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S

timulated Raman scattering holds great potential for various
photonic applications, such as label-free high-sensitivity biomedical imaging (1) and for extending the wavelength range of
existing lasers (2), as well as for generating ultra-short light pulses
(3). In high Q microcavities (4), stimulated Raman scattering, also
called Raman lasing, has been experimentally demonstrated to
possess ultra-low thresholds (5–12), due to the greatly increased
light density in microcavities (13). Such microcavity Raman lasers
hold great potential for sensing applications. In principle, Raman
lasing initially occurs in the two initially degenerate counter
propagating traveling cavity modes. These two modes couple to
each other due to backscattering when a nanoscale object binds to
the cavity surface. For a sufficiently strong coupling, in which the
photon exchange rate between the two initial modes becomes
larger than the rates of all of the loss mechanisms in the system, two
new split cavity modes form (14–18) and lase simultaneously. Thus,
by monitoring the beat frequency of the split-mode Raman lasers,
ultrasensitive nanoparticle detection can be realized.
In this work, we report, to our knowledge, the first experimental demonstration of single nanoparticle detection using
split-mode microcavity Raman lasers. The sensing principle is
first demonstrated in air, by controllably binding or removing
single 50-nm-radius polystyrene (PS) nanoparticles to and from
the cavity surface using a fiber taper (19) and measuring the
changes in the beat frequency of the two split Raman lasers.
Real-time single nanoparticle detection is then performed in an
aqueous environment by monitoring the discrete changes in beat
frequency of the Raman lasers, and a detection limit of 20 nm in
particle radius is realized. This microcavity Raman laser sensing
method holds several advantages. On the one hand, the beat frequency of the Raman lasers, which corresponds to the mode
splitting (18), is inherently immune to many noise sources, such as
laser frequency noise and thermal noise (including that induced
both by the environmental temperature fluctuations and by probe
laser heating), which are the main noise sources in sensing systems
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Results
Characterization of the Microcavity Raman Lasers. A schematic of

the measurement system is shown in Fig. 1A. A tunable pump
laser in the 680-nm wavelength band is used to generate stimulated Raman scattering in a silica microcavity in both air and
aqueous environments. To demonstrate the sensing mechanism
for the control experiment in air, we use microtoroids on a silicon wafer (38), with major (minor) diameters of ∼ 50 ð6Þ μm. A
fiber taper (39) with a diameter of ∼ 500 nm is used to couple the
pump light into the whispering gallery modes (WGMs) of the
microcavity and to collect the output. Stimulated Raman scattering in the silica occurs when enough pump photons propagate
in the cavity. The normalized Raman gain spectrum of bulk silica
(40) is plotted in Fig. 1B. The Inset is a close-up to the section of
maximum Raman gain at which cavity Raman lasing occurs (∼13
THz or 433 cm−1), with R+ and R− denoting the two split Raman
cavity modes. In our experiment, the wavelength of the pump light
is scanned through a pump cavity mode (Q ∼ 4 × 107 ), and the
output light is divided into three ports to measure the transmission
spectrum (Fig. 1C), the Raman spectrum (Fig. 1D, with a threshold
of ∼ 350 μW plotted in the Inset), and the Raman power in the
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using the mode shift mechanism (20–30). Over the last few years,
significant effort has been made to suppress the laser frequency
noise in the mode-shift detection method, such as by using a reference interferometer (27) and by performing backscattering detection with frequency locking techniques (28, 29), but both
approaches involve a substantial increase in the complexity of
the sensing systems. On the other hand, the intrinsic Raman gain in
the cavity provides a perfect means to compensate for the cavity
mode loss and thus to lower the detection limit compared with
passive mode splitting methods (18, 31–34). Without the need for
doping the microcavities with a gain medium (35–37), the fabrication complexity of microcavities is also greatly reduced, and no
specific wavelength bands of the pump lasers are required.
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Ultrasensitive nanoparticle detection holds great potential for
early-stage diagnosis of human diseases and for environmental
monitoring. In this work, we report for the first time, to our knowledge, single nanoparticle detection by monitoring the beat frequency of split-mode Raman lasers in high-Q optical microcavities.
We first demonstrate this method by controllably transferring
single 50-nm–radius nanoparticles to and from the cavity surface
using a fiber taper. We then realize real-time detection of single
nanoparticles in an aqueous environment, with a record low detection limit of 20 nm in radius, without using additional techniques
for laser noise suppression. Because Raman scattering occurs in
most materials under practically any pump wavelength, this Raman
laser-based sensing method not only removes the need for doping
the microcavity with a gain medium but also loosens the requirement of specific wavelength bands for the pump lasers, thus representing a significant step toward practical microlaser sensors.

Fig. 1. Measurement system for the microcavity Raman laser. (A) Schematic illustration of the taper-toroid coupling system. The output light containing both
the pump and Raman lasers is divided into three ports to measure the pump transmission spectrum (C), Raman spectrum (D), and Raman power in the time
domain (E). (B) Normalized Raman gain spectrum of bulk silica. (Inset) Close-up to the section of maximum Raman gain, with R+ and R− representing the two
split Raman cavity modes. In the temporal Raman port, a band-pass filter with a center wavelength of 710 nm and a bandwidth of 10 nm is used to block the
pump laser. (C) Transmission spectrum of the pump cavity mode during the wavelength up-scan. The spectrum experiences a significant line width broadening compared with the original resonance, because the pump light pushes the cavity resonance to longer wavelength due to the thermal effect. (D) The
first-order Raman spectrum. (E) The Raman power in the time domain, which exhibits periodic envelopes with the first two marked by 1 and 2, respectively.

time domain (Fig. 1E). In the temporal Raman port, we use
a band-pass filter (center wavelength: ∼ 710 nm, bandwidth:
∼ 10 nm) to block the pump laser and collect only the firstorder Raman laser light.
Under a 1-mW pump power, the resonance of the pump cavity
mode in the transmission spectrum (Fig. 1C) exhibits a large
broadening during the wavelength up-scan due to thermal effects
(41). Furthermore, under the effect of the pump scanning (speed:
∼ 5:4 nm=s), periodic pairs of envelopes containing fast oscillations (e.g., one typical pair of envelopes 1 and 2, marked in Fig.
1E) emerge in the Raman emission in the time domain, with a period of ∼ 66 μs and a duration time for each envelope of 5 ∼ 6 μs.
Sensing Signal of the Split-Mode Microcavity Raman Lasers. A closeup view of the envelopes in Fig. 1E reveals that the envelopes are
made up of fast oscillations with a frequency of several tens of
megahertz, as shown in Fig. 2A, which is a close-up view of envelope 1 marked in Fig. 1E. The beat frequency of this oscillation
corresponds to the value of the frequency splitting of the two
split Raman cavity modes. The beat frequency either monotonously increases or decreases during each envelope (for details,
see Fig. S1). The physics for this behavior has been studied and
can be briefly explained as follows (for details, see SI Text).
Generally, the two split Raman modes have different thresholds,
and stimulated Raman scattering only occurs in the split Raman
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mode with the lower threshold due to the clamping effect of the
intracavity pump power (40) and strong mode competition. The
scanning of the pump wavelength, however, induces periodic
hopping between the two split Raman modes. During the hop,
both modes lase simultaneously, producing a beat oscillation,
corresponding to the observed fast oscillations inside each envelope. The variation of the beat frequency originates from the
optical Kerr effect associated with the Raman lasers, which
unequally shifts the resonance frequencies of the split modes,
due to the different Raman powers in the two modes.
In principle, the moment in which the amplitude of the beat
oscillation is largest, at the center of the envelopes (e.g., in red
rectangle in Fig. 2A, with a close-up displayed in Fig. 2B), corresponds to the Raman lasers in the two split modes having the
same power. In this case, the beat frequency is equal to the original
mode splitting without the influence of the Kerr effect. Experimentally, we find that, independently of whether the oscillations
speed up or slow down inside one envelope, the beat frequency in
the center part remains unchanged for different envelopes, with the
result shown in Fig. 2C. In the following sensing experiment, we
take the average value of the beat frequencies in all envelopes as
the sensing signal.
Temporal Stability of the Sensing Signal. We then measure the
temporal stability of the sensing signal defined above. For three

C

Fig. 2. Sensing signal in the split-mode Raman lasers. (A) Close-up of the Raman power in envelope 1 marked in Fig. 1E. (B) Close-up of the Raman power in
the highlighted section of envelope 1 in A. (C) The beat frequency in the center part of each envelope where the oscillations have the largest amplitude.
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Fig. 3. Measurement of the temporal stability of the beat frequency of the
Raman laser. The red circles, olive triangles, and blue squares represent the
beat frequencies of three different modes A, B, and C, respectively. The beat
frequency of each mode is continuously measured for 30 s with a time
interval of 1 s.

Li et al.

Fig. 4. Single nanoparticle detection in air. (A) The beat frequency change
when a single PS nanoparticle with a radius of 50 nm is repeatedly transferred to and from the microcavity surface. (B) The beat frequency change
when single nanoparticles are transferred to the cavity surface one by one.
The widths of the data points represent the corresponding SDs of the beat
frequencies. Insets are the optical micrographs showing one (A) and four (B)
nanoparticles bound to the cavity surface.

located and the azimuthal distances between every two particles
(17, 32, 42), which determine the interparticle propagating phases
of the backscattered Raman laser light.
Real-Time Single Nanoparticle Detection in an Aqueous Environment.

To further study the performance of the Raman-lasing sensor, in
the following, we perform real-time single nanoparticle detection
in an aqueous environment. We first immerse the taper-microcavity coupling system into a chamber filled with pure water and
record both the Raman spectrum and the Raman power in the time
domain. To maintain ultra-high Q factors and thus enable Raman
lasing in water, we use microspheres instead of microtoroids to
avoid the cavity surface contamination originating from the silicon
chip. To reduce the radiation loss of the cavity mode field in the
aqueous environment, a microsphere with a diameter of ∼ 90 μm
(the corresponding mode volume of the fundamental mode is
∼ 800 μm3 ) is used, which has a Q factor of 1 × 108 in the 680-nm
band in pure water. The largest mode function is ∼ 0:15 at the
surface, with the mode function defined as f 2 ðxÞ = jEðxÞj2 =
max½jEj2 , where jEðxÞj2 and max½jEj2  denote the field intensity
at position x and the maximum field intensity, respectively.
Using 2-mW pump power, Raman lasing is observed up to the
second order in pure water, as shown in Fig. 5A. The temporal
stability of the beat frequency of the first-order Raman laser in
pure water is tested, by continuously recording the beat frequency
for 30 s, with the result shown in Fig. 5B. The intrinsic beat frequency is ∼ 8:16 MHz, with a temporal SD of ∼ 277 kHz for 30 s.
We then inject the solution containing PS nanoparticles with
a radius r = 40 nm and a concentration of ∼ 5 pM into the
chamber and measure the beat frequency change. As shown in
Fig. 5C, abrupt changes in the beat frequency are observed, corresponding to single nanoparticle binding events. Upward and
PNAS | October 14, 2014 | vol. 111 | no. 41 | 14659
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Single Nanoparticle Response in Air. To confirm that this beat
frequency does correspond to the splitting of the Raman modes,
we first measure the beat frequency with and without a single PS
nanoparticle with a radius r = 50 nm on the microcavity surface,
because the nanoparticle can change the backscattering strength
of the cavity field, thus altering the frequency splitting (18). We
use a fiber taper to transfer a single nanoparticle (19) (Methods)
to and from the microcavity surface repeatedly, and in the Inset of
Fig. 4A, we give an optical micrograph showing one nanoparticle
bound to the cavity edge. After every nanoparticle transfer process, the beat frequency of the Raman laser is measured, with the
result displayed in Fig. 4A. It can be seen that every time one
nanoparticle is transferred to the cavity surface, a change in the
beat frequency is observed; once the nanoparticle is off the cavity
surface, the beat frequency goes back to its intrinsic value of
∼ 18:2 MHz. Note that the changes in beat frequency are different
for each nanoparticle binding event, because the nanoparticles
bind to random positions on the cavity surface, leading to different
values for the backscattering of the Raman light and thus to different variations in the mode splitting. These results confirm that
the beat frequency does correspond to the splitting of the two
lasing modes and can be used as the sensing signal for nanoparticle
detection.
We then transfer individual nanoparticles to the cavity surface
one by one and measure the change in beat frequency on every
nanoparticle binding event. The result is displayed in Fig. 4B, in
which every discrete variation in the beat frequency corresponds
to one nanoparticle binding event. Note that the beat frequency
either increases or decreases on every newly bound nanoparticle
because the backscattering strength of the Raman light is
strongly dependent on both the polar position of each nanoparticle that determines the field intensity where the particle is
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different modes A, B, and C, with intrinsic Raman beat frequencies
of ∼18 (the mode in Figs. 1 and 2), 40, and 53 MHz, we record the
average beat frequencies obtained from all envelopes continuously
for 30 s with a time interval of 1 s. The results are plotted in Fig. 3,
from which we can see that, for all three modes, the average beat
frequencies remain stable, with SDs of ∼330, ∼490, and ∼ 558 kHz
during 30 s. In the following control experiment in air, we use the
beat frequency of mode A as the sensing signal.

A

B

C

D

E

F

Fig. 5. Real-time single nanoparticle detection in an aqueous environment. (A) The Raman spectrum of the microcavity in pure water with a pump power of
∼ 2 mW. (B) The beat frequency of the first-order Raman laser as a function of time, which is continuously measured for 30 s when the microcavity is immersed
in pure water. The intrinsic beat frequency of the microcavity Raman laser is ∼ 8:16 MHz, with an SD of ∼ 277 kHz. (C) The beat frequency change as a function
of time after the injection of the solution containing PS nanoparticles with a radius of 40 nm into the chamber. (D) Histogram showing the distribution of the
discrete changes in beat frequency induced by 40-nm nanoparticles. (E) The beat frequency change vs. time when the chamber is filled with the solution
containing PS nanoparticles with a radius of 20 nm. (F) Histogram showing the distribution of the discrete changes in beat frequency induced by 20-nm
nanoparticles. The red dashed lines in C and E are drawn at the average beat frequency for each single nanoparticle binding event.

downward steps are both observed, and the distribution of the
step changes in the beat frequency is plotted in Fig. 5D. To push
this sensing method to its limit in an aqueous environment, we
finally repeat the experiment with 20-nm-radius PS nanoparticles,
with the result plotted in Fig. 5E. Discrete changes in the beat
frequency are also observed, with the distribution plotted in Fig.
5F. From Fig. 5 D and F, we can see that the step changes in beat
frequency are typically larger for 40-nm-radius nanoparticles than
20-nm-radius nanoparticles.

Downloaded by guest on September 21, 2021

Discussion
Suppression of Cavity Optomechanical Oscillations. In high Q
microcavities, optomechanical oscillations can also be excited,
competing with stimulated Raman scattering. Note that the
cavity size variations induced by optomechanical oscillations shift
the resonance frequencies of both the pump and Raman modes,
thus leading to similar oscillations of the Raman power, even
without mode splitting (43). Optomechanical oscillations unfortunately have frequencies of the same order of magnitude as the
beat note produced by mode splitting (several tens of megahertz),
14660 | www.pnas.org/cgi/doi/10.1073/pnas.1408453111

making it difficult to distinguish between the two. To eliminate the
optomechanically induced oscillations in the Raman power, in the
nanoparticle detection experiment in air, we use microtoroids with
very thick silicon pillars. As shown in the Inset of Fig. 4A,
the distance between the silicon pillar and the silica ring is
controlled to be smaller than 10 μm, which can effectively
suppress optomechanical oscillations without affecting the
thresholds of the Raman lasers. As for detection in an aqueous
environment, the mechanical oscillations are intrinsically suppressed because water increases the damping of the oscillations.
Detection Limit of the Microcavity Raman Lasing Sensor. We now
discuss the detection limit of this Raman lasing sensor, which can
be estimated from the condition that the Raman beat frequency
changes be greater than the detection noise. For simplicity,
we consider a cavity without intrinsic backscattering. In this
case, the beat frequency of the Raman laser induced by the first
nanoparticle is 2g = αf 2 ðxÞωR =Vm , where f 2 ðxÞ, ωR , and Vm denote
the mode function at the cavity surface, resonance frequency,
and the mode volume of the Raman cavity mode, respectively.
Li et al.
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α = 4πr 3 ð«p − «m Þ=ð«p + 2«m Þ is the polarizability of the nanoparticle, with r being the radius of the particle, and «p and «m
being the relative permitivities of the nanoparticle («p = 1:592
for a PS particle) and surrounding medium («m = 1:332 for water,
and «m = 12 for air), respectively. Using the experimental parameters in the aqueous environment, the maximum beat frequency
induced by a single 40-nm-radius nanoparticle and a 20-nmradius nanoparticle are calculated to be ∼ 8 and ∼1 MHz, respectively, which agree well with the largest values in our experiment (Fig. 5 D and F). The detection limit is then estimated
from the noise level of the beat frequency. In the aqueous environment, the typical detection noise of the beat frequency
is ∼ 277 kHz. Taking the experimental parameters, ωR = 2π ×
4:24 × 1014 Hz, a spherical cavity diameter of ∼ 90 μm (corresponding Vm ∼ 800 μm3 ), and a mode function f 2 ðxÞ ∼ 0:15 at the
cavity surface, the smallest detectable nanoparticle in an aqueous
environment is estimated to be ∼ 14 nm in radius. In air, the
detection limit can be further improved because of the larger
refraction index contrast between the target particle and the
surrounding medium.
The detection noise of the Raman beat frequency originates
mainly from the uncertainty of choosing the center part of each
envelope of the beat oscillations, instead of the fundamental line
width of the Raman laser, which is generally at the level of
several Hertz (44). Experimentally, the detection noise can be
suppressed by optimizing the parameters. For instance, by increasing the pump power, more envelopes of beat oscillations
can be generated, and the detection noise of the Raman beat
frequency can thus be decreased through averaging over all of
the beat frequencies in each envelope. By doing this, we experimentally decreased the noise level of the Raman beat frequency
to ∼ 190 kHz in an aqueous environment (for details, see Fig.
S2). In addition, by appropriately locking the frequency of the
excitation light to that of the pump cavity mode (45), a stable beat
oscillation of the Raman lasers may be observed, which should
have smaller beat frequency measurement noise. Furthermore, an

even lower detection limit may be reached by using plasmonic
enhancement (46–51).
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Conclusion
In conclusion, we realized, for the first time to our knowledge,
ultrasensitive nanoparticle detection using split-mode microcavity
Raman lasers. The sensing mechanism is first demonstrated in air,
by controllably transferring single nanoparticles with a radius of
50 nm to the cavity surface. By monitoring the abrupt change in
beat frequency of the microcavity Raman laser, we then realize
real-time detection of single nanoparticles in an aqueous environment, with a record low detection limit of 20 nm in radius,
without using any additional techniques to suppress the laser frequency noise. Benefiting from the nature of Raman lasers, this
split-mode microcavity Raman lasing sensor provides a practical
sensing platform with high sensitivity.

ACKNOWLEDGMENTS. This work was supported by 973 Program Grant
2013CB328704; National Science Foundation of China Grants 11474011,
11222440, 11121091, and 61435001; and Beijing Natural Science Foundation
Program Grant 4132058.

PNAS | October 14, 2014 | vol. 111 | no. 41 | 14661

APPLIED BIOLOGICAL
SCIENCES

For nanoparticle detection in air, we use the nanoparticle transfer technique
introduced in ref. 19. We first immerse a fiber taper into a solution containing PS nanoparticles and then take it out. After this process, many
nanoparticles are bound to the taper surface. A single nanoparticle can be
transferred from the fiber taper to the microcavity surface, or vice versa, by
contacting the fiber to the microcavity. A new fiber taper is used for exciting
WGMs in the microcavity. In the experiment, we either repeatedly transfer
a single nanoparticle between the fiber taper and the microcavity surface or
transfer the nanoparticles one by one to the microcavity surface and measure
the beat frequency change after every nanoparticle transfer, in the same
manner as shown in Fig. 4. During the nanoparticle transfer, a microscope is
used to monitor the process with the pump laser in the visible wavelength,
thus making it possible to directly observe the nanoparticles with a microscope due to light scattering off them, as shown in the Insets of Fig. 4 A
and 4B.
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