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1. Introduction

Nowadays IR detectors have many crucial military and civilian applications, ranging from non-
contact thermometry and industrial process monitoring, to missile guidance and threat
detection™™. IR detectors enable us to see objects through darkness, smoke or fog. There are
two categories of IR detectors based on quantum and thermal effects. Quantum IR detectors
rely on electron excitations in semiconductors upon absorption of incident IR photons.
However, they often require cooling to reduce thermally induced noises associated with the
system. On the other hand, thermal detectors such as micro-bolometers rely on detecting the
temperature increase as a result of heat generated upon IR radiation and don’t require cooling,
which can potentially reduce the cost of IR sensor and improve detection sensitivity at room
temperature.

In this report we investigate and characterize the sensing performance of ultra-high-quality
photonic resonators® in response to IR radiation. We use microtoroids’ as the sensing platform
because the toroidal microresonator is fabricated on chip and has a large suspended disk
structure which is ideal for receiving IR radiation and allows thermal isolation from the
substrate. Microtoroids have very high quality factors (Q factors) in the range of 10’ to 10°
because of their unique fabrication process which involves melting and reflowing glass material
that produces extremely smooth surfaces. They also have very small optical mode volume
thanks to their micrometer scale sizes. These properties make them extremely sensitive sensors
to perturbations that affect resonance conditions, such as changes of temperature and
refractive index, nanoparticle/protein bindings, etc. Upon IR incidence, the resonator absorbs
the radiation and generates heat. The good thermal isolation between the resonator and
substrate boosts the temperature increase in the resonator. This small increase of temperature
in turn changes the refractive index of the resonator material and causes shift of resonance
frequency. Because of the ultra-high Q factors of microtoroid, even small amount of resonance
shift due to slight changes in the refractive index resulting from temperature variation induced
by IR radiation can be detected.

To evaluate the thermal characteristics of microtoroid and its performance as IR detectors, we
first modeled and measured the thermal conductance and thermal relaxation time constant of
microtoroids, and then conducted experiments to study the sensitivity and frequency response
of the microtoroids to IR radiation. The experiments involve instruments such as lasers and
photodetectors for probing the resonance mode of microcavities, blackbody source and CO,
laser as IR radiation source, optical chopper for modulation of IR source, oscilloscope and RF
spectrum analyzer to measure the electrical signal, Pyroelectric energy sensors and thermal
detectors for calibrating IR radiation, and Oxygen plasma etching machine for cleaning and
preparing microtoroids. Figure 1 shows the simplified schematics of the typical experimental



setup for characterizing the microtoroid IR detector. IR radiation from the blackbody source is
modulated using an optical chopper with given frequency and then impinges on the
microtoroid. The fluctuation of transmitted power from the fiber-microtoroid system carries
the information of IR radiation and the transmission spectrum is detected by a RF spectrum
analyzer. Thus the IR sensing signal can be read by monitoring the spectral amplitude at the
modulated frequency. To enhance the collection efficiency of IR light, an IR lens system can be
added before the aperture shown in Fig. 1.

Figure 1. Schematic of the setup for characterization of the performance of microtoroid IR detector
using blackbody source. Light from a tunable laser is sent through a fiber taper and coupled into the
resonator. The distance between the fiber taper and cavity is tunable which changes probe light
coupling strength. PC: polarization controller. PD: photo detector.

2. Summary of results
2.1 Device preparation

We fabricate microtoroids using a four-step process including photolithography, wet etching,
Xenon difluoride gas etching and CO, laser reflow. We start from 2 micron thick silica on silicon
wafers and create arrays of circular disk patterns of photoresist using photolithography, and
then the patterned wafer is etched using buffered hydrochloride solution to create circular
silica disks. After the photoresist is removed, the wafer is etched using Xenon difluoride gas to
undercut silicon beneath the silica disk, which creates a suspended disk structure supported by
a silicon pillar. The last step of fabrication is to use a focused CO; laser beam to melt and reflow
the under-cut silica disk to form a toroidal structure which has an extremely smooth surface
that enhances optical quality. Oxygen plasma etching is used during the fabrication process to
remove organic materials left on the microtoroid. It is also used to prepare the microtoroid to
increase the bonding between the microtoroid and polymer coating that modifies the thermal



response of the resonator. Light from a tunable laser diode is coupled into the microtoroid
resonator via a fiber taper (Fig. 2), which was fabricated using the well-established heat and
pull method: A single mode fiber is continuously heated on a hydrogen flame while two step
motors pull the fiber in different directions until the waist diameter of the taper reached a
desired size®®. The same fiber taper was used to couple out the light from the WGM of the
resonator. In order to probe the resonances of the microtoroid and the changes in the their
spectral properties (linewidth and resonance frequency) in response to IR radiation and thermal
perturbations, the wavelength of the laser was scanned linearly and the transmission spectra
were monitored by a photodetector. High-Q resonance modes were identified and the effect of
thermal changes and IR radiation on these resonance modes was measured.

Figure 2. Microscope images of typical silica microtoroid resonators used in the experiments. (left) SEM
image. (middle) Top view of a microtoroid resonator taken by an optical microscope. (right) Side view of
the same microtoroid resonator taken by an optical microscope. The horizontal line close to the
resonator is the coupling fiber taper.

Increasing the thermal isolation between the resonator and the substrate can increase the
temperature raise upon IR incidence. This can be done by reducing the size of supporting silicon
pillar and increasing the microresonator disk area. To achieve a thin pillar and large disk, we
fabricated microtoroids with large diameter in the range of 120-160 um, and then repeated the
etching process for the silicon underneath the resonator until we obtained a very thin pillar.
Figure 3 shows the reduction of pillar size of the same microtoroid after a few rounds of silicon
etching process.

Figure 3. Side view images of the same microtoroid showing the reduction of pillar size after several
rounds of silicon etching process.



2.2 Thermal measurement of microtoroids

The kinetic thermal property of the microtoroid is governed by two parameters: the thermal
conductance (G) between the microtoroid and environment and the thermal capacity (H) of the
microtoroid. Without any heat input, the temperature of the resonator will undergo
exponential decay to the environmental temperature with a time constant given by t=H/G,
which is the thermal relaxation time constant of the resonator. It is a very important parameter
as shorter T means larger response bandwidth for the IR sensor. In this project we
demonstrated two schemes to experimentally measure the thermal relaxation time constant of
microtoroidal resonators. The first method is to use a probe-pump scheme in which the pump
laser heats up the resonator. The second scheme is to scan a tunable laser across two nearby
optical modes. We experimentally characterized the relation between thermal relaxation time
and pillar diameter and major diameter. Moreover, a theoretical model involving material
properties and structure parameters was established to estimate thermal relaxation time
constant of microtoroids. Finally, finite-element simulations were done to confirm the results.

Due to the ultra-high Q factor of silica microtoroids, even a very small amount of light coupled
into the resonance mode leads to very high intracavity powers. Combined with the small mode
volume of these resonators, the weak input light leads to a significantly high intensity of light
within the cavity. Absorption of this optical field by the silica results in an increase in
temperature, which subsequently changes the effective refractive index of the resonator
through thermo-optic effect leading to a shift in the resonance frequency”’.

We developed a pump-and-probe thermal scanning scheme'® to measure the thermal
relaxation time of the microtoroid resonators. In this scheme we used two tunable lasers. One
of the lasers served as the probe; it was kept at such low powers and coupled to a low-Q mode
that it did not lead to any thermal effect. It was used to monitor the thermally induced changes
in the resonance. The other laser was set as the pump with high power and was on resonance
with a high-Q mode to induce thermal effects. Conventionally, a resonance spectrum is
acquired while the wavelength of a probe laser is scanned linearly across the resonance. Our
thermal scanning scheme employs a technique that is just the opposite, i.e., we fix the
wavelength of the probe laser and scan the cavity resonance wavelength linearly across the
probe laser by tuning the temperature of the cavity.

During linear up-scanning of the pump wavelength, a triangular waveform in the transmission

spectrum is obtained'*. Previous experimental and theoretical studies'® **

reveal that the cavity
resonance wavelength closely follows the wavelength of the pump during the linear regime of
the triangular waveform, and that the cavity temperature also linearly increases (Fig. 4). This

can be understood by the proportionality between resonance shift and temperature change.



During this thermal linear up-scanning of the resonance wavelength, the probe cavity
resonance changes linearly.

Figure 4. The upper panel shows the calculated frequency of scanning pump resonance (w,) and cavity
resonance (w) relative to the initial resonance frequency (wg), and pump-cavity detuning (w,-w). The
calculation is done under very weak under-coupling condition to clearly manifest region Il. The lower
panel shows the calculated temperature change of the WGM.

Thermal relaxation time constant (t) of a microtoroid can be directly measured using this
scheme. The probe resonance position gives a constant temperature reference T (Fig. 4). When

the cavity temperature passes T__ (see Fig. 4), it undergoes exponentially decays and comes

max
across T again, which generates another resonance dip (Fig. 5(a)). The time period t between
T_..and the second T should satisfy T /T, =e™". Since T/T__, =t /t, (Fig. 4 and Fig. 5), in
experiments, the values of t,t,,t are acquired from the transmission spectra (Fig. 5(a)).
Measured data of t versus t /t,are given in Fig. 5(b) for two microtoroids. Coupling condition
is varied in this measurement to generate different t,t,,t values. Exponential fitting to the data

gives the thermal time constants. As expected, for microtoroids of similar sizes, larger pillar
provides a better heat conductance between the silica toroid and the substrate, and as a result
the thermal time constant is smaller.



Figure 5. (a) Normalized pump transmission (triangles) subtracted by the probe transmission (peaks).
The red (solid), blue (dashed) and green (dash-dotted) curves represent the spectra at different coupling
conditions. The black dashed line is a fitting to the triangle in the red curve. It is up-shifted for a clear
view. (b) Thermal relaxation time constant measurements for the two microtoroids shown in the insets.

Red lines are fitting curves.

In addition to the first pump-and-probe scheme, we also developed another new scheme which
is simple yet elegant to accomplish the thermal relaxation measurements using only one
tunable laser. The setup we used in this experiment is given in Fig. 6.

The principle of our method is shown in Fig. 7. Two nearby resonance modes with high quality
factor in a microtoroid are found. A pump laser is linearly scanned to generate the transmission
spectrum. Initially, the resonator is operated in under-coupled condition, which yields two tiny
resonance dips in the transmission spectrum (Fig. 7a). The time between the two resonance
modes are recorded to quantify the distance between these two modes. Then we increase the
coupling strength, and as a result of the heating from the laser and opto-thermal effect®*, the
resonance appears as a semi-triangle in the transmission spectrum (Fig. 7c). During the linear
scan regime, the resonance wavelength of the cavity closely follows the pump laser wavelength,



and the temperature within the cavity increases linearly. After the pump wavelength pass the
resonance of the first mode, the cavity cool down quickly and the pump laser goes out of
resonance immediately, which results in a sharp edge in the transmission spectrum. The
temperature of cavity experiences exponential decay according to time constant T until the

Figure 6. A simplified scheme used for characterizing the thermal relaxation time of silica microtoroid
resonators. Light from a tunable laser is sent through a fiber taper and coupled into the resonator. The
distance between the fiber taper and cavity is tunable which changes coupling strength. Increasing
coupling strength by decreasing the taper-resonator distance increases the optical power inside the
cavity and hence the temperature of the resonator. PC: polarization controller. PD: photo detector.

pump laser is on resonance with the second mode. If the second mode is close to the first one,
the cavity does not have enough time to decay back to its original temperature before the
second mode appears in the transmission spectrum. Then the second mode will be closer to the
first mode in the transmission spectrum due to higher cavity temperature, and the distance
between them is defined as t as shown in Fig. 7c. Using Fig. 7b-7d, we find relation

Then using the transmission spectra obtained at different coupling conditions which determine
the value of t and tax , T can be estimated.

As shown in Fig. 8a, the fiber taper-microtoroid coupling system can be tuned from under- to
over-coupling to generate different t and tnax values. In the experiments, we continuously
change the distance between the fiber taper and the microtoroid, and record the transmission
spectra. The relation between normalized temperature response ((t;ax — to +t)/tmax ) @and t
is plotted in Fig.8b and the results are fitted by exponential decay function. Figure 8b shows
fitting results of two microtoroids with different pillar sizes. The blue crosses come from
transmission spectrum at different coupling conditions, and red curve shows exponential fitting
result. Microtoroids with different pillar sizes yield very different thermal decay rate. Larger



pillar size allows better thermal conduction between the microtoroid and substrate thus T is
shorter, while thinner pillar leads to longer t.

Figure 7. A scheme to measure thermal relaxation time constant (t) of a microtoroid. a., c. show the
transmission spectrum of two nearby modes at under- and over-coupling conditions, respectively. b.
shows the red-shifted positions of these two modes when pump laser begins to overlap with the second
mode. d. shows the temperature change in microtoroid during pump laser scanning.



Figure 8. Experimental data for the measurement of thermal relaxation time constant (t) of
microtoroids. a. Transmission spectra at different air gap conditions, i.e., coupling conditions, for fiber
taper - microtoroid system, showing two nearby resonance modes. From top to bottom: air gap
decreases. Color is used to show the change of temperature, and red color means higher temperature. b.
Measurement of thermal relaxation time constant of two microtoroids with different pillar sizes. Blue
crosses are experimental data showing the temperature decay, and red curves are theoretical fitting
lines. The inset shows the microscopic images of the corresponding microtoroids. Pillars are marked by

red dotted circles on the microscopic images. Smaller pillar size leads to longer .

Geometrical parameters including major diameter, minor diameter and pillar size of
microtoroid determine thermal conductance of microtoroid. To systematically study the effect
of pillar size on thermal relaxation time, we tested with a single microtoroid and repeatedly
reduced its pillar size by XeF, gas etching. As seen in Fig. 9a, the thermal relaxation time
constant increased from 200 Us to 1700 Us when the pillar diameter was reduced from 40 um
to 2 um. To examine reliability of this method, for each pillar size, thermal relaxation time was
measured 10 times, and the standard deviations of measurements are shown by error bars in
the graph. The standard deviation ranges from 20 s to 40 ps.

The effect of major diameter on thermal relaxation time constant was also studied. Ideally,
minor diameter and pillar size of microtoroids should be kept as constants, and only major
diameter is changed. However, due to several factors such as CO, laser reflow and XeF, dry etch
in the fabrication process of microtoroids, it is difficult to realize the ideal case. Here, we
fabricated four microtoroids with minor diameters of 7.2+1.4 um, the pillar diameters in the
range of 15+0.5 um, and major diameters from 50 pm to 110 pm. As shown in Fig. 9b, the
thermal relaxation time increased from 300 ps to 1300 Ps when the major diameter increased
from 50 um to 110 pm. Microtoroid with larger major diameter or smaller pillar size has larger



distance between microtoroid ring and pillar, which reduces thermal conductance between the
mode volume and the substrate, as a result, the thermal relaxation time is longer.

Figure 9. a. Measured thermal relaxation time constant (t) for the same microtoroid with different pillar
sizes. The microtoroid has a major diameter of 64 um and was repeatedly etched to reduce its pillar
diameter down to 2 um. For each pillar diameter, thermal relaxation time was measured 10 times to
obtain the standard deviation of measurements as shown by error bars in the graph. Blue crosses are
experimental data, and red curve is from analytical expression based on our model. b. Thermal
relaxation time constants for microtoroids with different major diameters. The minor diameters are in
the range of 7.2+1.4 um, and the pillar diameters are in the range of 15+0.5 um. Blue crosses are
experimental data, and red circles are from analytical results based on our model. The inset pictures
show the microscopic images of the corresponding microtoroids. Pillars are marked by red dotted circles

in the microscope images.

To better optimizing microtoroids for IR sensing, we build a analytical model to estimate the
thermal relaxation time taking into consideration both material properties and microtoroid
geometries. Figure 10 shows the side view and top view of a microtoroid. The geometric



parameters of microtoroid including major radius R, minor radius r, and pillar radius p are
labeled in the figure. The thickness of the disk d is assumed to be a known parameter, and
measured to be 2 uwm in our microtoroids. Thermal properties of materials including density p,

thermal conductivity A, and capacity c are considered in this model.

R I mode area

N ring
| disk

plilar

(@) (b)

Figure 10. Structure of a microtoroid consisting of three parts: ring, disk and pillar. Different colors are

used to distinguish different parts in the figure. a. Side view. b. Top view.

This model is based on three approximations of heat transfer process in the microtoroid. First,
the time that heat transfers from mode volume to the ring is much smaller than the time of
heat transfer from the ring to the substrate, which is confirmed by the Comsol simulation. Thus,
we consider the ring has the same temperature T1l. Second, due to much larger thermal
conductivity of silicon than silica, we treat the silica area on top of pillar as part of the pillar, and
neglect the time that heat transfers from pillar to substrate, i.e. the whole pillar is always at
room temperature T2. Third, the effect of air is neglected (later an empirical correction term is
added to the model to include the effect of air).

In this model, toroid is divided into three parts: ring part with same temperature T1, pillar part
with a constant temperature T2, and disk part which serves as a round heat transfer tube. Thus
the thermal relaxation time is determined mainly by the thermal capacity of ring and heat
transfer coefficient of disk. Intuitively, larger capacity of ring or smaller conductance of disk will

give longer thermal relaxation time.

To further simplify the analysis, we also make several approximations for the microtoroid
structures. For the ring, we treat it as a standard torus with major radius R and minor radius r,
neglecting its slight deformation and nonuniformity as seen in experiments. Thus, the mass of
the ring m can be expressed as:

m=21 (R-r)rp,



where p is the density of silica. For the disk, we treat it as a circular tube with thickness R-2r-p,
and length of 2 pum. Such a structure has thermal conductance k determined by following
expression:

=2 1
O_ —

where A is the thermal conductivity of silica. The contact area A between ring and disk is chosen
to be lateral area of disk, expressed as

A=2x(R-2r)d
From heat transfer theory, we have

dT.
mc—= =k,A(T, -T.
o (T, -T),

and solution to this differential equation is

ko

T, =e ' +T,
By definition, thermal time constant t is determined by

mc _ spC 2r
=——="""(R-1)r‘In
T KA Ad (R-r)r? ( )

When pillar size is large, we assume that the effect of air is negligible because most of heat is

transferred from mode volume to the substrate through pillar. However, when pillar size
becomes very small, the amount of heat dissipating through pillar is comparable to that
transfers through air. Then the effect of air cannot be neglected anymore. Thus we need to add
a correction term to the expression above to consider the effect of air.

Here we define k, = @(R* - p®) as the correction term of heat conductance, where a, with

dimension W/ m* - K, is regarded as a constant related to the thermal properties of air. Thus
overall thermal conductance k becomes:

k=%+&
and the revised thermal relaxation time constant t is:
r:@:ro—lk 7 (R -2 L o
kA 1+ Ad p 1+ (R - p)(R-21) (=)
0

To determine the parameters in the above formula, we measured thermal relaxation time of 30
microtoroids with different major diameters, minor diameters and pillar sizes. Then we use
these experiment data to examine the analytical expression above.



We can get information for the parameters of microtoroid geometry and material properties in
the analytical expression from measurement and literatures. However, the values we obtain
may not match with the real case. The size of microtoroid is measured under optical
microscope. Minor diameter, which is very small compared with major diameter and pillar size,
is difficult to measure precisely in this way. Therefore we consider a systematic correction term
for the minor diameter and use it as a fitting variable in the analytical expression. The
parameters of material properties including density, thermal conductivity, and thermal capacity
are obtained directly from literatures and they may differ slightly from the real values. Also, the
nominal thickness of disk is 2 um as claimed by the wafer manufacturer but could be slightly
different. All these errors will lead to mismatch between analytical result and experiment data.
Thus we add a correction constant 3 for the system to compensate these factors. Air correction
coefficient a is another free fitting parameter. The information for major diameter and pillar
size of the microtoroids is obtained from experimental measurements.

Thermal conductivity A 1.4 W/meK

Thermal capacity ¢ 700 J/KeKg

Density p 2200Kg/m’
Thickness of disk d 2 um

Table 1. Parameters used in the model of thermal relaxation time constant

Minor radius r 13r
o 1.29x10™ W/m®*eK
B 1.3780

Table 2. Values of fitting parameters in the model of thermal relaxation time constant

Values of parameters used in the fitting program are displayed in Table 1. To determine the
free fitting parameters r, o and 3 in the expression for T, we use least square root fit for the
normalized error of all data. The fitting results can be seen in Table 2. From the results, we get
the average fitting error of 16.3%, which shows that this simple model works well. Figure 11
shows effect of pillar diameter on the thermal relaxation time, and Fig. 12 shows the relation
between thermal relaxation time and the ratio of pillar size to major diameter. As expected
from the analytical expression, larger ratio of pillar size to major diameter will yield a shorter
thermal relaxation time. Based on the model and parameters obtained, we compare the
theoretical thermal relaxation time to experimental data for different pillar sizes at fixed major
and minor diameter (Fig. 13), and different major diameters at fixed minor and pillar size (Fig.
14).



With the analytical model of thermal relaxation constant, we can conveniently quantify the
effective thermal conductance and capacitance of a microtoroid given its geometric parameters.
Therefore we can better predict the performance of a microtoroid IR sensor.
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Figure 11. Thermal relaxation time constant T for microtoroids with different pillar sizes. Blue stars show
the experiment data, and red circles show the corresponding calculated results. Green bars linking

experiment data with corresponding analytical results designate the difference.
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Figure 12. Thermal relaxation time constant t for microtoroids with different ratios of pillar diameter to
major diameter. Blue stars show the experiment data, and red circles show the analytical results. Green

bars linking experiment data with corresponding analytical results designate the difference.
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Figure 13. Thermal relaxation time constant T for microtoroids with different pillar sizes. The blue stars

are experiment data, and the red line is calculated from the analytical expression.
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Figure 14. Thermal relaxation time constant t for microtoroids with different major diameters. The blue

stars are experiment data, and the red circles are corresponding analytic results.

Moreover, we developed a finite element simulation (FEM) to confirm the thermal transport
model presented above. The structure of microtoroid is the same with previous analytical
model consisting of ring, disk, and pillar. A silicon substrate is added in the model serving as a
heat sink to improve the simulation accuracy. The core area inside the ring (i.e. the optical
mode) is set to an initial temperature 320K, and the rest parts of the microtoroid and
surrounding air are set to 300K. The temperature of bottom surface of substrate is fixed at 300K.
The temperature evolution over the whole system is monitored. Figure 15 shows the
temperature distribution at four different times. In Fig. 15(b,c), the temperature in surrounding
air is much larger than the temperature in the center area of the disk. The reascon is that the
heat capacity of air is extremely small compared with silica, and even a small amount of heat



from microtoroid ring could induce a large temperature increase. Figure 16 shows the heat flux
distribution at four different times, from which we could see that most of heat energy in the
mode area is transported through the disk to the pillar. Thermal relaxation time could be
obtained by fitting the temperature evolution in the mode area using exponential function. One
example is shown in Fig. 17, with thermal relaxation time of 914 ps.

Figure 15. Temperature distribution in the cross section of the microtoroid at four different times (a) t=
0 Ms, (b) t= 2 s, (c) t= 50 Us, (d) t= 500 ps. The temperature values are described by color bar. The core
of the microtoroid is set to 320K and the rest of the system is 300K at t= Opls. Major and minor diameter

of the microtoroid is 60 and 5 pm respectively, and the disk thickness is 2 pum.

Figure 16. Heat flux distribution over cross-section of the microtoroid at four different times (a) t= 0 s,
(b) t= 2 s, (c) t= 20 s, (d) t= 100 ps. The heat flux values are described by color bar. The core of the
microtoroid is set to 320K and the rest of the system is 300K at t=0ls. Major and minor diameter of the

microtoroid is 60 lm and 5 pm respectively, and the disk thickness is 2 pum.
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Figure 17. Analysis of thermal relaxation time of the microtoroid. Blue stars are data obtained from FEM
simulation, and red curve is the theoretical fitting line.

The effects of geometrical parameters including pillar diameter, major diameter, and minor
diameter on thermal relaxation time are investigated by this FEM model. When investigating
the effect of pillar diameter, the other two parameters (i.e. major diameter, minor diameter)
are fixed. At each pillar size, the temperature evolution at mode area is monitored and fitted to
get the thermal relaxation time. Then we obtain relation between thermal relaxation time and
pillar size. The same method is used to investigate effects of major diameter and minor
diameter. The results are shown in Figs. 18-20, which show the same trend with experimental
and analytical results.

The thermal relaxation time given by FEM simulation has a noticeable difference from the
experiment result. The reasons come from two parts. First, the FEM model only considers the
effect of air conduction, while in the real case the air convection may play a more important
role. And the structure of microtoroid in the model is slightly different from that in real case
such as geometry of ring, pillar shape. All these factors can lead systematic errors between
experiment data and FEM simulation results. Second, the parameters used in the FEM model
may not be the same as those in the real case. The geometrical parameters including major
diameter, minor diameter, pillar size are obtained under an optical microscope, which leads to
measurement error. The parameters of material properties including density, thermal
conductivity, and thermal capacity are obtained from literatures, thus it is possible that these
parameters do not match with real parameters in our device. Also, the thickness of disk may
not be exactly 2 um as the manufacture claims. All these parameter errors will lead to
mismatch between the experiment data and the FEM simulation results. However, the trends
revealed in simulations are the same as those observed in experiments.
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Figure 18. Thermal relaxation time for microtoroids with different pillar radius p. The major radius R and

minor radius r are fixed at R = 29.5 um, r= 2.5 pum.
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Figure 19. Thermal relaxation time for microtoroids with different major radius R. The pillar radius p and

minor radius r are fixed at p =5 pum, r=3 um.
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In short, we have demonstrated the methods to experimentally measure thermal conductance
and thermal relaxation time of microtoroid. The relation between geometrical parameters of
microtoroid and thermal relaxation time is investigated both experimentally and theoretically.
This study helps better understand thermal properties and effect in microresonators. Moreover,
the knowledge is useful to optimize the geometry of microtoroid for IR sensing application. This
method can also be applied to characterize thermal property of other types of whispering
gallery mode resonators.

2.3 Characterization of IR detectors based on microtoroid resonators

In this section, we characterize the performance of a silica microtoroid resonator for detecting
IR radiation. The underlying principle of IR detection is as follows. The incident IR radiation
absorbed by silica microresonator increases the resonator temperature. As a result the thermo-
optic effect® ! kicks in and leads to a change in the refractive index, which in turn shifts the
resonance wavelength. The higher the incident IR radiation is, the larger the shift in the
resonance wavelength is. The resonance shift can be detected either by scanning the
wavelength of a probe light from a tunable laser around a WGM resonance and recording the
change in the resonance after each scanning or by locking the wavelength of the probe on the
resonance slope and monitoring the intensity fluctuations of the transmitted light.

Figure 20. Experimental scheme for characterizing the performance of microtoroid IR sensor using a CO,
laser. a. Simplified experimental setup. The inset shows image of the microtoroid used in our
experiments together with the fiber taper used to couple the probe light in and out of the resonator. b.



[llustration of the IR detection scheme. When the probe laser is locked on the resonance slope, the
output signal fluctuates at the modulation frequency of the incoming IR light. The microtoroid has major

diameter of around 100 pm and its pillar is etched to very small size (<2 um)g.

The experimental setup used to characterize the performance of our IR detector is shown in Fig.
20. We used a pulse-width modulated CO, laser with a wavelength of 10 um and a maximum
output power of 30 W as the IR source to conduct this study, because silica has a strong
absorption at 10 um wavelength. The beam from the CO, laser was first expanded by a ZnSe
lens and then passed through a small pinhole with a diameter of 381 um to control the
illumination area on the microtoroid, and to block the light incident on the surrounding area of
the resonator. Only a small fraction of total IR radiation passes through the pinhole and reaches
at the resonator. The microtoroid was placed at an angle of 45 degrees on a heat sink to allow
optical imaging and to stabilize its base temperature. We used a probe light from a tunable
external cavity laser in the 1450 nm band to monitor the effect of the IR radiation on the
transmission spectra and the resonance frequency of the microtoroid. The CO, laser was
modulated with an external gating source with a known frequency. As a result, when the probe
laser was locked on a resonance slope (Fig. 20b), the transmission contained the frequency
component of modulation, which allowed an easy detection with high signal-noise-ratio using a
spectrum analyzer.

The microtoroid used in the experiments had a major diameter of about 100 pum, and its pillar
was etched to have a size less than 2 Um to maximize thermal isolation from the silicon wafer
which acts as a thermal sink. The fiber taper that was used to couple the probe light in and out
of the WGM was in contact with the microtoroid to stabilize the coupling condition and reduce
vibration of the fiber taper. In this situation, we measured the loaded Q factor as 7.8x10°.
Figure 21a shows the transmission spectrum of the system. First, we modulated the IR source at
100 Hz and monitored the transmission of the probe light through fiber-resonator system.
Figure 21b shows the frequency spectrum of the measured transmission. Despite the noise
components, a prominent peak at 100 Hz is clearly seen above the noise floor, confirming the
response of the resonator to IR radiation. The signal-to-noise ratio (SNR) was about 260 in this
measurement. The low frequency noise (<200Hz) was mainly from mechanical vibrations of the
resonator system and the tunable laser. The narrow distinct peaks (e.g. at 60Hz and 300Hz) are
electrical noises. We observed that even the fan noise from instruments was significant enough
to disturb the measurement, suggesting that in a real application the resonator-taper system
should be well-isolated, probably in a vacuum chamber, to lower the noise floor and increase
the SNR.

To study the frequency response of the IR detector, we varied the modulation frequency of the
CO, laser. The IR detector shows typical features of frequency response of a low pass RC filter.



When the modulation frequency is low, the temperature changes of the microtoroid can keep
up with the gated IR radiation and thus the transmission shows square waves with
exponentially decaying edges. As the frequency increased, the amplitude of the response
decreased and the transmission transformed into semi-triangle waves because of the limited
bandwidth set by the thermal relaxation time of the resonator. Next, we investigate the
response of the IR detector at different regimes of frequency detuning between the probe laser
and the cavity resonance. At low powers, the probe laser doesn’t have any significant effect on
the thermal characteristics of the IR detection mechanism. Therefore the IR response is the
same regardless of whether the probe laser is on the red- or blue- detuned side of the
resonance. However, when the power of the probe laser is higher than a few UW, there is a
noticeable heating effect in the resonator due to its high Q and good thermal isolation. As a
result increased temperature in the resonator red-shifts the resonance and affects the IR
response differently on the blue- and red- detuned slopes of the resonance”’.
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Figure 21. (a) Transmission spectrum of the microtoroid resonator used to perform the IR
measurements. (b) Frequency spectrum of the transmission of the resonator system when the 1450 nm
probe laser was locked on the resonance slope with a blue detuning with respect to a WGM resonance.
A clear peak at 100 Hz with SNR of 260 shows the detection of IR radiation. CO, laser power was set at 5%
of the maximum power.

When the probe laser is on the blue-detuned resonance slope, thermal heating by probe laser

910 tries to stabilize

increases the device temperature and on-resonance thermal locking effect
the device temperature. Consequently, the detector becomes less sensitive to the thermal
heating effect of IR radiation. On the other hand, when the probe laser is on the red-detuned
slope, the thermal heating effect by the probe laser keeps the resonator temperature in a

slightly unstable regime (opposite to thermal locking effect), which allows higher IR response. In



this case, the IR response is no longer symmetric on both sides of the resonance peak when
probe laser power is sufficiently highg. To estimate the bandwidth of the microtoroid IR
detector, we plot the relation between response amplitude and IR modulation frequency (Fig.
22). The frequency response features a passband and a first order drop-off edge. The frequency
response measurement allows us to optimally select the modulation frequency of the incident
IR radiation. Ideally one would like to keep the modulation frequency in the passband. We
found a good agreement between the measured and theoretically predicted cut-off frequencies.
For example, for the black curve in Fig. 22, a cutoff frequency of 80 Hz is calculated from the
experimental data, and T = 1.84 ms measured for the same microtoroid corresponds to a cutoff
frequency of 88.4 Hz.

Figure 22. Frequency response of the microtoroid IR detector at various power and detuning of the
probe laser. Red data points were obtained for low power (about 6.9 UW, or 330 mV measured by the
photodetector) and red-detuned probe laser. Black data points (middle) correspond to low power
(about 6.9 UW, or 330 mV measured by the photodetector) but blue-detuned probe laser. Blue data
points correspond to high power (about 67.4 UW, or 3200 mV measured by the photodetector) and red-
detuned probe laser, in which there is a strong heating effect induced by the probe. The CO, laser power
was set to 5% of its maximum output power, which was about 1.5 W.

Interestingly, we observed that the frequency detuning and the power of the probe laser not
only modified the thermal sensitivity of the IR detector but also affected its bandwidth. When a
probe laser is blue-detuned from the resonance frequency, it can induce thermal locking effect
if it has sufficient power, and increase the detector bandwidth but results in relatively smaller
response amplitude. This is because thermal locking tends to keep the system around the
locking temperature, which forces the system to return back to this temperature more rapidly
when it drifts away. On the other hand, a red-detuned probe laser can increase the response
amplitude in the pass-band but with a reduction in bandwidth. This unique feature allows us to



tune the response of the IR detector without modifying its physical structure (Fig. 22). By
adjusting the operating power or Q factor of the mode, and detuning of the probe laser, we can
tune the sensitivity and bandwidth of the IR detector and optimize its performance at a fixed IR
modulation (chopping) frequency.

Finally, we estimated the noise equivalent power (NEP) of our IR detector. Note that the
measurements were performed in normal room conditions without actively stabilizing the
sensor system or the probe laser. The probe power was set very low that it did not induce
significant thermal effect. We obtained the best measurement results when an IR radiation of
3.58 UW (calibrated using a thermopile sensor) was incident on the silica microtoroid. At the
modulation frequency of 49 Hz, an SNR of 480 was obtained. This corresponds to an NEP of
7.46 nW, or IR intensity of 0.095 mW/cm?. This number is mainly limited by the noise floor and
can be improved by using a stabilized probe laser and by isolating the sensor system, for
example by placing it in a vacuum environment.

In conclusion, we developed an uncooled thermal detector for IR radiation using a silica
microtoroid resonator, and evaluated its sensitivity and frequency response. Unique thermal
and optical properties of the resonator enable us to tune the sensitivity and frequency
response of the IR detector. The sensitivity of the IR detector can be improved by isolating it
from external acoustic/mechanical noise sources, as well as by optimizing the resonator
structure to allow better thermal isolation from the substrate. For example, one can tailor the
disk during fabrication to create a spoke structure (spoke-anchored resonator'?) to increase the
thermal isolation between the resonator and substrate. Moreover, placing the resonator in
vacuum environment will eliminate the thermal convection effect and help reduce
acoustic/mechanical noise. Due to their ultra-high sensitivity to thermal perturbations and IR
radiation as demonstrated here, we believe that microtoroid IR sensors have the potential to
compete with the state-of-the-art microbolometer detectors.
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