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CHEMICAL PHYSICS

Selective isomer emission via funneling of
exciton polaritons
Sitakanta Satapathy1, Mandeep Khatoniar1,2, Divya K. Parappuram3, Bin Liu4, George John3*,
Johannes Feist5*, Francisco J. Garcia-Vidal5*, Vinod M. Menon1,2*
Polaritons in organic systems has shown the potential to modify chemical properties and to mediate long-range
energy transfer between individual chromophores, among other capabilities. Here, we demonstrate that strong
coupling and formation of organic exciton-polaritons can be used to selectively tune the isomer emission of organic molecules. By taking advantage of their delocalized and hybrid character, polaritons emerging in the strong
coupling regime open a new relaxation pathway that allows for an efficient funneling of the excitation between
the molecular isomers. We implement this by strong coupling to trans-DCS (E-4-dimethylamino-4′cyanostilbene)
molecules, which present two isomers in different amounts when immersed in a polymer matrix. Thanks to this
new relaxation pathway, the photoexcitation that is first shared by the common polaritonic mode is then selectively funneled to the excited states of one of the isomers, recognizing pure emission from the isomeric states that
do not contribute to emission under normal conditions.
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under ambient conditions with large Rabi splitting up to 1 eV. In
addition to the emergence of polaritonic states, collective strong
coupling also results in the formation of a manifold of dark states
that cannot be directly excited with light but plays an important role
in the excitation dynamics (10).
In this work, we introduce a route to select isomer luminescence
by also using the phenomenon of collective strong light-matter coupling. The mechanism relies on the funneling of the excitation
through the collective polaritonic mode, taking advantage of its delocalized character. By choosing an organic molecule in which the
two isomers display a very similar absorption spectrum, the resulting
polaritonic mode has contributions from the two excited states of the
isomers that are present in the sample. If the two isomers present a
distinct luminescence, we show how the initial photoexcitation that
has been stored in the common polaritonic mode can be efficiently
funneled to one of the excited states of the isomer if the Rabi splitting is large enough to surpass the energy difference between those
states. Thanks to this new energy pathway, it is then feasible to reshape the luminescence spectrum of the organic material by favoring the emission from one of the isomers for a particular application.
RESULTS

Figure 1A shows the chemical structure of the molecule used in our
study, trans-DCS (E-4-dimethylamino-4′cyanostilbene). This molecule is a highly conjugated donor-acceptor system that undergoes
an intramolecular charge transfer (ICT) process following UV excitation [see Fig. 1A] (25). Both the high conjugation and the ICT
character of the excited state induce a large increase of the molecular dipole moment, and consequently, this organic molecule presents
a large Stokes shift and a substantial two-photon activity. These two
properties make trans-DCS potentially relevant for several applications, such as two-photon excited fluorescence microscopy (26, 27),
three-dimensional optical data storage (28), and biological caging
studies (29). Schematic representations of the ground and excited
states of trans-DCS molecules are shown in Fig. 1D. These molecules can form two different isomers when immersed in a polymer
film: the planar (P) and nonplanar (NP) states (30–33). To be used
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The phenomenon by which some molecules present two or more
different arrangements of their atoms in space that are compatible
with their molecular formula is called isomerism, which is ubiquitous in organic chemistry. A feasible way to trigger an interplay
between isomers is the absorption of an ultraviolet (UV) photon,
which allows for operating within the excited states of the isomers.
While the photophysical properties of isomers are of great significance in the field of organic photovoltaics (1), optoelectronics (2),
and many biochemical events (3), it is the correct choice and purity
of the photoisomer luminescence that plays a decisive role in being
favored or disfavored for a particular application.
During the past 10 years, substantial experimental and theoretical
progress has been made to demonstrate the potential use of strong
light-matter coupling for both modifying molecular energy landscapes
(4–11) and enhancing energy transfer in donor-acceptor molecular
systems (12–19), among other capabilities (20). In general, strong
coupling emerges when a collection of quantum emitters is placed
within an optical cavity and the coherent energy exchange between
the excitons in the emitters and photons inside the cavity is faster
than the loss mechanisms in the combined system (21). The most
important fingerprint of strong coupling is the emergence of new
hybrid light-matter states, usually named polaritonic states, which
inherit interesting properties from their two constituents, light and
matter, and have a delocalized character. Owing to their large dipole
moments, high densities and tightly bound Frenkel excitons, organic
materials (22–24) hold enormous potential in the context of strong
coupling since they provide extremely robust polaritonic modes
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as a reference system, the first set of samples are fabricated by using
thin (~80 nm) films of DCS molecules that are spin-coated from the
anisole solution of polymethyl methacrylate (PMMA) and deposited
on silver thin (~100 nm) films after that. Details of the film fabrication steps are described in Materials and Methods. Figure 1 compares
the absorption (Fig. 1B) and photoluminescence (PL) spectrum
(Fig. 1C) of this structure. DCS layers present a broad absorption
spectrum, with its maximum centered at 3.23 eV (X1) and a weak
vibrational signature at 3.42 eV (X2). The PL spectrum displays two
maxima at 2.77 and 2.58 eV and a shoulder at 2.37 eV. It is worth
commenting that this weak PL feature appears only at high concentrations [≥1 weight % (wt%)], as shown in fig. S1. As discussed below,
this feature corresponds to photon emission from an isoenergetic
twisted ICT excited state (TICS) of the molecule (34, 35), implying
that the fraction of NP-trans isomers in our DCS films increases
with concentration. Unlike the PL spectrum, absorption does not
present a notable change when the molecular concentration is varied (see fig. S1).
Previous studies have used Raman spectroscopy as a tool to
characterize these two isomers, reporting that the less common NP
isomer is usually formed when DCS molecules are placed in rigid
polymeric environments (31–33). In the NP configuration, the two
phenyl rings are oriented at an angle of ~30° with respect to each
other around the central ethylenic double bond. In the Raman signal, this NP-trans isomer differs from the corresponding P-trans
one only by its ethylenic ─CH vibrations, resulting in an energy
shift of the corresponding Raman mode from 874 cm−1 (P-trans) to
967 cm−1 (NP-trans). Confocal Raman spectroscopy measurements
Satapathy et al., Sci. Adv. 2021; 7 : eabj0997
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of DCS films with varying concentrations deposited on silver films,
as shown in fig. S3, confirm that these two molecular configurations
are present in our samples. Moreover, when comparing the dependence of intensity of the Raman modes on molecular concentration,
a distinct behavior for the P-trans and NP-trans signatures is observed.
It is found that both configurations are present in very different
amounts within the polymer film, with the P-trans isomer being the
dominant one for all concentrations while the NP-trans isomer being detected only at high enough concentrations. To complete the
picture, our density functional theory (DFT)–calculated Raman
spectrum for the NP-trans configuration, as rendered in fig. S4, also
agrees with our experimental results. With respect to their excited
states, the planar excited state (PES) and TICS isomers are formed
after photoexcitation of P-trans and NP-trans ground states of DCS,
respectively. Our DFT calculations predict negligible energy difference in absorption energies for the two configurations with the
NP-trans being slightly higher in energy (Eabs ~ 30 meV) with respect
to the P-trans (see fig. S5), explaining why the absorption spectrum
does not present additional features associated with the NP-trans
isomer as molecular concentration is increased, in contrast to the
PL spectrum.
Now, we analyze how the absorption, PL, and Raman spectra of
the molecular film changes when it is placed inside a Fabry-Perot
(FP) cavity, which consists of two silver mirrors sandwiching
~80-nm-thick DCS film. As in the reference system, DCS layers
with varying molecular concentrations (0.2 to 1.2 wt%) are first
spin-coated over a 100-nm-thick silver film, which will act then as
the bottom mirror of the FP cavity. After that, another 30-nm-thick
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Fig. 1. Optical characterization of the thin film sample. (A) The ground (|0>) and the excited ICT state (|1>) chemical structures of trans-DCS, (B) absorption and (C) PL
plots (the deconvoluted peaks assign the spectral weights for the respective PES and TICS exciton emission), and (D) schematic comparing the respective absorption and
emission energies of the ground (P and NP) and excited state (PES and TICS) configurations of DCS (c = 1.2 wt%) thin film (~80 nm) over Ag. a.u., arbitrary units.
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silver film is deposited on top to close the cavity (see Materials and
Methods for more details). The geometrical parameters of the
structure are chosen such that the energy of the FP cavity mode almost coincides with the DCS absorption maximum, 3.23 eV.
A representative angle-resolved (20° to 80°) reflection spectrum
of one of the fabricated microcavities is displayed in Fig. 2A, obtained for a DCS concentration of 1.2 wt% and transverse magnetic
(TM) incident light polarization. The reflection energy data measured at various incident angles (fig. S6) are overlaid on the simulation results to show the dispersion relation in Fig. 2A. The three
minima for each incident angle are a fingerprint of the emergence
of strong coupling and correspond to the excitation of the upper
polariton (UP), middle polariton (MP), and lower polariton (LP)
states. From a fit based on a three-coupled oscillator model that accounts for the coupling between the FP cavity mode and DCS excitons X1 [3.23 eV, full width at half maximum (fwhm) ~ 0.24 eV] and
X2 (3.42 eV, fwhm ~ 0.10 eV), we can determine light-matter coupling strengths of g1 ~ 0.26 eV and g2 ~ 0.06 eV, respectively. This
leads to a total Rabi splitting of R ~ 0.64 ± 0.05 eV between LP and
UP (the two modes with significant contributions from the cavity
mode). The dependence of the Rabi splitting energy on molecular
concentration is shown in fig. S7, implying that strong coupling is
achieved for molecular concentrations higher than 0.8 wt%.
The PL spectrum for the strongly coupled cavity sample does not
follow the dispersion of the LP mode (see Fig. 2B), although the

excitation energy coincides spectrally with that of the LP mode
(2.8 eV). Instead, it shows an almost nondispersive emission at 2.37 eV,
indicating that this emission could come from the TICS dark states
of the NP-trans configuration of the molecule. Figure 2 (C and D)
compares the excitation energy–dependent PL spectra of DCS
(c = 1.2 wt%) for the reference system and for the FP cavity case,
respectively. As discussed above, the bare molecular film at high
concentrations is characterized by an intense PES photon emission
at 2.77 and 2.58 eV and a weak (for high energy excitation) to almost
negligible (for low energy excitation) TICS emission at 2.37 eV. This
evolution of the TICS emission is attributed to the low concentration of TICS isomeric states (with respect to PESs) in the sample,
which need to be pumped higher in energy to fluoresce and then
contribute to the broader tail of the PL intensity. As a difference, the
PL spectrum in the strong coupling regime presents a more abrupt
dependence on the excitation energy. Exciting the cavity sample
close to the LP resonance (2.8 eV) results in a well-resolved PL signal coming from the TICS and no photon emission resulting from
the PES. However, pumping more and more closely to the uncoupled exciton resonances at higher energies (>2.8 eV) provokes a
broadening of the spectral profile, revealing emission from both
PES and TICS. No angle-dependent PL response from the cavity
samples is observed in this case either. This behavior is consistent
with previous experimental observations for strongly coupled organic molecules that present a very large Stokes shift (36).
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Fig. 2. Optical characterization and excitation pump–dependent PL of the cavity sample. (A) Angle-dependent reflection (TM polarization, 20° to 80°) data for a
strongly coupled DCS cavity sample (white filled circles denote the measured polariton dispersion, while black circles and dashed lines indicate the bare cavity and exciton dispersion data, overlaid on the simulation results, respectively), (B) Angle-resolved PL from the strongly coupled cavity sample for an excitation energy of ~2.8 eV
and normalized excitation energy–dependent PL spectra comparison for the (C) bare molecular films and (D) strongly coupled cavities of DCS (c = 1.2 wt%).
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To elucidate the physical origin of the distinct behavior observed
for strongly coupled samples, Fig. 3 (A to F) presents the evolution
of the cavity PL spectrum as a function of the molecular concentration, varying from the weak (c < 0.8 wt%) to the strong (c > 0.8 wt%)
coupling regime, for a fixed value of the excitation energy (3.2 eV),
close to the bare exciton resonance (3.23 eV). PL spectra for the
cavity samples at low concentrations (0.2 to 0.6 wt%) reveal features
almost identical to those observed in the reference system (see fig.
S2) for the same concentrations: two maxima at 2.77 and 2.58 eV,
which correspond to emission from the excited state of the planar
configuration, and no signatures of the TICS isomer. However, at
higher concentrations (0.8 to 1.2 wt%), PL spectra show a complete
modulation of emission spectral weights with contributions from
the excited states of the two isomers: intense emission from TICS
excitons at 2.37 eV along with weaker spectral features from PES
excitons, just the opposite to what is observed for the reference system
at the same concentrations, in which the PES peaks are always the
dominant feature (see Fig. 1C).

In addition, as shown in Fig. 3 (G to I), the weak PL features
from the PES excitons become negligible when the cavity is pumped
close to the LP resonance (~2.8 eV). Although we cannot monitor
the 2.77-eV emission from the PESs because it is too close in energy
to the pump beam, the negligible emission at 2.58 eV (vibronic feature also coming from PESs) seems to indicate that the excitation
has a very minor contribution from PESs in this case. Accompanying the disappearance of PES features in the PL spectrum, the corresponding PL peak at 2.37 eV largely increases with concentration.
Although some of the increase is associated with just the presence of
more NP-trans molecules and, thus, the availability of more TICSs
(notice that TICS emission also increases with concentration in DCS
bare molecular films, being nevertheless much smaller than that
coming from PESs, as shown in fig. S2), most of the increase observed must come from another source as TICS emission is always
greater than that coming from PESs, irrespective of the excitation
energy used. Therefore, our results imply that, when the system enters the strong coupling regime, a new relaxation pathway is opened
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Fig. 3. Concentration-dependent PL of the cavity sample. Comparison of PL spectra for the cavity samples with varying concentrations for (A) 0.2 wt%, (B) 0.4 wt%,
(C) 0.6 wt%, (D) 0.8 wt%, (E) 1.0 wt%, and (F) 1.2 wt% pumped close to the exciton resonance (~3.2 eV). PL spectra comparison only for the strongly coupled cavity samples
with varying concentrations for (G) 0.8 wt%, (H) 1.0 wt%, and (I) 1.2 wt% pumped close to respective LP resonances (~2.8 eV).
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that allows for an efficient excitation transfer from the LP mode to
the TICS isomer, which becomes the dominant one when the excitation energy is resonant with the LP mode.
To further confirm that an exciton polariton funneling-type
mechanism is responsible for the emission intensity enhancement
from the TICS isomer and exclude the possibility of any polariton-
induced photochemical change, we have carried out extensive
concentration-dependent confocal Raman measurements on the
cavity samples following their PL measurements and compared them
with those for the corresponding bare molecular films (fig. S8 and
S9). Figure 4 (A and B) shows the concentration-dependent increase
of ethylenic–CH Raman modes (967 cm−1) for the NP-trans isomer
for the bare molecular films and cavity samples, respectively. In
both cases, a nonlinear Langmuir type increase in Raman intensities
for the 967-cm−1 peak is observed with saturation of Raman photons at higher concentrations. The origin of Langmuir curves in
Raman spectra of organic systems have been discussed in previous
reports (37, 38). The rise in the signal intensities occurring at different concentrations for the bare film and the cavity could be attributed
to differences in the sample preparation inside and outside cavity,
leading to different aggregation/assembly behaviors of DCS. As discussed previously, the NP-trans isomer is the ground state associated
with the TICS excitons and is expected to undergo a population

change following the TICS emission increase under the condition of
a cavity-induced photochemical change (9, 11). However, the 967-cm−1
Raman mode enhancement as a function of concentration follows
an almost identical trend, displaying approximately sixfold increase
for both the bare molecular films and cavity samples. This suggests
that there is no change in ground state isomerism induced by strong
coupling, which is consistent with previous reports (5).
Figure 4C shows a sketch of the energetics in the strong coupling
regime. The cavity mode (in the center) is close to resonant with the
dominant transitions in both the P-trans and NP-trans isomers. The
two optically active polaritons (LP and UP) are thus formed from
the cavity mode and the vibrational levels that are visible in the absorption spectrum in both the PES and TICS (indicated by dashed
arrows). Because of the energetics of the system, the lowest polariton becomes close in energy with the (optically dark) lowest vibrational level of the TICS accessed from the NP-trans isomer. This
implies that vibration-mediated incoherent excitation transfer processes (indicated by the wavy green arrow) from the LP to the darkstate manifold corresponding to this lowest TICS level are highly
efficient, following Kasha’s rule that has been found to be also operative for strongly coupled systems (15, 36, 39). At the same time,
vibration-mediated exciton transfer to the PESs becomes energetically forbidden and thus strongly suppressed. The delocalized LP

Downloaded from https://www.science.org on October 29, 2021
Fig. 4. Concentration-dependent Raman spectra of the cavity sample and schematic summarizing the polariton funneling mechanism. Comparison of concentrationdependent Raman (2.33 eV exc) intensities for the 967-cm−1 peak collected from the DCS film over (A) 100-nm Ag and (B) in microcavity following PL measurements.
(C) Schematic describing the energy level alignments of the respective PESs and the polariton-induced energy funneling mechanism that transfer excitations from PES to
TICS isomers of DCS molecules in cavities.
Satapathy et al., Sci. Adv. 2021; 7 : eabj0997
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130°C for 1 hour and then cooled to room temperature. The remaining triethyl phosphite was removed under vacuum. The product was
used for the next step without further purification [yield: 90 to 95%;
1H Nuclear Magnetic Resonance (NMR) [CDCl3, 500 MHz, tetramethyl
silane]  (parts per million): 7.61 (d, 2H, ArH), 7.42 (d, 2H, ArH),
4.08 (m, 4H, ─OCH2─), 3.20 (s, 2H, ─CH2P─), and 1.15 (t, 6H, ─CH3)].
2) Synthesis of DCS. NaH (520 mg; 0.0216 mol) is added to a
solution of 2.6 g (0.0108 mol) of phosphonate in 13 ml of N,N′-
dimethylformamide. After 30 min, 3 g (0.0201 mmol) of p-dimethylaminobenzaldehyde is added, and the mixture is stirred overnight
at 40°C. Then, the solution is poured on water and extracted with
dichloromethane. The organic layer was washed with brine, dried
over Na2SO4, and concentrated to give the crude product, which
was further purified by column chromatography over silica gel with
CH2Cl2 and gives DCS as yellow solid in 87% yield [1H NMR
(dimethyl sulfoxide, 500 MHz):  (parts per million): 7.75 (m, 4H,
ArH), 7.49 (d, 2H, ArH), 7.38 (d, 1H, vinylic H), 7.07 (d, 1H, vinylic H),
6.75 (d, 2H, ArH), and 2.96 (s, 6H, ─CH3)].

DISCUSSION

Sample preparation
DCS precursor solution is obtained by dissolving about 0.2 to 1.2 wt%
of DCS in 0.8 ml of commercial PMMA A2 (Mw = 495,000 Da,
Spectrochem) resist and 0.2 ml of anhydrous anisole (99.7% pure;
Sigma-Aldrich) that was sonicated for half an hour to ensure proper
mixing. The solutions are directly used for spin coating onto the
Ge-coated (5 nm) metallic Ag (100 nm) mirrors. For thickness
optimization, the solutions are first spin-coated at different revolutions per minute on clean microscopic glass slides, following which
the films are annealed at a very low temperature of around 50°C for
5 min and are subsequently characterized for thickness measurements using a stylus profilometer (Bruker DektakXT).
For preparing cavity samples, Si (111) substrates are first cleaned
by ultrasonication (3 min in each solvent) using acetone, methanol,
and isopropanol as solvents. The steps are repeated thrice to ensure
proper cleaning followed by drying with N2 gun. Onto these cleaned
Si (111) substrates, 5 nm of Ge is first deposited as an adhesive layer
using electron beam (E-beam; AJA Orion 8E) evaporator at a slow
deposition rate of 0.3 Å/s, following which 100 nm of Ag is deposited
at a constant rate of 0.5 Å/s to form the bottom metallic mirror. The
as-prepared DCS precursor solution is then properly filtered using
a syringe filter and then spin-coated on these bottom Ag mirrors at
4000 and 4500 rpm for 1 min. The films are annealed at a very low
temperature of around 50°C for 5 min to form the noncavity samples. The cavity samples are prepared in an exactly similar manner, following which 30 nm of top Ag mirror is directly deposited using
E-beam at a constant rate of 0.3 Å/s. The same procedure is carried out
with PMMA A2 resist only to prepare the bare cavity samples.

ICT active molecular isomers are donor-acceptor dyadic systems
that find extensive use in the field of organic optoelectronics and
molecular nonlinear optics. However, the success of the overall application is defined by the choice and purity of isomer emission.
First, we have demonstrated strong coupling of a highly conjugated
ICT active molecule, DCS, resulting in Rabi splitting energies up to
R = 0.64 ± 0.05 eV (~19.8% of the total exciton energy). Our experiments also point to the emergence of a directional polariton energy
transfer pathway in between the two photoisomers (PES and TICS)
of DCS (E-4-dimethylamino-4′cyanostilbene) molecules, which are
present in different amounts inside the cavity. This funneling process
becomes more and more effective when the Rabi splitting is increased,
and the optical pumping is close to the LP resonance, resulting in a complete spectral weight modulation and significant brightening of pure
TICS exciton emission. The realization of TICS exciton emission in the
strong coupling regime undergoes a significant intensity enhancement
with respect to lowering of LP energy levels, suggesting an effective directional funneling of the energy associated with a delocalized LP onto
the TICSs. On the other hand, concentration-dependent Raman investigations for the cavity samples confirm no change in ground state
population as a function of strong coupling and thus reject the possibility of any polariton-induced photochemical change.
In the general context of cavity-induced modification of chemical and material properties, our contribution offers a new strategy
toward successful harvesting/funneling of polariton energy to access
desirable excited states of potential relevance in the field of organic
photovoltaics, optoelectronics, and photobiological reactions. Through
judicious choice of molecular systems and cavity design, our strategy
could potentially be used in other scenarios, such as excited state
induced proton transfer, electron transfer, and photooxidation reactions in photovoltaics.
MATERIALS AND METHODS

Synthesis
The synthesis of DCS is carried out in two steps as described below:
1) Synthesis of diethyl (4-cyanobenzyl)phosphonate. 4-cyanobenzyl
bromide (5.1 mmol) and triethyl phosphite (6.12 mmol) were
placed in a round-bottom flask. The reaction mixture was heated to
Satapathy et al., Sci. Adv. 2021; 7 : eabj0997
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Optical and spectroscopic measurements
The reflection measurements are performed using spectroscopic
ellipsometry (Woollam V-VASE) technique for all samples. For the
bare film and cavity samples, reflection measurements are performed using the pp polarization by varying the angle of incident
light from 20° to 50°. The measurements are collected at room temperature for each 5° interval. Solid-state UV-visible measurements
on glass slides are performed using a Jasco-760 UV-visible spectrophotometer. PL measurements are performed using a homemade
setup comprising laser. The setup is coupled with a Princeton
Instruments monochromator with a PIXIS: 256 electron-multiplying
6 of 8
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thus effectively acts as a funnel that can exploit the strong absorption of the dominant P-trans isomer but transfers a significant fraction of the excitations to localized molecular excitations in the TICS
and consequently makes emission from the TICS the dominant
radiative emission channel. As a difference from previous demonstrations of cavity-enhanced energy transfer processes in which the
excitation is always carried out by the polaritonic states of the
strongly-coupled system (12–14, 16–19), here, the mechanism uses
the manifold of molecular dark states as the final emissive mode.
The delocalized polaritonic state is only used to store first the excitation energy that is then transferred to the dark states. As a result,
this funneling process is much faster than pure polariton-assisted
transfer mechanisms because of the huge density of dark states when
compared to polaritonic ones. We also note that since only excitations, not electrons, are exchanged between the different isomers,
only “relative” (excitation) energies play a role, not the “absolute”
(orbital) energies.
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charge-coupled device (EMCCD) camera. A 100×, 0.7 numerical
aperture (NA) objective was used for all the measurements.
Confocal Raman measurements
Raman spectra are recorded by raster-scanning the samples using a confocal Raman microscope (alpha300 R; WITec GmbH, Ulm, Germany).
The system is equipped with an SHG Nd:yttrium-aluminum-garnet
red laser (532 nm, 70 mW) and a lens-based spectrometer with a
CCD camera (1024 × 128 pixel; Peltier cooled to ~65°C). A 100×
microscope objective (working distance, 0.3 mm; 1.0 NA) was used
for the experiments. The spectra are recorded as large-area scans
with an integration time of 0.5 s at a laser power of ~9.0 mW measured at the microscope objective followed by averaging. The laser
exposition time is first varied and then fixed to 13 min to examine
the consistency (stability) of the spectral features, which is averaged
and baseline corrected. All the spectra are corrected by subtracting
the results obtained from the control samples consisting of PMMA
films (no DCS) only. For confocal imaging, the 50-m core of a
multimode fiber served as the pinhole, leading to a focal depth of
~1 m. The diffraction-limited spot resulted in a lateral resolution
of ~1 to 2 m. Reflected and elastically scattered photons were rejected by an edge filter. The nominal spectral resolution was ~5 cm−1
per CCD pixel. All measurements are done at room temperature.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0997
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