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Surface-enhanced Raman spectroscopy (SERS) is a powerful measurement method in the chemical analysis
field. It is much superior to bulk Raman owing to the enhancement of signal sensitivity from the SERS

substrate. Nevertheless, the delicate SERS substrates are overpriced, which results in the difficulty of

universal measurements. Accordingly, opting for a substrate made of polymer material based on the

nanoimprint technique shows great potential for low-cost and high-performance SERS substrates.

However, due to its low heat conductivity, the polymer's thermal properties may cause heat to

concentrate on the incident spot and damage the nanostructures or analytes. In this article, we
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proposed a novel design of the Reflective Raman (RR) system to reduce the input power density and

maintain high collection efficiency at the same time. The proposed RR system was directly compared
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1 Introduction

Raman spectroscopy has been essential in chemical compound
analysis in recent decades.' In the regular p-Raman system, the
laser ray is incident on the measurement surface in the normal
direction, and the Raman scattered light is considered a semi-
sphere point light source emitting from the excitation light spot
on the sample's surface.” The objective lens, which acts as a light
collector, directly affects the amount of Raman scattered light to
be captured by the system. An objective lens with a larger
numerical aperture (NA) value can collect more Raman scattered
light from this semi-sphere volume due to its larger light collec-
tion angle. However, suppose we choose a large NA objective lens
for better collection efficiency, the common light path design of
the traditional transmission type Raman system will induce a tiny
focusing spot, which makes damage on the sample surface much
easier. The power density is the input energy divided by the
focusing area. Decreasing the focusing spot will increase the
power density dramatically, and therefore, there is a trade-off
between low power density and high collection efficiency. To
accomplish a successful measurement, proper hardware design is
a crucial issue.

Moreover, the SERS substrate is usually designed with nano-
scale metallic structures coated on polymer,*” glass, anodic
aluminum oxide (AAO),® or silicon®'® substrates. When excita-
tion light is incident on the surface of the SERS substrate,
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with a traditional micro Raman (u-Raman) system and demonstrated its outstanding performance for low
damage threshold analytes and SERS substrates.

surface plasmon resonance (SPR) occurs, and the photothermal
effect causes the temperature to increase."*™ A much larger
power density will damage the SERS substrate™ and the ana-
lyte'>'® during measurement, especially for the low damage
threshold samples, such as polymers, biomaterials, explosives,
or paintings.”*® Currently, most SERS substrates are made of
silicon, glass, or metal. However, the fabrication process of
forming nano-scale structures on these materials leads to the
high price of these SERS substrates being a constraint for wide
use. A SERS substrate made of polymer material using nano-
imprint techniques to generate nano-scale structures and follow
a simple metal film deposition process is proposed to solve this
issue.”*** However, such polymer SERS substrates suffer from
low damage thresholds. Therefore, the traditional p-Raman
system is not an ideal measurement system due to the trade-off
between low power density and high collection efficiency.

In this research, we developed a novel reflective Raman system
that dramatically reduces power density and maintains collection
efficiency. We modified the common light path design in
a regular Raman optical system to solve the power density issue.
The light path of the incident ray and the Raman signal collection
light path are separated by substituting the objective lens with
a 90° off-axis parabolic mirror with a drilled hole (Thorlabs,
MPDO00M9-P01-SP). The separation of the light path gives the
control freedom over the focusing spot size of the incident laser.
Therefore, we can enlarge the incident laser spot and lower the
power density on the measurement surface. Finally, our RR
system is compared with the commercial micro-Raman (or p-
Raman) system. After reaching its threshold, the results regarding
system stability, optical efficiency, and the thermal impact on the
polymer SERS substrate are presented and analyzed.
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2 Materials and methods
2.1 Optical design of the RR system

As shown in Fig. 1a, the input light of the commercial Raman
probe system is first transmitted through a laser-line filter (#3),
a dichroic beam splitter (#4), and the objective lens (#5, 50x NA
0.75), then reaches the surface's (or SERS substrate's) surface
(#6) with a laser diameter of 36 pm. The scattered Raman signal
is captured by the same objective lens and is split to the exit
fiber port by the dichroic beam-splitter. Notice that the incident
and captured light share the common light paths in this system.
The numerical aperture (NA) is related to the angle of light
collected by the lens and the focusing ability of a laser source.
For the common light path system, the laser's focusing spot and
the collection cone angle of the Raman scattering signals are
determined by the same objective lens. More Raman scatter
light will be captured if the objective lens is chosen with a large
NA. However, the incident laser spot will become smaller and
enhance the power density dramatically.

In contrast, the incident light path of the focusing laser spot
(Fig. 1b) and the collection light path by the parabolic mirror in
our RR system is decoupled. The input 532 nm laser is carefully
aligned with the optical axis and passes through a drill hole on the
first parabolic mirror. Although there is a 3 mm diameter drill
hole on the surface of the parabolic mirror, the reflection area
remains larger than 94.4% (=(3/12.7)%). After passing through the
drill hole, the ray reaches the measurement surface (#6) at the
focal plane. Moreover, the parabolic mirror collects the Raman
scattered light and reflects collimated in a 90° direction of its
original optical axis. Finally, the light passes through a longpass
filter (#7) and is focused by the second parabolic mirror (#8) into
a 400 pum core fiber (#9) to the Raman spectrometer (BWTEK,
BTC661E). Separating two light paths allows us to freely decide
the incident light spot on the measurement surface by adjusting
the distance between two aspherical lenses (#2 and #4). The
distance of the first lens (p;) from the end face of the fiber laser
and the distance between the two aspherical lenses (d) is 6 mm

1) Input fiber port

2) Collimation lens |

3) Laser-line filter

4) Dichroic beam splitter

5) 50x Objective lens (NA=0.75)
6) Sample (or SERS substrate)
7) Long pass filter

8) Mirror

9) Collimation lens Il

10) Fiber port to spectrometer

1) Input optical fiber port

2) 1staspherical lens

3) Laser-line filter

4) 27 aspherical lens

5) 1st 90° off-axis parabolic mirror
with a drilled hole (0.5”, f=15mm)

6) Sample (or SERS substrate)

7) Long-pass filter

8) 2" 90° off-axis parabolic mirror
(0.5”, f=33mm) for fiber coupling

9) Fiber port to spectrometer

10) Adjustable lens tube
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Fig. 1 The systematic chart of (a) p-Raman and (b) RR system.
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and 50.51 mm, respectively. Based on the image formation
equation in geometric optics, the theoretical spot size is in the
range of 2.22-2.78 times the core size of the fiber laser, as shown
in Table S1.7 In this article, we used 105 um multimode fiber to
get a larger focal spot and lower power density. The magnification
is 2.62, which means the theoretical spot size is 275 pm (=105 x
2.62). Moreover, all the optical components to build the RR
system are listed in Table S2.}

2.2 Procedure of sample detection

The silicon we used in the experiment is a flat silicon without
doping bought from mesophotonics (Klarite sCAL), which is
a calibration standard for laboratory instrument comparison.
We utilized the silicon standard to assess the uniformity and
system stability. All Raman measurements were conducted
under identical conditions using a home-built pRaman and RR
system. The detailed setup of home-built pRaman system
included a fiber-coupled laser (BWTEK, BWN-532-50E), a spec-
trometer (BWTEK, BTC661E), a Raman probe (BWTEK,
BAC101), and an upright microscope (Whited WM-100). The
532 nm diode-pumped solid-state (DPSS) laser served as the
excitation source. The laser beam was focused using a 50x (NA
0.75) objective lens, resulting in a 10 mW, 38 um diameter spot
on the SERS substrate, corresponding to a power density of 0.88
kW cm 2. The spectrum integration time was set to 1 second,
averaged over ten repetitions.

3 Results and discussion
3.1 Optical design and simulations

We simulated the optical path of the RR system by TracePro
software and analyzed the diameter of the focusing spot on the
sample surface and the collection fiber endface, as shown in
Fig. 2. The ratio of the diameter of the two spots is 2.16 (=650
um/300 um), which consistent with the focal length ratio 2.2
(=33 mm/15 mm) of our optical design. Moreover, we also
measured the diameter of the focusing laser spot on the sample
surface by the p-Raman and the RR system. The results shown
in Fig. 3 indicate the diameter of the focusing spot on the
sample surface of p-Raman and our RR system is 38 um and 278
um, respectively. Based on the spot size, the power density of
the RR system is about 60 times lower than the traditional p-
Raman system (Fig. 3a), which is beneficial to be applied to low
damage threshold samples, such as polymer SERS substrate
and some thermal sensitive analytes. Fig. 3b indicates the
comparison of Raman spectra of 10~® M Rhodamine 6G (R6G)
dried on polymer SERS substrate under the same incident
power (10 mW) measured in both p-Raman and RR systems, the
RR system showing the best signal strength of all. The reason is
due to the thermal-induced damage to the analyte, which makes
the Raman signal decay with time (see Fig. S17).

Finally, we integrated all the optical components, a manual
XY stage by the 3D printed frame structures to build the RR
system, as shown in Fig. 4a and S2, and checked the system
stability. Here, we took a silicon wafer as the test sample and
measured the time variations (Fig. 4b) and position variations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Ray tracing diagram of the RR system and the focusing spot
on (b) sample surface and (c) collection fiber end face.
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Fig. 3 (a) The relationship between incident power and the corre-
sponding incident power density and (b) Raman spectra of R6G
measured by p-Raman and our RR system by 10 mW incident laser
power.

(Fig. 4c) spectra. The coefficient of variation (CV) of the silicon
peaks of both systems is less than 0.6% due to the laser source's
intensity variation. Moreover, for position variations of five
different measurement points within a 2 x 2 cm? area, the CV
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Fig. 4 (a) Photo of the RR system and the comparison of (b) time
variations and (c) position variations of the RR and p-Raman system.
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of the RR system is less than 0.5%, even better than the p-
Raman system (2.5%), indicating the great benefit of uniform
measurement for the large measurement spot and extend the
depth of focus.

3.2 Damage threshold for polymer SERS substrate

To demonstrate the benefit of the low power density RR system,
we monitored the Raman peak of the SERS substrate at
1605 cm ™' at different incident power densities. The test
sample is a SERS substrate made by a polymer nanostructure
substrate covered with a 30 nm silver film deposited by an E-gun
evaporator.”* The experimental results of both p-Raman and RR
systems are shown in Fig. 5. The red line shows a rapid drop
after the power density exceeds 0.15 kW cm ™2, which implies
the damage threshold of this polymer SERS substrate. We also
found a clear damage mark at the position of the focusing spot
area after the incident power density exceeds 0.15 kW cm ™2, as
shown in Fig. 5b and c. Moreover, we found the slope of our RR
system is larger than the traditional p-Raman system. This is
because of the huge difference in power density in both
systems. Consequently, if the maximum allowable measure-
ment power density is limited by the analyte (such as polymer
SERS substrate, ancient painting, or explosive materials), the
best Raman signal of the RR system will always be greater than
the p-Raman system.

Moreover, based on the regression line calculation in the
linear region before 0.15 kW ¢cm ™ of both systems (Fig. $37),
our RR system provides about three times the Raman signal
under the same power density input. Due to the limitation of
the maximum laser power of our 532 nm laser, we can't see the
entire damage threshold trend in our RR system. We multiply
the data of the p-Raman system by a factor of 3.06 to predict the
possible trend, as shown in the dashed grey line in Fig. 5a.

3.3 Benefits of low damage threshold reflective Raman
system

Fig. 5d indicates the relation of normalized Raman intensity to
different input power density conditions of 1605 cm ™" peak on
polymer SERS substrate by the conventional p-Raman system
and our RR system. When the input laser power density energy
exceeds the damage threshold of the SERS substrate, the Raman
signal decays with time, which means we can no longer get
a better signal-to-noise ratio by increasing integration time. On
the other hand, the RR system has a much lower power density
(~0.015 kW cm~?), and the Raman signal of the analytes on the
SERS substrate is time-invariant, as shown in the dashed line of
Fig. 5d. Therefore, the RR system is more stable. The best
condition for Raman spectrum measurement is under the
optimal input laser power density, which is a little smaller than
the sample's damage threshold.

Moreover, the damage phenomena include not only the
dropping of the signal intensity but also the emergence of
unexpected or shifting Raman peaks. In Fig. 6, we demon-
strated the raw Raman spectra of different input power of both
p-Raman and RR systems and analyzed the characteristic peaks
in857cm %, 1133 cm %, 1279 ecm ™1, 1394 em ™, 1607 cm ™ %, and

RSC Adv, 2024, 14, 20879-20883 | 20881
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NA 0.75) and (b) our reflective Raman system.

1728 cm ™ *. The vertical black dashed line in Fig. 6 indicates the
Raman peak at the incident laser power of 1 mW. We found
apparent peak position changes or broadening for the conven-
tional p-Raman system at 1279 cm ', 1394 cm ', and
1607 cm ™. The intensities of Raman signals are not propor-
tional to the incident laser power. On the contrary, the Raman
peak positions of our RR system remain the same, and the
Raman signals increase linearly with the incident laser power.
This phenomenon is significant for qualitative and quantitative
analysis. Since, in most cases, we do not know the damage
threshold of the sample to be tested initially.

20882 | RSC Adv, 2024, 14, 20879-20883

4 Conclusions

In this research, we proposed a novel RR system with a signifi-
cantly lower power density and high collection efficiency. We
compared it with the regular p-Raman system in many aspects.
Due to the common light path design in the regular p-Raman
system, the larger the NA value of the objective lens, the smaller
the light spot on the sample surface. This is not ideal for some
vulnerable ancient samples or polymer SERS substrates with
poor thermal conductivity and low damage threshold. Conse-
quently, our RR system's incident and collection light paths are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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separated via an off-axis parabolic mirror with a drilled hole.
This component gave us complete freedom of control over the
focusing spot size and collection cone angle. Finally, the RR
system is fulfilled by ray tracing simulations and 3D printing
frame structure. However, there is a tradeoff between low power
density (large focal spot) and spatial resolution. Typically, the p-
Raman system is more suitable for Raman mapping. But if one
wants to minimize the focal spot size on the RRP system, one
can also replace it with a single-mode fiber laser. The typical
single-mode fiber core size is about 3-5 um diameter.

In short, the RR system can gain about three times signal
intensity compared with the p-Raman system (50x, NA = 0.75)
under the same power density input. This shows a much
superior measurement performance against the p-Raman
system since either the analyte (or the SERS substrate) has its
damage threshold. If the incident power density exceeds the
damage threshold, the sample (or the SERS substrate) may
cause irreversible change. In addition, heat-induced shifted
Raman peaks also lead to incorrect qualitative and quantitative
analysis. We found that when the incident laser power exceeds
the sample damage threshold, the Raman signal decreases
dramatically with time, some unexpected Raman peaks appear,
and the original Raman peaks are shifted. We also compared
the stability of the RR system with the traditional p-Raman
system. The results show that our RR system has high stability
in terms of time variation (CV < 0.6%) and position variation
(CV<0.5%). Based on the advantages of low power density, high
efficiency, and high stability, the RR system will be more suit-
able for all kinds of SERS substrates and low damage threshold
analytes, accelerating the development of the SERS technique.
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