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Abstract

High-resolution spectroscopy unveils the fundamental physics of quantum states,
molecular dynamics, and energy transfers. Ideally, a higher spectral resolution

over a broader bandwidth is the prerequisite, but traditional spectroscopic techniques
can only partially fulfill this requirement even with a bulky system. Here we report
that a multi-frequency acousto-optic phase modulation at a chip-scale of soft poly-
dimethylsiloxane can readily support a 200-times higher 0.5-MHz spectral resolution
for the frequency-comb-based spectroscopy, while co-located plasmonic nanostruc-
tures mediate the strong light-matter interaction. These results suggest the potential
of polydimethylsiloxane acousto-optic phase modulation for cost-effective, compact,
multifunctional chip-scale tools in diverse applications such as quantum spectroscopy,
high-finesse cavity analysis, and surface plasmonic spectroscopy.

Keywords: Optical spectroscopy, Chip-scale acousto-optic phase modulation,
Polydimethylsiloxane, Frequency comb, Plasmonics

Introduction

High-resolution optical spectroscopy has been a vital tool for unveiling the new phys-
ics of quantum phenomena, including the analysis of complex chemical elements [1, 2],
the observation of molecular quantum motion [3-5], and the study of single spin states
of atoms [6-8]. The spectral proximity of optically excited spins or vibrational modes
linked to intricate molecular bonds poses a challenge for distinguishing them via tra-
ditional spectrometers or monochromators based on diffraction gratings. These neces-
sitate the use of novel spectroscopic methods that offer high spectral resolution in a
simple and compact manner. Fourier transform spectroscopy has long been used for
high-resolution spectroscopy [9], but its resolution is limited to about 30 MHz, and the
long mechanical scanning of the interferometer arm requires high-precision control, not
suitable for harsh environments or small-scale integrated devices. Frequency comb (FC)
spectroscopy [10] provides a promising alternative for high-resolution spectral measure-
ments, as it allows for scalability and adaptability to chip-scale micro-resonators [11, 12],
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optical communications [13] or photonic integrated circuits [14]. FC generates a large
number of optical frequencies that are highly coherent in the frequency domain [15],
providing superior performance in the spectral analysis of gas atoms and molecular fin-
gerprinting studies [1-3]. Furthermore, the FC, being coupled to atomic clock frequen-
cies could serve as a cornerstone for mapping the internal atomic energy structure and
atomic dynamics for the regulation of fundamental constants [6—8].

Direct frequency comb spectroscopy (DFCS) [16-18] is one of the representative
methods for high-resolution FC spectroscopy, owing to its simplicity and robustness. It
involves the interaction of an FC with target atoms and molecules to produce absorption
features that provide information about specific electronic transition lines. The spectral
resolution of DFCS is constrained by the frequency spacing between two neighboring
optical modes, usually spanning from tens of MHz to a few GHz, attributable to the rep-
etition frequency of the mode-locked laser pulse [15]. Thus, extending the cavity length
of a mode-locked laser can reduce a repetition frequency to sub-MHz level for high-
resolution DFCS. However, this approach requires much effort in laser stabilization that
limits practical applications. Recently, a pulse-picking technique utilizing an acousto-
optic modulator (AOM) has been demonstrated to reduce the repetition frequency to
the sub-MHz level. This method incorporates pulse amplification to generate sufficient
powered mode-locked laser pulses [19].

Meanwhile, the spectral resolution of DFCS can be improved by employing phase
modulation techniques without optical amplifier, which create interleaved combs
between optical modes [20]. This technique involves actively modulating the refractive
index of the medium through which light is transmitted. Generally, the phase modula-
tion in a medium can be quantified by the phase modulation index 8, describing the
degree of phase change due to the modulation angular frequency [21]. A high phase
modulation index corresponds to the generation of many interleaved comb modes with
a quasi-flat power distribution. These interleaved comb modes through phase modula-
tion techniques enhance the spectral resolution of DFCS, contingent upon the frequency
of the phase modulation.

Conventional optical phase modulation techniques have primarily used high second-
order nonlinearity materials like LINbO, to modulate the refractive index of the medium
in an electrical manner [22—24]. LiNbO; offers high electro-optic coefficients, enabling
efficient phase modulation even at low voltages. Additionally, they provide high linearity
in phase modulation, making them well-suited for GHz-range optical communication
with high precision. However, LiNbO;-based phase modulators have several demer-
its, including limited fabrication forms with costs, which prevent them from realizing
the full potential of the material. While various on-chip optical modulators have been
reported to date [22-27], they generally have required sophisticated fabrication pro-
cesses. Acoustic waves can be used as an alternative way to realize phase modulation
through modulating the refractive index of the non-conducting medium [21, 28]. As
the acoustic waves propagate through the medium, the density of the medium changes
in synchrony with the modulation frequency, which in turn can modulate the phase of
light traveling through the medium. However, conventional acoustic wave-based phase
modulators continue to use bulky and solid materials such as SiO, and TeO, [28], which
fail to achieve strong phase modulation effects with moderately powered piezoelectric
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transducers. Recently, the use of acoustic waves with unconventional mediums like
air has demonstrated new possibilities to advance novel acoustic optical manipulation
[29]. Meanwhile, recent interest has focused on the study soft material-based devices
to achieve multifunctional optoelectronic effects in a flexible form [30]. This has been
particularly exploited in the field of flexible electronics, where the ability to bend and
stretch electronic devices provides a broad spectrum of application benefits.

Polydimethylsiloxane (PDMS) is an amorphous silicon elastomer composed of Si-O,
Si—-C, and C-H covalent bonds, consisting of [Si(CHs),0], monomeric units that repeat
approximately 250 to 300 times to form polymer chains. The polymer chains react with
an injected curing agent to form chemical cross-links between the terminal or side
groups of the chains. A high density of cross-links strengthens the inter-chain bonds,
resulting in increased stiffness while reducing both flexibility and viscoelasticity. In con-
trast, when the crosslinking density is low, the inter-chain bonds are weakened, and
loose intermolecular interactions, primarily governed by van der Waals forces, become
predominant. This leads to enhanced flexibility and viscoelasticity. By controlling the
crosslinking density, PDMS can achieve a low elastic modulus, which results in a slower
acoustic wave propagation speed compared to crystalline media such as SiO, or TeO,.
The low elastic modulus allows PDMS to deform easily under external stress, inducing
significant molecular structural changes in response to acoustic waves. This, in turn,
produces a high elasto-optic coefficient. Additionally, PDMS exhibits high optical trans-
mittance across a broad spectral range from visible to mid-infrared due to its amorphous
structure with minimal internal defects, consisting of polymer chains formed by repeti-
tive Si—O and C-H bonds, which have narrow absorption spectra in the infrared region
caused by vibrational-rotational modes [31]. The low acoustic velocity, high elasto-optic
coefficient, and broadband optical transmittance make PDMS an exceptionally efficient
material for acoustic-based optical modulation. Moreover, PDMS enables easy replica-
tion of intricate structures through simple mold casting and exhibits strong substrate
adhesion, allowing seamless integration into various device architectures such as plas-
monic nanostructures [32]. Remarkably, despite the high acousto-optic modulation
efficiency of soft PDMS, driven by its low acoustic wave velocity and high elasto-optic
coefficient, and its compatibility with hybrid optoelectronic devices, the application of
soft PDMS for acousto-optic modulation has not been extensively explored.

In this study, we introduce chip-scale PDMS as a novel soft material for acousto-optic
phase modulation of a FC, enabling the generation of a highly precise comb source with
0.5 MHz mode spacing, achieving a spectral resolution 200 times greater than that of
conventional FCs. Additionally, we demonstrate a fourfold increase in the phase mod-
ulation index at modulation frequencies ranging from 0.2 to 2 MHz, while maintain-
ing nearly consistent performance under 8% compressive strain in PDMS. Interestingly,
the phase modulation intensity is not affected by the direction of the induced acoustic
wave, suggesting that the phase modulation performance can be achieved by using dual
or multiple phase modulation in various directions; thereby, more than 36 interleaved
comb modes could potentially be generated around each existing optical mode, fully
populating the 100 MHz span while maintaining a signal-to-noise ratio (SNR) of at least
10 dBm. Our results confirm that PDMS, possessing high optical transparency, is capa-
ble of providing phase-modulated FCs without noticeable degradation in its frequency
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Fig. 1 A schematic illustration of the microscale-PDMS phase modulator incorporating plasmonic
nanostructures and the process of direct frequency comb spectroscopy measuring the target absorption
spectrum. When the FC passes through the u-PDMS, it undergoes acousto-optic phase modulation by the
acoustic wave frequency of fy,. This process generates new interleaved combs with a frequency spacing of
fm. The phase-modulated FC is then transformed to the plasmonic mode, allowing more efficient interaction
with the target materials on the Au surface. This plasmonic FC is subsequently transformed back into the
photonic FC and combined with a reference FC whose frequency is shifted by faom (40 MHz), to produce a
RF beat frequency. These RF beat spectrum possess the absorption spectral features of the target gas (right
panel). The bottom left panel shows the SEM image of plasmonic nanostructures integrated pu-PDMS. SPP:
surface plasmon polariton, BS: beam splitter, APD: avalanche photodetector

characteristics. This exceptional performance allows PDMS to be integrated seamlessly
with plasmonic nanostructures, whose feasibility was confirmed by a high-resolution
spectroscopic analysis of a Fabry-Pérot interferometer (FPI) proving a sub-MHz resolu-
tion with an absolute position tracing capability referenced to the FC. This demonstrates
the potential use of our PDMS-based acousto-optic phase modulation in a multifunc-
tional compact spectroscopic tool for the real-time monitoring of high-finesse single-
crystal Si cavities [33], and plasmonic phase spectroscopy [34] including high-resolution
DECS.

Results

Acousto-optic phase modulation of FC in PDMS

Figure 1 depicts the process involved in the generation of a phase-modulated FC using
plasmonic nanostructure integrated microscale-PDMS (u-PDMS), and the subsequent
DECS measurements. An FC comprises numerous precisely defined optical frequencies
and any given optical frequency within the FC can serve as a reference optical frequency
for the phase modulation, denoted as

fo(k) =fce0 +k fr (1)

Page 4 of 16
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where fe, indicates the carrier-envelope offset frequency, and k - f; represents the mode
number multiplied by the repetition frequency [15]. The FC’s phase is modulated by
modulating the refractive index of the u-PDMS sinusoidally by applying an acoustic fre-
quency provided by a piezoelectric actuator. The phase-modulated electric-field of the
ke, optical mode can be expressed as [35]

Eon(t,K) = Eo(K) Y Ja(B)cos [27 (fo(k) + - fm)1] 2)

where Ey(k) represents the amplitude of the electric-field for the ky, optical mode in the
EC, J,(B) refers to the Bessel function corresponding to 8, f, signifies the acoustic mod-
ulation frequency, and 4 is an integer. Thus, the phase-modulated electric-field produces
new optical modes, which are separated from each fy(k) at discrete uniform intervals
of fm. These new optical modes can improve the resolution of the DFCS and be tuned
by adjusting the acoustic modulation frequency. However, when g is small, the power
of these new interleaved comb modes decreases rapidly as their frequencies diverge
from fy(k) because, with an increase in a, the power of the ay, optical mode is lowered
by higher-order Bessel functions J,(8). As a result, this creates a noticeable measure-
ment dead zone, centrally situated between the two neighboring optical modes fy(k)
and fo(k + 1). Thus, it is crucial to increase the value of B to generate wider interleaved
combs between two neighboring optical modes fy(k) and fo(k + 1).

Theoretically, B is proportional to the refractive index change of the material An
induced by an acoustic wave (see Supplementary Note 1) [21]. The An of any material
is characterized by the material parameter M, which is proportional to the square of
An and quantifies the effectiveness of the acoustic wave in altering the refractive index.
The longitudinal velocity of the acoustic wave in a medium is correlated with M, which,
in turn, is inversely proportional to the cube of the acoustic wave velocity and exerts a
dominant influence on the value of An. Thus, a lower acoustic wave velocity leads to a
higher value of M, resulting in a larger change of refractive index and, consequently, a
higher value of 8. This fundamental relationship highlights the pivotal role of the acous-
tic wave velocity in enabling efficient phase modulation and provides a crucial design
parameter for wider interleaved comb spectroscopy. Notably, the acoustic wave veloc-
ity in a PDMS is known to be approximately 1000 m s~! [36], a value significantly lower
than that of materials employed in conventional AOMs, such as SiO, (~ 6000 m s [37]
or dense flint glass (~ 3630 m s~1) [38].

The use of PDMS increases the value of An greatly for acoustic wave-induced phase
modulation in a medium. As a result, PDMS, as a phase modulation medium, can pro-
vide more interleaved combs thanks to its intriguing material properties, which effec-
tively increase the value of 8. In our scheme, plasmonic nanostructures were additionally
embedded on a u-PDMS, making them suitable for both DFCS and plasmonic comb
spectroscopy [34], as illustrated in the scanning electron microscope (SEM) image
of Fig. 1. The plasmonic resonant fields can force gaseous molecules toward the metal
surface because of thermophoresis-assisted optical confinement effects [39, 40]. This
approach allows for the realization of not only efficient but also compact DFCS of a gas,
as the plasmonic effect reinforces the light-matter interaction without using a bulk exter-
nal cavity [41]. The incident phase-modulated FC at the photonic mode is converted to
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the plasmonic mode by coupling with free electrons present at the interface between the
plasmonic nanostructure and the u-PDMS. A plasmonic structure composed of a sub-
wavelength Au nanohole array, similar in design to the structure studied in plasmonic
phase spectroscopy [34] was applied, and optimized to resonate around the central fre-
quency of the FC (see Supplementary Fig. S1 for details). The FC at the plasmonic mode
passes through the subwavelength nanoholes in the form of a surface plasmon polariton
(SPP) and is coherently converted to photons, so called extraordinary optical transmis-
sion. The FC transferred by the SPP mode maintains its own optical properties such as
phase noise, frequency stability, and linewidth [42]. This FC, which carries the target
absorption spectrum, experiences interference with the referenced FC, whose frequency
is shifted by fyom, and generates a heterodyne beat in the radio-frequency (RF) domain.
This RF beat provides an absorption spectrum in the optical frequency regime using RF
instruments by down-converting the optical frequencies. The absorption spectrum from
the target is extracted by comparing the two RF beats, with and without the target. In
this process, the phase-modulated FC offers more measurement points, allowing a more
accurate analysis of the target material’s absorption spectrum.

Acousto-optic phase modulation characterization of PDMS

Figure 2 presents a comprehensive analysis of the phase modulation characteristics
between PDMS and the conventional phase modulation material, SiO,. The precision
and bandwidth of the phase modulation frequencies are evaluated using an RF beat
measurement with reference to the FC, which reflects the characteristics of the phase-
modulated FC (see Supplementary Fig. S2a for a detailed measurement method). The
reference FC is frequency-shifted by 40 MHz ( faom) using a commercial acousto-opti-
cal frequency shifter (AOM- 402 AF3, IntraAction corp.) to measure RF beat frequen-
cies without low frequency noise. The RF beat spectrum shows that the PDMS phase
modulator generates a modulation bandwidth of 4 MHz at a modulation frequency of
0.2 MHz, which is 1.6 times wider than the case for SiO, under the same experimental
conditions encompassing the geometric properties of the medium, incident light power,
and SNR of the reference optical modes (Fig. 2b) (see Supplementary Note 3 for details
on the monitoring setup). This corresponds to a high § of 10 radians, converted from the
phase modulation bandwidth based on Carson’s rule, while the g in SiO, is about 5 (see
Supplementary Note 2 for detailed calculations). The PDMS phase modulator exhibited
a notably higher  compared to SiO,, with values ranging from a minimum of 4 radians
to a maximum of 11 radians. The phase modulation value resembling a kink at 600 kHz
in both materials can be attributed to the characteristics of the piezoelectric compo-
nent resonating at 600 kHz. Additionally, the beam profile of the FC, phase-modulated
through the PDMS phase modulator, showed no noticeable changes (see Supplementary
Fig. S3).

A distinctive feature of the PDMS phase modulator is its capability to induce a consist-
ent phase modulation power irrespective of the spatial relationship between the acoustic
wave and the optical paths. The equivalent values of 8 were measured at relative incident
angle differences of 0, 45, and 90 degrees between the acoustic wave and the injected
FC, as shown in Fig. 2c. Hence, the PDMS phase modulator presents a significant
advantage for innovative optoelectronic design, facilitating versatility in structural form
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unconstrained by the incident light’s orientation. This attribute distinctly sets it apart
from the design characteristics of traditional phase modulators. To assess the frequency
tunability of the PDMS phase modulator, the beat frequency (faom + fm) of the first-
order phase-modulated optical mode was systematically monitored with an increasing
modulation frequency of 1 Hz. Note that the resolution bandwidth (RBW) and video
bandwidth (VBW) of our RF spectrum analyzer (E4440 A, Agilent) is limited to 1 Hz.
The phase-modulated FC showed a corresponding frequency shift with each 1 Hz incre-
ment in the modulation frequency, while preserving its spectral power and bandwidth
(Fig. 2d).

Interleaved comb modes generated by phase modulation intrinsically exhibit a
gradual power reduction as they locate away from the reference frequency, leading to
degraded SNR, reduced sensitivity, and limited spectral bandwidth in DFCS. To over-
come this power reduction issue in phase modulation, we devised a dual-phase modu-
lation scheme by applying two individual acoustic waves with different frequencies to
the PDMS. This approach enables the formation of interleaved comb modes with higher
power over a broad frequency range.

PDMS phase modulator can consistently induce multiple-phase modulation in any
direction, allowing for the implementation of dual-phase modulation using two piezo-
electric elements, as demonstrated in Fig. 2e. There is no degradation and distortion
of modulated frequencies due to the interference between the two different acoustic
waves during modulation. Figure 2f presents the RF beat spectrum of the dual-phase-
modulated FC, implemented with modulation frequencies of 1 MHz and 5 MHz. As a
result, interleaved comb modes were uniformly distributed at 1 MHz spacingacross the
entire 100 MHz spectral bandwidth, achieving a SNR of at least 10 dBm. Furthermore,
by adjusting the frequency value of two acoustic waves applied to the PDMS, the dual-
phase modulation enabled flexible tuning of the frequency spacing (see Supplementary
Fig. S4 for details). A notable characteristic of PDMS is its ability to maintain an almost
uniform value of 8 in the presence of mechanical compression up to compressive strain
of 8%, as shown in Fig. 2f (see Supplementary Fig. S5 for detail experimental method).
This characteristic underpins its potential for the development of active devices that

remain robust against perturbations from external environmental factors.

DFCS of an FPI using a chip-scale u-PDMS phase modulator

While basic optical studies using PDMS, such as refractive index measurement and opti-
cal transmittance, have been undertaken for applications in micro-lenses [43] and opto-
fluidic devices [44], the exploration of optical phase noise analysis in PDMS remains
absent, which is a crucial step for ultra-precision FC spectroscopy. PDMS, a silicon-
based polymeric material, may have a non-uniform refractive index distribution due to
variations in density or chemical properties over its entire area during the curing process
from its liquid state. This non-uniformity can introduce irregular spatial phase noise
in FCs as they propagate through the PDMS phase modulator. Consequently, elevated
phase noise levels lead to linewidth broadening of phase-modulated FCs. Figure 3a
shows an experimental schematic for evaluating the linewidth of phase-modulated FCs
using an external cavity diode laser (ECDL) with a narrow linewidth of about 50 kHz
(see Supplementary Fig. S2b for detail set-up). The FC with a beam diameter of 2 mm
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Fig. 3 Phase and frequency stability of phase-modulated frequency combs using PDMS. a An experimental
setup for characterizing acousto-optic phase modulation at three distinct positions in PDMS, including the
generation of RF beat frequencies through the interference between the phase-modulated FC and the ECDL
to assess the phase-modulated FC's linewidth. An optical bandpass filter with a 1.2 nm bandwidth centered
at 780 nm was used for RF beat frequency measurement. b Linewidth measurements of RF beat frequencies
from an unmodulated FC. ¢ RF beat frequencies of an original FC subjected to a phase modulation frequency
of 1 MHz. d, e RF beat frequencies of the original FC (d) and the derived phase-modulated optical mode (e),
which centered in a first-order phase-modulated optical mode. In all cases, a full width at half maximum
linewidth of 50 kHz was observed, with no noticeable degradation. f Time trace of the RF beat frequency
measured for 4,000 s for single-phase modulation (light coral), dual-phase modulation (glaucous), and
without modulation (black). g Allan deviation of frequency stability over time for single-phase modulation
(light coral), dual-phase modulation (glaucous), and without modulation (black). h RF beat spectra of the
dual-phase-modulated FCs when 1.0 MHz and 1.5 MHz acoustic waves are applied to PDMS, measured
immediately (0 s, black) and after 4,000 s (glaucous)

undergoes phase modulation while passing through the hexahedral PDMS with dimen-
sions of 20 mm x 5 mm x 20 mm. A sinusoidal acoustic wave is applied through a pie-
zoelectric actuator, oriented perpendicular to the optical path. This modulated signal
is then superimposed onto a continuous-emission ECDL operating at the same center
wavelength of 780 nm that provides the reference linewidth of optical frequency. The
resulting optical heterodyne RF beat is measured in the same manner using an RF spec-
trum analyzer for phase noise analysis. In this analysis, linewidth measurements were
conducted at three distinct positions on the PDMS: the center, and 4 mm to both the left
and right of the center, as indicated in Fig. 3a. Figure 3b presents the linewidth measure-
ments of the original FC at three distinct positions on the PDMS, without the influence
of an acoustic wave (color-coded in sky, green, and violet), and features a measurement
in the absence of a PDMS medium (shown in dark gray). Across all scenarios, the full
width at half maximum (FWHM) of the RF beat frequencies was consistently around 50
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kHz, aligning with the original linewidth of the ECDL. Remarkably, the application of an
acoustic wave frequency of 1 MHz to the PDMS, as shown in Fig. 3¢, did not cause to
any significant broadening of the original FC linewidth at any of the measured positions,
as demonstrated in Fig. 3d. This evidence strongly suggests that PDMS does not con-
tribute substantial phase noise to the original FC during the phase modulation process.
Importantly, the linewidth of the beat frequency derived from the phase-modulated FC
remained stable, as illustrated in Fig. 3e. The beat frequencies from the phase-modulated
FC, measured at three disparate positions, showed a consistent phase noise. This con-
clusively indicates that the phase modulation properties of PDMS are not significantly
influenced by the conditions of optical alignment.

To evaluate the long-term stability of the PDMS phase modulator, we measured the
frequency stability and phase modulation efficiency. The frequency stability was ana-
lyzed by monitoring the RF beat frequency at 40 MHz for 4,000 s, using heterodyne
interferometer (see Supplementary Fig. S2a for the detail experimental setup). The
standard deviation of RF beat frequency of the original FC was approximately 63.5
mHz, while those of the single-phase and dual-phase-modulated FCs were 69.5 mHz
and 70.2 mHz, respectively (Fig. 3f). In addition, the frequency stability of the RF beat
frequency was maintained at approximately 2.48 x 107!® over an averaging time of
1,000 s for all cases, indicating no noticeable degradation in the frequency stability
during phase modulation (Fig. 3g). Figure 3h presents the RF beat spectrum of the
dual-phase-modulated FC measured immediately (black) and after 4,000 s (glaucous).
There is no significant change in the interleaved comb after 4,000 s. These results sup-
port that the PDMS phase modulator can be suitable for long-term operation.

Figure 4a illustrates a sophisticated u-PDMS phase modulator platform incorpo-
rating plasmonic nanostructures. The wu-PDMS phase modulator was crafted on
a microscale truncated pyramid mold to easily tear off the 100 nm thick nanohole
structured Au film from the Si;N, substrate (see Supplementary Fig. S6a for details).
The designated plasmonic nanostructure comprises hexagonally arranged nanoholes
with a diameter of 400 nm and a pitch of 800 nm (see Supplementary Fig. Sla for
details). Although the thin plasmonic Au film is inherently sensitive to mechanical
stress, the SEM image revealed that it remained undamaged after long-term expo-
sure to an acoustic wave through the u-PDMS substrate (see Supplementary Fig.
S1b). Intriguingly, the strength of the phase modulation remained consistent at a
modulation frequency of 4 MHz, even after the integration of the plasmonic Au film
(Fig. 4b). Even when the PDMS was integrated with the thicker Au/SizN, film, there
was no observed deterioration in phase modulation performance, nor any damage to
the films (see Supplementary Fig. S6b, c). This supports the assertion that equivalent
refractive index modulations can be achieved when the PDMS is anchored to a solid
substrate such as Si;N,, making it applicable in various silicon photonics applications.
Furthermore, the modulation precision and linewidth remained undisturbed in the
phase modulator integrated with the plasmonic nanostructure (Fig. 4c, d).

To evaluate the DFCS performance of the phase-modulated FC, we generated
widely distributed interleaved comb with sub-MHz mode spacing via u-PDMS phase
modulator, we strategically applied modulation frequencies of 1.0 MHz and 4.5 MHz
to the PDMS. This approach was meticulously designed to ensure that the interleaved
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comb modes, positioned at sub-MHz intervals, exhibit a uniform power distribution
(see Supplementary Fig. S7 for details).

When 1.0 MHz and 4.5 MHz acoustic waves are individually applied to the PDMS,
8 interleaved comb modes are generated at 1.0 MHz excitation, while 4 interleaved
comb modes appeared at 4.5 MHz excitation (see Supplementary Fig. S7a, b). In con-
trast, when both acoustic waves are simultaneously applied for dual-phase modula-
tion, more than 36 interleaved comb modes were generated with 0.5 MHz spacing,
spanning a range of over 20 MHz (see Supplementary Fig. S7c). The interleaved comb
modes generated via dual-phase modulation result from the combination of both
modulation frequencies. Initially, modes appeared at 1.0 MHz and 4.5 MHz spacing
relative to the central frequency, directly corresponding to the applied acoustic fre-
quencies, fioand f35 (blue circles, magenta stars in Supplementary Fig. S7c). Addi-
tional modes arise from the beating between the two induced acoustic frequencies,
forming broad spectral bandwidth of approximately 100 MHz with 0.5 MHz spacing.
(see Supplementary Fig. S7d).

Employing u-PDMS-based DFCS, we measured the spectral transmission bandwidth
of the high-finesse tunable FPI (SA30 - 73, Thorlabs), which exhibits a spectral resolution
of the 1 MHz (Fig. 4f). The phase-modulated FCs transmitted through the FPI are trans-
duced into RF frequencies using the same optical heterodyne beating with a reference
FC. The transmittance for individual optical modes was characterized by comparing the
intensities of each RF FC acquired in the presence and absence of the FPL In our experi-
ments, we distinctly captured the transmission spectrum of the FPI below 1 MHz band-
width using our phase-modulated FC, a capability not achievable with the original FC’s
100 MHz frequency spacing. Additionally, our system facilitated the detection of shifts
in the FPIs transmission spectrum through precise tuning of its cavity length (Fig. 4g).

Discussion

As the proportion of PDMS base decreases in PDMS synthesis, the concentration of
the curing agent correspondingly increases, leading to a higher degree of polymer
cross-linking. This occurs because the curing agent facilitates polymer bonding, driving
the material toward a solid state. Consequently, a lower ratio of PDMS base results in
increased hardness and mass density, forming a stiffer structure with greater mechani-
cal resistance but reduced flexibility. In contrast, as the PDMS base ratio increases, the
extent of polymer cross-linking decreases, yielding a softer, less dense PDMS structure
with diminished mechanical strength. Thus, the increase in the PDMS base ratio leads to
a rise in elasticity. According to the equation provided in Supplementary Note 1, as the
PDMS base content increases, the density of the synthesized PDMS decreases, which
slows the propagation acoustic wave velocity v;. Simultaneously, the increased elastic-
ity enhances the elasto-optic coefficient p. These parameters theoretically increase the
value of M; in other words, the An induced by acoustic waves increases significantly,
thereby effectively inducing acoustic phase modulation. In summary, increasing the
PDMS base ratio enhances acousto-optic phase modulation; however, this comes at the
cost of reduced structural stability and form retention of the synthesized PDMS mate-
rial. As a result, the PDMS base ratio cannot be increased indefinitely without compro-

mising the material’s practical applicability.
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In this study, we harnessed the properties of PDMS to achieve higher-resolution direct
plasmonic comb spectroscopy with a high phase modulation index. The PDMS, which
has an acoustic wave velocity six times lower than that of solid SiO,, allows for a three
to sixfold increase in the phase modulation index in the 0.1 ~2.0 MHz range. Easily
moulded into various shapes, PDMS offers stable phase modulation with minimal effects
from geometrical relations and external deformations. Even after 4,000 s of operation,
the PDMS phase modulator shows no noticeable degradation or change of modulated
frequencies. The frequency stability remained at approximately 2.48 x 107'%, support-
ing that the PDMS phase modulator is suitable for long-term use. When coupled with
plasmonic nanostructures, our u-PDMS phase modulator demonstrates potential as a
versatile spectroscopic tool. This modulator successfully generated FC modes spanning
a 20 MHz frequency domain with 0.5 MHz spacing, achieving a spectral resolution 200
times higher. Leveraging this, we precisely measured the sub-MHz narrow linewidth of
FPI in an absolute manner, referenced to the Rb atomic clock using the DFCS method-
ology. We provide a performance comparison of the state-of-the-art phase modulators
to guide the tailored modulator for various applications (see Supplementary Note 4 for
details). The PDMS phase modulator offers a compact and customizable design, making
it compatible with various nanophotonic devices. This versatility highlights its potential
for integration into photonic systems. Given its exceptional optical transparency from
the visible to mid-infrared wavelength range and superior phase modulation capabilities,
PDMS, when combined with plasmonic nanostructures, is expected to find applications
in precision spectroscopy, coherent optical communications [45], precision laser ranging
[46], and atomic & molecular clocks [33, 47, 48] in the future.

Methods

Evaluation of the phase modulation performances: phase modulation index and precision
For the comparative analysis of the phase modulation index between PDMS and SiO,, all
optical input powers emitted from the second harmonic generation of an erbium-doped
fiber femtosecond laser source (C-Fiber high power, Menlo Systems) were kept constant.
The second harmonic frequency comb (FC), injected into PDMS and SiO,, has a beam
diameter of about 500 um. In these experiments, the dimensions of the PDMS sample
followed the shape of the commercial SiO, sample, measuring 50 mm in width, 50 mm
in length, and 10 mm in thickness. An acoustic wave was applied using a piezoelectric
actuator (PA4GKH5 W, Thorlabs), controlled by a high-voltage amplifier (BP100, Thor-
labs) and a multichannel waveform generator (DG4000, Rigol), which was referenced
by the Rb atomic clock. The optical heterodyne beat was measured using a high-speed
avalanche photodiode (APD210, Menlo Systems) paired with a high-resolution radio-
frequency (RF) spectrum analyzer (E4440 A, Agilent). The phase modulation index was
calculated from the total bandwidth of the modulation frequency using Carson’s rule
(see Supplementary Note 2).

Linewidth evaluation of phase-modulated FC
To evaluate the linewidth of the phase-modulated FC, we employed an external cav-
ity diode laser (ECDL) (DL pro 780 nm, <100 mW, Toptica) to generate an optical
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heterodyne beat frequency with our phase-modulated FC (see Supplementary Fig. S2b).
All laser sources were maintained in a transverse magnetic-field (TM) linear polariza-
tion state using half-wave plates and a linear polarizer. Unlike the experiments shown in
Fig. 2, an additional acousto-optic frequency shifter is not required to observe the beat
frequency, as the wavelength of the ECDL can be tuned directly.

Transmission spectrum measurement of Fabry-Pérot interferometer

For the u-PDMS experiments, the FC was loosely focused using a plano-convex lens
with a focal length of 125 mm and a beam diameter of 40 um. The focused peak intensity
on the plasmonic nanostructure was maintained at less than 0.1 MW cm ™2 to minimize
thermal damage to the sample. Fabry-Pérot interferometer (FPI) (SA30 -73, Thorlabs)
has a minimum finesse of 1500 and resolution of sub- 1 MHz. The phase-modulated FC
propagates to the FPI which cavity length of the FPI was optimized at 50 mm to get a
high-finesse by controlling a voltage of piezoelectric transducer. After passing through
the FPI, the phase-modulated FC was coherently combined with a reference FC, result-
ing in the RF beat frequency. In the subsequent stage, a sawtooth waveform voltage was
applied to actuate the piezoelectric transducer within the FPI to tune the cavity length.
Consequently, the transmitted spectrum, directly correlated with the adjusted cavity
length, was revealed by phase-modulated optical modes. These phase-modulated opti-
cal modes were subsequently encoded in the RF beat frequencies. To comprehensively
profile the transmitted spectrum of the FPI in relation to shifts in the cavity length, we
employed a continuous data capture approach to record snapshots of the RF beat results.

Preparation of PDMS for phase modulator

The PDMS sample was fabricated using a commercial kit (Sylgard 184, Sigma-Aldrich).
The base and curing agent were mixed in a ratio of 10:1. Inner bubbles were degassed by
placing the samples in a vacuum desiccator at — 0.06 MPa for 30 min. The mixture was
then poured into a mold and cured on a hot plate at 70 °C for 2 h. The different types
of piezoelectric actuator (PA4 FLW, PA3BCW, PA4 FKH3 W, Thorlabs) were affixed
directly to the surface of the hardened PDMS. The fine air gap between the sample and
the piezoelectric actuator was filled with ultrasound gel (Ultrasound Transmission Gel,
Ecosonic).

Abbreviations

FC Frequency comb

DFCS Direct frequency comb spectroscopy
PDMS Polydimethylsiloxane

FPI Fabry-Pérot interferometer
M-PDMS  Microscale-PDMS

AOM Acousto-optic modulator

RF Radio-frequency

SEM Scanning electron microscope
SPP Surface plasmon polariton

™ Transverse magnetic-field

TE Transverse electric-field

RBW Resolution bandwidth

VBW Video bandwidth

ECDL External cavity diode laser

FWHM Full width at half maximum
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