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ABSTRACT

Photonic integrated circuit sensors can be used for precise sensing of the environment, offering the advantage of integration with fiber
networks for remote and multiplexed sensor arrays. In this work, we examine the performance of aluminum nitride on sapphire microdisk
mode resonators in an all-pass configuration. We discuss their potential as on-chip temperature sensors under fixed-frequency and
frequency-scanning modes, demonstrating the latter can measure a 1 K temperature change with an uncertainty of +5.1 mK over a tempera-

ture range of 25-55 °C.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0313161

I. INTRODUCTION

Aluminum nitride (AIN) is a CMOS-compatible, wide-
bandgap semiconductor’ with a transparency window spanning the
ultraviolet to infrared.” This property allows photonic devices to
operate across a wide range of wavelengths. Boasting second- and
third-order optical nonlinearity,” AIN is a promising platform for
second harmonic generation,d"5 sum/difference generation,6 and
four-wave mixing.” AIN’s piezoelectrical properties make it attrac-
tive for optical-mechanical coupling. The advanced epitaxy, manu-
facturing, and materials science of AIN have been driven by
commercial applications inside lighting, electronics, and surface
acoustic wave filters, which means it is widely available on large
wafers. Additionally, AIN and sapphire have bulk properties that
make them a desirable platform for applications in harsh environ-
ments such as a high melting point (= 2800 K for AIN®), chemical
resistance,” and radiation tolerance.'”"’

Most studies of AIN as a platform for integrated photonics
have used microring resonators (MRRs) inside silica or supported
on sapphire substrates,” >’ where a closed-loop single mode wave-
guide is evanescently coupled to a bus waveguide. An alternative
design of resonator uses whispering gallery modes, which occur

when light is confined to the edges of a circular disk of dielec-
tric'>"® called a microdisk resonator (MDR). The multimodal
nature of MDRs offers more resonances to track the shift in tem-
perature than their MRR counterparts. This provides more data
points to infer the temperature of the resonator, aiding in lowering
the measurement uncertainty.

Chip-based resonators can be used as sub-millimeter scale
sensors with tolerance to harsh environments. MDRs have been
used to realize optical sensors'>'” and for bio-chemical sample
characterization.''>'® Furthermore, changes in temperature affect
the bulk material properties of the resonator leading to shifts in
positions of resonances. Chip-based temperature sensors can be
integrated into arrays that can identify local heating or temperature

gradients, mass-produced in  semiconductor  cleanrooms.
Temperature sensing using MRRs has been discussed in
-1: 7-19  _.1: e . .

silicon,"” ™" silicon nitride,”*' and transfer-printed diamond on

gallium nitride.”” These photonic temperature sensors can outper-
form the Standard Platinum Resistance Thermometers (SPRTs)
commonly used in scientific instrumentation,””* which are limited
to an accuracy of approximately 10-100 mK.”>*°

Two methodologies can be followed to probe changes to the
environment of a photonic sensor; a fixed frequency measurement
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FIG. 1. Diagram of a microdisk resonator. (a) Schematic of the MDR and bus waveguide (not to scale). (b) Scanning electron microscope image of MDR and bus wave-
guide, and (inset) view at an oblique angle. The top-down SEM image shows the sidewalls as bright regions, from which we infer the angle of the sidewall. (c)
Transmission spectrum and (d) its derivative for a typical resonance. (e)—(i) Simulated mode profiles of the TEqgx to TEqax.

can be made by aligning a laser with the steepest part of the trans-
mission spectrum and monitoring the power as shifts in the reso-
nance central frequency change the intensity. This method allows
for high precision sensing albeit over a small range. Alternatively, a
frequency scanning measurement, where a narrowband laser is
swept over one or more resonances, can be employed. In this case,
fitting can find the central frequency of the mode with far greater
accuracy than the resonance width, but at a cost in readout time. In
both cases, it is advantageous to have a high Q cavity and a high
extinction of the transmission. Here, we investigate AIN-on-sapphire
all-pass MDRs fabricated using electron-beam lithography and dry
etching. We characterize devices manufactured from commercially
available wafer material at ambient temperature using C-band light.
We discuss the optimal device parameters for sensing changes in the
local environment and demonstrate a photonic thermometer with
accuracy surpassing that of SPRTSs, showing this is a promising
platform for integrated sensing.

Il. MODE STRUCTURE OF MICRODISK RESONATORS

Figure 1(a) shows the design of an MDR coupled to a
straight bus waveguide, where the coupling gap, g, controls the
coupling between the single mode in the bus and the MDR
modes. Angles 6; and 6, define the verticality of the waveguide
sidewalls in regions outside and inside of the coupling region,
respectively. Figure 1(b) summarizes the asymmetric sidewall
angle showing a SEM image of the coupling region for a fabri-
cated MDR on the same chip, which has not been clad in SiO,.
The transmission spectrum through the system has a Lorentzian
form for a single mode, where the visibility of the transmission
spectrum is determined by the balance between coupling
strength and MDR loss. At critical coupling, when loss per
round trip is matched to the bus-MDR outcoupling, the visibility
of the transmission spectrum is maximized as illustrated in
Fig. 1(c). This line shape has a maximum gradient at an offset of
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+T/+/3 from the central frequency, where T is the half-width
at half maximum of the resonance, shown as a dotted line in
Fig. 1(d). This is the optimum offset for use in a fixed-frequency
sensing mode.

Finite difference element simulations using Lumerical are
shown in Figs. 1(e)-1(i), depicting the mode profiles of the
first five TE modes in a radial segment of the MDR with a
bending radius of 200 um. Modes identified in the resonator are
denoted TE,;x where conventionally i 41 is the number of anti-
nodes in the electric field intensity along the growth direction,
j+ 1 is the number of antinodes along the radial direction, and
k + 1 is the number of antinodes around the azimuth. Plots of the
TEgjx modes for j=0,1,2,3,4 are shown in Fig. 1(e). The
group index of the TEggx mode is ny = 2.051 at 1550 nm, from
whichj_we can infer the free-spectral range (FSR) in frequency
space,”’

FSR =

C  _1163GHz, 1)
ng X L

where L is taken to be the MDR circumference.

The spectrum of an MDR that is close to critically coupled for
TEoo, consists of many resonances per FSR. This is because
although higher-order (j > 0) modes have reduced coupling to the
bus waveguide, they also have reduced round-trip loss as a result of
reduced overlap with the etched sidewalls of the MDR. Thus, these
modes are also visible in the transmission spectrum. The table
shows the calculated group index of the five modes simulated in
Fig. 1.

For the TE x mode, with a group index of 2.044, the offset in
resonant frequency relative to the TE(x mode, §v = —0.655 THz,
corresponds to a shift of —5.63FSR in the resonance frequency.
Therefore, we can say that the j = 1 mode within the same FSR as
TEoox will be TEq;x5 and it will be offset by —0.63FSR. By
similar reasoning, each 116.3 GHz of the transmission spectrum
will contain at least five jth modes in order of decreasing frequency
TEO,O,k: TE0,3,k+15 at —0.31FSR offset from TEO,O,k; TEO,Z,k+10 at
—0.42FSR offset, TEg4x+19 at —0.50FSR offset, and TEg;s at
—0.63FSR offset (Table I). As we show later, this plethora of high-
visibility and high-quality factor transmission resonances confer an
advantage in reducing the uncertainty in frequency-scanning
temperature measurements.

TABLE |. Simulated group index values for the first five TE modes found in our
MDR.

Mode ng S8v(THz) &
TEgox 2,051 N/A N/A
TEo. 4 2.044 ~0.655 -5.63
TEo 2038 ~1212 ~10.42
TEos4 2032 ~1.780 ~1531
TEo44 2.027 ~2.268 ~19.50

ARTICLE pubs.aip.org/aip/jap

Ill. RESULTS
A. Resonator characterization

The sample is a 600 nm epilayer of AIN-on-sapphire grown by
metal organic chemical vapor deposition (MOCVD) on the
C-plane. Sample quality is assessed by x-ray diffraction (XRD) with
a full width half maximum (FWHM) of 98 arcsec at the [002]
peak. The MDR devices were patterned by electron beam lithogra-
phy with a negative resist, which was transferred to a silica hard-
mask, prior to inductively coupled plasma etching (chlorine-argon
etch chemistry) of the semiconductor. After removal of the silicon
dioxide hard mask, the sample was clad with a 2um coating of
SiO,. During a scanning electron microscope (SEM) inspection of
the etched structure, it was noted that on sparse areas of the sample
the etch achieved a typical sidewall angle of 16°. However, in the
vicinity of the coupling gap, the sidewall angle decreases to 8°,
depending on g The variation in sidewall angle was consistently
observed across all fabricated devices. Therefore, we conclude that
this is a result of the plasma dynamics during dry etching of the
semiconductor in a restricted volume. Each MDR has a radius of
200um and is coupled to a single mode bus waveguide with a
nominal width of 1.2 um in an “all-pass” configuration,”” as shown in
Fig. 1. As shown in Fig. 2(a), a C-band tunable continuous-wave laser
with a linewidth of 100 kHz was used to characterize the device by
scanning in steps of 10 MHz. Light was coupled into and out of the
bus waveguide with a 1D grating coupler (duty cycle of 62%, pitch of
1.2 um) via a fiber array with piezo-controlled positioning. TE input
polarization was selected using a paddle-style polarization controller.

Figure 2(b) shows the normalized transmission spectrum of
the MDR revealing multiple narrow resonances. We observe a
repeating pattern with a FSR =~ 116 GHz, which is close to that pre-
dicted from simulation. Greater intensity is seen at the red end of

the spectrum, where the grating couplers are more efficient. :
Between resonances, there is a low-visibility sinusoidal oscillation }

(with period ~27 GHz) resulting from a weak Fabry-Pérot cavity
formed by backreflections from the grating couplers. The zoom-in
of the transmission spectrum shown in Fig. 2(c) shows the multi-
modal nature of the MDR resonators with five modes resolved
within each FSR. In the analysis that follows, we focus on the iso-
lated resonances marked with arrows, which result from coupling
to the TEoox MDR modes.

By adjusting the distance between the bus waveguide and the
MDR, the coupling to the TEqor modes can be tuned. Identical
MDR devices with coupling gaps ranging from 100 to 500 nm were
fabricated. Figures 2(d) and 2(e) show resonances measured when
close to critical coupling, with ¢ =150 nm, and when under-
coupled g = 500 nm. The average loaded (measured) quality factor
Q; and transmission on resonance were used to calculate the
intrinsic quality factor Qy, which quantifies the resonator’s quality
in the absence of the bus, using the formula

2Q;

= )

Q

where T is the on-resonance transmission. The summation or sub-
traction operator in the denominator of Eq. (2) depends on the
case of under or over-coupling, respectively.

92:G€'01 9202 Yd4eN 90

J. Appl. Phys. 139, 073104 (2026); doi: 10.1063/5.0313161
© Author(s) 2026

139, 073104-3


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

Polarization
Control

ARTICLE pubs.aip.org/aip/jap

VGA v
[ 1
""
I
————— —4———————————{——————————— ———————I
b) 1.0 T T T . T
o.sw ﬁ i
=)
.S
2 06 -
g
£ 04 -
g 0.
-
H
0.2
00 1 1 1 1 1
192 193 194 195 196
Frequency (THz)
c) ) e)
: 1.0

g g
'S 08 'S 0.8
g z g
3] = =}
R S 06 s o
g = = S
g B 04 B o4} 2 :
< 2] 2] a3
e E E 5
g 02 g 02f - 3
— o
3] S 2
0.0 1 1 1 1 1 Z. 0.0 1 1 1 Z 0.0L 1 1 1 1 8
193.6 193.5 1934 193.3 193.2 -4,0 -2.0 0.0 2.0 4.0 -4.0 -2.0 0.0 2.0 4.0 2
o
Frequency (THz) Offset (GHz) Offset (GHz)

FIG. 2. (a) Schematic illustration of the experimental setup. (b) Transmission spectrum of an AIN microdisk resonator with a coupling gap of 150 nm. (c) Zoomed in view
of the same transmission spectrum, with arrows marking the TEqq resonances. (d) Fit to a critically coupled MDR device with Q. = 1.40 x 10° and Q = 2.78 x 10°.
() Fit to an undercoupled device on the same chip with Q, = 2.75 x 10° and Q; = 3.02 x 10°.

Figure 3 shows these values as a function of coupling gap. The
mean Q factor was determined from five TEg) resonances
[marked with arrows in Fig. 3(b)] using a Lorentzian line shape
with a polynomial background. The MDR with TEq closest to
critical coupling had ¢ = 150 nm showing an average on-resonance
transmission of 0.02. The average values of Q; and Q; for the near-
critically  coupled  device  were (136 + 3) x 10>  and
(238 + 5) x 10%, respectively. These Q factors exceed previous
reports of MDRs fabricated in sputtered AIN-on-silica,”® but fall
below the best reported Q factors seen in epitaxial
AlN-on-sapphire single mode ring resonators.”” In future, improve-
ments to the Q factor may be achieved by optimizing the resona-
tor’s edge roughness, for example, by improvements to the dry
etching process. Some work has reported that initially coating the
resonators in oxide by conformal atomic layer deposition and/or
post cladding thermal annealing™' may further increase

= 1
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FIG. 3. Loaded (Q.) and intrinsic (Q;) Q factors of the TEqox mode for MDR
devices with a varying coupling gap, g.
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Q. The datapoint at a coupling gap of 300 nm has an anomalously
low Q; as a result of a fabrication defect visible near the MDR
edge. In the vicinity of the coupling region, the MDR sidewall
angle is expected to decrease. This may be the cause of the change
in the intrinsic quality factor observed in Fig. 3 at small gaps.

B. Fixed frequency MDR thermometry

As the resonant frequencies of the MDR devices are sensitive
to temperature, they can be used as an on-chip photonic thermom-
eter. A simple sensing mode is to use a narrow single-frequency
laser at the steepest part of the transmission spectrum, as illustrated
in Figs. 1(c) and 1(d). This occurs at v;jx + F/[\/g], when the
transmission dip is a Lorentzian of half-width TI'. Transmitted
intensity can be monitored, providing a measurement of small tem-
perature changes over a limited range. It can be shown that the
maximum gradient of the transmission spectrum for a resonator,
with fixed round-trip loss, is always obtained when the resonator is
critically coupled. This gives a maximum visibility of the transmis-
sion dip, at a cost of halving the quality factor from its intrinsic
value. The gradient of the transmission, T, vs frequency, v, is

daT B 2T0F2(v — Vi,j,k)

=S (3)
dv (T +(v— Vi,j,k)z)z

where T, is the transmission away from the resonance, I' is the
(i, j, k)th mode half-width half maximum (HWHM) (vi;x/2Qij)s
and v;; is the resonance’s central frequency. At the maximum gra-
dient, this becomes

d_T_ 3\/§T0QL. @

dv o 4Vi,j,k

So, maximizing the critically coupled Q factor and intensity
gives an advantage in sensing temperature in the fixed frequency
measurement. We can determine the change in transmission with
respect to temperature using

ﬂ _ 3vV3TQr y ﬂ, )
dé 4Vi,j,k df

where dv/d¢ is the temperature dependent resonance shift equal to
—2.93(0.01) GHz/K. The calculation of this value will be discussed
in Sec. 111 C. Assuming that Ty = 1 we can calculate dT/d¢ to be
—2.74(0.12) K™! using Qp = 136(3) x 10°. This equation shows
that dT/d& scales linearly with the loaded quality factor, provided
the resonator remains critically coupled and the laser spectrum is
much narrower than the resonance.

C. Frequency scanning MDR thermometry
Shifts in MDR resonance frequencies, Av;jx, induced by a
temperature change, A, are described by’

Avijk dneg  Vijk

AS e ng

(6)
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FIG. 4. (a) Temperature dependent transmission spectra of an MDR with a cou-
pling gap of 150 nm. (b) Resonance frequency as a function of temperature of
the TEq o« resonances marked with an asterisk in panel (a).

where neg and n, are the effective mode and group index, respec-
tively, and dneg/d¢ is the thermo-optic coefficient. The influence
of thermal expansion on the cavity length is negligible since the
thermal expansion coefficient™ of AIN, a, is 5.8 x 107® K~!. For
AN, the thermo-optic coefficient™ is 1.0 x 107> K~! at 1550 nm.
For comparison, Si3Ny, SiO, and Si have thermo-optic coefficients
of 2.45 x 107>, 0.95 x 107>, and 1.8 x 107*K! at room tempera-
ture and 1550 nm.”~"’

To determine the accuracy with which a 1K temperature shift
can be measured, we follow the analysis of Smith et al.”* The analy-
sis assumes that (i) the temperature dependent resonance shift can
be independently calibrated, (ii) the resonant frequencies of the
spectrum can be determined with a least-squares fit, subject to a
random standard error below the resonance’s width, (iii) the stan-
dard errors on the resonant frequencies are uncorrelated (ie.,
random not systematic), (iv) the linewidth of the laser (<100 kHz
over 3.5us for the laser used here) is below that of the resonance,
(v) the laser’s frequency is independently calibrated and stable over
the timescale of the measurement. For calibration of our device, a
thermoelectric cooler (TEC) stage was used to control the tempera-
ture from 25 to 55 °C. Figure 4(a) shows the transmission spectrum
as a function of temperature. Figure 4(b) shows the tracking and
linear fitting of the TEgg) resonance marked by an asterisk in
Fig. 4(a). The temperature dependant resonance shift, dv/d&, was
found to be —2.93(0.01) GHz/K, where the error arises from a
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least-squares fit to the linear shift in frequency over this tempera-
ture range. The sign of the gradient indicates a redshift as tempera-
ture increases. Therefore, by measuring the frequency shift of a
single resonance, one can determine a temperature shift equal to

s
AE = Av I (7)
The measured frequency shift (Av = v, — v;) will be determined
by independent frequency measurements whose errors add in
quadrature to give the uncertainty in the frequency shift, 6(Av). To
find the uncertainty in the temperature shift, 6(AS), a propagation
of uncertainties is followed, yielding

2 2
o(A8) = Aé\/ <"(AAVV)> +($> , ®)

where m = d&/dv. Through this analysis, for a 1 K change in tem-
perature, an uncertainty 6(A¢) = 5.1 mK is found. Although mea-
sured from a non-optimized device, and subject to the caveats
stated above, estimated accuracy value better the performance of
SPRTs and other photonic thermometers”” (Klimov et al. present a
photonic crystal cavity-based thermometer achieving measurement
uncertainties of 175 mK,*® Dedyulin et al. present MRR-based ther-
mometers with temperature uncertainties of 10 mK”®).

Considering N TE resonances observable in Fig. 4(a), with
the assumption that they all shift in an identical manner and are
subject to independent measurement errors, the uncertainty on the
frequency shift can be reduced to*”

o(Av)
N

By averaging over 10 TE resonances, the uncertainty in the
frequency shift can be reduced to a point where the uncertainty in
temperature shift is 3.6 mK, dominated by the error o(m). Small
relative temperature shifts could be inferred from fitting the central
frequency position of the resonance, rather than observing a shift
of one FWHM, or by fixed-frequency measurements, at the steepest
part of the transmission spectrum, but the sensitivity is again
limited by the calibration of gradient m.

on(Av) =

)

IV. CONCLUSION

We have demonstrated an AIN-on-sapphire microdisk resona-
tors. The high-quality factors of these devices allow for low experi-
mental uncertainties, surpassing SPRTs, in externally induced
resonance shifts in a compact, sub-millimeter format. The on-chip
nature of these devices allows for integration into other photonic
components and high scalability due to the established commercial
interest in the AIN. Temperature sensing in harsh environments is
assured by virtue of AIN’s robust material properties. In future, the
other resonances in the spectra could also be used to measure tem-
perature, provided calibration of their gradient was performed,
resulting in an even lower temperature uncertainty. Additionally,
obtaining a more precise calibration will serve to improve the preci-
sion of the photonic thermometer. The primary factor that

ARTICLE pubs.aip.org/aip/jap

currently limits the maximum achievable thermal sensitivity of our
MDRs is the Q factor, which may be improved with improvements
to our fabrication process. The wide transparency range of AIN
could facilitate MDRs operating in the visible, where the increased
thermo-optic coefficient at ~ 450nm (3.6 x 107> K~')*’ could
lead to better uncertainty in the measurements provided the quality
factor can be maintained.
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