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Conventionally, metallic nanostructures are used for surface-enhanced Raman spectroscopy (SERS), but recently
there has been increasing interest in the enhancement of Raman scattering from dielectric substrates due to their
improved stability and biocompatibility compared with metallic substrates. Here, we report the observation of
enhanced Raman scattering from rhodamine 6G molecules coated on silica microspheres. We excite the whisper-
ing gallery modes (WGM:s) supported in the microspheres with a tapered fiber coupler for efficient WGM
excitation, and the Raman enhancement can be attributed to the WGM mechanism. Strong resonance enhance-
ment in pump laser intensity and modified Raman emission from the Purcell effect in the microsphere resonator
are observed from the experiment and compared with theoretical results. A total Raman enhancement factor
of 1.4 x 10* is observed, with contribution mostly from the enhancement in pump laser intensity. Our results
show that, with an efficient pumping scheme, dielectric microspheres are a viable alternative to metallic SERS

substrates. © 2018 Chinese Laser Press

OCIS codes: (300.6450) Spectroscopy, Raman; (240.6695) Surface-enhanced Raman scattering; (230.5750) Resonators.
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1. INTRODUCTION

Whispering gallery mode (WGM) microresonators, such as mi-
crospheres and microtoroids, have attracted much interest for
their potential application in label-free sensing of biomolecules,
nanoparticles, and chemicals [1,2]. These resonators have ultra-
high quality (Q) factors and small mode volumes, allowing for
greatly enhanced light—matter interaction and high sensitivity
to adsorbed analytes. Label-free, single particle level sensitivity
to virus particles, proteins, nucleic acids, and even single ions
has been demonstrated [3-9]. Currently, the sensing schemes
are based on observing the change in the transmission spectrum
of the resonator, appearing as either shift, splitting, or broad-
ening of the resonance mode [7,8,10]. In essence, all of these
sensing schemes measure the polarizability of the analyte, and
WGM resonator sensors lack specificity beyond distinguishing
entities with different polarizabilities. Although sensing speci-
ficity can be added to the system by surface functionalization, a
complementary method to WGM sensing that can provide
molecular fingerprints of the analyte without functionalization
is desirable.
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Raman spectroscopy is a widespread analytical technique
that can be used for material identification without labeling
or functionalization. Raman scattering is typically a weak proc-
ess, but the introduction of surface-enhanced Raman scattering
(SERS) has greatly improved the detection limit of Raman
spectroscopy. In SERS, the analyte is placed on nanostructured
metallic surfaces or metallic nanoparticles, typically made of
coinage metals such as Au, Ag, and Cu, and the plasmonic
“hotspots” produced by these metallic structures are used to
enhance the Raman signal. A large enhancement factor on the
order of 10'°t0 10! has been reported from SERS, making
Raman detection of single molecules possible [11-13].

Large field enhancement, however, is not unique to plas-
monic structures alone. Recently, the use of dielectric and
semiconductor micro/nanostructures as a SERS substrate has
received increasing attention [14-27]. These dielectric and
semiconductor substrates, typically made of SiO,, Si, or
TiO,, have several advantages over metallic SERS substrates.
Dielectric SERS substrates are more stable under high-
temperature and harsh electrochemical conditions [21,27],
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leading to a more repeatable SERS enhancement. Dielectrics
also have reduced perturbation of the analyte both chemically
and thermally [28,29]. In particular, the local heating of met-
allic nanostructures upon optical pumping can be significant
[30], which can adversely affect the SERS substrate [31] and
the analyte [29]. It has been shown that, in dielectric nanostruc-
tures, this heating can be negligible [15].

Dielectric SERS substrates can come in many forms, with
microspheres or 2D/3D arrays of microspheres as one of the
most popular forms. However, the exact mechanism for
Raman enhancement in these dielectric microspheres is still
not completely understood, due to the complexity that arises
from the interplay among the many mechanisms involved [14].
Several enhancement mechanisms have been identified so far,
with the most studied electromagnetic effects being photonic
nanojets and WGM resonances, often also called morphol-
ogy-dependent resonances in this context. Photonic nanojets
are nonevanescent and nonresonant beams of light with
enhanced field intensity, which are formed on the shadow side
of the microspheres when the microspheres are illuminated
from above. Due to the focusing of pump light at the nanojet,
Raman signal from a sample under the microsphere is en-
hanced, typically by approximately a factor of 10—100 [16-20].
WGM resonances in these microspheres, on the other hand, are
theoretically predicted to have Raman enhancement up to 108,
comparable with metallic SERS substrates [32,33], but exper-
imental demonstration of Raman enhancement from WGMs
in dielectric microspheres has been limited and inconclusive
thus far [17,21,22]. Other Raman enhancement mechanisms
identified in arrays of microspheres and inverse opal structures
include Fabry—Perot effects [17], photonic bandgap effects
[23], and directional antenna effects [24]. Also, chemical
enhancement attributed to charge transfer complexes is often
observed from semiconductor substrates, such as TiO, and
ZnO [25,26].

The difficulty in studying WGM enhancement mechanisms
in microspheres mainly arises from the inefficiency in pumping
the WGMs with a conventional micro-Raman spectroscopy
setup, which is often designed for a conventional Raman signal
or SERS signal from metallic substrates [13]. In dielectric micro-
spheres, the linewidth of a typical WGM resonance is much
narrower than that of plasmonic resonances in metallic nano-
structures. In addition, these narrow WGMs often shift by
more than their linewidths upon analyte adsorption or photo-
thermal heating due to the pump light. Thus, although a fixed-
wavelength excitation laser is suitable for pumping the broad
plasmonic resonances, pumping the narrow and fluctuating
WGMs poses a significant challenge. Further, because the di-
electric microspheres that support WGMs are larger than the
wavelength of excitation light, phase matching between the ex-
citation beam and the WGMs can no longer be ignored, as in the
case for plasmonic resonances from metallic nanoparticles. This
leads to inefficient coupling of light from the free-space beam to
WGMs, even when the wavelengths are matched. Inefficient
coupling to WGMs from these factors often results in the effect
of WGM enhancement being masked by other phenomena.

In this work, we study the WGM Raman enhancement
mechanism by pumping a single silica microsphere through
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a tapered fiber coupler using a narrow-linewidth tunable laser.
Tapered fiber couplers can couple more than 99% of the pump
light into a single WGM in ideal conditions [34] and therefore
have been routinely used for experiments with WGM resonator
based sensors and microlasers [3,35]. By using a tapered fiber
coupler to pump a single microsphere, we also avoid other
electromagnetic effects in microspheres such as photonic nano-
jets. In addition, the use of a silica microsphere excludes the
contribution of chemical enhancement. Thus, the entire
Raman enhancement can be attributed to the WGM mecha-
nism. From our result, we observed a clear enhancement of
Raman scattering and modified Raman emission spectra due
to WGMs. Our work demonstrates that significant Raman
enhancement is possible using the same platform as that for
WGM sensors, allowing for the two techniques to complement
each other; Raman spectroscopy provides added molecular
specificity to WGM resonator-based sensors, while the WGM
resonator enhances the strength of the Raman signal.

2. EXPERIMENTAL METHODS

A. Fabrication of the Silica Microsphere

Silica microspheres were fabricated on a silicon chip, with each
microsphere supported by a silicon “pillar” [36-38]. Briefly,
circular silica disks were lithographically defined and etched
with HF. XeF, etching was used to undercut the circular disks,
such that most of the disks were suspended in air, with only a
small portion supported in the center by the silicon pillar.
A subsequent irradiation by a CO, laser reflowed the silica disk
into a small microsphere (Fig. 1 inset).

B. Optical Setup

We used an in-house-built Raman spectrometer to collect the
Raman emission from the microsphere, a schematic drawing
of which is shown in Fig. 1. A fiber-coupled external cavity
tunable laser (765—781 nm) was used to excite the WGM res-
onances. As the pump light travels through the fiber, it excites
Raman scattering from the silica fiber, which can interfere with
the Raman signal from the microsphere. An 800 nm short-pass
filter was used to remove this contribution. After this filter, the
pump light propagates through a tapered fiber, which was
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Fig. 1. Schematic of the experimental setup. Inset: top view (left)
and side view (right) of a typical on-chip microsphere used in the
experiment.
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coupled with the microsphere. Finally, the transmitted light
through the tapered fiber coupler was measured using a photo-
diode to monitor the coupling of the pump light to WGMs in
the microsphere.

The Raman emission from the microsphere was col-
lected from the top by a long working distance objective
(NA = 0.55). The objective was also used for imaging the mi-
crosphere resonator. In order to separate the Raman emission
collection path from the imaging path, an 805 nm dichroic mir-
ror was used. An 800 nm long-pass filter was used to remove the
Rayleigh scattered pump laser, after which the Raman emission
spectrum was recorded using a grating spectrometer.

A free-space excitation path was included in the setup to
compare the tapered fiber excitation with conventional free-
space excitation of Raman scattering. The same tunable laser
was used for excitation; this laser was coupled to free space
through a collimator, and a beam expander was used to adjust
its beam size. A cleanup filter was used to remove the Raman
emission generated in the fiber. The pump laser was focused on
the microsphere through the same objective used for imaging.

For pumping with a tapered fiber coupler, the chip with a
microsphere was mounted vertically on its side, and the light
scattered from the WGMs was collected with the optical axis of
the collection objective in the equatorial plane of the micro-
sphere. Because most of the light from the microsphere is
scattered in the equatorial plane due to radiation loss, this col-
lection scheme is more efficient than collecting light scattered
perpendicular to the equatorial plane. For free-space pumping,
the chip was placed horizontally, so that the pump light was
incident on the microsphere from the top.

C. Rhodamine 6G Coating

To study the microsphere’s Raman enhancement for surface-
adsorbed molecules, we coated the surface of the microsphere
with rhodamine 6G and studied the enhancement of its Raman
scattering. 1 pL of 5 mg/mL rhodamine 6G solution in ethanol
was dropped onto the chip with the microsphere and was dried
in air [21]. The resonance wavelength of the pump WGM was
measured before and after rhodamine 6G coating. From the
shift in the WGM'’s resonance wavelength, we estimated the
thickness of rhodamine 6G on the microsphere to be 3.4 nm.
The thickness of the rhodamine 6G layer on the substrate was
estimated to be 200 nm based on the amount of rhodamine 6G
deposited and was confirmed with a scanning electron micro-
scope (SEM) measurement (image not shown). This large
difference in the amount of analyte being pumped is important
in calculating the enhancement factor, and being able to
measure the amount of rhodamine 6G molecules on the micro-
sphere through WGM resonance wavelength shift is a signifi-
cant advantage in our system.

3. RESULTS AND DISCUSSION

Raman lasing in silica microsphere and microtoroid resonators
is a well-known effect [35,39], but the occurrence of a Raman
laser is detrimental for our work in Raman spectroscopy in two
ways. First, the contribution from significant stimulated emis-
sion makes our estimate of Raman enhancement factor highly
inaccurate. Second, any Raman laser in the microsphere may

cause cascaded Raman lasing, which acts as secondary pumps
that distort the measured Raman spectrum. To ensure there is
no contribution from Raman lasing, we first characterized the
lasing threshold in our microspheres, the result of which is
shown in Fig. 2(a). The Raman lasing threshold was identified
to be around 200 pW; for the subsequent experiments, the
pump power was kept to below 100 pW to avoid contribution
from stimulated Raman scattering. The inset in Fig. 2(a) shows
the subthreshold portion of the Stokes light intensity; this part
has linear dependence on pump power, as expected from spon-
taneous Raman scattering.

We first excited Raman scattering in a bare silica micro-
sphere to characterize the effect of WGM resonance on silica
Raman scattering. A microsphere with a diameter of 13.8 pm
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Fig. 2. Raman lasing and thermal effects in silica microspheres.
(a) Raman intensity dependence on pump power for a bare silica
microsphere. Inset shows the linear dependence of Raman intensity
on pump power in the spontancous Raman emission regime.
(b) Measured transmission spectrum through the fiber taper coupler
around a typical WGM resonance. Inset shows the transmission spec-
trum (blue curve) of the same modes at a higher power typically used
for Raman pumping, with significant thermal broadening. The red
triangular waveform corresponds to the scanning of the pump laser
wavelength; the left half corresponds to a decreasing pump wavelength,
while the right half corresponds to an increasing pump wavelength.
The oscillation seen in the thermally broadened WGM is due to
interference effect from reflection at fiber ends, which is unrelated
to the WGM resonance.
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and a WGM at 767.54 nm with an intrinsic Q-factor of
2 x 107 was used for this measurement [Fig. 2(b)]. The reso-
nance mode is split into two due to the coupling of clockwise
and counterclockwise traveling wave modes. At high power,
there was strong thermal broadening in the observed transmis-
sion spectrum of the WGM, as presented in the Fig. 2(b) inset.
This broadening arises due to the shift in the resonance wave-
length caused by the heat generated by the pump light, and
several picometers of resonance wavelength shift are observed
regularly even for modest pump power (few tens of pW) [40].
This suggests that, without a tunable laser and active monitor-
ing of the WGM,, it is difficult to couple a high-intensity pump
light efficiently into the WGM because, as soon as the pump
light is coupled in, the WGM shifts, reducing its spectral over-
lap with the pump light. In our experiment, we keep the pump
light scanning across the WGM during Raman signal collection
and calculate from the transmission spectrum the fraction of
pump power coupled into the resonator on average (typically
0.2-0.5, see Appendix A); this fraction is accounted for when
we compare the Raman intensity from different spectra.
Although the pump efficiency is not ideal, we find that this
method results in a stable and quantifiable coupling of the
pump power into the WGM over the spectrometer’s integration
time.

Figure 3(a) presents the observed Raman emission from the
silica microsphere with pump light on resonance with a WGM.
The spectrum consists of a broad background that corresponds
to the Raman features of bulk silica as well as numerous sharp
peaks. These sharp peaks are the result of the modified density
of states from WGM resonance (i.e., the Purcell effect); each of
these peaks corresponds to a WGM of the microsphere reso-
nator, with a periodicity that agrees with the calculated free
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Fig. 3. Raman emission from a bare silica microsphere.
(a) Integrated Raman spectrum from a 13.8 pm silica microsphere.
(b) Raman spectra from different positions in the microsphere. Red
dotted circles in the inset indicate the positions from which the spectra
were collected. (c) Measured Raman intensity dependence on pump
detuning. Red curve shows a Lorentzian fit to the experimental data.
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spectral range. Due to slight eccentricity of the microsphere,
we have eccentricity-induced splitting, and the WGMs appear
in several “groups” of closely spaced modes [39]. The WGM
peaks correspond to the Raman emission from silica that is first
emitted into the WGMs and then scattered to free space to be
collected by the objective. On the other hand, the broad back-
ground corresponds to the Raman emission that is not coupled
to WGMs but instead emitted directly into free space. As a
result, there is a notable spatial variation in the Raman emission
from the silica microsphere, as shown in Fig. 3(b); the WGM
peaks are much more prominent at the two edges of the res-
onator than at the center of the resonator, indicating that these
peaks correspond to the light lost from the WGMs due to the
perturbed total internal reflection from the curvature of the mi-
crosphere. Also, this emission pattern indicates that the emis-
sion from the two sides of the resonator is approximately equal.
This confirms that Raman scattering has equal intensity in the
forward scattering and backward scattering directions.

With this silica microsphere resonator, we have investigated
the dependence of Raman intensity on the wavelength detun-
ing of the pump from a resonance [Fig. 3(c)]. There is a large
enhancement in the collected Raman signal when the pump is
on resonance with a WGM. This enhancement can be mostly
attributed to the power enhancement of the pump light in the
resonator. At critical coupling, the power enhancement is [41]

Pcavi 1 A/1 1
B — ty FSR (1)

Pincident 277 Adpwhm 1 + (

2
Alpwim

where AZ is the wavelength detuning of the pump light, Adgsg
is the free spectral range of the optical cavity, and Adpyrpy is
the linewidth of the optical mode. For our resonator, we have
Alpsg = 10.5 nm and Adpypy = 0.12 pm, resulting in
B =1.4x10" at zero detuning. To compare this value to
the one obtained in our experiment, we note that, at the
detuning of AA = (i AdpwimAdpsr)? = 0.014 nm, we have
P = Pincident- Thus, by taking the ratio of the peak Raman
intensity at zero-detuning and at 0.014 nm detuning, we obtain
the experimentally measured Raman enhancement to be
4.9 x 10%, in good agreement with the theoretically predicted
value. The discrepancy between the two can be attributed to
the nonideal pumping at zero detuning and the contribution
of background light in the Raman spectra for detuned pump,
where the Raman signal is low.

In calculating the above theoretical enhancement factor, we
have ignored the contribution from the Purcell effect, which
clearly modifies the Raman spectrum and causes the sharp
peaks to appear. Because the Raman spectrum of silica is broad
and spans over several free-spectral ranges, we expect little en-
hancement in the total power of the emitted Stokes light due to
the Purcell effect [33,42]. However, within the linewidth of a
particular WGM, the Purcell enhancement in the Raman spec-
tral density is significant. The enhancement in Raman spectral
density can be estimated by integrating the background-
subtracted intensity within a WGM peak, dividing it by the
linewidth of the WGM, and comparing the result to the silica
background Raman intensity. It is important to note here that
the width of WGM peaks in the Raman spectrum is limited
by the spectrometer and is not the true linewidth; instead,

cavity
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we assume the linewidth of the Stokes WGM to be the same as
the pump mode, at Adpyiy = 0.12 pm. From this, we esti-
mate the spectral density enhancement within a WGM due to
the Purcell effect to be 6.8 x 10°.

Next, we studied the enhancement of the Raman signal
from rhodamine 6G molecules coated on the surface of a silica
microsphere. We compared the Raman spectra from rhod-
amine 6G excited in three different ways. The first is the ex-
citation of rhodamine 6G on a microsphere that is resonantly
pumped through a tapered fiber coupler, as previously de-
scribed for the bare silica microsphere. The second is the
excitation of rthodamine 6G on the substrate near the micro-
sphere with a free-space Gaussian beam, with an estimated
beam diameter of 7 pm. This measurement serves as a control
where no Raman enhancement due to the microsphere is
present. The third is the free-space beam excitation of the
thodamine 6G on the microsphere, which serves as a compari-
son with previously published results on microsphere-based
Raman enhancement with conventional micro-Raman setups
[17-21]. The excitation beam is directed onto the rhodamine
6G coated microsphere from the top in this third case.

The observed Raman spectra for rhodamine 6G on the mi-
crosphere is presented in Fig. 4(a). Another microsphere with a
diameter of 17.3 pm was used for this measurement. The pump
wavelength was 769 nm for pumping with a tapered fiber cou-
pler and 770 nm for free-space pumping. The modified Raman
emission due to the Purcell effect is only visible for the micro-
sphere pumped by the fiber taper. This can be attributed to the
higher WGM coupling efficiency from the tapered fiber pump-
ing; the Stokes light only couples to a WGM when the Raman
scatterer has spatial overlap with the Stokes WGM, and this
coupling is more efficient when the pump light is also in a
WGM. For the peak at 1510 cm™!, there are two sharp peaks
from tapered fiber pumping but only one broad peak, which
corresponds to the bulk Raman spectrum, from free-space
pumping of the microsphere or the substrate. This can be
attributed to the modified Raman emission in the presence
of an optical cavity; two WGMs overlap with the Raman peak
at 1510 cm™!, and there is selective enhancement of Raman
scattering at the resonance wavelengths of these two WGMs,
leading to what looks like two peaks. By comparing the inte-
grated area of the rhodamine 6G peak at 1510 cm™ over a
spectral band of 24 cm™!, we find the Raman intensity from
the tapered fiber pumped microsphere to be larger than the
Raman intensity from rhodamine 6G on the substrate by a fac-
tor of 928. Similarly, we find the Raman intensity for the free-
space pumped microsphere to be seven times larger than the
Raman intensity from rhodamine 6G on the substrate, which
is in agreement with previously published results [16-19].
Free-space pumping is expected to have little coupling to
WGMs, and the enhancement in Raman intensity from
free-space pumping of the microsphere is expected to be mostly
due to the photonic nanojet effect. Our results clearly show that
the enhancement from WGMs can be much higher than that
from a photonic nanojet.

From the spectra in Fig. 4(a), we can identify two mecha-
nisms for the Raman enhancement: the pump enhancement,
which uniformly increases the Raman intensity at all Stokes

(a)

—— Microsphere, tapered fiber
—— Microsphere, free space x 100
—— Substrate, free space x 100

W

PP, SUBCe

1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

Intensity (a.u.)

(b)

Intensity (a.u.)

1480 1500 1520 1540
Raman Shift (cm™)

Fig. 4. Raman enhancement of rhodamine 6G through the silica
microsphere. (a) Background subtracted Raman spectra of rhodamine
6G for tapered fiber coupler excitation (blue), free-space excitation on
a microsphere (red), and free-space excitation on the substrate (green).
The spectra for free-space excitation on the microsphere and substrate
are scaled by 100 times for visibility. (b) Raman spectrum of rhod-
amine 6G around the 1510 cm™! peak, obtained from subtracting
the spectrum after photobleaching from the spectrum before photo-
bleaching. The solid green curve is a fit to the data points. The spec-
trum s fitted as sum of a Lorentzian Raman peak (purple dotted curve)
and two Gaussian WGM peaks (red dotted curve).

wavelengths, and the Purcell enhancement, which results in
enhancement at Stokes wavelengths matching WGMs only,
resulting in Raman spectra modified by sharp resonance
peaks. The total Raman enhancement can be approximated
as Fioul = Fpump % (1 4+ Fpyeee)- This is analogous to the
electromagnetic mechanism in SERS, in which, approximately
a factor of [| Ejoca (@pump) |/ 1 E0 (@pump) []? is attributed to pump
enhancement, and another factor of [|E}oc(@siokes)|/
|Eo(0s0kes)|]* is attributed to radiation enhancement resulting
in a total of [| Ejocy (@pump) |/ [ Eo (@pump) [ enhancement when
the Stokes shift is small [11,13]. In what follows, we consider
these two enhancement mechanisms in silica microsphere sep-
arately and provide a theoretical estimate of the enhancement
factors due to each mechanism. We follow the theoretical
analysis in recent works on the Purcell-enhanced Raman
scattering in Fabry—Perot optical microcavities [43—46].
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The pump enhancement factor for molecules adsorbed on
the surface of a microsphere can be calculated from the power
enhancement factor, as previously discussed, with correction
terms that account for the local electric field strength at the
surface of the microsphere, the thickness of rhodamine 6G
on the microsphere and that on the substrate, and the reduced
pump efficiency due to laser scanning. In the pump enhance-
ment factor (Fpypy,), we include these factors that affect the
effective pump intensity leading to a spectrally uniform scaling
of the Raman intensity, i.e., the factors that do not distort the
shape of the original spectrum. The pump enhancement factor
can be expressed as

F _ r Raman, WGM

pump
P Raman,fs

_ Vreowom As 1 Adgs @)

pump’
Vieeas Awem 27 Adpwim

where Vigewaom = 0.056 pm? and Vg = 4 pm? are the
effective volumes of rhodamine 6G being excited by WGM [47]
and free-space pumping, respectively, Awgy = 0.817 pm?
is the cross-sectional area of the WGM, A = 20 pm? is the
effective cross-sectional area of the free-space pump beam,
and 7pymp = 0.47 is a correction factor to account for the
reduced pump efficiency from the scanning pump laser.
This microsphere with rhodamine 6G coating has Adpgg =
8.4 nm and Aldpypy = 0.18 pm. For our experiment with
the spectrum shown in Fig. 4, we obtain Fppy, = 1204.
The details of this calculation are presented in Appendix A.
In addition to pump enhancement, Raman emission is also
enhanced by the increased density of state due to resonance,
characterized by the Purcell factor. Whereas the pump enhance-
ment results in a uniform enhancement of the entire Raman
spectrum, the Purcell enhancement only enhances the
Raman spectral density within the linewidth of a WGM and
thus is highly nonuniform, introducing sharp peaks in the
Raman spectra. The Purcell enhancement factor, however, is
calculated for the enhancement of total Raman intensity for
a particular Raman peak and, thus, is much smaller than
the enhancement of Raman spectral density within each
WGM linewidth. The ideal Purcell factor is often written as
Fpuredio = 4%21;3 %, where Q, is the cavity Q-factor, and V|
is the mode volume of the Stokes WGM [48,49]. Several cor-
rections are required in applying this Purcell factor to our ex-
periment. First, there is a 1/7? correction to the Purcell factor
due to the optical cavity having a refractive index 7, = 1.45
rather than being in vacuum. Second, WGMs typically have
narrower linewidth than Raman peaks, which leads to nonuni-
form enhancement in Raman scattering throughout the Raman
peak. Instead of Q,, the effective increase in the total emitted
power over the entire Raman peak is characterized with an ef-

fective Q-factor Q¢ = Q?;QCIZ?R’ with Q defined as Qp = AA—/{R,
where Ay is the linewidth of the Raman peak [43]. Also, the
derivation of Qg assumes there is a single WGM at the center
of the Raman peak, but in practice there may be multiple
WGMs that overlap with the Raman peak with some detuning,
This spectral overlap between WGM and Raman peak is
accounted for by introducing #;. Third, the ideal Purcell factor
assumes that the emitter lies at the maximum of the cavity field,
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but this is not true for microspheres supporting WGMs. Thus,
we need to correct for the local electric field strength at the
surface of the microsphere, where the thodamine 6G molecules
are, as well as the overlap between the pump WGM and the
Stokes WGM. This is accounted for by 7. Fourth, the Purcell-
enhanced Raman scattering is emitted into the Stokes WGM
first and then scattered into free space; this emission has a dif-
ferent emission pattern compared with that of Raman scattered
light emitted directly into free space. As a result, the fraction of
light collected by the objective is different for each type of emis-
sion, and we introduce 7, to account for this difference in col-
lection efficiency. Fifth, there is a twofold degeneracy in mode
density due to the microsphere having both clockwise and
counterclockwise WGM, which doubles the Purcell-enhanced
Raman emission. Last, some of the light in the Stokes WGM is
coupled into the fiber taper and is not collected from the micro-
scope objective. We assume critical coupling to the Stokes
mode; in this case, half of the Stokes light is lost through
the fiber taper, thus reducing the collected Raman signal by
a half. Combining these effects, we obtain

3 2Quy
FPurcell = 4—71_2;1_;_ 1/8 MNENQ X 2 x0.5. (3)
s s

We evaluate the Purcell enhancement factor for the Raman
spectrum presented in Fig. 4(a), with A, = 0.8743 pm,
n, = 145, Q. = 640, V, =49.1 pm?, n, = 1.58, n; =
0.17, and 7o = 1.5 to obtain Fp,. = 0.127. Details of this
calculation are presented in Appendix B.

To compare the theoretical results to the experiment,
we performed curve fitting to the experimentally obtained
Raman spectra to estimate the contribution of the Purcell en-
hancement in the total Raman enhancement. This is possible
because the Purcell enhancement appears as sharp lines that
are clearly distinguishable from the bulk Raman spectrum.
However, to determine the Purcell enhancement accurately,
we need a Raman spectrum corresponding to only that of rhod-
amine 6G, without any background contribution from silica.
In order to obtain such a spectrum, we noted that, as we pump
the rhodamine 6G coated microsphere, the Raman peaks of
thodamine 6G gradually decreased and eventually disappeared,
likely due to photobleaching of the dye (Appendix C). The dif-
ference in the Raman spectrum of a freshly coated microsphere
and that of a microsphere pumped for a long time corresponds
to the Raman spectrum from rhodamine 6G alone without any
silica contribution [Fig. 4(b)]. In performing the curve fitting,
the bulk Raman peak was assumed to have a Lorentzian line-
shape, whereas the two WGMs had spectrometer-limited line-
width and were fitted with Gaussians. By comparing the
integrated areas of the bulk Raman peak and the two
WGM peaks, we estimated the Purcell enhancement to be
0.134. This measured Purcell enhancement is in very good
agreement with the theoretically calculated value of 0.127.
Further, we can also calculate the experimentally measured
Fyump to be 818. This is also in good agreement with the theo-
retically calculated value of 1204.

Finally, the Raman enhancement factor of the silica micro-
sphere as an SERS substrate is evaluated as
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EF — Isgrs/ N sers ’ @)
Iy/Ny

where /ggrg and /) are the Raman signal intensity in the SERS
and non-SERS spectra, and Nggpg and IV are the effective
number of molecules being excited in the SERS and non-

SERS measurement [12]. Here, 15}—;‘5 = Foml = 928, and the

ratio N/;—EOR“ = 0.065 is calculated from the effective volume of

rhodamine 6G excited in each pumping scheme (Appendix D).
From this, we obtain EF = 1.4 x 10%. Within this, a minor fac-
tor of 1.134 can be attributed to the Purcell enhancement, with
the remaining 1.2 x 10* attributed to pump enhancement.

4. CONCLUSION

In conclusion, we have measured the enhanced Raman emis-
sion of silica and rhodamine 6G due to WGM resonances in
silica microspheres. Our use of a tapered fiber coupler allows us
to couple pump light to the WGMs with high efficiency, lead-
ing to a higher enhancement factor than is possible with free-
space pumping. We estimated the Raman enhancement factor
as 1.4 x 10, with most of the enhancement originating from
the pump enhancement and a small factor of 1.134 from the
Purcell enhancement. These experimentally measured results
are in good agreement with theoretical calculations.

The experimentally observed enhancement factor in this
work is, to the best of our knowledge, the largest reported from
dielectric microspheres so far but still several orders lower than
predicted in theory [32,33], which can be as high as 108. The
largest contributing factor that leads to this smaller exper-
imentally measured enhancement factor is the large linewidth
of the rhodamine 6G Raman peak, with Al = 18 cm™!, com-
pared with that of the Stokes WGM, with linewidth on the
order of 0.01 cm™. Because the Raman peak linewidth is dif-
ferent for different molecules, this factor is often not included
in theoretical calculations of the enhancement factor, making
the enhancement factor predicted from theory larger than what
is attainable for common Raman probes. On the other hand,
for some gas phase molecules such as CO,, the Raman peaks
can be much narrower and comparable with WGM:s in line-
width [44]. These molecules would result in a much larger
enhancement factor from WGMs, predominantly due to an
increase in Purcell enhancement. Also, cavity resonance scan-
ning techniques similar to those demonstrated for Fabry—Perot
cavities may allow us to obtain a higher Purcell enhancement by
scanning the Stokes WGM across the Raman peak [44—46].

An interesting question to consider here is whether dielectric
microspheres as SERS substrates have the potential to detect
single-molecule Raman spectra. Despite earlier works that have
taken single-molecule SERS as an indication for extremely high
enhancement factors, it has been recently demonstrated that,
when Raman probes with a large cross section such as rhod-
amine 6G are pumped at their molecular resonance, a single-
molecule EF as low as 10° is sufficient to observe single
molecule SERS [50]. Considering this result, we believe that
single-molecule SERS is attainable with dielectric microspheres
with some optimization. First, we note that, without any rhod-
amine 6G coating, a Q-factor above 107 is easily achievable
with bare silica microspheres. For single-molecule studies,

the perturbation to the WGM would be minimal, and we
do not expect any lowering of the Q-factor from that of a bare
silica microsphere. The increased Q-factor alone would increase
the EF by more than an order of magnitude. Also, for single
molecules there is no inhomogeneous broadening [51], leading
to a narrower Raman peak and an increased Purcell enhance-
ment from WGMs. Together, with further optimization in the
size and refractive index of the microsphere, we believe that a
single-molecule EF of 10° is realistic for dielectric microspheres
supporting WGMs. Although challenges such as the suppres-
sion of Raman lasing remains, the demonstration of single-
molecule SERS from dielectric microspheres would allow for
the probing of molecular dynamics and interactions at previ-
ously unattainable levels of details.

A unique advantage of our system, not fully exploited in this
work, is the ability to quantitatively measure the number of
molecules adsorbed onto the microsphere from a resonance
wavelength shift and collect the Raman spectra from the same
molecules. Wavelength shift provides another measurement of
the number of molecules being excited, independent from
Raman spectroscopy. This allows for more accurate quantifica-
tion of the enhanced Raman spectra. On the other hand,
molecular identification through Raman spectroscopy adds
otherwise unavailable specificity to the WGM sensing method.
This combination of two detection methods can potentially be
much more powerful in chemical and biological sensing com-
pared with each method used alone.

APPENDIX A: CALCULATION OF THE PUMP
ENHANCEMENT FACTOR

For a single Raman scatterer, the power of the Raman scattered
light can be expressed as Pryman = ORamanSlocals Where ORymay s
the Raman cross section and Sy, is the local power density
[52]. Note that here we consider the “total” Raman cross
section instead of the differential Raman cross section and
ignore its direction-dependence for simplicity. For multiple
scatterers, the total Raman scattered power is the sum of the
scattered power from each. For our experiment with
rthodamine 6G, we have Priun = PNORaman JreG SlocatdVs
where py is the number density of rhodamine 6G
molecules, and the integration is on the volume of
thodamine 6G only. In the case of WGM pumping of the
microsphere, the integral [ SiocadV can be written as

__ Vregwom 1 _Alpsr _
fRGG SiocaldV = Awon Py, pr7y— Mpump> where VR6G,WGM =
€,(n)|E, ()]

JR66 maste, DB
. o qWIEOP o
rthodamine 6G only, Awgy = [ (e, (N E, (D) Ep(r)|2)d r, with the
integral on the cross section of the WGM in the microsphere,
1 _Alpsr

P, is the incident power, the factor 5- Ty~

d?», with the integral on the volume of

is the power-

enhancement factor from resonance at zero detuning and
critical coupling, and the factor 7,y accounts for the time-

dependent detuning of the scanning laser. Thus, we ob-

. _ V®eG,wGM 1 _Adpsp
tain PRaman,WGM = PNORaman Awem in 27 Adpwam npump . Note

that the product py Vyegwam can be considered as the effec-
tive number of molecules excited by the WGM, and we use this
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term later to compare the number of molecules excited by
WGM pumping and free-space pumping.

For free-space pumping, we start from Ppy., =
PNORaman Jrac StocaldV again but use the free-space beam pro-
file for S)o,, assuming a Gaussian beam profile for the free-

. . Vioos
space pump light. We obtain Promans = PNORaman 4, Lins

where A = [ %dzr at the beam waist and

VRea,s = tAg, ¢ being the thickness of the rhodamine 6G film

. Vgsea
on the substrate. Note that the ratio ~2E

is simply #, but we
write in this form to compare the result from WGM pumping
of the microsphere.

The pump enhancement factor (Fyym,) is the ratio
between the collected Raman-scattered light intensity with
WGM pumping to that with free-space pumping, without
considering the Purcell effect. From the result above, ignoring
the difference in collection efficiency between WGM pumping

and free-space pumping, this ratio can be written as

F — Vreowom _Ax 1 Adps
pump Ve  Awaem 27 Adpwim Mpump-

For the silica microsphere that we used to collect the
thodamine 6G Raman spectrum, we have D = 17.3 pum,
Apump = 769.30 nm, and » = 1.45. By considering the reso-
nator to be a perfect sphere (ignoring eccentricity) and using
the analytical equation for spherical resonators, we identify that
the pump mode corresponds to a TE mode with mode num-
bers n =1, [ = 95, and m = 95, where n, /, and m are the
radial, polar, and azimuthal mode number, respectively. This
mode has a mode volume of 42.5 pm® and a mode cross
section of Aywgy = 0.817 pm? [47]. By considering the rhod-
amine 6G coverage to be a 3.4 nm thin film on the microsphere
surface, we estimate the effective volume of rhodamine 6G to
be Vrsgwom = 0.056 pm?®. The free spectral range for this
microsphere at the pump wavelength was calculated as

iﬁump tan”! (2-1)1/2 . .
Aldpsp = A = 8.4 nm [42]. The linewidth was

measured experimentally to be AApyrny = 0.18 pm, which
corresponds to Q = 4.3 x 10°.
The term 77y, Was estimated by monitoring the transmis-

sion through the tapered fiber coupler. 77, Was calculated as

=7 Peouple : ;
Hpump = 1 - =+ J=r Toilpl‘;dt, where P, coupled i the transmit-

ted power through tapered fiber coupler without the micro-
sphere coupled, and + [=r Poupleadt is the time averaged
transmission through the tapered fiber coupler with the micro-
sphere at critical coupling, as the pump laser wavelength is
scanned with a triangle wave with period 7". This factor
represents the fraction of incident power coupled into the mi-
crosphere on average, and it accounts for the changing wave-
length detuning, as the pump laser is scanned across the
resonance mode, as well as any thermal shift in the resonance
mode that changes the detuning. To demonstrate the validity of
using #,ump as a correction factor, we recorded several different
Raman spectra, as we change the wavelength scan range of the
pump laser, which leads to different 77,,,,- The emitted Raman
intensity was proportional to 7y, as expected (Fig. 5).

For free-space pumping, the pump beam waist size was
estimated to be wy = 3.5 pm in radius. This results in an

) “ - Q Vol. 6, No. 5 / May 2018 / Photonics Research 353
| —

1 g
g 08¢ o Exgerimeptal result O
g Linear fit
2>
g 06 )
2 O
£ 04t o
5 &
Eo2f

@]

o &

0 - . . )

0 0.2 0.4 06 08 y
Toump

Fig. 5. Dependence of Raman intensity on #7,,,,. The wavelength
scanning range of the pump laser was changed to obtain different

”pump :

effective excitation area of Ay, = J7wj = 20 pm?®. The effec-
tive excitation volume is found from Vygg g = Ag x 7, where
t = 200 nm is the estimated thickness of thodamine 6G film
on the substrate, resulting in V' =4 pm3. N hat, i
s R6G,fs pm~. INote that, 1n
calculating the Raman scattered light intensity, we take the ratio

v .
%” and Ay cancels out from the final expression; thus, an

accurate estimation of the beam size is not important in the
final result.

From our experiment, we obtained Vpypggwom =
0.056 pm?, Vipgap = 4 pm?, Aywey = 0.817 pm?, Ag =
20 pm?,  Aldgp = 8.4 nm,  Adpyy = 0.18 pm,  and

Npump = 0.47. This results in Fpp, = 1204.

APPENDIX B: CALCULATION OF THE PURCELL
ENHANCEMENT FACTOR

The Purcell factor, in its most simplified form, is often written

as C = 4%2253 %, where 4;, Q,, and V| are the resonance wave-

length, Q—factér, and mode volume of the Stokes WGM.
When written this way, the Purcell factor represents the ratio
of the emission rate into an optical cavity with unity refractive
index to the emission ratio into free space. In our experiment,
we need to compare the emission into a WGM with effective
index 7 to the emission into free space, which results in an addi-
tional factor of n—lz from the dependence of emitter-field cou-
pling on refractive index of the medium [53]. Throughout
our work, the refractive index of silica was taken to be 1.45,
and the effective index of the WGMs was taken as equal to
the bulk refractive index of silica as an approximation.

For an emitter with emission linewidth comparable or larger
than the linewidth of the cavity resonance, the Purcell factor no
longer depends only on the Q-factor of the cavity resonance but
rather it depends on both the cavity linewidth and the
linewidth of the emission peak [43]. In the case of Raman
scattering, the expression for the Purcell factor is modified

by replacing Q, with Q. , where Q. is defined as

Qu = Q%+Q§R' Here Q, is the Q-factor of the Stokes WGM

and Qj = A’l—iR, where Alp is the linewidth of the Raman

peak. When the linewidth of the Raman peak is much larger

than the linewidth of cavity resonance, as in our case,
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Q. is well approximated by Qp. From the measured spectrum,
we find that the linewidth of the 1510 cm™' peak, appearing
at A, =870 nm, is Alz = 1.36 nm. Thus, we obtain
Q. = 640.

The mode volume of the WGM was calculated from ana-
lytical expressions. There were two WGMs observed to overlap
with the Raman peak at 1510 cm™!, observed at A, = 870 nm.
The exact mode numbers of these two WGMs is not clear.
However, for a spherical resonator with R = 8.65 pm and
n = 1.45, an optical mode with mode numbers 7 =1,
/ = 83, and m = 83 and TE polarization exists at 874.35 nm,
and we assume that this mode at 874.35 nm well approximates
the spatial distribution and mode volume of both observed
WGMs at 870 nm. The mode volume was calculated to be
V,=49.1 pm?® [47].

1 accounts for the reduced optical field strength at the sur-
face of the microsphere (where the rhodamine 6G dyes are)
compared with the maximum field strength within the silica
microsphere as well as the spatial overlap between the pump
WGM and the Stokes WGM. When there is a single emitter
in the cavity not located at the maximum of the cavity field, the

ideal Purcell factor is modified by ma}'{%’i‘:ﬂz? where E(r) is the

electric field of the Stokes mode [43,45]. For multiple emitters
at different locations with different pump power at each emit-

E.(r))?
AT
is the pump power at each emitter. Thus, 77z can be obtained as

Juae 1P
g = :

fRGG \Ep(r)\2d3r

pump mode, and the integration is on the volume of rhod-
amine 6G only [43]. For the pump WGM with » =1,
[/ =95,and m = 95 at 769.10 nm and the Stokes WGM with
n=1,/= 83, and m = 83 at 874.35 nm, we calculate 175 to
be 0.1709.

1, accounts for any detuning between the Raman peak and
the Stokes WGM as well as more than one WGM overlapping
with the Raman peak [45]. In calculating Q., we have
assumed that there is exactly one WGM at the center of the
Lorentzian Raman peak; any discrepancy between the experi-
mental spectrum and this ideal case is accounted by 7. For a
single WGM overlapping with the Raman peak, 7, is equal to
the intensity of the Raman peak at the WGM resonance wave-
length relative to the maximum intensity of the Raman peak.
For more than one overlapping WGM, the sum of 7, for each
WGM is taken as the total 77;. For the spectrum obtained in our
experiment (Fig. 4), the two WGMs are symmetrically located
on the two sides of the Raman peak, with each of them con-
tributing 0.79, and thus overall, ; = 1.58.

g accounts for the difference in the collection efficiencies
between the Stokes light emitted directly into free space and the
Stokes light emitted into a WGM and then scattered into free
space. Although in both cases the Stokes light is collected with
the same NA = 0.55 objective lens, the collection efficiencies
are different because these two emissions have different angular
divergence. Light emitted directly into free space has a dipolar
emission pattern, while the emission from WGMs are on the
equatorial plane of the microsphere, tangential to the edge of
the microsphere and with a small angular divergence in the

ter, a weighted average of is taken, where the weight

, where E 5 1 the electric field of the

polar direction. Because the dipolar emission and the emission
from WGMs are uniform over 27z radians in the azimuthal
direction in the far field, for comparison we can ignore the
azimuthal dependence and only consider the difference in emis-
sion pattern in the polar direction. For the emission from
WGM, we approximate the angular divergence in the polar
direction to be equal to that of a Gaussian beam with waist
size equal to the size of the WGM cross section; we calculate
the angular divergence to be 0.31 radians. The objective lens
has NA = 0.55, corresponding to a collection angle of 0.58
radians. Thus, almost all the emission from WGM is collected
by the objective. On the other hand, only 66% of the dipolar
emission falls within the collection angle of the objective.
Thus, 770, defined as the ratio of the collection efficiency of
the WGM emission to that of the dipolar emission, is calcu-
lated as 1/0.66 = 1.5.

Further, a factor of 2 goes into the expression for Fp,, . due
to the twofold degeneracy of optical modes in the microsphere,
from having both clockwise and counterclockwise modes.
Another factor of 0.5 goes into the expression due to the cou-
pling to the tapered fiber coupler; we assume critical coupling
to the tapered fiber at Stokes wavelength, in which case half of
the light emitted into the WGM is lost to the tapered fiber, and
the other half is emitted into free space (and a fraction of this
light is collected by the objective).

By considering all the factors mentioned above, we obtain
the Purcell enhancement in our experiment, as presented
in Eq. (3).

APPENDIX C: PHOTOBLEACHING OF
RHODAMINE 6G

A gradual decrease in the intensities of rhodamine 6G Raman
peaks was observed during the course of the experiment for
WGM pumping, even though we use a small pump power
of 37 pW (Fig. 6). On the other hand, for free-space excitation,
no such change in Raman intensity was observed even for
pump power greater than 1 mW. We believe the decrease
in Raman intensity is due to photobleaching, even though
we are not pumping at the absorption peak of rhodamine
6G. This photobleaching effect is only observed for WGM
pumping because pump enhancement due to WGM greatly
increases the local pump power for the rhodamine 6G mole-
cules. This photobleaching effect was used to obtain an accu-
rate Raman spectrum corresponding to that of rhodamine 6G
only (without silica Raman peaks) by taking the difference
between the measured spectrum before and after photobleach-
ing [Fig. 4(b)]. This method results in more accurate removal of
silica Raman scattering than background subtraction through
curve fitting, which is crucial for accurate estimation of the
Raman enhancement factor.

APPENDIX D: EFFECTIVE NUMBER OF
MOLECULES EXCITED WITH WGM EXCITATION
AND FREE-SPACE EXCITATION

We use the effective volume of rhodamine 6G excited under
each pumping scheme to find the ratio of effective number
of molecules. We have defined Vyggwom and Viweas
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Fig.6. Change in Raman intensity as thodamine 6G photobleaches.

The pump power was 37 pW, coupled to the microsphere WGM
through a tapered fiber.

previously to calculate the pump enhancement factor. These
can be considered as the effective volume of rhodamine 6G
being excited under each pumping scheme, with each differen-
tial volume of rhodamine 6G being normalized by the local
pump power. Vysgwam and Vyeg g corresponds to the vol-
ume of rhodamine 6G required at the electric field maximum,
which would result in the same Raman intensity as the actual
experiment. However, for the case of WGM pumping, the field
maximum used for normalization is the maximum in the entire
WGM modal distribution, which is located inside the silica
sphere and cannot be reached by rhodamine 6G molecules.
To be realistic, we must instead normalize by the field maxi-

mum on the surface of the microsphere. Thus, the ratio

Nsgrs
N,

NS can be obtained as

v max(|E,(r)|*)
Nsprs _ ~ ROGWEM X gt (B, ()

Ny VReG 6

= 0.065. (D1)
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