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Micro/nanolenses play a crucial role in optics and spectroscopy, but the effect of interference patterns
within each lens has been largely unexplored. Herein, we investigate modulation of Raman scattering by
the interference within a single micro/nanolens of a hygroscopic salt. Lenses having two different
diameter (d) ranges, d > 2 um and d ~1 um, are placed on a silicon substrate, followed by collection of
a Raman intensity map of the silicon peak. Lenses with d > 2 um show dark and bright circular fringes in
the Raman map, resembling the Newton's rings formed by optical interference. In the smaller lenses (d
~1 pm), the map yields only a single peak at the center, representing either an intensity maximum or
minimum. In both diameter ranges, whether the Raman intensity is enhanced or suppressed is
determined by interference conditions, such as wavelength of the excitation laser or thickness of the
SiO, layer. The interference in salt micro/nanolenses finds applications in local modulation of Raman
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Introduction

Interference of reflected light at material interfaces has been
widely used in optics and spectroscopy of nanomaterials, such
as optical visualization* and interference-enhanced Raman
scattering (IERS)*” of graphene. In micro/nanolenses having
a plano-convex shape, interference causes formation of
concentric and alternating patterns of dark and bright fringes,
called Newton rings as reported in polymeric micro/
nanolenses,®**® water or oil droplets,"™ and graphene
bubbles.*** The interference patterns within a micro/nanolens
can find potential applications in nanomaterials research, by
locally modulating optical or spectral properties of a nanoscale
specimen underneath the lens. Since Raman spectroscopy has
served as a powerful tool for characterizing low-dimensional
nanomaterials,’® the interference in those lenses will be
particularly useful in Raman spectroscopy. While previous
studies demonstrated overall modulation of Raman scattering
by interference,®” it is largely unknown how the interference
within a micro/nanolens causes local modulation of Raman
scattering of the underlying specimen. Moreover, the effect of
interference in micro/nanolenses has been overlooked
compared to that of the size,"” shape,'®*" and refractive indices*
of the lenses. Hence, understanding the interference in such
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lenses may offer new opportunities, for example, in sub-
diffraction-limit microscopy,'”****** light harvesting in solar
cells,* and spectral amplification.>”

In this work, we demonstrate that the optical interference in
salt micro/nanolenses strongly modulates the local intensity of
Raman scattering of a specimen underneath the lens. Upon
decreasing the size of the salt lens, the number of Newton rings
decreases, ultimately forming only a single ring in nanoscale salt
lenses. Such lenses serve as a unique tool for the enhancement or
suppression of Raman scattering of the underlying specimen, as
confirmed with silicon substrates at various interference condi-
tions: oxide thickness, lens diameter, and wavelength of excita-
tion laser. As an application of the interference micro/nanolenses
of salts, we show formation of salt lenses selectively along
a single-walled carbon nanotube (SWNT), via transport of ions
along the exterior of the material, and demonstrate local modu-
lation of Raman scattering of the nanotube. This work not only
provides understanding of the interference micro/nanolenses in
Raman spectroscopy but suggests broad applications of the len-
ses in nanomaterials research.

Results and discussion

The hygroscopicity of alkali metal halides can be utilized to
create liquid-state micro/nanolenses. The phase of such lenses
is determined by deliquescence relative humidity (DRH) above
which the salt becomes aqueous solution by absorbing mois-
ture from the air, as well as efflorescence relative humidity
(ERH) below which the solution dries back to salt crystals by
evaporation of water.”® We formed hygroscopic salt lenses on
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silicon substrates having various oxide thicknesses using
a simple air-spray method. When the lens was sprayed on
a silicon substrate with an oxide layer, as illustrated in Fig. 1a,
the reflection and refraction of light occurred at the interfaces
of air/lens and lens/substrate, forming constructive or destruc-
tive interference patterns known as Newton rings. Fig. 1b shows
top-view optical image of a LiCl microlens on 300 nm SiO,/Si
substrate under ambient condition (25.0 °C, 54% relative
humidity). The image clearly shows Newton rings.® Here, the
LiCl microlens is an aqueous droplet, which maintains its
liquid state under a broad range of ambient conditions because
of the low DRH of LiCl (11.3%). Fig. 1c shows a false-colored and
side-view environmental SEM image of an aqueous NacCl lens
above DRH of NaCl (75%), having the diameter (d) of 1.3 um, the
height of 0.23 pm, and the contact angle of 37°. The contact
angle of the aqueous lens on a silicon substrate with 300 nm
SiO, remained invariable at 37 4 4° over the diameter range of
1-11 um (Fig. 1d), as similarly reported in the previous studies
of aqueous microlenses on SiO, substrate.>**°

The Raman intensity modulated by the LiCl microlens is
strongly correlated with the Newton rings. As shown in Fig. 2a,
we placed a LiCl lens (d = 6 pm) on a 300 nm SiO,/Si substrate
and obtained an optical contrast map (top left) and a Raman
intensity map of silicon peak (520 cm™") at 532 nm excitation
(bottom left), with the corresponding intensity profiles along
the dotted line in each map plotted on the right. The optical
map showed three Newton rings, whereas the number
decreased to two in the Raman map. Repeating the measure-
ments on a 150 nm SiO,/Si substrate, using another LiCl lens (d
= 4 um), gave a similar trend, with the number of Newton rings
decreased and the phases inverted in the Raman map (Fig. 2b).

a b
Salt lens
(aq.)
\
tI Sio,
Si
d e
g
o 40 o S ©
g
S 20
o

0 2 4 6 8
Diamter (um)

10 12

Fig. 1 Interference phenomenon in salt microlenses. (a) Schematic
illustration showing interference phenomenon in salt microlens on
SiO,/Si substrate. (b) Top-view optical image of LiCl (ag.) microlens on
SiO,/Si substrate, showing the Newton rings formed by light inter-
ference. Scale bar: 3 um. (c) Side-view environmental SEM image of
NaCl (ag.) microlens on SiO,/Si substrate at 100% RH (>DRH). SiO,/Si
layers are false colored for better contrast. Scale bar: 500 nm. (d)
Contact angles measured from various diameters of salt microlenses
on SiO,/Si substrate.
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Fig. 2 Relationship between Raman intensity of microlens and optical
interference. Top-view false-color optical image of LiCl microlenses
(top) and Raman intensity map of Si peak at 520 cm™! from the lenses
(bottom) on silicon substrates with (a) 300 nm SiO, and (b) 150 nm
SiO,. Shown on the right are intensity profiles along the dotted lines.
Scale bars: 3 pm.

It is worth noting that the thinner oxide enhances the Raman
intensity at the center of the lens, suggesting a significant role
of interference in the system. The intensity profiles of the
optical and Raman maps illustrate that the phases of the fringes
in the two maps are generally inverted. However, this phase
inversion is not entirely opposite, presumably due to the con-
trasting properties of the incident lights: white light with
uniform intensity; versus laser light with a Gaussian intensity
profile. While our study prioritizes experimental investigations,
complementary approaches such as finite-difference time-
domain (FDTD) simulations, or image processing, could
offer a deeper understanding of the correlation between the
optical and Raman maps.

We considered various experimental parameters potentially
affecting the Raman scattering. The phases of the circular fringe
patterns and the locations of the maximum intensity varied
with the thickness of the oxide layer, excitation wavelength, and
diameter of lenses (Fig. S11). The phase of the circular rings in
the Raman map did not depend on the focal plane of the exci-
tation laser (Fig. S21). Further, the shape of the liquid-state lens
before and after laser irradiation remained almost the same
(Fig. S37). In all the silicon substrates used in this study, the
root-mean-square roughness remained insignificant compared
with the lens diameter: 0.08 nm on bare Si, 0.12 nm on 150 nm
SiO,/Si, and 0.26 nm on 300 nm SiO,/Si (Fig. S4t). The constant
contact angle of the lens (Fig. 1d) suggests that the curvature
effect is insignificant. Thus, under our experimental conditions
we rule out the effects of focal plane of the laser, change of the
lens shape or curvature, and surface roughness of the substrate
on the light transmission through the lens. We therefore

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conclude that the two different Raman scattering patterns in
Fig. 2 result solely from the interference effects.

Modulation of Raman scattering by the lens was further
investigated under various interference conditions. Fig. 3a
shows the number of Newton rings in LiCl microlenses plotted
versus lens diameter at difference oxide thicknesses of the
silicon substrate. Here each data point was obtained from
a single lens. The number of rings in optical images decreased
as the diameter of lens decreased as reported previously.® In the
Raman intensity maps of a silicon peak (520 cm "), the number
of rings also decreased in the smaller lenses, forming only
a single peak in the intensity profile when d ~1 pm (Fig. 3b). At
633 nm excitation, the peak was an intensity maximum on
a bare silicon or a silicon with 300 nm oxides, and an intensity
minimum on a silicon with 150 nm oxides. At 532 nm excita-
tion, the intensity profiles were reversed in the two oxides:
a maximum in the 150 nm SiO, and a minimum in the 300 nm
SiO, (Fig. 3c). The results confirm the interference-dependent
Raman scattering of specimen underneath the lenses since
the absorbance for the salt solution does not change in the
visible wavelength range (Fig. S51).

The interference lens based on hygroscopic salts, when
placed on a nanoscale specimen, can be used for locally
modulating Raman scattering of the specimen, which we
demonstrate using single-walled carbon nanotubes (SWNTSs).
Raman spectroscopy is an important tool for the study of carbon
nanomaterials such as graphene and carbon nanotubes. In
graphene, owing to its single-atom-thickness, much of the
incident light is transmitted and only 2.3% of it is used for
Raman scattering in the visible range.*** As a result, the Raman
signal of graphene is very weak. Thus, multiple light reflections
based on interference phenomena have been widely used for
the enhancement of Raman scattering.>***=*¢® For carbon
nanotubes, however, the magnitude of the Raman signal is
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Fig. 3 Characterization of interference micro/nanolenses. (a) Number
of Newton rings in optical images plotted versus lens diameter at
different oxide thicknesses. (b) Raman intensity maps of silicon
(520 cm™) at 633 nm excitation, modulated by a LiCl lens (d ~1 pm)
placed on silicon substrate with various oxide thicknesses. Only
a single ring appears in the optical image and Raman map. Scale bar: 1
um. (c) Raman enhancement by the lens on silicon substrate with
different oxide thicknesses at 532 nm (green) and 633 nm (red) exci-
tation. The dotted line indicates the enhancement ratio of 1.
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governed by strong resonance-Raman scattering conditions.
Therefore, the interference effect in the Raman scattering of
carbon nanotubes has been somewhat overlooked although
recent studies®*® of hygroscopic salt lenses suggest crucial role
of interference.

Compared to existing solid- or liquid-state lenses, salt lenses
offer several advantages as unique tools for nanomaterials
research. First, salt lenses can be selectively formed along 1D
nanomaterials by transporting an ionic solution through the
material, a feat challenging for most solid-state micro/
nanolenses. Secondly, salt lenses can be readily removed by
rinsing with water, without damaging or altering the properties
of the nanomaterials. Lastly, when hygroscopic salts are used
above their DRH, these lenses transform into aqueous droplets
of the corresponding ionic solution. These micro/nano drop-
lets, with their high surface-to-volume ratio, can capture
gaseous molecules from the environment, enabling Raman
analysis of those molecules.*® Several liquid-state micro/
nanodroplets share some of the aforementioned advantages.
Examples include the formation of ionic liquid®*” or PMMA®®
droplets along a nanowire by molecular transport, as well as the
controlled formation of oil nanodroplets'>** for various appli-
cations including Raman spectroscopy. However, none have
demonstrated aqueous micro/nanodroplets for use in Raman
spectroscopy.

In this study, we decorated carbon nanotubes with NaCl
lenses by utilizing exterior transport along the nanotubes, as
reported previously***® and verified by the SEM image (Fig. S67).
Fig. 4a shows an optical micrograph of a SWNT decorated with
Nacl lenses on a 300 nm SiO,/Si substrate (top) and the corre-
sponding Raman map of the G-band of the nanotube (bottom)
at excitation wavelengths of 532 nm and 633 nm. Shown on the
right are the Raman spectra collected from the red spot in the
optical micrograph with (blue) or without (black) the lens at
each wavelength. Note that only a small portion of a centimeter-
long SWNT was characterized in the figure. Here the lens shape
and the location of the nanotube under the lens did not affect
the Raman spectra because the spectra were obtained from the
same lenses. The results clearly demonstrate that the Raman
scattering of the nanotube beneath the lens strongly depends
on the excitation wavelength, showing enhancement at 633 nm
and suppression at 532 nm. The small lens diameter, as
described in Fig. 3, prevented the observation of the circular
fringe patterns within each lens. For the bare silicon substrate,
however, the Raman scattering of the nanotube was enhanced
by the lens at both excitation wavelengths (Fig. 4b). Although
the enhancement ratio of the nanotube G-band varies from one
salt lens to another, the direction of the change, or whether the
signal is enhanced or suppressed, is the same as that of the
silicon signal (520 cm ™) shown in Fig. 3c (Fig. S71). The strong
dependence on the oxide thickness and the laser wavelength
supports the notion that modulated Raman scattering is due to
interference, rather than merely the focusing effect of the
microlenses. On a separate note, the lens caused a downshift in
the G-band (Fig. S87), a shift observed in carbon nanotubes
under mechanical stress.”” In our system, the stress might be
exerted on the nanotubes during the formation of NaCl crystals;
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Fig. 4 Modulation of Raman scattering of SWNTs by interference lenses. (a) Optical image of a SWNT decorated with NaCl lenses (top) on
a 300 nm SiO,/Si substrate, corresponding Raman map of G-band of nanotubes at 532 nm (middle) and 633 nm (bottom) laser excitations, and
individual spectra (right), obtained from the spot indicated by red circle, with (blue) and without (blue) the lens. (b) The same measurements
shown in (a) repeated with another SWNT on a bare silicon substrate. Scale bars: 4 um.

however, further studies are needed to confirm this
phenomenon.

Similarly, the interference lens also enhanced the Raman
scattering of a graphene sheet on a SiO,/Si substrate. Compared
to the carbon nanotube, the 2D nanostructure permitted the
placement of a relatively large lens (d = 5 pm), within which the
circular fringe patterns were clearly observable in the Raman
map (Fig. S9t1). We also expect the lens to enable characteriza-
tion of graphene on a bare silicon substrate, which normally
exhibits weak Raman signal in the absence of interference
effect,* such as a graphene-silicon Schottky diode platform for
applications in photodetection,*" solar energy harvesting,** and
gas sensors.*” The results above suggest that the local modula-
tion of Raman scattering by the salt lens is governed strongly by
the interference conditions and thus applies to characterization

of various nanomaterials.

Experimental
Sample preparation

Droplets of LiCl (3 M) were placed on silicon substrates having
various oxide-layer thicknesses (bare, 150, and 300 nm). The
thickness of the SiO, layer was measured using ellipsometry
(Elli-SE-UaMS8, Elipso Technology). Surface roughness values for
the silicon substrates were obtained using atomic force
microscopy (MultiMode 8 system, Bruker).

Raman spectroscopy and mapping

Raman spectroscopy was performed using a WITec Alpha 300
instrument equipped with 532- and 633 nm excitation lasers,
through a 100x objective (Olympus MplanFL N, NA 0.9). All
spectra were obtained at its maximum intensity.

Decoration of salt micro/nanolens array along carbon
nanotubes by exterior transport

Horizontally aligned carbon nanotubes were synthesized and
decorated with salt micro/nanolenses as we reported previ-
ously.” Briefly, a 30 nm-thick Pt metal cover was deposited on

32490 | RSC Adv, 2023, 13, 32487-32491

the substrate, perpendicular to the nanotubes, to apply the bias
with respect to the ionic solution. Then, a millimeter-wide strip
of photoresist was patterned on the metal cover. Nanotubes
unprotected by the photoresist were etched using reactive ion
etching (RIE), at 20 sccm O, and 100 mTorr for 1 min, and then,
the photoresist was removed using acetone. A droplet of 3 M
NaCl solution was then placed on the etched area. Silanol
groups created by RIE made the area hydrophilic and ensured
that the droplets were in contact with the nanotubes. One Pt
wire from the (+) side was dipped into the ionic droplet and
another Pt wire from the (—) side was in contact with the metal
cover. Then, an electrical bias was applied using a direct-current
(DC) power supply (GwInstek, GPR-30H10D).

Conclusions

We demonstrated interference micro/nanolenses of hygro-
scopic salts that locally modulate Raman scattering of various
specimens including nanomaterials. The Raman scattering of
the specimen beneath the plano-convex salt lens was deter-
mined by the diameter of the lens as well as interference
conditions, such as wavelength of excitation laser and oxide
thickness of the substrate. The Raman intensity map obtained
from the lens was closely correlated with Newton rings within
each lens, which enabled local modulation of Raman scattering
of graphene and carbon nanotube. Our study highlights the role
of interference in Raman spectroscopy of nanomaterials, and
implies broad applications of the interference micro/
nanolenses in spectroscopic characterization of nanomaterials
and molecular species.
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