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Low-threshold parametric oscillation in organically
modified microcavities
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INTRODUCTION

Optical frequency comb generators are of great interest in many areas,
such as frequency metrology (1), high-precision spectroscopy (2, 3),
and quantum information processing (4). A common strategy for generating frequency combs is to leverage a four-wave mixing (FWM)–
based optical parametric oscillation (OPO) process, which is induced
by the Kerr nonlinearity in a crystalline optical material. In this process, two pump photons (wp) are converted to a pair of signal (ws) and
idler (wi) photons that are symmetric to the pump frequency (5). If the
OPO process is highly efficient and there are excess photons, then this
process can generate additional sidebands through secondary mixing
processes, thus resulting in comb generation.
To achieve a sufficient concentration of photons for the FWM process to occur, the original comb systems used high-power lasers to
excite crystalline materials with large Kerr coefficients in a long optical
cavity (1, 6–8). During the past decade, researchers have significantly
advanced the field by replacing the high-power lasers with integrated
photonic microdevices capable of amplifying the input optical field.
This strategy has significantly reduced the complexity and size of these
systems (9–11). This device-driven approach has focused on improving
the optical performance or the quality factor (Q) of the device, which
governs the amplification ability.
Ultrahigh-Q whispering-gallery mode microresonators are particularly suited to act as comb generators. The ultrahigh Q ensures
high-circulating optical intensities within the resonator, reducing the
threshold power needed to generate nonlinear phenomena. These devices have been fabricated from a wide range of dielectric and semiconductor materials (12–14). Nearly all have demonstrated frequency
comb generation and other nonlinear behaviors (11, 13–15).
Typically, a FWM process is leveraged to achieve comb generation
in a microcavity. This process requires that the ultrahigh-Q cavity is fabricated from a material with a high third-order nonlinear coefficient
and low dispersion. The parametric FWM process is enhanced if the
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signal and idler frequencies coincide with optical modes of the cavity
(16). When the scattering rate into the signal and idler modes exceeds
their respective optical cavity decay rates, OPO occurs (14). OPO in
the microcavity leads to the generation of additional lines that contain
multiple pairwise equidistant sidebands, spaced by the multiple free
spectral ranges of the cavity. This multistage process results in the formation of the frequency comb.
To realize OPO in microcavities, the detuning Dw should be sufficiently small (Dw ≈ 0) for phase matching to occur (9). In addition, Dw is required to be less than the parametric gain bandwidth
n

W ¼ 4 n2 Aw P, where P is the pump power, n2 is the optical Kerr
eff
coefficient, and n is the linear refractive index (17). Therefore, to
achieve OPO and comb generation, it is necessary to operate within
these boundary conditions, placing fundamental limits on device design. Unfortunately, nonparametric processes follow many of the same
design guidelines and requirements, making it difficult to isolate a
single nonlinear process (16, 18).
In addition, the inorganic materials that are available to fabricate
high-Q microresonators generally exhibit small intrinsic third-order
nonlinear coefficients, often resulting in multiple nonlinear optical
(NLO) effects in parallel (16, 18, 19). For example, in addition to parametric processes, nonparametric processes, such as stimulated Raman
scattering (SRS) (20–22), can also be easily excited in these devices.
In SiO2, the optical Kerr coefficient of silica is six orders of magnitude smaller than the Raman gain coefficient (n2 = 2.2 × 10−20 m2/W
compared to gR = 0.66 × 10−13 m/W). As a result, even under ideal
operating conditions, the theoretical threshold value of OPO in a
silica device is very close to that of SRS (5, 16), leading to the concurrence of the two processes. This challenge is not isolated to silica. The
performance of high-Q resonators made of other materials, such as
CaF2, diamond, and silicon, also suffer from the same competition between stimulated Raman emission and comb generation (18, 19, 23).
The competing processes can negatively affect the frequency conversion efficiency and output purity (5, 18).
An emerging class of highly NLO materials is based on organic
conjugated molecules. These materials can be designed to have high
second- or third-order nonlinearities superior to common inorganic
amorphous or crystalline materials (24). Extensive organic NLO
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Coherent frequency generators are an enabling platform in basic science and applied technology. Originally reliant
on high-power lasers, recently comb generation has been demonstrated in ultrahigh-Q microcavities. The large
circulating intensity within the cavity results in strong light-matter interaction, giving rise to Kerr parametric
oscillations for comb generation. However, the comb generation threshold is limited by competing nonlinear
effects within the cavity material and low intrinsic material Kerr coefficients. We report a new strategy to fabricate near-infrared frequency combs based on combining high-Q microcavities with monomolecular layers of
highly nonlinear small molecules. The functionalized microcavities demonstrate high-efficiency parametric oscillation in the near-IR and generate primary frequency combs with 0.88-mW thresholds, improving optical
parametric oscillation generation over nonfunctionalized devices by three orders of magnitude. This organicinorganic approach enables otherwise unattainable performance and will inspire the next generation of
integrated photonic device platforms.
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molecules have been synthesized and studied (25), driven by their
promise in nonlinear optics applications, such as all optical
switching (26), electro-optic modulation (27), and two-photon absorption (28). More recently, efforts have been made to develop organic molecules with large Kerr nonlinear coefficients (29). However,
because of fundamental incompatibilities with conventional nanofabrication methods, limited success has been realized in the development
of a cavity-based frequency comb using these materials.
Here, we functionalize the surface of ultrahigh-Q optical microcavities
with an NLO monomolecular layer to achieve high-efficiency parametric
oscillation and to generate primary frequency combs in the near-infrared.
Here, we focus on the small molecule 4-[4-diethylamino(styryl)]pyridinium
(DASP). However, the fundamental concept of leveraging oriented monolayers of highly nonlinear small molecules to enhance device performance is broadly translatable to other integrated optical devices.

RESULTS AND DISCUSSION

The surface of the silica microcavities is functionalized with a single
layer of small molecules having a very high third-order nonlinear coefficient. The DASP molecules [n2(DASP) = 2.54 × 10−17 m2/W] are covalently bound to the silica surface, forming an ultrathin and oriented
monomolecular layer of approximately 1.8 nm, corresponding to the
molecular length (Fig. 1A) (30). Finite element method (FEM) modeling of the optical mode profile was performed to determine the interaction of the optical field with the small-molecule monolayer (see
the Supplementary Materials). The simulations show that approximately 1% of the optical field is located in the evanescent tail (Fig.
1C). Thus, it is expected that the optical cavity can directly and efficiently interact with the monolayer. The effective mode area (Aeff) and the
effective refractive index of the microcavities are not changed by the
presence of the ultrathin (<2 nm) monolayer.
On the basis of these results, this ultrathin layer does not distort or
disturb the optical mode profile in a step-like manner but instead
alters the environment in a more subtle manner, allowing an effective
medium model to be used. This behavior is particularly important beShen et al., Sci. Adv. 2018; 4 : eaao4507
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cause it indicates that the same circulating optical mode can experience both material systems simultaneously. Hence, the monolayer
would serve to increase the Kerr gain of the silica in proportion to
the optical mode overlap with both material systems. Given this overlap, an enhancement in the FWM process is expected because the
combined Kerr coefficient, (1 − k)n2(silica) + kn2(DSAP), is calculated
to be 27.6 × 10−20 m2/W, which is 10 times higher than that of silica
(k is the percentage of optical evanescent field in the second material).
The surface of the silica microcavities was functionalized with DASP
using a two-step molecular self-assembly method (Fig. 2A). The formation of the molecular monolayers was characterized by x-ray
photoelectron spectroscopy (XPS; Fig. 2B). The high-resolution XPS
spectrum of the DASP-grafted silica clearly shows a binding energy
peak at 398.2 eV from N, confirming the formation of the DASP molecular layer on the surface. To further verify the DASP monolayer on
the device surface, we imaged the fluorescence of DASP using fluorescence microscopy (Fig. 2C). The DASP-functionalized microcavity
shows uniform fluorescence, confirming the successful attachment
of the DASP layer to the device (figs. S1 and S2).
The impact of the DASP monomolecular layer on the optical Q
was determined at each step in the functionalization process using a
set of five devices. Details on the measurement setup are in the Supplementary Materials (fig. S3). As shown in Fig. 3, the initial silica and
silanated microcavities exhibited ultrahigh-Q values averaging 1 × 108 at
1550 nm, whereas the DASP-functionalized silica hybrid microcavities
showed slightly lower Q values but still in the 107 to 108 range. Q values
above 107 ensure efficient excitation of the organic monolayers. The
ability to maintain Q values in this range is only possible because the precision of the grafting process resulted in minimal scattering and contamination loss as well as minimal damage to the device surface.
The emission spectra for nonfunctionalized (Q = 1.0 × 108) and
DASP-functionalized microcavities (Q = 0.7 × 108) pumped with a
1550-nm laser were characterized using an optical spectrum analyzer
(OSA). The emission spectra over a range of input powers were recorded
to determine both the lasing threshold and efficiency. Additional
measurement details are in the Supplementary Materials (fig. S1).
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Fig. 1. Surface functionalizaton of the silica microcavities. (A) Rendering of the silica optical microcavity with a nanolayer of oriented NLO molecules on the surface.
The microcavity is shown coupled to a waveguide and on resonance. In this condition, the input optical field is amplified, resulting in comb generation. The oriented and
aligned nanolayer is approximately 1.8 nm in length. (B) FEM simulation of the optical mode profile in the microcavity with a radius of 60 mm. The white line indicates the
boundary between the silica device and the environment (air). (C) The mode profile at the cross section of the device indicated by the dashed black line in (B) verifies that about
1% of the optical field extends into the environment and is able to interact with the DASP monomolecular layer on surface. In addition, the presence of the ultrathin monolayer
does not change or distort the optical mode profile or the effective mode area (Aeff) of the microcavities. a.u., arbitrary units.
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Fig. 3. Intrinsic Q values of the hybrid optical microcavities. (A) Q values of a
set of five devices measured at 1550 nm at each step in the functionalization process. (B) Typical transmission spectrum of a DASP-functionalized silica microcavity.
By fitting the spectra to a Lorentzian and using the expression Q = l/dl, where dl
is the full width at half maximum (FWHM), the loaded Q of the device was
calculated to be 0.7 × 108.
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Fig. 2. Surface functionalization and characterization of the microcavities.
(A) Schematic of the surface functionalization process. Benzyl chloride silane is attached to the silica surface using silanization chemistry. The DASP molecule is then
attached via a quaternization reaction, forming an oriented monolayer. (B) XPS
spectra of nonfunctionalized silica, chloromethylphenylsilane (CPS)–functionalized
silica, and DASP-functionalized silica. The peak binding energy at about 200 eV is
the primary peak of Cl(2p) from the CPS molecules of the CPS-functionalized silica.
The additional binding energy peak at about 400 eV is due to the nitrogen from the
grafted DASP molecule of the DASP-functionalized silica. Inset: A high-resolution
XPS spectrum of the DASP-grafted silica, clearly showing a binding energy peak at
398.2 eV from nitrogen. (C) Fluorescence image of a DASP-functionalized microcavity
(excitation at 403 nm and emission from 565 to 615 nm using a band-pass filter).
By leveraging the fluorescence of DASP, the DASP monolayer on the device surface
is directly imaged using fluorescence microscopy.

In the nonfunctionalized silica microcavities, no apparent signal/
idler photon pairs centered at 1550 nm were observed over the power
range tested (Fig. 4A). Instead, SRS around 1655 nm dominates the
output spectra, as previously reported in silica microcavities (31–33).
In contrast, in the DASP-functionalized microcavities, signal/idler
photon pairs with equal output power centered at 1550 nm appeared
first at sub-mW input powers (Fig. 4B). Moreover, even at high-input
powers, no other emission peaks in the detection wavelength range
were observed. Changes in the Q value of the DASP-functionalized
device did not change this behavior (fig. S4).
The observed preferential behavior for OPO exhibited by the microcavity can be understood by evaluating the relative threshold power
required for SRS and OPO. Specifically, by equating the parametric
and Raman thresholds in a resonator under critical coupling, a figurel g

of-merit parameter can be established: x ≈ 1:54 2pP nR , where lp is the
2
pump wavelength, gR is the Raman gain coefficient, and n2 is the Kerr
coefficient (Supplementary Materials) (5, 17). In a binary hybrid system,
the gR and n2 of the small-molecule layer must be included, resulting in
l

2gR;silica

a slight modification to this expression: x ≈ 1:54 2pP
,
ð1kÞn2 þkn′2
where gR,silica is the Raman gain coefficient of silica and k is the percentage of optical evanescent field in the material (by definition, k < 1).
Assuming a fixed device geometry, this expression allows different
nonlinear regimes to be established. When x > 1, the Raman threshold
is lower than the parametric threshold, and SRS is preferred. When
Shen et al., Sci. Adv. 2018; 4 : eaao4507
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x ≈ 1, OPO and SRS will coexist. When x < 1, the parametric threshold
is lower than the Raman threshold, and OPO is preferred. The x value
of the DASP-silica device was calculated to be 0.48, indicating that
OPO is preferred in these devices. In addition, because of the high
Kerr nonlinearity of the surface DASP molecules [n2(DASP) = 2.54 ×
10−17 m2/W] compared to that of silica [n2(silica) = 2.2 × 10−20 m2/W],
in the DASP-functionalized silica microcavities, the effective parametric gain bandwidth (WDS) of the devices was estimated to be approximately one order of magnitude larger than that of nonfunctionalized
silica (Wsilica). The significant enhancement in parametric gain bandwidth
ensures that the condition for FWM is fulfilled: WDS ≫ Dw. Therefore,
only parametric oscillation occurs in the DASP-functionalized hybrid
microcavities, resulting in the observed preferential generation of OPO
with no Raman emission lines present.
To more quantitatively determine the performance improvement
due to the small-molecule layer, the threshold for the DASP-functionalized
device can be compared to the silica device (Fig. 5). Primary frequency
combs with a spacing of ~3.8 nm were observed with multiple secondary signal/idler photons (Fig. 5A). This spacing agrees with the calculated free spectral range of the silica cavity, which is 3.82 nm for
the 138-mm diameter device. This agreement is notable because it indicates that the optical mode in the DASP-functionalized microcavity is
not distorted by the addition of an ultrathin monomolecular layer.
The output power of the signal/idler photon pairs increases markedly
with increasing input pump power. The parametric oscillation threshold value of the DASP-functionalized device (Q = 0.7 × 108) is 0.88 mW
(Fig. 5B). Above the threshold, the FWM process shows a cubic dependence (slope, 3.1) of the first generated idler output power on the
input power (fig. S5). Because the Kerr coefficient experienced by the
optical field is increased by the DASP monolayer, the parametric oscillation process is also significantly enhanced compared to a conventional
silica microcavity. For comparison, the measured maximum output
power of the DASP-functionalized device is three orders of magnitude
higher than that of a nonfunctionalized device (Fig. 5B).

CONCLUSION

In conclusion, we have demonstrated a materials-driven strategy to generate low-threshold frequency combs in organic-silica hybrid microcavities by removing parasitic secondary nonlinear effects. To verify our
approach, we used a self-assembly method to graft small molecules with
3 of 6
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integrated nanophotonics opens the door to a wide range of organichybrid photonic technologies for frequency combs (1, 34), ultrafast
optical modulations (35), all-optical switching (36), and quantum
information processing (4).
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Fig. 5. Comparison of OPO behaviors in different microcavities. (A) Representative primary Kerr comb from DASP-functionalized hybrid microcavities pumped
at 1550 nm, with a spacing of ~3.8 nm (0.46 THz). (B) Output power in the first
generated idler photon as a function of peak intensity in cavities of a DASPfunctionalized silica microcavity with Q = 0.7 × 108 and a nonfunctionalized silica
with Q = 1.0 × 108. The OPO threshold for DASP-functionalized silica microcavity was
observed to be 0.88 mW, whereas a clear threshold value was not observed within
the same experimental input power range for a nonfunctionalized silica microcavity.

large Kerr coefficients on the surface of optical resonators. As a result of
the precision of the monolayer formation, the ultrahigh-Q values of the
devices are minimally affected. The large Kerr coefficients of the DASP
molecular monolayers significantly increased the overall Kerr nonlinearity of the device, enhancing the OPO by three orders of magnitude, compared to the nonfunctionalized microcavities. This work
represents a unique strategy using organic molecules to generate frequency combs in ultrahigh-Q cavities. This approach is not limited to
the specific optical microcavity material or device geometry used in the
present work but is broadly applicable to any optical resonant cavity
platform. Thus, the strategy demonstrated here provides a universal approach for optimizing integrated photonic devices with novel functionalities. The combination of highly nonlinear organic molecules with
Shen et al., Sci. Adv. 2018; 4 : eaao4507
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MATERIALS AND METHODS

General information
Reagents and solvent were purchased from Sigma-Aldrich and
used without further purification unless otherwise noted. [4(Chloromethyl)phenyl]trichlorosilane (97%) was purified by distillation. 4-[4-Diethylamino(styryl)]pyridine was synthesized according
to a reported procedure (37).
Device fabrication
The initial silica microcavities were fabricated from optical fiber (Newport)
using a previously detailed method (38). Briefly, the polymer cladding
was removed, the fiber end-face was cleaved and cleaned, and the fiber
was exposed to a carbon dioxide laser. The final device diameters were
approximately 120 mm.
DASP-silica surface functionalization
The initial silica microcavities were first treated by O2 plasma to
generate dense hydroxyl groups on the silica surface. Then, the [4(chloromethyl)phenyl]trichlorosilane coupling agent was deposited
on the surface of the plasma-treated silica spheres using chemical
vapor deposition at room temperature for 8 min, yielding a CPSgrafted microcavities.
A 4-[4-diethylamino(styryl)]pyridine solution in chloroform
was first drop-casted onto the CPS-grafted microcavities to form
a uniform, oriented layer of 4-[4-diethylamino(styryl)]pyridine.
Then, the coated devices were heated to 110°C under vacuum for
20 min. The devices were cooled to room temperature, rinsed thoroughly with chloroform and acetone, and dried under vacuum at
110°C for 2 min, yielding a grafted DASP layer on the surface.
4 of 6
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Fig. 4. Representative output spectra from the hybrid microcavities. Output spectra of (A) nonfunctionalized and (B) DASP-functionalized microcavities with similar
Q values (1.0 × 108 and 0.7 × 108, respectively) pumped by a 1550-nm continuous-wave (CW) diode laser under different input power (Pin) values.
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Optical testing
To measure Q, light from a 1550-nm narrow-linewidth tunable CW
diode laser was evanescently coupled into and out of the microcavities
using a tapered optical fiber waveguide. The coupling efficiency was
optimized by controlling the distance between the tapered waveguide
and the microcavities using a three-dimensional nanopositioning
stage. The output signal was split, with one portion going to an oscilloscope and the other going to an OSA. Transmission spectra were
recorded on the oscilloscope, and the Q was calculated by fitting the
spectra to a Lorentzian and using the expression Q = l/dl, where dl is
the FWHM determined for the fit. Q factor measurements were performed in the undercoupled regime.
To characterize the emission behavior of the device, the amount of
power coupled into the device was increased until critical coupling was
achieved. The emission spectra were recorded on the OSA over a
range of input powers from below threshold to well-above threshold.
Additional details are in the Supplementary Materials.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/1/eaao4507/DC1
section S1. Surface functionalization characterization
section S2. Device characterization
section S3. Theoretical justification for x
fig. S1. Absorption and emission spectra of the DASP molecule.
fig. S2. Fluorescence and bright-field images of the microspheres.
fig. S3. Measurement scheme.
fig. S4. Two representative output spectra of DASP-functionalized silica microspheres with
different Q factors pumped at 1550 nm.
fig. S5. Power dependence of the first generated idler photon above threshold, showing a
cubic dependency (slope is 3.1) of the first generated idler output power on input power.
fig. S6. Two representative output spectra of nonfunctionalized silica microspheres with
different Q factors pumped at 1550 nm.
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FEM simulation
The simulation procedure explained in the literature was used to perform the simulation (39). Briefly, we drew a cross section of the resonator and solved Maxwell’s equations by assuming an axially symmetric
mode. We chose the mesh size to be l/8 to have an acceptable accuracy.
Once the software solves for the optical modes, we drew lines on the
equatorial plane of the resonator and calculated the electric field magnitude for all three components of the field (Eaxial, Eazimuthal, and Eradial).
Using the geometries and material properties defined by the experiments, we performed FEM modeling of the optical mode profile to
determine the interaction of the optical field with the small-molecule
monolayer. We showed a cross section of the fundamental mode along
with the field amplitude profile on the equatorial plane. In addition,
the presence of the monolayer did not change or distort the optical
mode profile. Thus, it is expected that the optical cavity can directly
and efficiently interact with the monolayer. In addition, the effective
mode area (Aeff) and the effective refractive index of the microcavities
were not changed by the presence of the ultrathin (<2 nm) monolayer.
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