
Controllable Nanofabrication of
Aggregate-like Nanoparticle Substrates
and Evaluation for Surface-Enhanced
Raman Spectroscopy
Sabrina M. Wells,† Scott D. Retterer,‡ Jenny M. Oran,† and Michael J. Sepaniak†,*
†University of Tennessee, Knoxville, Tennessee 37996-1600 and ‡Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

S
urface-enhanced Raman scattering
(SERS) is a valuable analytical phe-
nomenon that can result in a dramatic

increase in Raman signal from molecules

that have been sorbed onto or are in the vi-

cinity of nanometer-sized metallic particles.

There are two accepted mechanisms,

chemical and electromagnetic, that are gen-

erally recognized as being responsible for

the observation of the SERS effect.1,2 Chemi-

cal enhancement mechanisms are depend-

ent upon both analyte molecules adsorbed

to the SERS substrate surface and the nature

of the metal surface itself, in some cases cre-

ating a charge transfer intermediate state

to increase Raman signal.3

Electromagnetic enhancement is more

general in nature and is typically not criti-

cally dependent upon the analyte used.

It can be seen in SERS when substrates

are made of roughened metal surfaces or

nanoparticles, typically gold, silver, or

copper, that have features smaller than

the wavelength of light being used.4�6

When electromagnetic radiation im-

pinges on the metal composing the SERS

substrate, conduction band electrons un-

dergo oscillations of frequency equal to

that of the incident light. These oscillat-

ing electrons produce surface plasmons

at/near the metal surface.7 The resulting

secondary electric field adds to the inci-

dent field. Thus, localized surface plas-

mons have the ability to enhance the

electromagnetic field in the area near

the nanoparticles composing the sub-

strate, leading to greater Raman signal

enhancement for analytes located

therein. Similarly, the Raman scatter can

be amplified by the substrate. The SERS

effect is highly dependent upon nanopar-

ticle shape and structure as it relates to
the excitation wavelength and the dielec-
tric properties of the medium.8�10 As a re-
sult, recent research11�13 has focused on
taking advantage of the electromagnetic
enhancement mechanism of SERS by en-
gineering substrates with both random
and controlled morphologies that can be
used to tune the observed surface plas-
mon resonance to suit the experiment.

Perhaps the most common type of
SERS substrate, one that consistently
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ABSTRACT The development of new and better substrates is a major focus of research aimed at improving

the analytical capabilities of surface-enhanced Raman spectroscopy (SERS). Perhaps the most common type of SERS

substrate, one consistently exhibiting large enhancements, is simple colloidal gold or silver nanoparticles in the

10�150 nm size range. The colloidal systems that are used most for ultrasensitive detection are generally

aggregated clusters that possess “hot spot(s)” within some of the aggregates. A significant limitation of these

synthetic substrates is that the “hot” aggregates are extremely difficult to create consistently or predict. Electron

beam lithography (EBL) along with combinatorial spectral mapping can be used to overcome this limitation. Our

previous work, and that of other researchers, invokes the special capabilities of EBL to design and fabricate

periodic, highly ordered nanoparticle arrays for SERS. Building on this work, EBL, in conjunction with ancillary

fabrication steps, can be used to create complex patterns that mimic random aggregates. These aggregates, unlike

those created by colloidal deposition methods, can be uniquely reproduced within the resolution limits of EBL. In

the work reported herein, we use a unique approach to create substrates containing a large number of randomly

generated cells with different morphologies that are arrayed on silicon wafers. Instead of isolated metal

nanoparticles, these structures resemble the aggregates of colloid. By spectral mapping, we investigate the SERS

activity of the combinatorial arrays of cells using probe analytes. Two general categories of shapes are randomly

designed in different sizes and densities into several hundred different 5 �m square cells. Following fabrication, it

is shown that a SERS performance contrast of more than a factor of 44 is achieved among these cells and that

the best performing cells can be cloned into uniformly high performing macropatterns of lithographically defined

nanoaggregates (LDNAs). In this manner, extended LDNA surfaces with uniform 5 � 108 enhancement factors

are created. Furthermore, the LDNAs can be further dissected and studied in an effort to increase the SERS

enhancement per unit geometric substrate area.

KEYWORDS: surface-enhanced Raman spectroscopy · electron beam
lithography · nanoparticle aggregates · nanofabrication · microscopy
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yields large signal enhancement, is simple colloidal
gold or silver nanoparticles having the size range of
10�150 nm.14,15 Usually, these are formed by the re-
duction of metal salts, for example, the reduction
of silver nitrate with sodium citrate. In some cases,
the reduction is accomplished in a more careful fash-
ion to create cubes, rods, or triangular structures.16

The colloidal systems that are most often used for
single molecule or otherwise ultrasensitive detection
are usually aggregated clusters that possess some
“hot spot(s)” within certain aggregates. Research has
shown “hot” aggregates can contain as few as two
to six15 tightly packed particles and be as large as
greater than 20 particles.17 Much research has been
done using colloidal substrates to support the find-
ing that nanoparticle density plays a role in Raman
signal enhancement.17�21 In one study by Khan et al.,
the effects of aggregate size/nanoparticle density
on surface-enhanced resonance Raman scattering
(SERRS) signal were examined.17 Ag colloid solution
was evenly distributed across the surface of a TEM
grid, and SERRS data were collected and correlated
with TEM images. The results showed that, as nano-
particle density increased, SERRS activity increased.
Regions of the grids that contained large aggregates
showed the most intense SERRS signal, while re-
gions with few particles were the least intense.17 An-
other study by Camden et al. focused on the correla-
tion between nanoparticle structures known to yield
single molecule SERS, wherein several active aggre-
gates were identified.22 The results showed that hot
spots likely occur at particle�particle intersections.
A focus was made at studying a simple dual particle
aggregate composed of a hemispherically capped
rod and a sphere with a T-shape that yielded single
molecule sensitivity.22 While well-designed, random
morphology substrates may lead to improved SERS
enhancement, it is difficult to synthetically repro-
duce the nanoparticle aggregates that have been
found to yield large SERS signal. One alternative to
colloid is metal island film substrates.23 The advan-
tages of this type of substrate over colloid-based
substrates include better reproducibility from spot
to spot and ease of fabrication. However, these sub-
strates have yet to generate the signal enhance-
ments of the best performing colloidal systems.

Previous work in our group has demonstrated elec-
tron beam lithography (EBL) techniques for the defini-
tion and fabrication of nanostructured SERS
substrates.24�26 With EBL, the morphology of the SERS-
active substrate can be controlled since the nanoparti-
cles composing the substrate are chosen and laid out
using computer-aided design software.13,24�27 Also, EBL
remains an important technique for fabricating uni-
form, reproducible substrates. Recently, we found that
substrates made of ordered arrays of ellipses having as-
pect ratios of 300:300 and 300:250 nm gave better

SERS enhancement than smaller, prolate ellipses (6:1
to 6:4).26 We have also performed research with syn-
thetically produced, random-shaped aggregated col-
loid and colloid shaped as cubes that have yielded good
SERS enhancement, as well.28 Along those lines, our fo-
cus herein is to combine the two approaches to sub-
strate creation and fabricate combinatorial sets of SERS
substrates composed of random patterns that can be
spectrally mapped and reproduced based on their dem-
onstrated enhancement.

To this end, we borrow from the biomedical con-
cepts of combinatorial chemistry and cloning and dem-
onstrate a novel EBL-reactive ion etching (RIE) approach
to the combinatorial fabrication of SERS substrates.
The substrates are arranged in 10 � 10 matrices com-
posed of randomly different 5 � 5 �m cells of litho-
graphic defined nanoaggregates (LDNAs) and in-
spected for SERS activity using benzenethiol (BT) as a
test compound. We combine the randomness of colloi-
dal aggregate substrates with the ability of the EBL sys-
tem to reproduce substrate morphology by designing
arrays containing aggregates made up of different
shapes ranging in size from approximately 75 to 650
nm. Herein, we describe the process we used to create
these LDNAs, as well as the combinatorial approach to
determine the best performing aggregates. Experi-
ments were also completed to examine reproducibility
of both the aggregates, in addition to the SERS signals
they produce. Finally, an experiment was used to in-
spect the ability of our LDNAs to be cloned over large
areas while remaining uniform, intense SERS-active in
the process.

RESULTS AND DISCUSSION
Spectral Mapping of Initial 50 � 50 �m Aggregate Arrays.

EBL patterns were made from randomly arranged,
computer-generated arrays of differing nanoparticle
shapes. An array in this work is defined as the individual
particles that are laid down onto the computer tem-
plate. These arrayed shapes formed 5 � 5 �m cells, con-
taining either (i) various shapes (stars, crescent moons,
etc.) or (ii) eight different circles and ellipses, each of
which is of assorted sizes totaling different coverage ar-
eas (see Table 1 for details). The cells were formed into
5 � 5 �m squares to approximate the laser spot size.
Circles/ellipses were chosen to mimic the nanoparticle
shapes in the hot aggregates that form via colloid re-
duction (although more disk-like than true synthetic
colloids).15,17 The various shapes were chosen to pro-
duce structures with sharper features. However, as seen
in Figure 1, the nanofabrication processes tend to
round-out the sharper features. These arrayed cells
form the overall 50 � 50 �m patterns (a 10 � 10 ma-
trix that contains 100 morphologically different cells)
that are surveyed for SERS signals in these experiments.

In order to determine whether an original aggre-
gate array contained areas of substantial enhance-
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ment, the array was spectrally mapped and the SERS

signals were obtained from the self-assembled mono-

layer (SAM) of benzenethiol (BT).29,30 Twenty-five nano-

meters of Ag was deposited onto the different patterns

at a rate of 1 Å/s. It was determined that depositing a

layer of SiO2 on the wafer prior to depositing the Ag,

thereby altering the dielectric properties of the sub-

strate, substantially improved signals.31 Initial experi-

ments showed that 20 nm of SiO2 was optimum for di-

electric aspects without appreciably distorting the

sharp features of the EBL. In every initial 50 � 50 �m

pattern, the best and worst performing of the 100 indi-

vidual 5 � 5 �m cells were determined. Each indi-

vidual analysis was then compared with other trials us-

ing the same parameters, including the substrate

pattern type. In general, there were individual cells, or

regions of cells, giving consistently high signals in each

of the initial trials. Figure 2 shows the analysis of the

least dense circle/ellipse pattern with a corresponding

hot region in the lower right corner of the substrate.

While the two hot areas seem to be in the same over-

all region, it is difficult to determine from the full 50 �

50 �m pattern spectral mapping experiment whether

the two hot cells are identical. This is due to instrument

limitations, in particular, not being able to start the ras-

tering analysis in exactly the same spot for each trial.

To obviate this limitation, we use an additional, more

confined, spectral mapping experiment to pinpoint
the hottest cell(s). The process is discussed in the fol-
lowing section.

It is also obvious from looking at Figure 2 that no dis-
cernible signal occurs outside of the 50 � 50 �m pat-

tern. As shown, the “hot” re-
gion was not only located in
the same area in both trials

but the signals were almost

identical. Strong performing

cells were generally deter-

mined from the magnitudes

of the 1056 and 1575 cm�1

bands. There are small rela-

tive differences in spectral
features, as some minor
bands are stronger in cer-
tain cells than others, pre-
sumably due to the random
nature of the substrates or

Figure 1. Images of (A) CAD of a various shape pattern (above) and circle/ellipse pattern
(below) and SEMs of (B) EBL patterns following 250 nm deep RIE, (C) EBL patterns after
deposition of 20 nm of SiO2, and (D) deposition of 40 nm of Ag.

TABLE 1. General Morphological Data on the 8 Different
Types of Tested Matrices

cell description
particle size

(long dimension)
percent coverage

area

larger size, higher dense variousa shape pattern 200 – 650 nm 55%
larger size, less dense various shape pattern 200 – 650 nm 30%
smaller size, less dense various shape pattern 100 –300 nm 30%
smaller size, middle density various shape pattern 100 –300 nm 40%
smaller size, higher density various shape pattern 100 –300 nm 55%
least dense circle/ellipse pattern 75–150 nm 15%
middle density circle/ellipse pattern 75–150 nm 25%
higher density circle/ellipse pattern 75–150 nm 35%

aVarious shapes include circles, squares, stars, and crescents (see Figure 1 and
Table 2.

TABLE 2. Results of Combinatorial-like SERS Signal
Surveys of the 8 Different Types of Tested Matrices
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trace impurities. In this case, the signal for the single

best cell in each pattern was roughly 5 times stronger

than the average signal for the entire pattern and over

10 times higher than the lower performing cells. This

showed that a hot region was present in the original

pattern, as well as present in each of the low-density

circle/ellipse patterns tested.

This general procedure for determining hot re-

gions was followed for all pattern types presented

in Table 1. Through analysis, it was determined that

the circle/ellipse patterns had an overall higher sig-

nal than the various shape patterns. Counterintu-

itively, those patterns with lower overall surface area

performed better than those with greater area. Table

2 shows a portion of the CAD for the best cell of

each pattern type, as well as the top and bottom

three performing cells’ signal heights at the 1056

cm�1 band. As illustrated in the table, the highest

to lowest signals range by more than a factor of 44

in signal height. There is clearly a wide range in sig-

nals in even the same pattern. This can be attributed

to the fact that the structures are random in nature.

As such, some of the cells could be much “hotter”

than any other part of the pattern. Therefore, deter-

mining the best performing cells in a given pattern is

paramount to potentially creating reproducible

structures with overall uniform strong enhance-

ment. The process for doing so is addressed in the

next section.

The circle/ellipse patterns consistently gave signal

at a higher intensity than the various shape patterns.

Also, the lower density patterns had better performing

hot spots than the higher density substrates. The over-

all best performing substrate, the low density circle/el-

lipse pattern, had only approximately 15% coverage of

each 5 � 5 �m cell. Previous EBL substrate work from

our group indicated that the substrates with denser sur-

face coverage had higher overall enhancement.24�26

However, the prior work did not involve RIE to create

pillars of Si and subsequently the creation of a layer of

SiO2. We suspect that the continuous layer of 25 nm

Ag over the SiO2 may be a factor, and experiments are

planned to investigate this possibility. Note that Chu-

manov and co-workers have observed interesting cou-

pling between continuous metal films and plasmonic

particles.32,33

Determination of Best Cell. After initial analysis, it was

determined that the pattern types of focus for fur-

ther inquiry would include the larger size, less dense

various shape pattern, and the low-density circle/

ellipse pattern. They each gave a large signal, while

also having hot regions located in the same general

area of the 50 � 50 �m pattern for each initial trial.

To determine which of the 5 � 5 �m cells was actu-

ally giving the large signal, we conducted a more

confined spectral mapping experiment. To pinpoint

the hot cell, a 3 � 3 cell matrix of the suspected hot

cell region was created. This small 15 � 15 �m pat-

tern helped determine the correct hot cell due to its

small size and ease of reproducibility. Since there

are only nine potential cells, the possibility of acci-

dentally misdiagnosing which of the cells is giving

the greatest signal is minimized. When looking at the

cells in the original 50 � 50 �m pattern, there is a

chance for the best region’s signal to be obscured

with the surrounding cells based solely on size of the

substrate and limitations of the Raman instrument.

As shown in Figure 3A,B, the 9 cell array confirms

that the hottest point is in the same place as seen

in the original array.

After determining the best individual cell, the entity

was then broken into quartered sections, each 2.5 �

2.5 �m. By splitting the hot cell into individual parts, we

can determine if there is uniform signal throughout

the overall cell or if just a part of the whole is respon-

sible for the majority of signal intensity. As seen in Fig-

ure 3C, the quartered sections yielded quite different

signals. This shows that the individual aggregates are

capable of giving signal enhancement large enough to

affect the overall signal of the entire, larger cell. Further-

Figure 2. Combinatorial-like SERS signal survey of two 50 � 50 �m patterns of the least dense circle ellipse type of pattern. The
spectra of BT for the apparent best 5 � 5 �m cells are shown.
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more, as the SEM images show, the EBL process is ca-
pable of creating aggregates repeatedly that are simi-
lar in nature. Each of the four corners of the original
bears a close resemblance to the quartered aggregate
corresponding to it.

Reproducibly Cloned Arrays. Once the top performing
cell had been identified, the next step was to show
that the EBL process can be used to reproducibly clone
arrays of similar cells, both in appearance and perfor-
mance. The top performing cell out of the low-density,
circle/ellipse patterns and a modest performing cell out
of the larger size, various shape pattern were selected,
and a relatively large 120 � 120 �m square pattern was
cloned with the best performing aggregate forming
the shape of a “T” in the center. Figure 4A shows an op-
tical image taken by our Raman instrument of what
the array looks like. The pattern was then analyzed by
raster mapping as done in the previous trials. Figure 4B
shows the actual mapping of the cloned cell T pattern
substrate. As shown, the inner part of the T seems to be
uniform in signal while the outer part also seems to be
a uniform color, indicating similar signal intensity. After
analysis, the inner part of the pattern had an average
signal band area of over 97 000 at 1056 cm�1 with an
RSD of slightly less than 30%. The outer region had an
average signal area of only 23 000 at the same band
with an RSD of approximately 31%. In gen-
eral, a modestly performing cell tended
to yield somewhat higher signals when
cloned into larger areas than when it ex-
ists as a unique cell in a diverse morphol-
ogy array.

This particular pattern shows several
advantages of the EBL process for SERS
substrate fabrication. First is the ability to
create reproducible aggregates that give
uniform signal. Even though there are
some uncertainties associated with en-
hancement factor (EF) calculations,34 it still
remains one of the ways to evaluate the
SERS activity of a substrate or portion of a
substrate. With this in mind, we attempted

to calculate the EF for the inner part of the T region. A

common procedure35 that employs eq 1 for the SERS EF

calculation was used:

wherein Ivol and Isurf were the signal areas under the

1575 cm�1 peaks for neat BT (Raman standard) and a

SAM of BT (SERS), respectively.

Knowing the laser spot size of our 50� micro-

scope objective (�5 �m) and using the average

area covered by the individual cell (15%), we calcu-

lated the total surface area of the nanoparticles and

multiplied it by the known packing density of BT (6.8

� 1014 molecules/cm2).36,37 This yielded the maxi-

mum surface number density (Nsurf) of the adsorbed

molecules that lead to the SERS signal. Neat BT was

used as a Raman standard in a glass capillary. The

volume of the area in question was found to be 29.5

nL. Using the density of BT (1.073 g/mL) in the neat

BT calculation, the number density (Nvol) was found

to be 1.74 � 1014 molecules. With the above infor-

mation, the average EF for the inner part of the T was

calculated to be 3 � 108 with several cells giving en-

hancement of 5 � 108.

Figure 3. Combinatorial-like SERS signal survey (BT analyte) of (A) 10 � 10 cell orignal matrix, (B) a 3 � 3 cell matrix containing an
apparent good cell, and (C) subdividing the good cell (SEMs and SERS signal heights from 2.5 �m square quarters); focusing on dis-
covering good performing morphologies.

Figure 4. Demonstrated ability to clone hot cells into macropatterns. (A) An image from
an optical microscope where the inner “T” is a cloned cell from a high performing cell and
the outside is from a modest performing cell. (B) Map showing uniform enhancement
from both the outer and inner regions.

EF(1575 cm-1) ) (NvolIsurf

NsurfIvol
) (1)
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It has been shown in previous work involving
single molecule SERS (SMSERS)38�40 that electro-
magnetic EF can approach 1011. While of great sig-
nificance in SMSERS, these active hot spots with ex-
ceptional EF represent only a minuscule
percentage of the total substrate area. When com-
paring the enhancement of a single molecule, it has
been shown that the enhancement can be as much
as 107 times greater than the average enhance-
ment of the entire substrate.19 From a trace analy-
sis standpoint, this can be a significant analysis limi-
tation as the trace analyte must find the
appropriate spot of the substrate. In our approach,
however, we were able to produce an enhance-
ment of 5 � 108 for a large area metal surface. Al-
though Figure 3C clearly indicates the enhance-
ment is not uniform over the entire LDNA metal
surface, it is observed that when moving the inter-
rogation laser spot over the entire substrate the av-
erage enhancement does not deviate appreciably
(RSD of �30%). While we do not demonstrate a
single aggregate with enhancement approaching
theoretical limits, it is possible to create a substrate
with high enhancement over relatively large areas
(hot cells can be cloned at a rate of roughly 0.1
mm2/min with our system).

Analytical Figures of Merit with Cloned LDNAs. The ben-
efits of a large substrate area also extend into an
ability to improve on many figures of merit includ-
ing reproducibility. One method for improving is al-
tering the way the substrate is analyzed. When la-
ser exposure is increased, the potential for larger
signal and better sensitivity increases. However,
one issue that can arise is sample photodegrada-
tion and substrate damage when a large laser
power is used.41,42 One way our group has addressed
this problem involves using a sample translation tech-
nique (STT) wherein the analyte baring substrate is spun
under the focused laser beam to reduce the effective
duty cycle of irradiation.42 As such, the ability to use
higher powers and long acquisition times without dam-
aging the sample or the substrate leads to improved
limits of detection and sensitivity. Moreover, inhomoge-
neity in the substrate is averaged out with the STT ap-
proach.42 Large area cloned LDNAs and the STT appear
to be a well-suited match.

Using the same cells as used in the inner part of
the cloned T array, a large 300 � 900 �m array was cre-
ated. For these experiments, the usual settings of a 1 s
acquisition with a laser power of 0.67 mW were altered
to accommodate harsher conditions. Using this large re-
gion, STT was used to analyze the substrate. Transla-
tion of the sample was achieved by spinning the sub-
strate at a rate of approximately 2000 rpm and optically
interrogating. While spinning, the average signal of
each concentric ring was acquired. This process allows
the acquisition time to increase without damaging the

substrate or degrading the analyte in the process. Us-

ing 5 � 10�7 M rhodamine 6G (R6G), a comparison of

the reproducibility of STT and a stationary substrate us-

ing a 10 s acquisition time at the 0.67 mW power was in-

vestigated. As seen in Figure 5A, the spectra for the

STT analyses were not only similar but they also pro-

duced an RSD of 6.6% for the 1499 cm�1 band. The sta-

tionary acquisition, however, produced an RSD value

of 22% on this substrate for the same band. While the

stationary raster approach is fairly reproducible as far as

SERS analysis goes, using the STT allows excellent

reproducibility.

The large substrate allows for much harsher condi-

tions than would be possible using SMSERS experimen-

tal protocols. The same cloned arrays were exposed to

a laser power of 2.7 mW. Using both the STT and a sta-

tionary raster, 5 � 10�7 M R6G was analyzed with vari-

ous acquisition times ranging from 1 to 30 s. As seen in

Figure 5B, there is a large difference between the spec-

tra of the STT and stationary acquisitions. Initially, the

1 s acquisition time for each technique is strikingly simi-

lar. However, when using a 10 s acquisition time, the in-

Figure 5. (A) Comparison of spectra for R6G during one trial of
extended regions of cloned cells and employing STT with incre-
mental increases in spinning radius of about 5 �m each for the
spectra and demonstrating very good reproducibility. (B) Spec-
tra indicating the analytical improvement in S/N by virtue of us-
ing the STT approach, over single point measurements, by in-
creasing acquisition times with R6G as the analyte.
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tensity for the STT starts to outpace the stationary tech-
nique. Also, some of the bands start to show signs of
degradation with concomitant carbonation formation
(see broad region from 1000 to 1600 cm�1).42 By the
time the 30 s acquisition times are used, the difference
between techniques is even more pronounced, with
many STT bands subsequently more intense than those
of the stationary raster. Also, the broad carbonation
bands with the stationary raster have obscured the R6G
bands almost completely while the STT spectrum is
still distinct. Large area LDNAs substrates, therefore,
have the ability to withstand harsh conditions without
degrading due to the potential of alternate analysis
techniques. This is expected to translate into improved
calibration plots with lower limits of detection. These
improvements correlate to an average signal intensity
height of 13 375 at the 602 cm�1 band with a 30 s ac-
quisition time using the STT, more than 28 times bet-
ter than the 1 s stationary raster.

CONCLUSIONS
In summary, while colloidal deposition can achieve

individual aggregates with large SERS enhancement,

the ability of EBL to reproducibly fabricate high per-
forming pseudoaggregates makes it an attractive ap-
proach for substrate creation. Moreover, through the
use of EBL, we were able to consistently identify the
“hot” regions (cells) on multiple fabrication attempts.
Through a combinatorial-like, spectral mapping ap-
proach to hot cell identification, it was possible to not
only locate an individual cell capable of high signal in-
tensity but also to dissect the individual cells to further
study morphological features leading to SERS enhance-
ment. Using the cells denoted as the best performing,
we are able to clone large arrays that yielded electro-
magnetic enhancement of 5 � 108 with good unifor-
mity, providing improved analytical capabilities by mat-
ing with STT. While more straightforwardly created,
nonlithographic substrates such as metal films over
nanospheres can achieve enhancements of 1 � 108

over relatively large areas,44,45 we contend that by dis-
secting cells more acutely (as see in Figure 3), and/or ex-
ploring additional nanoparticle shapes and sizes, ex-
tended LDNA surfaces may be fabricated with uniform
enhancements significantly better than the 5 � 108 re-
ported herein.

MATERIALS AND METHODS
Instrumentation. All SERS spectra were collected using a JY-

Horiba LabRam Spectrograph. Details of the instrument setup
have been described previously.42,46 In general, a 50� (0.45 NA,
�) microscope objective was used to deliver 0.67 mW of the 633
nm line of a thermoelectrically cooled HeNe laser with a spot
size of approximately 5 �m. All spectra were collected with a
180° scattering geometry, and sample acquisition times were set
to 1 s unless otherwise stated. The polarization vector was verti-
cal in the plane of the substrate arrays in all cases. Normally,
SERS spectra are manually corrected for the broad background
scatter using the LabSpec 4.12 software of our Raman system.

Preparation of SERS-Active Substrates. As described above, 50 �
50 �m patterns containing different shapes of varying sizes
(see appearance in Figure 1A), randomly positioned in the array
to form 5 � 5 �m cells, were created in AutoCAD 2005. These ar-
rays were formed with either various shapes or different circles
and ellipses to create the pattern types seen in Table 1. The pat-
terns were each created by selecting the types of shapes as
well as the sizes to use for that pattern. Subsequently, indi-
vidual shapes were manually inserted into a 50 � 50 �m CAD
square in a random, blind fashion until a predetermined overall
average density (percent coverage/5 � 5 �m cell) was reached.
Some manipulation of the CAD patterns was performed so that
the larger CAD square was partitioned into 100 smaller 5 � 5 �m
cells that roughly match the laser spot size.

Once a strong performing hot cell was pin-pointed via SERS
data collection (described below), that 5 � 5 �m cell was found
in the original AutoCAD drawing and cloned into a macropat-
tern in the shape of a T (called “cloned cell ’T’ pattern”). The
AutoCAD drawings were then converted to GDS-II format by us-
ing the LinkCAD conversion program. The files were transferred
to the EBL system computer and converted to the format read-
able by the instrument.

Liftoff Pillar Method: A 2 in. Si wafer (Wafer World, FL) was baked
for 45 min at 250 °C to remove any excess moisture adsorbed
onto the surface. A 300 nm film of Zep 520A, a high-resolution
positive tone resist suspended in anisole, was applied to the wa-
fer using spin coating at 6000 rpm for 45 s. Once coated, the wa-
fer was then baked at 180 °C for 2 min and placed under vacuum

in the EBL system. The resist film thickness was estimated from
a chart provided by the manufacturer based on spin rate.

A Jeol JBX-9300 FS/E EBL system with a 100 keV thermal field
emission gun was used for the writing of the nanoarrays. The re-
sist film was exposed to a dose of 420 �C/cm2 for fabrication.
Each 50 � 50 �m pattern was spaced 200 �m apart in both the
x and y directions, yielding evenly spaced rows of unique pat-
terns. Each row has similar features, while each column has var-
ied individual patterns. When exposure was complete, the pat-
terns were developed using xylene for 30 s, rinsed with isopropyl
alcohol, and dried. Wafers were then exposed to an O2 plasma
for 6 s at 100 W (Technics Reactive Ion Etching System) to re-
move resist residue on the patterns after development.

For the liftoff process, 10 nm of chromium was then depos-
ited onto the surface of the wafer using an electron-beam dual
gun evaporation chamber (Thermonics Laboratory, VE- 240). The
excess resist and chromium were then removed via liftoff using
an acetone bath followed by an isopropyl alcohol rinse. The wa-
fers are then rinsed with deionized water and dried. The pat-
terns were then etched using an Oxford RIE to a pillar height of
250 nm at a rate of 100 nm/min (see appearance in Figure 1B).
After etching, the chromium was removed using a chromium
photomask etchant, Cr-14S, bath for 20 min. Finally, 20 nm of
SiO2 was deposited onto the silicon surface using an Oxford
Plasma Enhanced Chemical Vapor Deposition system at a rate
of 1.2 nm/s (see appearance in Figure 1C).

Substrates were made SERS-active by deposition of 99.999%
Ag (Alfa Aesar, MA) using a physical vapor deposition (PVD)
chamber from Cooke Vacuum Products, Inc. Samples were
mounted 25 cm above and normal to the effusive source. Aver-
age mass thickness and deposition rates were monitored for
each film using a quartz-crystal microbalance (QCM) mounted
adjacent to the substrates. The SiO2 patterns were coated with
varying amounts of Ag at differing deposition rates depending
on the study being done (see appearance in Figure 1D).

Scanning electron microscopy (SEM) images were collected
with a Jeol JSM-7400F microscope with a field emission gun op-
erating at a range of 1.50�5.00 kV depending on the substrate
surface. Sample damage and charge buildup were reduced un-
der these conditions to yield high-resolution images of Ag-
coated and uncoated surfaces.
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Analyte Preparation and Data Acquisition. The analyte used in most
studies was 1 � 10�5 M benzenethiol (99%, Fisher) in 18 M�
deionized water (Barnstead, E-Pure), which formed a well-
defined SAM on the metal surface. Details of how data was col-
lected and processed have been described previously.42,43 The
wafer containing the rows of patterns was placed at the bottom
of a plastic Petri dish that was filled with approximately 2 mL of
BT solution for 15 min before being rinsed with deionized water
and dried. SERS signal was optimized by fine-focusing the micro-
scope objective, and the spectroscopic data were collected by
rastering the laser beam across each pattern at 5 �m intervals (1
spectral acquisition per step) over a 4900 �m2 area (N � 196).
In some studies, a previously described STT42,46 was used, while
other test analytes were sometimes used, as well. It should be
noted that the laser spot jitter on our nanofabricated samples is
estimated to be 1�2 �m and was influenced by construction
near our laboratory.
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