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We demonstrate a thermally tunable surface nanoscale axial
photonics (SNAP) platform. Stable tuning is achieved
by heating a SNAP structure fabricated on the surface of
a silica capillary with a metal wire positioned inside.
Heating a SNAP microresonator with a uniform wire intro-
duces uniform variation of its effective radius which results
in constant shift of its resonance wavelengths. Heating with
a nonuniform wire allows local nanoscale variation of the
capillary effective radius, which enables differential tuning
of the spectrum of SNAP structures, as well as the creation
of temporary SNAP microresonators that exist only when
current is applied. As an example, we fabricate two bottle
microresonators coupled to each other and demonstrate dif-
ferential tuning of their resonance wavelengths into and out
of degeneracy with precision better than 0.2 pm. The devel-
oped approach is beneficial for ultra-precise fabrication of
tunable ultralow loss parity-time symmetric, optomechani-
cal, and cavity quantum electrodynamics (QED) devices.
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Optical high Q-factor microresonators are basic elements for a
diverse range of photonic devices with applications including
optical telecommunications through delay lines, switches,
and buffers [1-3]; frequency comb generation [4,5]; optome-
chanics [6]; and quantum information [7—11]. The capability
to tune microresonators is necessary for many of these appli-
cations. It is often required that ultrahigh Q-factor microreso-
nators [e.g., those used in parity-time symmetry [12,13] and
quantum electrodynamics (QED) [11] investigations] be tun-
able with ultrahigh precision comparable to their narrow line-
widths. While the technology for fabrication of tunable
microresonator devices is well developed in silicon photonics
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[14] and has been demonstrated for individual toroidal and
spherical microresonators (see e.g., [12,15,16]), the achieved
precision of fabrication and tunability is still not sufficient
for several applications [2]. On the other hand, the surface
nanoscale axial photonics (SNAP) platform, which utilizes
whispering gallery mode microresonators fabricated on the sur-
faces of optical fibers, boasts microresonators with ultralow loss
and record fabrication precision better than 20 pm in effective
radius variation (ERV) [17,18]. The unique capabilities of this
technology suggest it can enable new breakthrough applica-
tions, provided that SNAP structures are made tunable.

In this Letter, we present a thermally tunable SNAP platform
which is realized for SNAP structures fabricated on the surface of
a silica capillary heated with a metal wire positioned inside
(Fig. 1). Specifically, we demonstrate global tuning of entire
SNAP microresonators, creation of temporary microresonators
that exist only when heat is applied, and local differential tuning
that controls the separation between the resonance wavelengths of
adjacent microresonators. We demonstrate differential tuning
with precision better than 0.2 pm in wavelength variation, which
is a 6x improvement over the 1.3 pm precision demonstrated
with post-processing [17]. The creation of temporary SNAP mi-
croresonators introduced by local heating with a CO, laser has
been previously demonstrated and indicates a thermal microreso-
nator response time of order 10 ps [19]. However, ohmic heating
with an internal wire allows designs that are substantially more
compact, flexible, and inexpensive.

The effective radius is a combination of the refractive index
and the physical radius, and whispering gallery modes guided
along a surface can be exquisitely sensitive to its ERV [18]. A
SNAP bottle microresonator is made by inducing a small bump
(nanometer scale height for a fiber with a 10 pm scale diameter)
in the effective radius profile, which confines whispering gallery
modes in the longitudinal direction. The modes of these micro-
resonators are solutions to the 1D Schrédinger equation, where
the one spatial dimension is along the longitudinal fiber
axis (z). The potential, which we aim to control in this
Letter, is proportional to the change in the ERV. The resonance
spectrum of the modes can be monitored by placing a tapered
fiber in contact with the SNAP microresonator and monitoring
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Fig. 1.

(a) Ilustration of stable tuning using a uniform wire inside a capillary with a laser-induced SNAP resonator, monitored with a tapered

fiber. Objects are not to scale. (b) Resonance wavelength tuning of a single microresonator mode over A1 = 0.6 nm. (c) Resonance wavelength
versus current /. The points are measured values, and the red line shows the best parabolic fit A(/) = 1551.8 + 6.6432 x 107°/2.

the power transmission spectrum through the taper with an
optical spectrum analyzer. The transmitted power has narrow
dips at modal resonance wavelengths. A spatial map of resonant
modes, referred to as a spectrogram, is made by serially meas-
uring the transmission spectrum through the taper at a grid of
positions on the microresonator, following the procedure de-
scribed in Ref. [18]. The axial mode series shown, for example,
in Figs. 2(b) and 2(c), has close wavelength spacing and indi-
cates the shape of the microresonator profile, with the funda-
mental axial resonance at the longest wavelength and the
higher-order axial resonances at sequentially shorter wave-
lengths. The mode structure is bounded from above by a cutoff
wavelength, where the longitudinal component of the modal
wavevector goes to Zero.

Heating a SNAP microresonator modifies both the refractive
index 7 and the radius » of the fiber, but the refractive index change
dominates near room temperature, as dn/d T is roughly 17x
greater than &7/d T [20]. Thus, thermal expansion of the radius
can be neglected in an approximate relationship between temper-
ature change A7 and resonant wavelength change A/:

dn\ 1A
AT=n0<H> %,

where Ay is the initial resonance wavelength, and we use
ny = 1.44 as the initial refractive index of fused silica and
j—; = 1.2x107/K. For a uniformly heated microresonator,
the resonance wavelength shift of each mode is the same A4,
and any mode can be chosen to calculate A7

Our first attempts at tuning a SNAP microresonator in-
volved local heating by placing a tungsten wire in contact with
the fiber surface near the microresonator, but not in contact
with it so as to avoid inducing loss. This method thermally
shifted the resonance wavelengths, but the tuning was unstable
and the central resonance wavelength fluctuated by much more
than the resonance linewidth on a 1 s timescale. The observed
fluctuations stemmed from air currents induced by the heated
wire. To minimize the effect of air currents, we changed our
design to use a hollow capillary fiber with a heating wire posi-
tioned inside it, as shown in Fig. 1(a). The capillary fiber, fab-
ricated at OFS Laboratories, has a 188 pm outer diameter and
10 pm thick walls. With this thickness, the whispering gallery
modes of the SNAP microresonator have negligible field am-
plitude at the inner capillary surface and are unaffected by
introduction of material into the capillary interior. We install
a 50 pm diameter tungsten heating wire connected to a DC
power supply in constant current mode. This design demon-
strates stable tuning,

(1)

The simplest version of SNAP microresonator tuning that
we experimentally demonstrate utilizes a uniform wire to tune a
laser-induced microresonator, as illustrated in Fig. 1. Uniform
temperature tuning does not change the shape of capillary ERV,
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Fig. 2. Temporary SNAP spectrograms with identical wavelength
and distance ranges sampled on a uniform position grid with 5 pm
spacing. We observe repeatable microresonator induction and
annihilation, and present spectrograms of the microresonator at
(@ I =0mA, (b) / =125 mA, and (c) / = 150 mA. Subfigures
(b) and (c) show the same axial mode series, which is below the
wavelength window of (a).
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so the resonance wavelengths of microresonator modes are
equally shifted in wavelength space and, therefore, maintain
their relative spacings. As shown in Fig. 1(b), the shift in
resonance wavelength from /=0 mA to /= 300 mA is
AL = 0.6 nm, which corresponds through Eq. (1) to a temper-
ature change of A7 = 46.6°C. The resonator structure and
line shapes do not change with tuning [see Fig. 1(b)]. The res-
onance wavelengths are stable on second timescales, though
environmental temperature drifts can still cause few-minute
timescale fluctuations, which could be addressed with a
feedback loop connected to the current supply to stabilize
the resonance wavelength.

Heating with a nonuniform wire allows localized deforma-
tion of the ERV. The resistance of a wire R(z) x 1/A(z),
where A(z) is the local cross-sectional area. The change in
the ERV from ohmic heating is proportional to the heating pro-
file AT (z), which can be determined from the local power
dissipated in the wire:

P(z) = I’R(2). (2)
Chemical etching enables targeted reduction of the wire
diameter, and heating is maximal at the wire waist, where
the diameter is smallest [see Eq. (2)]. In our experiment, we
use tungsten wire with a 50 pm inital diameter etched over
a small region in hydrogen peroxide (H,0O,) [21]. Care must
be taken when preparing the wire to avoid inducing kinks,
which can break the capillary upon insertion. Etching the wire
in a bath of H,O, at 50°C reaches the target diameter of 15 <
d < 20 pm in a few hours. Surface tension and adhesive forces
limit the smallest etched region length practically achievable
with this method to ~1 mm.

Letter

Heating a uniform capillary with an etched wire can create
temporary SNAP microresonators that appear when heating is
applied and disappear when heating stops. We demonstrate this
experimentally with an etched wire with a 15 pm diameter
waist and ~3 mm extent in Fig. 2. The number of axial modes
and the wavelength separation between them increases with the
current. The height of the microresonator in wavelength space
can exceed the separation between adjacent modes with differ-
ent azimuthal or radial quantum numbers.

Despite nonuniform tuning, Eq. (1) can be used to approxi-
mate the maximal temperature shift of a temporary SNAP mi-
croresonator if A is interpreted not as the shift of the
resonance wavelength of any arbitrary mode, but as the shift
of the maximal cutoff wavelength, which is well approximated
by the wavelength of the fundamental axial resonance. The
maximal temperature change at / = 150 mA occurs with
AL = 1.84 nm, so Eq. (1) gives AT = 143°C. The induction
of permanent SNAP structures requires heating into fused sili-
cas annealing temperature regime, and the temperatures
achieved here are far below that regime, so the changes induced
by heating are reversible.

Nonuniform wires enable differential tuning of photonic
circuit elements. We demonstrate this with a microresonator
structure consisting of two laser-induced coupled microresona-
tors, diagrammed in Fig. 3(a). The lowest-order axial modes are
made to have distinct initial resonance wavelengths, with the
left resonance (L) 6 pm below the right resonance [R, see
Fig. 3(b)]. The etched wire used here has a waist diameter
of 17.7 pm over a 2 mm etched region. Positioning an etched
wire with the waist closer to the feature with smaller resonance
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Fig. 3. (a) llustration of differendially tunable coupled SNAP microresonators. An etched wire is placed in a capillary with two coupled SNAP
microresonators on the surface. The waist of the etched region is positioned to heat the left resonator more than the right resonator. Objects are not
to scale. (b) Spectrogram of the coupled microresonators with no applied current. The left and right fundamental axial resonances are labeled Z and
R, respectively. Positioning the probe on the dashed line monitors the resonance wavelengths of all modes simultaneously. The spectral resolution is
141 fm, and the grid spacing is 5 pm. This mode structure is theoretically reconstructed in (c) with the ERV profile (in wavelength scale) overlaid in
blue. (d) Measured spectrogram with heating current / = 122 mA. The grid spacing is 4 pm, and the spectral resolution is 8 fm (1 MHz). Heating
causes additional unwanted coupling of a neighboring feature into the original mode structure, but this does not affect the splitting of L and R.
(e) Theoretical reconstruction of (d). The effective radius differs from (c) by a linear heating profile only. The profile indicates that the temperature
change from Eq. (1) is AT, = 10.64°C at peak L, and A7 = 10.19°C at R.
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Fig. 4. Controlling the separation of fundamental resonance wave-
lengths Az - A;, with nonuniform heating. (a) Spectra showing reso-
nant transmission dips for L and R at several current settings. All
resonances are shifted to higher wavelengths as the capillary is heated,
but L is shifted more than R as it is closer to the wire waist. (b) Shifts
common to both L and R are subtracted by translating the wavelengths
such that all the resonances of mode R overlap at zero separation,
revealing the separation as a function of current. (c) Separation
SMI) = Ax(I) - A;(1) versus current /. Tuning is parabolic as a func-
tion of current, since A7 &« P = I?R. Thus, the red curve is the best
parabolic fit SA(J) = 5.927 - 4.954 x 10741 of the blue points,

which represent measured values.

wavelength (Z, in this case) sets %L > %, which allows the
wavelength separation to be reduced into and past degeneracy.
This is shown in Fig. 3(d), where 4; is tuned to be slightly
larger than A and the split modal resonances indicate avoided
crossing behavior. The heating induces a neighboring SNAP
feature near position 0 pm in Fig. 3(d), but this does not affect
the behavior of our modes of interest, L and R, in the range of
reported currents. Ambient temperature fluctuations over the
course of this ~30-minute scan shift the resonance frequencies.
Eigenfrequencies are single-valued, so we correct for these fluc-
tuations in our analysis by shifting the measured wavelength
arrays to enforce that modes have a single resonance frequency.

Evanescent coupling between L and R allows their resonance
wavelengths to be simultaneously monitored by placing the
probe taper at the position indicated by the dashed line in
Fig. 3(b). Control of the separation between the resonance dips
for L and R is demonstrated in Fig. 4. Temperature drift causes
the minor variation between the unheated fundamental reso-
nances in Figs. 3(b) and 4(a). Figure 4(b) highlights the effect
of heating on the separation between L and R. Degeneracy of
the L and R resonances is achieved at / = 110 mA, and the
anti-crossing splitting (i.e., the smallest achievable separation)
is visible in Fig. 3(d), but is too small to be resolved at
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degeneracy. The tuning precision achieved here is better than
the linewidth, setting a limit of 0.2 pm.

In conclusion, we demonstrate techniques for stable tuning of
high Q-factor SNAP microresonators fabricated on the surface of
a fused silica capillary fiber. The shape of the wire in the capillary
controls the heating profile, allowing uniform and targeted differ-
ential tuning. The demonstrated tuning precision is better than
0.2 pm (i.e., six times more accurate than that achieved by static
post-processing [17]) and is here limited only by the Q-factor of
the fabricated microresonator ~107 (0.15 pm resonance width)
and the resolution of the optical spectrum analyzer. This paves the
way for using SNAP technology in the investigation of parity-
time symmetry [12,13], optomechanics [6], cavity QED [7,8],
and quantum many-body phenomena [22].
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