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We report enhanced optical nonlinear effects at the surface of an ultrahigh-Q silica microcavity
functionalized by a thin layer of organic molecules. The maximal conversion efficiency of third harmonic
generation reaches ∼1680%=W2 and an absolute efficiency of 0.0144% at pump power of ∼2.90 mW,
which is approximately 4 orders of magnitude higher than that in a reported silica microcavity. Further
analysis clarifies the elusive dependence of the third harmonic signal on the pump power in previous
literature. Molecule-functionalized microcavities may find promising applications in high-efficiency
broadband optical frequency conversion and offer potential in sensitive surface analysis.
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Ultrahigh-Q optical microcavities have become intriguing
platforms for light-matter interactions owing to their strong
confinement of a light field [1–3]. Recent years have
witnessed broad applications of optical microcavities rang-
ing from low-threshold microlasers to nonlinear optics to
quantum optomechanics [4–7]. A notable feature of micro-
cavities is the inherent leaking evanescent field at the surface,
which not only enables efficient near-field waveguide
coupling [8,9] but also promotes fundamental and practical
applications [10–15]. Breakthroughs on exploring the sur-
face effects of ultrahigh-Qmicrocavities have been realized,
such as chiral quantum optics [16–18], single nanoparticle
sensing [19–21], monolayer excitonic laser [22,23], and
symmetry-breaking-induced nonlinear optics [24–26].
In particular, silica whispering-gallery microcavities

are mainstay photonic devices for their intrinsically ultra-
low loss in the broadband spectra and the mature fabrica-
tion in modern technology [27–29], but unfortunately
suffer from low second- and third-order optical nonlinear-
ity. Alternatively, there is ever increasing interest in the
surface functionalization strategy to bridge the microcav-
ities with the vast library of nonlinear molecules, which
aims to improve properties and expand applications of
the bulk materials [30–34]. In this work, we report the
enhanced third harmonic generation (THG) and third-order
sum frequency generation (TSFG) at the surface of
organically functionalized ultrahigh-Q silica microcavities.
The highly challenging problem of optical mode dispersion
is tackled with dynamic phase matching. Experimentally,
a record conversion efficiency of ∼1680%=W2 is realized
for the third harmonic (TH), which is comparable with

that of state-of-the-art chip-integrated microring cavities
[35]. Further analysis elucidates the distinct dependence
of the output TH power on pump power in the literature
[29,35–37].
Figure 1(a) shows that a silica microsphere with a

diameter of ∼62 μm is functionalized with a thin layer
of 4-[4-diethylamino(styryl)] pyridinium (DSP) molecules
[38] of high third-order nonlinear coefficient (n2 ¼
2.54 × 10−17 m2=W) [34]. The deposition of DSP mole-
cules onto the microcavity surface is indicated by the
photoluminescence spectrum in Fig. 1(b). The dual micro-
fiber waveguides with diameters of about 1 and 0.6 μm are
designed for the evanescent coupling of pump light (infra-
red) and harmonic signal (visible), respectively. Figure 1(c)
plots infrared transmission spectra for nondegenerate trans-
verse-electric (TE) and transverse-magnetic (TM) polari-
zation modes, showing typicalQ factors of about 1.9 × 107

and 2.9 × 107, respectively. In this study, the deposition of
DSP molecules reduces the Q factor of microcavities by
at most a factor of 3 [38].
When the functionalized microcavity is pumped at

1533.8 nm, the bright green TH signal is observed at
511.0 nm measured on an electron-multiplying CCD
(Andor, newtonEM) as shown in Fig. 1(d). The small
deviation (∼0.27 nm) of measured TH wavelength is
within the resolution (∼0.34 nm) of our spectrometer.
Besides the TH signal, stimulated Raman scattering and
parametric oscillation are also observed for a range of
pump power [Figs. 1(d) and 3(c)]. The phase mismatch of
waveguide-microcavity coupling may cause a significant
reduction of the collection of TH signals [29,36,37].
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We thus optimize the fiber-microcavity coupling for both
pump and probe fibers, and the collection efficiency by the
probe fiber is found to be about 2 orders of magnitude
larger than that by the pump fiber [Fig. 1(e)].
By solving nonlinear coupled-mode equations, the gen-

erated TH power (P2) [38] is

P2¼
256jgj2Q6

1Q
2
2=ðQ3

1eQ2eÞ
ω3
1ω2½4Q2

1ðωp

ω1
−1Þ2þ1�3½4Q2

2ð3ωp

ω2
−1Þ2þ1�

P3
1; ð1Þ

where the subscripts j ¼ 1, 2 indicate the pump and TH
cavity modes with resonant angular frequencies ωj, Qj and
Qje are the loaded and external quality factors of a cavity
mode, respectively, g is the third-order nonlinear coupling
coefficient between the pump and TH cavity modes [38],
which is composed of the nonlinearity from the bulk silica
and surface molecules, and ωp and P1 are the angular
frequency and input power of the pump light, respectively.
Without regarding the explicit optical field distribution of
pump and TH light, the nonzero g requires momentum
conservation, i.e., 3m1 ¼ m2, where m1 and m2 are the
angular mode number of the pump and TH field. From
Eq. (1) it is found that, on the one hand, the ultrahigh Q
boosts the TH conversion efficiency which scales Q3

1Q2 in
the double-resonance condition (ωp ¼ ω1 ¼ ω2=3); on the
other hand, ultrahigh Q shrinks the optical window for

phase matching. Note that the strategy in Ref. [41] com-
pensates the phase mismatch in four-wave mixing by
sophisticated optical mode engineering in a microring with
a typical Q factor of 106. However, it is fundamentally
challenging to transplant this technique to the ultrahigh-Q
microcavities (∼107–108) for THG operated in a broad
wavelength span.
Here, we show that the phase mismatch of the THG

process can be compensated dynamically by thermal and
optical Kerr effects [24,42]. To this end, we introduce the
dimensionless parameter χ ¼ ð3ω1 − ω2Þ=γ2 to describe
the dynamic phase mismatch for the THG process, where
γ2 is the linewidth of the TH cavity mode. In the cold cavity
condition, the double resonance is usually unsatisfied
due to the cavity geometry and material dispersions [29].
Thanks to the thermal and optical Kerr effects, the high
intracavity pump power induces redshifts for both the pump
and TH cavity modes. Generally, these effects introduce a
larger resonance shift on the pump cavity mode than that of
the TH mode, considering their spatial field distributions
and overlap integrals [24].
Since the shift of the TH signal is linearly correlated to

that of the pump mode in the case of resonance (ωp ¼ ω1),
the TH signal experiences a larger shift than its resonant
mode, resulting in the reduction of χ with the increase of
pump power, as shown in Fig. 2(a). Therefore, a critical
pump power (Pc) appears at which both the pump light and
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FIG. 1. (a) Schematic of the organically functionalized silica microsphere. Inset: Optical microscope image of microsphere coupled
with dual microfibers. (b) Photoluminescence of silica substrate deposited with or without organic molecules. (c) Typical optical
transmission spectra for TE and TM polarization modes in a functionalized microsphere. (d) Measured TH spectrum (green) and infrared
pump spectrum (black). Inset: Scattering CCD image of the TH signal. (e) Comparison of the TH power collected by the probe fiber and
pump fiber (100× magnified).
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TH signal can catch their hot resonant modes, and the
double resonance is realized [middle panel, Fig. 2(a)].
Below the critical power, although the pump light
can achieve resonance on its cavity mode, the TH signal
remains in the blue-detuned state [upper panel, Fig. 2(a)].
The sharp increase of χ is due to the nonlinear bistability
effect [42]. Above the critical power, the TH signal reaches
the resonant state first, and so does the pump light with
further pump detuning [bottom panel, Fig. 2(a)]. In this
condition, the maximal output TH power is determined by
the compromise of the pump light and the TH signal’s
phase match.
Experimentally, to characterize the power dependence of

the TH output on the pump, we tune the pump wavelength
and record the highest output TH power at each input
power. When the pump power is below the critical value
(∼2.90 mW), the collected TH output power is weak
[Fig. 2(b)] because the TH signal is far off resonance
( χ ≫ 1) within the full tuning range of the pump light;
when the pump power becomes higher than the critical
value, a strong TH signal is observed since both the pump
light and TH signal fall into the linewidths of their cavity
modes. Notably, the maximal TH power is nearly stable
beyond the critical pump power [see, e.g., states (ii) and
(iii) in Figs. 2(b) and 2(c)]. This is because the maximal
TH power occurs in the condition of the TH signal on
resonance [3ωp ¼ ω2, bottom panel in 2(a)] at which the
intracavity pump power is nearly constant with the increas-
ing input due to the thermal and Kerr effects [24,42].
Note that the distinct shape of the TH signal on pump
detuning around the critical power is captured successfully,

as shown in panel (i) of Fig. 2(c), which is predicted by the
dynamic phase mismatched χ curve in the middle panel
of Fig. 2(a).
From the experimental data in Fig. 2(b), the TH output

exceeding 400 nW is obtained, and the maximal conversion
efficiency (P2=P3

1) as high as 1680%=W2 is observed
around the critical pump power, approximately 4 orders
of magnitude higher than that of the best-reported bare
silica microsphere cavity [29]. The record high conversion
efficiency is contributed by the strong nonlinearity of
organic molecules and the ultrahigh-Q-resonant enhance-
ment of both pump light and TH signal. Because of the
small range of power for perfect phase matching, the
maximal absolute efficiency (P2=P1) of THG reaches
∼0.0144% at a pump power of ∼2.90 mW. However,
theoretically, by selecting an appropriate dispersion of
microcavity to increase the critical pump power for phase
matching, the absolute efficiency can be further improved.
The multiemissions from the functionalized micro-

sphere cavity are also observed due to TSFG, as shown in
Fig. 3(a). By tracking the output third-order sum frequency
(TSF) spectra and pump spectra in the infrared, it is found
that the origin of the TSF signals can be attributed to
Raman-scattering-assisted and the parametric-oscillation-
assisted processes. For example, Fig. 3(b) shows the
spectrum of the TSF signal (536.76 nm), which is con-
verted by the sum of the pump light (1534.68 nm) and first-
order stimulated Raman scattering (1652.64 nm). Different
Raman scattering based TSFGs are also observed [38].
In our experiment, the TSFG contributed by stimulated
Raman scattering is commonly observed, owing to the
broad Raman gain bandwidth of silica. By tuning the pump
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FIG. 3. (a) Observation of multicolor light emissions due to
TSFG. (b) Measured spectra of Raman-scattering-assisted TSFG.
One pump photon (ω1) and two Raman Stokes photons (ωR) are
annihilated to create a visible photon (ω2). (c) Measured spectra
of parametric-oscillation-assisted TSFG. Two pump photons (ω1)
and one parametric photon (ωpp) create a visible photon (ω2).
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wavelength and the microfiber coupling position, strong
cascaded parametric oscillations also occur [Fig. 3(c)],
where two pump photons (1536.546 nm) and one para-
metric photon (1519.68 nm) are converted into a visible
photon (510.02 nm). The coherent interaction between
parametric oscillation and TSFG can find applications in
all-optical signal processing [43].
Furthermore, we find that the TH and TSF of the

functionalized microsphere depends highly on the polari-
zation of the pump light, which is, in principle, absent in
bare isotropic silica microsphere cavities. Experimentally,
by pumping different modes with preidentified polariza-
tions (TE and TM) and the fixed pump power, we record
the output power of THG or TSFG under optimal fiber
coupling. Figures 4(a) and 4(b) compare the pump polari-
zation dependence of nonlinear frequency conversion for
the surface functionalized and bare silica microsphere
cavities, respectively. It is found that the output TH or
TSF power with TE-polarized pump is on average about 2
orders of magnitude higher than that with TM-polarized
pump in the surface functionalized microcavity [Fig. 4(a)].
In contrast, no significant polarization extinction is found
for the third-order nonlinear frequency conversion in a bare
silica microsphere of comparable size [Fig. 4(b)]. Since
the dipole moments of DSP molecules tend to be aligned
along the tangential plane of the microsphere surface by our
fabrication processes [38], the molecule nonlinear polari-
zation enhancement for TE pump modes in a functionalized
microcavity is much higher than that for TM pump
modes, qualitatively. Besides the polarization effects,
Fig. 4 also indicates that the THG and TSFG of a surface
functionalized microcavity are on average over 100 times
larger than that of a bare microcavity under the same
conditions, which reasonably agrees with the theoretical
calculations [38].
Finally, we note that besides our results, different

power dependences of THG have been reported in
whispering-gallery microcavities [29,35–37]. To this end,

we would elucidate more generally the dependence of
output TH power (P2) on the input power (P1). As
aforementioned, before the reach of critical power (Pc)
for the double resonance, the maximal output power P2

is obtained in the case of pump on resonance (ωp ¼ ω1);
thus, Eq. (1) can be rewritten as

P2 ∝P3
1=½4ðχ0−ΔχÞ2þ1� ¼P3

1=½4ðχ0−ηP1Þ2þ1�; ð2Þ

where χ0 ¼ ð3ω10 − ω20Þ=γ2 is the normalized initial
phase mismatch, ω10 (ω20) the resonant angular frequency
of a cold cavity mode for the pump light (TH signal),Δ χ ¼
ηP1 represents the compensation of phase mismatch due to
the thermal and optical Kerr effects, and η is a power
independent coefficient [38]. In particular, it can be found
that when Δ χ ≡ 0, indicating the synchronous redshift of
pump and TH cavity modes with the increasing pump
power, the TH power manifests an exact cubic dependence
on the pump power, i.e., P2 ∝ P3

1=ð4 χ20 þ 1Þ.
Generally, with a nonvanishing Δ χ, the dependence of

TH power P2 on pump power P1 is illustrated in Fig. 5(a).
When the TH signal is far off resonance ( χ0 > 1) and the
pump power is weak (Δ χ ≪ χ0), a quasicubic dependence
can be obtained as demonstrated by a uniform interval of P2

contour curves with a fixed χ0. When the pump power is
approaching critical value Pc ( χ0 ∼ Δ χ > 1), the power
dependence deviates from the cubic shape seriously with a
shrinking interval of contour curves, and the specific P2-P1

power curves around Pc are shown by Fig. 5(b). As for the
case of a nearly resonant TH signal with its cavity mode
( χ0 ≪ 1), a quasicubic dependence can be reached [black
curve in Fig. 5(b)]. So far, the power dependence of TH on
pump has been elucidated before the critical power. When
the pump power is beyond Pc [gray region in Fig. 5(a)],
Eq. (2) will break down, and the P2-P1 relation is
fundamentally determined by the compromise of phase
matching of both pump light and TH signal [bottom panel,
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Fig. 2(a)]. Thus, various curve shapes occur such as cubic,
constant, linear dependence, etc. [Fig. 5(b) and Ref. [38] ]
by different parameters.
In summary, we have reported the highly efficient

THG in a surface functionalized silica microcavity. The
challenging phase matching is realized by leveraging the
cavity-enhanced thermal and Kerr effects. The synergetic
effect of surface modification and phase matching boost a
record conversion efficiency of TH as high as 1; 680%=W2.
Moreover, we clarify the distinct dependence of TH power
on the pump power reported in previous literature. This
work unambiguously demonstrates the great potential of a
surface functionalization strategy to manipulate and
enhance the optical nonlinearity in microcavities, which
is promising for tunable photonic devices and sensitive
surface molecule sensing.
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