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High-() Whispering-Gallery-Modes Microresonators
for laser frequency locking in the Near-Ultraviolet
Spectral Range

Georges Perin, Louis Ruel, Yannick Dumeige, Patrice Féron, and Stéphane Trebaol

Abstract—This study presents a comprehensive analysis of a
whispering gallery mode (WGM) microsphere optical properties
in the near ultraviolet spectrum, and its practical implementation
for laser linewidth reduction via frequency locking. The light
coupling is achieved thanks to the utilization of a robust angle-
polished fiber, enabling exploration of various coupling behaviors.
The intrinsic Qo-factor, measured at 2.2 x 10°, along with a
finesse of 7.3 x 10", is reported at 420 nm. Physical mechanisms
contributing to the QQo-factor are discussed and routes to improve
the performances are drawn. Through the implementation of
frequency locking onto a high-Q resonance of the WGM micro-
sphere, the reduction of the linewidth of an external cavity diode
laser from 887 kHz to 91 kHz has been obtained. The study
of these outcomes brings to performance assessment, enabling a
thorough understanding of limitations and identifying potential
pathways for enhancing noise reduction. Such high Q-factor and
high finesse are key ingredients to ease the study of photonic
devices based on WGM microresonators.

Index Terms—Whispering gallery modes, microsphere, near
ultraviolet, high Q-factor, frequency reference

I. INTRODUCTION

HISPERING gallery mode (WGM) microresonators

have been extensively studied since decades for their
unique properties like large (Q-factor, long photon lifetime stor-
age and small mode volume. Those unique features have al-
lowed to demonstrate linear, non-linear and quantum photonic
devices based on WGM resonators. Applications range from
narrow-band filter [1], compact optical memory [2], optical
[3] and electronic [4] locking for laser linewidth narrowing,
Raman microlaser [5], on-chip frequency comb generation
[6], low threshold lasing [7], biological sensing [8] or quan-
tum electrodynamics experiments [9], [10]. Various shape of
microresonators have been studied [8] such as microspheres,
millidisks, microdisks and microtoroids in various materials
like fused silica [11], fluoride and chalcogenide glasses or
cristals [12]-[14]. Very high Q-factors have been reported up
to 10'° in passive fused silica microspheres [15] and a record
level of 3 x 10'! in CaF; crystalline millidisk resonators [16].
Despite the huge interest for those compact microresonators,
they have been mainly studied in the near infrared region.
Since few years, the need of short wavelength compact coher-
ent sources like single-frequency lasers and optical frequency
combs, as tools for high precision spectroscopy [17], [18],
pushes the research community to investigate the potential
of WGM resonators at short wavelengths [12], [19]-[22]. In

Univ. Rennes, CNRS, Institut Foton - UMR 6082, F-22305 Lannion, France.
e-mail: stephane.trebaol @enssat.fr

particular, millidisk configurations have been investigated with
record Q-factors estimated to be as high as 109 at 370 nm [12].
Four wave mixing process have been recently demonstrated
by Tian et al. [23] in a microsphere resonator at 460 nm with
a 107 Q-factor. Moreover, microsphere resonator can be of
interest in particular for QED experiment where high-@ factor
should be associated with a small cavity volume [9].

In this work a thorough analysis of a fused silica WGM
microsphere is reported at a wavelength of 420 nm. Subse-
quently, this microsphere serves as a frequency reference for
the purpose of laser locking to demonstrate laser linewidth
reduction. Thanks to the cavity ringdown method [24], we
report an intrinsic microsphere Q-factor in excess to 10%
limited by surface roughness. Robustness of the coupling
setup based on angle-polished fiber offers the possibility to
investigate the different coupling regimes. Critical coupling
regime is obtained for a gap distance of 40 nm with a contrast
of 100 %. In the near infrared region, water deposition on the
microsphere surface degrades the @-factor over time toward
the 107 [15], [25]. Thanks to the water transparency window
around 420 nm, no degradation is observed, which enables
stable operation of WGM based photonic devices at short
wavelengths. Then, the laser is locked to a high-Q WGM
microsphere resonance, which allows the laser frequency noise
to be reduced from 887 kHz to 91 kHz. This results points
out the opportunity offered by such high-Q and high finesse
compact optical resonators in the near UV range.

The paper is organised as follow, in section II, we report
the fabrication process of the microspheres, in section III the
coupling set-up based on an angle-polished fiber is described.
Microsphere characterization is investigated in section IV, in
particular, a description of the characterization technique that
allows @Q-factors and coupling regime determination is given.
In section V, we discuss the mechanisms that contribute to
the intrinsic @Q-factor and identify the surface roughness as the
main limitation. Lastly, in section VI, we outline the practical
utilization of our microspheres, demonstrating a compact laser
locking arrangement that enables the reduction of frequency
noise of an external cavity diode laser in the near UV range.

II. MICROSPHERE FABRICATION

Spherical microresonators are obtained by melting the tip
of a pure silica fiber with a diameter of 125 pym (F300 from
Heraeus). It turns that propagation losses in the fiber are
given to be 30 dB/km around 420 nm. A fiber splicer is
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Fig. 1. Microspheres are fabricated in 3 steps by use of a fiber splicer. The
heat source is brought by two electrodes placed on each side of the fiber.
a) The fiber drawing gives rise to a fiber taper, b) the fiber is cleaved at a
distance d from the taper region, to determine the quantity of silica to melt,
c) the fiber tip is melted to form the microsphere, d) schematic of the final
microsphere sample. a is the sphere radius.

used to fabricate the microresonators. The three fabrication
steps are shown on Figure 1. The heat source is brought by
two electrodes that produce an electrical arc [26]. First, the
fiber is elongated to form a taper with a central diameter
below 50 pym and a narrowed region of around 700 um
in length. Then the fiber is cleaved at a distance d that
sets the silica quantity brought for the sphere fabrication.
The fiber diameter can be adjusted by varying d (d ~ 1
mm for a microsphere radius a ~ 150 pum) . Finally, the
electrode driving current is appropriately adjusted to reach the
glass transition temperature. The surface tension forces bring
naturally a spheroid shape to the microresonator. Microsphere
diameters ranging from 140 to 400 um can be fabricated using
this method. Inset of Figure 4 show a picture of the 275 pum
diameter microsphere used in this work.

III. ANGLE-POLISHED FIBER COUPLING

Light in a WGM microresonator propagates along the
surface by total internal reflection implying a strong light
confinement and a high-Q) factor. Reciprocally, the difficulty
lies in an efficient light coupling inside the cavity. The solution
consists in overlapping the WGM tail and the input beam
evanescent field. To this end, three coupling systems are usu-
ally reported : prism [27], [28], tapered fiber [29] and angle-
polished fiber [30]. In the present study, the angle-polished
fiber have been implemented since it offers a good compromise
in term of coupling efficiency, ease of implementation and
robustness especially at short wavelengths where working dis-
tance between the microsphere and the coupling setup consists
in few tens of nm. A schematic of the angle-polished fiber is
shown on Figure 2. The light coupled inside the fiber core
experiences a total internal reflection upon the angled surface.
The evanescent part of the field is subsequently coupled into
the microsphere. To obtain the phase matching between the
waveguided mode and the considered microsphere WGM, one
have to fulfill the following phase matching condition [30] :

in = sin ™! (""h) (1)

Nfiber

WGM
microsphere

Fig. 2. Sketch of a WGM microsphere coupled to an angle-polished fiber
pigtail. The input and output field are sj,(¢) and sout(t) respectively. w(t)
is the resonator mode amplitude, 7p, the intrinsic photon lifetime and 7. the
coupling photon lifetime. ¢;, stands for the optimal cutting angle used to
reach the phase matching condition.

where ngphere is the effective refractive index of the WGM
and ngher 1S the single-mode-fiber-effective refractive index.
To determine the effective index for WGM modes inside the
microsphere, we first have to calculate the resonant frequency
of TE; ,, 4 using the following expressions [30], [31]:

Wig = nica v+ 2*1/3aq1/1/3 — % 2)
with [, m and ¢ the polar, azimuthal and radial numbers
of the electromagnetic field [11], ¢ is the speed of light, n,
the refractive index of silica (n = 1.4681 at 420 nm [32]),
v =1+1, o, is the gy root of the Airy function Ai(—z).
The effective refractive index of the WGM is obtained from
Ngphere = Cl/awy 4. Figure 3 shows the value of ngphere as
a function of the microsphere radius for the fundamental
and the two first high order WGMs (¢ = 1,2,3). For a
microsphere diameter of 275 um, the effective refractive index
is Ngphere = 1.4556(1.4460) for ¢ = 1(2).

The effective fiber index, ngper 1S experimentally determined
to be 1.4675, which finally gives an angle-polished fiber
¢in = 82.7(80.2)° for ¢ = 1(2). We finally fabricate an angle-
polished fiber with ¢, = 81 & 1° to couple light inside the
microsphere. Considering TM modes for the angle-polished
fiber design gives a similar value for ¢;,.

To collect the signal extracted from the microsphere the tip
of the fiber is cleaved perpendicularly to the light beam after
reflection at the glass/air interface (see Figure 2). The gap
between the fiber and the microsphere can be finely tune from
10 nm to few pym by step of 10 nm.

IV. MICROSPHERE CHARACTERIZATION

To characterize the microsphere and in particular to de-
termine the quality factor of the resonator, usual laser scan-
ning technique [33] cannot be used on high-Q (Q > 107)
resonator. Indeed, thermal effects induced by material light
absorption strongly distort the resonance [33] especially at
short wavelengths where the linear absorption coefficient
is 100 times larger than at telecom wavelengths. However,
the cavity ringdown technique have been extensively used
to determine the linear and nonlinear properties of high-Q
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Fig. 3. Evolution of the effective refractive index mgppere as a function of
the microsphere radius a. The Airy function root values are 2.338 and 4.088
for ¢ = 1, 2 respectively. The following parameter values are used: operating
wavelength A = 420 nm, silica optical index n = 1.4681, angular momentum
1 is obtained from [ = 2mwan/A.

resonator [24], [34]-[36]. This technique allows to accurately
estimate the intrinsic linear and nonlinear losses, the coupling
regime and the linear and nonlinear dispersive properties of
WGM resonators [37]. We propose in this paper to apply this
technique to microspheres characterization close the near UV
range at 420 nm.

A. System description

The fiber-coupled-microsphere experimental arrangement is
depicted in Figure 2. The evanescent tail of the single-mode
fiber is coupled into the probe WGM mode whose amplitude is
u(t). The coupling photon lifetime is expressed by 7. and the
intrinsic photon lifetime is denoted by 7. The later represents
the microsphere losses experienced by the mode w(t). The
total lifetime is then deduced by 77! = 757" + 7, and the
loaded Q-factor is expressed as ) = wo7/2 where wy is the
angular frequency of the probed WGM. In the same way, the
intrinsic Q-factor is given by Qo = wo7o/2.

For such high-finesse microresonator (F > 10%) the collected
output signal sou(t) can be obtained from the input signal
amplitude s;,(¢) by solving the following system [24]:

du

= = ([jwo — 1)) ul®) + /Zsn(t
Soul(t) = —Sin t+ \/gu(t)

The instantaneous amplitude of the WGM wu(¢) can be de-
termine by integration of the system of equations (3). The
amplitude u(t) will strongly depends on the shape of the input
signal s, (). In this work we consider frequency chirped input
signal which means that the carrier frequency is linearly swept
in time such as s;,(t) = s0e/*® with ¢(t) = w;t + 7Vst?
where so and w; are the amplitude and the initial angular
frequency of the input signal respectively. Vg is the frequency
scanning speed of the probe laser.

3)

I Function generator
Probe signal @, : "
@420pm [~ 2020 =TT TTTC
LNA

Fig. 4. Experimental setup for WGM microsphere characterization. PC, PD,
and LNA stand for polarization controller, photodiode and low noise electrical
amplifier respectively. P, is the probe laser input power fixed at 4 mW. Inset:
275 pum diameter fiber coupled to a angle-polished fiber.

B. Cavity ringdown experimental setup

The experimental setup for the characterization of the res-

onators is presented in Figure 4. A single-mode laser source
whose emission is centered around 420 nm and continuously
tunable over 20 GHz is used to scan the resonances of the
microresonator under test. The laser signal is injected, using
the angle-polished fiber, in the resonator. The resonator is
passively isolated on a stabilized table placed in a box in
order to isolate it from environmental perturbations. The angle-
polished fiber is inserted in a rotating stage allowing roll and
pitch in addition to the x, y, z translations. At the output of
the coupling fiber, light collection is carried out using a fast
photodiode with a bandwidth of 2 GHz followed up by a low
noise electrical amplifier wired to an oscilloscope.
The cavity ringdown technique consists in rapidly sweeping
the frequency of the probe laser across a resonance of the
cavity, i.e. faster than the relaxation time 7 of the resonator,
this leads to interference between the signal extracted from the
cavity and the signal transmitted through the angle-polished
fiber. The measured signal consists of oscillations with an
exponentially decaying envelope as shown in Figure 5 a)
(black curve).

C. Q-factors estimation

To estimate quality factors ) and )¢ from the transmis-
sion signal, 79 and 7, lifetimes are extracted by fitting the
experimental curve with the theoretical model described above
(see sec. IV-A). The fitting procedure is given in previous
works [24], [36], [37]. The fitting parameters are the lifetimes
7o and 7., and the frequency scanning speed Vg. The fitting
curve is displayed in red on Figure 5 a). A good overlap with
the experimental curve is observed. Extracted parameters give
70 = 98 £ 10 ns, 7. = 101 + 10 ns, which gives a loaded
Q-factor of Q = (1.14 0.4) x 10® and an intrinsic Q- factor
of Qo = (2.2 + 0.4) x 10%. Finally, thanks to the cavity
ringdown measurement (CRDM) technique, linear parameters
like 7y and 7, can be evaluated. Then resonator transmission
in the linear regime can be determined from [24]:

2 252
T(5) = (1/7e — 1/70)% + 4728 @

(1/7e + 1/79)% + 47262
with § the frequency detuning from the resonance. The
Lorentzian shape transmission spectrum is shown on Figure 5
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Fig. 5. a) Measured transmission (black curve) and fit (red curve) obtanined
from a least sqaure method and the integration of Eqs. 3. This model give
70 = 98 ns, T = 101 ns. b) Calculated Lorentzian shape transmission of
the WGM microsphere from measured 79 and 7. values using Eq.(4). The
FWHM, 26, /5, is evaluated to 6.5 MHz.

b). The full width at half-maximum (FWHM), 24, 5 is related
to the overall Q)-factor by:

wo

Q=T )
which gives a FWHM, 24/, = 6.5 & 2.4 MHz.

It’s noteworthy to mention that a detailed analysis of the align-
ment between the model and the experimental curve in Figure
5 a) reveals a minor discrepancy for the final oscillations (t >
0.2 wus). This slight shift arises from thermal effects, causing
a resonance frequency drift as described in our previous
paper [37]. In the present cavity ringdown characterization,
the probe laser frequency is swept sufficently fast to minimize
the contribution of the thermal effect. We verified that the use
of a more detailed model including thermal effect (ref [37])
gives similar evaluation of 7y and 7.

D. Coupling regime versus coupling strength

The versatility of the angle-polished fiber allows the gap
between the sphere and the coupling fiber to be finely tune by
step of 10 nm. This offers the possibility to vary the coupling
regime from undercoupling 7. > 79 to overcoupling 7. < 7y
through the critical coupling regime 7. = 7.

Figure 6 displays 79 and 7. values for gap variations from
20 to 120 nm. First we can notice that 79 = 100 4 10 ns is

164 | | |
® intrinsic lifetime Tg
1.4 A coupling lifetime Tg ——
1,2
@ 1.0
=2
w08
S 08 — : 3=
critical coupling T
0,4
0.2 e ==
b *——4 —e— e —p— ——
0,0 {4
20 40 60 80 100 120
Gap (nm)

Fig. 6. Intrinsic and coupling lifetimes evolution versus the gap between the
angle-polished fiber and the microsphere.

independent from gap variations. This was expected since the
intrinsic photon lifetime refers to the optical losses inside the
microsphere and then should not be affected by the coupling
strength. The intrinsic )-factor can then be estimated to be
(2.2 £0.4) x 10® and the finesse to F = A\Qo/(nm2a) =
(7.3 + 1.3) x 10%. High finesse resonators highlight large
intrinsic optical power. For example, an input power P, = 1
mW gives an intrinsic optical power of P ~ P,,2F /7 ~ 46 W.
Resonators with high-@Q and high finesse are good candidates
to exhibit nonlinear effects.

The critical coupling regime is of interest for a large range
of linear and nonlinear applications [23]. Here, our angle-
polished fiber coupling set-up allows to obtain this regime
with a contrast close to 100% for a gap value of 40 nm
demonstrating the potential of this coupling tool for further
investigations of microsphere-based photonic devices in the
near-UV.

V. LIMITATION ON THE (Q-FACTOR IN THE NEAR-UV

The light field propagating inside the cavity suffers from
losses caused by various mechanisms [15]:

Qo' = Qd + Qs + Qe + Q3" (6)

Qraq is related to the surface curvature, Q. to the material
losses, Qg to the light scattering surface inhomogeneities
and @y, to absorption losses from water deposition on the
microsphere surface. The radiative losses are usually very
small [15] and do not contribute to the intrinsic ()-factor. When
the condition 2a/\ > 15 is reached, the Qg contribution to
Qo is irrelevant, which is the case in the present study.
Light absorption in pure fused silica fiber is close to 30 dB/km
at 420 nm [38], which gives :

™

2mn
Qmat = —= ~ 3,1 10° (7)
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As reported by Gorodestsky et al. [15], water absorption on
the surface of the microsphere can contribute to the intrinsic
QQ-factor limitation [25]:

2am 1
Qw = \/ mm ¥

where e is the water layer thickness deposited on the micro-
sphere surface and 3, the water absorption coefficient. For
e = 0.1 nm [39] and B, = 0.00454 m~' at 420 nm [40],
water absorption Q-factor is estimated to be Q,, = 2 x 103
far above the measured ()¢ value. Here, we benefit from the
water transparency window in the visible range. Contrary to
reported studies in the NIR and (MIR) region, NUV fused
silica microspheres do not suffer from water absorption that
occurs minutes after the fabrication process.

The Q-factor related to surface scattering can be expressed as
[41], [42]:

3\3a
8nmw2B20?
Inga et al. [26] evaluated, through AFM measurement, the
rms roughness to be ¢ = 0.4 nm and a statistical correlation
length B = 90.6 nm for fused silica microsphere fabricated
using electric arc as it is done in the present paper. This gives
a Qe = 2.0 x 10% at 420 nm, which is comparable to the
measured intrinsic @-factor. It is important to note that Qg
(see Eq. (9)) is inversely proportional to the square of B and o,
and then strongly depends on this two parameters. Moreover,
the method and the operation conditions for microsphere
fabrication strongly affect measured values for B and o [25],
[43].

Figure 7 presents the contribution of the various )-factors
as a function of the wavelength for a given microsphere
diameter of 275 um. Physical limitations to the intrinsic
Q-factor of fused silica microspheres strongly depend on the
probing laser wavelength. Indeed, at telecom wavelengths the
main limitation is related to water absorption at the surface
of the sphere that degrades the Q-factor to the 107 — 108
range after minutes. Then, specific microsphere packaging
should be arranged to maintain a dry environment [15]. In
the visible range, and in particular around 420 nm, water
absorption is not an issue and the limiting effect is related
to Rayleigh scattering due to surface inhomogeneities (see
square box on Figure 7). Improvement in our microsphere
fabrication process to reduce the surface imperfections should
allow us to gain one order of magnitude on the ¢ value.

€))

qurf ~

VI. APPLICATION : LASER FREQUENCY LOCKING

In this section we propose to study the potential of such
high-Q and high finesse microspheres as frequency references
in the near UV spectral range for laser stabilization. It has been
already theoretically [45], [46] and experimentally [4], [47]
demonstrated in the NIR range, that such WGM resonators can
offer an interesting alternative to bulky frequency reference
Fabry-Perot for applications where compactness is of concern.
In the following, we report the linewidth narrowing of a
420 nm external-cavity diode laser (ECDL) by electronically

1E13 5 . 5
1 Qmat
1E12 5 Qu H
® i qurf
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Fig. 7. Q-factor contributions to the intrinsic Q-factor. Qmar is calculated
from attenuation measurement on silica F'300 by Humbach et al. [38]. Qw
is calculated from water absorption measurement from Pope et al. [40] for
the visible range and from Palmer er al. [44] for the near infrared range. Red
square correspond to the measured intrinsic Q-factor in this work.

locking the laser frequency to a high-Q WGM resonance by
use of a Pound-Drever-Hall method.

A. Experimental set-up

The experimental scheme for the frequency locking is de-
picted in figure 8. For the locking, we introduce a modulation
to the laser frequency by directly modulating the current
controller using a locking amplifier set at 25 MHz. This
modulation signal is then inserted in to the microsphere via the
angle-polished fiber. The selected resonance for the reference
has for parameters 7y = 100 ns and 7, = 1.3 us corresponding
to a gap of 120 nm (cf. Fig. 6), which gives a quality factor
of 7 x 107 and a contrast of 0.56. The optical signal at the
output of the angle polished fiber is collected by a multimode
fiber and sent to a photodetector. The photodetector output
signal is then combined with the 25 MHz reference and
subsequently filtered using the lock-in amplifier. The acquired
error signal is send to the corrector, a proportional/integrate
(PD) card, to generate a correction signal transmitted to the
current controller for laser frequency stabilization.

In order to evaluate the effectiveness of the locking scheme,
the frequency noise is characterized using a correlated delayed
self-homodyne measurement setup, represented in the top part
of figure 8. This setup consist of an unbalanced fiber-based
Mach-Zehnder interferometer [48], enabling the characteri-
zation of the laser frequency noise power spectral density
between DC and 1.3 MHz, with a noise floor level below
100 Hz? /Hz in this configuration [49].

B. Results Analysis

We first measure the free-running frequency noise (FN)
of the ECDL to evaluate subsequently the noise reduction
once the laser is locked to a WGM resonance. The laser FN
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100 m Fiber

Current
controller

Fig. 8. Experimental setup for the locking of an ECDL on a 275 pm diameter
passive microsphere. The servo controller is a PI card with a P value of 0.01
and I value of 4.7 MHz. These values have been selected to have a locking
bandwith of IMHz. The resonance used for the locking has a quality factor
of 7 x 107 and a contrast of 0.56.

displays the usual behavior, exhibiting a slope of 1/f at low
frequencies (below 100 kHz), followed by a characteristics
white frequency noise at higher frequencies. This FN can be
modeled by the expression Sa,(f) = h_1/f + ho, with the
free running laser parameters h_, = 144 x 10° Hz®/Hz and
ho = 40 x 10° Hz?/Hz are extracted experimentally. The
intrinsic linewidth is then deduced from Av = whg, which
gives 126 kHz for the free running laser. The Elliott formula
[50] enables to integrate the frequency noise, and thereby to
deduce the integrated laser spectrum, as shown by the red
curve in figure 9 b). From this curve, we estimate a linewidth
of 887 kHz for an integration time of 10 ms.

The locked laser FN is also presented in Fig. 9 a) (green
curve). From 100 Hz to 1 kHz, the FN exhibits few spikes,
the overall level decreases to around 1 x 10% Hz? /Hz, cor-
responding to a noise reduction of approximately 30 dB in
comparison to the free-running laser at 1 kHz. For higher
frequencies, the FN is maintained constant for a decade, and
then gradually increases until it reaches the free-running FN
at 500 kHz. The Elliott formula is used again to integrate the
FN over the measurement bandwidth and to extract the locked
laser spectrum, as depicted by the green curve in figure 9
b). Upon successful implementation of the locking scheme, a
significant observation comes to light: the integrated linewidth
undergoes a reduction from 887 to 91 kHz, representing a
ratio of nearly 10. This promising outcome highlights the
importance of delving into the various inherent limitations of
this locking scheme.

The spikes centered around 250 Hz are attributed to lab
devices acoustic and mechanical noises that perturb the sphere-
to-fiber coupling distance. One way to mitigate this noise
contribution is to fix the sphere and angle polished fiber on the
same plate [51]. It is also important to enhance the isolation
of the experiment by utilizing more elaborate active or passive
noise reduction boxes [4].

In a previous study involving a fiber ring as a frequency
reference, we developed a model to account for the various
limitations induced by the experimental parameters and in
particular those related to the frequency reference [49]. A
derivation of this model is proposed in appendix for the case of
a WGM microsphere. The result of the simulation is presented

Free-running lase
Locked laser
— Simulaion

10° T . .
100 1k 10k 100k IM
b) Frequency (Hz)
1.0 Free-running laser
Locked laser
0.8
0.6

887 kHz

<

0.4+

0.2+

Normalized amplitude

0.0+

1500 -1000 -500 0 500 1000 1500
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Fig. 9. a) Comparison between frequency noise of the free running laser
(red curve), the locked laser (green curve), and the simulation with the
discriminator noise contribution (black curve, Eq. 13). b) Comparison of the
laser spectra extracted by the Elliott formula. The laser spectrum is shown in
red for the free-running laser and in green for the locked laser.

in figure 9a) (black curve). It thus appears a good agreement
between the measurement and the simulation, confirming that
the noise floor observed beyond 1 kHz is attributable to a
poor rejection of the photodetector shot noise. To improve the
performance of the locking loop, it is then necessary to work
with a WGM resonance with a more pronounced contrast and a
higher quality factor, which would correspond to the operating
point identified as “critical coupling” in figure 6. Nevertheless,
such an operating point is accompanied by strong thermal
non-linearities, which makes it difficult to lock the feedback
loop. Due to locking instability, we have settled to use a gap
distance of 120 nm. For smaller gaps, the locking was too
unstable, while for larger gaps, the laser linewidth narrowing
is degraded. The frequency drifts of WGM resonances induced
by thermal effects have been intensively studied [52], [53] in
the literature and solutions exist to overcome them. Thus, the
deposition of coating having a negative thermal coefficient
on the surface of the sphere can reduce or even eliminate
the frequency drift [54], [55]. It should be noted that this
is accompanied by a slight degradation of the quality factor.
Furthermore, Grudinin et al. [56] proposed an experimental
scheme involving a second laser to stabilize the frequency
drifts. One can also investigate other materials with optical
absorption coefficients lower than that of the pure silica used
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in our study.

VII. CONCLUSION

We have presented a detailed characterization in the near
UV of a WGM microsphere system in which light is coupled
using an angle-polished fiber. Thanks to a cavity ringdown
technique, intrinsic losses and coupling strength are deduced.
An intrinsic Qo-factor of 2.2x 10% and a finesse of 7.3 x 10* are
then reported. A revue on the physical mechanisms contribut-
ing to the intrinsic () factor is proposed. Contrary, to WGM
microspheres probed in the near infrared region, surface-
water-deposition-induced light absorption is not the limiting
contribution thanks to the water transparency window around
420 nm. This independence to water absorption excludes
the need to maintain a dry environment through appropri-
ate packaging for further device integration. Scattering onto
surface inhomogeneities have been identified as the limiting
mechanism to the Qg factor in the 10® range. Improvement
of the surface quality by optimizing the fabrication process
should allow to gain one order of magnitude for the Q-
factor. We also reported the implementation of the microsphere
as a frequency reference for laser linewidth reduction. With
a simple and compact optoelectronic locking scheme, we
achieve a notable reduction of the laser locked frequency
noise up to 30 dB within the 100 Hz-500 kHz range. This
translates to a reduction of nearly a tenfold factor of the laser
linewidth, shifting from 887 to 91 kHz. The experimental
results are well reproduced by simulations pointing out that
performances might be upgraded by using a higher Q-factor
WGM resonance in critical coupling regime. The method of
fabrication and characterization given in this paper might open
the way towards photonic WGM microsphere based devices
in the near-UV range.
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APPENDIX

In order to determine the limitations of the frequency noise
of the locked laser at frequencies higher than 1 kHz, we
applied our previously developed model [49] to the case of
the microsphere. The block diagram of the experimental setup
is described in Fig. 10. The input variable of the servo loop is
the central frequency vi¢ of the resonance. The output of the
close loop vjock is compared to the reference frequency Vit
to produce a frequency difference. The frequency difference
is then converted into a voltage error signal e through the
frequency discriminator, represented by K 2. The discriminator
reflects the contribution of the resonance, the photodiode,
the transimpedance gain, and the demodulation of the lock-
in amplifier. The error signal € is then converted into the

Veco[HZ]

Vil HZ]

Fig. 10. Close loop block diagram of the ECDL locked on the sphere
resonance (4ef). Various noise contributions are considered as the shot noise
(Ngis) and the Free running laser noise (VgcpL). Vieck corresponds to the FN
of the locked laser

correction signal S¢or through the PI corrector coefficients. Fi-
nally, the signal is converted into a frequency correction signal
through the actuator K1, representing the current controller.
Afterwards, the time-dependent frequency of the free-running
laser Sy, is added to the actuator output summing point. The
laser’s frequency is interpreted as a perturbation of the servo
loop. Another perturbation is the shot noise generated by the
photodetector Ng;s, added to the output of the discriminator
block.
We can then express the open loop transfer function by:

GoL(w) = K2C(w)K1(w) (10)

with C(w), the transfer function of the corrector, described
by:

+L)

Cw) =g % (P+ 1

1D
Where ¢ is the gain of the corrector, P and I are the
proportional and integral parameters. Those values are chosen
to reach a 1 MHz-correction bandwidth. Finally, the K1
coefficient (in Hz/V) describing the actuator is experimentally
evaluated by using a swept sine method [57]. For the best
locking result, the aim will be to maximise the open loop gain
GoL. Some limitation of the servo-loop can be highlighted by
the close loop transfert function. It’s important to note that we
are working with random signals, thus we need to consider the
power spectral density (expressed in Hz? /Hz):

2

G
Slock = i Suref+
1+ GoL
2 2 2 (12)
_ 9 + _Go 7| L S
1+ GoL VECDL 1+ GoL K2 Nais

The frequency noise of the laser is composed of three noise
contributions. The first one is associated with the noise of
the reference. As we strive to maximize the open loop gain,
the initial noise contribution is reduced to the noise of the
reference, demonstrating that the locked laser noise can at best
be equal to the noise of the reference. The second contribution
depends on the free-running laser noise S,,., and illustrates
the effective noise reduction of the loop. The higher the open
loop gain is, the lower this contribution will be. The last term
is related to the shot noise and the discriminator K2. Similarly
to the first term, as we increase the open loop gain, this term
will be simplify to Sg = |%|2 SN,,» which defines a limit.
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This limit can be developed into the following expression (13)
(the details that lead to this expression can be found in ref.
[49]).

gAV? 1 2
So = +
16SPB? | ThnaxJ1(8)?  TminJo(B)?
With T,,.. and 7T,,;, are the maximum and minimum
resonance transmission, g the elementary electrical charge,
A, the width of a resonance, S the photodiode responsivity,
P the power at the input of the fiber ring, Jy and J; the
Bessel functions of the first kind, 3 the modulation index and
B = % a parameter depending of the transmission co-
efficient of the angle polished fiber « and the round-trip losses
1—k,.. We can extract s and k. from 7, and 7y, as described in
[58]. With those values, we find Sg = 9200 Hz?/Hz, and by
plotting this limitation, we obtain the black curve on figure 9a),
which shows that for frequencies above 1kHz, the limitation
is indeed Sg. This limitation expresses that for low frequency
shifts of the laser, the gain of the discriminator K2 will not be
significant enough to produce an error signal above the shot
noise level of the photodetector.

13)
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