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A B S T R A C T

Although the potential of Cu/Ni materials and nitrocellulose coatings for cryogenic temperature sensors is 
acknowledged, a significant knowledge gap persists regarding the quantitative impact of nitrocellulose coating 
thickness variations on the electrical and thermal performance of Cu/Ni-based sensors at cryogenic temperatures. 
This work investigates the protective function of nitrocellulose (NC) layers in Cu/Ni-based cryogenic tempera
ture sensors, emphasizing the impact of coating thickness (0–0.74 mm) on thermal and electrical performance. 
The sensors were fabricated by electroplating nickel onto copper substrates, followed by NC spray coating. Key 
parameters, including voltage range, response time, activation energy, hysteresis loss, and absolute sensitivity, 
were evaluated over the temperature range of 0 ◦C to − 160 ◦C. The results show that NC layers provide both 
mechanical and chemical protection while modulating heat transfer and charge transport. An optimal thickness 
(0.30–0.43 mm) balances protection, high sensitivity, and rapid thermal response, with a peak voltage range of 
0.17 V and increased activation energy. Thicker layers (>0.43 mm) improve cryogenic sensitivity (>6 Ω/◦C at 
− 160 ◦C) but reduce performance at higher temperatures. A multivariate logarithmic regression model accu
rately predicts sensitivity from physical parameters, enabling design optimization. These findings highlight NC 
thickness control as a practical approach to enhancing durability and sensitivity in cryogenic sensor applications.

1. Introduction

Accurate temperature measurement under cryogenic conditions is 
essential for many modern technologies operating at extremely low 
temperatures. Applications such as superconducting systems, liquefied 
gas storage and transportation, biomedical cryopreservation, and aero
space instrumentation require reliable temperature monitoring to 
ensure operational stability and experimental accuracy. Consequently, 
the development of robust cryogenic temperature sensors with high 
sensitivity, stability, and fast thermal response has become an important 
research focus in recent years [1–8].

Conventional cryogenic temperature sensors commonly employ 
platinum because of its stable and well-characterized resis
tance–temperature relationship. However, the high cost of platinum and 
the increasing demand for compact and cost-effective sensing devices 
have motivated the exploration of alternative materials. Copper (Cu) 

and nickel (Ni), in alloy or bilayer form, have attracted attention for 
their favorable electrical conductivity, mechanical robustness, and 
relatively low cost [9–11]. In particular, Cu/Ni bilayer systems exhibit 
tunable resistivity and stable electrical behavior at low temperatures. 
Moreover, Cu/Ni sensing structures can be fabricated via electroplating, 
enabling the simple, scalable production of cryogenic sensors [12].

Despite these advantages, Cu/Ni-based sensing materials remain 
vulnerable to oxidation and corrosion. The formation of oxide layers 
such as CuO, Cu2O, and NiO can introduce additional resistive barriers 
that alter the intrinsic resistance–temperature (R–T) characteristics and 
reduce measurement accuracy [13], [14]. Corrosion processes may also 
induce morphological degradation, including pitting, microcracks, and 
localized thinning of the sensing layer, which reduces the effective 
conductive cross-section and increases electron scattering [15–18]. 
These effects can lead to thermal hysteresis and decreased sensor sta
bility during repeated cooling–heating cycles. Therefore, protective 
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coatings are commonly applied to maintain the structural integrity and 
electrical stability of metal-based temperature sensors [19–22].

Polymer-based coatings are widely used in sensor technologies to 
enhance environmental stability and corrosion resistance. In addition to 
providing chemical protection, polymer coatings may also influence 
sensor performance by modifying heat transfer between the sensing 
layer and the surrounding environment. Previous studies have reported 
that dielectric or polymer coatings can alter thermal response by 
introducing additional thermal resistance and modifying interfacial 
charge-transport mechanisms. In this context, coating thickness be
comes a key parameter because it determines the level of thermal 
insulation and the interaction between the sensing material and the 
external environment. Variations in coating thickness have been shown 
to influence response time significantly, signal amplitude, and temper
ature sensitivity of sensors due to changes in heat transfer pathways and 
interfacial transport processes [23], [24].

Nitrocellulose (NC) resin represents a promising protective material 
due to its dielectric properties, optical transparency, chemical stability, 
and ease of deposition [25]. These characteristics allow NC to function 
as a protective layer without introducing significant chemical reactivity 
with the metallic sensing element. However, a dielectric polymer 
coating can alter the sensor's thermal response by introducing additional 
thermal resistance and affecting interfacial charge-transport processes. 
Consequently, variations in NC coating thickness may affect key sensor 
parameters, including voltage response, response time, activation en
ergy, hysteresis behavior, and temperature sensitivity.

Although polymer coatings have been widely investigated in various 
sensing systems, systematic studies focusing on nitrocellulose coatings 
in Cu/Ni-based cryogenic temperature sensors remain limited, particu
larly regarding the quantitative relationship between coating thickness 
and sensor performance. A clearer understanding of how NC layer 
thickness influences heat transfer, electrical transport, and signal sta
bility is therefore required for optimizing protective coatings in cryo
genic sensing applications.

In this study, we systematically investigate the influence of nitro
cellulose coating thickness on the performance of Cu/Ni-based cryo
genic temperature sensors. The NC coating thickness was varied from 
0 to 0.74 mm, and its effects on voltage range, response time, activation 
energy, hysteresis loss, and absolute sensitivity were evaluated over the 
temperature range from 0 ◦C to − 160 ◦C. The novelty of this work lies in 
establishing a quantitative relationship between NC coating thickness 
and key performance parameters of Cu/Ni cryogenic sensors. In addi
tion, a multivariate regression model is proposed to correlate sensor 
sensitivity with underlying physical parameters, providing further 
insight into the role of polymer protective layers in cryogenic sensing 
systems. From a physical perspective, the coating thickness controls 
both thermal resistance and interfacial electron transport, thereby 

determining the dynamic and electrical response of the sensor under 
cryogenic conditions.

2. Experimental method

2.1. Preparation of Cu/Ni/NC samples

The fabrication of the Cu/Ni/NC sensor involved several main stages, 
including Cu substrate preparation, Cu/Ni electroplating, and NC 
coating. The detailed preparation procedure is illustrated in the flow
chart presented in Fig. 1.

On the substrate preparation, a nickel plate 
(1.5 cm × 10 cm × 0.1 mm) was prepared as the coating source. A 
commercial copper substrate (PCB) was machined into a square-wave 
pattern with dimensions of 108 mm × 2 mm × 70 μm. Both surfaces 
were sequentially polished with a soft cloth using Autosol metal polish 
(SM583), then with toothpaste, until a reflective finish was achieved. 
The substrates were rinsed with distilled water, followed by 95 % 
ethanol, and cleaned in an ultrasonic bath for 15 min. After drying, the 
Cu plate was weighed using an Ohaus PR223/E analytical balance.

On the Cu/Ni electroplating, Cu/Ni samples were fabricated in an 
electroplating reactor, with a nickel plate serving as the anode and a 
copper substrate as the cathode, separated by 4 cm. Both electrodes were 
immersed in an electrolyte containing NiSO4 (260 g), NiCl2 (60 g), 
H3BO3 (40 g), and 150 mL of distilled water, maintained at 60 ◦C. 
Electroplating was conducted at a constant voltage of 4.5 V for 5 min. 
Fig. 2 presents the schematic of the sample and the resulting plated 
structure.

For the NC coating, before spraying, each sample was weighed and 
its sheet resistivity measured. The Cu/Ni substrate surface was then 
uniformly coated with Enzo 5240 NC using a spray pressure of 1.2 MPa. 
The coated sample was dried for 15 min to ensure complete solvent 
evaporation (Fig. 2a), after which its weight and sheet resistivity were 
remeasured. This procedure was repeated up to five cycles, with 
weighing and resistivity measurements performed after each coating 
step.

2.2. Determination of Ni and NC layer thicknesses

The Cu/Ni and Cu/Ni/NC samples were weighed using an Ohaus 
PR223/E analytical balance to obtain the masses of the Cu substrate, the 
Cu/Ni sample, and the Cu/Ni/NC sample. The thickness of the Ni layer 
thickness was calculated indirectly determined by the gravimetric 
method according to the following equation [26]: 

tNi =
mCu/Ni − mCu

ρNiA
, (1) 

Fig. 1. Flowchart of the preparation process of the Cu/Ni/NC samples.
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where tNi is the thickness of the Ni layer, mCu/Ni is the mass of the Cu/Ni 
sample, mCu is the mass of the Cu substrate, ρNi is the density of nickel 
(8.908 gcm− 3), and A is the deposition area in cm2. Similarly, using the 
mass values of the Cu/Ni sample and the Cu/Ni/NC sample, along with 
the density of NC, the thickness of the NC layer was determined indi
rectly using the gravimetric method according to the following equation: 

tNC =
mCu/Ni/NC − mCu/Ni

ρNCA
(2) 

where tNC is the thickness of the NC layer, mCu/Ni/NC is the mass of the 
Cu/Ni/NC sample, mCu/Ni is the mass of the Cu/Ni sample, ρNC is the 
density of nitrocellulose (1.23 gcm− 3), and A is the deposition area in 
cm2.

2.3. Determination of sheet resistivity

The sheet resistivity (Rs) of the Cu/Ni and Cu/Ni/NC samples was 
measured using a four-point probe system (JG-ST2258C). A higher Rs 
value for the Cu/Ni sample (RsCu/Ni) compared to that of the pure Cu 
substrate (RsCu) confirms successful Ni electroplating, as the resistivity 
of pure Ni (6.99 × 10− 8 Ω m) exceeds that of Cu (1.68 × 10− 8 Ω m) 
according to standard reference values. Likewise, if the Rs of the Cu/Ni/ 
NC sample approaches infinity (or is detected as non-conductive), it 
indicates successful application of the NC coating, since NC is an elec
trically insulating material.

2.4. Morphology surface

Surface morphology was characterized using a JEOL JCM-7000 
scanning electron microscope (SEM). SEM images of the Cu/Ni and 
Cu/Ni/NC film surfaces were obtained to examine the morphology, 
grain distribution, and surface uniformity of the deposited films.

2.5. Measurement of voltage, temperature, and current

The Cu/Ni/NC sensor, coupled with a TCA-BTA thermocouple, was 
gradually immersed in a Dewar flask containing liquid nitrogen at a 
controlled descent rate of 1.07 cm min− 1 (Fig. 2b). Measurements were 
acquired at a sampling rate of 1 sample per second. During immersion, 
the thermocouple temperature decreased from 0 ◦C to − 165 ◦C, corre
sponding to the lowest measurable temperature in liquid nitrogen. The 
sensor was then steadily withdrawn until the temperature returned to 
0 ◦C.

Through both cooling and warming cycles, the sensor's output 
voltage was recorded using a Vernier VP-BTA voltage probe. At the same 
time, the corresponding current was measured with a Vernier DCP-BTA 
current probe. Voltage data were analyzed to evaluate the sensor's 
thermal responsiveness. A strong correlation between voltage and 

temperature confirmed proper operation and high thermal sensitivity of 
the Cu/Ni/NC sensor [27–29].

The voltage range was obtained by calculating the difference be
tween the sensor voltage at the temperature of 0 ◦C and the temperature 
of − 160 ◦C: 

ΔV =V0oC − V− 160oC, (3) 

where ΔV is the voltage range of the sensor, V0 is the sensor voltage at 
0 ◦C, and V− 160 is the sensor voltage at − 160 ◦C. The response time was 
determined from the transient voltage–time response using Gaussian 
fitting. In this approach, the response time corresponds to the full width 
at half maximum (FWHM) of the fitted Gaussian function, a method 
commonly used in the dynamic characterization of temperature sensors 
to describe the temporal width of the sensor response during the cooling 
process [30]: 

y(t)=Ae−
(t− t0)2

2σ2 (4) 

where y(t) represents the sensor signal (voltage), A is the maximum 
amplitude, t0 is time at the peak position, and σ is the temporal standard 
deviation. The temporal width of the response was calculated using the 
full width at half maximum (FWHM), given by tresp = 2.355σ [31]. The 
uncertainty of the response time was obtained by error propagation from 
the fitting parameter σ, yielding stresp = 2.355 sσ .

The activation energy was determined using the Arrhenius rela
tionship between electrical conductivity and temperature [32], which 
describes thermally activated charge transport in conductive materials: 

σ = σ0eEa/kT, (5) 

where σ is the electrical conductivity, σ0 is the pre-exponential factor, Ea 
is the activation energy (J), k is the Boltzmann constant 
(1.380649 × 10− 23 J/K), and T is the absolute temperature (K). The 
electrical conductivity can be determined from the resistance, the length 
of the sample, and the cross-sectional area according to the following 
equation: 

σ =
1
ρ =

L
RA

, (5) 

where σ is the electrical conductivity, R is the resistance of the Cu/Ni or 
Cu/Ni/NC sensor, L is the sensor length (108 mm), and A is the cross- 
sectional area of the sensor (432 mm2). By taking the natural loga
rithm of Eq. (5), the linear form is expressed as: 

ln σ = ln σ0 +

(
103Ea

k

)
1

103T
. (6) 

where σ is the electrical conductivity, σ0 is the pre-exponential factor, Ea 

Fig. 2. (a) Schematic of the sample sketch, perspective view, and Cu/Ni sample, and (b) Low-temperature measurement research apparatus.
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is the activation energy (J), k is the Boltzmann constant, and T is the 
absolute temperature (K). By plotting lnσ as a function of 1/(kT), the 
activation energy can be determined from the slope of the linear 
Arrhenius plot [33]: 

Ea =
Bk
103 (joule). (7) 

where Ea is the activation energy (J) and B is the slope of the linear 
regression obtained from the plot of ln σ versus 1/(kT). A sensor with a 
lower activation energy Ea allows current to flow more easily. The 
smaller the Ea, the easier it is for charge carriers to move through the 
material.

Hysteresis loss was determined by calculating the maximum resis
tance difference between the heating and cooling curves at the same 
temperature, which is a commonly used method for evaluating sensor 
hysteresis [34], [35]: 

HL =(Vc − Vh)max, (8) 

where HL is the hysteresis loss, Vc is the sensor voltage during the 
cooling process, and Vh is the sensor voltage during heating. The elec
trical resistance of the sensor was calculated from the measured voltage 
and applied current using Ohm's law: 

R=
V
I

(9) 

where R is the electrical resistance of the sensor, V is the measured 
voltage, and I is the applied current. The resistance–temperature rela
tionship was then fitted using an exponential function: 

R(T)=A − BeCT (10) 

where R is the resistance, T is the temperature, and A, B, and C are fitting 
constants. The absolute sensitivity (S) was obtained from the slope of the 
curve described by Eq. (10), which represents the rate of change of the 
sensor output with respect to temperature, following the method pro
posed by Haris and Lu [36], [37], [38]: 

S(T)=
dR(T)

dT
= − DemT (11) 

where S represents absolute sensitivity, D and m are constants, with T 
being the temperature.

3. Results and discussion

Table 1 presents the physical properties of the Cu substrate before 
and after Ni coating, including sheet resistivity, mass, and estimated Ni 
film thickness. The table also includes the range of NC protective layer 
thicknesses applied for subsequent performance evaluation of the 
cryogen, as well as the calculated Ni and NC layer thicknesses obtained 
from Eqs. (1) and (2).

3.1. Surface morphology

Fig. 3 presents the SEM images of the Cu/Ni film and the Cu/Ni film 

coated with nitrocellulose (NC), each observed at two different locations 
to evaluate the surface morphology and its spatial uniformity.

Fig. 2a and b shows the SEM images of the Cu/Ni film before and 
after nitrocellulose (NC) coating. The uncoated Cu/Ni surface exhibits a 
relatively compact morphology with visible grain structures character
istic of electroplated metallic films. After NC deposition (Fig. 2c and d), 
the surface appears covered by a continuous polymer layer that partially 
smooths the underlying metallic features while maintaining good 
adhesion to the substrate. The NC layer forms a relatively uniform 
coating over the Cu/Ni surface, indicating effective coverage of the 
sensing element. This morphological modification suggests that the NC 
coating alters the effective conduction pathways at the film surface and 
introduces an additional interfacial layer between the sensing element 
and the surrounding environment. From a thermal perspective, the 
presence of the polymer coating may increase the effective thermal 
resistance, thereby influencing heat transfer dynamics between the 
sensing layer and the cryogenic medium. Consequently, the NC layer 
may affect the electrical transport behavior of the sensor, which is 
consistent with the observed changes in activation energy and response 
characteristics discussed in the following sections.

3.2. Temperature and sensor voltage response

Fig. 4 shows the transient voltage response of Cu/Ni/NC-based 
cryogenic temperature sensors with NC coating thicknesses ranging 
from 0 to 0.74 mm during cooling from 0 ◦C to − 160 ◦C and subsequent 
warming to 0 ◦C. All sensors responded measurably to temperature 
changes, exhibiting distinct voltage ranges and rates of change [39], 
[40]. The uncoated sensor (S0) displayed the fastest voltage drop during 
cooling, indicating an immediate thermal response. In contrast, 
NC-coated sensors exhibited a pronounced thermal lag, with thicker 
coatings (S4, S5) producing slower voltage decreases. This behavior is 
attributed to the low thermal conductivity and additional thermal mass 
of the NC layer.

Under steady-state low-temperature conditions near − 160 ◦C, all 
sensors exhibited a minimum voltage of 0.50–0.52 V, indicating that NC 
thickness has only a minor effect on the equilibrium response. In 
contrast, during transient phases (cooling and warming), thicker NC 
layers markedly slowed the voltage dynamics. This behavior is consis
tent with previous findings that polymer coatings can alter the dynamic 
thermal response of cryogenic sensors by increasing thermal resistance 
and capacitance [41]. A quantitative analysis of the transient sensor 
response, including response time and voltage range, is presented in 
Sections 3.3 and 3.4.

3.3. Response time analysis

The response time was defined as the full width at half maximum 
(FWHM) of the Gaussian-fitted voltage–time response. Fig. 5 shows the 
relationship between NC thickness and sensor response time, indicating 
that the NC coating significantly influences the sensor's thermal 
response characteristics.

From Fig. 5, the uncoated sensor exhibited the fastest response 
(~277 s), reflecting minimal thermal resistance and direct heat transfer 
to the active sensing layer.

Similar trends have been reported for Cu/Ni-based sensors, where 
response time, derived from voltage–time curves during liquid nitrogen 
vapor cooling [42], [43], increases in the presence of thermal insulation 
layers, such as NC. As NC thickness increased to 0.10 mm and 0.30 mm, 
the response time rose markedly, peaking at ~308 s at 0.30 mm. This 
indicates that the NC layer acts as a thermal barrier, impeding heat 
transfer from the environment to the Cu/Ni surface and thereby delay
ing the sensor's thermal equilibration [23], [44].

Interestingly, increasing the NC thickness to 0.43 mm, 0.57 mm, and 
0.74 mm gradually reduced the response time. This behavior may result 
from morphological changes in the NC layer, such as decreased packing 

Table 1 
Physical properties of Cu before and after Ni coating.

No. Measured parameter Value

1 Sheet resistivity of Cu (1040 ± 0,004) ×10− 3 Ω/sq
2 Sheet resistivity of Cu/Ni (3,81 ± 0,02) ×10− 3 Ω/sq
3 -voltage Mass of Cu plate (2936,08 ± 0,05) mg
4 Mass of Cu/Ni plate (2953,16 ± 0,05) mg
5 Mass of Ni film (17,08 ± 0,07) mg
6 Thickness of Ni film (128,57 ± 0,71) μm
7 Thickness of NC film 0 up to 0.74 mm
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density or micro-defect formation, that facilitate more efficient thermal 
exchange compared to the intermediate thickness range [45], [46].

3.4. Voltage range analysis

Fig. 6 presents the relationship between the sensor's voltage range 
and NC layer thickness. The voltage range, defined as the difference 
between the maximum and minimum output voltages over a tempera
ture range from 0 ◦C to − 160 ◦C, was evaluated for different NC 
thicknesses.

As shown in Fig. 6, the sensor output varied systematically with the 
protective layer thickness [24], [47]. The uncoated sensor (S0) exhibi
ted the narrowest range, whereas increasing the NC thickness to 
0.10 mm and 0.30 mm broadened it, reaching a maximum of approxi
mately 0.17 V at 0.30 mm. This enhancement is likely due to improved 
surface stability and reduced electrode interface noise provided by the 
thin dielectric layer, which sharpens the signal response under cryogenic 
conditions.

However, increasing the NC layer to 0.45 mm led to a sharp decline 
in the voltage range, a trend that persisted with thicker coatings. This 
behavior suggests that excessive insulation introduces parasitic resis
tance, hindering charge transport at low temperatures. The diminished 
voltage dynamics at greater NC thicknesses further indicate reduced 
sensor responsiveness, likely due to interfacial thermal and electrical 
barriers imposed by the thick polymer layer.

These findings indicate an optimal NC thickness of approximately 
0.30 mm, at which the sensor provides adequate protection and high 
electrical responsiveness. Beyond this point, excessive coating degrades 
voltage output, compromising accurate signal interpretation in cryo
genic sensing applications.

3.5. Effect of NC thickness on activation energy

Arrhenius-type plots of ln σ versus 1/1000 T for Cu/Ni sensors with 
varying NC coating thicknesses (Fig. 7a) reveal a systematic effect of the 
protective layer on electrical conductivity.

The uncoated sensor exhibits the highest ln σ values over the entire 
temperature range, indicating minimal obstruction to charge transport 
in the absence of NC. In contrast, NC-coated sensors display a progres
sive downward shift in conductivity curves, with thicker layers showing 
more pronounced reductions. This trend suggests that the NC film in
troduces an additional barrier to carrier mobility, attributed to its 
insulating character and the increased thermal resistance at greater 
thickness [48]. Despite all samples maintaining a linear ln 
σ–temperature relationship consistent with Eq. (6), slope variations 
reflect corresponding changes in activation energy for electrical con
duction [49].

The variation in activation energy with NC coating thickness is 
shown in Fig. 7b. As discussed in subsection 3.3, increasing the NC 
coating thickness modifies the sensor's thermal response by introducing 
an additional insulating layer that influences heat transfer and interfa
cial transport. At relatively thin coating thicknesses (≤0.15 mm), the NC 
layer may remain thin, allowing the underlying Cu/Ni surface to 
continue influencing charge transport. Under these conditions, electrons 
can interact more directly with the metallic layer, and charge transport 
may occur with relatively small energy barriers via thermally assisted 
conduction and electron scattering, resulting in a lower activation en
ergy [50], [51]. When the NC thickness approaches ~0.30 mm, the 
polymer layer becomes more continuous and uniformly covers the 
Cu/Ni surface. This continuous layer increases the effective transport 
barrier at the Cu/Ni–NC interface, thereby restricting charge-carrier 
mobility and increasing interfacial resistance. Consequently, the acti
vation energy reaches its maximum, suggesting that the conduction 

Fig. 3. SEM images of Cu/Ni (a, b) and Cu/Ni/NC (c, d) surfaces taken at two different locations ( × 10,000, scale bar 1 μm).
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process is increasingly influenced by the insulating polymer layer [52]. For thicker coatings (>0.45 mm), the activation energy decreases 

Fig. 4. Transient voltage response of Cu/Ni sensors with different NC coating thicknesses during cooling and heating cycles between 0 ◦C and − 160 ◦C.

Fig. 5. (a) Sensor voltage during the measurement of liquid nitrogen temperature from 0 ◦C to − 160 ◦C and (b) Response time for various NC coating thicknesses.
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slightly before increasing again at the largest thickness. This behavior 
suggests that the effective transport barrier within the polymer layer 
does not increase monotonically with thickness. Variations in the in
ternal structure of the polymer layer may locally modify the transport 

barrier, thereby contributing to the observed reduction in activation 
energy.

3.6. Effect of NC thickness on hysteresis behavior

Fig. 8 presents the resistance–temperature characteristics of Cu/Ni 
sensors coated with NC layers of varying thicknesses, recorded during 
both heating and cooling cycles. Each curve exhibits a distinct hysteresis 
loop, reflecting differences in resistance at the same temperature be
tween the heating and cooling phases. This hysteresis behavior indicates 
the presence of thermal lag in the sensor system, which contributes to 
the observed hysteresis loss, a critical parameter for assessing the 
reversibility and dynamic accuracy of temperature sensors.

Hysteresis loss increased progressively as the NC thickness was 
raised from 0.00 mm to 0.43 mm, indicating that the protective layer 
induces thermal inertia. This behavior is attributed to the insulating 
nature of NC, which slows heat transfer between the environment and 
the sensing element. The uncoated sensor (0.00 mm) exhibited the 
smallest hysteresis loss, indicating a rapid and nearly reversible thermal 
response. In contrast, at a thickness of 0.43 mm, hysteresis became more 
pronounced, reflecting greater resistance deviation between heating and 
cooling cycles.

A sharp and unexpected peak in hysteresis loss was observed at a 
thickness of 0.57 mm, coinciding with the maximum separation between 
the heating and cooling curves. This indicates a critical threshold 
beyond which the NC coating degrades sensor responsiveness, likely due 
to pronounced heat retardation and internal structural relaxation within 
the polymer matrix. Such behavior aligns with reports on thermally 

Fig. 6. Characteristics of maximum and minimum sensor voltage and 
voltage range.

Fig. 7. (a) Curve of ln σ vs. 1/1000T for Cu/Ni/NC and (b) Activation energy on the various NC coating thicknesses.

Fig. 8. (a) The resistance–temperature characteristics of Cu/Ni sensors coated with various thicknesses of NC, and (b) Effect of NC thickness on hysteresis behavior.
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cycled polymer systems, where viscoelastic and relaxation effects 
intensify in thicker films [53], [54].

Interestingly, when the thickness was increased to 0.74 mm, the 
hysteresis loss decreased, although it remained higher than that of 
thinner coatings. This reduction is likely attributable to internal heat 
redistribution or saturation of viscoelastic relaxation, leading to more 
uniform yet slower thermal diffusion. A comparable trend has been 
observed in organic dielectric films under cyclic thermal stress, where 
charge redistribution and structural rearrangements approach a semi- 
equilibrium state beyond a critical threshold [55].

These findings confirm that the NC layer thickness is a critical factor 
governing the thermal hysteresis behavior of Cu/Ni sensors. Thin layers 
provide effective mechanical protection with minimal impact on dy
namic performance, whereas excessive thickness induces nonlinear 
thermal effects and hysteresis-related inaccuracies. An optimal balance 
between thermal stability and sensor responsiveness is achieved at 
0.30–0.43 mm, beyond which performance degrades.

3.7. Effect of NC thickness on the sensor's response to temperature

Fig. 9 shows the resistance–temperature relationship for samples 
with varying NC layer thicknesses. All samples exhibit a positive resis
tance–temperature correlation, consistent with metallic behavior, in 
which higher temperatures enhance phonon–electron interactions, 
thereby increasing electrical resistance [56].

The reference sample without an NC layer (S0) exhibits the lowest 
baseline resistance, approximately 850 Ω at − 160 ◦C, increasing to 
about 1150 Ω at 0 ◦C. In contrast, NC-coated samples show a progressive 
rise in baseline resistance with increasing coating thickness. For 
example, the S5 sample with a 0.74 mm NC layer shows ~1500 Ω at 
− 160 ◦C and ~1850 Ω at 0 ◦C. This trend indicates that the NC layer 
adds resistive properties, likely due to its intrinsic insulating behavior 
and enhanced interfacial scattering effects [57].

3.8. Effect of NC thickness on enhanced thermal sensitivity of Cu/Ni/NC 
sensors

Fig. 10 illustrates the absolute sensitivity of Cu/Ni/NC sensors with 
varying NC layer thicknesses under cryogenic conditions.

Incorporating an NC layer significantly affects thermal sensitivity, 
particularly at ultra-low temperatures. The data reveal a nonlinear in
crease in sensitivity with thicker NC layers, notably at − 150 ◦C and 
− 175 ◦C, where S5 exceeds 7 Ω/◦C [58], [59]. This behavior is likely due 
to changes in the dielectric constant and thermal retention properties of 
NC at low temperatures [60]. A threshold near 0.30 mm separates a 
low-sensitivity region from a high-sensitivity region. In contrast, at 

moderate sub-zero temperatures (e.g., − 25 ◦C), sensitivity decreases, 
possibly due to NC's insulating nature, which limits thermal diffusion 
[61].

Sensors coated with thicker NC layers (S4 and S5) demonstrated the 
highest absolute sensitivity at ultra-low temperatures, exceeding 6 Ω/◦C 
at − 160 ◦C. However, these sensors also exhibited a steeper decline in 
sensitivity with increasing temperature than those with thinner coat
ings. Notably, the absolute sensitivity curves intersect at specific tem
peratures, as summarized in Table 2. These intersection points indicate 
that, at certain temperatures, Cu/Ni/NC sensors with different NC 
thicknesses yield identical absolute sensitivity. At such points, the film 
thickness ceases to serve as a differentiating factor. Before and after 
these intersections, the relative performance of the sensors reverses. For 
instance, below − 100 ◦C, sensor S5 outperforms S1 and S2 in terms of 
sensitivity. Yet above − 50 ◦C, the sensitivity of S5 drops below that of 
sensors with thinner NC layers. This phenomenon suggests that 
increasing the thickness of the NC layer enhances sensitivity primarily at 
cryogenic temperatures. At elevated temperatures, however, sensors 
with thicker coatings tend to exhibit a more pronounced performance 
degradation. This behavior may be attributed to structural changes in 
the polymeric NC layer, which could diminish thermal conductivity, or 
to variations in dielectric properties with film thickness [62–64].

The results presented in Fig. 8b and summarized in Table 3 show that 
sensors with different NC layer thicknesses can exhibit identical absolute 
sensitivity at specific temperatures, as indicated by the intersection 
points of the sensitivity curves. These intersections occur, for example, 
at approximately − 86 ◦C for the S4–S2 pair (2.50 Ω/◦C) and − 57 ◦C for 
the S3–S1 pair (1.14 Ω/◦C). At these temperatures, the influence of NC 
thickness on sensitivity becomes negligible, meaning that sensors with 
different coating thicknesses can deliver equivalent temperature re
sponses [7]. From a practical perspective, these intersection tempera
tures provide useful criteria for selecting sensor configurations. When 
the operating temperature of a system lies close to one of these inter
section points, multiple sensor designs can achieve nearly identical 
sensitivity. Therefore, the sensor can be chosen based on other practical 
considerations such as coating durability, resistance to cryogenic envi
ronmental stresses, and fabrication simplicity rather than sensitivity 
alone.

The presence of these intersections also offers opportunities for 
fabrication and cost optimization. If comparable sensitivity can be 
achieved at a given temperature using several NC thicknesses, thinner 
coatings may be preferred because they generally require shorter 
deposition time, lower material consumption, and reduced risk of de
fects such as cracking or delamination during thermal cycling [14]. 
Conversely, thicker NC layers remain advantageous in applications 
requiring higher sensitivity at extremely low temperatures, as demon
strated by the superior cryogenic performance of sensors such as S5.

Physically, the occurrence of these intersection points can be 
attributed to the competing effects of thermal retention and heat transfer 
resistance in the NC coating. Thicker NC layers enhance thermal 
retention, which increases sensitivity at very low temperatures. How
ever, they also introduce higher thermal resistance that can limit heat 
transfer between the environment and the sensing layer at higher tem
peratures. As a result, the sensitivity curves of sensors with different 
coating thicknesses intersect at particular temperatures [7], [65].

Overall, the analysis of these intersection points provides practical 
guidelines for selecting the optimal NC coating thickness according to 
the intended operating temperature range, enabling a balanced 
consideration of sensitivity performance, mechanical reliability, and 
fabrication efficiency.

4. Predictive model for sensitivity

To clarify the physical processes governing the sensor behavior, a 
schematic illustration of the working mechanism of the Cu/Ni/NC 
cryogenic temperature sensor is presented in Fig. 11. The NC protective Fig. 9. Resistance-Temperature characteristics of Cu/Ni Coil Sensors.
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layer modifies heat transfer and interfacial transport, which in turn in
fluences the response time, activation energy, and voltage response of 
the sensor.

To quantitatively assess the relationship between sensitivity and the 
physical parameters governing Cu/Ni-based cryogenic temperature 
sensors, a multivariate logarithmic regression model was developed. 
The logarithmic formulation was adopted because many transport pro
cesses in thermal and electronic systems exhibit power-law scaling. 
Expressing the model in logarithmic form linearizes the multiplicative 
dependence between variables and enables quantification of the relative 
influence of each parameter through the fitted exponents, which 
describe how thermal dynamics, charge-transport barriers, and interfa
cial effects collectively influence the sensor sensitivity [66], [67]. In the 
sensitivity model of the Cu/Ni/NC cryogenic temperature sensor, the 
parameters used to predict the absolute thermal sensitivity (S) at 

− 150 ◦C reflect distinct physical mechanisms governing the sensor 
response. The response time (tr) characterizes the thermal dynamics of 
the sensor; a larger tr indicates slower thermal equilibration due to 
higher thermal resistance. The activation energy (Ea) represents the 
energy barrier for electron transport in the Cu/Ni film, where higher Ea 
values indicate a stronger temperature dependence of the electrical 
conduction. The hysteresis loss (HL) is associated with the sensor's sta
bility during cooling–heating cycles, with higher values indicating 
greater differences between the two processes. The nitrocellulose 
coating thickness (wNC) controls the thermal resistance between the 
sensing layer and the surrounding environment, where increasing wNC 
generally enhances the temperature gradient across the sensor. Mean
while, the voltage range (ΔV) represents the electrical signal variation 
induced by temperature changes and reflects the magnitude of the 
sensor's electrical response under cryogenic conditions. The experi
mental parameters used in the regression model are summarized in 
Table 4.

The empirical model is expressed in logarithmic form as 

lnS = p+qlntr+rlnEa+slnHL+ulnΔV+zlnwNC (11)                                  

which can be equivalently expressed in exponential form as: 

S=K
tq
r Er

aHs
Lwz

NC

(ΔV)u (12) 

where p is the logarithmic intercept, K = ep, and q, r, s, u, and z are the 
regression exponents describing the relative influence of each 

Fig. 10. (a) The absolute temperature sensitivity of Cu/Ni-based sensors coated with NC films of various thicknesses, and (b) A nonlinear increase in sensitivity with 
thicker NC layers.

Table 2 
Fitting constants of absolute sensitivity at various temperatures.

Curve Slope (Ω/◦C2) Intercept (Ω/◦C) Physical 
Meaning

S0 − 0.01946 ± 1.46166E- 
18

− 0.18364 ± 2.03406E- 
16

low sensitive

S1 − 0.02388 ± 2.89156E- 
18

− 0.2263 ± 4.14687E-16 moderate 
sensitive

S2 − 0.03474 ± 6.08553E- 
18

− 0.51969 ± 8.96943E- 
16

moderate-high 
sensitive

S3 − 0.04296 ± 9.25734E- 
18

− 1.32118 ± 1.3580E-15 high sensitive

S4 − 0.04452 ± 1.92309E- 
18

− 1.36898 ± 2.73998E- 
16

very high 
sensitive

S5 − 0.04608 ± 4.23243E- 
18

− 1.16011 ± 5.96891E- 
16

most sensitive

Table 3 
Temperature and absolute sensitivity at the intersection points of two sensor 
curves.

Curve 
pair

Intersection 
Temperature (◦C)

Absolute 
Sensitivity (Ω/◦C)

Film Thickness 
Description

S5 & S4 134 − 7.33 Thick vs. medium- 
thick films

S4 & S2 − 86 2.50 Medium vs. thin films
S3 & S1 − 57 1.14 Intermediate vs. very 

thin films
S1 & S0 − 10 − 0.46 Thinnest film vs. no 

NC layer
S2 & S0 − 21 0.24 Thin film vs. no NC 

layer

Fig. 11. Schematic diagram of the working mechanism of the Cu/Ni/NC 
cryogenic temperature sensor.
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parameter.
Although the regression model is empirical, the selected parameters 

are physically linked to the governing processes of the sensor, including 
heat transfer through the NC coating, charge transport within the Cu/Ni 
sensing layer, and interfacial effects between the metal film and the 
polymer coating. Therefore, the fitted exponents provide a phenome
nological description of how these physical processes collectively in
fluence the sensor's temperature sensitivity.

Table 4 shows that the experimentally measured sensitivity increases 
significantly with increasing NC coating thickness, from 0.46 Ω/◦C for 
the uncoated sensor (S0) to 7.20 Ω/◦C for the thickest coating (S5). This 
trend indicates that the NC layer enhances the sensor response under 
cryogenic conditions, most likely by modifying heat transfer and inter
facial transport mechanisms. The activation energy also increases from 
0.18 eV to 0.35 eV at intermediate coating thicknesses, then slightly 
decreases for thicker coatings, suggesting that the polymer layer mod
ifies the energy barrier for charge transport. Meanwhile, the response 
time varies within a relatively narrow range (277–308 s), indicating 
comparable thermal equilibration dynamics across the samples.

The fitted constants p,K, q, r, s, u, and z are − 1.457, 0.223, 0.90, 
1.10, 0.20, 1, and 0.25, respectively. The negative value of p corresponds 
to the logarithmic intercept of the regression equation and represents 
the baseline scaling constant of the model. The regression exponents 
provide insight into the relative influence of each parameter. The largest 
exponent corresponds to the activation energy (r = 1.10), indicating 
that the charge-transport barrier likely plays a dominant role in deter
mining the temperature dependence of electrical conductivity and 
therefore strongly influences the sensor sensitivity. The response time 
exponent (q = 0.90) is also relatively large, suggesting that slower 
thermal equilibration—associated with stronger thermal insulation, can 
enhance the measurable resistance change.

In contrast, hysteresis loss exhibits a smaller exponent (s = 0.20), 
implying that thermal lag contributes only moderately to the overall 
sensitivity. The exponent associated with the voltage range (u ≈ 1) in
dicates an approximately linear relationship between the electrical 
response amplitude and sensitivity. Finally, the exponent associated 
with the NC coating thickness (z = 0.25) suggests that the polymer layer 
primarily acts as a secondary structural modifier, influencing heat 
transfer and interfacial charge transport rather than being the dominant 
factor controlling sensitivity.

To evaluate the predictive capability of the model, the calculated 
sensitivities were compared with the experimentally measured values at 
− 150 ◦C, as shown in Fig. 12. The results demonstrate good agreement 
between the experimental and predicted values, with relative errors 
below approximately 13%, indicating that the regression model cap
tures the main physical trends governing the sensor response. Because 
the number of experimental samples is limited, the regression model 
should be regarded as an empirical correlation rather than a universal 
predictive law. Nevertheless, the model provides useful insight into the 
relative influence of the key physical parameters governing the sensi
tivity of Cu/Ni/NC cryogenic sensors.

5. Conclusion

This study demonstrates that the thickness of nitrocellulose (NC) 

coatings has a pronounced impact on the thermal and electrical char
acteristics of Cu/Ni-based cryogenic sensors. Increasing NC thickness 
initially prolongs the response time due to enhanced thermal insulation, 
with optimal performance achieved at 0.30–0.43 mm, where the voltage 
range peaks and activation energy is maximized. Thinner or thicker 
layers permit partial conduction, while hysteresis loss—indicative of 
thermal lag—is greatest at 0.57 mm, suggesting excessive heat reten
tion. Coatings thicker than 0.43 mm enhance cryogenic sensitivity but 
compromise response speed and reversibility. A multivariate logarith
mic regression model incorporating NC thickness accurately captures 
nonlinear sensitivity behavior, providing a robust predictive framework. 
These findings offer practical guidelines for tailoring NC layer thickness 
to achieve an optimal balance between sensitivity, stability, and oper
ational reliability in extreme low-temperature environments.
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