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Self-referenced temperature sensing based on thermo-optic
birefringence is demonstrated on a Z-cut lithium niobate
microdisk resonator. Due to the significant difference
between thermo-optic coefficients of ordinary and extraordi-
nary light, quasi-transverse magnetic (quasi-TM) and quasi-
transverse electric (quasi-TE) modes in the microdisk show
relative cavity resonance shift upon temperature change, which
acts as a robust self-reference for temperature sensing. A tem-
perature sensitivity of 0.834 GHz/K and a measurement un-
certainty of 0.8 mK are demonstrated with an optical input
power of only 1.5 pW.  © 2017 Optical Society of America

OCIS codes: (130.3730) Lithium niobate; (120.6780) Temperature.
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Photonic microresonators with narrow-linewidth cavity reso-
nances are widely employed for many sensing applications
[1,2]. Due to the thermo-refraction and/or thermo-expansion,
a resonance frequency of a high-Q resonator generally depends
sensitively on device temperature. This simple mechanism can
be applied to temperature sensing, which has been demon-
strated on a variety of device and material platforms, from pol-
ymer and silica microspheres [3—6], silica microtoroids [7],
silica microbubbles [8], and liquid microspheres [9], to silicon
microring resonators [10,11]. As this approach relies on the
direct mapping of the temperature from cavity resonance wave-
length, its practical implementation would require external
wavelength calibration for proper operation.

An alternative approach is to utilize the differential frequency
shift (DFS) between two cavity resonances induced by temper-
ature variation [12]. This approach is based on frequency sep-
aration between two cavity resonances which does not require
calibration of individual cavity resonances, thus forming an
elegant method for selfreferenced temperature sensing. The
dispersion and the birefringence of thermo-refractivity, which in-
troduce temperature-dependent DES between two-color cavity
resonances [13,14] and two polarization modes [12,15], respec-
tively, can both be employed for this purpose. The dispersion of
thermo-refractivity is generally fairly small, which requires either
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far separate two-color resonances (e.g., fundamental and second
harmonic [14]) or a second mechanism (e.g., optomechanics
[13]) to enhance the sensing signal. Thermo-optic birefringence,
in contrast, is usually quite significant for crystalline media [106]
and, thus, offers a convenient and flexible approach for self-
referenced temperature sensing, which has been demonstrated
recently in MgF, and CaF, resonators [15,17,18].

In this Letter, we demonstrate self-referenced temperature
sensing in an on-chip lithium niobate (LN) high-Q microre-
sonator, by taking advantage of its strong thermo-optic birefrin-
gence. The device exhibits a significant temperature sensitivity
of 0.834 GHz/K, about one order of magnitude larger than
other self-referenced sensing device platforms [15,17,18],
which allows us to measure a temperature uncertainty of
0.8 mK with an optical power of only 1.5 pW. In contrast
to other devices [15,17,18], the on-chip platform of the dem-
onstrated device exhibits great potential for chip-scale integra-
tion for future practical implementation.

Congruent single-crystalline lithium niobate exhibits strong
birefringence on its thermo-optic coefficients, whose values at
the telecom band are given as [19]

j;;f = (0.9+3x1077) x 107 K, (1)
a’ne -3 -5 -1
dT:(_2,6+l9.8x10 T)x 107 K-\, 2

where 7 is the temperature in Kelvin, and 7, and 7, are the
refractive indices for the ordinary and extraordinary light,
respectively. On the other hand, it also exhibits orientation-
dependent thermo-expansion coefficients [20]:

" = (122 4+ 1.06 x 103 T) x 10 K/, @)

o) = (121-1.54x1027) x 1055 K, 4)

XY Z . .
where a; ) and a; ) are the linear thermo-expansion coeffi-

cients along the directions perpendicular and parallel to the op-
tical axis, respectively. The strong thermo-optic birefringence of
LN implies its great potential for self-referenced temperature
sensing. This is particularly enabled by recent advances in
the nanofabrication of LN photonic devices, which produce


mailto:qiang.lin@rochester.edu
mailto:qiang.lin@rochester.edu
mailto:qiang.lin@rochester.edu
https://doi.org/10.1364/OL.42.001281

1282 Vol. 42, No. 7 / April 1 2017 / Optics Letters

high-Q LN microresonators available on a chip-scale platform
[21-24].

The device we employed is a LN microdisk resonator fab-
ricated on a Z-cut LN-on-insulator wafer, with a radius of
25 pm and a thickness of 400 nm, sitting on a 2 pm thick silica
pedestal [Fig. 1, insets, and Fig. 2(b)]. The device exhibits
quasi-transverse electric (quasi-TE) and quasi-transverse mag-
netic (quasi-TM) cavity modes, with electric fields dominantly
in parallel and perpendicular to the device plane, respectively
(Fig. 1, insets). For a Z-cut LN microdisk, the optical axis
aligns normally to the device plane. As a result, a quasi-TE
and a quasi-TM cavity mode primarily correspond to an ordi-
nary and an extraordinary polarization of the LN crystal, re-
spectively (Fig. 1, insets), resulting in maximal thermo-optic
birefringence between them, which is ideal for self-referenced
temperature sensing. For example, Egs. (1) and (2) show that,

at room temperature, the thermo-optic coefficient is nearly zero

for the ordinary polarization (%‘1 ~ 0) at a telecom-band wave-

length, while it is fairly significant for the extraordinary polari-
zation (% ~ 3.34 x 107 /K).

To explore the sensing potential of our device, we performed
numeric modeling of the thermo-optic properties of the cavity
resonances, including both thermo-refraction and thermo-
expansion effects, simulated by the finite element method.
Figure 1 shows the simulated temperature-dependent cavity
resonance frequencies, frp and fpy, of the fundamental
quasi-TE (TE() mode (red curve) and the fundamental
quasi-TM (TM,) mode (blue curve) at the telecom-band, re-
spectively. In general, both resonance frequencies shift toward
red with increased device temperature because of the combined
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Fig. 1. Temperature dependence of resonance frequencies of the
fundamental quasi-TM mode (blue) and the fundamental quasi-TE
mode (red) for a Z-cut LN microdisk resonator, simulated by the finite
element method. For easy illustration, the resonance frequencies are
plotted in reference to those at 15°C. The black curve shows the fre-
quency difference between the two cavity modes. The device has a
radius of 25 pm, a thickness of 400 nm, and a slant angle of 45°
on the disk sidewall [which is introduced by a device etching process.
See Fig. 2(b)]. Symbols are simulation results, and solid lines are linear
fictings. The quasi-TM and quasi-TE modes have azimuthal mode
numbers of 151 and 189, respectively, with resonance wavelengths
both close to 1500 nm. The insets show the electric field profiles
of the two cavity modes.
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effect of thermo-refraction and thermo-expansion. However,
due to the significantly larger thermo-refractivity of the extraor-
dinary light, the quasi-TM mode shifts by a larger amount, and
the frequency separation between the two modes, Af=
frm - f > depends sensitively on temperature (black curve),
resulting in a considerable DFS with a significant tuning slope
of “;[A—Tf = -1.019 GHz/K. This implies that 1 mK drift of the
device temperature would result in a DFS of about 1 MHz,
which can be conveniently resolved by a high-Q microresonator
with a reasonable signal-to-noise ratio (SNR), as will be shown
in the following paragraphs of this Letter.

To demonstrate the proposed self-referenced temperature
sensing, we conducted experiments with the setup shown in
Fig. 2(a). The temperature of the LN device is controlled by
a thermoelectric cooler. The set temperature is stabilized by
a temperature controller (Newport 350B, with a short-term sta-
bility of 1 mK). The device operates in the atmospheric envi-
ronment. A continuous-wave tunable diode laser (New Focus
6326) is launched into the device via evanescent coupling with
a tapered optical fiber, to probe the induced DFS between
a quasi-TE and a quasi-TM cavity mode.

We selected a quasi-TE and a quasi-TM cavity resonance in
the telecom band around 1502 nm, with resonance frequencies
close to each other such that both cavity resonances lie in the
laser fine tuning range. Figure 3(a) shows the laser-scanned trans-
mission spectra of the two cavity resonances. The quasi-TE and
quasi-TM modes are both undercoupled and exhibit loaded op-
tical Q’s 0f 2.9 x 10° and 2 x 10°, respectively, corresponding to
cavity linewidths of 0.7 and 1 GHz. At 30°C, the quasi-TM
mode has a higher frequency, 18 GHz separated from that of
the quasi-TE mode. When the device temperature increases,
the two cavity resonances, f\; and frg, shift toward red
(not shown in Fig. 3). However, their frequency separation,
Af = fiym - fres decreases untl they cross over each other
[Fig. 3(b)]. Figure 4(a) shows the recorded temperature depend-
ence of Af. As expected, A f* decreases linearly with increased
temperature until ~45°C, above which the coupling between the
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Fig. 2. (a) Schematic of our experimental setup. Light from a tun-
able laser is split into two parts, with a small portion going into a fiber
Mach-Zehnder interferometer as a reference, and a large portion
coupled to the LN microdisk via a fiber taper. The device chip is placed
on a thermoelectric cooler whose temperature is stabilized by a temper-
ature controller. (b) Scanning electron microscope image of a typical

fabricated LN microdisk.
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Fig. 3. (a) Transmission spectra of two orthogonal polarizations,
showing a quasi-TE (red) and a quasi-TM (blue) resonance. The wave-
lengths of the two modes are around 1502 nm, and the measurement
is made at a temperature of 30°C. (b) Transmission spectra at different
temperatures. The polarization of the input light is set such that the
two modes have similar coupling depths.

two modes introduces nonlinear temperature dependence of
Af. In the linear regime, where the sensor will operate, the

exhibits a of “Af

device temperature  sensitivity =
-0.834 GHz/K, which agrees closely with the theoretical ex-
pectation shown in Fig. 1. The experimentally recorded df—Tf
is about one order of magnitude larger than other self-referenced
devices [14,15,17,18], implying the great potential of LN devi-
ces for self-referenced temperature sensing,

To characterize the sensing resolution, we set the device
temperature at 30°C and launched an optical power of
1.5 pW into the LN device to continuously monitor the
time-dependent variation of the frequency difference between
the two cavity resonances. The optical power is high enough to
achieve a large enough SNR at the optical detection of cavity
transmission, while low enough to induce negligible nonlinear
optical effects. We carried out a repeated measurement at a
frequency of 50 Hz and recorded 32768 continuous mea-
surements of A /. Figure 4(b) shows the Allan deviation of the
detected temperature as a function of the measurement time.
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Fig. 4. (a) Experimentally recorded frequency difference between
the two modes, Af, as a function of temperature. The linear curve
is fitted from data in the uncoupled region (7 = 16 ~ 44°C).
(b) Allan deviation of temperature measurements at 30°C.

The Allan deviation decreases monotonically with increased
measurement time, until reaching a minimum value of 0.8 mK
at an averaging time of 2 s. This measurement uncertainty
directly corresponds to the short-term stability (~1 mK) of our
temperature controller employed to stabilize the device temper-
ature. Therefore, the device allows us to probe the minimum
temperature uncertainty offered by our current temperature
stabilization system.

In principle, the device is expected to offer a sensing resolution

considerably higher than this value. The fundamental tempera-

. . . >
ture fluctuation of a microresonator is given by (u?) = £L 5 [25],

where k is the Boltzmann constant, C and p are the specific heat
capacity and the density of the device material, and V' is the
volume of the device. For our LN microdisk resonator, the

fundamental temperature fluctuation is estimated to be /(%) ~
23 pK. The laser frequency noise is expected to play a minor role
for the level of optical Q in our device [11]. The impact of the
laser intensity noise can be easily eliminated, since it can be nor-
malized by a direct monitoring of the laser power. Therefore, we
estimate that the sensing resolution of our device should be con-
siderably better than 0.8 mK. The exact characterization of the
sensing resolution will require a better temperature stabilization
system, which will be left for future exploration.

In conclusion, we have demonstrated self-referenced
temperature sensing with an on-chip Z-cut LN microdisk res-
onator, based on strong thermo-optic birefringence of LN crys-
talline material. The device exhibits a temperature sensitivity of
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0.834 GHz/K, which allowed us to measure a temperature
uncertainty of 0.8 mK with an optical input power of only
1.5 pW. Our device shows great potential for a self-referenced
integrated photonic temperature sensor with high sensitivity,
high precision, and low power consumption.
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