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Abstract

Surface plasmon resonance (SPR) sensors are based on photon-excited surface charge
density oscillations confined at metal-dielectric interfaces, which makes them highly
sensitive to biological or chemical molecular bindings to functional metallic sur-

faces. Metal nanostructures further concentrate surface plasmons into a smaller area
than the diffraction limit, thus strengthening photon-sample interactions. However,
plasmonic sensors based on intensity detection provide limited resolution with long
acquisition time owing to their high vulnerability to environmental and instrumental
noises. Here, we demonstrate fast and precise detection of noble gas dynamics at sin-
gle molecular resolution via frequency-comb-referenced plasmonic phase spectros-
copy. The photon-sample interaction was enhanced by a factor of 3,852 than the physi-
cal sample thickness owing to plasmon resonance and thermophoresis-assisted
optical confinement effects. By utilizing a sharp plasmonic phase slope and a high
heterodyne information carrier, a small atomic-density modulation was clearly resolved
at 5 Hz with a resolution of 0.06 Ar atoms per nano-hole (in 107" RIU) in Allan deviation
at 0.2 s; a faster motion up to 200 Hz was clearly resolved. This fast and precise sens-
ing technique can enable the in-depth analysis of fast fluid dynamics with the utmost
resolution for a better understanding of biomedical, chemical, and physical events

and interactions.

Keywords: Frequency comb, Nanohole array, Single molecule detection, Refractive
index, High resolution, High speed, Traceability to time standard

Individual quantum-resolution detection is the ultimate goal of all sensors, which has
motivated extensive research on monitoring of gas or liquid dynamics at a single-mol-
ecule resolution to understand their fast chemical and biological interactions in micro-
environments [1]. Furthermore, the detection must be sufficiently fast to monitor the
association events, because the event time of bio- and chemical-interactions (e.g. ligand
binding) in a high-affinity solution ranges from sub-second to several minutes for
nanomolar and micromolar complexes [2]. Meanwhile, wide-field measurements have
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also evolved unceasingly, where multiple single-molecule-resolution detections have
been accomplished in parallel, enabling a higher-throughput detection [3]. To meet
these requirements, optical methods are considered the most suitable owing to their
high sensitivity, high-speed photon-sample interaction, environmental robustness, and
electrical passiveness. Successful demonstrations have been performed in fluorescence
microscopy [4, 5], surface-enhanced Raman spectroscopy (SERS) [6-8], single-mole-
cule localization microscopy [9], human disease diagnostics [10], DNA sequencing [11],
enzyme-linked immunosorbent assay [12], and molecular biology [13]. Regarding the
state-of-the-art detection limits, the liquid-phase sensing supports a detection resolu-
tion of 2.0-nM at a laser focal volume of 107° L after the dilution [3], while the gas-
phase sensing does a concentration of 1.0 part-per-billion (ppb, 10~%) [14, 15], which is
limited by the thermal noise [16]. These single-molecule level detections have been real-
ized only at extremely low concentration environments with strong dilution over a long
observation time. However, there has been an increase in demand for extreme sensitivi-
ties under significantly higher concentration (~ pM) with shorter lifetime coverage of a
few seconds or less, which cannot be accomplished with existing state-of-the-art tech-
nologies [2]. Stronger photon-matter interaction is the prerequisite for realizing higher
resolution, higher speed detection over a parallelized platform.

Surface plasmons are coherent charge oscillations produced by the strong resonant
interaction of photons and free electrons at the interface of metallic and dielectric
materials [17, 18]. Surface plasmon resonance (SPR) sensors with metal thin-films have
improved the sensitivity of traditional Raman and fluorescence spectroscopy by 2 ~3
orders of magnitudes [19, 20], while increasing the excitation and emission rates of the
Raman signals up to 10 orders of magnitudes [21]. Compared to traditional SPR sen-
sors based on metal thin-films, nano-engineered SPR sensors can reduce the footprint
of a unit probe; therefore, they support smaller observation volumes, essential for sin-
gle molecular level detection at high concentrations. A single sensor unit can contain
numerous nanoscale detection probes, which enables wide-field measurement. Moreo-
ver, the nanostructures provide an additional interesting possibility, that is, the optical
trapping of target molecules including thermo-phoresis and thermo-osmosis [22]. Gen-
eral optical trapping utilizes photon energy to trap an object at the focal volume of the
laser beam [23]; this force, including the scattering and gradient forces, is generally small,
and thus, has a clear effect on the particles with a size ranging from tens of nanometers
to micrometers [24]. In the Rayleigh regime, where the particles size is smaller than the
light wavelength, the gradient and scattering forces are proportional to the third and
sixth power of the particle radius, respectively [25]. Therefore, gas molecules with Van
der Waals radius of hundreds of picometers can easily escape from the trap due to their
Brownian motions [26]. Interestingly, intense local field gradients in the vicinity of metal
nanostructures have been revealed to support optical-field-induced molecular trapping,
for the molecules in solutions; however, that has not been demonstrated for the gaseous
constituents. Apart from the radiative scattering, the light absorbed by the metal nano-
structures can be relaxed in a non-radiative way and induce strong heat energy around
the nanostructures owing to the ohmic loss. This phenomenon can lead to the optical
thermal effect, which can manipulate and transport even smaller sub-10 nm objects via
plasmon-induced thermal convection. This is referred to as thermo-phoresis, which
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functions on top of the plasmonic nanohole array [27]. Therefore, this thermophoretic
force can be a potential workforce candidate for gaseous targets as an efficient plasmonic
trapping mechanism, although no demonstration has been exhibited to date.

Most plasmonic sensors are based on intensity interrogation [28, 29] and support a
resolution of ~107® RIU (RIU: Refractive Index Unit) [30—32], while being limited by
environmental and instrumental noises (see Figure S1, Table S1 in Supplementary Sec-
tion A). The plasmonic phase can provide much more abundant information about the
sample than the intensity; however, high-resolution detection of the optical phase has
remained difficult owing to the low wavelength stability of available light sources. Certain
early research works have proven the potential by exhibiting a 1,000-fold improvement
in the detection sensitivity, 10~® RIU [32, 33], with the concentration of 10~* pg mm™>
[34], or pM [35]. Most phase studies have used interferometric ellipsometers [33—35],
where the polarization-dependent phase difference is detected by mechanically rotat-
ing polarizing optics, limiting the detection speed to the second to minute timescale.
The authors recently reported a fast and precise plasmonic ruler by introducing hetero-
dyne phase detection. Our Mach—Zehnder interferometer utilizes heterodyne detection
with a frequency-shifted reference beam, enabling detection speeds orders of magni-
tude faster, limited only by the photodetector and digitizer bandwidth. This technique
can measure phase changes at high speeds, typically in the range of kilohertz, using a
frequency comb as a new class of wavelength-stable light source for plasmonic phase
monitoring [36]. The frequency comb provides millions of well-defined optical modes
over a broad spectrum with a high phase coherence referenced to an atomic clock of
a time standard [37-39]. The use of such a frequency comb has resulted in remarkable
advances in high-resolution atomic/molecular spectroscopy, the broadband calibration
of astronomical spectrographs, time/frequency transfer over long distances, absolute
laser ranging, and the inter-comparison of atomic clocks [40—43]. The frequency comb’s
wide spectral coverage allows simultaneous selection of an off-resonance reference
wavelength and an on-resonance signal wavelength, which is crucial for our differen-
tial phase detection scheme and challenging to achieve with a single-wavelength tun-
able laser. The interrelationship between the frequency comb and surface plasmons was
first reported by the authors, where superior performance of the frequency comb could
be maintained with negligible degradations in absolute frequency position, stability and
linewidth [44]. These performances were utilized to realize picometer resolution in real-
time monitoring of physical motions of the plasmonic sample [36]. However, demon-
strations on monitoring of fast and precise fluidic motions, for a better understanding of
atomic or molecular dynamics, are yet to be performed.

Here, we demonstrate fast and precise detection of gaseous atomic dynamics at
single-molecule resolution per plasmonic structure using frequency-comb-referenced
(FCR) plasmonic phase spectroscopy. The photon-sample interaction was enhanced
by a factor of 3,852 more owing to strong plasmonic resonance and optical trap-
ping effect via thermophoresis than the same physical sample thickness. By utiliz-
ing a sharp plasmonic phase resonance and a high heterodyne information carrier
of 36.2 MHz, a small dynamic atomic density modulation with an amplitude of 11.2
atoms per nanohole was clearly resolved at 5 Hz with a resolution of 0.06 atoms per
nanohole in Allan deviation. Furthermore, the use of hundreds of unit nanostructures
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Fig. 1 Frequency-comb-referenced plasmonic phase spectroscopy for gas sensing. a The frequency

comb excites the free charge on the Au surface which generates the surface plasmon wave traveling at

the interface of the metallic and gas layer. The gaseous atomic/molecular density change by the pressure
modulation on the surface contributes to the plasmonic phase change of the transmitted frequency comb.
The gas chamber has an inlet and outlet for the continuous gas supply. The sample was attached on one
side of the chamber. b The gas pressure was modulated at a specific frequency as the gas flows through
the chamber. The gas atoms/molecules are gently directed toward the surface of the nanohole array by
the thermophoretic force; then, the plasmonic field around the nanohole traps the gas atoms/molecules.
principle of phase spectroscopy. It is based on the Mach-Zehnder interferometer, in which the measuring
and frequency-shifted reference beams interfere to generate heterodyne beat signals. The signals were
detected using a photodetector. The relative phase was obtained through a comparison to the reference
signal using a high-resolution phase meter referenced to an atomic clock. Consequently, when a small
oscillation of the gas pressure is applied, the FCR phase spectroscopy can detect gaseous atomic/molecular
modulations with a single-molecule resolution at an update rate of hundreds of hertz. Beam splitter (BS),
polarizer (P), lens (L), mirrors (M), avalanche photodetectors (APD), gratings (G) and splits (S)

increased the effective surface area per unit mass, resulting in a significant increase
in the photon-matter interaction probability, thereby improving the measurement
speed. Consequently, dynamic fluidic modulations at the frequency up to 200 Hz was
successfully detected. Such fast and precise sensing principle can enable the in-depth
analysis of fast fluid dynamics with the utmost single-molecule resolution. By intro-
ducing chemical selectivity via functionalizing the plasmonic sample surfaces with
bio-receptors, such as aptamers or bacteriophages, real-time detection of respiratory
viruses (e.g. COVID-19) could be realized without time-consuming polymerase chain
reaction (PCR) [45-47].

The basic concept and optical configuration of frequency-comb referenced (FCR) plas-
monic phase spectroscopy for gas sensing is illustrated in Fig. 1. The gas atoms/mol-
ecules travel over the plasmonic sample located in a microfluidic chamber (see Fig. 1a).
First, the frequency comb excites the free charges on the Au surface, which generates a
surface plasmon (SP) wave traveling at the interface of the metallic and gas layers (see
Fig. 1b). Then, SPs are guided through the nanohole and reverted to photon. During
this process, the plasmonic coupling and interference among the multiple waves in the
nanohole array result in extraordinary optical transmission (EOT), which significantly
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Fig. 2 Plasmonic sample model in FDTD simulation. a Plasmonic sample structure with three geometric
parameters, pitch (1), hole diameter (d), and Au film thickness () were optimized to 530, 200, and 100 nm,
respectively, on a 25-nm-thick ITO-coated quartz substrate. b Transmission intensity for different gas refractive
indices. ¢, spectral phase change for various gas refractive indices. d,e Amplified view at the wavelength of
interesting— 613 nm, where the change in both intensity and phase are strongest. f 3D view of the calculated
intensity distribution |E[> \=613 nm) around a nanohole. g Calculated intensity distribution at 50 nm above
from the Au surface (A =613 nm). h,i,j Calculated intensity distribution around a plasmonic nanohole taken at
the side at wavelengths of 613, 690, and 768 nm, respectively

enhances the transmission of light. Simultaneously, the traveling gas atoms/molecules
are first gently directed toward the surface of the nanohole array due to the thermopho-
retic force; this force is induced by nanohole array, not the individual nanohole. Then,
the plasmonic field of each nanohole attracts the atoms/molecules closer to the nano-
holes and traps them. This unique combination of optical confinement effects permits
the significantly stronger interaction between the SP wave and gas atoms/molecules
at the gas-metal interface, which results in the drastic spectral phase changes that are
essential for high resolution gas detection. The frequency-comb-referenced (FCR) het-
erodyne laser interferometry extracts the phase information of this EOT transmission
(see Fig. 1c, see further details in Methods), where the frequency comb was wavelength-
stabilized to a rubidium atomic clock of a time/frequency standard. To minimize the
environmental noise, this interferometer is devised based on common-path configura-
tion with differential phase detection scheme, where the reference and measurement
beams travel the same path length with different wavelengths. The measurement beam
passes through the plasmonic sample while the reference beam is frequency-shifted by
the acousto-optic modulator to generate the heterodyne beat frequency at 40 MHz. The
reference beam wavelength is carefully chosen to be far from the plasmonic resonance
peak, where the sample’s influence on the transmitted light phase is minimal (see Fig. 2).
This ensures that any phase changes induced by the sample on the reference beam are
negligible compared to the large phase changes experienced by the signal beam at the
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resonance wavelength. Because the resulting signal is at high radio-frequency (RF)
regime by a pair of photo-detectors, low-frequency environmental noise could be sup-
pressed via RF band-pass filtering. Further, the differential phase was determined with
a high-resolution phase meter with an update rate of 1.0 kHz referenced to a Rb atomic
clock. This series of laser wavelength stabilization, common-path differential inter-
ferometer configuration, and RF heterodyne detection with noise rejection filtering,
resulted in the successful detection of fast gaseous atomic/molecular dynamics with a
single-molecule resolution at a high update rate of hundreds of hertz.

The plasmonic EOT sample was designed and optimized to be resonant with the
frequency comb by solving Maxwell equations using a finite-difference time-domain
(FDTD) (see Fig. 2). The structure was designed to have a maximum optical transmit-
tance at the spectral range of the frequency comb over 600-850 nm (see Fig. 2a-c).
When the wavelength of the incident light matched with the resonant peak of the plas-
monic EOT sample (see Fig. 2b-d), the sample strongly absorbed the light such that
the electric fields became highly localized in the vicinity of the sample (see Fig. 2f-j).
Meanwhile, strong resonance changes can be observed at the plasmonic phase as well
as the transmitted intensity because the phase is proportional to the first derivative of
the intensity spectrum. Therefore, the phase detection is known to be much more sen-
sitive to the sample changes (see Fig. 2c and e). Three geometric parameters, pitch (1),
hole diameter (d), and Au film thickness (t) (see Fig. 2a) were optimized to 530, 200, and
100 nm, respectively, by FDTD simulation. The transmitted intensity and phase spec-
trum for different gas refractive indices were obtained as shown in Fig. 2b to e. the hori-
zontal intensity peak shifts (see Fig. 2b) can be observed clearly and the vertical phase
differences (see Fig. 2¢, d, e) are strongest at the 613 nm peak compared to the other
resonance positions (at 690 and 768 nm). Because the metallic surface is in contact with
two media (substrate glass and gas over the plasmonic structure), two groups of reso-
nance were observed [48]. This can be explained by analyzing the electric field distribu-
tion at the gas and metallic interface from the side view (see Fig. 2h, i, and j), which is
the strongest in the gas at 613 nm and reduces drastically at 690 and 768 nm with differ-
ent enhancement positions. The enhanced electric field was distributed over a volume
of 300 x 200 x 150 nm? (length x width x height) (see Fig. 2f, g, h) with the same polari-
zation direction as the incident light. Hence, the effective observation volume was 9.0
attoliters, that is, three orders of magnitudes smaller than the optical diffraction limit.
This space is the main interaction volume of the SP and gaseous target atoms/molecules.
To avoid the potential geometrical deflection due to pressure or electrostatic attraction,
a plasmonic resonance mode at 613 nm was carefully chosen to prioritize photon-fluid
interaction with minimal impact from physical motions (see Figure S2 in Supplementary
Section B). By securing the sample to the substrate using epoxy glue, minimal mechani-
cal deflection was ensured while maintaining heat conduction, enabling high-resolution
gas concentration measurements in the control experiments.

The first set of experiments was conducted to estimate the sensitivity enhancement
factor of the proposed FCR phase spectroscopy as shown in Fig. 3a. Figure 3a presents
the microfluidic gas chamber with a periodic gas density modulation apparatus. One
chamber was setup without the sample as the control reference while the other cham-
ber enclosed an EOT sample with a chamber height of 300 um. The flow pressure of the
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Fig. 3 Plasmonic phase spectroscopy with gas pressure control. a The microfluidic gas chamber with a
periodic gas density modulation apparatus. One chamber was set up without the sample as the control
reference while the other chamber enclosed an EOT sample with a chamber height of 300 um. b The
measured heterodyne RF beat spectra with a signal-to-noise ratio of ~40 dB at resolution bandwidth of

10 Hz. ¢ Pressure variation measured by a sensor inside the flow controller. The Fourier transformed frequency
spectrum (right) shows a clear peak at 0.01 Hz. d The measured phase modulation in the case of the chamber
has no EOT sample (left) and its Fourier transform (right) of the case “chamber without EOT sample. e The
measured phase (left) and its Fourier transform (right) of the case ‘chamber with EOT sample” Comparing d
and e the EOT shows it has advanced ability in gas sensing

noble Ar gas was periodically modulated with an amplitude of 6.89 kPa at a frequency
of 0.01 Hz using a flow controller (see Fig. 3c), which corresponded to a refractive index
change of 1.7 x 107 RIU inside the chamber (see Table S2, Table S3 in Supplementary
Section C). The plasmonic phase response of the transmitted light was detected using
a common-path heterodyne differential interferometer. Figure 3b shows the measured
heterodyne RF beat spectra with a signal-to-noise ratio of ~40 dB at resolution band-
width of 10 Hz. First, the phase response of the reference chamber without the EOT
sample was analyzed as shown in Fig. 3d. The gas pressure modulation could be resolved
via phase at the modulation frequency of 0.01 Hz with an amplitude of 10.2°. This phase
change was achieved by the physical refractive index change induced by the gas pressure
modulation without the plasmonic resonance effects; therefore, the phase modulation
was unclear and dominated by the environmental noise. Second, the phase response of
the other chamber with the plasmonic EOT sample was examined. A clear phase modu-
lation was observed at the same frequency of 0.01 Hz with 4.15 times stronger modu-
lation amplitude of 42.3° than the reference chamber case. The simple insertion of the
plasmonic EOT sample with a negligible volume change facilitated the attainment of
an additional phase sensitivity 32.1° via the plasmonic effects. Further, the plasmonic
enhancement factor was determined by considering the phase changes per the unit
observation volume at the cases with and without the EOT sample. The observation
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volume encompasses the volume of the enhanced electric field surrounding the nano-
hole and the hole volume (see Fig. 2f). When dividing the phase addition for the EOT
sample of 32.1° by the increased effective thickness of 250 nm (the addition of 150 nm of
plasmon-enhanced field height and 100-nm thick Au layer of the EOT sample), the plas-
monic enhancement factor was determined to be 3,852; this implies that the phase shift
in this measurement was 3,852 times larger than the expected RI change in same physi-
cal volume without EOT sample under the same gas modulation. Surprisingly, this is
also 506 times higher than that estimated by FDTD simulation (see Fig. 2e). This implies
that the interaction of light with the nanohole array is not simply determined by the EOT
but is also governed by additional mechanisms, such as optical trapping, electrophore-
sis, dielectrophoresis, electrostatic attraction, and the Casimir-Polder effect. However,
these forces have minor effects on smaller molecules, like Argon gas in this research; the
major force in this regime is thermophoresis, which does not depend on the size of the
molecules together with plasmonic trapping around the nanostructures (see Table S4 in
Supplementary Section D); plasmonic trapping effects were recently reported in Refs.
[24, 49, 50].

The thermophoresis creates local fluidic convection around the sub-wavelength hole
[51-53] and quenches the Brownian motion of trapped molecules [49, 54]. Conse-
quently, they bend the gas flow toward the Au surface and increases the local refractive
index around a nanohole. To explore the possible contribution of thermophoresis, simu-
lations and experiments were conducted as shown in Fig. 4. The strength of the thermo-
phoresis is known to be dependent on the laser power and flow speed, thus, the phase
was measured with different input power and flow speed. For more detailed understand-
ing, the AC electric field was introduced in addition as shown in Fig. 4a; this platform
enables us to verify whether the phase enhancement is supported by the thermopho-
retic force or not. If the thermophoretic force is involved in our phase detection, the
total force F(r) with the AC field can be described as a function of temperature gradient,
VT(r) around the nanostructure together with the secondary gradients in permittivity
(€) and electrical conductivity (o) of the fluid, which can be described by

g(a —p)

1
F(r) = —Re -
2 1+iwt

(VT (r) e E)E* — %80{|E|2VT(1') (1)
where a=(1/¢)(8¢/8T), B=(1/0)(606/8T), T=¢/0, w is the angular frequency of AC elec-
tric field (E) [51]. Then, the flow bending effect of thermophoresis can be manipulated
by controlling AC electric field, as shown in Fig. 4b. The AC electric field (20 MHz) was
applied to the plasmonic sample by connecting the AC source with the Au side of the
sample and ITO-coated glass (transparency: 78.8%, sheet resistance: 5.4—6.8 QO/sq), with
a gap of 100 pm. The plasmonic sample was illuminated by a 100-mW broadband fre-
quency comb (600-850 nm). Because the laser beam was incident on the quartz sub-
strate side, the contribution of the optical trapping effect caused by the focus point could
be ignored. Under this condition, the temperature distribution around the nanoholes
was simulated as shown in Fig. 4¢; the temperature around the nanoholes was higher
by 12 °C. This temperature difference generates local fluid flow that attracts the gas to
the sample side as shown in Fig. 4d, e (see Methods for the details). As the flow speed
gradually increases from 0 to 10 pm/s, the contribution of the local convection became
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Fig. 4 Thermophoresis demonstration. a Schematic of the experiment b EOT sample when an AC field

is applied. The AC source was connected to the Au layer of the plasmonic sample and ITO glass above

the sample. AC field could enhance the thermophoresis effect, which directs the gas flow toward the

Au surface. ¢ Numerical simulations of the temperature increase (T) and heat source density (Q) of a
nanohole array. d Fluid simulation with the appearance of the temperature gradient with a gas flow speed
of 0 pm/s. e Streamlines simulation with different gas flow speeds of 0, 1, 5, and 10 um/s. f The phase
response when the AC field was turned ON and OFF with a specific frequency (left) and its Fourier transform
(right). g The Fourier-transformed amplitude of the measured phase with different gas flow speeds. The
dashed line represents an exponential decay fit to the data, indicating the decrease in thermophoretic

force with increasing flow speed. h The Fourier-transformed amplitude of the measured phase with
different input optical powers. The dashed line represents a nonlinear fit to the data, consistent with the
thermophoretic force being proportional to the temperature gradient induced by the optical power. i The
Fourier-transformed amplitude of the measured phase with different AC voltages. The dashed line represents
a linear fit to the data, confirming the linear relationship between the thermophoretic force and the applied
AC electric field. j The Fourier-transformed amplitude of the measured phase with different AC frequencies

less significant (see Fig. 4e). When the AC field was periodically turned on and off with
a frequency of 0.01 Hz, the phase modulation was clearly resolved in both the time and
frequency domain, as shown in Fig. 4f. As the flow speed increases from 0 to 400 ccm,
the amplitude of the Fourier-transformed frequency peak (Fig. 4f inset) was gradually
reduced and disappeared when the speed up to 400 ccm, as shown in Fig. 4g; this flow
speed covers the flow state changes from steady to laminar and turbulent flows. This
result is consistent with the simulation performed using COMSOL Multiphysics soft-
ware (Fig. 4e, see Figure S4 in Supplementary Section G). Further, thermophoresis was
also confirmed to be dependent on the input optical power as demonstrated in Fig. 4h.
The higher input power supports a stronger temperature gradient resulting in a stronger
gas confinement effect; the green trendline shows non-linear relationship between
them, which matches well with Eq. 1. Meanwhile, the frequency peak amplitude (in
Fig. 4f right panel) changes proportionally to the AC field as shown in Fig. 4i. Because
all the other components in Eq. (1) remain the same except for the input electric field,
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Fig. 5 High resolution and high-speed measurement. a The Pascal level pressure modulation applied to
gas flow using a speaker. The gas flow with a constant value controlled by the flow controller goes through
the speaker to bring out the pressure generated by the speaker. To change the frequency and amplitude
of the pressure, the speaker was controlled using a frequency generator. The sound propagation changes
the pressure inside the chamber at Pascal levels. The pressure was measured using the maximum bubble
pressure method (the inset) b Phase change at the modulation of 5 Hz with the gas flow and Gaussian
fitting. ¢ Relation between the speaker-controlled voltage and relative phase (peak intensity/noise level) at
5 Hz. d Relation between the relative phase and level of molecule modulation. f Resolution analysis using
Allan deviation. Compared to FCR non-differential plasmonic phase spectroscopy, FCR differential plasmonic
phase spectroscopy provides two times better stability. e Phase change at the modulation of 200 Hz in the
presence (left) and absence (right) of gas flow

E, F(r) is proportional to |E|% The AC frequency was optimized for the best phase con-
trast to 20 MHz as shown in Fig. 4j (see Supplementary Section E for the details). These
results confirm that the thermophoretic force supports our phase detection via Eq. (1),
as expected. This set of experiments support strong confirmations for the appearance
of thermophoresis in our plasmonic gas sensing. Therefore, the sensitivity enhancement
factor of 3,852 could be achieved by the association of plasmonic field enhancement,
thermophoresis, and plasmonic optical trapping. More quantitative contribution of each
phenomenon will be investigated in our future study.

The flow controller has technical limitation on the response speed and pressure ampli-
tude, and thus cannot support the real-time detection test of single-molecule resolution
fluid dynamics. Therefore, a new setup was designed using a speaker as a fast pressure
modulator (see Fig. 5a). For different values of supplied voltage and applied frequency,
the pressure change (P,,,,;.) generated by sound waves in this experiment reached to
10 Pa (see Supplementary Table S5 — Section F). The controlled voltage was changed
from 0 to 20 V with step size of 0.1 V, and the frequency was set below 500 Hz (phase
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meter limitation). Gas flow with static pressure (P,

aric) (see Fig. 5a), which was con-

trolled by the flow controller, passed through the speaker resulting in P, mic + Pasic
at the outlet (see Methods for more detail).

techniques: the manometer principle and maximum bubble pressure methods for the

P jyamic was measured using two different
calibration (see Supplementary Figure S3 — Section F). These two measurement results
were comparable, therefore, the measured P, was considered acceptable. For a fre-
quency and supply voltages of 5 Hz and 20 V, P,,,,,,,;c was 112.1 Pa, corresponding to a
change in refractive index (4#n) of 2.8 x 1077 (see Supplementary Table S6—Section F).
The slope of the measured Py, with the supplied voltage was 10.3 Pa/V. Further, for
the controlled frequency of 200 Hz, the measured pressure was 39.3 Pa corresponding to
a An of 9.9 x 1078 (see Supplementary Table S6—Section F).

To evaluate the resolution limit of the measurement method, Allan deviations were
calculated at various averaging times (see Fig. 5f). The minimum stability was achieved
at a sampling time of 0.2 s, corresponding to the frequency of 5 Hz. Therefore, 5 Hz was
selected as the applied frequency to speaker in the high-resolution measurement. After
performing the experiment, the phase at 5 Hz was resolved clearly in the Fourier trans-
form data (see Fig. 5b). The maximum relative phase A¢, was 6.9. The relation between
the relative phase and voltage is shown in Fig. 5¢; the slope was of 0.35 A¢ (rad)/V. Com-
bined with the relations between the pressure, voltage, refractive index, and number of
gas atoms per hole in Supplementary Table S5—Section F, the relationship between the
number of gas atoms per hole and relative phase was derived, as shown in Fig. 5d. The
relation provided a slope of 319.6 atoms/hole/A¢ (rad). The minimum controlled voltage
step size was 0.1 V, indicating that a change of 11.2 atoms per hole (An=2.7 x 10~°) was
detected successfully. The measurement resolutions calculated by the Allan deviation
were 0.12 atoms per hole (An=2.9 x 107!) (FCR non-differential plasmonic spectros-
copy) and 0.06 molecule per hole (An=1.45 x 107!!) (FCR differential plasmonic phase
spectroscopy) (see Fig. 5f). Thus, the method can detect a change of one gaseous atom
inside an area of 4 x 4 holes on the EOT sample surface.

To demonstrate the high-speed measurement of the refractive index using FCR plas-
monic phase spectroscopy, a frequency of 200 Hz was applied to the speaker, which is
the Nyquist frequency of the current phase meter with the sampling speed limited to
1 kHz. The phase data was processed and analyzed in the frequency domain and an
expected peak of 200 Hz was observed (see Fig. 5e, left). Thus, to verify the signal caused
by the pressure change on the sample surface or the vibration effect caused by the sound,

the same experiment was conducted without the gas flow P,,,,,.. Consequently, the peak

tatic:
at 200 Hz disappeared (see Fig. 5e, right), which confirmed that the signal was because
of the change in the refractive index.

We demonstrated that frequency-comb-referenced plasmonic phase spectroscopy
enables fast and precise detection of gas dynamics via enhancing photon-sample inter-
action by 3852 times with the aids of plasmonic resonance and thermophoresis-assisted
optical confinement around the nanoholes. As a demonstration, a small dynamic atom/
molecule density modulation with an amplitude of 11.2 atoms per nanohole (2.7 x 10~
in RIU) was clearly resolved at 5 Hz with a detection resolution of 0.06 atoms/nanohole
(1.45 x 107! in RIU) in Allan deviation. The experimental results prove that the dynamic

motions of gas density can be measured with an unprecedented single-molecule
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resolution at a sampling rate of 200 Hz with the proposed scheme, which can enable
real-time monitoring of fast gas dynamics. This fast and precise sensing technique can
enable the in-depth analysis of fast fluid dynamics with the utmost resolution for bet-
ter understanding of biomedical, chemical, and physical events and interactions. Func-
tionalizing the plasmonic sample surfaces with selective bio-receptors, such as aptamers
or bacteriophages, real-time detection of respiratory viruses could be realized without

time-consuming PCR.

Methods

Frequency comb

The frequency comb used in our work is a spectrally broadened Er-doped fiber laser
system (FC-1500-250-WG, M-VIS, Menlo Systems). The master oscillator is a mode-
locked Er-doped fiber laser with a repetition rate (f,) of 250 MHz, a center wavelength
of 1,560 nm, and a spectral bandwidth of ~25 nm. The output is amplified using two
Er-doped fiber amplifiers (EDFAs). One EDFA is used for frequency stabilization, where
f, and fcp, are phase-locked to a reference Rb atomic clock (FS725, Stanford Research
Systems) using an f-to-2f inte.

rferometer and phase-locked control loops. The other EDFA is used for nonlinear
spectral broadening, where the amplified pulses are frequency-doubled to ~ 780 nm and
then coupled into a photonic crystal fiber to generate a broad supercontinuum spanning
from 530 to 950 nm.

The frequency comb is uniquely suited for our plasmonic phase spectroscopy tech-
nique due to its broad spectral coverage with narrow linewidths, absolute frequency
referencing, and potential for multiplexed measurements. The wide spectrum allows
simultaneous excitation of the plasmonic resonance and an off-resonance reference,
which is crucial for differential phase detection. Locking the comb to an atomic clock
provides a stable, absolute frequency reference for precise and repeatable phase meas-
urements over extended timescales. Furthermore, the multiple comb lines open up
future possibilities for probing the plasmonic response at several wavelengths simulta-

neously, enabling more comprehensive characterization of gas dynamics.

Mach-Zehnder interferometer

The frequency comb beam was split into two beams by an optical splitter. The first beam
was the reference beam and had a frequency shift of 36.2 MHz due to the AOM. The
second beam was transmitted through the gas chamber including the EOT sample. The
two beams were recombined at the second beam splitter. They interfered and generated
the heterodyne beat signal at the photodetector (PD). Using the appropriate grating-slit
setup, two signals can be obtained at two different wavelengths. The measurement PD
detected the beat at the plasmonic resonant (discussed in Fig. 2), which corresponded to
the side slope in the phase spectrum, whereas the reference PD detected the beat off-res-
onance. When the refractive index of the material on the Au surface changes, the plas-
monic condition is modified, which affects the phase of the measurement beat.
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SPR resonance

At normal incidence, the SP wavelengths excited by the hole array are given approxi-
mately by Eq. 2. Because the metallic surface is in contact with two media (substrate
glass and gas over the plasmonic structure), two groups of resonance can be observed

(48],
) (l ) _ ao ES,LEM
max\b]) = /7l'2 +j2 s+ em (2)

where a, is the period of the array and ¢, €5 and ¢; are the dielectric constants of the

metal, substrate and medium on the metal surface, respectively. i and j are the scattering
orders of the array.

Pressure generator with speaker

The speaker was covered with a rubber membrane and a 5-mm thick acrylic film to make
a pressure generator with two ports that acted as inlet and outlet. When a static pressure
P, ... was supplied, the rubber membrane was stretched and came into contact with the
speaker diaphragm. The vibration of the speaker generates the vibration of gas inside the
chamber, which was considered as dynamic pressure P,,,,,,.- By controlling the supplied
voltage or frequency of the speaker, we can control the amplitude and rate of change of
the P, The entire set up was placed inside a metallic box with a wall thickness of
8 mm for sound isolation, which could affect the interferometer.

Thermophoresis analysis by FEM simulation

Electromagnetic and conjugate heat transfer problems can be solved using the com-
mercial FEM solver (COMSOL Multiphysics). The “electromagnetics, beam envelopes”
module was used to calculate the heat generated around the nanohole array. The entire
simulation domain of the 20 x 20 nanohole array was reduced to a quarter by apply-
ing “PMC” and “PEC” boundary conditions along the x and y axes, respectively. Fur-
ther, “Scattering” boundary conditions were used at the outer boundaries to prevent the
reflection of the wave at the boundary, and “Matched” boundary conditions were used
at the top and bottom to launch the Gaussian beam at 633 nm with a waist beam waist
of 5 pm to the simulation domain. The compressible Navier—Stokes equation was solved
by coupling the “Laminar Flow” module and the “Heat transfer in Solid/Fluid” module
in the 400 x 400 x 400 pm? domain. In the “Laminar Flow” module, “Inlet” and “Outlet”
boundary conditions were set on the side for Argon flow into the simulation domain
with a prescribed velocity and temperature: 0, 1, 5, and 10 um/s at 293.15 K (see Supple-
mentary Section G). No-slip boundary conditions and fixed temperature were set on all
other boundaries. Then, gravitational body force was set to be p(T)g in the fluid domain.
Temperature-dependent density data of Argon was taken from the COMSOL library.
“Heat source” boundary conditions were applied on the volume of the nanohole array
using the heat generation data exported from the electromagnetic simulation.
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EOT chamber

EOT sample was covered with 1 mm thick slide glass. The gap between them was set
by stacking two cover glass with a thickness of 150 pm. The epoxy was used to seal the
chamber together with an inlet and outlet tube. The EOT sample used in our experi-
ments has an area of 10 mm x 10 mm, covered with a thin layer of 100 nm gold. Within
this sample, a square area of 1 mm? is engraved with evenly spaced holes to create an
array that produces the extraordinary optical transmission (EOT) effect. Additionally,
another square area on the same sample is scraped clean of the gold layer to serve as a
reference.

FCR non-differential plasmonic spectroscopy

In this method, the beat frequency of the on-resonant 613-nm beam was compared with
the radio frequency generated by the frequency generator. Because the frequency comb
is tightly locked to a time standard, the phase noise caused by the light source is negligi-
ble in this investigation. However, the two interferometric arms are exposed to different
disturbances of temperature, pressure, humidity, and CO, concentration, which cause
time-dependent slow variations in the optical path difference (see Supplementary Figure
S5a — Section H).

FCR differential plasmonic spectroscopy

In order to suppress the environmental noise, a differential phase detection method was
implemented. The beat frequency of the on-resonant 613-nm beam was compared with
the beat frequency of the off-resonant 780-nm beam (Fig. 2b, c). The wavelength-inde-
pendent time-varying phase noise was efficiently cancelled. Because the reference signal
traversed the same optical path as the measurement signal, the wavelength-independent
common noise can be greatly suppressed. In addition, the concepts of common-path
interferometry and balanced signal detection were implemented to provide higher noise
immunity (see Supplementary Figure S5b — Section H).
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