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Abstract: Surface-Enhanced Raman Spectroscopy (SERS) allows for the highly specific detection
of molecules by enhancing the inherently weak Raman signals near the surface of plasmonic
nanostructures. A variety of plasmonic nanostructures have been developed for SERS signal
excitation and collection in a conventional free-space microscope, among which the gold nanodomes
offer one of the highest SERS enhancements. Nanophotonic waveguides have recently emerged as an
alternative to the conventional Raman microscope as they can be used to efficiently excite and collect
Raman signals. Integration of plasmonic structures on nanophotonic waveguides enables reproducible
waveguide-based excitation and collection of SERS spectra, such as in nanoplasmonic slot waveguides.
In this paper, we compare the SERS performance of gold nanodomes, in which the signal is excited and
collected in free space, and waveguide-based nanoplasmonic slot waveguide. We evaluate the SERS
signal enhancement and the SERS background of the different SERS platforms using a monolayer of
nitrothiophenol. We show that the nanoplasmonic slot waveguide approaches the gold nanodomes
in terms of the signal-to-background ratio. We additionally demonstrate the first-time detection
of a peptide monolayer on a waveguide-based SERS platform, paving the way towards the SERS
monitoring of biologically relevant molecules on an integrated lab-on-a-chip platform.

Keywords: Raman spectroscopy; SERS; photonic integrated circuit; waveguide-based SERS;
nanoplasmonic slot waveguide; gold nanodomes; peptide detection

1. Introduction

Raman spectroscopy enables for the highly specific detection of molecules by probing their
vibrational states. Such Raman signals are, however, inherently weak. In the last decades,
several methods have been developed to enhance Raman signals, such as coherent anti-Stokes scattering
that relies on non-linear Raman scattering [1] or Surface-Enhanced Raman Spectroscopy (SERS) [2–15].
Two types of SERS enhancement mechanisms have been proposed to explain the SERS effect—the
electromagnetic (EM) mechanism and the chemical enhancement (CE) mechanism [16–19]. The EM
enhancement, where the local EM field is greatly increased near plasmonic nanostructures by localized
surface-plasmon resonances, is thought to be the main contribution to the SERS enhancement [19].
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On the other hand, the CE enhancement is characterized by the shifting of the Raman scattering
in non-resonance to that in resonance through the formation of charge transfer complexes between
adsorbed molecules and metal surfaces, and its contribution is thought to be far smaller than
the EM enhancement [19]. In this paper, we will focus solely on the EM mechanism of SERS
enhancement. A variety of plasmonic nanostructures providing high SERS enhancements have
been developed for SERS signal excitation and collection in a conventional free-space confocal
microscope [20]. Colloidal metal nanoparticles enable strong SERS enhancements, yet their fabrication
methods offer only limited control of their geometry, size and position, consequently affecting the
reproducibility of SERS measurements [20]. Conversely, a variety of SERS substrates has been developed
using top-town fabrication techniques such as nanosphere lithography [21–24], and deep-UV [11]
and electron beam lithography [25,26]. These techniques enable precise control of the shape and
position of the nanostructures, which allows more tunable and reproducible SERS enhancements [20].
Among the top-down fabricated SERS substrates, the gold nanodomes offer one of the highest SERS
enhancements [14,15]. Their fabrication is simple and scalable, while also ensuring better control of
the hotspot size and enhancement factor as compared to colloidal approaches.

Moreover, novel techniques for the more efficient collection of Raman signals have recently
emerged as alternatives to the conventional Raman microscope, such as hollow-core photonic
crystal fibers [27] and nanophotonic waveguides on photonic integrated circuits (PICs) [28–31].
Nanophotonic waveguides can be used to efficiently excite and collect the Raman signal of the
molecules close to the waveguide, opening up the possibility of bringing the selectivity of Raman
measurements to an integrated lab-on-a-chip platform. PICs have been also used to collect SERS signals
from external colloidal metal nanoparticles [32–34]. However, to enable reproducible waveguide-based
excitation and collection of SERS spectra, top-down fabricated plasmonic structures can be integrated
on dielectric nanophotonic waveguides. In the first demonstration of waveguide-excited and collected
SERS on integrated plasmonic nanostructures, gold bowtie antennas were patterned on a silicon nitride
waveguide in a two-step electron beam lithography process [35,36]. Electron beam lithography
is, however, resource-intensive and time-consuming, so an alternative nanosphere lithography
approach was used to fabricate integrated nanotriangles. [37] Besides easier fabrication, the integrated
nanotriangles also achieved a significant improvement in SERS enhancement compared to the
integrated bowties. More recently, new waveguide-based SERS platforms have emerged, such as
the nanoplasmonic slot waveguide [38–41] and the nanoporous gold on suspended silicon nitride
waveguides [42].

The on-chip SERS platform shows great potential for high-throughput SERS assays on low sampling
volumes, which is especially relevant for the detection of biological molecules. However, most biological
molecules have low Raman cross-sections, making the SERS enhancements of the integrated bowties
and integrated nanotriangle platforms insufficient for their detection. The high SERS enhancement
of the nanoplasmonic slot waveguide might, however, prove sufficient for the SERS detection of
biological molecules [38]. In addition to high SERS enhancement, the nanoplasmonic slot waveguides
are fabricated using a combination of atomic layer deposition and deep UV photolithography,
enabling mass scale manufacturing. Furthermore, they offer a non-resonant enhancement, making the
SERS enhancement independent of excited and scattered wavelengths.

In this paper, we evaluate the SERS performance of the two top-performing SERS substrates, one for
free-space and other for the waveguide-based excitation and collection of SERS signals. This comparison
is highly relevant for future on-chip SERS applications. We compare the gold nanodomes in which the
signal is excited and collected in free space, and the waveguide-based nanoplasmonic slot waveguides.
We examine the SERS signal enhancement and the SERS background of the different SERS platforms
using a monolayer of p-nitrothiophenol (NTP). We additionally demonstrate the first-time detection of
a biomolecule on a waveguide-based SERS platform, paving the way towards SERS detection and the
monitoring of biologically relevant molecules on an integrated lab-on-a-chip platform.
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2. Materials and Methods

2.1. Fabrication of SERS Substrates

Gold nanodomes were fabricated using a nanosphere lithography (NSL) based process, described
in detail in [15] and shown in Figure 1. Briefly, we started from a 200 nm thick film of silicon nitride
(Si3N4) deposited on top of a 4-inch silicon wafer using PECVD deposition (Vision 310-PECVD,
AdvancedVacuum, Uppsala, Sweden). We spin-coated a colloidal solution of 450 nm polystyrene
beads (microParticles GmbH, Berlin, Germany) on the Si3N4 surface, thereby generating a monolayer
of hexagonally-close packed polystyrene beads. The polystyrene beads were then thinned down in
an oxygen plasma (GIGA batch 310 M, PVA-TePla, Wettenberg, Germany), and a periodic pattern of
nanodomes was etched into the Si3N4 substrate by an anisotropic reactive-ion etch (Vision 320-RIE,
AdvancedVacuum, Uppsala, Sweden). These two steps effectively determined the height and the
width of the gap between the nanodomes, the two most important parameters for tuning the plasmonic
resonance and thus, the SERS enhancement factor [15]. The remains of the polystyrene beads were lifted
off in dichloromethane (Sigma-Aldrich, Overijse, Belgium) and the wafers were cleaned in a piranha
solution (H2SO4:H2O2, 3:1; purchased from Sigma-Aldrich, Overijse, Belgium). Finally, a 2 nm thick
titanium adhesion layer and a 130 nm thick gold layer were sputtered onto the sample (Alcatel SCM600,
Bittmann applied technologies, Rotenburg, Germany). The nanodomes were characterized with
scanning electron microscopy (SEM; Nova 600 Nanolab, FEI, Hillsboro, OR, USA) and the nanodome
gap size was determined to be 12± 2 nm. UV-VIS reflection and SERS measurements were performed to
optimize their localized surface-plasmon resonance wavelength in order to match the 785 nm laser used
for the SERS excitation, as published in [14]. 3D Finite-Difference Time-Domain (FDTD) simulations
predict the maximum SERS enhancement factor of the gold nanodomes for a single molecule in the
order of 107 [15].

Figure 1. Fabrication process of gold nanodomes. (a) Spincoating of polystyrene beads on a Si3N4 chip.
(b) Thinning down of the polystyrene beads by oxygen plasma. (c) Etching of the nanodome pattern in
Si3N4. (d) Removal of the remains of the polystyrene beads. (e) Gold deposition. (f) The arrows mark
the gap in the gold nanodomes.

Nanoplasmonic slot waveguides were fabricated using a combination of atomic layer deposition
and deep UV photolithography, as described in detail in [38] and shown in Figure 2. Firstly, 2.3 µm
thick SiO2 and 220 nm thick Si3N4 layers were deposited on a 200 nm silicon wafer. The Si3N4 slot
waveguides were patterned with 193 nm deep UV optical lithography and subsequently etched by
a reactive-ion etch process (fabricated by IMEC, Leuven, Belgium). The resulting average slot width
was 150 nm. The minimal width of the slot is limited to 150 nm by the resolution of the deep-UV
lithography. To narrow down the slot width, the waveguides were uniformly coated with 58 nm Al2O3

by using atomic layer deposition (ALD; deposited on the home-built ALD setup, Ghent University,
Ghent, Belgium) that has a low SERS background [43]. After ALD, gold waveguides were defined
using photolithography (MA6 mask aligner, SUSS MicroTec, Garching, Germany), and a 2 nm titanium
adhesion layer and a 15 nm thick layer of sputtered gold were deposited. The nanoplasmonic slot
waveguides were characterized with scanning electron microscopy and the gap size was determined
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to be 15 ± 0.5 nm. Due to the technical limitations of the setup, UV-VIS reflection spectra of the
waveguide-based SERS substrates could not be measured. To prove the non-resonant enhancement of
the nanoplasmonic slot waveguides, we relied on the simulation results [38,44], which are supported by
the experimental measurements of the SERS signal at two different laser excitation wavelengths (632 and
785 nm), as reported in [38]. Numerical simulations predicted the maximum SERS enhancement factor
of the nanoplasmonic slot waveguide for a single molecule to be 1.5 × 107 [38].

Figure 2. Fabrication of a nanoplasmonic slot waveguide. (a) Fabrication of the Si3N4 slot waveguides.
(b) Atomic layer deposition of Al2O3. (c) Gold deposition. The arrows mark the gap width of the
nanoplasmonic slot waveguide.

2.2. Acquisition of SERS Spectra of P-Nitrothiophenol

Both SERS substrates were functionalized with a self-assembled monolayer of p-nitrothiophenol
(NTP; purchased from Sigma-Aldrich, Overijse, Belgium) that selectively binds to the gold via
a gold-thiol bond, as described in detail in [38]. In short, the SERS substrates were cleaned with acetone,
isopropyl alcohol and deionized (DI) water, and then were dried with a N2 gun. After the oxygen
plasma treatment, they were immersed overnight in 1 mM NTP solution in ethanol, and then rinsed
with ethanol to remove non-bound NTP.

SERS spectra of the two substrates were acquired on a confocal Raman microscope (Alpha 300 R+,
WITec, Ulm, Germany) equipped with a −65 ◦C to −70 ◦C cooled CCD camera (iDus 401BR-DD, Andor,
Belfast, UK) and a 785 nm diode laser (XTRA II, Toptica, Graefelfing, Germany). Stokes scattered light
was collected by a 100 µm diameter multimode fiber and fed to the spectrometer, which used a 600 l/mm
grating to diffract the Stokes scattered light on the spectral camera. All lines of the CCD camera were
read out (using full vertical binning), using a vertical shift speed of 16.25 µs and a horizontal shift speed
of 0.033 MHz. For the gold nanodomes, a 300 µW laser power before the microscope objective and
a Nikon PlanFluor 10×/0.3 objective (Nikon, Tokyo, Japan) were used to acquire spectra on a spatially
distributed map of 10 × 10 pixels in a 20 × 20 µm area with an integration time of 0.13 s on each point
to avoid signal degradation upon laser illumination. Each trace represents a median spectrum of one
map. To acquire the SERS spectra of the nanoplasmonic slot waveguide on the confocal microscope,
the sample was positioned vertically and end-fire coupled, as shown in Figure 3 and explained in
more detail in [38]. The polarization of the 785 nm excitation beam was set to the TE mode of the
waveguide and a Zeiss 100×/0.9 EC Epiplan NEOFLUAR:∞/0 objective (Carl Zeiss AG, Oberkochen,
Germany) was used to couple the light into the waveguide with the laser power of 350 µW measured
before the microscope objective. The integration time was set to 1 s. The SERS signal was collected in
back reflection using the same objective. The objective and chip were aligned with 100 nm accuracy
based on a maximum intensity of the waveguide Raman spectrum. Simultaneously, maximum light
scattering along the waveguide was observed from a camera imaging the top surface of the chip.
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Figure 3. Schematic of an optical setup used to measure the surface-enhanced Raman spectra. Gold
nanodomes were measured in a conventional free-space configuration, whereas in the case of the
nanoplasmonic slot waveguides, the microscope objective was used to couple the light to the waveguide
and then to collect the SERS signal in the back reflection.

2.3. Acquisition of SERS Spectra of a Peptide

Both SERS substrates were functionalized with a self-assembled monolayer of the in-house made
peptide NH2-CALNNFCNSFCNGGGGVRGNFSF-COOH, where each letter represents a natural amino
acid and FCN represents a non-natural amino acid cyano-phenylalanine. A similar peptide has been
previously used to demonstrate the detection of the protease activity on a gold nanodome platform
such as in [15], where the fabrication and the labeling are described in detail. Briefly, the in-house
synthesized peptide was first dissolved in dimethylformamide (Sigma-Aldrich, Overijse, Belgium)
and then diluted to the concentration of 100 µM/ml in 10% acetonitrile/water solution. The SERS
substrates were cleaned with acetone, isopropyl alcohol and DI water, and then were dried with N2

gun. After the oxygen plasma treatment, the samples were immersed overnight in the peptide solution,
and then rinsed with deionized water to remove any peptides that did not covalently bind to the gold.
The sample was placed in a Petri dish filled with 3 ml of 50 mM ammonium bicarbonate buffer (pH 7.8;
purchased from Sigma-Aldrich, Overijse, Belgium). The SERS spectra of the peptide were acquired
with the same confocal microscope that was used for the detection of NTP spectra, as described in
the previous paragraph. For gold nanodomes, a 1 mW laser power before the microscope objective
and a 40×/0.5 Zeiss water immersion objective (Carl Zeiss AG, Oberkochen, Germany) were used to
acquire spectra on a spatially distributed map of 7 × 7 pixels in a 40 × 40 µm area with an integration
time of 3 s on each point to avoid signal degradation upon laser illumination. Each trace represents
a median spectrum of one map. For the nanoplasmonic slot waveguides, we used 1 mW laser power
before the microscope objective and a Zeiss ×/1.0 W-Plan Apochromat∞/0 objective (Carl Zeiss AG,
Oberkochen, Germany) to acquire 10 consecutive spectra with an integration time of 10 s each.

3. Results and Discussion

3.1. Comparison of Free-Space Excited Gold Nanodomes and Waveguide-Based Nanoplasmonic Slot Waveguide

In this section, we examine the fabrication processes and the SERS performance of gold nanodomes,
where the signal is excited and collected in free space, and waveguide-based nanoplasmonic
slot waveguide.

3.1.1. Scalability of the Fabrication Processes

The SEM images of the gold nanodomes are shown in Figure 4. The fabrication of gold nanodomes
is simple and scalable. Many SERS substrates are fabricated using electron beam lithography; however,
this resource-intensive and time-consuming method is primarily used for prototyping and is not often
used in industrial scale fabrication. On the other hand, the fabrication process based on nanosphere
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lithography is easily implemented in a mass scale production, making gold nanodomes interesting for
industrial applications.

Figure 4. Scanning electron microscope images of gold nanodomes. (a) Tilted view. (b) Top-down view.
(c) Cross-section of a nanodome-patterned chip with a 12 nm wide gap between nanodomes.

Figure 5 shows the schematic and the SEM images of the nanoplasmonic slot waveguide.
The nanoplasmonic slot waveguide provides high SERS enhancement that outperforms previously
developed waveguide-based SERS platforms, such as integrated bowties [35,36] and integrated
nanotriangles [37]. In addition to high SERS enhancement, the nanoplasmonic slot waveguides are
fabricated using a combination of atomic layer deposition and deep UV photolithography, enabling mass
scale manufacturing.

Figure 5. Nanoplasmonic slot waveguide. (a) Schematic showing that the input and Stokes powers are
guided by the waveguide. (b) Scanning electron microscope image of the gold-covered slot in top view.
(c) Cross-section of a nanoplasmonic slot waveguide with a gap of 15 nm.

Both gold nanodomes and nanoplasmonic slot waveguides are, therefore, fabricated using widely
available, mass-scalable fabrication methods that make them interesting for industrial applications.

3.1.2. SERS Performance Comparison

To compare the SERS performance of gold nanodomes and nanoplasmonic slot waveguides,
we used a monolayer of p-nitrothiophenol (NTP). NTP shows prominent SERS peaks at the Raman
shifts of 1110, 1339 and 1573 cm−1 that correspond to C–S stretching, symmetric nitro stretching and
phenyl ring modes of the nitrothiophenol molecule [45]. We used the integrated counts of the 1339 cm−1

NTP mode as a metric of the SERS signal and the SERS background. We additionally assessed the
coefficient of variation on the SERS signal across a single chip on the gold nanodomes to be 6–7%,
as previously reported in [15]. For the metal slot waveguides, this coefficient cannot be defined since
we are exciting the SERS response through a single access waveguide.

We acquired the SERS spectra of the gold nanodomes and nanoplasmonic slot waveguides using
different excitation laser powers and integration times. These parameters were optimized so that no
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photoinduced reduction of NTP to dimercaptoazobenzene was observed, since these chemical changes
would affect the SERS signal strength of the 1339 cm−1 mode of the NTP [24]. On Figure 6, we show the
averaged SERS spectra of the NTP monolayer acquired on gold nanodomes and on the nanoplasmonic
slot waveguide. The first step to consistent comparison of the SERS signals was to normalize the SERS
signal strength on the integration time. Since the signal increases linearly with the integration time,
we simply normalized the SERS signal strength to the integration time of 1 s. To include the effect of
the different excitation laser powers, we calculated the ratio of total collected Stokes power PS over
input power Pin as:

η =
PS
Pin

, (1)

where Pin is the laser power that is used to excite the SERS response of our analyte. In the case of
nanodomes, all the free-space laser power is used to excite the SERS response of our analyte, so Pin
is the laser power coming out of the microscope objective, whereas in the waveguide-based SERS
platforms, we define Pin as the laser power guided in the waveguide to the plasmonic structure,
as shown in Figure 5a. Stokes power PS is the power of the SERS scattered photons, which in our case
was at the 1339 cm−1 peak. To convert the measured CCD counts to PS, we use the formula:

PS = Fphh(ν0 − νS)T−1
m . (2)

Figure 6. Averaged SERS spectra of the NTP monolayer acquired on gold nanodomes and on the
nanoplasmonic slot waveguide. The spectrum on the gold nanodomes was obtained using a laser
power of 300 µW and an integration time of 0.13 s. The spectrum on the nanoplasmonic slot waveguide
was obtained using a laser power of 350 µW and an integration time of 10 s. The SERS spectrum on
the nanodomes was divided by a factor of 40 to allow for better visualization. We subtracted the dark
counts, but not the SERS background of the spectra. The spectra are offset on the y-axis for clarity,
and the dashed line represents the zero line of each spectrum.

For the 1339 cm−1 NTP peak excited at 785 nm, the Stokes frequency (ν0 − νS) equals 342 THz
and the transmission of the microscope Tm is 0.61 at the 870 nm Stokes shifted wavelength. For the
specific case of our spectrometer with settings as described in Methods and Materials, the photon
flux Fph equals 5.9 times the number of counts in the Raman spectrum. The same calculation was
also applied to calculate the SERS background signal. In Figure 7, the performance of the gold
nanodomes and nanoplasmonic slot waveguides is compared in terms of the SERS signal strength and
the SERS background. Additionally, we included the SERS performances of integrated bowties [35]
and integrated nanotriangles [37] in the graph to highlight the progress that has been achieved in the
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last few years in the field of waveguide-based SERS platforms. We see that the free-space excited gold
nanodomes offer very high SERS enhancements; however, their high background contribution limits
their SERS performance. On the other hand, the nanoplasmonic slot waveguides provide lower SERS
enhancements, yet their SERS background is reduced compared to that of the nanodomes.

Figure 7. Comparison of SERS background power PBG (x-axis) and SERS Stokes power PS (y-axis) of
different SERS platforms. Both parameters are normalized on the input power and the integration time.
FS indicates free-space and WG is the waveguide-based excitation and collection of the SERS signal.

SERS background is still not sufficiently understood, and in the last few years, several new
models were proposed to describe its origins [46–49]. Exact identification of the origin of the SERS
background in gold nanodomes and nanoplasmonic slot waveguides is, therefore, a difficult task that
is beyond the scope of this paper. We can, however, try to narrow down the possible origins of the
SERS background. The SERS background was experimentally linked to the strength of the localized
surface plasmons, the identity of the adsorbate and adsorbate coverage [46]. In our case, we use the
same adsorbate (NTP) under identical labeling conditions to characterize both the nanodomes and the
nanoplasmonic slot waveguides. Furthermore, we always use newly fabricated SERS substrates in
order to avoid any contaminants from previous labelings. We thus argue that the differences in the
SERS background probably do not arise from the adsorbate itself or the contamination of our samples.
Conversely, the effects of plasmons on the SERS background are harder to evaluate. We fabricated
the structures using the same gold deposition technique, indicating that the differences in the SERS
background did not originate in the difference of the gold deposition. SERS enhancement was then
achieved via localized surface-plasmon resonance in gold nanodomes [15] and via propagating the
surface plasmon polariton in the nanoplasmonic slot waveguide [38], which might at least in part
cause the differences in the SERS background. Additional differences in the SERS background might
also have arisen from the two different ways of exciting the SERS response, that is via free-space and
waveguide-based excitation for the gold nanodomes and nanoplasmonic slot waveguides, respectively.
In the case of the nanoplasmonic slot waveguide, the silicon nitride waveguides might have provided
some additional contribution to the SERS background.

To compare the different SERS platforms, we considered both the SERS enhancement and SERS
background in one figure of merit. We propose signal-to-background ratio (SBR) and signal-to-noise
ratio (SNR) as relevant figures for comparison of the SERS performance of different platforms. In the
case of strong SERS signals compared to the background, the accuracy of the SERS signal analysis was
limited by the imperfect background subtraction, since the background needed to be estimated from
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algorithmic extrapolation or from separate measurements [50]. In this case, we could use SBR as metric
to evaluate the SERS performance:

SBR =
PS

PBG
=

PS
Pin

PBG
Pin

. (3)

The SBR of different SERS platforms are shown in Table 1. We see that the nanoplasmonic slot
waveguide offers a significant improvement compared to other waveguide-based SERS platforms.
It provided more than 10-times higher SBR than integrated bowties and 60% higher SBR than integrated
nanotriangles, respectively. The nanoplasmonic slot waveguide, therefore, approached the SBR of the
free-space excited gold nanodomes, providing only 3-times lower SBR than the gold nanodomes.

Table 1. The signal-to-background ratio (SBR) and signal-to-noise ratio (SNR) values at Pin = 1 mW
and t = 1 s for different SERS platforms evaluated based on the 1339 cm−1 mode of a NTP monolayer.
If we use another input power or integration time, the absolute value of the SNR will change, but the
relative SNR of different SERS platforms will remain the same. FS indicates free-space and WG is the
waveguide-based excitation and collection of the SERS signal. For the sake of this table, only the shot
noise contribution from the background is taken into account (as it will be more relevant when looking
for weaker peaks than the 1339 cm−1 mode).

SERS Platform SBR SNR (Pin = 1 mW, t = 1 s)

Gold nanodomes (FS) 3.28 3 × 104

Integrated bowties (WG) 0.12 102

Integrated nanotriangles (WG) 0.72 103

Nanoplasmonic slot waveguide (WG) 1.16 2 × 103

On the other hand, when the photon number of the total signal within the integration time was
below the critical level, the accuracy of the SERS signal analysis was not limited by the imperfect
accuracy of the background subtraction, but rather by shot noise. SNR then provided a more relevant
metric for the SERS performance of different SERS platforms [50]. The noise N, due to shot noise,
was proportional to the square root of the sum of the SERS peak and the SERS background signal.
In the case of low SERS signals, the main contribution to the noise N (being the rms value of the signal
fluctuation) is, therefore, from the background signal:

N =

√
PBGt

hν
. (4)

The SNR is then defined as:

SNR =

PSt
hν√
PBGt

hν

=

PS
Pin√
PBG
Pin

√
Pint
hν

. (5)

We list the SNR of the different SERS platforms in Table 1. Since the SNR also depends on the
square root of the input power Pin and integration time t, we set the input power at 1 mW and the
integration time to 1 s to be able to do a relative comparison of the SNR of the different SERS platforms.
If we use another input power, the absolute value of SNR will change, but the relative SNR of different
SERS platforms will remain the same. We see that the nanoplasmonic slot waveguides provide
significant SNR improvements compared to the other waveguide-based SERS platforms. Their SNR
ratio is 20-times better than that for integrated bowties and 2-times better than in the case of integrated
nanotriangles. Nevertheless, free-space excited gold nanodomes still outperform the nanoplasmonic
slot waveguide with 15-times higher SNR.

Besides the improved SBR, the nanoplasmonic slot waveguide also offers non-resonant
SERS enhancement, making the SERS enhancement independent of excited and scattered
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wavelengths, which offers an advantage when compared to the highly resonant gold nanodomes.
Moreover, the waveguide-based SERS platform shows great potential for high-throughput SERS assays
on low sampling volumes, and is especially relevant for the detection of biological molecules.

3.2. SERS Detection of a Peptide on a Waveguide-Based Platform

A waveguide-based SERS platform offers several advantages over conventional free-space
SERS substrates for biological applications. The waveguide-based SERS platform allows parallel
measurements of a large number of SERS analytes, enabling high-throughput assays that are of particular
interest for pharmacological drug discovery. Furthermore, the efficient SERS enhancement mechanisms
allow for the measurement to be performed on low sampling volumes, additionally minimizing the
cost of such assays.

To demonstrate the detection of a biomolecule on a waveguide-based SERS platform for the
first time, we chose the peptide NH2-CALNNFCNSFCNGGGGVRGNFSF-COOH. Here each letter
represents a natural amino acid and FCN represents a non-natural amino acid cyano-phenylalanine.
A similar peptide containing only natural amino acids has been previously used to demonstrate the
detection of protease activity on the gold nanodome platform [15]. Proteases are enzymes that catalyze
the hydrolysis of peptide bonds and that therefore play important roles in various human diseases [51].
A real-time, multiplexed method for detection of protease activity is, therefore, important for the
development of new drugs that, for instance, could inhibit disease-associated proteases.

In the peptide NH2-CALNNFCNSFCNGGGGVRGNFSF-COOH, the SERS signal originates from
the aromatic amino acids phenylalanine and cyano-phenylalanine. We observe the SERS peak of
phenylalanine at 1003 cm−1 assigned to the trigonal ring breathing of the benzene ring [52], and the
peak of cyano-phenylalanine at 1180 cm−1. To additionally increase the Raman cross-section of the
peptide, we incorporated doubled aromatic amino acids in the peptide, effectively doubling the Raman
cross-section independently of the SERS platform that is used to detect the peptide.

We first detected the SERS spectra of the peptide on the gold nanodomes. Next, we obtained
the SERS spectra of the peptide on the nanoplasmonic slot waveguide, which is, to the best of our
knowledge, the first-time detection of a biomolecule on a waveguide-based SERS platform. Both spectra
are shown in Figure 8.

Figure 8. Background-subtracted SERS spectra of the peptide
NH2-CALNNFCNSFCNGGGGVR-GNFSF-COOH acquired on gold nanodomes and on the
nanoplasmonic slot waveguide. The spectrum on the gold nanodomes was obtained using a laser
power of 1 mW and an integration time of 1 s. The spectrum on the nanoplasmonic slot waveguide
was obtained using a laser power of 1 mW and an integration time of 30 s, and the SERS intensity was
divided by a factor of 10 to allow for better visualization. The spectra are offset on the y-axis for clarity,
and the dashed line represents the zero line of each spectrum.
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Previously developed waveguide-based SERS platforms, such as integrated bowties [35] and
integrated nanotriangles [37], have been able to detect organic molecules with relatively high Raman
cross-sections, such as NTP. However, their SERS enhancements were not high enough to detect
biological molecules with low Raman cross-sections. We have used nanoplasmonic slot waveguide
in combination with the peptide with doubled aromatic amino acids that intrinsically increase its
Raman cross-section in order to detect a biological molecule for the first time on a waveguide-based
SERS platform, paving the way towards SERS detection and the monitoring of biologically relevant
molecules on an integrated lab-on-a-chip platform.

4. Conclusions

In this paper, we evaluated the SERS performance of gold nanodomes in which the signal is
excited and collected in free space and in waveguide-based nanoplasmonic slot waveguides. Both SERS
platforms are fabricated using simple and scalable fabrication methods, making them interesting
candidates for industrial applications. We compared the SERS signal enhancement and the SERS
background of the different platforms using a monolayer of p-nitrothiophenol. We showed that
the SERS enhancement of the gold nanodomes is higher than in the nanoplasmonic slot waveguide;
however, their SERS performance is limited by the high SERS background. We demonstrated that the
nanoplasmonic slot waveguide approaches the performance of the free-space excited gold nanodomes
in terms of the signal-to-background ratio, showing great promise for future waveguide-based
SERS applications.

Combining the improved SERS signal-to-background ratio of the nanoplasmonic slot waveguide
with the possibility of parallel measurements of a large number of SERS analytes on a lab-on-a-chip
platform is especially interesting for biological applications. We, therefore, additionally demonstrated
the first-time detection of a peptide monolayer on a waveguide-based SERS platform, paving the way
towards SERS detection and the monitoring of monolayers of biologically relevant molecules on an
integrated lab-on-a-chip platform.
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