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ABSTRACT: In Raman analysis, the substrate material serves very
often for signal enhancement, especially when metallic surfaces are
involved; however, in other cases, the substrate has an opposite
effect as it is the source of a parasitic signal preventing the
observation of the sample material of interest. This is particularly
true with the advent of microfluidic devices involving either silicon
or polymer surfaces. On the other hand, in a vast majority of
Raman experiments, the analysis is made on a horizontal support
holding the sample of interest. In our paper, we report that a simple
tilting of the supporting substrate, in this case, silicon, can
drastically decrease and eventually inhibit the Raman signal of the
substrate material, leading to an easier observation of the target
analyte of the sample, in this case, microplastic particles. This effect
is very pronounced especially when looking for tiny particles. Explanation of this trend is provided thanks to a supporting experiment
and further numerical simulations that suggest that the lensing effect of the particles plays an important role. These findings may be
useful for Raman analysis of other microscale particles having curved shapes, including biological cells.

■ INTRODUCTION
Raman spectroscopy is a key analytical tool that is used to
determine the chemical nature of a sample, thanks to light−
matter interaction with specific spectral signatures, which
facilitates the remote identification of a wide variety of materials.
It is reliable, nondestructive, fast, and suitable for a wide scale of
dimensions.1−6 However, the weak Raman signal can be a
disadvantage, requiring optimized and expensive instrumenta-
tion that can limit the scope of applications.1,3,4 This is most
evident in applications where the analysis of individual small-
sized particles (in the micro-/nanoscale) is required, such as
microplastic identification,7−9 cell analysis,10,11 and airborne-
particle analysis.12,13 This is further impaired by the presence of
other parasitic signals that can mask the target signal of the
analyte, such as the Raman scattering peaks of the substrate on
which the analyte particles reside. For instance, analyzing
microplastic particles on a silicon (Si) substrate can be affected
by the strong Si Raman peaks, including the main peak at nearly
520.6 cm−1 and the broader (but less intense) second-order
peak at around 940 cm−1.14,15 This is especially evident when
analyzing smaller plastic particles (<10 μm) of a much weaker
Raman signal, such as PMMA compared to Si.16 Similarly, the
analysis of cells and biological samples requires the character-
ization of different substrates to ensure minimal interference of
their spectral signal with the analyte,17,18 which introduces

additional effort to the analysis process and can pose constraints
on the usable substrates.

In this work, an approach to get rid of the parasitic Raman
signal of the substrate is proposed by simply tilting the substrate.
To demonstrate this, model plastic microparticles are measured
on a Si substrate that is tilted with different angles, resulting in a
noticeable decrease in intensity of the Si Raman peaks as the
tilting angle increases. The parasitic Si peaks almost completely
diminish at large angles (of nearly 75°), while the plastic
microparticles Raman peaks remain measurable.

■ MATERIALS AND METHODS
Raman Spectrometer. The compact Raman spectrometer

used in this work is the model C13560 produced by Hamamatsu
Photonics (Japan). It utilizes a laser diode of wavelength 785 nm
capable of providing an optical power up to 15 mW, with the
smallest spot size of around 20 μm diameter. This spectrometer
measures the Raman shift range of 400−1850 cm−1 with a
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spectral resolution of 10 cm−1. The spectrometer has compact
dimensions of 8 × 6 × 1.25 cm3.
Model Plastic Particles. The model particles measured in

this work are spherical plastic particles of two types and
diameters, polystyrene (PS) 80 μm and poly(methyl meth-
acrylate) (PMMA) 40 μm provided by Microbeads AS
(Norway).

Setup.The setup used to conduct the measurements consists
of a small Si substrate fixed to a rotating arm that can rotate
around its axis, hence tilting the Si substrate with respect to the
laser illumination of the spectrometer. First, the model particles
are spread on the substrate and the distance between the
horizontal substrate and the spectrometer is adjusted to
optimize the Raman signal intensity. Then, measurements of

Figure 1. (a) Raman spectra for single PMMA 40 μm particles at different substrate tilt angles. The theoretical positions of the Raman peaks of Si and
PMMA are shown as vertical black and red lines, respectively. (b) Raman spectra for single PS 80 μm particles at different substrate tilt angles. The
theoretical positions of the Raman peaks of Si and PS are shown as vertical black and blue lines, respectively. The case of 75° tilting is replotted below
both figure parts at a larger scale to highlight the diminishing of the Si peaks.
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single plastic particles are taken at different angles of 0, ±45, and
±75°.
FDTD Simulations. Finite-difference time-domain (FDTD)

simulations are conducted using Meep simulation software,

which is a free and open-source package for electromagnetic
simulations.19 The simulation is meshed in cubic cells with a side
length of 0.02 μm. The boundaries are perfectly matched layers
at all sides of the structure (having a thickness of 2 μm).

Figure 2. Raman parasitic peaks of the Si substrate, which increases in intensity beneath spherical particles.

Figure 3. (a) Schematic showing the FDTD (Meep) simulation setup for a Gaussian beam incident on a plastic particle placed on a Si substrate.
Dimensions are shown in μm. (b) The Poynting vector obtained using Meep FDTD software for the case with the PMMA particle, and (c) without the
PMMA particle showing the focusing effect introduced by the particle on the Si substrate beneath it. (d) Normalized Poynting vector magnitude at the
substrate edge with and without the presence of the microsphere.
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Ray-Optics Simulations. The ray-optics simulations are
conducted using Zemax OpticStudio (ANSYS) ray tracing
software. The simulations are set up to mimic as closely as
possible the practical measurements (in terms of spot size,
particle size, particle material, substrate tilt angles, distances
between different elements, etc.).

■ RESULTS
The Raman spectrum is obtained for a single spherical particle
targeted with the laser spot and lying on a Si substrate. The
measurements are conducted while tilting the substrate at
different angles. The first set of measurements includes targeting
a single PMMA 40 μm particle, and the obtained spectra are
shown in Figure 1a. The laser power used is 15 mW which is the
maximum attainable by the laser diode of the spectrometer. For
the case of a horizontal substrate (0° tilting), strong Si peaks can
be noticed at nearly 520.6 and 940 cm−1, in addition to the
PMMA peaks at around 600, 812, 988, 1452, and 1724

cm−1.14,15,20 However, for a larger tilt angle of ±45°, the Si peaks
are of a smaller intensity. It should be noted that the Si main peak
(at 520.6 cm−1) is saturating the detector (especially in the 0°
case) so the decrease in its intensity for larger tilt angles is not as
pronounced as the second-order peak of Si (at nearly 940 cm−1).
For the largest tilt angle of ±75°, it is noticed that the Si peaks
almost completely disappear from the spectra, while the peaks of
PMMA are still visible and align very well with the theoretical
positions; hence, the parasitic effect of the Si peaks is removed
from the background, emphasizing the analyte spectrum (which
is the PMMA particle). It should be noted that a number of
particles are spread on the Si substrate and that the measured
particle at different substrate tilt angles is not necessarily the
same (however, the particles have identical physical and
chemical properties). Similar measurements are conducted on
single PS 80 μm particles (shown in Figure 1b), where, in this
case, the PS peaks are seen at nearly 619, 761, 794, 1000, 1033,
1155, 1188, 1325, 1447, 1581, and 1600 cm−1.21 As the Si

Figure 4. (a) Schematic showing the ray-optics (Zemax OpticStudio) simulation setup of an isotropic source within the silicon substrate beneath the
particle to get an estimation of the amount of power (emulating the silicon Raman signal) reaching the detector for different tilt angles given the
possible shadowing effect by the spherical particle. The simulation results show the irradiance on the detector for different substrate tilt angles of (b) 0°,
(c) 45°, and (d) 75°. The irradiance curves across a horizontal cross section are also given and compared in part (e).
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substrate tilt angle increases, the same effect is noticed where the
Si peaks diminish, leaving only the PS peaks.

In a second experiment, we compared the Raman spectra of
the Si substrate with and without the presence of a particle
(where a PMMA 40 μm particle is used). The results are shown
in Figure 2. The Si Raman peaks are noticed to have moderate
intensity for the first case of the bare substrate (shown as the
blue curve). For the case of the PMMA particle on top of the Si
substrate (shown as the orange curve), there is a significant
increase in the parasitic Raman peaks of Si. This increase in
intensity is quantified to be about 12 times by comparing the
second-order Raman peak (at around 940 cm−1), where the
main peak at 520.6 cm−1 causes saturation of the spectrometer
detector and cannot be compared.

■ DISCUSSION
According to the results shown in Figure 1, it is very fortunate
that the parasitic peaks of the Si substrate are inhibited by tilting.
To understand the reasons for this trend, we have also to
consider the result shown in Figure 2, which clearly shows that
the presence of the microparticle leads to an enhancement of the
substrate signal. Although this trend is unwanted and contrary to
the conventional signal enhancement of the analyte, this result
suggests that a lensing effect by the particle might occur, causing
a concentration of the incident light on the Si substrate. Indeed,
the geometrical shape of the particle can play an important role
in the intensity of the parasitic signal of the Si substrate, where
spherical or cylindrical particles can act as lenses focusing the
incident laser spot on the substrate beneath and increasing the
intensity of its corresponding Raman signal (which should be a
linear increase).6 This hypothesis is tested through simulations.

Simulations based on FDTD are conducted using Meep
software, where a z linearly polarized Gaussian beam with a
beam waist radius of 10 μm is incident on a 40 μm plastic
(PMMA) sphere placed on a Si substrate, as shown in the
schematic in Figure 3a, and the resulting Poynting vector (−y
component) magnitude is plotted. In these simulations, the 40
μm particle is centered on the origin; hence, the Si substrate
edge is situated at y = −20 μm. It should be noted that the
simulations are conducted in two dimensions (2D) due to
computational limitations; hence, the simulated cross section in
2D will correspond to an infinite cylinder in 3D, but the
expected focusing effect can still be qualitatively compared to the
practical measurements.

The resulting Poynting vector shows that the spherical
PMMA particle indeed has a focusing effect on the incident
Gaussian beam, which is demonstrated in Figure 3b. The
focusing effect is noticed as the intensity significantly increases
beneath the particle at the Si substrate edge. Figure 3c shows the
case without the PMMA sphere, where the incident Gaussian
beam decays inside the Si substrate (whose edge is at y = −20
μm).

To better demonstrate the increase in the Poynting vector, a
cross section along the x-axis is plotted at the Si substrate surface
(at y = −20 μm) for the cases with and without the PMMA
particle. The results are shown in Figure 3d, where it can be
noticed that the PMMA sphere leads to an increase in the
Poynting vector of nearly 3-fold at the Si substrate surface, at x =
0, which explains the increase noticed in the Si Raman peak
obtained experimentally (and shown earlier in Figure 2). It
should be noted that the lower intensity increase (3-fold)
noticed in the simulations compared to the increase in the Si
Raman peak (shown practically to be 12×) can be attributed to

conducting the simulations in 2D, while 3D simulations are
expected to show better focusing of the incident beam in 3D
beneath the particle.

Regarding the decrease and the vanishing of the Si peaks after
tilting, this trend can be attributed to the shadowing effect that
the particle has, where the Raman signal emitted from the Si
substrate can be stopped from reaching the detector of the
spectrometer by the particle that refracts/reflects rays away from
it. However, this does not affect the Raman signal emitted from
the particle itself given that there is no obstacle between the
particle and the detector of the Raman spectrometer and given
that the particle remains at a constant distance to the
spectrometer and also due to the axial symmetry of the spherical
particle. To test this hypothesis, simulations using ray-optics
(Zemax OpticStudio software) with an isotropic source situated
on the substrate beneath the particle (emulating the Raman
signal emitted from the Si substrate in all directions) are
conducted. These simulations help obtain a qualitative insight
into the amount of power reaching the spectrometer detector at
different substrate tilt angles given the particle shadowing effect.
The presented simulations are conducted for a 40 μm PMMA
particle, and an isotropic source emitting 1 mW, while the power
is detected 5 mm away from the particle (similar to the practical
setup). A schematic describing this simulation is shown in Figure
4a.

The simulation results are shown in Figure 4, which show the
irradiance on the detector and the total power detected. It can be
noticed that for a tilt angle of 0° (Figure 4b) most of the source
power can reach the detector (nearly 898 μW, which constitutes
89.8% of the emitted power), and the irradiance pattern shows
some collimation of the light rays due to the particle acting as a
spherical lens with respect to the rays emitted from the isotropic
source on the substrate right beneath it.

However, for a tilt angle of 45°, only 333 μW (33.3% of the
emitted power) is detected (shown in Figure 4c). Another
noticeable aspect is that the irradiance is higher compared to the
previous case (of the 0° tilt angle) and the light rays are better
collimated on the detector. This can be attributed to the
isotropic source being placed on the substrate lying nearly at the
focal point of the spherical particle (or lens) when it is tilted by
45°, causing the emitted rays to be better collimated (however,
the total power is still less compared to the case of the 0° tilt
angle).

Finally, for the largest tilt angle of 75°, most of the power is
lost, where only 3.46 μW (constituting 0.346% of the emitted
power) is detected, and the irradiance is orders of magnitude
lower compared to previous cases (shown in Figure 4d). The
irradiance curves for the different tilt angles are compared in
Figure 4e. The results of these simulations confirm the
assumption that the higher the tilt angle of the substrate, the
less likely for the emitted signal to reach the detector due to the
shadowing effect of the particle, which agrees with the
measurements shown in Figure 1, where the Raman signal of
the Si substrate diminishes for larger tilt angles, leaving only
Raman peaks of the PMMA particle.

This approach of tilting the substrate to inhibit its Raman
signal while maintaining the Raman signal of the particle (which
is the analyte) is believed to be applicable for particles in the
microscale (1 μm to hundreds of microns, using the appropriate
instruments and setup), and it is validated through experiments
and simulations for particles of different sizes (including 10, 20,
40, and 80 μm). The results of the larger particle sizes (40 and 80
μm) are presented in this work, especially that the obtained

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06536
ACS Omega 2023, 8, 9854−9860

9858

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Raman peaks for smaller particles are less pronounced given the
rather low power of the Raman system used in our experiments
(especially for PMMA) regardless of the tilting angle. It should
be noted that the approach is applicable for the range of tilting
angles of 0−90°, where a higher tilting angle results in a further
decrease of the parasitic substrate Raman signal. However,
higher tilting angles make the alignment of the spectrometer
laser spot with the microparticle more difficult practically. It is
also worth noting that particles with an arbitrary shape are
expected to have a similar shadowing effect when the substrate is
tilted, and the substrate’s Raman signal is expected to decrease
with tilting as well; however, the arbitrary shape of the particles
could affect their own Raman signal reaching the detector, but
considering nonspherical particles is a significantly different
situation that was not studied in this work and requires more
investigations.

While this work aims to suppress the Raman signal of the
substrate material seen as a parasitic effect, one can note that in
some other applications, it is the opposite that is desired, which
is having an enhancement of the substrate Raman signal, which
can have a useful effect where the microsphere can be used for
the purpose of Raman enhancement of the substrate signal or
another analyte beneath the particle,22 but of course without any
tilting of the substrate, as it would impair the enhancement.

■ CONCLUSIONS
While targeting the analysis of microplastic particles, it is found
that a simple tilting of the supporting Si substrate can drastically
decrease and eventually inhibit the Raman signal of Si, seen as a
parasitic signal, especially when looking for tiny particles.
Explanation of this trend is provided thanks to a supporting
experiment, and further simulations that suggest that the lensing
effect of the particles plays an important role. Our findings may
be useful for Raman analysis of other microscale particles
including biological cells.
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