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Abstract 

In this paper, we study the influence of annealing on the performance of Resistive Temperature 
Detectors made from Nickel thin films. The aimed application is heat flux sensing. The substrate is 
made of Borofloat glass with a Chromium adhesive layer. Several annealing temperatures between 
150°C and 300°C are applied to this assembly. The thin films as deposited and after annealing are 
analyzed through SEM images. The evolution of the resistance and the temperature coefficient of the 
sensor are discussed. The uncertainties are analyzed in the frame of heat flux sensing application. An 
annealing temperature is selected that ensures the repeatability of measurements.  

Keywords 

Resistive Temperature Detectors – Thin films – Annealing – Nickel – Temperature coefficient of 

resistance 

 

Nomenclature 

a: range of measurement 

e: thickness (m) 

k: coverage factor 

l: length (m) 

n: number of measurements in the calibration curve 

q: heat flux (W.m-2) 
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R: resistance (Ω) 

u: uncertainty (°C) 

U: expanded uncertainty (°C) 

T: temperature (°C);  

Greek symbols 

α: Temperature Coefficient of Resistance (TCR) (°C-1) 

αl: Linear Coefficient Thermal Expansion (CTE) (°C-1) 

λ: thermal conductivity (W.m-1.°C-1) 

ρ: resistivity (Ω.m) 

Subscripts 

0: reference 

1, 2: side of the RTD 

A: annealing 

B: bulk 

c: combined 

F: film 

r: residual 

Ref: reference temperature 

T: temperature 

Introduction  

Resistive Temperature Detectors (RTD) are widely used as sensors in numerous applications. Several 
metals can be used for the thin film RTDs: platinum, copper or nickel. Nickel has the advantage of being 
more cost-effective than platinum, therefore it is suitable for wide diffusion sensors or disposable 
applications as in biomedical sensing [1][2]. It is also recommendable in nuclear engineering because 
it does not undergo significant changes when irradiated (see for example [3]). Some authors worked 
on heat flux sensors using thin film nickel RTDs [4][5][6]. In heat flux sensing, the heat flux can be 
derived from the difference of two temperature measurements. Thus, in this application, any variation 
in temperature leads to a large discrepancy in the indicated heat flux. Therefore, temperature sensing 
has to be accurate and reliable, so the properties of the film, resistivity and temperature coefficient or 
resistance (TCR), have to be stable. One of the method to ensure this stability is to perform an 
annealing of the film. This method has been widely studied in thin film platinum and more scarcely for 
other metals. Some authors studied the influence of heat treatment on the resistivity of the layer and 
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its TCR. Mailly et al. [7] studied a platinum thin film on a titanium sublayer for an application of 
anemometry. They showed that the TCR raises with the increase in the annealing temperature for all 
the deposition methods used. Above 600°C, the TCR was strongly reduced for the sample made from 
electron beam evaporation. Their results and those proposed by other authors are summarized in 
Table 1 where the RTD metal, sublayer, substrate, annealing temperature and observation on 
resistivity and TCR changes are reported. Resnik et al. [8][9] studied the design, fabrication and 
characterization of thin film Ti/Pt heaters and integrated temperature sensors. Thermal annealing of 
the deposited Ti/Pt layers was investigated revealing an increase in the resistivity up to 500°C then a 
decrease. They also showed an increase in the temperature coefficient of resistance (TCR) with the 
annealing temperature. Guarnieri et al. [10] studied the adherence of platinum thin film on a Si/SiO2 
wafer using chromium, titanium or alumina as sublayer. They reported a decrease in resistivity with 
the annealing temperature and an increase in the TCR. Others authors only reported results on the 
resistivity of the platinum film. R.M. Tiggelaar et al. [11] observed that oxidation and diffusion of 
titanium or tantalum buffer layers into a platinum film during annealing leads to an increase in the 
resistivity. Sreemani and Sen [12] studied the effect of annealing temperature on the structural, 
electrical and microstructural properties of thin Pt films. They showed that resistivity of Pt films 
decreases appreciably up to 500 °C. They also showed that annealing improves the degree of 
crystallinity of Pt films and that micro-strain of the film decreases. Schmid and Seidel [13] studied the 
influence of annealing under vacuum and film thickness on the electrical resistivity of evaporated Ti/Pt 
thin films. They observed a diminution of the resistivity at an annealing temperature of 300°C then a 
raise at an annealing temperature of 450°C. Above 600 °C, they state that the diffusion of titanium into 
the platinum top layer and its plastic deformation dominate the electrical behaviour. Sripumkhai et al. 
[14] investigated the effect of annealing condition on a Cr/Pt thin film. The authors found that after 
annealing, the grain size of the Pt film increased and the electrical resistivity decreased remarkably. 
Finally, some authors focus on the microstructural changes after heat treatment and particularly on 
the titanium sublayer diffusion into the platinum film [15][13][16][17][18][19][20]. They showed that 
annealing at high temperature lead to a diffusion and oxidation of the Ti sublayer generating 
compressive stress. As for other metals than platinum, Weiping et al. [21] studied a chromium 
membrane for temperature sensing developed in the case of a polymerase chain reaction (PCR) 
application. Their results indicated that the TCR increases with the heat treatment temperature going 
up, then levels off. Johnson [22] studied the resistivity and TCR of nickel thin films (0.125 to 1.25 μm) 
used as interconnections on an alumina substrate. A significant decrease of about 1 Ωcm in the 
resistivity of nickel films was observed after annealing at 427°C primarily due to dislocation sinking. A 
TCR of 0.0051 C-1 was observed between 25°C and 427°C for a film thickness of 1 μm.  

As a summary, annealing leads to different phenomena that happen at different conditions and 
temperatures: decrease in micro-strain, raise in crystallinity, diffusion and oxidation of the sublayer if 
any. Therefore, it is useful to gain knowledge on the influence of an annealing process on the resistivity 
and TCR of a nickel RTD associated with a sublayer and substrate. In this paper, we focus our work on 
the influence of low temperature annealing on the characteristics of a nickel RTD designed for a heat 
flux sensing application up to 200°C. The RTD concept, practical design and microfabrication technique 
are presented in the first section. In the second section, the characterization of the thin films through 
profilometry and Scanning Electron Microscopy (SEM) is presented. The experimental setup for the 
temperature and resistance measurement is detailed in the following section. Finally, experimental 
results for the temperature measurement without and with annealing are presented and discussed. 
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Authors RTD 

metal 

Sublayer Substrate Annealing 

conditions 

Observations on resistivity 

or resistance 

Observations on TCR 

Mailly et 
al. 2001 [7] 

Pt Ti  SiNix/Si 200-800°C  Raise with the increase in the 
annealing temperature for AC 
sputtering, magnetron, 
electron beam evaporation 
methods 
Decrease above 600°C for 
electron beam evaporation 
method 

Resnik et 
al. 2011 [8] 
and 2017 
[9] 

Pt Ti Si 300-700°C Slight increase up to 500°C 
then decrease 

Increase with annealing 
temperature 

Guarnieri 
et al. 2014 
[10]  

Pt Cr or Ti 

or Al2O3 

 

 

Si/SiO2 300-700°C Decrease with annealing 
temperature 

Increase with annealing 
temperature 

R.M. 
Tiggelaar 
et al. 2009 
[11] 

Pt Ti   
 
 
 
Ta  
 
 
None 

Si 400-950°C Increase with annealing 
temperature 
 
Slight decrease up to 750°C 
then increase 
 
Stable at 80% of the as 
deposited sate 

 
 
 
Constant up to 550 ◦C, then 
increase 
 
 
Linear increase 

Sreemani 
and Sen 
2006 [12] 

Pt None Glass 500-600°C Decrease with annealing 
temperature 

 

Schmid 
and Seidel 
2008 [13]  

Pt Ti Si/SiO2 300-600°C Decrease up to 450°C then 
increase 

 

Sripumkhai 
et al. 2010 
[14]  

Pt Cr Si 600-

1200°C 

Decrease at 600°C and 
900°C, increase at 1200°C 

 

Weiping et 
al. 2005 
[21]  

Cr SiO2–

Si3N4 

Si 300-700°C  Increase with annealing 
temperature 

Johnson 
1990 [22]  

Ni None Alumina 25-427°C Decrease Value at 427°C 

Table 1 : Influence of annealing on resistivity and TCR of RTD 

1 Concept, design and microfabrication of the sensor 

1.1 Concept 

Gradient heat flux sensors are based on the application of Fourier’s law: 

𝒒 = −𝝀
∆𝑻

𝒆
     (1) 

where the temperature difference ∆𝑇 is measured across a substrate of known thickness e and 
conductivity 𝜆 . The thermal resistance of the sensor e/λ is usually small in order to avoid disturbance 
of the thermal environment.  

The resistivity 𝜌 of thin metal film can be expressed as Matthiesen’s rule [22]: 
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𝜌 = 𝜌𝑇 + 𝜌𝑟       (2) 

where 𝜌𝑇 is the temperature-dependant term and 𝜌𝑟 is the residual resistivity term. 𝜌𝑟 includes the 
contribution from surface scattering, impurities, magnetic disorder effects, grain boundaries and 
intragranular effects. Thus, using thin film metal RTD in a gradient heat flux sensor requires that the 
variation of resistivity is only linked to the temperature variation and not to uncontrolled variations of 
the residual resistivity. If not, this variation divided by a small thermal resistance would lead to large 
heat flux errors. 

Assuming the resistivity evolves linearly with temperature:  

𝜌(𝑇) = 𝜌0(1 + α(T − T0))       (3) 

where 𝜌0 is the resistivity of the material at the reference temperature T0. 

This implies that the resistance of the RTD can be expressed as: 

    𝑅(𝑇) = 𝑅0[1 + 𝛼(𝑇 − 𝑇0)]      (4) 

where 𝑅0 is the resistance at the reference temperature T0. The TCR α can be expressed as: 

     α =
1

𝑅0
 
dR

𝑑𝑇
=

𝑅(𝑇)−𝑅0

𝑅0(𝑇−𝑇0)
      (5) 

1.2 Design 

The heat flux sensor is made from two RTDs deposited on each side of a Borofloat glass substrate 
(Figure 1). A 20 nm sublayer made of chromium ensures the adhesion between the substrate and the 
nickel. The thickness of the nickel track is about 220 nm. The total sensor dimensions are 5 x 5 x 0.5 
mm3, with a sensing area of 2 x 2 mm2. More details on the sensor can be found in previous works 
where platinum RTDs were used [23]. The properties of the materials used in the sensor are 
summarized in Table 2. 

 

Figure 1 Heat flux sensor scheme (a) and photograph (b) 

Property Borofloat Glass Nickel Chromium 

Coefficient of linear expansion al (C-1) (20-300 °C) 3.25 x 10-6  13.3 x 10-6  6.5 x 10-6  

Resistivity ρ (Ω.m) at 25 °C  6.9 x 10-8  13.2 x 10-8  

TCR α (C-1) at 25-500 °C (bulk)  0.0068 0.00214 

Table 2 Properties  

  

Chromium

Nickel

0,02 µm

0,2 µm

500 µm

Borofloat 33a/ b/
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1.3 Microfabrication  

The RTDs for the heat flux sensor were manufactured in the MIMENTO cleanroom at FEMTO-ST 
institute. The wafer is a Borofloat glass wafer, 4 inches in diameter and a thickness of 500 microns.  
The microfabrication process follows the steps given on Figure 2. First (1) the glass wafer is coated with 
a thin photoresist Shipley 1813 by spin coating. The mask aligner then allows the exposure to UV of 
the photosensitive resin according to the mask (2). Then, after development of the photoresist in a 
basic developer MF26A from Shipley (3), the wafer is installed in a sputtering machine PLASSYS MP500. 
After an etching step with argon gas in order to remove all the impurities from the surface of the glass, 
the metal deposition, around 20 nm of Chromium as adhesive layer and 220 nm Nickel, is performed 
by magnetron sputtering at a pressure of 4x10-3mbar (4). Finally, the chemical lift-off removes the resin 
retaining only the patterns registered tracks (5). These five steps are repeated on the other side of the 
wafer with the same lithography mask in order to be able to measure the heat flux easily. The final 
step is the cutting of sensors from the wafer by a high rotating speed dicing saw DISCO DAD3321 and 
a special blade of 200µm thickness .  

 

Figure 2 Microfabrication steps 

1.3 Annealing  

An annealing was performed during 6h in air on the sensors at four different annealing temperatures 
TA 150 °C, 200°C, 250°C, 300°C. The applied temperature profile is presented in Figure 3. A slope of 
5°C/min is applied up to the annealing temperature TA, and at the end of the 6h, the sample is 
subjected to free cooling in the oven.   
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Figure 3 Annealing temperature profile 

 

2 Characterization of the thin films 

2.1 Profilometry 

The thickness of the nickel tracks was measured with an accuracy of 0.1% by a TENCOR profilometer 
(DEKTAK 150). Two examples of profiles on either side of the substrate are shown in Figure 4. The 
deposition thickness was of the order of 0.220 μm and the track width is 60 μm which is in agreement 
with the design. 

 

Figure 4 Profiles of the tracks deposited on each side of the substrate. 

 

2.2 SEM 

The characterization of the nickel films was also achieved by SEM after a milling step using Focused Ion 

Beam (FIB). The FIB process is used to control the profile of the nickel layer. The surface of the nickel 

film of the sensor was observed by SEM as deposited and after annealing at 200°C and 300°C. Various 

magnifications were used. We did not find any structural differences, either on the surface or in cross-
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section for nickel deposition as a function of different annealing temperatures (Figure 5). Grain size 

and nodule distribution of columnar growth hardly changes for the different temperature levels. 

(Figure 5). We do not notice the presence of stress scales, stress cracks due to different annealing and 

the edges of the thin layers remain cleanly drawn as on the original mask of the pattern. Therefore, 

we do not observe major differences at the surface of the films as deposited or after annealing. 

 

Figure 5:  SEM pictures of Ni/Cr films with increasing magnification a – b – c as deposited , d – e – f annealed 6h 200°C 
and etched by FIB, g-h-i annealed 6h 300°C  

3 Experimental setup of the resistance and temperature measurement  

3.1 Temperature calibration bench, uncertainties and errors 

The calibration bench was composed of a portable calibration oven (550 Gemini LRI), a highly accurate 
Pt100 platinum reference probe (0.005 °C) and a reference thermometer (PHP 601) (Figure 6). The 
RTDs were placed into the oven and were measured with two precision 61/2 digits digital multimeters 
Keithley 2100. They were connected with the 4-wire method with constantan wires. The 10 kΩ range 
of the multimeter was chosen, leading to an applied current of 0.1 mA in order to minimize self-
heating. Data acquisition was performed with a Labview® software. The RTDs resistance values were 

d/

a/ b/ c/

e/ f/

h/ i/g/
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measured on a 20°C-120°C range. At each temperature step, 50 observations of the resistance value 
were made.  

 

Figure 6 Calibration test bench. 

 

3.2 Uncertainties and errors 

The uncertainties of the resistance measurement and temperature calibration were established 
following the guidelines exposed in [23][24][25]. The type A uncertainties are computed with the 
following equation: 

     𝑢𝑒𝑥𝑝 =
1

√𝑛
[

1

𝑛−1
∑(𝑋𝑖 − �̅�)2]

1/2
    (6) 

For type B uncertainties, we suppose that the data provided by the constructor represent a uniform 
distribution between the value [-a, +a]. Therefore, the uncertainty is obtained from: 

      𝑢 =
𝑎

√3
      (7) 

The total uncertainty is computed applying the law of propagation of uncertainties. Then, the 
expanded uncertainty considering a confidence interval of 95% is computed as:  

      𝑈 = 𝑘𝑢        (8) 

with the coverage factor 𝑘 = 2. The expanded uncertainty is found to be 0.14°C. The details for the 
resistance and temperature measurement are presented in Table 3 and in Table 4 respectively.  

We consider the temperature of the reference Pt100 as the reference value. Therefore, in the next 
paragraphs, the absolute error is the difference between this value and the values issued from the 
RTDs.  

Sources of uncertainties 
Uncertainty 

type 
Contribution (Ω) 

Resistance measurement at 120°C (n=50) A 2.25x10-3 

Digital Multimeter resolution Keithley 2100 (10KΩ range) B 2.89x10-3 
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Combined uncertainty 𝑢𝑐   3.66x10-3 

Expanded uncertainty U (k=2)  7.32x10-3 

Table 3 Uncertainties of the resistance measurement 

Sources of uncertainties 
Uncertainty 

type 
Contribution (°C) 

Resistance measurement at 120°C (n=50) A 2.21x10-3 

Digital Multimeter resolution Keithley 2100 (10KΩ range) B 2.84x10-3 

Temperature measurement at 120°C (n=50) A 1.03x10-3 

Reference temperature probe Pt100 B 5.77x10-3 

Thermometer PHP 601resolution B 5.77x10-3 

Oven temperature resolution B 5.77x10-2 

Spatial homogeneity of the oven B 6.35x10-3 

RTD self heating (10KΩ range) B 2.89x10-2 

Combined uncertainty 𝑢𝑐  6.55x10-2 

Expanded uncertainty U (k=2)  0.131 

Table 4 Uncertainties of the temperature measurement 

4 Experimental results and discussion 

4.1 Characteristics of the sensor without annealing 

The initial calibration curves of the nickel RTDs R1 and R2 as deposited (without annealing) are 
presented in Figure 7.  
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Figure 7 Calibration curves of the RTDs as deposited and with annealing at 250°C 

In this temperature range, the observed variation of the resistance with temperature is close to linear. 
The difference in the values of resistance R1 and R2 can be explained by the difference of film deposition 
from one side to the other one (cf. Figure 4). The observed averaged resistivity of both resistances 
deduced from the track dimension was 1.31x10-7 Ω.m at 35°C and the average TCR was 0.00143 °C-1 

(Table 5). As expected in thin films, we observe an increase in resistivity compared to bulk nickel (Table 
2) and a decrease in TCR. As analysed by Johnson [22], the main contribution of this increase is probably 
due to the raise in grain boundary scattering. In order to investigate the repeatability of the 
measurement, several tests were performed after the calibration, and the absolute error calculated as 
explained in paragraph 3.2 was plotted for each reference temperature for the same sensor. The 
results after the 3 tests are plotted in Figure 8. It can be noticed that the resistance measurement is 
not repeatable enough. On the second test, the maximum absolute error strongly rose to 3°C for R1 
and 4.1°C for R2. During the following tests, the error seemed to tend to a fixed value. These results 
suggested that the different tests achieved a partial annealing on the resistive sensors, even at low 
temperatures of around 100 °C. The properties of the film was modified along the tests resulting in a 
drift of the measurements. 

 TCR (°C-1) 

Conditions 
R1 R2 

As deposited 
0.00149 0.00138 

As deposited : average value 
0.00143 

After annealing 
0.00156 0.00149 

After annealing : average value 
0.00152 

Table 5 TCR as deposited and after annealing at 250°C 
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Figure 8 Absolute errors of the RTDs (R1 a/ – R2 b/) as deposited and with annealing at 250°C 

4.2 Influence of the annealing temperature on the resistivity of the sensor 

In order to overcome this problem, different annealing temperatures from 150°C to 300°C were 

applied (cf §1.3) to the sensor in order to determine the appropriate annealing temperature. The 

evolution of the resistance of the sensor versus the annealing temperature is plotted in Figure 9. We 

observed a decrease down to 200°C, then an increase. This phenomenon was also reported by Schmid 

and Seidel [13] and Zribi et al. [23] on a Pt/Ti and Pt/Cr film respectively. On the other hand, Johnson 

only reported a decrease in resistivity on a Ni film without sublayer. Concerning the decrease in 

resistance observed after annealing at the lowest temperatures, we make the hypothesis that the main 

contribution is linked to the release of the micro stress induced by the deposition process, as observed 

by Sreemani and Sen for platinum [12]. A raise in crystallinity due to the annealing can also lead to a 

decrease in resistivity. 

Concerning the increase observed above 200°C, we make the hypothesis that the increase is due to 

the diffusion and oxidation of the chromium buffer layer into the nickel layer along grain boundaries, 

changing the electrical properties. This phenomenom was frequently observed for Pt thin films 

deposited on a sublayer (see for example [11]).  

 

Figure 9 Influence of the annealing temperature on the resistance.  
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4.3 Characteristics of the RTDs annealed at 250°C 

An annealing temperature of 250°C was applied to the sensors in order to benefit from the release of 
stress in the film. Then, the calibration was performed using the same experimental conditions. The 
calibration curves of both RTDs are plotted in Figure 7. We observed a decrease in resistance, thus in 
resistivity. We also observed a 6% increase in the average TCR up to 0.00152 °C-1. The absolute errors 
versus the reference temperature are displayed in Figure 8. We observed that the annealing also led 
to a high improvement in the repeatability of the results. The absolute errors are reduced to a maximal 
error of 0.44°C instead of 4.12°C without annealing. Therefore, this choice of annealing temperature 
led to an improvement of the RTDs.  

Conclusion 

In this paper, we have presented the influence of low temperature annealing on nickel RTDs deposited 
on a glass substrate with a chromium sublayer. The aimed application is heat flux sensing where 
repeatable and accurate measurement are needed. We applied different annealing temperatures from 
150°C to 300°C for 6 hours and showed that the resistivity decreased down to 200°C then increased. 
The films were analysed though SEM images and no major changes were observed between as 
deposited and annealed films. We made the hypothesis that the decrease was due to the reduction of 
stress in the film, and the increase was due to the oxidation and diffusion of the chromium sublayer. 
Applying a 250°C annealing led to repeatable temperature measurements and an increased TCR. The 
achieved performance seems compliant with the aimed application oh heat flux sensing.  
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