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ABSTRACT We have developed Au/La0.7Sr0.3MnO3 (Au/LSMO) periodic arrays with tunable surface plasmon properties that can be
used as novel surface-enhanced Raman scattering (SERS) substrates. The periodic arrays are created by electron beam lithography of
LSMO resist and metal film deposition. The LSMO electron beam resist is unique in that it exhibits either positive or negative resist
behaviors depending on the electron beam dosage. Interestingly, surface plasmon behavior of the arrays can be controlled by just
changing the electron beam dosage when presented with a fixed design pattern. Scanning confocal microscopy and spectral
microreflectometry have been adapted to directly demonstrate this unique behavior. Furthermore, we show that our novel Au/LSMO
array can be used as a high-sensitivity Raman scattering substrate. To illustrate this working principle, the Au/LSMO periodic array is
applied to enhance the Raman scattering of a thin film containing 0.1 wt % poly-3-hexylthiophene (P3HT) in poly(methyl methacrylate)
(PMMA). By controlling the geometry of the patterned substrate that exhibits gold surface plasmon near the excitation wavelength,
we can enhance the intensity of Raman scattering of P3HT at 1350 cm-1 up to 4 orders of magnitude as compared with previously
generated planar Au substrates.
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INTRODUCTION

Over the past decade, interest in the fabrication of
periodic metallic structures has rapidly increased
due to its surface plasmon resonance (SPR) behav-

ior (1, 2). Coupling a radiation dipole with a surface plasmon
generated on the surface of noble metals can lead to effective
energy transfer from the dipole into the SPR. SPR is strongly
dependent on the size (3, 4), shape (5-8), surface state (9),
surrounding environment (10), metal features (11), and
metal thickness (12). The metallic interfaces also play com-
plex roles in the basic interactions of an electromagnetic field
with optically active materials. Gold and silver are the most
widely used metals for the surface plasmon resonance
research (13-15). Many approaches have been established
to investigate SPR, such as colloidal lithography (16, 17),
electron beam lithography (18, 19), block copolymers with
incorporated nanoparticles (20, 21), self-assembled mono-
layers (9, 22), reversal imprinting-in-metal process (23),
photolithography (14), etc. Moreover, SPR behavior has been
utilized in making organic plasmon-emitting diodes (24, 25),
waveguides (1), Bragg reflectors (1, 26-28), resonators (29),
biochemical sensors (30), and surface-enhanced Raman
scattering substrates (2, 31, 32).

Previous SPR studies have focused on producing an ever
larger effect of surface-enhanced Raman scattering (SERS)
by varying the geometry of the metallic structures (11, 33).
The increased intensity of Raman scattering from vibrational
bands of a molecule at a metal’s nanoparticle surface can
be achieved by using the extremely high local electromag-
netic fields of molecules associated with local surface plas-
mon resonance (18, 34, 35). Rough metallic surfaces can
enhance the radiation from nearby organic dyes through
nonradiative energy transfer, while the molecules adsorbed
onto metallic electrodes show several orders of magnitude
increase in SERS (36). Gold nanohole arrays are excellent
candidates for use as SERS substrates because of the light
confinement effects that happen between the nanohole
arrays, which provide large tolerance dimensions and empty
space as confined by the nanoholes. A strong SERS effect
on gold nanohole arrays has been observed for 4-mecapto-
pyridine (18, 37). Käll et al. also fabricated some substrates
for surface Raman scattering that exhibit a controlled elec-
trocoupling between Ag nanoparticles (32). Tsukruk et al.
demonstrated a 3D porous nanocanal array decorated with
gold nanoparticles that can achieve 5 orders of Raman
enhancement of 2,4-dinitrotoluene as compared with a
conventional planar nanoparticle array (38). Nie et al. ob-
served a large Raman scattering enhancement in vivo for
tumor detection (30). All the above examples involve time-
consuming multistep processes to obtain a surface plasmon
resonance substrate that has an optimal enhanced Raman
scattering effect.
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Periodic arrays with tunable optical properties have been
fabricated by an electron beam La0.7Sr0.3MnO3 (LSMO) zwit-
ter resist using a single fixed design electron beam pattern
without changing the geometries and lattice constants of the
periodical structures. These arrays were fabricated by simply
changing the electron beam dosage (39, 40). This technique
provides a convenient and direct fabrication process for
optoelectronic devices. Moreover, the periodic patterns
made of LSMO zwitter resist exhibit good chemical stability
as compared with conventional polymer zwitter resist. This
is because the pattern is made of an inert metal oxide and
it shows a good chemical stability for most of the organic
solvent. In this study, we use an LSMO resist to easily
generate SERS substrates with tunable surface plasmon
behaviors. These substrates enhanced the Raman scattering
signal by 4 orders of magnitude as films consisting of low-
concentration (0.1 wt %) P3HT in PMMA. Therefore, this
new patterned Au/LSMO composite is an excellent improve-
ment over current technology and serves as a template for
the future development of many other optoelectronic de-
vices and biosensors.

EXPERIMENTAL SECTION
The LSMO electron beam resist was prepared by dissolving

8.58 wt % of lanthanum nitrate (La(NO3)3·6H2O, Acros, 98%),
strontium nitrates (Sr(NO3)2, Fluka, 98%), manganese nitrates
(Mn(NO3)2·4H2O, Fluka, 97%), and 1.75 wt % polyvinyl alcohol
(PVA, Acros, 88%, 22 000 g/mol) in water with the molar ratio
La:Sr:Mn ) 0.7:0.3:1.0. The precursor solution was stirred for
48 h at 50 °C. After the precursor solution was filtered through
syringe filters (0.22 µm), the precursor solution was spin-coated
at 1000 rpm for 90 s to give a nominal thickness of about 200
nm. The thickness of the water-developable LSMO resist-coated
on a silicon wafer was measured directly by an alpha-stepper
(Veeco, Tektak3). High-resolution nanolithography was per-
formed by using a Hitachi ELS-7500EX machine to write the
specific patterns across a 150 × 150 µm field with a 2.5 nm
beam step size. The electron beam writer system was operated
at 50 kV with a probe current of 1.0 nA. A sample containing a
2 × 5 and 2 × 4 array field was irradiated with a starting dose
time of 0.1 µs and then with additional dose increments of 0.1
and 1.0 µs per field. Deionized water was used to develop the
LSMO resist at 50 °C for 30 s. These patterned LSMO structures
on a silicon wafer were then deposited on a 20 nm thick gold
film by using a thermal evaporator (ULVAC) to make Au/LSMO
arrays. This process produced Au/LSMO arrays that averaged
40 × 40 µm2.

Field-emission scanning electron microscopy (FE-SEM, Elion-
ix, ERA-8800FE, Japan) was used to observe the microstructures
of the Au/LSMO arrays, and atomic force microscopy (AFM,
Digital Instruments, Dimension-3100 Multimode) was used to
measure the surface topography of the Au/LSMO periodic
arrays. The extinction spectra of Au/LSMO samples were evalu-
ated using a spectral microreflectometer (Mission Peak Optics,
MP100-ME) equipped with an optical microscope. Unpolarized
light was focused on the composite film under the silicon
substrate at a spot size <20 µm to measure the interference
between the incident and reflected light with wavelengths
ranging from ultraviolet to near-infrared (250-1000 nm). To
measure the extinction spectra of Au/LSMO periodic arrays, it
is necessary to first measure the ambient environmental light
with the light source off. Next, the nonpatterned area of the
sample is placed on the stage and brought into focus to measure
the reflected signals from the wavelength of 250-1000 nm.
These measurements are considered background reflected

signal. Finally, the reflected light signals of Au/LSMO periodic
arrays are measured from 250 to 1000 nm. The loss signals
from 250 to 1000 nm can be calculated by using the Mission
Peak Optics program. This yields the final extinction spectrum
measurement of the Au/LSMO sample from wavelengths of 250
to 1000 nm.

The extinction behavior maps of the patterned Au-coated
LSMO samples were measured by scanning confocal micros-
copy (WITec, AlphaSNOM, Germany). The scanning images
were collected using a high-resolution piezoelectric stage (PI).
Three kinds of excitation lasers, argon ion laser (λexc 488 nm),
Nd:YAG laser (λexc 532 nm), and He-Ne laser (λexc 632.8 nm),
with different output powers, were employed as radiation
sources. The reflected light was collected with a 100X Nikon
plane objective (NA ≈ 0.9) and detected with a single photon
counting photomultiplier tube (PMT). For each line scan, 512
data points were taken with a line scan frequency of 0.5 Hz.

To prove the SERS effect of our Au/LSMO substrate, we used
a model matter made from a film consisting of the polymer
blend of 0.1 wt % of P3HT in PMMA. The film was obtained by
spin-coating a solution on the SERS substrate. The solution is
made from 0.2 wt % of polymer blend in chlorobenzene. P3HT
with low molecular weight (8.1 kDa) and high regiospecificity
(>95%) was synthesized according to the literature with some
modifications (41). 2,5-Dibromo-3-hexylthiophene (0.030 mol,
10.000 g) was added into a 500.0 mL three-neck round-bottom
flask equipped with a 24/40 ground joint, a reflux condenser,
and a magnetic stir bar. It was purged with dry nitrogen for 15
min. A 320.0 mL portion of freshly distilled tetrahydrofuran
(THF) was transferred to the flask, and the solution was stirred
under dry nitrogen. A solution of tert-butylmagnesium chloride
in diethyl ether (0.032 mol, 16.0 mL) was added via an airtight
syringe and then kept at room temperature for 0.5 h. The
solution was cooled to room temperature, followed by the
addition of Ni(dppp)Cl2 (2 mol % of monomer, 0.332 g) and
stirring at room temperature for 0.5 h. This solution was poured
into methanol (500.0 mL). This action led to precipitation, and
the solid was collected in a cellulose extraction thimble and then
washed with methanol in a Soxhlet apparatus. The polymer was
dried under vacuum overnight and gathered as a dark purple
material (60% yield). The MWs and polydispersity (PDI) values
of P3HT were determined by gel permeation chromatography
(GPC) on a Waters 1525 Binary HPLC Pump with polystyrene
as standard and tetrahydrofuran (THF) as the solvent. The
regiospecificity (RR) of P3HT was determined by NMR spec-
troscopy using a Bruker AVANCE 400 spectrometer with CDCl3
as solvent and tetramethylsilane as an internal standard. A
mixture of 0.001 g of P3HT and 0.999 g of poly(methyl
methacrylate) (PMMA, MW ≈ 996k, Aldrich) in 49.000 g of
chlorobenzene was stirred for 48 h to obtain a polymer solution.
Then, the solution was spin-coated on the Au/LSMO substrate.
Finally, we could obtain a P3HT/PMMA film coated on patterned
Au/LSMO substrate with different geometries, including hole
arrays and disk arrays. Scheme 1 illustrates the fabrication
process.

Scanning confocal Raman mapping measurements were
conducted with a confocal microscope (WITec, CMR200, Ger-
many) in the backscattering mode. A diffraction-limited confo-
cal Raman microscope gives a lateral spatial resolution (∼300
nm) about half of the excitation wavelength (λexe 632.8 nm).
The Raman image mapping was obtained by intensity integra-
tion of the spectra by recording the data with 450 nm/step and
an integration time of 1 s/step. In all cases, the laser beam was
focused down with a 100X, with numerical aperture ) 0.95
objective (Olympus), and the focused laser beam was about 1.0
µm in diameter, corresponding to about 2-3 pixels in the
integrated Raman image.
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RESULTS AND DISCUSSION
The LSMO resist shows both positive and negative char-

acteristics when varying electron dosage, and this particular
feature then can be used to adjust the surface topography
when using one fixed design pattern (42). In this study, we
have used a LSMO zwitter resist to fabricate Au/LSMO
periodic arrays with modulated surface plasmon resonance
phenomena. We were able to fabricate a high-quality con-
tinuous gold film with a thickness of 20 nm. Figure 1 shows
a clear SEM image of a 20 nm Au coated LSMO sample.
Therefore, 20 nm Au was selected as the optimal thickness
for preparation of all the samples used in this research. The
Au-coated LSMO hole array and the disk array were obtained
using medium electron dosage (19.2 mC/cm2) and high
electron dosage (192.0 mC/cm2), respectively. Here, a fixed
design pattern of 300 nm in diameter and 500 nm in lattice
constant was employed.

For a confined geometry, the surface plasmon is generally
localized and its resonance frequency depends on the size
and shape of the metallic material. The extinction spectra
can be modulated either by changing the radius with a fixed

lattice constant or by changing the lattice constant with a
fixed radius. For the hole structure, we have studied the
extinction spectra of the Au/LSMO periodic array with a fixed
hole diameter of 300 nm and different lattice constants of
500, 700, and 900 nm, and the results are shown in Figure
2a. All the samples were prepared using a medium dosage
of the electron beam (16.0 mC/cm2), so that their refractive
indexes (samples A-C) are similar, and the value is around
2.05 measured by prism coupler (2010/M, Metricon). Each
extinction curve of the samples was obtained by a spectral
microreflectometer equipped with an optical microscope.
The extinction spectra of Au/LSMO periodic hole arrays show
a blue shift of λmax from 483 nm to 471 nm and then to 453
nm with an increase in the lattice constant of periodic hole
arrays from 500 nm to 700 nm and to 900 nm, respectively.
Moreover, for Au/LSMO periodic disk arrays, the extinction
spectra of the arrays show a blue shift from 492 nm to 460
nm and then to 445 nm when the arrays are obtained from
a fixed 300 nm disk diameter and different lattice constants:
500, 700, and 900 nm (Figure 2b; samples D-F, respec-
tively). Thus, the extinction spectra of both periodic Au/

Scheme 1. Schematic Illustration of the Fabricating Process of P3HT/PMMA Film Coated on Patterned
Au/LSMO Substrate: (a) Coat LSMO Resist on Silicon; (b) Create LSMO Pattern by Electron Beam Lithography;
(c) Evaporate Au Thin Film on the LSMO Pattern; (d) Coat P3HT/PMMA Film on Au/LSMO Pattern

FIGURE 1. SEM images of Au-coated LSMO periodic array: (a) periodic
hole array; (b) periodic disk array.

FIGURE 2. Extinction spectra of Au/LSMO periodic arrays with
different geometries: (a) Au/LSMO periodic hole arrays with different
lattice constants; (b) Au/LSMO periodic disk arrays with different
lattice constants.
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LSMO disk arrays exhibit blue shifts and decrease in inten-
sity when the lattice constant is increased. Furthermore, the
periodic Au/LSMO hole arrays exhibit a surface plasmon
resonance that is qualitatively similar to the surface plasmon
of the periodic disk arrays.

The extinction spectrum of Au/LSMO periodic arrays can
also be controlled using a designed pattern of fixed column
diameter and lattice constant by varying the electron beam
dosage. At medium electron doses (6.4-32.0 mC/cm2), the
LSMO resist generates positive patterns. The spectrum of the
arrays is red-shifted from 443 to 486 nm (M1-M3) after
increasing the electron beam dosage from 6.4 mC/cm2 to
19.2 mC/cm2 but is blue-shifted from 486 to 457 nm
(M3-M5) on further increasing the dosage to 32.0 mC/cm2,
as shown in Figure 3a. The results are due to the changing
of Au/LSMO periodic hole arrays in the z direction. The hole
depth varies from 31.89 to 34.64 nm (M1-M3) for the
positive behavior of the resist and then returns to 31.46 nm
(M3-M5) for the negative behavior of the resist. For the Au/
LSMO periodic disk arrays, we can observe the λmax of the
extinction peaks shows an obvious red shift from 469 to 571
nm (curve N1 to curve N5, Figure 3b). These behaviors result
from the increasing z dimension of disk arrays. The height
of the LSMO disk arrays is increased from 34.04 nm (N1) to
80.76 nm (N5) with an increase in the exposed electron
dosage from 96.0 to 288.0 mC/cm2. We have adapted the
empirical equation of El-Sayed et al. (43) derived from
universal scaling behavior to predict the wavelength shift as
shown:

where ∆λ/λ0 is the fractional plasmon shift, s is the lattice
constant, D is the diameter of hole or disk, A and B are the
coefficients, and H is the hole depth or disk height. The

amount of wavelength shift calculated from eq 1 is consis-
tent with the experimental results, which reveal that the
LSMO resist can be used to modulate gold surface plasmon
resonance by varying the z dimension of the LSMO with a
fixed design pattern.

We have used a scanning confocal microscope equipped
with different excitation lasers (488, 532, and 632.8 nm) to
directly observe the difference of extinction properties
between the patterned area and nonpatterned area. The
differences can be expressed using the equation

where EF is the extinction factor, E0 is the average photon
count of the nonpatterned area, and Ep is the average photon
count of the patterned area. The extinction behaviors of the
M3 hole pattern (Figure 4a-c) and N3 disk pattern (Figure
4d-f) were studied and analyzed. A high contrast in extinc-
tion behavior mapping represents a high extinction factor.
The EF of M3 is decreased from 0.711 (Figure 4a) to 0.584
(Figure 4b) and then to 0.478 (Figure 4c) with increasing
excitation wavelength from 488 nm to 532 nm and then to
632.8 nm, respectively. This result is expected, since the
extinction peak λmax of the M3 sample (486 nm) is close to
the 488 nm excitation wavelength. For the λmax of the N3
sample at 520 nm, an increased EF from 0.680 (Figure 4d)
to 0.688 (Figure 4e) is expected, when the excitation wave-
length is increased from 488 nm to 532 nm. A decreased
EF from 0.688 (Figure 4e) to 0.347 (Figure 4f) was observed,
which results from the increasing excitation wavelength
from 532 to 632.8 nm.

In order to confirm the effect of surface-enhanced Raman
scattering on our Au/LSMO SERS substrate, we used a model
matter made from 0.1 wt % P3HT in PMMA to coat on the
Au/LSMO SERS substrate. By intensity integration of the
spectral domain ranging from 600 to 2900 cm-1, we can
observe the contrast of P3HT Raman scattering signals
between patterned and nonpatterned areas on an Au-coated
LSMO hole array, as shown in Figure 5. Sample M3 has the
highest Raman scattering contrast when compared with
other samples, due to the fact that the surface plasmon
resonance of M3 is closer to the excitation wavelength of
the He-Ne laser.

For the Au/LSMO periodic disk arrays (N series samples),
N5 gives the strongest Raman scattering signals among the
N series samples (Figure 6), because the λmax (571 nm) of
N5 is the closest to the excitation wavelength of 632.8 nm.
Thus, as the peak position of surface plasmon resonances
approaches the excitation laser wavelength of 632.8 nm, we
are able to obtain a larger enhancement of the Raman
scattering of P3HT/PMMA. The enhancement in Raman
scattering signals mainly results from an efficient energy
transfer from gold surface plasmon to the P3HT/PMMA film.
Moreover, we have measured the exact enhancement factor
from the Raman spectra of P3HT/PMMA film on Au/LSMO
substrate, as shown in Figure 7. Because the enhancement

FIGURE 3. Extinction spectra of Au/LSMO arrays fabricated with
different electron dosages using a fixed design of 300 nm diameter
and 500 nm lattice constant. Each curve represents a sample
obtained at specific electron irradiation, as indicated above the
curve: (a) periodic Au/LSMO hole arrays; (b) periodic Au/LSMO disk
arrays.

∆λ
λ0

≈ A exp(- s/D
B · H) (1)

EF )
E0-Ep

E0
(2)
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is so large, we have to reduce the spectrum collective time
of the patterned area to 1/10 (0.1 s) compared to that of the

nonpatterned area (N-0). For the P3HT/PMMA film, the
prominent Raman bands at 1547 and 1350 cm-1 result from

FIGURE 4. Extinction behavior mapping of the Au/LSMO periodic hole array, with samples of M3 (a-c), and of the Au/LSMO periodic disk
array, with samples of N3 (d-f), excited by different excitation lasers: (a, d) samples excited by 488 nm Ar ion laser; (b, e) samples excited
by 532 nm Nd:YAG laser; (c, f) samples excited by 632.8 nm He-Ne laser.

FIGURE 5. Raman mapping images of P3HT/PMMA coated on the
Au/LSMO SERS substrate fabricated by medium electron dosage
(6.4-32.0 mC/cm2), with all samples excited by 632.8 nm He-Ne
laser: (a) λmax of M1 array 443 nm; (b) λmax of M2 463 nm; (c) λmax of
M3 486 nm; (d) λmax of M4 475 nm; (e) λmax of M5 array 457 nm.

FIGURE 6. Raman mapping of P3HT/PMMA coating on the LSMO
SERS substrate fabricated by high electron dosage (96.0-288.0 mC/
cm2), with all samples excited by 632.8 nm He-Ne laser: (a) λmax of
N1 array 469 nm; (b) λmax of N2 array 495 nm; (c) λmax of N3 array
518 nm; (d) λmax of N4 array 555 nm; (e) λmax of N5 array 571 nm.

A
R
T
IC

LE

2488 VOL. 1 • NO. 11 • 2484–2490 • 2009 Wu et al. www.acsami.org



the CdC stretching vibrations of the thiophene ring and C-C
skeletal stretching, respectively. The peak at 661 cm-1 is
assigned to the deformation vibration of the C-S-C bonds.
The N5 sample shows the largest Raman scattering signal
enhancement of up to 4 orders at 1350 cm-1.

CONCLUSIONS
We have fabricated Au/LSMO periodic arrays with tunable

surface plasmon properties, which are very useful to serve
as novel surface-enhanced Raman scattering (SERS) sub-
strates. By controlling the gold surface plasmon close to the
excitation wavelength, we demonstrated that the Raman
scattering signals of P3HT/PMMA film can be enhanced by
up to 4 orders of magnitude. It is worth noting that the LSMO
electron beam resist can exhibit both positive and negative
resist behaviors depending on the electron beam dosage,
which is quite unique and convenient for the manipulation
of patterned structures. Therefore, this new patterned Au/
LSMO composite is an excellent improvement over current

technology and serves as a template for the future develop-
ment of many other optoelectronic devices and sensors.
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FIGURE 7. Raman spectra of P3HT/PMMA coating on the LSMO SERS substrate fabricated by high electron dosage (96.0-288.0 mC/cm2), with
all samples excited by 632.8 nm He-Ne laser: (a) N-0, nonpatterned area exhibiting no surface plasmon resonance; (b) λmax of N1 array 469
nm; (c) λmax of N2 array 495 nm; (d) λmax of N3 array 518 nm; (e) λmax of N4 array 555 nm; (f) λmax of N5 array 571 nm.
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