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Abstract

Measuring temperatures within a biological cell requires a sensor with small
thermal mass and microscale or smaller size that is electrically and chemically
inert to the cell’s environment, and is thermally isolated from the surround-
ings. We investigate how such requirements can be satisfied in a microscale
thermocouple probe that is fabricated using the techniques of silicon-based mi-
croelectromechanical systems. Previous reports of invasive probes lacked either
the required spatial resolution (< 5 pm) or response time (< 4 ms). Here, we
report 1 pum thick silicon nitride supported probes with a 5 pm tip that has a
response time of 32 us. These figures enable future transient thermometry of
cell organelles. To reduce calibration errors, we devise an on-chip calibration
in a vacuum cryostat. We find that the accuracy of our measurements is £54
mK for 300 + 10 K. This work paves the way toward future thermometry at a
subcellular level.
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1. Introduction

Temperature is a fundamental thermodynamic property affecting every bio-
chemical reaction in cellular environments. Living cells undergo temperature
mediated activities such as cell division [I], gene expression [2], protein stabi-
lization [3], and metabolism [4, [5]. Extracellular thermometry has been shown
to be important in detecting cancer [6] and thyroid related diseases [7], and for
understanding multiple metabolic pathways [8]. In comparison, thermometry at
the subcellular level is relatively less explored. The dominant heat generation re-
actions inside a cell include the mitochondrial respiratory chain (non-shivering),
and the reactions that consume ATP (shivering), both of which are the primary
modes of thermal regulations in warm-blooded animals [9]. Temperature gradi-
ents can be established within a cell by the reactions associated with multiple
organelles in a cell. The nucleus, mitochondria, and centrosomes have been
found to be at a temperature of 0.5-1 °C higher than cytoplasm [I0]. In ad-
dition to gradients, temperature transients also arise, for example, when a cell
is subjected to external stimuli such as light [I1], drugs [12], or during sudden
neurophysiological activities in neuron cells [I3]. To understand the physiology
of such reactions, there is a growing interest in the measurements of intracellular
temperatures, especially in adipose tissues, muscles, and neurons. Since the cell
wall and cytoplasm smoothen out the temperature fluctuations arising within
the cell, an intracellular probe is necessary for such measurements.

Intracellular thermometry can be invasive or non-invasive. Typically, non-
invasive techniques rely on fluorescence lifetimes or intensities that are temper-
ature dependent. Okabe et al [I0] used the fluorescence lifetime of a polymer
to map temperatures in a cell with an estimated calibration resolution of 0.18-
0.58 K. However, the accuracy of measurement was greatly reduced by the
presence of a significant temperature gap between the optical setup in the mi-
croscope and the sample. The resulting errors were estimated to be as high as
0.35-1.3 K [I0]. In a different study, a bio-compatible Green Fluorescent Protein

(GFP) has been used as an intracellular temperature probe by using its Fluo-
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rescence Polarization Anisotropy (FPA) [I4]. The FPA of GFP was calibrated
for thermometry using a temperature controlled bath with an accuracy of 0.4 K.
However, the readings within a cell show an error of 1.2 K over few seconds of
laser heating [I4]. Recently, fluorescence intensity of quantum dots has been
used to measure intracellular temperature variations in a neuron [I5]. It was
observed that each quantum dot particle of the same type exhibited different
sensitivities of the fluorescence intensity to temperature. Since it was not pos-
sible to follow a single quantum dot for both calibration and measurements, a
mean sensitivity obtained from calibration of multiple quantum dots was used
in the measurements. This serves to reduce the accuracy of the measurements.
The reported measurement uncertainty is around 1 K. Non-invasive thermome-
try techniques typically have accuracies 2 1 K. They also suffer from non-specific
signals recorded as temperature. Such signals arise from photobleaching [15],
variations in ion concentrations, pH, and microscale viscosity changes within
the cell milieu [16].

Invasive thermometry utilizes a chemically inert sensor that is typically
formed using a micropipette. One of the earliest attempts involved platinum
wires inside micropipettes that were coated on the outside with gold to form
a thermocouple junction at the tip [I7]. Watanabe et al [I8] made a similar
attempt but with both metals coating the outside of a micropipette. These ear-
lier studies did not report any sensible measurements in biological cells. Recent
attempts involved thermocouple junctions in microcapillaries [19] or tungsten-
based thermocouple probes [20, 2I]. However, both approaches suffer from
critical deficiencies. Metal-filled microcapillaries have been reported to have a
thermal time constant around 600 ms [I9], which is two orders of magnitude
larger than the typical time constants of action potentials in neuron cells [22].
Tungsten-based probes have a junction that is 7-10 pum [20] in length at the tip.
This is problematic for cells with typical size 10 pm. Another issue is that past
work utilized a water bath for calibration [19] 23, [21] where local convection
effects, temperature differences between the reference sensor and the probe, as

well as errors from the reference sensor introduce calibration errors. While these
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error are insignificant in typical applications, they gain significance when mea-
suring small (< 500 mK) temperature changes in intracellular thermometry. In
summary, current sensing techniques measure temperature changes in excess of
~ 1 K with no emphasis on smaller gradients or transient responses.

An invasive intracellular thermometer should be smaller than ~ 5 um to
avoid fatal cell damage [24]. A further restriction on size arises from the fact
that transient responses of interest occur on time scales <4 ms [22]. The latter
places a constraint on the thermal mass of the sensor. In this paper, we design
and fabricate a thermocouple junction, 1 um in diameter, on a suspended silicon
nitride cantilever of 5 pym tip diameter for measuring intracellular temperature
changes in vitro. The design yields thermal time constant as small as 32 us.
The junction diameter of 1 pum offers spatial resolution sufficient for intracellular
measurements. We avoid using a water bath for calibration, and instead devise
an on-chip calibration using a gold resistor on the chip. We show that the
calibration error can be reduced to be comparable to the noise floor. The
fabrication process allows for batch fabrication, making it possible to produce
multiple (16 in this work) probes from a 4-inch silicon wafer. The paper is
organized as follows. Section 2 presents the fabrication steps. Section 3 discusses
the technique used for on-chip calibration. Section 4 discusses testing of the

probe and provides estimates of the time constant of the probe.

2. Fabrication

Starting from a double-side polished (100) wafer that is p-doped to a resis-
tivity of 10-20 Q.cm, we deposited a stress-free, 1 um thick silicon nitride using
Plasma Enhanced Chemical Vapor Deposition (PECVD) on STS Mesc Multi-
plex PECVD operated at a mix of 13.56 MHz and 380 kHz. The silicon nitride
layer, as shown in Fig. [Th, forms the material for the cantilever that eventually
supports the metal lines forming a thermocouple. Among common cantilever
materials such as silicon carbide, doped silicon, and flexible polymers [25], we

chose silicon nitride for this work since it provides excellent thermal isolation
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Figure 1: Fabrication of the probe starts with a) deposition of SiN, using PECVD, followed
by b) deposition of thermocouple metal lines, and resistors for calibration. The thermocouple
is calibrated as discussed in section 3. This is followed by c) deposition of a thin SiN, layer to
protect the thermocouple, d) reactive ion etching of SiN, to get the required profile using a

patterned photoresist mask, and finally, €) aq. KOH etching of silicon to suspend the probe.

of the thermocouple junction from the base of the cantilever, and is also an
electrical insulator. Its compression strength of ~600 MPa [26] with an Young’s
modulus of ~152 GPa [27] enable the cantilever to easily overcome a cell wall’s
puncture stress of ~1 MPa [28].

Electron beam metal evaporation (Temescal FC-2000 deposition system) was
used to deposit 70 nm thick, 400 nm wide gold and palladium films on top of the
1 pm thick silicon nitride layer. The films were defined using a combination of
UV photolithography (Karl Suss MJB3) and electron beam lithography (Raith
eLine) to the dimensions of the thermocouple. We chose gold and palladium for
the thermocouple since they are resistant to KOH etching that is subsequently
used to release the cantilever.

Following the deposition of the metal films for the thermocouple, 300 nm
thick metal films were deposited to form heaters and thermometers for calibrat-
ing the thermocouple junction, as shown in Fig. [[p. The reference thermometer
and thermocouple junction were both 6 ym away from heater. We calibrated the
thermocouple prior to releasing the probe from the wafer. After calibration, we
deposited a 200 nm thick PECVD silicon nitride layer on top of Si/SiN,, /metal-

junction to protect the calibrated thermocouple junction. The second nitride
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layer, shown as a translucent layer in Fig. [Tk, protects the chrome adhesion layer
used for metal lines from aqueous KOH etching. A photoresist was patterned
to the desired shape of the probe. Using the photoresist as a mask, the nitride
was etched using Reactive Ion Etching (PlasmaLab systems Freon RIE) until
silicon was exposed. Multiple RIE steps were performed until a profile such as
the one shown in Fig.[Ild was obtained. The protective nitride layer only at the
contact pads was etched away carefully to expose contact pads for electrical con-
nections. The metal electrodes that were used for calibration were unaffected
by RIE. However, they were removed in the subsequent step.

The design of the metal electrodes, and the pattern of the probe profile en-
sure that the tip is oriented along [110]. The nitride tip that extends along [110]
has a convex edge, and is on top of the silicon substrate. These features collec-
tively enhance the etch rate of silicon under the tip when aq. KOH is used. Bulk
silicon etching was performed using 45% aq. KOH at 80 °C bath temperature.
The samples were held by clamps for about 40-50 minutes while etching. By the
end of the etch process, a tip of length ~451 um was suspended, as shown in
Fig. [[e. Figure [2 shows an SEM image of the fabricated probe. Silicon nitride
being a poor thermal conductor, isolates the tip from temperature fluctuations
in the silicon substrate, and therefore from the external surroundings. Dur-
ing intracellular thermometry, we expect only the suspended part to enter the
cell, which enhances thermal isolation. Electrical continuity of the probe after
suspension was verified by measuring the thermocouple’s resistance before and
after etching. Further tests to verify the probe’s measurements are discussed in

Section 4.

3. Calibration

In previous work, thermocouples for cellular thermometry were calibrated
in a water bath. However, as discussed in Section 1, this can lead to significant
error due to convection effects in calibration for a probe meant to measure

< 500 mK changes. Here, we avoid this issue through an in situ calibration
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Figure 2: Scanning electron microscopy images of the fabricated thermocouple on a cantilever.
The tip diameter is ~5 pum. The suspended region is ~451 pum long. The silicon substrate

seen underneath the nitride has (111) planes exposed everywhere.

Figure 3: Calibration of the thermocouple junction is done using two thin film gold resistors
that act as heater and temperature sensor. The measurements are done in a temperature

controlled cryostat under high vacuum conditions (< 1076 bar).

process that follows the deposition of metal lines as shown in Fig. [Ip, and
prior to etching the bulk silicon. The calibration is done in a vacuum cryostat
using a heater and a reference thermometer on-chip, as shown in Fig. The
heater line is 6 pm away from both the thermocouple junction and the reference

junction. The close proximity of the sensors and vacuum conditions ensure heat



145

150

155

160

165

170

conduction to be the dominant heat transfer mechanism. Therefore, an on-
chip calibration method minimizes local convection currents, and provides an
accurate calibration of both the reference thermometer and the thermocouple
junction.

The calibration is a two-step process where a reference electrical resistance
thermometer is itself first calibrated in a vacuum cryostat. The thermocouple is
then calibrated in the second step using the calibrated resistance sensor. In the
first step, the temperature coefficient of resistance (TCR) of the resistor line is
calibrated by measuring changes in electrical resistance at different bath temper-
atures of the cryostat. The bath temperature of the cryostat has an accuracy of
1 mK. The electrical resistance of the resistor is measured using a 4-point probe
method with two SR830 lock-in amplifiers. In the second step, a Keithley DC
current source provided current to a serpentine heater line equidistant from the
resistor and the thermocouple tip, as shown in Fig.[3] As a first approximation,
the temperature rise at the thermocouple tip and the resistor respectively can
be assumed to be the same. We later examine the validity of this assumption.
A Keithley nanovoltmeter measured the potential difference across the thermo-
couple junction. The change in resistance at the resistor increases quadratically
with the current at the heater, confirming that the resistance change is indeed
due to increased temperatures. Figure [d] shows the resistance change with DC
heating current.

The Seebeck coefficient of the thermocouple junction is obtained by fitting a
straight line between the potential difference measured at the junction and the
temperature rise measured at the resistor, as shown in Fig.[5] We obtained a
Seebeck coefficient of 1.18 'V /K for the Au/Pd junction. This is comparable to
previously reported estimates for few-nm thick metal lines [29]. Any differences
in the observed Seebeck coefficient and previously reported values could be
attributed to the thickness and quality of the metal films. The estimated error
in the slope is 7.34 nV /K. This calibration process was performed on each probe.
We found the Seebeck coefficient to vary within the range 0.8-1.3 'V /K over a

walfer.
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Figure 4: The resistance of the thin film resistor is plotted against the heating current. The
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Figure 5: The Seebeck voltage across the Au/Pd junction is recorded as its temperature is
increased by a heater. Temperature at the thermocouple junction is assumed to be the same
as the thin film resistor. The data points are shown in red squares. Seebeck coefficient of the

junction is the slope of a straight line fit to these points.

A subtle issue in the calibration arises from the fact that the temperatures
at the thermocouple junction and thin film resistor may not be identical due to
asymmetry. To investigate this issue, we performed finite element simulations
of the calibration process in COMSOL to understand whether the asymmetry

introduces a significant calibration error. The inset of Fig. [6]shows the geometry
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of the model. The serpentine heater line shown in Fig. [3| produces a temper-
ature distribution that is symmetric along a (110) plane parallel to the length
of the probe that bisects the heater and resistance sensor lines. For numerical
simulations, we utilize this symmetry to model a 2D cross-section of the sample
along the symmetry plane. While calibrating the sample in a vacuum cryostat,
the sample was fixed to an adhesive tape on a chip holder. The exposed sides
of the adhesive tape and the sample are the outer boundaries of this geometry.
The cryostat’s bath temperature (Tcryostat) yields the boundary condition at
the bottom of the system. Adiabatic boundary conditions apply elsewhere since
the system is in vacuum. The heater line is modeled as a constant heat source
whose magnitude is equal to that of the heating power used in the measure-
ments. The thermal properties of the materials are taken from the literature:
kau iim=225 W/mK [30], ksin,=0.8 W/mK [31], kg;=126.8 W/mK [31], and
kiape=1.4 W/mK [32]. The thermal contact resistance between the thin films
(SiNy/Si, Au/Cr/SiNy) are on the order of 10°® m?K/W [33, [34], and are in-
significant compared to the resistance of the adhesive tape (~ 10 m?K/W)
itself. The contact resistance on either side of the adhesive tape are also as-
sumed to be negligible [35].

We first compare the temperature rise at the thin film resistor estimated
from simulations against our measurements in Fig. [(] as a validation step. The
simulated rise closely follows the measured values with a maximum deviation
of 0.63 % at the highest heating current. This confirms that the thermal prop-
erties and boundary conditions used in the simulation adequately represent the
calibration setup. Using this validated model, we now estimate the temperature
differences between the thermocouple tip (Tr¢) and thin film resistor (Tyesistor)
during calibration.

Figure [7] shows the difference in temperature between the resistor and the
thermocouple junction at different heating currents. The bath temperature of
the cryostat is fixed at Teryostat = 300 K in these calculations. For a 10 K rise
in temperature at the junction, we find the error in calibration to be 54 mK.

The error decreased to 27 mK for a 5 K rise from Te¢ryostat- The simulations

10
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Figure 7: The temperature difference between the thermocouple tip and the thin film resistor

is calculated at different heating currents. 31 mA heating current is estimated to produce 10

K rise at the resistance sensor. The error due to assuming symmetricity is 54 mK when the

measured temperature rise from ambient (Tcryostat =300 K) is 10 K.

help to determine the maximum heating current to be used in calibration for

11

a desired accuracy. For operating at 300+10 K, the accuracy of calibration
is £54 mK. We note that this figure is ~2 orders of magnitude larger than
the apparent temperature resolution of 0.85 mK possible with the probe when

using a nanovoltmeter with 1 nV resolution. Further, we show experimentally
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in Section 4 that the noise floor is comparable to this calibration error. Hence,
the calibration approach describe here helps to reduce the overall measurement

uncertainty to approach the noise floor.

4. Thermal Response
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Figure 8: Transient temperature change measured in a hot water bath at a frequency of 1

Hz.

To observe the probe’s temperature response after fabrication, we subjected
it to a sudden temperature difference by dipping it in a water bath that was kept
at 30 K above room temperature. The water bath’s temperature was measured
independently using a commercial Type-K thermocouple from Omega. Figure
shows transient temperatures at the probe, measured using a nanovoltmeter
connected to the probe. From time ¢t < 0 to ¢ = 0.4 mins, the probe remained
stationary, fixed to a mount. The probe was removed from the mount at ¢t = 0.4
mins, and slowly moved towards the water bath. Sudden spikes in temperature
readings were observed when the probe was manually moved. This is likely due
to vibrations at the external solder joints while the probe was moved. As the
probe touched the hot water surface at ¢ = 0.7 mins, the measured temperature
rose almost instantaneously on the time scale of Fig. The probe measured

an average temperature of 30.46 K during the 40 seconds it was inside the hot

12
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water bath. At ¢ = 1.4 mins, the probe was removed from the water bath,
which briefly induced evaporative cooling that resulted in a sudden decrease in
temperature. We measured the noise floor in a quiescent water bath at room
temperature to be around 42 mK over a few minutes. The noise floor increased
in air to ~211 mK. The temperature oscillations are possibly due to natural
convection around the probe.

The data acquisition rate in the experiment shown in Fig. [§]is not sufficient
to characterize the thermal response time of the probe. Typical thermal time
constants of action potential pulses in neuron cells range from 4 - 100 ms [22].
To reliably measure stimuli at such time scales, we designed the thermal time
constant of the sensor to be at least an order of magnitude lower. Here, we
report numerical simulations in COMSOL to obtain the value. The geometry
of the simulation is shown in the inset of Fig. [0] In this case, the symmetry
plane defined in Section 3 is no longer a plane of symmetry since the width of
the suspended probe gradually increases along the plane. Therefore, we extend
the validated simulation model discussed in Section 3 to model a 3D geometry
that resembles our probe. The 70 pm long probe tip was initially given a
temperature of 313 K at t = 0 s. It is assumed to cool in water at 293 K for
t > 0, and the time it takes to reach ambient conditions (293 K) is calculated.
A natural convection boundary condition is applied to all the exposed surfaces
except for the 70 pm tip region. We use a convection coefficient of 50 W/m?K
corresponding to natural convection in water. The convection coefficient along
the microscale tip structure is typically much larger than at large scales. So,
for the outer surfaces of the tip, we use a heat conduction boundary condition,
pointed out by Hu et al [36] to be appropriate for microfabricated structures.
The specific heat capacity of the materials used in the model are taken from
the literature: Cypotal a1m=0.3 J/kgK [37], Cgin, =370 J/kgK [38], and Cg;=672
J/keK [39]. Other required material properties are the same as discussed in
Section 3.

We solved a transient three-dimensional heat conduction equation using the

finite element method. A snapshot of the temperature profile at t = 5 us is

13
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Figure 9: The simulated temperature contour of the probe at t = 5 us. An initial temperature
of 313 K is applied to the tip, while the ambient is at 293 K. (Inset) The geometry used for

the simulation.

shown in Fig. [0} We calculate the temperature at the thermocouple tip over
time as shown in Fig. [I0] The thermal time constant of the probe is the time
taken to change the temperature by a factor of 1/e. From Fig. the value
is 32 us, which is comparable to and better than the typical time constants of
microscale thermal probes [23| [19]. The material and the small length scales of
our thermocouple probe thus make it possible to have a thermal response time

that is a few orders of magnitude smaller than the stimuli in a typical neuron

cell [22].

5. Conclusion

In summary, we fabricated a thermocouple junction of 1 pm diameter in a
silicon nitride cantilever of tip diameter 5 pm to serve as an intracellular ther-
mometer. The low thermal conductivity, high stiffness and chemical inertness
of silicon nitride make it a good choice for such a probe. We calibrated the
thermocouple using an on-chip resistance sensor in a vacuum cryostat to obtain
a calibration accuracy of +54 mK. A detailed error analysis of the calibration
process shows that the accuracy can be further improved by limiting the heat-
ing current used for calibration. We demonstrated the use of the probe in an

aqueous environment and found the noise floor to be 42 mK and comparable

14
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Figure 10: The simulated tip temperatures plotted against time as the probe cools down in
water. The simulated points are shown in red squares. An exponential line fit to these points

is used to obtain the thermal time constant of the probe.

to the calibration error. The sensor has a low thermal mass with a calculated
thermal time constant of 32 us, much smaller than the critical time constant of
a neuron. Future experimental work will target in vitro thermometry in neurons
with faster data acquisition rate. This work advances the design and fabrication

of thermometers for intracellular measurements.
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