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ABSTRACT Organic semiconductor distributed feedback (DFB)
lasers are of interest as external or chip-integrated excitation
sources in the visible spectral range for miniaturized Raman-on-
chip biomolecular detection systems. However, the inherently
limited excitation power of such lasers as well as oftentimes low

analyte concentrations requires efficient Raman detection schemes.

We present an approach using surface-enhanced Raman scattering
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(SERS) substrates, which has the potential to significantly improve the sensitivity of on-chip Raman detection systems. Instead of lithographically fabricated

Au/Ag-coated periodic nanostructures on Si/Si0, wafers, which can provide large SERS enhancements but are expensive and time-consuming to fabricate,

we use low-cost and large-area SERS substrates made via laser-assisted nanoreplication. These substrates comprise gold-coated cyclic olefin copolymer

(COC) nanopillar arrays, which show an estimated SERS enhancement factor of up to ~10”. The effect of the nanopillar diameter (60—260 nm) and

interpillar spacing (10—190 nm) on the local electromagnetic field enhancement is studied by finite-difference-time-domain (FDTD) modeling. The

favorable SERS detection capability of this setup is verified by using rhodamine 6G and adenosine as analytes and an organic semiconductor DFB laser with

an emission wavelength of 631.4 nm as the external fiber-coupled excitation source.

KEYWORDS: Raman spectroscopy - surface-enhanced Raman scattering - nanostructure fabrication - nanoimprint lithography -
laser material processing - organic semiconductor distributed-feedback lasers

aman spectroscopy is an ideal label-
Rfree optical detection technique that

can provide rich information on the
molecular structure and composition of
analytes, based on their vibrational finger-
prints.' 3 For analysis of aqueous solutions,
for instance in life science, Raman detection
has an important advantage over infrared or
near-infrared absorption, namely, practically
no perturbing signal from water.*® Com-
bined with microfluidic techniques, Raman
spectroscopy is promising for biomolecular
detection in a miniaturized lab-on-a-chip
(LOQ) device.”"° For this Raman-on-chip
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approach, either an external, e.g., fiber-
coupled, or a chip-integrated laser source
can be used. Organic semiconductor lasers
(OSLs) are of particular interest as they are
miniature emitters covering the whole visi-
ble spectral range.""” "> Very low laser
thresholds have been demonstrated, and
these lasers can even be pumped with
microsized light-emitting diodes.'® Further-
more, they can be integrated into LOCs by
shadow mask'” and printing techniques.'®
Narrow line width (required for Raman
spectroscopy) and single longitudinal mode
lasing can be realized using distributed

VOL.9 = NO.1

* Address correspondence to
uli.lemmer@kit.edu,
xinliu@kit.edu.

Received for review August 12, 2014
and accepted December 16, 2014.

Published online December 16, 2014
10.1021/nn506589a

©2014 American Chemical Society

.
260-270 = 2015 mLMLN_Vﬂi{\/

WWwWW.acsnano.org

260



feedback (DFB) laser structures.'®~2' In general, the
integration of high power laser sources into lab-on-a-
chip devices is challenging. This is not an issue for OSLs
that have a typical power level of less than T mW.
Recently, we have demonstrated the application of
organic semiconductor DFB lasers (DFB-OSLs) as ex-
citation sources for Raman measurements of sulfur and
cadmium sulfide powders.2*?3 Although a low average
power of the OSL (~0.2 mW) was used in these mea-
surements, the large Raman scattering efficiencies of
the analytes enabled a straightforward Raman band
detection. In the case of biomolecular analytes, the
smaller Raman scattering cross sections, the limited
excitation power of LOCs, as well as typically low
concentrations of analytes would lead to very small
or undetectable Raman signals under comparable
excitation/detection conditions. A promising approach
for overcoming this challenge is to use surface-
enhanced Raman scattering (SERS) effect thus greatly
increasing the Raman signal.

SERS occurs mainly due to a plasmonic effect in
metallic nanostructures. Specifically, irradiation pro-
duces very high local electric field which leads to
enhanced Raman scattering from molecules adsorbed
on or near the metallic nanostructures.>*~2% Raman
enhancement factors of up to ~10"", sufficient for a
single-molecule detection, have been demonstrated
in SERS “hot spots” (regions of the highest local elec-
tric field) associated with silver and gold colloids or
in junctions between metal nanoparticles.”’?® High
Raman enhancement factors have also been demon-
strated for individual nanostructured particles such as
nanoshells,?® nanostars*® and anisotropically etched
octahedrals.3' However, practical SERS substrates
composed of these nanostructured particles, which
are typically assembled by random aggregation,? still
lack uniformity and reproducibility in enhancement
factor.>®> A compromise between moderate enhance-
ment and high reproducibility can be offered by
periodic nanostructures, which can be realized by
advanced nanopatterning and deposition techniques
such as nanosphere lithography®* and physical vapor
evaporation.®® The uniformly patterned periodic nano-
dome and nanopillar metallic/silicon structures have
demonstrated “hot spot” SERS enhancement factors of
up to ~108 on active substrates.36~*°

Several techniques to fabricate periodic nanostruc-
tures are available. Electron beam lithography (EBL)
offers maximum control over the nanostructures but
suffers from low throughput and high costs. On the
other hand, nanosphere lithography does not provide
complete control over resulting nanostructure mor-
phologies. Both methods cannot easily be integrated
into the LOC fabrication. These problems can be solved
through nanoimprint lithography (NIL) using a pat-
terned silicon wafer as a reusable molding template.
A subsequent gold coating is the only fabrication step
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requiring high vacuum. Several NIL techniques have
been employed for the fabrication of SERS substrates.
These include soft lithography,*' UV-assisted NIL,*
and thermal NIL (also known as hot embossing).*® It
is mandatory to use specific elastomeric materials in
the soft-lithography and special photoactive materials
in the UV-NIL process. These limitations would severely
constrain the fabrication of SERS LOC systems. In
contrast, thermal NIL is advantageous for parallel
replication onto a common polymer substrate. Never-
theless, the local fabrication of nanostructures on
predetermined chip sites is very difficult. Furthermore,
the large-area and long-time heating can be detrimen-
tal for existing LOC microfluidic channels or other
preexisting photonic elements. As we demonstrate
below, these limitations can be overcome by fabricat-
ing SERS-active substrates by laser-assisted replication
process* using a scanning laser beam from a high-
power near-infrared CW laser diode.

Therefore, SERS nanopillar substrates were fabri-
cated by laser-assisted replication and subsequent
gold-film deposition. The method provides replication
accuracy down to ~20 nm. Several different nanopillar
arrays have been prepared in order to study the effect
of nanopillar diameter and spacing on the Raman
enhancement factor. The latter is estimated to be
~107 for the optimum nanopillar arrangement when
using rhodamine 6G as the analyte. The experimental
results are supported by finite-difference-time-domain
(FDTD) simulations of the local electromagnetic field
distribution modified by the nanopillar arrays. Finally,
we demonstrate sensitive Raman detection of adeno-
sine drop-cast onto optimized SERS nanopillar arrays
from aqueous solution using an organic semiconduc-
tor DFB laser as an excitation source.

RESULTS AND DISCUSSION

We used EBL for fabrication of the silicon templates
containing several sites with different patterns of
inverted nanopillar (nanowell) arrays, each taking up
an area of 0.5 x 0.5 mm?. Figures S1, S2 (Supporting
Information) show a schematic illustration of the fabri-
cation process and nanostructure details of one repre-
sentative silicon template. A schematic illustration of
the subsequent laser-assisted replication process is
depicted in Figure 1a. In comparison with common
polymer substrate materials, like polydimethylsiloxane
(PDMS) or poly(methyl methacrylate) (PMMA), cyclic
olefin copolymer (COC) demonstrates relatively weak
Raman signals, ie., weak interference with analyte
signals*>*® and therefore it was chosen to build SERS
nanopillar arrays. A 1 mm-thick COC substrate with a
size of 20 x 20 mm? was positioned on the template,
covered with a glass plate (thus providing a contact
pressure of ~0.1 MPa) and exposed to the laser diode
beam (50 W at 940 nm). The laser was focused to a
~ 0.3 mm? spot and scanned the COC substrate with a
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Figure 1. (a) Schematic illustration of the laser-assisted replication process: (l) positioning of the COC substrate on a
patterned silicon template, (I1) laser-assisted replication, (lll) detachment of the substrate and (IV) sputter-deposition of a thin
gold-layer. (b) Photograph of a gold-coated COC SERS substrate with 7 x 9 active nanopillar array sites. (c) SEM image of one
active SERS site with nanopillars having a diameter of 200 nm and a spacing of 190 nm. The scale bar corresponds to 500 nm.

velocity up to 40 mm/s. Since the COC is transparent
for the applied laser wavelength, the laser beam was
mainly absorbed by the silicon surface in contact with
the COC substrate. The laser scanning parameters were
adjusted so that the local temperature of the irradiated
polymer region was increased to exceed its glass
transition temperature Ty ~ 140 °C. Above Ty the
nanostructures on the rigid template were (inversely)
replicated into the polymer substrate. The laser-
assisted replication took about 8 min for one 20 x
20 mm? polymer chip. After cooling down, the polymer
substrate with positively replicated nanostructures was
detached from the silicon template and the process
was repeated with a fresh COC substrate. No degrada-
tion of the silicon stamps was observed after more than
five replications. A final gold sputter deposition com-
pleted the fabrication of a SERS-active substrate.
Figure 1b presents a photograph of the completed
SERS nanopillar array chip fabricated on a COC sub-
strate comprising 7 x 9 nanopillar array sites. The
contrast variance indicates different nanopillar pat-
terns. The scanning electron microscope (SEM) image
of one representative SERS nanopillar array site illus-
trates nearly defect-free replication (see Figure 1c).
A stringent inspection of SEM images revealed that
typically ~2—10% and rarely up to 30% of all nanopillars
were slightly bent, deformed or shifted. However, we
expect only little influence on the overall SERS perfor-
mance of nanopillar arrays by these minor shape-defects.
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It is well-known that the characteristic size of nano-
structures and spacing between them in a periodic
array can dramatically influence the SERS enhance-
ment factors. In order to investigate the effect of both,
we fabricated different patterns of Au/COC nanopillars
with diameter D, varying from 60 to 260 nm in steps of
20 nm. With regard to the feasible EBL resolution and
replication accuracy, the minimum spacing between
adjacent COC nanopillars was set at 20 nm. The typical
thickness of deposited gold-films was measured to
be about 25 nm on the top and 5 nm on the side
walls of the nanopillars, respectively. Correspondingly,
the minimum spacing between Au/COC pillars was
d~ 10 nm. In addition, we fabricated arrays with larger
interpillar spacing, e.g.,d =190 nm and d =D, i.e., of the
same value as diameter D. Figure 2 shows SEM and
atomic force microscope (AFM) images of three SERS
nanopillar arrays with D = 100 nm and different inter-
pillar spacings. The height of the COC nanopillars in all
arrays was about 80 nm.

The main SERS enhancement mechanisms have
been proposed to be of electromagnetic and chemical
origin*” In our case, the SERS effect arises mainly
because the nanosized gap between nanopillars is
associated with an intense localized electromagnetic
field. Indeed, a metallic nanopillar array can be con-
sidered as an array of optical antennas.*® The induced
localized surface plasmon resonance (LSPR) effect
contributes to the enhancement both of the incident

VOL.9 = NO.1 = 260-270 = 2015 A@M&)

WWww.acsnano.org

262



W

> i«
" d=10nm

L EEEEEEEEEEEEEEE]
EBRFHIBARSLR R RN D
FERBIAIAB R R REBRE A
MAR AR R SRS EET RN
EE R SRR AR TS
LR E SRR T EE LSRR R
BYEFEIINRARN GRS
BAFBAERREESE IR PRGN
L et E LR B L EEL B LS L
LR AR EEEE R AL T ]
GBRBRRERERER SRR SN
ABARNNSRSSARYT — -

b

S

R T J T T T T T TR B
98 A0 99999
e e T e B TR R S B
9989999t ea
LT B TR e T I B R )
S RO E K TRk
R i e B T T R S R

Figure 2. (a—c) Schemes of nanopillar arrays with interpillar spacing d = 10 nm, d = 190 nm and d = D where D is the nanopillar
diameter. (d—f) SEM images of the gold-coated COC nanopillar arrays with D = 100 nm and d = 10, 190, and 100 nm,
respectively. The scale bars correspond to 500 nm. (g—i) Corresponding AFM images of the gold-coated COC arrays of

nanopillars.

excitation and Raman scattered light*® The local
SERS electromagnetic enhancement factor (EF) scales
approximately as*’
4
EF oc|E—|4 (1)
|Eol
where || is the amplitude of the enhanced local
electric field and |E| is the amplitude of incoming
electromagnetic wave.

The surface plasmon resonance behavior of the Au/
COC nanopillars was first characterized by measuring
their scattering properties with white-lightillumination
dark-field microscopy (for details see Materials and
Methods and Figures S3 in Supporting Information).*’
The measurements also indicate a strong resonant
enhancement at wavelength around 650 nm. For a
spacing of d = 10 nm, the nanopillar resonance is found
to be dependent on the nanopillar diameter D. The
scattering peaks shift toward longer wavelengths for
larger nanostructures and the peak intensities increase
for larger nanostructures, as shown in Figure S3b
(Supporting Information). To elucidate the electromag-
netic field distribution on the active SERS-substrates,
we used the FDTD method to simulate the near-field
electric field distribution in modeled Au/COC nanopil-
lar arrays excited with a normally incident plane wave
at A = 632.8 nm, polarized along the x-axis (as applied
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in the experiment). In this modeling we assume a
25 nm-thick gold-layer on top of the 80 nm-high COC
nanopillars and a 5 nm-thick gold-layer on their side
walls, as shown in Figure 3a (for simulation details see
Materials and Methods and Figures S4—S6 in Supporting
Information). The simulation results for nanopillars
with a diameter D = 100 nm and three different inter-
pillar spacings are shown in Figure 3b—d with the
color-coded intensity representing the normalized
amplitude of the enhanced electric field |E| with re-
spect to the amplitude of the incoming electric field
|Eo|- For nanopillars with the spacing of 10 nm, the
enhanced electric field regions with two antinodes are
clearly seen within the gaps between adjacent nano-
pillars (see Figure 3b). This minimum spacing also
offered the highest electric field enhancement, as
could be expected due to the surface plasmon cou-
pling effect.*” When the spacing exceeded ~30 nm,
the major electric field enhancement could only be
found in the vicinity of nanopillar side walls, indicating
a weakened electromagnetic coupling between nano-
pillars, as shown in Figure 3¢,d.

Furthermore, enhanced field regions were also
found to be generated inside nanopillars and thus
“inaccessible” for SERS of analyte molecules. When
the nanopillar diameter exceeded ~180 nm and the
interpillar spacing was similarly large, the enhanced
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Figure 3. (a) Schematic side view of Au/COC nanopillars
model for FDTD simulations. (b—d) Color-coded FDTD-
simulated images of the near-field electric field intensity
distributions for pairs of Au/COC nanopillars with diameter
D = 100 nm and spacing d = 10, 100, and 190 nm, respec-
tively. The dashed lines denote the COC nanopillar bound-
aries. z = 0 corresponds to the bottom of uncoated COC
nanopillars. (e) FDTD-simulated electromagnetic field en-
hancement averaged over “hot spot” regions versus nano-
pillar diameter for three different nanopillar array patterns.
electric field regions were mainly confined within
nanopillars (Figure S6 in Supporting Information) and
practically did not contribute to the SERS effect. These
trends are reflected in Figure 3e, which shows the
average electric field enhancement in “hot spot” re-
gions as a function of nanopillar diameter varying from
60 to 260 nm for three groups of arrays: having
constant spacing of 10 and 190 nm and those with
the spacing following the diameter (d = D). The “hot
spot” region was defined as an area, where the en-
hanced electromagnetic field in the exterior of Au/COC
nanopillars was no less than 1/e of the maximum value.
Such a definition of the average electric field enhance-
ment would appear to provide a more realistic estima-
tion of the SERS effect than the maximum value.
Another important factor determining the overall SERS
efficiency is the relative “hot spot” area with regard to
the whole SERS array area, as discussed in detail below.

The SERS effect of various Au/COC nanopillar arrays
was first experimentally characterized using the laser
dye rhodamine 6G (Rh6G) as the analyte (Rh6G depos-
its drop-cast from aqueous solution) and a helium—
neon (He—Ne) laser as the excitation source at
632.8 nm. Figure 4a,b show SERS spectra of Rh6G
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molecules, which were acquired for different nano-
pillar arrays under the same experimental conditions.
In accordance with the FDTD simulation results, the
SERS signals of Rh6G exhibited a significant depen-
dence on the nanopillar array geometry. In the case
of arrays with the minimum interpillar spacing of
d = 10 nm, the SERS intensity first increased with the
increasing nanopillar diameter up to D ~ 180 nm, but
then started to decrease for the larger diameter values,
as seen in Figure 4a. For a set of arrays having nano-
pillar spacing equal to their diameter (d = D), the SERS
intensity monotonically decreased with increasing
diameter from 60 to 220 nm, as seen in Figure 4b.
For comparison we performed similar measurements
with commercially available Klarite SERS substrates
(Renishaw Diagnostics). We found that the optimum
nanopillar array patterns (i.e., d = 10 nm, D ~ 180 nm)
provided SERS signals which were stronger by a factor
of ~20 than those from Klarite SERS substrates. For
evaluation of the absolute SERS enhancement factors
(EFs), we compared the SERS response to the “stan-
dard” Raman signals of the analyte (Rh6G) taking into
account the respective numbers of Rh6G molecules
probed within the laser focus. In this comparison, the
SERS signals are assumed to only arise from molecules
occupying the calculated “hot spot” regions of a given
SERS substrate. On the basis of our measurements and
using the FDTD modeling estimation of the relative
“hot spot” area, we evaluated the “hot spot” enhance-
ment factor for the optimum nanopillar patterns to be
about 107 (see Materials and Methods). Note that this
value is about a factor of ~200 higher than the EF
calculated according to Equation 1 as the fourth power
of the modeled electric field enhancement averaged
over “hot spot” regions (average |E|/|Eq| ~ 15, as shown
in Figure 3e). Such a discrepancy between the mea-
sured and calculated SERS EFs has often been seen and
is usually attributed to the additional contribution of
chemical effects not considered in the simulation.*’
One can also expect that the gold surface on the
nanopillars is actually not as smooth as that of the
model structures. Such surface roughness would lead
to higher local electric field enhancements than
predicted.

For nanopillar arrays with d = 10 nm, Figure 4c
compares the experimental dependence of the SERS
intensity (peak at 614 cm ™', see Figure 4a) on array
geometry (nanopillar diameter) with the calculated
SERS “hot spot” average enhancement factors. The
experimental intensity and calculated EFs are normal-
ized to the values for the nanopillar array d = 10 nm,
D = 60 nm and are shown in relative units. The mea-
sured SERS intensity increases more slowly than the
calculated “hot spot” EFs and even slightly decreases for
D = 180 nm. This discrepancy can be explained by the
fact that, according to FDTD simulations, the relative area
of the “hot spots” (versus the whole array area) decreases
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Figure 4. SERS spectra of Rh6G deposited on arrays with different nanopillar diameters D, and with interpillar spacings: (a)
d=10nmand (b) d equals to D. Rh6G was deposited onto a 20 x 20 mm? multiarray substrate by drop-casting 30 uL of a 10 uM
aqueous solution. The spectra (recorded after allowing the solutions to dry under ambient) are compared with those of Rh6G
similarly deposited on a commercial Klarite SERS substrate and of a solid Rh6G layer deposited from a 1 mM solution onto an
unstructured gold surface. All spectra were measured under the same conditions (4 mW excitation at 632.8 nm, 10 s
acquisition time). Relative SERS signals and corresponding calculated “hot spot” average enhancement factors are shown as a
function of nanopillar diameter for arrays with (c) d = 10 nm and (d) d = D, respectively. Typical SERS images of arrays with
equal nanopillar spacing and diameter (d = D): (€) 60 nm and (f) 100 nm, respectively. The color-coded intensity corresponds
to the area of the 614 cm ™' peak of Rh6G. Lateral resolution and pixel size are ~2 um and 2 x 2 um?, respectively.

upon increasing D. Correspondingly, fewer molecules
would on average occupy the “hot spot” regions and
thus contribute to the SERS signal (under the assump-
tion of approximately uniform, nonsite-specific analyte
deposition/adsorption onto the whole nanopillar array
surface). According to simulations, the relative “hot
spot” area is reduced by a factor of 4.3 by increasing
D from 60 to 260 nm. Above D ~ 180 nm, the decrease
of the “hot spot” area overweighs the increase of EF
and the overall SERS efficiency starts to decrease.

The effect of the relative area of the “hot spot”
regions can be further verified for the group of nano-
pillar arrays having equal nanopillar diameter and
spacing (d = D), as shown in Figure 4d. The experi-
mental results and calculated EFs are normalized to the
values for the nanopillar array with d = D =220 nm.The
modeled EF in the "hot spots” rises relatively slowly
when the nanopillar diameter increases in the range of
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D ~ 60—180 nm. Beyond D ~ 180 nm, the major
enhancement of the electromagnetic field occurs only
within nanopillars and the weakened coupling be-
tween nearby nanopillars results in a decrease of “hot
spot” EFs. In parallel, the relative “hot spot” area
diminishes strongly, even faster than in the case of
d = 10 nm as discussed previously. Hence, the total
SERS efficiency drops with increasing D. We conclude
that the occupancy or relative area of the “hot spots”
should not be neglected as it can play a significant
role in determining the overall efficiency of a SERS
substrate.

To characterize the lateral variation of the SERS
response across nanopillar arrays, i.e., the uniformity
of the SERS substrates over length scales comparable
to the laser focus, Raman images were acquired by
XY-scanning the samples under a microscope objective
with the aid of a piezo-stage. The scanned area and
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Figure 5. (a) Photograph of an encapsulated DFB-OSL when
pumped by the UV laser. The scale bar corresponds to 1 cm.
(b) Laser spectrum of the DFB-OSL fabricated with a homo-
geneous Algz:DCM active layer of 220 nm and input-output
characteristic (inset) at the emission wavelength of
631.4 nm. (c) Schematic illustration of the organic laser
module used as excitation source for SERS measurements.

lateral resolution were 0.1 x 0.1 mm? and ~2 um (20x
objective), respectively. Figure 4e,f show the color-
coded images of the characteristic Raman peak of
Rh6G at 614 cm ™" after subtraction of the broad back-
ground signal. Raman images acquired for several
nanopillar arrays exhibited intensity variations in the
SERS signals of less than 10%. This observation pro-
vides further evidence of the high accuracy and repro-
ducibility of our laser-assisted replication process.
Recently, we have reported on the application of a
DFB-OSL as a Raman excitation source in different
instrument configurations, using both free-beam and
fiber coupling.?**® Various organic active media have
been applied in OSLs, which can cover practically the
whole visible spectral range. In this work, in order to
conform to the Raman microscope equipped with a
He—Ne laser, we fabricated a DFB-OSL with a similar
emission wavelength of 631.4 nm. This OSL was based
on the efficient and stable Forster-energy-transfer blend
of tris(8-hydroxyquinoline) aluminum (Algs) and the
laser dye 4-(dicyanomethylene)-2-methyl-6-(p-dimeth-
ylaminostyryl)-4H-pyran (DCM) (for fabrication details

LIU ET AL.
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Figure 6. SERS spectra of Rh6G (drop-cast from 30 uL of a
10 #M aqueous solution) as measured on Au/COC nanopillar
arrays (d = 10 nm, D = 100 nm), upon excitation with an
organic semiconductor DFB laser and a He—Ne laser (both
at 0.2 mW), in comparison with the Raman spectra of Rh6G
on a Klarite SERS substrate (also drop-cast from 30 uL of a
10 uM aqueous solution). Measurement conditions: 20x
objective, 600 g/mm grating, 5 s acquisition time.

see Materials and Methods and Figure S7 in Supporting
Information). A photograph of the OSL in operation is
presented in Figure 5a. The line width (spectral full
width at half maximum) of the DFB-OSL device with a
homogeneous active layer was 0.35 nm, when the UV
pump power was set at 3.2 uJ pulse™' (see Figure 5b).
The DFB-OSL exhibited a high slope efficiency of 6.8%
and a laser threshold of 28 1J cm™2 for a pump area of
~540 um x 420 um, as shown in the inset of Figure 5b.
We utilized the bottom-emission from the DFB-OSL
in addition to the surface-emission and thus almost
doubled the power of the DFB-OSL in one direction
up to ~0.6 mW. A dichroic beamsplitter was used to
separate the organic laser and UV pump laser emissions,
as shown in the scheme in Figure 5c.

In contrast to a standard He—Ne laser, the OSL is
a quasi-continuous-wave Raman excitation source
which emits short pulses (<1 ns) at a repetition rate
of 10 kHz as determined by the DPSS UV-pump laser
(Crylas, FTSS355-Q2). In addition, it generates an en-
larged excitation spot on the sample in our setup (see
Materials and Methods). However, these differences
were proven unimportant for SERS detection. As illu-
strated in Figure 6 for Rh6G, similar Raman/SERS
signals were detected using both lasers at the same
excitation power.

Finally, we used our organic semiconductor DFB
laser for the biomolecular SERS detection of adenosine
deposited on one of the most efficient nanopillar
arrays (d = 10 nm and D = 100 nm). Figure 7 shows
the Raman spectra of adenosine molecules deposited
by drop-casting from different aqueous solutions with
concentrations ranging from 1 M to 10 mM (using
30 uL volumes in each case). The detection limit for
dried adenosine deposits prepared in this fashion was
<300 pmol at the excitation power of 0.2 mW and
relatively short acquisition time of 10 s. The sensitivity

voL.9 = NO.1 = 260-270 = 2015 ACSNANIC)

~

WWww.acsnano.org

266



30000 T T

25000

20000

15000

Intensity (a.u.)

10000

Ny

e kN .

e
5000t S

500 1000 1500 2000
Raman shift (cm™)

Figure 7. SERS spectra of adenosine deposited on Au/COC
nanopillar arrays (d = 10 nm, D = 100 nm) from aqueous
solutions with concentrations ranging from 1 «M to 10 mM
(see text for details). SERS was excited with an organic
semiconductor DFB laser at 631.4 nm at a power of
0.2 mW. Other measurement conditions: 20 x objective lens,
600 g/mm grating and 10 s acquisition time.

is expected to be further improved by optimizing
analyte deposition/adsorption as well as the optical
detection scheme. Furthermore, dark-field scattering
characterization and FDTD simulations (see Figure S4
in Supporting Information) predict that the spec-
tral resonance peaks of some nanopillar arrays are
slightly higher than our current laser wavelength. Con-
sequently, the excitation at longer wavelengths
(~750 nm and above) might be even more favorable.
These nanoarrays may be of significant interest for NIR
SERS analyses. We note that the NIR excitation range is
currently practically inaccessible for organic semicon-
ductor lasers (efficient lasing until ~700 nm). However,
as the dense nanopillar arrays allow for the excitation

MATERIALS AND METHODS

Fabrication of a Silicon Master Stamp. Poly(methyl methacrylate)
(PMMA) 950k A2 (MicroChem) photoresist was spin-coated
onto a 4" silicon wafer for 60 s at 1250 rpm and subsequently
baked on a hot plate at 180 °C for 5 min. Cylindrical nanowell
patterns for later nanopillar arrays were written onto the
photoresist across several discrete areas of 0.5 x 0.5 mm? using
an electron beam (e-beam) writer (Vistec Lithography Inc.,
Vistec VB6). For three different silicon master stamps, the
separation distance between adjacent nanowells was set at
20,200 and (D' + 20) nm, respectively, where D is the nanowell
diameter. Each stamp contained 7 x 9 individual nanowell array
sites. The line and column separation distances between these
sites were defined as 1.5 and 2 mm, respectively. The nine lines
corresponded to the sites with increasing nanowell diameter.
The seven columns corresponded to applied e-beam doses
(listed in Supporting Information), in order to optimize the
e-beam writing and following etching process. After develop-
ment with methyl isobutyl ketone and isopropyl alcohol (1:3) for
10 s, the photoresist structures were transferred into the silicon
wafer by SFe-based reactive ion etching. After stripping the
PMMA resist, ~ 100 nm-deep nanowell arrays were exposed. An
antiadhesion coating consisting of a self-assembled monolayer
of fluorinated organosilanes finished the master stamp fabrica-
tion. To check array parameters such as nanowell diameters and
separations, the stamp structures were further investigated via
SEM and AFM. Supporting Information includes a schematic
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of several modes in visible spectral range, it is promis-
ing to employ organic tunable lasers as excitation
sources to study the excitation wavelength depen-
dence in future.

CONCLUSIONS

In summary, laser-assisted replication has been used
to fabricate SERS substrates consisting of arrays of
gold-coated cyclic olefin copolymer nanopillars with
variable diameters ranging from 60 to 260 nm. The
spacing between adjacent nanopillars was precisely
controlled down to ~10 nm. The employed silicon
master templates were prepared by the standard
lithography techniques and could be applied multiple
times in the replication process. The replication is fast
and potentially low-cost. We believe that this fabrica-
tion method may contribute to the advancement of
analytical SERS applications. Furthermore, such polymer
SERS substrates can be directly integrated into, e.g.,
microfluidic or photonic devices. SERS enhancement
factors estimated to be up to ~10” for Rh6G were
determined for the “hot spot” regions in the nanopillar
arrays, based on FDTD modeling of their lateral extent.
The modeling also supported the experimentally char-
acterized dependence of the SERS enhancement on the
nanopillar array geometry (nanopillar diameter and
spacing). In a first application of this approach, we have
demonstrated the sensitive concentration detection of
adenosine using replicated nanopillar arrays and an
organic semiconductor DFB laser as the excitation
source. This combination appears to be particularly
promising for routine SERS biomolecular analytics in
future miniaturized lab-on-a-chip devices.

illustration of the fabrication process, photograph of one silicon
template and typical SEM images (Figures S1, S2).

Dark-Field Scattering Characterization. Scattering intensity mea-
surements were performed using scattering far-field detection
via dark-field microscopy. The measurement setup is presented
in Figure S3a in Supporting Information. A microscopy halogen
lamp (Zeiss HAL 100) homogeneously illuminated a dark-field
condenser (Zeiss, EC Epiplan NEOFLUAR, 50 x , NA = 0.8). The
dark-field scattering from the nanostructures was then col-
lected by the same objective and reflected onto an EMCCD
camera (Andor) using an imaging spectrometer (Acton 2500i).
The slit opening of the spectrometer was then used to selec-
tively image lines of nanopillar arrays onto the EMCCD detector.

Finite-Difference-Time-Domain (FDTD) Simulations. We used the
Lumerical FDTD Solutions program (version 8.7.4, www.lume-
rical.com) to perform our numerical calculations. To prevent
numerical singularities in the form of electromagnetic “bursts”
arising at the sharp edges and to take the realistic contours of
our fabricated structures into account, the nanopillar edges
were modeled by a curved surface with a radius of curvature of
3 nm. The boundaries of the simulation region in x, y-directions
were set periodic to take the periodicity of the whole array
into account. A 1 nm mesh in x, y, z-directions in the whole
simulation region was found to be well suited for the con-
vergence of the calculations. Figures S4—S6 (Supporting
Information) show more details about FDTD simulations and
related simulated images.
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Raman Measurements. The SERS enhancement factor (EF) of
Rh6G on Au/COC nanopillar arrays was estimated for the SERS
peaks at 614 and 1367 cm ™! (shifted to 620 and 1381 cm ™,
respectively, for Rh6G in a reference aqueous solution dropped
on a gold-coated unstructured COC substrate) using the follow-
ing formula:*°

EF — Isers /Nsurt
Iref/NvoI

where Isggs is the SERS intensity, N,s is the number of molecules
within the “hot spot” regions within the laser excitation spot,
contributing to the measured SERS signal, /s is the non-SERS
intensity from the reference sample, and N, is the number of
molecules in the laser excitation/detection volume on the
reference sample.

The laser excitation/detection volume was estimated as
~200 ,um3 for the microscope setup and objective (20x, NA =
0.4) applied. We applied 30 uL of a 10 mM Rh6G aqueous
solution to a gold-coated unstructured COC substrate
(reference sample). The total number of Rh6G molecules in this
solution was about 1.8 x 10"7. For an excitation/detection vol-
ume of ~200 um?3, N, was calculated as ~1.2 x 10°. Average
signals /(620 cm™") and /(1381 cm™") were measured as
2290 and 4030 counts, respectively (5 mW excitation at
632.8 nm, 10 min acquisition time).

Nsus Was calculated as the number of Rh6G molecules
deposited in the “hot spot” regions of Au/COC nanopillars
within the laser spot. These regions were defined from model-
ing as described above. For instance, for the Au/COC nanopillars
with d=10nmand D =260 nm, the “hot spot” area amounted to
~2000 nm? per nanopillar. Experimentally, a 10 nM diluted
solution of Rh6G was applied and dried over the SERS substrate
(20 x 20 mm?). With regard to the very low analyte concentra-
tion (10 nM) applied, a roughly homogeneous, nonsite-specific
analyte deposition/adsorption of the Rh6G molecules on the
whole SERS substrate with Au/COC nanopillar arrays was
assumed. Since the SERS areas (7 x 9 sites, each with a size of
0.5 x 0.5 mm?) occupy only a small part of the whole substrate
(20 x 20 mm?), their contribution to the whole surface area is
negligible. As a result, we approximate that the adsorbate
density (per surface unit) is nearly the same for nanoarrays with
different geometries. By depositing a 30 uL volume of a 10 nM
diluted solution, this corresponded to about 45 x 107*
molecules/nm? Within one laser excitation spot (diameter of
~4 um), there are about 150 nanopillars withd=10nmand D=
260 nm. The number of molecules within the “hot spot” regions
Nsuis is about 140. The SERS measurement results showed
lsgrs(614 cm™") = 2990 counts and lsgrs(1367 cm™') = 4670
counts (5 mW excitation at 632.8 nm, 10 min acquisition time).
Hence, the SERS enhancement factors are EF(614 cm™") ~ 1 x
107 and EF(1367 cm™ ") &~ 9 x 10°. We note that, in general,
different vibrational modes can be associated with different
SERS enhancement factors.>' =3 This effect has typically been
attributed to a specific orientation of analyte molecules or to
their interaction with a SERS substrate.>>~>® In our case, this
effect for Rh6G is apparently not significant.

Fabrication and Operation of the Organic Semiconductor DFB Laser.
The organic semiconductor tris(8-hydroxyquinoline) aluminum
(Algs) doped with the laser dye 4-(dicyanomethylene)-2-methyl-
6-(p-dimethylaminostyryl)-4H-pyran (DCM) forms a very efficient
and stable Forster energy transfer system with a red emitting
spectra range and was chosen as the active gain material for
our laser devices. The fabrication process is shown in Figure S7.
To match this red emitter, we applied a glass substrate with one-
dimensional corrugation with a period of 400 nm (Visolas GmbH)
as the second-order DFB resonator. Algs and DCM (2.8 wt %) were
thermally coevaporated in a high vacuum chamber, forming a
film with a thickness of 220 nm on the grating substrate. The laser
device was subsequently encapsulated by bonding a glass lid
with an ultraviolet (UV) curable optical adhesive (Norland,
NOAG68), in order to prevent photodegradation when exposed
to air.

In this work, we conveniently used the DFB-OSL as an
external, quasi-CW Raman excitation source, which was
pumped at 10 kHz with a nanosecond-pulsed DPSS laser at

2

LIU ET AL.

355 nm (Crylas, FTSS355-Q2). The output power of the OSL was
~0.6 mW. It was contributed both by the bottom and surface
emission from the active layer. This was achieved by adding a
reflector film (3M, Vikuiti Enhanced Specular Reflector ESR) on
the bottom of the DFB grating substrate. The present lifetime of
the DFB-OSL is sufficient for proof-of-principle measurements
but needs to be improved for routine analytics. Corresponding
laser degradation was followed by monitoring the output
power while maintaining the pump pulse energy and frequency
constant. Typically, laser power decayed by only 10% within the
first 30 min of operation at the above pumping conditions. Such
stability is sufficient for typical SERS measurements of up to a
few minutes. Note that the initial DFB-OSL power can be
completely recovered by slightly moving the pump spot to
another active layer position. Due to insufficient confinement in
the grating orientation, the DFB-OSL also operates on higher-
order transverse modes. Correspondingly, a multimode optical
fiber with a core diameter of 50 um had to be used to efficiently
couple (~70%) the OSL beam and transfer it to the microscope
in the fiber-coupling scheme. The overall efficiency of light
transfer from the OSL to a given sample was determined to be
40%. Correspondingly, samples were exposed to a maximum
excitation power of 0.25 mW. Because of the multimode fiber
coupling, the OSL produced a significantly larger excitation spot
on the sample (~20 um with a 20 x objective) as compared with
a standard He—Ne laser (coupled via a single-mode fiber). The
image of this spot as produced by a tube lens in the Raman
microscope was also correspondingly enlarged. To efficiently
collect Raman light over this enlarged area, while keeping the
spectral resolution almost unchanged, we employed a round-
to-line fiber bundle (LightGuide Optics, L2000) for coupling the
microscope exit (tube lens focal point) to a spectrograph. The
line output of the fiber bundle was oriented to correspond to
the entrance slit of the spectrograph.
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