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Temperature Sensors Based on Negative
Temperature Coefficient of
ZnO Thin Films
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Abstract— Based on the experimental discovery about
the negative temperature coefficient (NTC) of ZnO, we fabri-
cated a low-temperature sensor with ZnO thin film. Oxygen
plasma and annealing treatment were carried out to manip-
ulate the related defects and explore the negative tempera-
ture response, while a series of microstructural and optical
properties were also characterized and compared for the
cases before and after treatment. It demonstrated that zinc
interstitials (Zn;) played an important role in NTC response
process. Moreover, we simulated the application conditions
of cell cryopreservation and conducted relevant tests in
the common temperature range of —120 °C-0 °C. The ZnO
NTC sensor was applied for actual real-time temperature
monitoring in a commercial low-temperature system. The
sensor presented a nice sensitivity of 3.51 x 10% Q.K~!
at 90 K, a good repeatability, recoverability, and a fast
response speed. The results showed a great potential of
ZnO NTC sensor for biomedical cryogenics applications.

Index Terms— Defect manipulation, low-temperature
sensing, negative temperature coefficient, ZnO thin film.

[. INTRODUCTION

RYOGENIC technology has important applications in
space exploration, superconducting technology, and
biomedical cryopreservation [1], [2]. It is scientific to explore
some novel materials and devices with high performance for
low-temperature sensing. So far, various low-temperature sen-
sors have been developed, such as platinum resistance, diode

Manuscript received 24 March 2023; revised 6 August 2023; accepted
5 September 2023. Date of publication 2 October 2023; date of cur-
rent version 24 October 2023. This work was supported in part by
the National Natural Science of China under Grant 62075041 and
Grant 61821002 and in part by the Fundamental Research Funds for
the Central Universities in China under Grant 2242021k10009. The
review of this article was arranged by Editor W. S. Kim. (Juan Jia and
Hongxi Zhu contributed equally to this work.) (Corresponding author:
Chunxiang Xu.)

Juan Jia, Hongxi Zhu, Zengliang Shi, Qiannan Cui, and Chunxiang Xu
are with the State Key Laboratory of Bioelectronics, School of Biolog-
ical Sciences and Medical Engineering, School of Physics, Southeast
University, Nanjing 210096, China (e-mail: xcxseu@seu.edu.cn).

Wei Liu is with the College of Optical, Mechanical and Electrical
Engineering, Zhejiang A&F University, Hangzhou 311300, China
(e-mail: liuwei@zafu.edu.cn).

Binghui Li is with the State Key Laboratory of Luminescence and Appli-
cations, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China (e-mail:
binghuili@163.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TED.2023.3314400.

Digital Object Identifier 10.1109/TED.2023.3314400

thermometers, optical fiber sensor, and negative temperature
coefficient (NTC) thermistors [2], [3], [4], [5]. However, they
still suffer more or less shortcomings of complex structure,
high cost, and narrow measurement range, and some of them
are susceptible to electromagnetic interference [6], [7], [8].

NTC thermistors exhibit a decreased resistance as temper-
ature increasing. Compared with other temperature sensors,
this kind of thermistors is generally sensitive in the range
of 1.5-300 K and strongly resistant to electromagnetic inter-
ference [9]. The traditional NTC thermistors are composed
of several transition metal oxides, such as CoO, NiO, and
MnO [10], [11]. It is assumed that the impurities and defects
in the materials have influence on conductivity and NTC
properties due to thermal activation mechanism. Thus, they
are normally doped or compounded with elements and mate-
rials to improve the stability and sensitivity. However, the
traditional NTC thermistors were normally composed of com-
plex components with a specific ratio. For instance, the
Mn 95_,—Nip45—Co0q 15—Cug45—Zn, 04 NTC thermistor was
reported by adjusting the proportion (x) to improve its thermal
stability, so the process of fabrication is inconvenient [12]. The
physical mechanism of NTC response is mainly attributed to
the charge transfer between adjacent ions of different valence
elements in the crystal structure under the excitation of thermal
energy. In addition, when the material is heated, the defects
are excited as charge carriers to migrate within the material,
thereby improving the conductivity, that is, the electron tran-
sition model between variable valence ions and the migration
of internal defects in materials. Therefore, defects play an
important role in NTC temperature sensing.

As a wide bandgap 1I-VI compound semiconductor oxide,
the temperature-dependent optical and electrical properties
of ZnO have been demonstrated by advanced researches,
including several works on its NTC sensing in the temperature
range of —193 °C-100 °C [13], [14], [15], [16], [17]. The
intrinsic defects have a great effect on the conductivity of
ZnO, which indicates the necessity of understanding the defect
influence on NTC characteristics [18], [19], [20]. Therefore,
it is significant to investigate the defect-related NTC response
for advancing the development of ZnO low-temperature
sensing.

In present work, we fabricated a simple-structured low-
temperature sensor based on a ZnO thin film with high crystal
quality. The measured current—voltage (/-V) curves in the
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Fig. 1. (a) Schematic of ZnO thin-film sensor; /-V curves of ZnO
sensor measured from 90 to 300 K. (b) Surface SEM photographs of
MBE epitaxial ZnO films. (c) Cross-sectional SEM photographs of MBE
epitaxial ZnO films.

range of 90-300 K showed a clear NTC characteristic. Oxygen
plasma and annealing treatment were carried out to manipulate
defects and catch their effect on NTC response. Then, X-ray
diffraction (XRD) studies, photoluminescence (PL) spectra,
and time-resolved PL (TRPL) were conducted to investi-
gate the correlation between the defects and NTC response.
Raman spectra, X-ray photoelectron spectroscopy (XPS),
and temperature-dependent PL. were characterized to analyze
the mechanism of defect-related NTC properties. Moreover,
we constructed the application scenario of cell cryopreserva-
tion based on the requirement in biomedical cryogenics, and
relevant tests for the real-time low-temperature monitoring
were conducted in the range of —120 °C-0 °C, which pre-
sented the feasibility, repeatability, and a fast response speed
of the ZnO NTC sensor. It proved that ZnO NTC sensor
is potential in biomedical cryogenics, such as cryotherapy,
samples cryopreservation, and transportation.

Il. EXPERIMENT
A. Materials and Fabrication of ZnO Sensors

The n-type ZnO thin films were grown on sapphire by
molecular beam epitaxy (MBE) technique according to the
previous work reported by He et al. [21]. For investigating the
electrical properties, we used indium to fabricate electrodes
at the ends of a slide ZnO thin film, as shown in Fig. 1(a).
The temperature-dependent /—V characterizations were con-
ducted with the temperature controller (Instec mK2000) and
high-precision power source (KEYSIGHT B2961A). In order
to study the factors affecting the NTC response, two exper-
iments that can manipulate the defect states of ZnO were
carried out. ZnO thin films were treated by oxygen plasma
for 10 min with 100 W and annealed at 750 °C in O, for 1 h,
respectively.

B. Characterization of Materials and Devices

To explore the correlation between the defects and NTC
response, relevant experiments were performed. The surface
and cross-sectional morphology of the films were taken with
a scanning electron microscope (SEM; Zeiss Ultra Plus). XRD
was measured by a Rigaku Smartlab 3 KW x-ray diffractome-
ter with Cu Ko (A = 1.5418 A) as the radiation source. PL was
measured by a homemade confocal microphotoluminescence
setup using an Olympus BX35 microscope, excited by a
325-nm femtosecond pulsed laser with 10x objective. TRPL
spectra were collected in an Optronis Optoscope sc-10 streak
camera excited by a femtosecond pulsed laser (325-nm excita-
tion wavelength, 100-fs pulsed duration, and 1-kHz repetition
rate) as a signal detector and an excitation source. Raman
spectra were captured using a 532-nm laser (Renishaw inVia
spectrometer). The surface electronic states of ZnO thin film
were analyzed by an XPS (Thermo Scientific Escalab 250Xi).

I1l. RESULTS AND DiscuUssSION
A. Structure and Morphology

Fig. 1(b) shows the surface SEM photographs of MBE
epitaxial ZnO films. Well-grown ZnO thin films that are evenly
distributed with a high density can be observed on the surface
of the substrate. It can also be seen from the figure that
the surface of ZnO thin films grown by MBE is relatively
flat. Fig. 1(c) displays the cross-sectional SEM photograph
of MBE epitaxial ZnO films and exhibits almost the same
thickness of the thin films, which is about 254.1 nm.

B. NTC Properties of ZnO Thin Film

To investigate the temperature sensing properties with NTC
response, /—V characteristics were measured on the fabri-
cated ZnO thin-film sensor. Fig. 2(a) shows the I-V curves
from 90 to 300 K. The results exhibit an obvious symmetry
and linearity, which means that the sensor has a good ohmic
characteristic. The obtained temperature-dependent resistance
(R-T) curve was shown in Fig. 2(b). It can be seen that the
resistance decreases with the increasing temperature, which
indicates an NTC response of ZnO sensor. The data were
fitted by Boltzmann function, and the results of fitting reached
R? = 0.984. It assumed that NTC properties are related to
the distribution of electrons at each energy level. Therefore,
oxygen plasma and annealing treatment were, respectively,
carried out to study the influence of the defects on NTC
response of ZnO sensor.

First, oxygen plasma treatment was conducted to manipulate
defects. Fig. 3(a) presents the R—T curves of ZnO thin film
by oxygen plasma treatment. The results of Boltzmann fitting
reached R? = 0.990. It can be seen that NTC response before
oxygen plasma treatment is more obvious. To further confirm
the temperature sensing properties, the absolute sensitivity ()
and relative sensitivity (W) were calculated according to the
mathematical definition of sensitivity [22], [23]

S = dg/dr
W = S (T/R)
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Fig. 2. (a) I~V curves of ZnO sensor measured from 90 to 300 K.
(b) Temperature-dependent resistance from 90 to 300 K.

where R is the resistance of ZnO thin film at 7' temperature
and T is the Kelvin temperature. In Fig. 3(b), ZnO sensor had
an S(max) of 8.11 x 10> Q-K~! at 90 K and a W(max) of
2.752 at 300 K before oxygen plasma treatment. As shown in
Fig. 3(c), S(max) dropped by about 30 times to 24.16 Q-K~!
at 90 K and W(max) became 0.591 at 90 K after oxygen
plasma treatment. It showed that NTC response of ZnO sensor
became worse after oxygen plasma treatment.

To further investigate the effect of defects on NTC proper-
ties, annealing treatment was performed at 750 °C. Fig. 3(d)
shows the R-T results of ZnO sensor by annealing treatment
and the data conformed to the Boltzmann distribution as
well. The fitting of unannealed sample was R> = 0.977 and
ZnO thin film annealed at 750 °C was with R?> = 0.996.
An enhancement of NTC responsivity can be observed after
annealing. As shown in Fig. 3(e), S(max) was 6.28 Q.-K~!
at 90 K and W(max) was 0.242 at 90 K before annealing.
In Fig. 3(f), S(max) raised nearly four orders of magnitude
to 3.51 x 10* Q-K~! at 90 K and W(max) increased to
1.513 at 300 K for annealed sample. Obviously, the fabricated
ZnO sensor after annealing had a higher NTC sensitivity.

C. Mechanism of Defect-Dependent NTC Response

A series of characterizations were conducted on the samples
to explore the influencing factors on NTC response. Fig. 4(a)
displays the XRD pattern of ZnO thin film by oxygen plasma
treatment. A well-defined diffraction peak was observed about
260 = 34.5°, corresponding to the (002) plane. Meanwhile,
it can be found that the full-width at half-maximum (FWHM)
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by oxygen plasma treatment; S and W curves (b) before and
(c) after oxygen plasma treatment. (d) Temperature-dependent resis-
tance from 90 to 300 K by annealing; S and W curves (e) before and
(f) after annealing.
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Fig. 4. Oxygen plasma treatment. (a) XRD pattern. (b) Room-
temperature PL. (c) TRPL decay at 325 nm. (d) Variation of PL
integrated intensity with the increasing of excitation power.

value decreased from 0.17° to 0.15°. The PL spectra at the
same excitation position are shown in Fig. 4(b). The only peak
was found around 385 nm, which is the intrinsic peak of ZnO
thin film, indicating that ZnO thin film grown by MBE can
be used as standard samples for subsequent defect analysis.
Moreover, an evident increase in emission intensity was found.
It can be explained that surface defects were passivated after
oxygen plasma treatment. In Fig. 4(c), the TRPL decay results
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TABLE |
ROOM-TEMPERATURE TRPL DECAY FITTING RESULTS

Sample tl/ps 2/ps e12
without oxygen plasma 103 375 0.03
with oxygen plasma 94 188 0.05
unannealed 102 226 0.34
annealed at 750 °C 93 243 0.13

were fitted by the double exponential model
I = Ajexp(—t/11) + Arexp(—t/12) + Ip.

It suggested two distinct luminescence processes. Table I
summarizes the decay times obtained by fitting, where 7, is the
fast decay component of free photo-generated carriers and 7 is
the slow decay of the electron recapturing and nonradiative
recombination processes [24], [25]. We can see that both
71 and 1, decreased after oxygen plasma treatment. It is shown
that the nonradiation recombination of shallow-level surface
defects was relatively weakened. The luminescence weight
value for long lifetime &;, was calculated according to the
following formula [26]

&, = AaTa/(A1T1 + ArTo).

It can be found that &, increases, which is attributed to the
improvement of surface defects after oxygen plasma treatment.
Fig. 4(d) shows the integrated PL intensities (/) at different
excitation power densities (P). The relationship between the
integrated intensity and the excitation power density can be
fitted in power exponent [27]

I ~cP™

where ¢ is a coefficient and m is an evaluation index of the
constitution of free-to-bound recombination on the light emis-
sion process. The value of m after oxygen plasma treatment
was increased from 0.8 to 0.9, indicating that the free exciton
emission became significant while bound-exciton emission
due to defects and impurities was relatively reduced. This
further supports that the defect concentration was reduced after
oxygen plasma treatment.

In Fig. 5(a), the FWHM of XRD spectra broadened from
0.17° to 0.20°, which indicates that the crystal quality
degraded after annealing at 750 °C. As shown in Fig. 5(b), the
annealed sample displayed a near-band-edge emission (NBE)
at the UV range and an evident broadband emission in the
visible region at 535 nm. It can be inferred that annealing pro-
cess caused more defects. The comparison of TRPL is shown
in Fig. 5(c). It can be seen from Table I that t; decreases,
7, increases, and &;, decreases, suggesting that the radiative
recombination was dominant before annealing, while the UV
emission process was modified by the nonradiative recombi-
nation centers of defect states generated in the bandgap for the
annealed sample. It indicated that the effect of defect states in
the carrier dynamics was enhanced after annealing. Therefore,
it is reasonable to conclude that the increase in surface defects
leads to a decrease in the efficiency of the transfer of trapped
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(c) Zn 2p core levels and (d) O core levels.

carriers back into the interior for efficient exciton emission.
Fig. 5(d) shows the fitting results of the integral intensity and
excitation power density by annealing. It can be obtained that
m increases from 0.9 to 1.8, indicating that the emission of
bound excitons caused by shallow-level defects is enhanced in
the luminescence process, and the emission effect of intrinsic
free excitons is relatively reduced. It further illustrated that the
defect concentration of the ZnO thin film was increased after
annealing.

The comparison of samples exhibited that NTC properties
are related to the defect states of ZnO thin film. Then, Raman
spectra of the ZnO thin films through oxygen plasma and
annealing treatment are presented in Fig. 6(a) and (b). The
two spectra display two mode peaks at 94 and 437 cm™!,

respectively. The intense Raman mode E;ﬂgh at 437 cm™!
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belongs to the oxygen vibration at high frequency, reflecting
the lighter oxygen (anion) sublattice vibrations, while the
Elz"W mode at 94 cm~! is assigned to the vibration of the
heavier zinc sublattice at low frequency, which is sensitive
to the change of the zinc atom [28], [29]. After normalizing
the peaks of the Elz1lgh mode, it showed that the value of the
relative vibration of the zinc sublattice (Ig>z/Ig2p) increased
after oxygen plasma treatment while decreased after annealing.
The increment and reduction of the Igy; /Ig2y as a result were
in support of this proposal that it may be the Zn; that greatly
affects the NTC properties of ZnO thin film.

Fig. 6(c) and (d) shows the XPS spectra of ZnO thin film
annealed at 750 °C. The binding energy (BE) obtained in
the XPS analysis was calibrated by referring the C 1 s at
284.5 eV in the standard manual. Fig. 6(c) depicts the two
strong peaks at ~1021.8 and ~1044.8 eV of Zn 2p;,, and
Zn 2py,, respectively, confirming that zinc exists in the Zn>*+
state in the ZnO thin film. The energy difference (A) between
the two Zn 2p peaks was 23.1 and 23 eV, which is in great
agreement with the standard value of 22.97 eV. It can be
observed that the Zn 2p peak shows a shift toward low BE after
annealing, which may be due to the breaking of the Zn—O bond
to generate oxygen-deficient Zn species (Zn;) [30]. The O
core-levels XPS spectra of ZnO thin film are given in Fig. 6(d).
The O 1s spectra can be deconvoluted into two regions with
peak binding energies at ~529.9 and ~531.9 eV. The lower BE
at 529.91 and 529.86 eV is attributed to the oxygen ions in the
fully oxidized Zn—O bond, while the higher BE at 531.93 and
531.63 eV is usually identified as the oxygen species adsorbed
on the surface of ZnO [31]. The integrated intensities of the
peak at ~529.9 eV of oxygen of the ZnO lattice (Iz,0) and the
peak at ~531.9 eV of the oxygen vacancy of the ZnO surface
oxygen (lyp) were obtained from Fig. 6(d). We calculated
that the relative density of Zn—O bonds (Iz,0/Ivo) decreased
from 0.256 to 0.225 after annealing [32], which can further
indicate that the Zn—O bonds of the annealed ZnO thin film
were broken and the concentration of Zn; increased. It further
demonstrated that Zn; plays an important role for the NTC
response, which is reflected remarkably at the sensitivity
properties of ZnO thin-film sensor.

In addition, the temperature-dependent PL spectra
from 90 to 300 K were measured, as shown in Fig. 7. The
intrinsic peak of ZnO film located at 380 nm is significantly
red-shifted, while the non-intrinsic peak located at 540 nm
is slightly blue-shifted. With the increase of temperature, the
peaks are all broadened and the intensities generally show a
decreasing trend. The temperature-dependent PL spectra of
the ZnO intrinsic peak are displayed in Fig. 7(a). It can be
found that the intensity decreases with increasing temperature
from 90 to 150 K, while increases at 170 K and then returns
to a decreasing trend from 170 to 300 K. Meanwhile, the
intrinsic peak splits of 90-210 K. This may be due to
the electron is captured by the shallow energy level (Zn;),
and then, the localized electron of Zn; is thermal-activated
during the temperature change. From 90 to 150 K, the
free excitons conduct radiation recombination transition
and additional bound excitons act through the intermediate
energy level states when the temperature increases, which is
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Fig. 7. Temperature-dependent PL spectra from 90 to 300 K for ZnO
thin film. (a) ZnO intrinsic peak. (b) Nonintrinsic peak.
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Fig. 8.  Schematic of the mechanism of defects in ZnO thin-film
temperature sensing.

the bound excitons localized in Zn; gain thermal energy to
be activated to participate in the recombination transition,
thus making the luminescence enhanced and causing the peak
splitting phenomenon [33], [34], [35]. Here, the intermediate
energy-level states are formed by shallow energy-level
defects (Zn;). The peaks of visible light originate from deep
energy-level defects (Vo). As shown in Fig. 7(b), the position
of the peak is slightly blue-shifted, which is probably due to
the insufficient thermal energy provided by the temperature to
fully activate the bound excitons localized at the deep energy
level.

The sensor was designed based on the NTC property of
ZnO thin film. The resistivity depends on the carrier dynamics
behavior and the internal hindrance, where defects are one
of the important components of it. As shown in Fig. 8, free
electrons and holes migrate to electrodes under the action
of the electric field, respectively. The high concentration
of defects increases the probability of carrier trapping and
more easily leads to electron—hole localization around the
defects to form a high-resistance state. As the temperature
changes, the trapped electron—hole gains thermal energy to be
ionized and breaks free from shallow-level defects (Zn;) to
re-engage in carrier migration behavior. However, the carriers
bound in deep energy level (Vo) are still heavily localized
to maintain high-resistance states because of the insufficient
activation of the thermal energy. When the value of tempera-
ture change (AT) is the same, the higher the concentration of
Zn;, the greater the value of resistance change (AR), which
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form. (b) Measured temperature and the standard temperature during
the cooling and heating processes. (c) Temperature was recorded over
six cycles. (d) Real-time temperature monitoring curve.

makes a higher NTC of ZnO thin film. Conversely, when the
concentration of Zn; is less, the resistance change value (AR)
is smaller and the NTC of ZnO thin film is worse. Therefore,
it can be concluded that Zn; is beneficial to improve the NTC
response of ZnO thin-film sensor to some extent.

D. Real-Time Temperature Monitoring for Simulated
Cell Cryopreservation With ZnO NTC Sensor

Biomedical cryogenics applications strongly require the
cryogenic monitoring with reliability, stability, and high
sensitivity in long-term operation, such as samples cryopreser-
vation, pharmaceutical storage, and transportation. Therefore,
we simulated the application conditions of cell cryopreserva-
tion and conducted relevant tests in the common temperature
range of —120 °C-0 °C. As shown in Fig. 9(a), a temperature
measurement platform was constructed to verify the feasibility
and reliability of ZnO thin-film NTC sensor. The ZnO thin film
annealed at 750 °C with a good NTC response was placed
in the vacuum chamber of the cooling-and-heating stage,
whose temperature is set by the controller. The circuit system
was designed for power supply and recording the resistance
value to realize temperature visualization. In Fig. 9(b), the
temperature was measured during heating and cooling process,
respectively. The error between the measured and the set
temperature is less than 1.5 °C. It indicated the feasibility
of ZnO low-temperature sensing. Moreover, the temperature
was measured in several cycles, as shown in Fig. 9(c), and

the value fluctuation was very small, which indicates the
repeatability and recoverability of ZnO NTC sensor. The
temperature monitored in real time is shown in Fig. 9(d).
It showed that ZnO sensor had a fast response speed, which
almost synchronizes with the commercial senso. The results
proved the potential application of ZnO sensor for biomedical
cryogenics in the future.

IV. CONCLUSION

In summary, a low-temperature sensor was fabricated with
slide ZnO thin film based on the experimentally proven NTC
properties. The temperature-dependent /—V characterizations
were conducted, and the obtained R-T results show a clear
NTC response, which highly fitted with Boltzmann distribu-
tion. Oxygen plasma and annealing treatment were carried
out to manipulate the defect states and catch their influence
on NTC properties. The NTC response of ZnO thin film
after oxygen plasma treatment became worse, while that of
annealing treatment was improved. Then, XRD pattern, PL,
and TRPL spectra were performed and compared for the
cases before and after treatment, which suggested a correlation
between defects and the NTC response. The mechanism of
defect-related negative temperature response was studied by
Raman, XPS, and temperature-dependent PL. The results
demonstrated that Zn; played an important role on the NTC
properties. Furthermore, we constructed the application envi-
ronment of cell cryopreservation and conducted relevant tests
in the common temperature range of —120 °C-0 °C. The
real-time temperature was monitored with the ZnO NTC
sensor, which showed a good feasibility, repeatability, and a
fast response speed, which can almost synchronizes with the
commercial low-temperature system. This study proved that
ZnO NTC sensor is potential in biomedical cryogenics in the
future. Meanwhile, it was concluded that defect manipulation
is significant, which will contribute to the subsequent abundant
and arduous researches of ZnO low-temperature sensing.
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