickness of the nano-
structured layer. The nanostructured gold films were
modeled assuming Au to be semitransparent. The
optical constants of the gold as well as thickness of
the gold layer were modeled using the generalized
oscillation layer summed with Drude oscillators.42,43

The Cr layer and the BK7 glass substrate were also
included in the model. The following discussion is
focused on samples fabricated with values of φ of 90�
and 60�.

Dependences of the refractive index n and extinc-
tion coefficient k on light wavelength λ, derived from
the ellipsometric data, are shown in Figure 8d. Both
optical constants n and k undergo changes: as seen in
the graph, relatively sharp peaks in the value of the
extinction coefficient are detected at approximately
560�600 nm, shifting toward longer wavelength
with increasing diameter of the nanostructures. The
range of k decreases from ca. 1.5�5.5 to 0.1�0.85 for
as-prepared and annealed samples, respectively.

The refractive indices of all annealed samples had
local minima in the range 520 to 540 nm, also shifting
toward longer wavelength as the sizes of the nano-
structures increased. For annealed samples all changes
in the refractive index were observed over a relatively
small range, from ca. 1.2 to 2.1, over the measured
spectral range (400�1000 nm). For the as-prepared
samples, the refractive index varied over a larger range,
from ca. 0.2 to 2.0.

RI Sensitivity of Annealed Gold Nanostructures. The LSPR
response of the annealed nanostructures to changes in
the bulk refractive index was investigated for a series
of samples fabricated with φ = 30�. In order to obtain
the refractive index sensitivity m (m = ΔλSPR/Δn),
UV�visible absorption spectra weremeasured inmed-
ia with different refractive indices: ethanol and 1:1, 1:2,
1:25, and 1:3 water�glycerol mixtures. The resulting
variation in λSPR as a function of the refractive index nof
themedium is shown in Figure 9. The LSPRwavelength
increasesmonotonically with n. The RI sensitivity of the
annealed samples was found to be 145 nm/RIU. This
value is significantly larger than that of the as-prepared
samples (m= 52.5 nm/RIU), because of the smaller sizes
of the nanostructures and the larger spacing between
them.

The refractive index sensitivity is shown as a func-
tion of the interparticle spacing in Figure 9b. Our

experimental data (red squares) correlated well with
data reported by Vazquez-Mena et al. (blue diamonds)
for samples prepared by evaporation of gold through
a stencil mask.40 The RI sensitivity increases with the
interparticle separation. For instance, an as-prepared
sample with a spacing of ca. 141 nm has an RI
sensitivity of 52.5 nm/RIU, and an annealed sample with
a spacingof ca. 255nmhas anRI sensitivity of 145nm/RIU.
The RI sensitivities obtained by Vazquez-Mena et al. were
m = 179 nm/RIU for nanodots with spacing S = 300 nm,
m = 93 nm/RIU for S = 200 nm, andm = 30 nm/RIU for
S = 100 nm.

Sensing Properties of Annealed Samples. IL enables the
rapid production of samples with varying structures,
enabling their suitability for sensing applications to be
evaluated systematically and conveniently. To demon-
strate the value of this capability, a library of samples
was prepared using a constant angle 2θ between the
sample and the mirror in the interferometer, but a
varying angle φ (as used to generate the data shown in
Figure 8c). These were screened for their suitability in
detecting histidine-tagged green fluorescent protein
(His-GFP) and bacteriochlorophyll a (BChl a). The BChl a
was simply physisorbed onto the gold nanostructures.
His-GFP was bound via site-specific attachment: gold
nanostructures were functionalized with aminounde-
canethiol, which was derivatized with glutaraldehyde
and then aminobutyl nitrilotriacetic acid (ABNTA).

Figure 9. (a) Variation in the position of the plasmon peak
with the refractive index of the medium. The error bars are
of similar size to the symbols used to mark the points. (b)
Variation in the refractive index sensitivity with the spacing
between nanostructures fabricated with φ = 30�. Red
squares: this study. Blue diamonds: data from Vazquez-
Mena et al. for gold nanostructures formed using stencil
lithography.40
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After complexation with Ni2þ, NTA coordinates
strongly to a His6 tag, which may conveniently be
introduced into the peptide sequences of many pro-
teins. The protocol provides a simple and effective
means for site-specific immobilization of proteins.

Figure 10a shows illustrative spectra of a clean gold
nanostructure array and the same structure following
deposition of GFP. It can be seen that the plasmonpeak
is shifted to a longer wavelength after adsorption of
the protein. Figure 10b shows spectra acquired before
and after adsorption of BChl a. Again, it can be seen
that the plasmon peak is shifted to longer wavelength
by adsorption of the biomolecule. Figure 10c shows
data for the full series of samples. The diamonds (left-
hand vertical axis) show the variation in the value of

λSPR after protein adsorption as a function of the
value of λSPR for the clean gold nanostructures. It
can be seen that the relationship is nonlinear: the
size of the increase in λSPR after adsorption of GFP
varies across the series. The squares (right-hand axis)
show the variation in the shift in the position of
the plasmon peak, ΔλSPR, as a function of λSPR for
the clean nanostructures. The variation in ΔλSPR is
quite sharply peaked for His-GFP, at 15 nm for a
sample that when clean yields a plasmon peak at ca.
610 nm. For BChl a, however, the plot of ΔλSPR as a
function of λSPR peaks at ca. 570 nm. The same
nanostructured sample yields a much smaller shift
in the plasmon band for His-GFP.

The capacity to search a library of structures quickly
and easily for ones that yield optimal responses (in this
case, the largest shift in the position of the plasmon
peak) in such a combinatorial fashion is a significant
benefit of our approach and reflects the fact that IL
enables the fast fabrication of structures with varying
but controllable dimensions. Samples may be cleaned
by immersion in piranha solution and reused, allowing
repeated measurements on the same set to explore
how the optical response varies with the structure of
the biological molecule or other dye.

CONCLUSIONS

Interferometric lithography of self-assembled mono-
layers of alkylthiolates on gold, combined with wet
etching by mercaptoethylamine and ammonia in etha-
nol, provides a rapid, simple method for the fabrication
of arrays of gold nanostructures overmacroscopic areas.
Apart from the laser, only very simple optical compo-
nents are required. The period and dimensions of the
resulting nanoparticle arrays are readily controllable
and, moreover, may be selected by varying the expo-
sure time, sample�mirror angle, angle of rotation be-
tween exposures, and etch time. The use of Cr as an
adhesion primer prior to Au film formation yields nano-
structure arrays that are robust enough to be cleaned in
cold piranha solution and reused repeatedly. Annealing
yields nanostructures with a high degree of crystallinity
and very good optical properties, including strong
plasmonbands. Significant enhancements are observed
in Raman scattering, and substantial shifts are observed
in the position of the plasmon band. We think it likely
that the plasmonic properties of the structures, whether
annealed or not, are controlled by a combination of
degree of crystallinity, crystallite size, nanostructure
dimensions, and period. The variation in φ during the
fabrication process likely has a strong effect on the latter
two parameters, and the annealing process influences
the first two, although to some extent, φ may also
influence the crystallinity of the structures in a way that
is not, at present, clear. Because of the capacity of our
methodology to fabricate nanostructures in a combina-
torial fashion, it is possible to survey large collections of

Figure 10. (a) Absorbance spectra of a gold nanostructure
array before and after adsorption of histidine-tagged green
fluorescent protein (His-GFP), showing a red shift of 15 nm
in the position of the plasmon peak after adsorption of the
protein. (b) Absorbance spectra of a gold nanostructure
arraybeforeandafter adsorptionofbacteriochlorophylla. (c)
Variation in λSPR (blue diamonds, left-hand vertical axis) and
the shift in the position of the plasmon peak (red squares,
right-hand vertical axis) after adsorption of His-GFP (open
symbols) and bacteriochlorophyll a (filled symbols) onto a
wide range of samples consisting of nanostructures with
varying periods and dimensions. The error bars are of similar
size to the symbols used to mark the points.
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structures to identify those that are best suited for a
particular analyte. As plasmonics becomes a mature
field and has increasing impact on analytical chemistry,

this capacity, combined with the availability of durable
samples capable of multiple reuse, is expected to be
very valuable.

EXPERIMENTAL SECTION
Preparation of SAMs. Glass microscope slides (Menzel-Gläser)

and glass vials were cleaned by immersion for 1 h in piranha
solution, amixture of 30%hydrogen peroxide and concentrated
(95%) sulfuric acid in the ratio 3:7. Cleaned glass microscope
slides were coated with a ca. 2�5 nm thick chromium film
followedby a nominal thickness of 20 nmgold layer (the nominal
thickness is the reading of the evaporator QCM thickness moni-
tor, i.e., the film mass thickness). Chromium, titanium, and gold
were both deposited using an Edwards Auto 306 bell jar vacuum
coater system under a pressure of 8 � 10�7 mbar. Evaporation
rates of ca. 0.1 nm s�1 for Cr and Ti and up to 0.4 nm s�1 for Au
were used.

Coated glass slides were immersed overnight in 1 mmol
solutions of octadecanethiol (Sigma-Aldrich) in degassed etha-
nol (HPLC purity, Sigma-Aldrich) to form closely packed self-
assembled monolayers. Glass slides can be kept in ODT up to
6 month. Before UV exposure they were sonicated for 1�2 min,
rinsed with ethanol, and blown dry with nitrogen.

Interferometric Lithography. UV light at 244 nm from a Coher-
ent Innova 300C FreD frequency-doubled argon ion laser was
used as a light source for photolithography. The laser beamwas
focused by a lens through a spatial filter with an aperture of
5 μm to obtain a coherent beam. The edge of the coherent
beam was cut by using a mask with a suitable aperture.

Photopatterned ODTmonolayers on gold films were etched
by immersion in a 0.2 mol dm�3 solution of 2-mercaptoethyla-
mine hydrochloride in 8%v/v of 35%of ammonia (obtained from
Fisher Scientific) in ethanol (Sigma-Aldrich Co.). After etching, the
samples were rinsed in ethanol and dried with nitrogen gas.

Annealing of gold nanostructures was carried out in air at
450�555 �C for various times (50�120 min) using a muffle
furnace (Carbolite). The heating rate was ca. 7 �Cmin�1, and the
annealed samples were left to cool in air to room temperature.

Samples were cleaned for reuse by immersion in cold
piranha solution (a mixture of 30% hydrogen peroxide and
concentrated sulfuric acid in the ratio 3:7 that had been allowed
to cool to room temperature) for 5�7 min. Caution: piranha
solution is a very strong oxidizing agent and may react violently
with organic materials. After cleaning, they were rinsed in
deionized water and blown dry with nitrogen.

Characterization. Atomic force microscopy (AFM) images
were acquired in air using a Digital Instruments Nanoscope
Multimode IIIa atomic force microscope operated in tapping
and contactmodes. The probes used for contactmodewere the
NP-10 series of silicon nitride (Bruker) with spring constant k =
0.06 or 0.12 N m�1. For tapping mode, RTESP probes (nominal
tip radius 8 nm) and TESP-SS series ultrasharp silicon probes
(Bruker) were used, with a resonance frequency of 320�350 kHz
and an average tip radius of 2 nm.

Scanning electron microscopy (SEM) images were obtained
using a FEI Nova Nano SEM-200 scanning electron microscope.
Low-energy (3�10 kV) secondary electron signal suppression
was performed to reduce the charging effects.

Raman scattering spectra of tetra-tert-butylsubstituted
phthalocyanine H2Pc (2,9,16,23-tetra-tert-butyl-29H,31H-phtha-
locyanine, obtained from Sigma-Aldrich) on gold nano-
structures were measured by a confocal Raman spectrometer
(Lab RAM HR 800, Horiba Scientific) fitted with CCD spectro-
metric detectors and a microscope attachment. The 532 nm
solid-state diode laser line (0.5 mW) was used for spectral
excitation. The laser beam focused onto the sample by a
microscope objective with 100-fold magnification (numerical
aperture (NA) = 0.9); the diameter of an incident laser beamwas
approximately 1 μm. The spectral resolution was about 2 cm�1.
Raman scattering frequency for each Raman line remained
constant from sample to sample, deviating less than 2 cm�1.

Samples of Au nanostructures that were fabricated using the
IL technique were cleaned in cold piranha solution for 7 min,
rinsed with deionized water, blown dry with nitrogen, and
immersed in 0.1 mg mL�1 phthalocyanine in chloroform
(Sigma-Aldrich Co.) solution for 1 h to form a self-assembled
monolayer. Finally, samples were rinsed with chloroform in
order to remove excess phthalocyanine and then gently dried
with nitrogen.

Optical properties of the fabricated structures were deter-
mined from spectrophotometry and variable-angle spectro-
scopic ellipsometry measurements. UV�visible absorption
spectra at normal incidence were recorded using a Hitachi
U-3010 double-beam spectrophotometer and a Cary 50 spec-
trophotometer. The wavelength scan range was 350�800 nm
(unless otherwise stated). The samples were placed in a special
holder, enabling absorptionmeasurements of the same spot on
the sample during all experimental stages. Data processing
included smoothing and identification of the absorbance max-
imum using a derivative routine.

The variable-angle spectroscopic ellipsometer M-2000-V (J.
A.WoollamCo. Inc.) was used to record the change in light beam
polarization under its reflection from as-prepared and annealed
goldnanostructures in the spectral range 370�1000nm. The angle
of incidence was set at 45� and 70�. Ellipsometric data were
acquired andanalyzedusing theCompleteEASE software program.
The same two points were measured on each sample before and
after annealing.

Structural characterization of annealed samples was per-
formed by X-ray diffraction (XRD) analysis using a Philips X'pert-
MPD diffraction system with an ultrafast semiconductor detec-
tor, PIXcel. The X-ray source was a long-fine-focus, ceramic X-ray
tube with Cu anode. The operating power was 40 kV, 50 mA
(2.0 kW). The irradiated area of the sample was 1.5 � 1.5 mm2.
Acquired data enabled the determination of particle size and
crystallographic orientation of the IL-fabricated nanostructures.

In order to investigate the biosensing capabilities of as-
prepared and annealed samples fabricated by IL, the LSPR
response of nanostructures to changes in the refractive index
of the surrounding media was measured. In order to obtain the
refractive index sensitivity m (m = Δλres/Δn), the UV�visible
absorption spectra were measured in media with different
refractive indices. Water�glycerol mixtures of varying volume
ratios and ethanol were used to change the refractive index of
the surrounding medium of gold nanostructures. The volume
percentage of glycerol in the liquid mixture was varied from 0%
to 72%. The refractive index of the liquidmixture was calculated
according to the Lorentz�Lorenz equation:44

n212 � 1
n212 þ 2

¼ j1
n21 � 1
n21 þ 2

þj2
n22 � 1
n22 þ 2

(3)

where n12 is the refractive index of the liquid mixture, n1 and n2
are the indices of water (1.3334) and glycerol (1.4746), respec-
tively, and j1 and j2 are the volume fractions of the two
components.

His6-GFP was produced by heterologous expression in
E. coli (BL21); cells were grown to an OD680 of 0.6 at 37 �C, then
induced using IPTG (0.4 mM) for 12 h at 25 �C. Pelleted cells
(19000g/20 min) were lysed by sonication, and the resulting
lysate was clarified by a further spin (33000g/30 min). His-
tagged fluorescent protein was purified to homogeneity from
clarified lysate using a Chelating Sepharose Fast Flow Ni-NTA
gravity flow column (GE Healthcare) as detailed in the manu-
facturer's instructions. Protein purity was assessed by gel elec-
trophoresis (SDS-PAGE). Gold nanostructure arrays were func-
tionalized with aminoundecanethiol by immersion in a 1 mmol
solution in ethanol, washed with ethanol, dried, and derivatized
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with glutaraldehyde (12.5% in water) and then in a 20 mM
aqueous solution of AB-NTA for 2 h. The samples were rinsed
with deionized water, blown dry with nitrogen, and immersed
in a 10mMaqueous solution of nickel sulfate for 5min to ensure
complexation of NTA by Ni2þ. The samples were washed
thoroughly with deionized water and blown dry with nitrogen
to remove excess Ni2þ. The samples were then immersed in His-
GFP solution diluted with 20 mM Tris buffer in the ratio of 1:20.
The surfaces were left immersed in the protein solution for 24 h
in a humid chamber. The samples were then gently washed by
repeatedly dipping in deionized water and dried under
nitrogen.
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