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ABSTRACT: Polydimethylsiloxane (PDMS) microshells/beads
coated onto an electrical current-carrying wire are demonstrated
for on-chip, dynamic, cryogenic temperature measurement via
monitoring optical whispering-gallery mode (WGM) frequency
shifts. PDMS is found to be capable of supporting WGM reso-
nance at cryogenic temperatures down to 95 K, limited by the
present lab-built cryogenic working environment. The effect of
the polymeric sensor diameter on temperature sensitivity is
explored and discussed. The sensors are tested for their real-

INTRODUCTION Optical resonances of whispering-gallery mode
(WGM) devices have attracted increasing attention over the
past two decades.'™ The small mode volume, localized to the
surface, of optical WGM resonators allows for considerable
interaction with surrounding environment, and their intrinsi-
cally high-quality (Q) factor enables WGM-based sensors to
exhibit extremely high-resolution.’”* WGM resonators have
found use in microlasers,’ quantum electrodynamics,>® optical
signal manipulation,”™ etc. In particular, optical WGM sensors
are being actively studied in a number of different detection
and measurement applications. Examples included biological/
chemical detection,®* humidity,'” pressure,'® and tempera-
ture monitoring,"®"?% to name a few. The intrinsic high Q-factor
of WGM-based sensors, in junction with the fact that the sens-
ing principles are frequency, and not intensity based, enables
high sensitivity and fine resolution measurement. Detection of
single molecule and individual RNA viruses,'*™** pico-molar
chemical residues,'® milli-newton force,'® and milli-kelvin tem-
perature shifts have been reported in the literature.°

Optical WGM temperature sensors were initially demonstrated
at both room temperature and cryogenic regimes using fused
silica microspheres,’®* but polymer-based sensors have
drawn a lot of consideration over the past few years. The low
cost, ease of fabrication, and myriad of applications have gen-
erated a number of polymer-based sensor publications.?3~2°
He et al. analyzed thermal compensation in WGM resonators
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time temperature monitoring capabilities and accuracy in the
cryogenic temperature regime of 95-140 K, and a comparison to
a theoretical model, where the electrical resistivity of nichrome
wire at cryogenic temperature is also experimentally deter-
mined, is examined. © 2016 Wiley Periodicals, Inc. J. Polym. Sci.,
Part B: Polym. Phys. 2016, 54, 1118-1124
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coated with a layer of polydimethylsiloxane (PDMS).?® Several
studies of PDMS coating on thermal sensing then fol-
lowed.?”"2% Li et al.?® thought about the concept of on-chip
sensing based on WGM resonance. The actual demonstration
of on-chip real-time operation measurement was carried out
by Frenkel et al,*® in which a PDMS-based WGM resonator
was fabricated directly onto an electrical current-carrying
wire and be used for dynamic temperature monitoring of the
wire’s temperature due to Joule heating. WGM resonances of
the coated PDMS composite sensors were determined jointly
by the thermal effects of both the PDMS coating and core
material. Recently, Ali et al. considered polymeric micro-
spheres to electrical field measurement.’

In this article, we look to expand on our previous work with
PDMS composite sensors at room temperature to cryogenic
temperature because of wide cryogenic applications.?° For
example, it is paramount to determine the critical temperature
of superconductivity. Because of the ease in fabrication and
cost-effectiveness using PDMS-coated sensors, it is worthy of
exploring the feasibility and capability of PDMS-based WGM
resonators within the cryogenic temperature regime. We will
explore the effect of PDMS coating thickness on the sensitivity
of cryogenic temperature measurement, as well as, the accu-
racy of the sensor for dynamic cryogenic temperature moni-
toring. To the author’s knowledge this is the first study of
PDMS-based WGM resonance at cryogenic temperatures, as
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FIGURE 1 Experimental setup. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

well as, the first attempt to use polymeric sensors for dynamic
on-chip temperature monitoring at these low temperatures.

EXPERIMENTAL

The experimental setup used in this study is adapted from a
previous study of the present authors.?® The setup consists
of five key components: the working electric component, the
WGM composite sensor, the purging chamber, the cryogenic
working cell, and the data acquisition system. The working
electric component, fabrication of PDMS-coated WGM sensor,
and data acquisition system were detailed in Frenkel et al.?’;
the only notable difference, among these three components,
is that the fiber taper used as the near-field coupling device
was fabricated outside the purging system using the heat
and pull method.?° The fabrication was done on a rail sys-
tem so that it could be transported into the purging chamber
without breaking the fragile fiber taper. The reason behind
using the rail system instead of fabricating directly within
the purging chamber was that the stepper motor cannot be
placed within the chamber making it more difficult to con-
trol the tension within the fiber taper during fabrication. The
lack of tension control could lead to large inconsistencies
when creating the fiber taper, and often resulted in huge sig-
nal loses when the system was cooled to cryogenic tempera-
tures, sometimes to the point where no signal could be
detected by the photo detector. Figure 1 shows the present
experimental setup.

The purging chamber and working cell were added to the
present experimental setup so that cryogenic temperatures
could be reached and the WGM sensor would not undergo
any frosting. The purging chamber was built from PVC
boards. The chamber base has regularly spaced threaded
holes allowing for the mounting of the fiber taper rail sys-
tem, stages, and posts, as required. The walls of the chamber
are lined with a number of threaded ports allowing for
whatever gauges and liquid/gas/electrical/optical inlets and
outlets the experiment may require. For example, there are
two ports used for the optical fiber input/output, one port
used for a vacuum gauge, one port attached to a roughing
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pump, one port used for the liquid nitrogen (LN2) inlet, one
port used for the nitrogen gas inlet, one port used for elec-
trical inputs, and one port used for thermocouple inlets, in
the present setup. The top of the chamber consists of an O-
ring to allow for a vacuum seal, and the PVC lid is attached
to the chamber using a number of metal clamps.

The working cell was designed for the purpose of cooling
the electrical component to cryogenic temperatures, as well
as, to insulate the environment around the WGM resonator
eliminating any significant temperature fluctuations caused
by air currents around the resonator. To achieve this the
working cell was fabricated out of a hollow aluminum bar
and covered with insulation. The inside of the aluminum is
used as an LN2 reservoir. Two copper rods are inserted into
the LN2 reservoir. The electrical component is threaded
through holes in these rods allowing them to act as cold fin-
gers. Two steel screws are also threaded through the alumi-
num, the electrical component is tied around these two
screws, and they can be adjusted to control tension in the
electrical component as well as alignment between the WGM
sensor and the fiber taper. A combination of electrical tape
and thermal paste is used to electrically insulate the electri-
cal component form the rest of the system, while keeping it
in good thermal contact. The WGM sensor is surrounded by
a larger solid piece of copper that also reaches into the LN2
reservoir. This piece of copper has two perpendicular chan-
nels machined into it to allow both the fiber taper and elec-
trical component to be positioned inside of it, the purpose of
this copper is to increase the thermal inertia around the res-
onator allowing a more stable thermal environment at cryo-
genic temperatures. A second thin walled copper cylinder
surrounds this piece of copper; this thin walled copper has 4
slits roughly one millimeter thick cut into it. These slits line
up with the channels in the larger copper cylinder and pre-
vent any air currents from affecting the thermal stability
around the WGM sensor. A PDMS lid covers the larger cop-
per cylinder. An additional aluminum case is placed around
the entire electrical component, copper, and aluminum rods,
and covered with a PDMS lid, to allow for additional insula-
tion of the cryogenic environment, several small holes were
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FIGURE 2 Cross-sectional and top views of the cryogenic cell,
the red X's represent thermocouple locations. Inside the red
box is a photo showing fiber-resonator coupling. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

drilled into this casing so that thermocouples can be used to
monitor the temperatures of the cold fingers and WGM sen-
sor environment. Figure 2 shows both a cross section and a
top view of the working cell.

PDMS was chosen instead of fused silica or poly(methyl
methacrylate) (PMMA) as the WGM resonator medium pri-
marily because of its relatively low temperature required for
fabrication, which will not damage the microelectronic com-
ponents/devices to be coated onto. PDMS-coated WGM reso-
nators can be fabricated at room temperature using
techniques put forth in Frenkel et al,,?? whereas, fused silica
WGM resonators require high temperatures (>1700 °C) that
would ignite the nichrome wire used as the electrical compo-
nent, and would cause failure in most other materials that
could be used to replace the nichrome, such as tungsten.
PMMA requires temperatures above 100 °C that may
adversely affect many electronic components. This does have
some drawbacks. PDMS will have a lower Q-factor than a
fused silica resonator due to intrinsic material properties
and surface smoothness. PDMS has, to the author’s knowl-
edge, not been explored as a WGM resonator at cryogenic
temperatures, therefore, it was unknown if a PDMS resona-
tor would support WGMs in the desired temperature range.
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Finally, though the mechanical, electrical, optical, and ther-
mal properties of some polymers and metals have been stud-
ied at low temperatures, the specific properties within our
temperature range for both nichrome and PDMS were not
available in the literature.®® Therefore, where possible, we
used our system to explore these properties and their
relationships.

RESULTS AND DISCUSSION

Chamber Testing

Before experiments with WGM sensors could take place, the
low temperature capabilities and stability of the working cell
needed to be determined. It was found that when the LN2
reservoir was filled, normally taking about 4 L of LN2 slowly
poured through the LN2 outlet over the course of 20-25
min that a stable <90 K could be reached in the cold fingers,
and a stable temperature <100 K could be reached within
the cryogenic working cell. The LN2 reservoir was capable of
keeping the system at these low temperatures for approxi-
mately 10 min before it was depleted enough to allow the
system to warm. Figure 3 shows the temperatures curves of
the LN2 reservoir, one cold finger, and within the cryogenic
cell during the cooling, stable, and warming processes. The
positions of these thermocouples are marked with red X’s in
Figure 2. It can also be seen that a vacuum was introduced
into the system shortly after the LN2 reservoir was filled.
The intention of this vacuum was to cause a phase change of
the LN2 into solid nitrogen dropping its temperature an
additional 5-10 K. It can be seen that both the LN2 reservoir
and the cold finger responded to this vacuum with tempera-
ture drops, but that the temperature within the cryogenic
cell began to warm slightly under the vacuum. We attribute
this warming within the cryogenic cell to the influx of the
warmer surrounding air contained within the purging cham-
ber that will occur because of the pressure differential cre-
ated by the roughing pump. This warming could be
overcome with a larger LN2 reservoir that would give
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FIGURE 3 Temperature profiles of various parts of the working
cell. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 4 Resistivity of nichrome vs temperature changes.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

the system more time to reach equilibrium with the solid
nitrogen under vacuum, but such a reservoir is currently
incompatible with the dimensions of our purging chamber,
therefore, no vacuum was used when testing the WGM sen-
sors. It was also found that if the system was cooled and left
to warm without any vacuum the temperature within the
cryogenic cell changed <1 K throughout the stable region of
the temperature profile.

Determination of Nichrome Resistivity

After the temperature profile within the cryogenic cell was
understood a bare nichrome wire was placed within the cell
so that its electrical resistivity could be determined within
the cryogenic temperature regime. Utilizing a 4-point probe
method, in conjunction with our working cell, the electrical
resistivity of a nichrome was experimental determined in the
cryogenic temperature regime.>* Two probes are connected
to the nichrome wire and used to introduce a constant direct
current; another two probes are connected to the current-
carrying portion of the wire and used to monitor the electri-
cal resistance. The electrical resistivity of the wire can then
be calculated using Ohm’s Law. Figure 4 shows the electrical
resistivity of the nichrome wire as the temperature increases
from cryogenic toward room temperature. At room tempera-
ture the resistivity of nichrome was reported to fall between
1.1 and 1.5 Qum.S3%** A value of 1.288 +0.08 Qum was
measured in the current experiments. A decrease in resistiv-
ity is seen with a decrease in temperature, at cryogenic tem-
peratures the resistivity of nichrome reaches about 97% of
the room temperature value. The cryogenic value (95-
140 K) of resistivity was found to be 1.261 = 0.08 Qum for
the wire used during the dynamic temperature testing. A lin-
ear fitting of the data gave the following correlation

=(1.6133x1071%)T+1.2342x10"° 1)
where T is absolute temperature and o, is the electrical

resistivity. This correlation was obtained in the cryogenic to
low temperature range from 90 to 225 K.
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FIGURE 5 WGM resonance spectra and shifts at three different
temperatures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

WGM Calibration and Analysis

The first WGM experiments conducted were meant to deter-
mine if PDMS was capable of supporting WGM resonance at
cryogenic temperatures. The working cell was cooled as pre-
viously described. Prior to the cooling of the working cell
the purging chamber underwent a nitrogen gas purging. The
purpose of this nitrogen purge is to remove any humidity
contained within the chamber, and thus prevent any frosting
that could occur on the resonator or fiber taper. If frosting
were allowed to occur, it would affect the coupling between
the resonator and taper either decoupling the system com-
pletely or reducing the signal received by the photodetector
beyond detection.

While the system is being cooled after the nitrogen purge,
the WGM signal can be watched on a local computer. A
decrease in signal was often seen accompanying the system
cooling. This decrease in signal can most likely be attributed
to tension created in the fiber taper due to the thermal
strain placed on it. The signal loss was normally in the order
of ~20 dB and could be easily made up for with the gain of
the photodetector, unlike the signal loss that occurred with-
out a nitrogen purge. Additionally, a drop in resonator qual-
ity was also seen as the system was cooled. This drop was
normally smaller than an order of magnitude and may be a
result of changes in the optical and surface properties of the
PDMS as it is cooled. At cryogenic temperature Q-factors of
the PDMS resonators were often found around ~1.5 X 10°
down from values around ~5 X 10° at room temperature.
Once the system reached a stable temperature data could be
collected as the system warmed naturally. Using the same
procedure as discussed in Frenkel et al,?? data were col-
lected at regular intervals throughout the warming of the
system.

Figure 5 shows the resonance spectra at three different tem-
peratures. The two shifts in resonance from the temperature
changes can be easily seen in this figure, with the larger
temperature difference corresponding to a larger resonance
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shift. Once the data are collected across the desired tempera-
ture regime it could be used to calibrate the sensitivity of
the PDMS WGM resonator.

Figure 6 shows a single calibration curve for a 639-um diam-
eter PDMS shell resonator, fabricated by allowing a PDMS
droplet (10:1 weight ratio base to curing agent) to cure onto
the nichrome wire (127 um in diameter). The curve shows a
linear relationship (R* = 0.9985) between temperature shifts
and wavelength shifts from temperature of approximately 95
to 140 K. The value of the sensitivity is 0.0214 nm/K. This
value is of interest because it demonstrates a clear difference
from the expected room temperature sensitivity. Frenkel
et al.>? showed that a PDMS-coated resonator of this size, at
room temperature should have a sensitivity between 0.1 and
0.15 nm/K. Therefore, it is clear that the optical and thermal
properties of the PDMS and nichrome have changed when
cooled to cryogenic temperatures. A number of different
WGM resonators were calibrated using this technique so that
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FIGURE 7 Calibration curves for four resonator of varying
diameter. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE 1 Sensitivity of Four Different PDMS Shell Sensors

Sensitivity Coefficient of
Shell Diameter (um) (nm K™ Determination
190 0.032 0.9974
542 0.025 0.9964
562 0.023 0.9937
639 0.021 0.9985

the effects of the coated PDMS shell diameter on tempera-
ture sensitivity could be examined.

Figure 7 shows the calibration curves of 4 different PDMS
resonators coated to the same nichrome wire, and Table 1
lists the sensitivities and correlation coefficients of each res-
onator. It should be noted that the temperature region of
Figure 7 was chosen because it had the best overlap
between all the four resonators. Calibration of the resonators
was done as low as 95 K for most resonators tested. The
temperature caused WGM wavelength shifts that occur
within the resonator can be explained as follows:

di 1dn 1 dD, 1
L (A =) =g (St
ar }0<ndT D, dT) )°<n“ ﬁeff) )

where /, is the incident laser wavelength (1516 nm), « is
the PDMS thermal optical coefficient, D, is the diameter of
the PDMS resonator, n is the index of refraction of the PDMS,
and T is temperature. i is the effective thermal expansion
coefficient based on both the PDMS coating and nichrome
core given below.>*

. (D)’ (14v,)/2E, B
bar=te=(50) (e s BB ©®

where the subscripts 1 and 2 represent the core (nichrome)
and coating (PDMS), respectively, E represents the Young's
modulus, and v represents the Poisson ratio. As expected
there is a relationship between the diameter of the coated
resonator and its sensitivity, but the results differ greatly
from what was seen at room temperature. At room tempera-
ture the negative thermal optical coefficient of PDMS caused
a negative sensitivity when the PMDS coatings were thin; as
the coating diameter increased the magnitude of the sensitiv-
ity increased eventually reaching a critical diameter where
the WGM resonance would be stable against temperature
changes.”® Once the PDMS coating diameter increased
beyond the critical diameter the WGM sensitivity became
positive and continued to increase until reaching an asymp-
totic value. In the cryogenic temperature regime, however,
we see a very different effect of PDMS coating thickness on
sensitivity. The sensitivity value is positive even at the thin-
nest coating thickness considered (190 um in diameter
equals to a PDMS layer of 31.5 um thick). Additionally, the
magnitude of sensitivity decreases as the coating thickness
increases, the opposite of what was seen at room tempera-
ture.?® Without exact data on the thermal and optical
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FIGURE 8 Real-time temperature monitoring by a calibrated
WGM resonator at three different electrical currents and fitting
lines. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

properties of both PDMS and nichrome at cryogenic temper-
ature it is difficult to find an exact analysis for the relation-
ship between coating thickness and resonator sensitivity, but
we can put forth certain expectations of how these proper-
ties will differ from their room temperature values. The posi-
tive sensitivity at all temperature values leads us to believe
that either PDMS takes on a positive thermal optical coeffi-
cient and/or that the overall sensitivity is dominated by the
thermal expansion term in eq 2. To understand the sensitiv-
ity decrease with coating thickness increase we can adapt
eq 2 into the following two limiting cases:

di 1
T - 0 (E‘)H'ﬁl)

di 1
ar - 20 (;d"‘ﬁz)

Equation 4a represents an extremely thin coating of PDMS
while eq 4b represents a very thick coating. Since we are
seeing the magnitude of WGM sensitivity decrease with an
increase in PDMS coating thickness, eqs 4a and 4b imply
that fichrome > Proms- It should be noted that at room tem-
perature Bppms > Prichromes— and that the magnitude of sensi-
tivity increased with increasing PDMS thickness.

(4a)

(4b)

Dynamic Temperature Monitoring and Analysis

After calibrating a resonator, we were able to perform
dynamic temperature monitoring by introducing an electrical
current into the nichrome wire. Two probes are connected
to the electrical wire between the steel screws and copper
cold finger on both sides of the working cell allowing a cur-
rent to travel along this component and introduce Joule heat-
ing into the system. The PDMS shell resonator can then be
used to directly monitor the temperature of the heating wire
in real time. Figure 8 shows the heating curves at three dif-
ferent currents (0.0375, 0.043, and 0.052 A). The electrical
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current is introduced into the system after a few seconds
after data acquisition begins, at which point we see the
expected heating curve for a wire undergoing internal Joule
heating. Again, without the thermal properties of PDMS and
nichrome in this temperature range, we cannot conduct a
full dynamic theoretical analysis of the heated system. On
the other hand, a steady-state theoretical analysis can be
performed by setting the internal energy generated within
the wire to the energy dissipated to ambient by convection.
A simple energy balance of the system yields the following
equation:

2
%;ge — 7D, hAT (5)
where I is the current, AT is the change in temperature, h is
the convective heat transfer coefficient due to natural convec-
tion in the ambient, and o, is the electrical resistivity of the
nichrome core, which is determined from the measurement
shown in Figure 4. For the cryogenic temperature range 95-
140 K, the averaged resistivity of the nichrome wire was found
to be 1.261 = 0.08 Qum. The convective heat transfer coeffi-
cient was determined via Churchill and Chu’s correlation for
natural convection over a horizontal cylinder3”:

2
hD, 0.387Raj/®

2 Jo.6+
8/27
k [1+ (0.559/Pr)”/ 16}

(6)

In which, Pr is the Prandtl number, Rap, is the Rayleigh number,
and k is the thermal conductivity of the fluid. This approxima-
tion is valid for 10 < Rap < 102 Both the Prandtl and Ray-
leigh numbers where calculated assuming a pure nitrogen gas
environment at approximately 100 K. At this temperature and
in this system Pr = 0.76 and the Rayleigh number is found to
be between approximately 0.15 and 0.28 depending on the
temperature shift. Table 2 compares the temperature rises in
steady state between theoretical analysis and experimental
measurement. The error for the theoretical prediction is based
on error propagation from the measurements of the core and
coating diameters, as well as, the measurements of electrical
resistivity and current. Our experimental and theoretical data
are in excellent agreement.

Lastly, it should be noted that the Q-factors of the PDMS
shell/bead resonators in this study were found to be high
10* to low 10° when at cryogenic temperatures. This implies
that our systems ultimate temperature resolution under our

TABLE 2 Comparison of Experimentally Determined and
Theoretically Predicted Temperature Rises at Steady State

Current Experimental Analytical Difference
(A) AT (K) AT (K) (K)

0.0375 4.11*0.12 3.84 +0.52 0.27

0.043 4.83+0.13 4.86 +0.64 0.03

0.052 6.79 =0.14 6.76 = 0.86 0.03
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current data acquisition system will be between 0.1 and
0.01 K following the analysis introduced by Ma et al.?® The
only way to improve this would be to increase the Q-factor
of the resonators either through new fabrication techniques
or by using a different resonator material.

CONCLUSIONS

The results of this study demonstrate for the first time that
PDMS-coated microresonators will support WGM resonance
at cryogenic temperatures, and that these polymeric compos-
ite sensors can be used to accurately monitor on-chip tem-
perature changes in cryogenic environment. We see from
this study that the thermal and optical properties of PDMS
and nichrome are affected by the dramatic change in temper-
ature that occurs when going from a room temperature envi-
ronment to a cryogenic one.

We built a simple cryogenic system capable of reaching a
stable temperature down to 95 K. At this temperature the
electrical resistivity of nichrome wire was experimentally
measured, and the PDMS-coated sensors were calibrated to
obtain their sensitivities. The polymeric sensors achieved Q-
factors on the order of 10°, resulting in a fine temperature
resolution 0.01 K at the cryogenic regime. The temperature
rising in the current-carrying wire was monitored by the
coated PDMS sensor, such that onsite dynamic information
was acquired. The comparison of measurement with theoret-
ical analysis showed an excellent agreement.
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