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Low-threshold Raman laser from an on-chip,
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We study the stimulated Raman emission of a high-Q polydimethylsiloxane (PDMS)-coated silica microsphere on a
silicon chip. In this hybrid structure, as the thickness of the PDMS coating increases, the spatial distribution of the
whispering gallery modes moves inside the PDMS layer, and the light emission switches from silica Raman lasing to
PDMS Raman lasing. The Raman shift of the PDMS Raman laser is measured at 2900 cm−1 , corresponding to the
strongest Raman fingerprint of bulk PDMS material. The threshold for this PDMS Raman lasing is demonstrated to
be as low as 1.3 mW. This type of Raman emission from a surface-coated high-Q microcavity not only provides a
route for extending lasing wavelengths, but also shows potential for detecting specific analytes. © 2013 Optical
Society of America
OCIS codes: (140.3948) Microcavity devices; (290.5910) Scattering, stimulated Raman; (160.5470) Polymers;
(190.4710) Optical nonlinearities in organic materials.
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Stimulated Raman scattering [1] requires very high
pump power because of the extremely low Raman gain
coefficient. Over the past few years, whispering-gallerymode (WGM) microcavities [2,3] have shown potential
for overcoming this problem, because they not only
possess ultrahigh quality factors but also small mode
volumes, and can therefore significantly enhance light–
matter interactions. In other words, since both the excitation light and the emitted Raman laser are on resonance
with the respective high-Q WGMs, the Raman lasing
threshold, which is inversely proportional to the product
of the Q factors of the excitation mode and Raman lasing
mode can be decreased by several orders of magnitude.
So far, liquid droplet microspheres [4,5], silicon [6], and
silica [2,3] microcavity Raman lasers were demonstrated
experimentally to possess low thresholds. On the other
hand, due to low cost, good biocompatibility, large nonlinearity, and ease of doping, polymer-based microcavities
have also attracted increasing interest [7–16]. However,
polymer microcavity Raman lasers have not been reported
so far. Generally, polymer materials have larger Raman
shifts than inorganic materials (usually of the order of several hundred cm−1 ), so can be used for further extending
the wavelength range of lasers. For example, polydimethylsiloxane (PDMS) has its strongest Raman fingerprint
at 2900 cm−1 , and the two strongest Raman peaks of
polystyrene are 1000 cm−1 and 3058 cm−1 .
In this work, we fabricate PDMS-coated silica microsphere cavities on a silicon chip, in which the intrinsic
quality factors of the WGMs exceed 10 million, limited
by the PDMS material absorption in the 680 nm wavelength band. Note that we use a microsphere instead
of a microtoroid because a microsphere supports more
high-Q modes in one free spectral range than a microtoroid, thus ensuring that the wavelength region with
high Raman gain overlaps with at least one of the
WGMs. In our experiment, for a given pump power at
which Raman emission is always present, when the coating thickness is gradually increased from zero to several
0146-9592/13/111802-03$15.00/0

micrometers, the emission spectrum exhibits a transition
from silica Raman to PDMS Raman lasing. We demonstrate a pump threshold for pure PDMS Raman lasing
as low as 1.3 mW.
The fabrication technique of the PDMS-coated silica
microsphere on a silicon wafer [17,18] is shown in Fig. 1

Fig. 1. Fabrication process of a PDMS-coated silica microsphere on a silicon wafer. (a) Top view optical image of a circular silica pad after lithography and hydrofluoric acid etching
of silica. (b) Top view optical image of an undercut microdisk
with a very thin supporting silicon pillar. (c) Top view optical
image of an on-chip microsphere formed after CO2 laser reflow.
(d) Side view optical image of a microsphere (before coating)
under PDMS droplets created on a fiber taper. (e) Side view optical image of the microsphere during the coating process. (f) Side
view optical image of the microsphere after PDMS coating.
© 2013 Optical Society of America
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and described in the following. After lithography and
hydrofluoric acid etching of silica, a circular silica pad
(with a diameter of 100 μm) is formed on the silicon
wafer, of which the optical top view image is shown in
Fig. 1(a). We then use xenon difluoride gas to etch the
underlying silicon to form a supporting silicon pillar
under the silica microdisk. In this process, we intentionally reduce the size of the silicon pillars to less than 10 μm
in diameter, as shown in Fig. 1(b) (white point). Subsequently, a CO2 laser is used to reflow the silica microdisk all the way to the pillar to form a silica microsphere
(diameter ∼30 μm) on a chip, shown in Fig. 1(c). After
the fabrication of the silica microsphere, we coat a layer
of PDMS (RTV 615, 10:1) onto the cavity surface using
the method reported in [11]. For this, PDMS droplets
are first created on a fiber taper. The silica microcavity,
controlled by a nano-positional stage, then approaches a
PDMS microdroplet from underneath. The side view
optical images illustrating the coating process are shown
in Figs. 1(d)–1(f). In the coating process, the PDMS droplet spreads onto the microsphere from the top to the
bottom, which leads to a more uniform coating thickness
around the microsphere equator than is achievable with
the side-coating technique [11]. In addition, the coating
thickness of the PDMS layer is controlled by choosing
a droplet with the proper size. After the PDMS droplet
has spread uniformly on the silica microsphere surface,
a hot plate is used to heat the PDMS-coated microcavity
to accelerate the curing process. This coating process
can be repeated in order to gradually increase the whole
coating thickness of the same microcavity.
To measure the Raman emission spectrum of the
PDMS-coated microcavity, a tunable diode laser in the
680 nm wavelength band is used as the excitation light
source. Since the refractive index of PDMS (1.41) is very
close to that of silica (1.45), a silica fiber taper (with
diameter ∼400 nm) efficiently couples the light into the
microcavity under the phase-matching condition. The
transmitted pump light and emitted Raman laser are collected by the same fiber taper and then split into two
ports, with one port detected by a photoreceiver, which
is monitored by an oscilloscope, and the other connected
to an optical spectrum analyzer to measure the Raman
emission spectra.
In our experiment, the Raman emission spectra are
obtained for different PDMS coating thicknesses, with
a constant excitation power of ∼2 mW. The spacing of
high-Q modes in a microsphere being smaller than the
typical Stokes linewidth of one Raman line of PDMS
(∼20 cm−1 ) or of silica (∼200 cm−1 ), Raman emission
from the microsphere is always on resonance with a
high-Q cavity mode and is therefore visible in the output
spectrum. The experimental results are shown in Fig. 2,
in which four typical Raman emission spectra are given
with the PDMS coating thickness gradually increasing.
Figure 2(a) shows the Raman spectrum of a pure silica
microcavity (coating thickness t  0), from which we
can see that six cascaded Stokes lasing lines are generated, due to the ultrahigh Q factor (up to 108 ) and small
mode volume (V m ∼ 150 μm3 ) of the silica microcavity.
With an increase of the PDMS coating thickness, the
number of silica Stokes lasing lines decreases, as shown
in Fig. 2(b), in which only the first-order Raman lasers of
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Fig. 2. Raman spectra with an increasing thickness of the
coating PDMS layer. The inset images show the corresponding
field distributions of the fundamental TE WGM of the PDMScoated microcavity. The white arcs represent the boundaries
of silica and PDMS. Here the thicknesses are estimated from
the size of the PDMS droplets used for coating.

silica are observed when t ∼ 0.4 μm. This is because a
small portion of the field energy is distributed in the
PDMS layer [with the field distribution shown in the
inset of Fig. 2(b)], and the larger absorption loss of PDMS
slightly decreases the Q factor of the microcavity. With
the thickness of the PDMS coating layer increasing to
t ∼ 1.4 μm, more energy is distributed in PDMS, instead
of silica, as shown in the inset of Fig. 2(c). The emission
spectrum thus switches from that of silica Raman lasing
to that of PDMS Raman lasing, as shown in Fig. 2(c), in
which the Raman peak of PDMS at 850 nm wavelength
band is observed. With a further increase in the thickness
of the PDMS coating layer, almost all the energy is
distributed in PDMS [shown in the inset of Fig. 2(d)],
and the intensity of the PDMS Raman laser therefore
increases, as shown in Fig. 2(d) (t ∼ 2.2 μm). In this
case, the microcavity can be regarded as a pure PDMS
microcavity. The Q factor remains over 107 , corresponding to the value determined by PDMS absorption loss
(∼0.2 dB∕cm) [19].
In order to verify that the laser line around 850 nm
does come from stimulated Raman scattering in PDMS,
we change the excitation laser wavelength, and measure
the Raman spectrum. Figure 3(a) provides four Raman
spectra with different excitation laser wavelengths,
from which we can see that the Raman laser peak redshifts as the excitation laser moves toward longer wavelengths. The Raman shift stays constant, with a value of
∼2900 cm−1 [Fig. 3(b)], which corresponds to the strongest fingerprint in the Raman spectrum of bulk PDMS
material measured by a Raman spectrometer [Fig 3(c)].

1804

OPTICS LETTERS / Vol. 38, No. 11 / June 1, 2013

Fig. 4. PDMS Raman laser intensity versus input power.
Fig. 3. (a) Four Raman spectra with different excitation laser
wavelengths. (b) The experimental PDMS Raman shift versus
various excitation wavelengths. (c) The Raman spectrum of
bulk PDMS material measured by a Raman spectrometer. In
(a), the excitation and Raman lasing wavelength bands are
marked with two shadowed rectangles.

Finally, we measure the threshold behavior of the
PDMS microcavity Raman laser with a coating thickness
of ∼2.2 μm, with the results shown in Fig. 4, from which
we can see that the threshold of the PDMS microcavity
Raman laser is very low, close to 1.3 mW. This threshold
is higher than that of the silica microcavity Raman laser.
This is due to the larger absorption loss (∼0.2 dB∕cm)
[19] of PDMS, which is responsible for a lower Q factor
(∼107 ) than that of a pure silica microcavity (108 ).
Since the threshold is inversely proportional to the
product of Qpump and QRaman , it can be lowered by
choosing an excitation wavelength for which PDMS has
small absorption in both the excitation and Raman
lasing wavelength bands. Reducing the microcavity radius R can also lower the Raman lasing threshold, since
the threshold is proportional to the mode volume V m ,
which is proportional to R1.83 [3] for the fundamental
mode of a microsphere. Cascaded Raman lasing in PDMS
microcavities is also attainable by using a laser with
higher power. Furthermore, other polymers with much
lower absorption losses in a wide wavelength range can
also be chosen, such as poly(methyl methacrylate),
which would also lower the threshold of polymer microcavity Raman lasers. In addition, using more sensitive
detectors, such as a liquid-nitrogen-cooled-CCD or electron-multiplying-CCD, much weaker Raman signals as
low as several femtowatts can be detected. Therefore,
specific detection of nanoparticles can be performed by
measuring the Raman signals from nanoparticles when
bound on the microcavity surface.
In summary, we observe Raman lasing from an onchip, high-Q PDMS microcavity, created by coating a
PDMS layer onto the surface of a silica microsphere,
which is to our knowledge the first demonstration of a
polymer microcavity Raman laser. This provides a route
to creating novel light sources with wavelength bands
that are usually difficult to access, and also opens up
new possibilities for sensing applications using cavityenhanced Raman scattering.
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