\

&@ chemosensors

Article

A High-Precision Three-Dimensional Probe Array
Temperature Sensor

Bian Tian!

, Yifan Xing !, Xuefeng Zhang 2, Zhaojun Liu 1*{J, Zhongkai Zhang 1, Jiangjiang Liu "*,

Bingfei Zhang !, Qijing Lin ! and Zhuangde Jiang !

check for
updates

Citation: Tian, B.; Xing, Y.; Zhang, X,;
Liu, Z.; Zhang, Z.; Liu, ].; Zhang, B.;
Lin, Q.; Jiang, Z. A High-Precision
Three-Dimensional Probe Array
Temperature Sensor. Chemosensors
2022, 10, 309. https://doi.org/
10.3390/ chemosensors10080309

Academic Editor: Pilar

Lépez-Cornejo

Received: 1 July 2022
Accepted: 1 August 2022
Published: 5 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory for Mechanical Manufacturing Systems Engineering, Xi’an Jiaotong University,
Xi’an 710049, China

Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China

*  Correspondence: 1zj2018@stu.xjtu.edu.cn (Z.L.); super_l@stu.xjtu.edu.cn (J.L.)

Abstract: To meet the need for micro-volume devices for high-precision measurement of temperature,
Cu-Constantan (CuNi45) thin films with a novel array structure of thermo-electrodes were designed
and fabricated. The thermo-electrodes on the probe-type substrate were deposited by magnetron
sputtering technology and the profiling mask was prepared by 3D printing technology. The com-
prehensive performance of the temperature sensor was improved by systematic optimization of
the heat treatment process and accuracy correction algorithm. Results showed that the sensor can
measure with an accuracy of up to +0.19%FS from —60 °C to 200 °C. The three-dimensional probe
array temperature sensor shows great advantages in sensitivity, reliability resolution, stability, and
measurement accuracy.

Keywords: high-precision; flexible sensor; temperature

1. Introduction

As one of the seven basic units of the International System of Units, temperature has
a crucial role in measuring physical quantities. It is necessary to measure and control
temperature in our production life. In the industrial field, accurate control of smelting
temperature in the steel smelting process can significantly improve product quality [1,2].
In the medical field, for pathological observation requires accurate measurement of human
body temperature in real-time. In the use of some therapeutic methods such as magnetic res-
onance imaging, and thermal hysteresis therapy, the physical parameters of the equipment
used need to be adjusted by temperature indicators. A suitable temperature environment is
also required for raw material production, pharmaceutical water production, formulation
production, powder/solid drug synthesis, drug sterilization, and drug preservation. The
observation of temperature deviations, fluctuations, etc., can also be used to monitor the
status of drugs, and blood [3-11]. In the electromechanical field, for auxiliary facilities such
as power generation mainframe equipment, engine propellers, and hydraulic oil, accurate
temperature measurements are required to monitor the operation of the system and thus
ensure the proper operation of the project [12-15].

Nowadays, with the development of technology intelligence, integration, and minia-
turization, thin-film thermocouples based on Micro-Nano manufacturing technology are
gradually taking the dominant position with the advantages of small size, lightweight,
low power consumption, high reliability, high sensitivity, easy integration, and resistance
to the harsh working environment [16-19]. In 2011, Varrenti demonstrated a 50 nm thick
chromium-nickel thin-film thermocouple on a semiconductor substrate with a thin-film
thermocouple with a Seebeck coefficient calibrated to 10.37 uV/°C. The measurable tem-
perature range is 20 °C to 160 °C. The thermal accuracy of the integrated system can be
less than 1 °C and shows good repeatability of the Seebeck coefficient. However, the
repeatability of the sensor was not tested [20]. In 2017, for the problem of high-temperature
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transient measurement on the instrument surface in the fields of hypersonic vehicles and
round-trip vehicles between heaven and earth, Li prepared a thin-film thermocouple with
a much smaller specific heat capacity than ordinary thermocouples and an effective fit to
the product surface based on K-type thermocouples. The sensor can measure transient
high temperatures up to 800 °C with a maximum measurement error of less than 4 °C
and a response time of less than 50 ms for thin-film thermocouples [21]. In 2022, Luo
prepared a zinc-rich Al-doped ZnO/indium tin oxide thin film thermocouple. The Seebeck
coefficient of the thermocouple was kept constant at 168 uV/°C between 50 °C to 500 °C.
The calculated errors of the sensor were less than 1% over this temperature range and were
calibrated three times, showing good repeatability [22]. In 2022, Cui used the magnetron
sputtering technique for temperature measurement of rolling elements of bearings during
vehicle operation, and deposited alumina thin films, NiCr thin films, NiSi thin films, and
silica thin films on an aluminum alloy substrate successively. The fabricated thin film
thermocouple has good linearity in the temperature range of 30~180 °C. The nonlinear
fitting error of the sensor is less than 0.29% and the repeatability error is less than 4.55% [23].

In this work, a high-precision three-dimensional probe array temperature sensor
is designed with rapid response, high accuracy, small size, and easy integration. The
temperature measurement range of the sensor is —60~200 °C, the temperature drift rate
is 0.0626 °C/min, the repeatability error is 0.12%, the maximum hysteresis is 1.01%, and
the accuracy can be improved to £0.19%FS by the accuracy correction algorithm. The
prepared high-precision probe type sensor has great application prospects in hydraulic
systems, medical testing, and other fields.

2. Simulation and Fabrication

On the one hand, Metal and alloy were excellent thermoelectric materials due to their
high thermal conductivity and mature processing technology. On the other hand, for the
miniaturization of a three-dimensional probe array temperature sensor, thermoelectric
materials with compensating wires can be a better choice. The copper and constantan are
selected as the thermo-electrodes materials of the sensor because of the good linearity and
stability of electromotive force (EMF) in low-temperature environment. The equivalent
plane structure of electrodes is shown in Figure la. Especially, a constantan negative
electrode and three copper positive electrodes consisted of an array structure with three
independent hot junctions (J1-J3). In order to analyze the feasibility and thermo-electric
property of the designed structure, the finite element analysis software is used for the
simulation. The key physical parameters are listed in Table 1 for the simulation of a
three-dimensional probe array temperature sensor.

The temperature of ]1 is set from —60 °C to 100 °C while a temperature gradient of
50 °C existing between J1~J3 and the temperature of cold junctions kept 20 °C as shown
in Figure 1b. Figure 1c shows the result of static thermo-electric simulation, which shows
a potential distribution with a gradient similar to the temperature distribution. There
is a constant EMF difference between J1~J3, which means every junction could sense an
independent temperature difference. In Figure 1d—{, the same temperature is applied to the
three temperature junctions. The simulation results show that the three sensors have a good
consistency. In the uniform temperature field of the region, three temperature junctions can
greatly increase the testing accuracy and reliability of the sensor.

Figure 2 shows the section diagram and the schematic of the three-dimensional probe
array temperature sensor. Polyetheretherketone (PEEK) has high-temperature resistance,
superior mechanical properties, and excellent chemical resistance, which was selected as the
substrate of the probe array temperature sensor. In particular, its electrical insulation makes
a transition layer between the base material and the thermal electrode layer unnecessary. As
shown in Figure 2a, the geometry of the substrate is designed as a cylinder with a diameter
of 4 mm and a length of 15 mm. At the same time, there are four radial rectangular grooves
where the electrode film is deposited on arrayed circumferentially on the surface of the
cylinder. Moreover, the end of the cylinder had a taper which is beneficial for axial fixation
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of the substrate in the assembly structure shown in Figure 2b. In Figure 2b, conductive
silver paste was used to connect compensation wires (copper wires and constantan wire)
and thermocouple legs. With the help of the retaining ring, the main body of the probe array
temperature sensor was packaged in a hexagon-headed bolt. The standardized threaded
connection of this simple package structure made the installation of the sensor more flexible.
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Figure 1. Thermoelectric simulation of the sensor. (a—c) The sensor J1 is 200 °C. (a) The distribution
of temperature. (b) Thermoelectric field distribution of the sensor. (¢) Thermal response curves
of the three junctions of the sensor. (d—f) The sensors J1~J3 are all 200 °C. (d) The distribution of
temperature. (e) Thermoelectric field distribution of the sensor. (f) Thermal response curves of the
three junctions of the sensor.
Table 1. The key physical parameters of sensor.
. Thermal Conductivity Seebeck Coefficient Conductivity Heat Capacity
Electrode Material (W/M-K) (WV/K) (S/m) (J/kg-K)
Positive Copper 400 14 6 x 107 385
Negative Constantan 30 —40 2.1 x 106 380
@ , (b)

Copper electrodes

15mm

Stainless steel base Conductive silver paddle

Figure 2. (a) Section diagram and (b) 3D schematic diagram of the sensor structure.
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The process flow of the probe array temperature sensor is shown in Figure 3. Briefly,
by using a photoresist and a special shadow mask of hot junctions, the copper electrode was
deposited onto the PEEK substrate which had been cleaned with acetone and anhydrous
ethanol with ultrasonic cleaning for 20 min. The constantan electrode was fabricated in
the same way. After that, epoxy resin was coated on rectangular grooves as the protective
layer. Moreover, owing to the low thermal conductivity of epoxy resin (0.5 W-m~1.K1),
SiC (83.6 W-m~1-K~1) was chosen to deposit onto the hot junctions of the sensor. Table 2
shows the process parameters of the three-dimensional probe array temperature sensor.
The prepared sample is shown in Figure 3.
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SiC layer 3D mask 3

——

]

Figure 3. The fabrication process of the sensor and the sample.

Table 2. The sputtering parameters of three-dimensional probe array temperature sensor.

Sputtering Parameters Copper Constantan SiC
Power (W) 100 200 300
Ar-flow (sccm) 20 20 25
Vacuum degree (Pa) 1x10°° 1x10°° 5x107°
Time (min) 40 30 60
Film thickness (um) 1.0 1.3 0.5

3. Testing and Process Optimization

Heat treatment is a common method to modify thin films [10,12,24]. In this work,
based on the process preparation parameters in Table 2, heat treatment of the prepared
film was carried out at different time and temperature parameters. Combined with the
actual working conditions and the characteristics of the thin film, the sensor characteristics
under different heat treatment parameters are compared by annealing for 1/2/3 h at
200/250/300 °C. Nine groups of film thermocouple samples with different heat treatments
were tested by a static calibration system, including sensor sensitivity, temperature time
drift rate, repeatability error, hysteresis, and full range error, etc.

In this work, a high-accuracy calibration system as shown in Figure 4 was built for a
wide temperature range. The prepared sensor was calibrated in a high and low-temperature
chamber (FWD701P) with an accuracy of £0.3 °C. Different from previous work the A
grade three-wire type pt1000 with an accuracy of £0.15 °C was selected as the measuring
standard instrument for the temperature of the hot and cold end [24,25]. To reduce the
temperature non-uniformity between pt1000 and cold end, the sensor’s cold end was settled
in the water bath by the T-type compensation wires. The EMF of the sensor and resistance
change of pt1000 were recorded with a data acquisition system (Keithley Instruments
DMM6500, KEITHLEY, Shanghai, China).
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Figure 4. The sample and the schematic of the calibration system for the three-dimensional probe
array temperature sensor.

The working principle of the three-dimensional probe array temperature sensor is
based on the Seebeck effect, which describes the thermo-diffusion of charge carriers as a
function of the temperature. When a closed loop consisted of two different conductors
exposed to a temperature gradient, the voltage generated between the two ends is a function
of the temperature. The sensitivity of the sensor can be calculated by Equation (1):

g AV _ _av
T AT T, -T.

)

S is the sensitivity coefficient of the sensor; AV is the EMF and AT is the temperature
difference between the hot (T},) and the cold end (T%).
The temperature drift of the sensor can describe the temperature stability, which can
be calculated by Equation (2).
AV(T) T

DR(T) = VT X

@)
where DR(T) is the temperature drift rate, AV(T) refers to the maximum interpolation of
the output EMF for the holding time of the sensor, T is the maintained temperature, At
stands for holding time (10 min) and V(T), is the reference voltage.

The repeatability error of thermocouples can be calculated by Equation (3) as follows:

- I
R Yrs

% 100% 3)

The oy is repeatability error, Sy is the maximum standard deviation and Yrg is the
full-scale output.

Output characteristic parameters of sensors with different heat treatment parameters
are shown in Table 3. It is obvious from the test and calculation results that all parameters of
the sensor have been improved comprehensively after heat treatment. However, in terms of
accuracy, this parameter is not improved after heat treatment. This is because the accuracy
is affected by many aspects, not only post-processing, but also the film preparation process
parameters and the equipment itself. From the heat treatment results in Table 3, it was
found that the sensor treated at 250 °C for 3 h had the best comprehensive characteristics.
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After heat treatment, the temperature-time drift rate, repeatability error, and hysteresis of
the thin-film thermocouple were significantly reduced (57.16~73.68%), while the full-scale
accuracy and sensitivity of the sensor did not change significantly. This is because the
accuracy and sensitivity are influenced by many factors in addition to the heat treatment
process, such as film thickness and deposition quality, compared to the temperature-time
drift rate, repeatability error, and hysteresis of the thin-film thermocouple.

Table 3. Characteristic parameters of the sensor with different heat treatment parameters.

Sample Temperature Time Sensitivity Temperature Drift  Repeatability =~ Hysteresis Full Scale

Q) (h) (uv/°Q) Rate (°/min) Error (%) (%) Error (%FS)
1 200 1 41.34 0.014 1.01 5.8 0.99
2 200 2 41.37 0.012 1.19 6.02 1.35
3 200 3 41.30 0.010 0.63 2.57 1.24
4 250 1 42.45 0.012 0.39 5.04 0.7
5 250 2 41.69 0.012 0.32 4.39 0.95
6 250 3 42.21 0.008 0.54 0.81 0.91
7 300 1 41.42 0.012 0.36 5.69 0.83
8 300 2 41.47 0.011 0.33 422 0.58
9 300 3 41.65 0.011 0.36 2.44 0.97
10 None None 39.60 0.038 0.89 3.05 0.63

The analysis of the electron transport mechanism of metal thin films shows that the
heat treatment process can change the microscopic crystal organization of metal thin films
and reduce the internal defects, thus changing their carrier mobility and affecting the
thermoelectric properties. To investigate the mechanism of the influence of the heat treat-
ment process on the microscopic morphology of thin films, scanning electron microscopy
(SEM) and X-ray diffractometer (XRD) are used in this section to examine the microscopic
morphology and organization of thin film samples after different heat treatments.

To investigate the effect of heat treatment temperature on the microscopic morphology
organization of the films, the prepared thin film thermocouple samples were heat treated in
a nitrogen atmosphere for 1 hour and the heat treatment temperature was varied. Figure 5
shows the SEM micromorphology of the Cu and CuNi thin films when the heat treatment
temperature was changed. With the increase of heat treatment temperature, the particle
size of Cu thin film tissue gradually increases, the particle boundary decreases and the
surface densities of the films increase significantly.

300°C

Figure 5. SEM images of thin films (a) Cu (b) CuNi at different heat treatment temperatures.
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To investigate the effect of heat treatment time on the microscopic morphological
organization of the films, the prepared thin film thermocouple samples were subjected
to heat treatment at 250 °C in a nitrogen atmosphere and the heat treatment time was
varied. Figure 6 shows the SEM micromorphology of the Cu and CuNi films when the heat
treatment time was varied. With the increase of heat treatment time, the particle size of
thin film tissue gradually increases, the particle boundary decreases, the surface densities
of the films are significantly increased, and the surface flatness increases.

Figure 6. SEM images of thin films (a) Cu-250 °C and (b) CuNi-250 °C at different heat treatment times.

To prevent the oxidation of the films due to the high heat treatment temperature, the
maximum heat treatment temperature is only 300 °C. Therefore, the surface morphological
changes of the films are not obvious in SEM images. To further investigate the grain
structure of the films affected by the heat treatment process, XRD is used to analyze the
physical phase of the film samples.

The XRD patterns of Cu and CuNi films at different heat treatment temperatures
are shown in Figure 7. The intensity of each diffraction peak of Cu and CuNi thin films
increases significantly with the increase of heat treatment temperature, among which the
intensity of (111) and (200) diffraction peaks increases significantly with the heat treatment
temperature, which proves that the film tissues are recrystallized on this crystal plane.
To measure the degree of recrystallization, the average grain size can be calculated by
Scherrer’s equation. The average grain size of CuNi film is smaller than that of Cu film,
which is consistent with the SEM figure. With the increase of heat treatment temperature,
the grain size of Cu and CuN!i films also increases, which proves that high temperature
causes recrystallization of the films, leading to the continuous increase of grain size. The
increase in grain size leads to a decrease in the number of grains per unit volume, and
the decrease of grain boundary reduces the scattering effect on carriers, and the resistivity
of the film decreases, thus stabilizing and enhancing the thermoelectric properties of the
film. From Figure 7, it can be calculated that after annealing at 250 °C for 1 to 3 h, the
grain size of Cu and CuNi films grows from 26.1 nm to 42.2 nm and from 15.4 nm to
19.4 nm, respectively.
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Figure 7. X-ray diffraction at different heat treatment temperatures (a) Cu (b) CuNi and times
(c) Cu-250 °C (d) CuNi-250 °C.

4. Precision Optimization

To make a connection between the output characteristic of thermoelectricity and
temperature difference, the sensor’s cold end was kept at 23 °C in the water bath and the
hot were heated from —60 °C to 100 °C with a rate of 5 °C/min. The output characteristic
curves of three junctions of thermocouples by using the calibration system were shown
in Figure 8. The curves of “Temperature-EMF” of three junctions of the sensor are shown.
From the data in Figure 8a, it is apparent that the output characteristic curves of three
junctions exhibit high consistency even if on the curved substrate. Moreover, the maximum
and minimum of the sensor are 3.19 mV and —3.22 mV, and the sensitivity of the sensor is
about 40.1 uV/°C. Besides, the temperature resolution of three junctions is guaranteed to
be less than 0.1 °C.

What can be clearly seen in Figure 8a is the non-ideal linearity of the actual output
curve of the sensor, which is due to the changes of the Seebeck coefficient of electrodes at
different temperatures. Therefore, the second polynomials are better to fit the thermoelectric
voltage output curves, which are given as Equation (4):

E=Ax (AT)> +Bx (AT) +C (4)

where E is EMF whose unit is mV, and AT is the temperature difference whose unit is °C.
According to the collected data, the coefficients of thermoelectric voltage output curves of
three junctions were calculated in Table 4.
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Figure 8. Static test results of the sensor. (a) The calibration curve of three junctions. (b) Comprehen-
sive testing of sensors for multiple temperatures rises and falls.

Table 4. Temperature response fitting curves for the three junctions of the sensor.

Junction A (mV/°C) B (mV/°C?) C (mV) R?
n 4.64505 x 107> 0.04009 —0.17192 0.99997
2 2.99251 x 1072 0.04008 —0.04491 0.99993
]3 2.49702 x 1075 0.04022 2.09109 x 10~ 0.99990

What stands out in Table 4 is the ultra-high coefficients of determination (R? > 0.9999)
which can accurately reflect the fitting degree between the model and the actual EMFE.
The R? close to 1 means that a more accurate temperature value could be calculated by
the thermoelectric voltage fitting curves. However, the coefficients (A and C) of J3 are
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quite different from that of J1 and J2. It is believed that this is due to the influence of the
inhomogeneity of film on the curve substrate.

To assess the repeatability error and temperature drift of the sensor, the repeated
cycles of heating, holding, and cooling the hot end shown in Figure 8b were carried out.
Specifically, the temperature in the chamber went up from —60 °C to 100 °C for five
repeated cycles and remained stable at —60 °C, 20 °C, and 99 °C for 30 min in the first cycle.

Table 5 shows the results of the drift rate of three junctions at three different tem-
peratures. The maximum temperature drift rate of the three junctions are 0.0470 °C/min,
0.0626 °C/min and —0.0329 °C/min, which show great temperature stability. Each junction
of the sensor shows the character of high reliability. The foundation is set for the sensor to
ensure the monitoring of temperature in the actual measurement. The repeatability error
calculated in Figure 8b is 0.12%.

Table 5. The drift rate of three junctions at three different temperatures.

T (°O) Junction At (min) AV (mV) Vier (mV) DR (°C/min)

J1 0.01 —3.230 0.0186
—60 ]2 0.01 —3.235 0.0185
J3 0.015 —3.232 0.0278

J1 0.005 —0.304 —0.0329

20 ]2 10 0.005 —0.305 —0.0328

J3 0.005 —0.304 —0.0329
J1 0.015 3.162 0.0470
99 J2 0.02 3.162 0.0626
J3 0.01 3.167 0.0313

The full-scale error calculation of the prepared multi-junction type thin film thermo-
couple is shown in Figure 9a. From the analysis of the figure, it is shown that among the
three junctions, the maximum full-scale error of the output thermal potential of junctions J1
and ]2 is less than +0.5%FS, which is much smaller than the full-scale error of junction J3
(>%1.0%FS). This is due to the lower consistency of the deposited film process on the curved
surface compared to the flat surface, resulting in a larger error profile for ]3 compared to the
other two junctions. The analysis also revealed that the prepared multi-junction sensor had
different error magnitudes for each junction at different temperature bands. For example,
in the range of 20~60 °C, the error of junction J1 is obviously smaller than the other two
junctions, while in the range of 80~120 °C, the error of junction ]2 is obviously smaller
than J1 and J3. Based on this characteristic, an accuracy calibration method based on the
redundant structure of multiple junctions is developed.

The schematic diagram of the multi-junction accuracy calibration method is shown
in Figure 10, which is similar to the piecewise fitting method. The three junctions are
respectively fitted with thermoelectric curves, and the thermoelectric curves obtained from
the fitting are E1(At), Ex(At), and E3(At). At the same time, the accuracy test is carried out
according to the thermoelectric curve obtained by fitting, and the full-scale error curve
shown in the figure is obtained. Then divide the full scale into three temperature sections,
and the boundary values of the sections are ty~t3 respectively, and compare the maximum
errors of the three junctions in each temperature section, and take the thermoelectric curve
of the junction where the smallest is located as the temperature range. The output curve of
the thin film thermocouple. For example, in the temperature range ty~t;, the maximum
measurement error of the J1 is the smallest, so in this temperature range, E ~1(At) is used
as the output curve of the thin film thermocouple. Similarly, within ¢; ~f,, the maximum
measurement error of the J2 is the smallest, and E~1(At) is used as the output curve of the
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thin film thermocouple. Then the full-scale output curve of the thermocouple is finally
obtained as:

E;NAL), o< At <t
f(At) =S E; YA, < At <ty (5)
E;N(AL), th < At < 13

(2)

|—-—J| —n (b)0.8 -
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Figure 9. Data optimization results. (a) Full-scale error curve of the calibrated sensor. (b) Maximum
full-scale error under different interval lengths.

Error
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W N =
=K

Temperature,

Figure 10. Schematic diagram of the multi-junction precision calibration method.

The Data registration procedures shown in Figure 11 can be divided into the following
three steps:

Data Matrix F

Data Matrix f

Registration
Matrix G

Registration
Matrix g

Calibration

Figure 11. Data registration procedures.



Chemosensors 2022, 10, 309

12 of 14

Step 1: After accuracy calibration and measurements of temperature to be measured,
the original data matrix F and registration matrix G are marked as follows:

F=[T T, T, T (6)

where T1~Tj3 are the measured value calculated by Equation (7) of the temperature T, and
T is their average value.

tl t2 e tn
D‘ DC PR ‘X
G — 11 12 1n (7)
K21 &2 ccc Qpp
a31 &3z2 - A3y

where the matrix G is the registration matrix, which is got from the calibrations of the
fabricated sensor. Where ¢; stand for a median of a certain temperature intervals when
the measurement range of the sensor is divided into several isometric temperature inter-
vals. The w;; is the coefficient of the accuracy of junction J; in the temperature interval of
[(Bt; — tiy1)/2, (t + ti11)/2]. Meanwhile, in this temperature interval, the value of «;; for the
J; which has a minimum measurement error is 1, and the other two are 0.

Step 2: By comparing the difference between T and t;, the temperature interval in-
cluding the temperature T can be determined. For example, when T takes 26 °C, t; takes
25~195 °C with a gradient of 10 °C, and the temperature intervals including the tempera-
ture T can be determined as [20, 30]. Then, the submatrices, f and g respectively belonging
to F and G are generated, which can be derived as follows:

f=[h T, T4 8)
a1

8i = | )
X3i

Step 3: The temperature T can be calculated as the following equation:

T=fxgi
10
= Tiaq; + Toap; + Tams; (10)

Figure 9a shows the full range error curve of the thin film thermocouple after accu-
racy calibration, when the divided temperature interval length is 20 °C, the maximum
full range error of the sensor is more than +1.0%FS in the range of —60~200 °C. We can
reduce the length of the divided interval for accuracy calibration, and obtain the maximum
full-scale error of the sensor under different interval lengths, as shown in Figure 9b. With
the reduction of the divided temperature interval lengths, the maximum full-scale error
of the thin film thermocouple is significantly reduced, and when the temperature interval
length is 1 °C, the maximum full-scale error is only 0.19%. Based on the calculated results,
the prepared high-precision three-dimensional probe array temperature sensor has a tem-
perature deviation of 0.494 °C in the range of —60 °C to 200 °C. According to the existing
standards for the development of industrial thermocouples, the sensors achieve Class I
accuracy (GB/T 30429-2013).

5. Conclusions

A high-precision three-dimensional probe array temperature sensor was successfully
designed and prepared. Using process optimization as well as data optimization superposi-
tion, we obtained a temperature sensor with excellent overall parameters. Among them, the
optimal parameter for sensor heat treatment was 3 h at 250 °C under a nitrogen atmosphere.
The calibration results showed that the average Seebeck coefficient of the three-dimensional
probe array temperature sensor could reach 40.1 uV/°C, and the resolution of the sensor
was less than 0.1 °C. In the static test, the temperature time drift rate was 0.0626 °C/min,
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the repeatability error was 0.12% and the maximum hysteresis was 1.01%. Through the
accuracy correction algorithm, the temperature measurement accuracy of the sensor could
be improved from £1.0%FS to £0.19%FS.
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