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Abstract— Diamond is an excellent material for a high-
temperature thermistor given its superior material properties.
Despite its long history of the development, diamond thermistor
is not widely used for commercial sensors because it is difficult
to maintain optimum conditions for the diamond thermistor to
operate at high temperature ranges in a compact size. In this
paper, we demonstrate methods to improve the practicality
and the feasibility of the diamond thermistor, focusing on the
supporting components. The diamond thermistor design, where
the diamond is sandwiched between contact pads, is tested up to
700 ◦C and being characterized by the Steinhart–Hart equations.
For temperatures higher than 700 ◦C, the design of the thermistor
is improved by encasing it in a metal sheath tube that protects
and seals the diamond thermistor. Our supporting components
provide oxygen free environment and a sturdy structure for the
sensor components in a compact size. The encased diamond
thermistor operates up to 880 ◦C and shows stable performance
in a cycling test between 880 ◦C and the room temperature.
An additional long-term stability test is performed at various
temperatures for 10-hour durations. The tests show that the metal
sheath tube design enables the diamond thermistor to be used
as a practical temperature sensor at high-temperature ranges.

Index Terms— CVD diamond, diamond thermistor, high
temperature, laser welding, sheath tube.
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I. INTRODUCTION

ATHERMISTOR is a device that measures the temper-
ature by measuring its resistance. The resistance of a

thermistor exhibits exponential decrement as temperature rises,
due to the thermal excitations of carriers at a bandgap of the
thermistor material [1], [2]. Diamond has been studied for
its use as a thermistor since 1960 [3] because of its superior
material properties such as extreme hardness [4]–[6], high
thermal conductivity [7], [8], and a wide bandgap [9], [10].
The utmost hardness of the diamond prevents abrasion during
the thermistor fabrication process, and the response time of
the resistance from the surrounding temperature change is
fast due to the high thermal conductivity [11]. The wide
bandgap of diamond, 5.5 eV, produces less intrinsic carriers
compared to other semiconductor materials as temperature
increases, making the diamond thermistor to operate above
several hundreds of degrees.

The diamond thermistor device is consisted of sensor
components and supporting components. The sensor com-
ponents are the diamond and ohmic contact pads where
the temperature is detected. Early research on the diamond
used natural diamonds with various types, each having a
different concentration of the impurities [12]–[14]. In 1980s
the synthetic diamonds were developed and widely used
for industrial applications and research purposes due to the
low manufacturing costs. Two methods were mainly used to
synthesize diamond from the diamond seed. The first method
was applying high temperature and high pressure (HPHT) to
the diamond seed and the metal solvent that contains high
purity carbon atoms. [15]–[18] The carbon atoms at the metal
solvent start to grow at the diamond seed using the temperature
gradient method under HPHT condition. The second method
was using chemical vapor deposition (CVD) process that
energize the hydrocarbon gas to grow the diamond in a film
form on a substrate [19], [20]. The advantages of the CVD
diamond are the control of the boron concentrations by varying
the ratio of the gas mixture during the growth and selective
growth on the substrate by using a sacrificial layer deposited
with silicon oxides or silicon nitrides [21]–[24]. Combining
these advantages led the expansion of thermistor development
using CVD diamond films [25], [26]. The electrodes which
are ohmic contact pads play a role in delivering electric
signals from the diamond to the external measurement tool
without energy barriers. Some metals are reported to be an

1558-1748 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0003-3702-9424


6588 IEEE SENSORS JOURNAL, VOL. 19, NO. 16, AUGUST 15, 2019

Fig. 1. Diamond thermistor with alumina rod. (a) Schematic of the basic
diamond thermistor. (b) Image of HPHT diamond thermistor. (c) Schematic
of the diamond thermistor and TC in the alumina rod.

ohmic contact with the diamond when annealed after the
deposition by forming a carbide layer at the interface of the
diamond [27]–[29].

The supporting components provide wire connections,
mechanical support, and protection of the whole device from
the extreme environment. The design and the materials for the
supporting components need to be selected carefully because
the sensor’s stability, usability, and life-time are highly threat-
ened as the measuring temperature increases. For example,
when the supporting components do not provide oxygen free
environment the diamond is attacked by the oxygen around
700 ◦C [30], [31] and ohmic contact layers lose their con-
duction as they are being oxidized [32], [33]. The mechanical
stress is another problem because all the components have
different thermal expansions that fail the electric connection
to the diamond when the sensor is heated repeatedly. The
importance of the supporting components is clear by reviewing
the past works. The first diamond thermistor introduced by
Rodgers and Raal [3] used Pt wires for the electrical con-
nection to the natural diamond rod by directly welding with
Ti-Ag-Cu alloy. The device was measured up to 350 ◦C show-
ing the potential of diamond thermistor without the vacuum
condition. Ran et al. [34] connected lead to the electrode of the
diamond film thermistor. The device is measured up to 420 ◦C
as the Si substrate begin to influence the resistance behavior.
Yang et al. [35] clamped Tungsten probe with stainless steel

on the electrode on the CVD diamond. The measurement
was performed up to 950 K in an 18-inch stainless steel
chamber to provide vacuum environment which is a quite
large testing set-up. These past works did not show any
results of repeatability of the sensor because the temperature
is high enough to change the properties of the supporting
components especially with the works without any vacuum
condition. By compiling all the failing factors, the supporting
components must maintain oxygen free environment in a
compact size without disturbing the resistance of the diamond
for the practical applications.

In this paper, we present a new design of the diamond
thermistor and improved supporting components to enhance
the practicality of the sensor. Our supporting components
provide oxygen free environment and a sturdy structure to
the sensor components in a compact size. The fabricated
diamond thermistor is tested for repeatability and stability at
high temperature ranges. Two types of commercially available
synthesized diamonds (Element Six) were used for this work:
a type-1b HPHT diamond and a boron-doped single crystal
CVD diamond. The basic structure of our diamond thermistor
without any reinforcing method was first verified with the
operation of HPHT diamond thermistor at temperatures up
to 700 ◦C. Then, issues regarding the wire connection to
the diamond at high temperatures were raised, of which was
improved by an introduction of a enhanced thermistor design
with a metal sheath tube. Both the HPHT and CVD diamonds
were fabricated in the improved design, and the operations
of the thermistors were tested up to 850 ◦C and 880 ◦C,
respectively. Additionally, the repeatability and stability of the
CVD diamond thermistor with metal sheath tube were tested
to prove the practicality of the new design.

II. DEVICE DESIGNS AND RESULTS

A. Diamond Thermistor With an Alumina Rod

The basic design of the diamond thermistor is shown
in Fig. 1a. The diamond is sandwiched between two contact
pads to measure the resistance through the diamond body.
Metal wires were attached to the contact pad with silver paste
to measure the resistance. The size of the HPHT and CVD
diamonds are 3 mm by 3 mm with a thickness of 0.3 mm,
and the orientation of the faces are {100}. In HPHT diamond,
the doping concentration of boron is less than 0.1 ppm and
200 ppm for nitrogen. In the case of CVD diamond, the
concentration of boron is less than 0.05 ppm and 1 ppm for
the nitrogen.

On a side of HPHT diamond, the contact metal pad was
patterned with photolithography and deposited with Mo and Pt
(50 nm/ 150 nm) using an electron beam evaporator. A 2 mm
by 2 mm contact pad remained at the center of the diamond
after the lift-off process. Another contact pad was deposited
using the same method at the opposite side of the diamond.
To make the Ohmic contact between Mo and diamond, the
diamond was placed in a vacuumed quartz tube and annealed
in a furnace at 900 ◦C for 30 minutes. The Pt layer successfully
prevented oxidation of Mo from the residual oxygen in the
quartz tube during the annealing process, and the Mo/Pt pad
showed the best stability at high temperature environment.
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Fig. 2. The resistance measurement results of the HPHT diamond thermistor
with the alumina tube design.

The surface of the diamond is not passivated because the
thermistor is operating in the oxygen free environment.

The Ni wires were attached to the contact pads with two
types of silver paste (597-A and 597-C, Aremco). The 597-C
was first applied and cured between the contact pad and
Ni wire since it showed better electrical conduction in a
high temperature environment. The 597-A was applied and
cured on top of 597-C to reinforce the adhesion strength.
Fig. 1b shows a top view of the HPHT diamond thermistor
after Ni wires were attached to the contact pads with two
types of silver paste. Then, an alumina rod with four internal
holes was employed to separate the Ni wires by threading
the wires individually through the holes. For a reference
temperature data, a thermocouple (TC, K-type, Omega) was
inserted through a neighboring hole, and the measurement
point of the TC was matched to the diamond thermistor region.
Fig. 1c is a schematic image showing the diamond thermistor
and the TC mounted in the alumina rod.

The wires were connected to the probes of the source-meter
(Keithley 2602B) for the 2-wire measurement mode. The
applied voltage was 1 V and the currents were measured to
convert to resistance data. The resistance was measured after
the furnace temperature was stabilized to a set temperature
confirmed by reference temperature of the TC. Fig. 2 shows
the resistance of the HPHT diamond thermistor with alumina
tube design relative to the reference temperature of TC. The
resistance data of the diamond as the temperature of the
vacuum furnace increases from 150 ◦C up to 700 ◦C is
plotted in blue dots. The test was repeated to measure the
resistances of the alumina rod by removing the diamond
thermistor and leaving only two Ni wires. The resistance data
of the alumina rod is plotted in red circles in Fig. 2 to verify
that there was no leakage of current through the alumina
rod. The alumina rod effectively insulated the Ni wires since
the resistance of the alumina rod was three orders higher
than the resistance of the HPHT diamond throughout the test
and the difference of the resistance became larger when the
temperature exceeded 600 ◦C. Measuring the exact resistance

Fig. 3. The separation problem of silver paste detachment from the contact
pad of the diamond after the resistance measurement test at 700 ◦C.

over 5 G� was difficult because of the influence of the noise
due to the low current level. This resulted in fluctuations of the
resistance data around 10 G�. Thus, the exact resistance data
was measured at 230 ◦C for the HPHT diamond and 400 ◦C
for the alumina rod.

The resistance of the diamond can be converted into tem-
perature data by the Steinhart-Hart equation which is a model
for the resistance of semiconductors with reference to the
temperatures [36]. The equation is:

1

T
= A + Bln (R) + C[ln (R)]3. (1)

where T is temperature, R is the resistance of the semicon-
ductor, and A, B, and C are Steinhart-Hart coefficients which
can be calculated with 3 points of resistance data. Using the
resistance data at 230 ◦C, 300 ◦C, and 400 ◦C, the calculated
Steinhart-Hart coefficients for A, B, and C were 5.1457 ×
10−4, 7.3389 × 10−5, and -1.2831 × 10−8, respectively.
With the extracted coefficients, a new resistance curve with
respect to the temperature was calculated and drawn in the
red line in Fig. 2. The measured diamond resistance data
matched the calculated curve except at 185 ◦C because the
exact resistance measurement was difficult due to the noise.
Thus, any measured resistance data that is lower than 5 G� can
be converted to temperature by matching it to the calculated
resistance curve.

A problem with the alumina tube design was the detachment
of silver paste from the contact pad on the diamond at a high
temperature above 700 ◦C due to the thermal expansion differ-
ences between the diamond and the silver paste. Fig. 3 depicts
this separation problem after the 700 ◦C measurement test.
We noticed that the shape of the silver paste remained the
same when it was first applied to the contact pads. Since
the failure was not caused by the deformation of the silver
paste, the improved design with the sheath tube was utilized
to provide an additional clamping force to keep the wire
connected to the diamond.

B. Diamond Thermistor With Metal Sheath Tube

A metal sheath tube was used to add a compression force to
the diamond thermistor to maintain the electrical connection
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Fig. 4. Fabrication process of the diamond thermistor with sheath tube
design. (a) Schematic of sheath tube design. (b) Diamond inserted in the
CAR. (c) Inserting CAR into Sheath tube. (d) Complete diamond thermistor
with the sheath tube.

in a high temperature environment. Fig. 4a is the schematic of
the improved design with the metal sheath tube. The diamond
thermistor components were encapsulated in a metal tube
which provided a sturdy structural support and isolated the
inside of the tube from the atmosphere. The material filling the
inside of the metal tube was a crushable alumina rod (CAR)
which is similar to chalk in terms of consistency and strength.
It held the diamond thermistor and separated the wires for
the resistance measurement. The front part of the metal tube
where the diamond is located was compressed by a swaging
process [37]. During the swaging process, the CAR frag-
mented into powder and tightened on the diamond thermistor
to clamp the silver paste and the contact pads in place.

Fabrication of the diamond thermistor using the metal
sheath tube design starts with inserting the diamond thermis-
tor in the CAR. The CAR is 5 cm long with a diameter
of 4.06 mm. It has holes for the wires to insert, and one
end of the rod was drilled to fit the diamond. Fig. 4b shows
the process by which the diamond thermistor was inserted
in the CAR. The CAR was then inserted into the metal
tube (Stainless Steel, 12 cm long) as in fig. 4c, followed
by clamping both ends of the metal tube to prevent CAR
from being pushed out during the swaging process. The outer
diameter of the metal tube was reduced to 3.81 mm using the
swaging machine (Torrington), which compressed the diamond
thermistor as described above. After cutting the clamped
region of the metal tube, the end without the wires was sealed
with a stainless-steel plug by a laser welder (Laserstar). At the
other end, the wires were threaded into CAR and inserted into
the un-swaged metal tube as shown in Fig. 4c. The swaged
and un-swaged metal tubes were welded together with a laser
welder at the area shown in Fig. 4d. To remove oxygen inside
the tube, a purging process was repeated several times by
injecting high purity He gas into the metal tube with 1000 PSI
and vacuuming to 0.1 mTorr. After the purging process,
the assembly was soaked in a drying furnace for 12 hours
and then sealed with epoxy to create the wire penetration.

Fig. 5. The operation results of CVD and HPHT diamond thermistors
fabricated with the metal sheath tube design.

Two types of diamond thermistors were fabricated with the
metal sheath tube design using CVD and HPHT diamonds.
The operation of the diamond thermistor was tested with a
box furnace (Lindberg, 51442) without vacuum since the metal
sheath tube provided an oxygen-free environment. A TC was
placed at the side of the metal sheath tube for the reference
temperature, and the measurement point was matched to
the location of the diamond thermistor. The thermistor was
inserted into the box furnace by putting the sheath tube
halfway through the window of the furnace chamber, and
the two wires from the diamond thermistor were connected
to the source-meter at the outside of the furnace chamber.
A 2-wire measurement method was used for the resistance
measurement, and 1 V was applied between the wires to obtain
current readings. The source-meter and TC were controlled
by LABVIEW measuring 6 resistance data per second and
temperature data every 0.8 seconds, respectively.

To measure the resistance with respect to the temperature,
the furnace was first heated up to a maximum temperature of
interest, followed by insertion of instruments in the furnace
chamber. After starting the measurement, the furnace was
turned off to slowly decrease the temperature. Fig. 5 is the
resistance data of CVD and HPHT diamond thermistor with
respect to the temperature of the reference TC. The measured
temperature ranges were 115 - 880 ◦C for the CVD diamond
and 145 - 850 ◦C for the HPHT diamond. The green dots are
the resistance data of CVD diamond thermistor and the blue
dots are resistance data of HPHT diamond thermistor. Both
diamond thermistors showed exponential resistance decrement
to the temperature increment, and the resistance of HPHT
diamond decreased faster than CVD diamond. This is because
the doping concentrations of the dopants are higher in HPHT
diamond than CVD diamond. The dopants make additional
energy levels at the bandgap of the diamond which produces
additional carriers that reduce resistance [38]. The resistance
of CVD and HPHT diamonds exceeded 5 G� and started to
fluctuate severely when the temperature was below 330 ◦C and
210 ◦C, respectively. The red lines on top of both resistance
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data are derived from the Steinhart-Hart equation. We divided
the temperature range into several sections and used 3 data
points within that temperature range to extract the closest
fitting curve. For example, the first temperature range for
CVD diamond thermistor is 320-360 ◦C using 3 data points at
350 ◦C, 355 ◦C, and 360 ◦C, and the last temperature range is
510-900 ◦C using 3 data points at 536 ◦C, 610 ◦C, and 800 ◦C.
Similar method was applied to HPHT diamond thermistor
starting from 210 ◦C to 900 ◦C. Suitable temperature range
can be selected depending on the temperature of interest to
convert the resistance data into temperature data, or a new
Steinhart-Hart curve can be derived using 3 data points near at
the desired temperature. The CVD diamond thermistor shows
potential to operate higher than the maximum temperature
measured in this test because its resistance value is around
380 k� at 880 ◦C. This is 2000 times higher than that of
the HPHT diamond thermistor, that is 190 � at 850 ◦C. The
resistance is expected to decrease exponentially more than that
of HPHT diamond thermistor as the temperature increases
above 880 ◦C. The resistances of CAR at the diamond
region were also measured and plotted in a pink dashed line
in Fig. 5 to check the leakage current through the crushable
alumina. A separate sheath tube device was fabricated with
the same materials and method, but without the diamond
thermistor, to measure the resistance of CAR. The resistance
was higher than the resistance of CVD and HPHT diamonds,
suggesting that the currents were flown through the diamond
instead of through the surrounding insulation material. The
maximum temperature limit of the sheath tube design was
around 921 ◦C due to the silver paste. The resistance of the
silver paste was suddenly increased to the M� range after
921 ◦C. Further increment of the temperature contaminated
the surface of diamond permanently with silver paste residues
causing an electrical short.

The sensitivity of CVD diamond thermistor is lower than the
HPHT diamond thermistor because of the smaller decrement
of the resistance. Comparing the temperature coefficient of
both thermistors support this that can be expressed in:

α = d R

dT

/
R. (2)

where α is the temperature coefficient, T is temperature, and
R is resistance. The temperature coefficients of HPHT and
CVD diamond thermistors are shown in fig. 6. The blue line
is the HPHT diamond thermistor, and the green line is the
CVD diamond thermistor. The HPHT diamond thermistor had
higher temperature coefficients as described earlier. Both ther-
mistors show the temperature coefficient higher than 0.01 K −1

throughout the temperature ranges that are higher than other
types of temperature sensors such as resistance temperature
detectors [39].

The stability of the sheath tube design under abrupt tem-
perature change was tested with CVD diamond thermistor
by repeatedly taking the thermistor tube in and out of the
heated furnace. The thermistor was heated up to 880 ◦C when
the sheath tube was inside the furnace and cooled at room
temperature when it was pulled out. Fig. 7 shows a diamond
thermistor tube taken out from the window of the furnace after

Fig. 6. Temperature coefficients of HPHT and CVD diamond thermistors.

Fig. 7. Image of diamond thermistor tube taken out from the furnace for
the 880 ◦C heating cycle test.

it was heated up to 880 ◦C. There was no deformation or
damage to the metal tube from the outside except for the red
heat. The results of 880 ◦C cycling test with CVD diamond
thermistor is plotted in Fig. 8. The blue dots are the resistance
data of the thermistor and the orange dots are the temperature
data from the reference TC. Starting from the outside of the
furnace, the thermistor tube was put into the furnace for
8 minutes and pulled out for 3 minutes to cool. The test
was repeated for 2 cycles in a similar way. The resistance
of CVD diamond decreased to 380 k� when the thermistor
was stabilized inside the furnace and increased back to high
resistance oscillating between 10 G� and 11 G� when pulled
out. Despite the large temperature variance, the swaged sheath
tube successfully prevented the silver paste from separating
from the diamond contact pads due to the thermal expansion
differences, and the electrical connection to the diamond was
maintained during the cycling test.

The long-term stability test was studied under various tem-
peratures with the CVD diamond thermistor in metal sheath
design. The resistance was measured every 0.8 seconds for
10 hours at each test temperatures: 500 ◦C, 600 ◦C, 700 ◦C,
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Fig. 8. The stability test results of electrical connection to the diamond under
880 ◦C heating cycle test with CVD diamond thermistor with a metal sheath
tube design.

Fig. 9. Resistance results of long-term stability test at different temperatures.

and 800 ◦C. A TC was inserted with the CVD diamond
thermistor to monitor the temperature inside the furnace where
the thermistor is located. The temperature of the furnace was
stable at the set temperature fluctuating less than 0.1 ◦C during
the experiment according to the TC. The test results under
4 temperatures are plotted in Fig. 9. The resistance of the
thermistor changed to the levels shown in Fig. 5 when the test
temperature is changed and minor fluctuations were observed
for each of the cases during the measurement.

The average and standard deviation analysis results are
shown in Table 1. Average resistance and the standard devia-
tion of resistance are calculated using all of the resistance data
for each of the test temperature. The coefficient of variation is
calculated by dividing the standard deviation of resistance by
average resistance and converted into percentages to compare
the results and shown. Finally, the standard deviation of
temperature is the standard deviation of converted temperature
data using the Steinhart-Hart equation. The average resis-
tance and the standard deviation of the resistance became

TABLE I

RESULTS OF THE LONG-TERM STABILITY TEST

lower as the test temperature increases due to the nature
of the thermistor. The percentage of coefficient of variation
became smaller as the test temperature increased meaning the
fluctuation of the resistance is decreasing. This is because
of less influence of noises since the measured currents are
increasing due to the decrement of the diamond’s resistance as
the test temperature increases. Similarly, the standard deviation
of temperature became smaller at a higher temperature. The
overall long-term stability of the diamond thermistor with
metal sheath tube design suggests stable operations without
abrupt errors. The sheath tube protected the diamond from
oxygen and maintained a stable electrical connection between
the silver paste and the contact pad of the diamond.

III. CONCLUSIONS

The diamond thermistor was fabricated with HPHT and
CVD diamonds for high temperature sensing applications.
The HPHT diamond thermistor was tested with the alumina
tube design with connection wires fixed to the thermistor
contact pads by silver paste. The resistance was measured up
to 700 ◦C and the resistance results of the HPHT diamond
were well-fitted to the curve of the Steinhart-Hart equation.
However, continual measurement at higher temperatures failed
due to the separation of connection wires from the contact pad
caused by the thermal expansion differences of the diamond
and silver paste. To overcome the issue, a metal sheath tube
design was introduced to reinforce the adhesion by swaging
the metal tube, which adds a compressive force to maintain
contact with the diamond thermistor. The operation of HPHT
and CVD diamond thermistors with the metal sheath tube
design was tested up to 850 ◦C and 880 ◦C, respectively,
showing typical resistance results of the diamond thermistor
with respect to temperature. The HPHT diamond thermistor
showed higher temperature sensitivity because the change of
the resistance was larger than the CVD diamond. The CVD
diamond thermistor showed the potential to operate at a higher
temperature because the resistance level at 880 ◦C was still
large enough to decrease exponentially.

Experiments were also conducted to test thermistor stability
under abrupt temperature changes and under various temper-
atures for 10 hours with the metal sheath tube design using
the CVD diamond thermistor. The resistance of the thermistor
showed consistent results during the cycling heating test at
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880 ◦C showing the swaged sheath tube successfully held the
wire connection to the diamond contact pads. During the long-
term stability test, the deviations in resistance became smaller
as the test temperature increased. The diamond thermistor with
the metal sheath tube design showed stable operation without
large resistance variations or sudden drifts. We expect that
the operating temperature range of the diamond thermistor
can be extended to higher ranges with the metal sheath tube
design if the wire connecting method is replaced by other
approaches that resist a higher temperature environment such
as bonding Mo wires directly to the diamond surface with
diffusion bonding process.
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