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Abstract
Uncooled microbolometer arrays incorporating vertically-aligned carbon nanotube absorbers are increasingly being adopted in satellite instrumentation for monitoring the Earth’s radiation budget. A key requirement for such microbolometers is a thermistor having high temperature coefficient of resistance (TCR), low 1/f noise, while surviving high-temperature carbon nanotube growth at 800 °C. In the present work, Pt thin film thermistors are fabricated on SiNx/SiO2/Si substrates using DC magnetron sputtering. To achieve enhanced adhesion of the Pt thin film, an interlayer of AlOx is deposited on the substrate via reactive high power impulse magnetron sputtering. To maximize the positive TCR, the Pt/AlOx is subjected to different annealing conditions by varying temperature, time, and gaseous environment. With an increase in the annealing temperature and duration, Pt/AlOx thin films exhibit an improvement in TCR. Microstructural and morphological investigations suggest that improvement in TCR is related to the recrystallization of Pt and the resulting increase in grain size. A relatively high TCR of 0.308 %/°C (TCR of bulk Pt = 0.359 %/°C) was obtained at an operational range of 20 - 50 °C when Pt was annealed at 800 °C for 1 h and 3 h in air and Ar, respectively. Deposition of Pt without an AlOx interlayer resulted in thin film blistering and delamination when annealed at 800 °C for 1 h in air. A Pt/AlOx thermistor with a TCR of 0.308 %/°C, annealed at 800 °C for 3 h in Ar has the potential for use in microbolometers that must undergo high-temperature growth of vertically aligned carbon nanotube absorbers.
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1. Introduction	
[bookmark: _Hlk104305253]	Earth orbiting satellites have provided the opportunity to monitor the Earth’s energy imbalance (EEI) with long term decadal continuity. The EEI is measured by using satellite-based radiometers to monitor top of atmosphere energy fluxes: incoming solar irradiance, outgoing shortwave radiation (OSR, 0.3 μm - 5 μm) and outgoing longwave radiation (OLR, 5 μm – 100 μm). The difference between the solar radiation absorbed by the Earth and re-emitted back to space is approximately 1 W/m2 [1]. Currently, satellite instrumentation is not sufficiently accurate to measure the relatively small EEI and the value is being confirmed with terrestrial measurements [2]. Amongst various other initiatives to accurately track Earth’s radiation budget, the Libera NASA mission has been designed to extend the climate record of NASA’s Clouds and the Earth’s Radiant Energy System (CERES) using new radiometer technology [3][4]. This new technology aims to introduce electrical substitution radiometers (ESR) using vertically aligned carbon nanotube (VACNT) absorbers for higher accuracy earth remote sensing of the OSR and OLR [5–7][8]. 
[bookmark: _Hlk98852640]	Microbolometer arrays are the de facto standard for uncooled sensing of infrared radiation, yet are narrowband (typically 8 μm – 16 μm) and are not typically used as radiometers (unless calibrated) [9]. Bolometers with VACNT absorbers and electrical substitution heating have recently been demonstrated as high-accuracy, broadband (0.3 μm – 100 μm) radiometers compatible with silicon microfabrication techniques [10,11]. Developing these single-element radiometers into a microbolometer array is currently underway [6][12]. A key component of a microbolometer or radiometer is the thermometer, which measures the resulting rise in temperature of the detector element when the radiant flux is incident. Typically, the temperature change is measured with a thin-film thermistor as a change in electrical resistance. The responsivity of a detector is proportional to the temperature coefficient of resistance (TCR) of the thermistor [13]. In this regard, platinum is considered as a potential thermistor choice because of its low or absent 1/f noise despite a low TCR near 0.3 %/°C [14]. In addition, Pt displays other favorable properties such as chemical inertness and excellent high temperature stability. These qualities make Pt thermistors suitable for integration with VACNT bolometers (high-temperature growth) and satellite instrumentation (long-term stability) [15–18].
	Electrical properties such as TCR and resistivity of thin films strongly depend on the density, crystallinity, surface microstructure, and grain size of the film. Along with deposition process parameters, post-processing of the film such as annealing can strongly influence electrical performance [19–21]. Annealing a film can cause recrystallization, a process that involves the thermally activated motion of grains and subgrain boundaries. Due to the movement of boundaries, defects and/or dislocations in the material reduce significantly; resulting in a film with larger grains and lower dislocation density [22,23]. The prime factor determining the recrystallization process is the energy difference between the deformed grain state and recrystallized state [24]. As the recrystallization process induces several changes in the microstructure of the film, it is important to understand how annealing-induced recrystallization influences the TCR and resistivity of Pt thin film thermistors.
Along with controlling the microstructure of the thermistor material through annealing, the incorporation of a thin-film interlayer may influence the properties of the Pt film [25]. For example, the presence of an interlayer plays an important role in improving the adhesion of the film to the underlying substrate such as silicon oxide (SiOx) or silicon nitride (SiNx). At high annealing temperatures, maintaining film adhesion may be challenging due to microstructural changes such as hillock formation, grain coarsening, hole formation, and agglomeration. In addition, such changes in microstructure may result in degraded electrical properties [26–28]. With commonly used adhesion layers such as Ta or Ti, there are reports of interdiffusion of these elements into the Pt layer, resulting in an increase in resistivity and degradation of TCR [29,30]. This diffusion can also be correlated with reduced adhesion at the Pt/Ti or Pt/Ta interface. Olowolafe et al. demonstrated that when a Pt/Ti/SiO2 film was annealed in an O2 environment at 600 °C, several components like Pt3Si, PtTi, and TiO2 were formed [31]. Kang et al. elucidated that the annealing of Pt/Ti/SiNx/Si specimen at 600 °C for 30 min in O2 ambient lacked adhesion due to the formation of a brittle TiO2 phase, depletion of the Ti adhesion layer, and an increase in internal stress [32]. It was shown by Bernhardt et al., that a Zr layer can significantly improve the adhesion of a Pt film compared to a Ti interlayer. However, oxidation of the Zr layer is evident when annealed at 700 °C in air [33]. Concerning these issues, an oxidation-resistant interlayer to replace Ti, Ta, and Zr that can hinder interdiffusion is needed. In this case, one needs to consider a material that can withstand high thermal annealing temperatures (> 600 °C) for extended times in different atmospheres. Considering all these aspects, the use of metal oxides has been proposed as a substrate or interlayer. A number of metal oxides (e.g. AlOx, SiOx, MgO) have high dissociation temperatures (typically > 1000 °C) and are commonly used as diffusion barriers [34][35,36]. Aluminum oxide (AlOx) is a promising material due to its chemical stability and low diffusion coefficient at elevated temperatures [37–39]. AlOx can act as a diffusion barrier to protect the Pt layer from undesired interdiffusion at the interface between Pt and SiNx.
	The properties of a sputtered interlayer can be altered simply by the choice of the method used. Direct current (DC), radio frequency (RF), or high power impulse magnetron sputtering (HiPIMS) have each been shown to exhibit significant differences in the deposited microstructure of any film [40–42]. Compared to DC and RF sputtering processes, HiPIMS technology allows for high power densities not previously possible. Process control over very high power densities offers the generation of: intense pulses of sputtering power, a highly ionized plasma, and high energy adatoms [43,44]. These advantages can influence the thin film nucleation morphology, crystallinity, adhesion, density, and residual stress [45,46]. 
This work is focused on the investigation of lithographically patterned Pt/AlOx thermistors on SiNx/SiO2/Si substrates using lift-off lithography. HiPIMS was employed to deposit AlOx as an interlayer and the Pt film was deposited by DC magnetron sputtering. To get a clear understanding of the recrystallization process and its influence on the electrical properties of the film, Pt/AlOx thermistors were annealed at different temperatures, times, and gaseous environments. As-deposited and annealed Pt/AlOx were inspected for surface morphology and grain size. Resistivity and TCR of the Pt/AlOx were measured after exposure to different annealing conditions. The influence of the AlOx interlayer on adhesion and electrical film performance has been elucidated. This investigation allows us to investigate the feasibility of integrating Pt/AlOx thermistors in VACNT bolometers.
2. Experimental procedure
2.1.  Fabrication process of the Pt thermistor 
AlOx and Pt films were deposited in a high vacuum sputter system in the Boulder Microfabrication Facility (BMF) at the National Institute of Standards and Technology (NIST). The system is capable of sputtering using a pulsed DC power supply (2000 W, 0-100 kHz) and a HiPIMS supply (6000 W, 1000 V peak, 600 A peak, 2.5 - 1000 μs pulse duration, 0 - 10 kHz). An RF source with a maximum power of 100 W is coupled to the substrate holder. Table 1 summarizes the process parameters used for AlOx and Pt deposition by sputtering. 
Pt/AlOx thermistors were fabricated using photolithography and lift-off techniques. Fig. 1 is a flow chart of the Pt/AlOx fabrication process followed. First, prime double-side polished silicon substrates (76.2 mm diameter) with 150 nm of thermally grown silicon dioxide, were coated with 500 nm of low-pressure chemical vapor deposition (LPCVD) silicon-rich low-stress SiNx (Fig. 1a). Wafers were loaded in the sputter system and RF cleaned in an Ar plasma (100 W, 1.33 Pa, 1 min) before a 10 nm thick AlOx layer was deposited using reactive HiPIMS at room temperature (Fig. 1b). After sputtering, photoresist (1 µm thick) was spin-coated onto the AlOx film (Fig. 1c) followed by a 1 minute, 95 °C hot plate bake. The photoresist pattern was then exposed in a maskless aligner with a dose of 350 mJ/cm2 at 405 nm followed by a 1 minute, 110 °C post-exposure bake. The exposed photoresist was puddle developed (Fig. 1d), rinsed in deionized water, ashed in oxygen plasma (50 W, 53.33 Pa, 30 s), and reloaded into the sputter system. Wafers were RF cleaned in an Ar plasma (100 W, 1.33 Pa, 1 min) followed by DC sputtering of Pt (175 nm) at room temperature (Fig. 1e). Photoresist was removed using acetone and isopropanol in an ultrasonic bath to obtain the final Pt/AlOx pattern (Fig. 1f).
Fig. 2 shows design and optical microscopy images of the lithographically patterned thermistor meanders. Wafers are patterned with a 3 x 3 matrix consisting of nine rectangles of area 11 mm x 13 mm as shown in Fig. 2.a.1. Three rectangles are unpatterned and six rectangles contain thermistors of two different sizes: meander style-1 (11 µm linewidth, 13 µm pitch) and meander style-2 (2 µm linewidth, 4 µm pitch). Meander style-1 is two interdigitated serpentine thermistors with square corners and is 8187 squares (length/width) (Fig. 2b.1-2). Meander style-2 is a serpentine pattern with a constant cross-sectional width wire and is 1877 squares (Fig. 2b.3-4). The magnified rectangle shown in Fig. 2a.2 contains one of meander style-1 and two of meander style-2. The optical images in Fig. 2b.1-2 and Fig. 2b.3-4 refer to meander style-1 and meander style-2.
After the microfabrication of the Pt/AlOx thermistors, the wafers were annealed at atmospheric pressure in a 100 mm diameter quartz tube furnace. Different annealing conditions were tested to improve TCR of the Pt/AlOx thermistor. Annealing temperatures were varied from 500 °C - 900 °C. The heating rate was kept at 10 °C/min, and the annealing time was varied from 0.5 h to 3 h. The annealing process was performed either in an air environment (N2: 157 sccm, O2: 43 sccm) or Ar only (200 sccm). 
 2.2. Characterization of Pt thermistor
The microstructure of the Pt/AlOx films was investigated using a scanning electron microscope (SEM). The grain size was measured from SEM images using commercial software. For each sample, the diameter of 30 grains was measured using the length measurement tool (setting the scale in accordance with the SEM image bar). The crystalline quality of the Pt Films was evaluated by X-ray diffraction (Cu K-alpha1). The diffractograms were collected at 40 kV/44 mA, using a Ge(220)x2 primary beam monochromator, in a parallel beam configuration. The 2q-ω scans were performed at 2q ranging from 20° to 90° with a step size of 0.005 °/step and at a scan speed of 0.156 s/step. AlOx interlayer and Pt film surfaces were analyzed by X-ray photoelectron spectroscopy (XPS) (K-alpha+ XPS, 1486.6 eV). Prior to the analysis, AlOx and Pt samples were Ar ion cleaned (3 keV), for 60 s and 180 s, respectively. For the AlOx film, Al2p and O1s peaks were collected in high resolution, to determine Al/O ratio.  For both, as-deposited and annealed Pt films, Pt4f and O1s high resolution peaks were acquired. The peaks were analyzed using commercial software.
The electrical properties of Pt/AlOx thermistors (meander style-1 and meander style-2) were characterized through resistivity and TCR measurements. The resistivity (Ω·nm) was calculated using the resistance (Ω) measured from a 4-point resistance probe (tip spacing = 1.59 mm) and a contact profilometer measurement of the film thickness (nm). 
For the meanders, the resistivity is given by:
                                                                                                                             Eq. 1, 
where ρmeander is the resistivity of the meander, Rmeander is the measured 4-point probe resistance, tPt is the thickness of the Pt film, and L/W is the number of squares in meander style-1 (8187) or meander style-2 (1877).
	TCR values were measured using a custom apparatus capable of collecting the 4-point resistance in 27 different regions. The 4-point resistance measurements of lithographically defined meanders were read out using a multimeter programmatically switchable between the 27 locations. Electrical contact was achieved with printed circuit board (PCB) mounted pogo pins (four pins spaced 2 mm apart linearly) that make press-contact to the deposited thin film or to bond pads connected to the meanders. A thermoelectrically controlled temperature chamber with a range from 10 °C to 60 °C was used with a maximum deviation of ±0.1 °C at a user-specified setpoint. TCR was measured at 20 °C and 50 °C with 60 min dwell times at each temperature. 
The formula to determine TCR is:
                                                                              				                  Eq. 2,
Where R1 is the 4-point probe resistance at 20 °C, R2 is the 4-point resistance at 50 °C, T1 = 20 °C, T2 = 50 °C.  
3. Results and Discussion
3.1.  Microstructure of Pt/AlOx 
[bookmark: _Hlk98787101][bookmark: _Hlk100133552][bookmark: _Hlk100133613]The surface morphology of as-deposited and annealed samples was investigated by SEM to understand the effect of annealing temperature on Pt/AlOx films. Annealing was performed at 500 °C, 600 °C, 700 °C, 800 °C, and 900 °C for 1 h in air. For as-deposited films, smooth surfaces, and grain sizes on the order of 20 nm are observed as shown in Fig. 3a. After annealing at 500 °C (Fig. 3b), minimal change in the grain size is observed. At 500 °C, the thermal energy is insufficient to significantly deform the initial grains [47]. When the sample was annealed at 600 °C in air, the grains become larger (Fig. 3c). Above 600 °C, coalescence of smaller grains results in major grain growth, which is evident from the SEM images of the annealed samples from Fig. 3c-e. During the grain growth process, grains in the film start growing at the expense of neighboring grains. When a subgrain reaches a critical size, it transforms into a stable recrystallized grain [48]. In this way, the fine-grain matrix is completely consumed in the process of formation of larger grains. The grain size continuously increases when the annealing temperature was increased from 500 °C to 800 °C for 1 h in air (Fig. 3b-e). It is estimated that the recrystallization process of Pt initiates at temperatures above 600 °C [49,50]. At 800 °C for 1 h in air, the grain sizes reached a maximum of ≈ 120 nm and became densely packed which is expected to be advantageous for a Pt thermistor. An annealing temperature of 900 °C does not result in significantly increased grain size. Additionally, the adhesion of the film was reduced after annealing at 900 °C. It can be distinctly observed that the film annealed at 800 °C is continuous, uniform, dense, and pinhole-free. The recrystallization process is homogenous throughout the film. The change in microstructure indicates that post-deposition annealing is essential for improving Pt film microstructure.
The influence of annealing time on the microstructure of Pt/AlOx films was also investigated. Fig. 4 shows the change in surface morphology of the films, annealed at 600 °C and 800 °C in air for 0.5 h, 1 h, and 3 h. From Fig. 4a.1, it can be observed that the sample annealed at 600 °C for 0.5 h exhibited a rough morphology. Grain-to-grain connectivity increases for the film annealed at 600 °C for 1 h, as shown in Fig. 4a.2. It is well known that with an increase in annealing time, grain size becomes larger. The important parameter for grain growth in a thin film is achieving low grain boundary energy resulting from the reduction in the total grain boundary area. Therefore, some grains continue extending to the neighboring matrix by consuming the fine-grained matrix until they meet with a grain of similar or bigger size [51]. When annealing the sample at 600 °C for 3 h, it leads to greater recrystallization and the formation of a more uniform surface morphology with a larger grain size, as depicted in Fig. 4a.3. The possible reason for this structural change for longer annealing times is there exists a characteristic/threshold time at the annealing temperature for complete recrystallization. Higher annealing temperatures can provide a larger driving force in the grain growth process. Therefore, the surface morphology of the film was studied after annealing Pt/AlOx at 800 °C in air with a hold time of 0.5 h to 3 h. Fig. 4b.1 reveals a terraced microstructure with a combination of larger and smaller grains. In the case of the sample annealed at 800 °C for 0.5 h in air, the grains exhibited an uneven size distribution indicating that surface atoms had insufficient time to drive the coalescence process for homogeneous recrystallization. On the other hand, annealing for 3 h at 800 °C enhanced grain growth for some grains in the matrix resulting in abnormal grain growth (Fig. 4b.3) [52]. The film annealed at 800 °C for 1 h has a uniform and smooth surface with the desired film adhesion (Fig. 4b.2). 
Fig. 5. represents the microstructural evaluation of the film when annealed in an oxygen-free, inert Ar environment. Unlike Pt/AlOx annealed at 800 °C for 1 h in air, recrystallization was incomplete when Pt/AlOx annealed at 800 °C for 1 h in Ar, as shown in Fig. 5a. Compared to air annealing, a completely inert Ar environment during annealing retarded the process of recrystallization. As a result, the formation of defect-free recrystallized regions was slower. However, Fig. 5b shows that grain size significantly improved, and recrystallization took place after annealing the film for 3 h in Ar at 800 °C. The morphology appeared well crystallized and dense. Fig. 5c  illustrates that when the sample was annealed at 1000 °C for 1 h in Ar, the microstructure shows a discontinuity with some abnormally grown large grains and some smaller matrix grains which may be due to inhomogeneous thermal activation effect at different locations; thus, restraining the normal grain growth process [52]. Under these conditions, some grains preferentially nucleate by taking a lead and grow in favorable sites. As a result, a huge difference in grain size is observed, resulting in an uneven nucleation process. This demonstrates that the recrystallization of Pt at a higher temperature can be uncontrolled in an inert atmosphere. Moreover, abnormal grain growth leads to the formation of larger hillocks causing rapid diffusion of atoms from the surrounding area. The large flux of Pt atoms towards hillocks results in a lack of materials in the vicinity giving rise to poor adhesion/failure of Pt film [53,54]. Such phenomena and the evolution in grain microstructure have a detrimental effect on practical applicability.

3.2.  Electrical properties 
TCR of a metallic thermistor film can be influenced by factors including grain size, compactness of the grains, entrapped sputtering gas, existing impurities, porosity, homogeneity, and roughness of the film [55,56]. Any of these factors are responsible for influencing the TCR of a thin film compared to the TCR of pure elemental bulk material. According to the Callendar-Van Dusen equation, the  TCR for Pt resistance thermometers is 0.359 %/°C in the range of 20-50 °C from Eq. 2 [57]. TCR is strongly by the annealing time and temperature. Therefore, in the present work, the TCR of the films annealed at 500 °C to 900 °C for 1 h in air are evaluated. For as-deposited Pt/AlOx films the TCR is 0.228 %/°C. The lower value of TCR for the as-deposited film can be attributed to the small grain size of the film. Fig. 6a shows the variation of TCR and grain size as a function of annealing temperature. As the annealing temperature is increased, both TCR and grain size also increase. This may be explained by the evolution of film microstructure during the recrystallization process driven by annealing, as discussed previously (Fig. 3). When depositing Pt/AlOx film by sputtering, many lattice defects such as dislocations or grain boundaries are generated in as-deposited films. By annealing as-deposited films at high temperatures, thermal energy in the system generally removes the defects to reduce the free energy of the system by activating the mobility of the Pt atoms and initiating the recrystallization process, resulting in increased TCR. However, for films annealed at 900 °C, the grain size was not significantly different than that of films annealed at 800 °C. The insignificant change in TCR for films annealed at 900 °C can be correlated with the diminishing increase in grain size.
The resistivity for annealed Pt/AlOx films at different temperatures in air and Ar as a function of annealing time is presented in Fig. 6b. The as-deposited Pt/AlOx film has a resistivity of 156 Ω·nm. In the as-deposited film, the resistivity arises from structural imperfections such as impurities, intragranular defects, magnetic disorder, nano-grained microstructure, dislocations, grain boundary scattering, and surface scattering. [58]. Upon annealing samples at 600 °C and 800 °C, the resistivity decreased drastically with an increase in annealing duration. The reduction in resistivity between as-deposited and annealed films is directly correlated with enlarged grain size after annealing for a longer duration, evident from SEM micrographs (Fig. 4). It should be noted that the drop in resistivity is slower at 600 °C than 800 °C. This difference can be attributed to the rate of grain growth at 800 °C being higher than that at 600 °C, resulting in improved conductivity of the film 800 °C annealed film. Microstructural observation confirmed the grain growth process for Pt above 600 °C was fast and that grain-size enhancement resulted in a film with well-connected grains when annealed at 800 °C for 1 h in air (Fig. 3c-e). At 600 °C, when the sample was annealed for 1 h in air, the resistivity was 127 Ω·nm whereas after annealing for 3 h and 6 h at 600 °C, the resistivity remained constant at 122 Ω·nm. At 600 °C, most grain growth takes place rapidly (< 1 h), then the grain growth plateaus. The enlargement of grains beyond a certain time at a particular temperature is not energetically favorable and can be correlated with various factors such as slow grain boundary movements or pinning by thermal grooves [59,60]. It should also be noted that films annealed at 600 °C for 3 h in air had a resistivity of 122 Ω.nm whereas when films annealed at 800 °C for 1 h had a resistivity of 117 Ω nm. This observation suggests that at 600 °C, a larger grain size was not reached despite the longer annealing time (3 h vs 1 h at 800 °C). Low annealing temperatures (< 800 °C) have insufficient activation energy to reduce grain boundaries and dislocation density on practical time scales (< 3 hrs.). Therefore, at 600 °C, stagnation in grain growth is reflected in the resistivity values. The most significant change in resistivity was observed when the film was annealed at 800 °C for 3 h in Ar. The lowest resistivity of 112 Ω. nm was obtained from this film, very close to the bulk Pt resistivity, 106 Ω·nm [61]. The resistivity of a film strongly depends on electron scattering at defects in a thin film such as grain boundaries. Small grain size films have a high density of grain boundaries and high resistivity, evident in the as-deposited films. The recrystallization, nucleation, and growth process induces the formation of larger grains by reducing grain boundary density, leading to lower resistivity in the film [62]. In contrast to the previous observation, the resistivity of the film increased to 129 Ω·nm when annealed at 1000 °C for 1 h in Ar. Even though annealing was performed at a higher temperature, the resistivity increased drastically. A different mechanism must be responsible for such deteriorated performance of the film. Discontinuities in the film due to larger hillock formation at this temperature probably are one of the major reasons for such degraded electrical properties [63]. Additionally, plastic deformation at the top layer at a high temperature can be responsible for such increase in resistance [29]. 
The comparative graph of TCR values annealed at 600 °C, 800 °C, and 1000 °C in different gaseous conditions with increased annealing time is displayed in Fig. 6c. TCR of the films are strongly influenced by the annealing duration and recrystallization process. Bigger grain size and low resistivity are indicative of higher TCR. The Pt/AlOx film annealed at 800 °C shows a higher TCR than that of the film annealed at 600 °C because the grain growth kinetics are intensified at higher annealing temperatures, resulting in a larger grain size at 800 °C. The highest TCR value of 0.308 %/°C for Pt/AlOx is achieved after annealing in air at 800 °C for 1 h. TCR of the film annealed at 800 °C for 3 h in Ar was 0.308 %/°C, as well. A TCR of 0.320 %/°C was achieved for the film annealed at 1000 °C for 1 h in an Ar environment, but this film exhibited uneven grain growth, as illustrated in Fig. 5c. Hence, controlling the annealing temperature and duration provides a convenient way to control the proper growth mechanism, grain boundary movement, and configurations of recrystallized atoms. Therefore, choosing the correct balance between these interactions of annealing temperature and duration is essential to achieving the highest TCR and high-quality films. 
3.3.  Structural and compositional analysis
[bookmark: _Hlk100565140]The crystalline structures of the as-deposited and annealed (800 °C in air for 1 h) Pt films were investigated by XRD measurements, as shown in Fig. 7. The diffractogram of Fig. 7a confirms the face-centered cubic structure of Pt crystal (JCPDS Card 04-0802). The peaks for as-deposited and annealed samples around 39° and 86° correspond to the preferential orientation of Pt film towards Pt (111) and Pt (222), belonging to the same family of planes. Pt (111) is the favorable state with minimum surface and interfacial energy [64]. Fig. 7b is the magnified XRD spectra for as-deposited and annealed films around Pt (111) peak region, showing a narrowing of the peak after annealing, as well as a slight shift in 2q to a higher range. The sharper peak corresponding to the annealed sample indicates better crystallinity compared to as-deposited samples whereas the shift in the peak can be correlated with a change in lattice strain during the annealing process due to the removal of micro stresses resulting from different points and lattice defects like dislocations, vacancies, voids or interstitial atoms [65]. Moreover, the XRD study of the as-deposited and annealed sample showed that the deposited Pt film was free of any oxygen contamination. No evidence of PtO peak is observed from the XRD data of as-deposited and annealed film indicating that annealing at 800 °C in air for 1 h did not cause oxidation of the Pt layer.
With the intention to analyze the electronic state of the elements in AlOx (10 nm) and Pt/AlOx film, XPS was performed. The as-deposited AlOx interlayer was evaluated, prior to Pt deposition. The high resolution XPS peaks of Al2p and O1s, corresponding to AlOx film is shown in Fig. 8a-b. In the Al2p spectrum (Fig. 8a), Al2p peak is located at ≈ 74 eV confirming the formation of AlOx [66,67]. In Fig. 8b, O1s peak is deconvoluted in two components, centered at ≈ 531 eV and 532.5 eV, indicating the presence of Al-O and Si-O bonds. Commercial software was used to estimate the atomic ratio between Al2p and O1s which came out to be ≈ 0.38 (for Al2O3 stoichiometric, the Al/O ratio is 0.67). 
Fig. 8c-d shows Pt4f and O1s peaks obtained from Pt/AlOx. As shown in Fig. 8c, Pt4f peak has an asymmetric doublet with two well-separated spin-orbit components, Pt4f5/2 and Pt4f7/2. Doublet spacing is ≈ 3.35 eV, for both as-deposited and annealed (800 °C in air for 1 h) samples [68]. This characteristic doublet indicates that Pt is in the metallic state. Additionally, no prominent O1s peak in Fig. 8d was observed, confirming the absence of oxygen in the Pt film before and after annealing. XPS analysis supports the XRD data that the Pt did not undergo oxidation during annealing at 800 °C for 1 h in air. It should be noted that the partial pressure of O2 during annealing was maintained at 17.6 kPa (atmospheric pressure = 83-86 kPa) which is not favorable to form solid PtO on the surface of the film at 800 °C, as validated by the Ellingham diagram of Pt/PtO [69,70].
3.4.  Inspections of meanders
From the study, we found three samples to have the highest TCR values: films annealed at 800 °C for 1 h in air (0.308 %/°C), 800 °C for 3 h in Ar (0.308 %/°C), and 1000 °C for 1 h in Ar (0.320 %/°C).  Given the similar TCR for all these samples, microscopic investigations of the lithographically patterned meanders are also important to investigate their state after high-temperature annealing. Optical microscope images of meander style-1 and meander style-2 thermistors for the aforementioned samples are shown in Fig. 9a.1-c.1 and Fig. 9a.2-c.2, respectively. When the samples were annealed at a higher temperature, meander style-2 structures show fewer surface deformations whereas the meander style-1surfaces are relatively rough, which can be attributed to the narrower wire width of the meander style-2 (2 µm) compared to the meander style-1 (11 µm). Meander style-1 and meander style-2 structures, when annealed at 800 °C for 1 h and 3 h in air and vacuum, respectively, show relatively smooth appearance and continuity. Thermistors annealed at 1000 °C for 1 h in Ar showed a roughened surface with blistering.  
Retaining a smooth film at a high temperature is very challenging for smaller structures as the annealing process generally induces significant changes in the morphology of a film. Fig. 10 represents low and high magnification SEM images of meander style-2 structures corresponding to the samples annealed at 800 °C for 1 h in air (Fig. 10a.1-2), 800 °C for 3 h in Ar (Fig. 10b.1-2), and 1000 °C for 1 h in Ar (Fig. 10c.1-2). Formation of Pt crystallites (hillocks) was less for the sample annealed at 800 °C for 3 h in Ar than the sample annealed at 800 °C for 1 h in air. Large hillocks can affect the performance of thermistors more than many small hillocks. The release of thermal stress generated during annealing is considered the primary reason for generation of hillocks [71,72]. The hillock formation is suppressed significantly when the film was annealed in an Ar environment, which is evident in Fig. 10b.1-2. High surface diffusion of Pt atoms during annealing in presence of oxygen can be responsible for generating a greater number of hillocks compared to the sample annealed in an Ar environment [73,74]. It is interesting to observe that when annealed at 1000 °C for 1 h in Ar, meander style-2 shrunk and deformed, as shown in Fig. 10c.1-2. This film also detached from the substrate. At 1000 °C, thin films agglomerate into a collection of beads caused by the high surface-to-volume ratio of the thin films. Particularly, the surface area of Pt is reduced through a capillarity process as the surface diffusivity of Pt is very rapid at 900 °C ( ≈ 1.5 × 10-5 cm2/s) [16,75]. Fast diffusion of Pt atoms results in formation of hillocks in some places whereas discontinuity is created at the edges due to lack of material. The driving force of such discontinuity is the energy difference in chemical potential between atoms on a curved surface and a planar surface [74]. Similar observations concerning the degradation of the film due to agglomeration and hole formation have been reported for gold, silver, and other metallic thin films [73,75]. Although the Pt/AlOx film annealed at 1000 °C in Ar for 1 h exhibited a very good TCR, line edge roughening, microstructural instability, and poor adhesion to the substrate (Fig. 10c.2) is unacceptable for device use.
[bookmark: _Hlk100740099][bookmark: _Hlk100740270]The microstructure of Pt films not only depends upon annealing conditions, but also on the presence of an interlayer between the film and the substrate. Fig. 9d.1-2 represents optical microscope images of meander style-1 and meander style-2 structures consisting of Pt without an AlOx interlayer after annealing at 800 °C for 1 h in air. In Fig. 9.d.1, formation of blistering is evidence of adhesion loss to the substrate whereas irregular and distorted edge of meander style-2 is observed in Fig. 9.d.2. SEM images in Fig. 10d.1-2 represents microstructure of meander style-2 without an AlOx interlayer. Outward bulging at the edges can be observed which caused the film to peel off from the substrate. By incorporating an AlOx interlayer, it was possible to preserve adhesion of the Pt film even after annealing at 800 °C in air or Ar, as represented in Fig. 10a.1-2 and Fig. 10b.1-2. The adhesion loss of Pt film without interlayer may be due to formation of Pt2Si or PtSi at the interface as a result of Si diffusion from the SiNx [76,77]. Additionally, the large mismatch in coefficient of thermal expansion (CTE) of Pt (8.8 x 10-6/°C) and Si (2.6-3.3 x 10-6/°C) is a source of stress during annealing [78]. To release the stress in the film, Pt atoms move towards the surface through grain boundaries generating a large number of hillocks which can eventually cause rapid failure of the film [79]. When annealed at 800 °C for 1 h in air, the TCR of a Pt film was 0.283 %/°C whereas the TCR of a Pt/AlOx film was 0.308 %/°C. The AlOx interlayer not only enhances adhesion and mechanical stability of Pt with the substrate, but it also improves the TCR of the structure. An interface component also plays a significant role in the grain growth process. With the presence of an intermediate AlOx layer, the grain size became larger compared to the film without an AlOx interlayer, as shown in Fig. 10a.2 and Fig. 10b.2 compared to Fig. 10d.2. Without the presence of AlOx as a diffusion barrier, Si atoms diffuse into the Pt layer resulting in the formation of undesired phases causing poor adhesion and affecting grain growth [80,81]. Moreover, the difference in CTEs between Pt and SiNx can possibly interrupt the recrystallization process leading to smaller grain size [82]. Hence, the appropriate selection of the intermediate layer as well as its deposition process promotes suitable grain growth processes and ensures the protection of the Pt layer against diffusion during annealing.
4. Summary and conclusions
Incorporation of Pt thermistors in uncooled microbolometer arrays utilizing VACNT absorbers is certainly a technological challenge, as the fabrication requires the growth of VACNTs at high temperatures. In the present work, Pt/AlOx thermistors were deposited on SiNx/SiO2/Si substrate using magnetron sputtering, followed by an extensive investigation to study the effect of annealing conditions on surface morphology and electrical properties of Pt/AlOx. It was demonstrated that grain size and TCR increased with an increase in annealing temperature and maximized when annealed at 800 °C for 1 h in air. Surface oxidation did not take place as confirmed by XPS. XRD analysis showed the presence of preferentially oriented Pt (111) in the annealed film. For finding optimal annealing condition, short annealing times at high temperatures (800 °C/1000 °C) were compared with longer annealing times at lower temperature (600 °C). A short annealing time at 800 °C for 1 h in air is sufficient to achieve desired electrical properties compared to prolonged annealing at 600 °C. However, for films annealed in an Ar environment at 800 °C for 1 h, the grain growth slowed down and grain size became larger only when annealed for 3 h at 800 °C. At a higher temperature (1000 °C for 1 h in Ar), deformation of meander style-2 was observed due to abnormal grain growth and high surface diffusivity of Pt. Though annealing at 800 °C for 1 h in air and 3 h in Ar resulted in similar resistivities (117 Ω.nm and 112 Ω.nm, respectively) and TCRs (0.308%/°C), surface roughening and hillock formation were not prominent when annealed at 800 °C for 3 h in Ar. Additionally, the AlOx interlayer between Pt and SiNx/SiO2/Si was found to be beneficial in improving film adhesion, grain growth, and TCR. 
Based on the experimental results, Pt/AlOx thermistors can be successfully integrated into uncooled microbolometer arrays incorporating VACNT absorbers grown at elevated temperatures (600 °C to 800 °C). Comparing the TCR and operating temperature range of the Pt/AlOx structure to previously reported Pt-based thermistors, the performance of Pt/AlOx thin films explored in this work is comparable to or better than other thermistors [16,18,83,84]. 
Acknowledgments
Funding for this work was provided by the National Institute of Standards and Technology (NIST), NASA Instrument Incubator Program (IIP), and NASA Earth Venture Continuity Program (EV-C). XRD and XPS measurements were performed by the Nebraska Nanoscale Facility: National Nanotechnology Coordinated Infrastructure and the Nebraska Center for Materials and Nanoscience, which are supported by the National Science Foundation under Award ECCS: 2025298, and the Nebraska Research Initiative.















References
[1]	P. Pilewskie, M. Hakuba, Libera and Continuity of the Earth Radiation Budget Climate Data Record, in: EGU Gen. Assem. Conf. Abstr., 2021: pp. EGU21-13183.
[2]	N.G. Loeb, G.C. Johnson, T.J. Thorsen, J.M. Lyman, F.G. Rose, S. Kato, Satellite and ocean data reveal marked increase in Earth’s heating rate, Geophys. Res. Lett. 48 (2021) e2021GL093047.
[3]	C.L. Young, C. Lukashin, P.C. Taylor, R. Swanson, W.S. Kirk, M. Cooney, W.H. Swartz, A. Goldberg, T. Stone, T. Jackson, Trutinor: A Conceptual Study for a Next-Generation Earth Radiant Energy Instrument, Remote Sens. 12 (2020) 3281.
[4]	G. Matthews, Direct Solar Viewing Calibration Concept for Future CERES, GERB or Libera Type Earth Orbital Climate Missions, J. Atmos. Ocean. Technol. (2022) 1085–1091. https://doi.org/https://doi.org/10.1175/JTECH-D-21-0002.1.
[5]	P. Pilewskie, M.Z. Hakuba, Libera and Continuity of the ERB Climate Data Record, in: AGU Fall Meet. Abstr., 2020: pp. GC133-01.
[6]	C.S. Yung, N.A. Tomlin, C. Straatsma, J. Rutkowski, E.C. Richard, D.M. Harber, J.H. Lehman, M.S. Stephens, BABAR: black array of broadband absolute radiometers for far infrared sensing, in: Image Sens. Technol. Mater. Devices, Syst. Appl. VI, International Society for Optics and Photonics, 2019: p. 109800F.
[7]	M. Stephens, C. Yung, N. Tomlin, J. Lehman, D. Harber, K. Heuerman, J. Rutkowski, C. Straatsma, O. Coddington, Broadband, Absolutely Calibrated Microbolometer Array Development, in: Conf. Charact. Radiom. Calibration Remote Sens., 2020. https://digitalcommons.usu.edu/calcon/CALCON2020/all2020content/21/.
[8]	M. Stephens, C.S. Yung, N.A. Tomlin, D. Harber, C. Straatsma, A. Dan, E.F. Antunes, P. Pilewskie, O. Coddington, J.H. Lehman, Extremely broadband calibrated bolometers and microbolometer arrays for Earth radiation budget measurements, in: Infrared Sensors, Devices, Appl. XII, SPIE, 2022: pp. 16–21.
[9]	F. Niklaus, C. Vieider, H. Jakobsen, MEMS-based uncooled infrared bolometer arrays: a review, in: MEMS/MOEMS Technol. Appl. III, International Society for Optics and Photonics, 2008: p. 68360D.
[10]	J. Lehman, C. Yung, N. Tomlin, D. Conklin, M. Stephens, Carbon nanotube-based black coatings, Appl. Phys. Rev. 5 (2018) 11103.
[11]	N.A. Tomlin, C.S. Yung, Z. Castleman, M. Denoual, G. Drake, N. Farber, D. Harber, K. Heuerman, G. Kopp, H. Passe, Overview of microfabricated bolometers with vertically aligned carbon nanotube absorbers, AIP Adv. 10 (2020) 55010.
[12]	E.F. Antunes, A. Dan, N.A. Tomlin, C.S. Yung, J.H. Lehman, Optimizing Platinum Thermistor Performance for Long Wavelength Earth Remote Sensing Microbolometers, in: Lat. Am. Opt. Photonics Conf., Optica Publishing Group, 2022: pp. W1D-1.
[13]	A. Banerjee, H. Satoh, Y. Sharma, N. Hiromoto, H. Inokawa, Characterization of platinum and titanium thermistors for terahertz antenna-coupled bolometer applications, Sensors Actuators A Phys. 273 (2018) 49–57.
[14]	P.C. Shan, Z. Celik‐Butler, D.P. Butler, A. Jahanzeb, C.M. Travers, W. Kula, R. Sobolewski, Investigation of semiconducting YBaCuO thin films: A new room temperature bolometer, J. Appl. Phys. 80 (1996) 7118–7123.
[15]	H. Tokura, B. Window, D. Neely, M. Swain, Microstructure and mechanical properties of sputtered platinum films, Thin Solid Films. 253 (1994) 344–348.
[16]	S.L. Firebaugh, K.F. Jensen, M.A. Schmidt, Investigation of high-temperature degradation of platinum thin films with an in situ resistance measurement apparatus, J. Microelectromechanical Syst. 7 (1998) 128–135.
[17]	L. Wang, Z. Jin, D. Paeng, Y. Rho, J. Long, M. Eliceiri, Y.S. Kim, C.P. Grigoropoulos, Laser machined ultrathin microscale platinum thermometers on transparent oxide substrates, Sensors Actuators A Phys. 300 (2019) 111657.
[18]	T. Schössler, F. Schön, C. Lemier, G. Urban, Effect of high temperature annealing on resistivity and temperature coefficient of resistance of sputtered platinum thin films of SiO2/Pt/SiOx interfaces, Thin Solid Films. 698 (2020) 137877.
[19]	U. Schmid, H. Seidel, Influence of thermal annealing on the resistivity of titanium/platinum thin films, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 24 (2006) 2139–2146.
[20]	W. Sripumkhai, S. Porntheeraphat, B. Saekow, W. Bunjongpru, S. Rahong, J. Nukeaw, Effect of annealing temperature on platinum thin films prepared by electron beam evaporation, J. Microsc. Soc. Thail. 24 (2010) 51–54.
[21]	M. Sreemany, S. Sen, Effect of substrate temperature and annealing temperature on the structural, electrical and microstructural properties of thin Pt films by rf magnetron sputtering, Appl. Surf. Sci. 253 (2006) 2739–2746.
[22]	C.-L. Dai, F.-Y. Xiao, C.-Y. Lee, Y.-C. Cheng, P.-Z. Chang, S.-H. Chang, Thermal effects in PZT: diffusion of titanium and recrystallization of platinum, Mater. Sci. Eng. A. 384 (2004) 57–63.
[23]	Y. Jin, B. Lin, M. Bernacki, G.S. Rohrer, A.D. Rollett, N. Bozzolo, Annealing twin development during recrystallization and grain growth in pure nickel, Mater. Sci. Eng. A. 597 (2014) 295–303.
[24]	K.K. Alaneme, E.A. Okotete, Recrystallization mechanisms and microstructure development in emerging metallic materials: A review, J. Sci. Adv. Mater. Devices. 4 (2019) 19–33.
[25]	A. Ababneh, A.N. Al-Omari, M. Marschibois, D. Feili, H. Seidel, Investigations on the high temperature compatibility of various adhesion layers for platinum, in: Smart Sensors, Actuators, MEMS VI, International Society for Optics and Photonics, 2013: p. 87631Z.
[26]	E. Ciftyürek, K. Sabolsky, E.M. Sabolsky, Platinum thin film electrodes for high-temperature chemical sensor applications, Sensors Actuators B Chem. 181 (2013) 702–714.
[27]	S. V Patel, M. DiBattista, J.L. Gland, J.W. Schwank, Survivability of a silicon-based microelectronic gas-detector structure for high-temperature flow applications, Sensors Actuators B Chem. 37 (1996) 27–35.
[28]	C.C. Mardare, E. Joanni, A.I. Mardare, J.R.A. Fernandes, C.P.M. De Sá, P.B. Tavares, Effects of adhesion layer (Ti or Zr) and Pt deposition temperature on the properties of PZT thin films deposited by RF magnetron sputtering, Appl. Surf. Sci. 243 (2005) 113–124.
[29]	U. Schmid, H. Seidel, Effect of high temperature annealing on the electrical performance of titanium/platinum thin films, Thin Solid Films. 516 (2008) 898–906.
[30]	J. Courbat, D. Briand, N.F. de Rooij, Reliability improvement of suspended platinum-based micro-heating elements, Sensors Actuators A Phys. 142 (2008) 284–291.
[31]	J.O. Olowolafe, R.E. Jones Jr, A.C. Campbell, R.I. Hegde, C.J. Mogab, R.B. Gregory, Effects of anneal ambients and Pt thickness on Pt/Ti and Pt/Ti/TiN interfacial reactions, J. Appl. Phys. 73 (1993) 1764–1772.
[32]	U. Kang, T. Lee, Y.-H. Young-HoKim, Pt/Ti thin film adhesion on SiNx/Si substrates, Jpn. J. Appl. Phys. 38 (1999) 4147.
[33]	G. Bernhardt, C. Silvestre, N. LeCursi, S.C. Moulzolf, D.J. Frankel, R.J. Lad, Performance of Zr and Ti adhesion layers for bonding of platinum metallization to sapphire substrates, Sensors Actuators B Chem. 77 (2001) 368–374.
[34]	B. Gleeson, Thermodynamics and Theory of External and Internal Oxidation of Alloys, Richardson J A Al. Shreir’s Corros. 1 (2010) 180–194. https://doi.org/10.1016/B978-044452787-5.00012-3.
[35]	P. V Kiryukhantsev-Korneev, K.A. Kuptsov, N.Y. Tabachkova, N. V Andreev, T.B. Sagalova, M. Golizadeh, A. V Bondarev, Studying the Diffusion-barrier Properties, Thermal Stability and Oxidation Resistance of TiAlSiCN, TiAlSiCN/AlOx, and TiAlSiCN/SiBCN Coatings, Prot. Met. Phys. Chem. Surfaces. 57 (2021) 1008–1024.
[36]	S. Xu, T. Lu, K. Shen, J. Lan, B. Hu, H. Zhang, Y. Tang, H. Cao, G. Zheng, High temperature oxidation resistance of Ti-5553 alloy with electro-deposited SiO2 coating, Mater. Chem. Phys. 275 (2022) 125306.
[37]	V. Guarnieri, L. Biazi, R. Marchiori, A. Lago, Platinum metallization for MEMS application: Focus on coating adhesion for biomedical applications, Biomatter. 4 (2014) e28822.
[38]	I.A. Kalinin, I. V Roslyakov, D.M. Tsymbarenko, D.A. Bograchev, V. V Krivetskiy, K.S. Napolskii, Microhotplates based on Pt and Pt-Rh films: The impact of composition, structure, and thermal treatment on functional properties, Sensors Actuators A Phys. 317 (2021) 112457.
[39]	S. Fricke, A. Friedberger, G. Mueller, H. Seidel, U. Schmid, Strain gauge factor and TCR of sputter deposited Pt thin films up to 850 C, in: SENSORS, 2008 IEEE, IEEE, 2008: pp. 1532–1535.
[40]	X. Dong, Y. Su, Z. Wu, X. Xu, Z. Xiang, Y. Shi, W. Chen, J. Dai, Z. Huang, T. Wang, Reactive pulsed DC magnetron sputtering deposition of vanadium oxide thin films: Role of pulse frequency on the film growth and properties, Appl. Surf. Sci. 562 (2021) 150138.
[41]	M. Yoshitake, T.Y.T. Yotsuya, S.O.S. Ogawa, Effects of nitrogen pressure and RF power on the properties of reactive magnetron sputtered Zr-N films and an application to a thermistor, Jpn. J. Appl. Phys. 31 (1992) 4002.
[42]	M.T. Sultan, K. Ignatova, E.B. Thorsteinsson, U.B. Arnalds, Structural morphology and electrical transitions of V2O3 thin films grown on SiO2/Si by high power impulse magnetron sputtering, Thin Solid Films. 742 (2022) 139048.
[43]	K. Sarakinos, J. Alami, S. Konstantinidis, High power pulsed magnetron sputtering: A review on scientific and engineering state of the art, Surf. Coatings Technol. 204 (2010) 1661–1684.
[44]	A. Anders, A review comparing cathodic arcs and high power impulse magnetron sputtering (HiPIMS), Surf. Coatings Technol. 257 (2014) 308–325.
[45]	M.T. Sultan, J.T. Gudmundsson, A. Manolescu, V.S. Teodorescu, M.L. Ciurea, H.G. Svavarsson, Obtaining SiGe nanocrystallites between crystalline TiO2 layers by HiPIMS without annealing, Appl. Surf. Sci. 511 (2020) 145552.
[46]	M. Hála, R. Vernhes, O. Zabeida, E. Bousser, J.-E. Klemberg-Sapieha, R. Sargent, L. Martinu, Growth and properties of high index Ta2O5  optical coatings prepared by HiPIMS and other methods, Surf. Coatings Technol. 241 (2014) 33–37.
[47]	J. Kim, J. Kim, Y. Shin, Y. Yoon, A study on the fabrication of an RTD (resistance temperature detector) by using Pt thin film, Korean J. Chem. Eng. 18 (2001) 61–66.
[48]	A.N. Salanov, N.M. Kochurova, A.N. Serkova, A. V Kalinkin, L.A. Isupova, V.N. Parmon, Oxidation and recrystallization of platinum group metals (Pt, Pd, Rh) in oxygen. Surface and subsurface reconstruction of polycrystalline platinum during annealing in the O2 atmosphere over the temperature range of 600–1400 K, Appl. Surf. Sci. 490 (2019) 188–203.
[49]	G.R. Fox, S. Trolier-McKinstry, S.B. Krupanidhi, L.M. Casas, Pt/Ti/SiO2/Si substrates, J. Mater. Res. 10 (1995) 1508–1515.
[50]	S. Weng, L. Qiao, P. Wang, Thermal stability of Pt-Ti bilayer films annealing in vacuum and ambient atmosphere, Appl. Surf. Sci. 444 (2018) 721–728.
[51]	D. Zöllner, Grain growth, Ref. Modul. Mater. Sci. Mater. Eng. (2016). https://doi.org/10.1016/B978-0-12-803581-8.03158-1.
[52]	D.-S. Lee, D.-Y. Park, H.-J. Woo, S.-H. Kim, J. Ha, E. Yoon, Preferred orientation controlled giant grain growth of platinum thin films on SiO2/Si substrates, Jpn. J. Appl. Phys. 40 (2001) L1.
[53]	D. Kim, B. Heiland, W.D. Nix, E. Arzt, M.D. Deal, J.D. Plummer, Microstructure of thermal hillocks on blanket Al thin films, Thin Solid Films. 371 (2000) 278–282.
[54]	R. Rusanov, H. Rank, T. Fuchs, R. Mueller-Fiedler, O. Kraft, Reliability characterization of a soot particle sensor in terms of stress-and electromigration in thin-film platinum, Microsyst. Technol. 22 (2016) 481–493.
[55]	C.R. Tellier, A theoretical description of grain boundary electron scattering by an effective mean free path, Thin Solid Films. 51 (1978) 311–317.
[56]	M. Kawamura, T. Mashima, Y. Abe, K. Sasaki, Formation of ultra-thin continuous Pt and Al films by RF sputtering, Thin Solid Films. 377 (2000) 537–542.
[57]	F. Lacy, Evaluating the resistivity-temperature relationship for RTDs and other conductors, IEEE Sens. J. 11 (2010) 1208–1213.
[58]	A.I. Maaroof, B.L. Evans, Onset of electrical conduction in Pt and Ni films, J. Appl. Phys. 76 (1994) 1047–1054.
[59]	E.A. Holm, S.M. Foiles, How grain growth stops: A mechanism for grain-growth stagnation in pure materials, Science (80-. ). 328 (2010) 1138–1141.
[60]	X. Li, T. Bu, Y. Zhang, T. Zhu, B. Huang, J. Sun, Y. Geng, Y. Jia, Effect of annealing on microstructure and properties of Pt wires used for standard Pt resistance thermometer, Mater. Charact. 165 (2020) 110388.
[61]	E. Feurer, S. Kraus, H. Suhr, Plasma chemical vapor deposition of thin platinum films, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 7 (1989) 2799–2802.
[62]	M.E. Day, M. Delfino, J.A. Fair, W. Tsai, Correlation of electrical resistivity and grain size in sputtered titanium films, Thin Solid Films. 254 (1995) 285–290.
[63]	L. Xiao, Z. Zhao, L. Du, S. Wu, Q. Liu, Annealing effect on the stability of platinum thin films covered by SiO2 or SiNx layer, in: 8th Annu. IEEE Int. Conf. Nano/Micro Eng. Mol. Syst., IEEE, 2013: pp. 352–355.
[64]	R. Lok, H. Karacali, A. Varol, U. Camli, E. Yilmaz, Fabrication and characterization of resistance temperature detector by smart mask design, Int. J. Adv. Manuf. Technol. 122 (2022) 147–158.
[65]	Y. Abdullah, H. Husain, C.R.C. Hak, N.H. Alias, M.R. Yusof, N.A. Kasim, N.M. Zali, A.A. Mohamed, A short note on physical properties to irradiated nuclear fuel by means of X-ray diffraction and neutron scattering techniques, in: AIP Conf. Proc., AIP Publishing LLC, 2015: p. 40010.
[66]	J.F. Moulder, W.F. Stickle, P. Sobol, K.D. Bomben, J. Chastain, PHI-Handbook of X-ray photoelectron spectroscopy, Perkin-Elmer Corp., Eden Prairie. (1992) 60–61.
[67]	X. Batlle, B.J. Hattink, A. Labarta, J.J. Åkerman, R. Escudero, I.K. Schuller, Quantitative x-ray photoelectron spectroscopy study of Al/AlOx bilayers, J. Appl. Phys. 91 (2002) 10163–10168.
[68]	C.R. O’Connor, M.A. van Spronsen, M. Karatok, J. Boscoboinik, C.M. Friend, M.M. Montemore, Predicting X-ray Photoelectron Peak Shapes: the Effect of Electronic Structure, J. Phys. Chem. C. 125 (2021) 10685–10692.
[69]	M.S. McConnell, L.C. Schneider, G. Karbasian, S. Rouvimov, A.O. Orlov, G.L. Snider, Atomic layer deposition of Al2O3 for single electron transistors utilizing Pt oxidation and reduction, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 34 (2016) 01A139.
[70]	F. Désévédavy, C. Strutynski, A. Lemière, P. Mathey, G. Gadret, J. Jules, B. Kibler, F. Smektala, Review of tellurite glasses purification issues for mid‐IR optical fiber applications, J. Am. Ceram. Soc. 103 (2020) 4017–4034.
[71]	W.W. Jung, S.K. Choi, S.Y. Kweon, S.J. Yeom, Platinum (100) hillock growth in a Pt/Ti electrode stack for ferroelectric random access memory, Appl. Phys. Lett. 83 (2003) 2160–2162.
[72]	S.Y. Kweon, S.K. Choi, S.J. Yeom, J.S. Roh, Platinum hillocks in Pt/Ti film stacks deposited on thermally oxidized Si substrate, Jpn. J. Appl. Phys. 40 (2001) 5850.
[73]	A.E.B. Presland, G.L. Price, D.L. Trimm, Hillock formation by surface diffusion on thin silver films, Surf. Sci. 29 (1972) 424–434.
[74]	S.K. Sharma, J. Spitz, Hillock formation, hole growth and agglomeration in thin silver films, Thin Solid Films. 65 (1980) 339–350.
[75]	E. Jiran, C. V Thompson, Capillary instabilities in thin, continuous films, Thin Solid Films. 208 (1992) 23–28.
[76]	C. Canali, C. Catellani, M. Prudenziati, W.H. Wadlin, C.A. Evans Jr, Pt2Si and PtSi formation with high‐purity Pt thin films, Appl. Phys. Lett. 31 (1977) 43–45.
[77]	D. Briand, F. Beaudoin, J. Courbat, N.F. de Rooij, R. Desplats, P. Perdu, Failure analysis of micro-heating elements suspended on thin membranes, Microelectron. Reliab. 45 (2005) 1786–1789.
[78]	D.A. Golosov, J.E. Okojie, S.М. Zavadski, А.S. Rudenkov, S.N. Melnikov, V. V Kolos, Stability of the platinum electrode during high temperature annealing, Thin Solid Films. 661 (2018) 53–59.
[79]	D. Ma, S. Mao, J. Teng, X. Wang, X. Li, J. Ning, Z. Li, Q. Zhang, Z. Tian, M. Wang, In-situ revealing the degradation mechanisms of Pt film over 1000° C, J. Mater. Sci. Technol. 95 (2021) 10–19.
[80]	R. Rusanov, H. Rank, J. Graf, T. Fuchs, R. Mueller-Fiedler, O. Kraft, Reliability of platinum electrodes and heating elements on SiO2 insulation layers and membranes, Microelectron. Reliab. 55 (2015) 1920–1925.
[81]	I. Ali, D. Wett, T. Grund, D. Nestler, B. Wielage, T. Lampke, Intermediate PVD layers as diffusion barriers in turbine coating systems, in: Proc. Int. Therm. Spray Conf. ITSC, 2014.
[82]	V. V Gubernatorov, T.S. Sycheva, E.P. Romanov, L.R. Vladimirov, Role of thermal expansion of phases in crystallization and recrystallization of metals, in: Dokl. Phys., Springer, 2007: pp. 142–145.
[83]	J. Han, P. Cheng, H. Wang, C. Zhang, J. Zhang, Y. Wang, L. Duan, G. Ding, MEMS-based Pt film temperature sensor on an alumina substrate, Mater. Lett. 125 (2014) 224–226.
[84]	X. Lin, C. Zhang, S. Yang, W. Guo, Y. Zhang, Z. Yang, G. Ding, The impact of thermal annealing on the temperature dependent resistance behavior of Pt thin films sputtered on Si and Al2O3 substrates, Thin Solid Films. 685 (2019) 372–378.

2

