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Abstract: The effects of oxygen partial pressure and annealing temperature on the microstructure,
electrical properties, and film adhesion of Pt thin-film resistors with PtyOy as the adhesion layer were
investigated. Pt/PtxOy films were deposited on alumina substrates by radio frequency sputtering
and annealed in a muffle furnace at temperatures in the range of 800-1000 °C. The microstructure and
chemical composition of Pt thin-film resistors were examined by optical microscopy, scanning electron
microscopy, X-ray photoelectron spectroscopy, and time-of-flight secondary ion mass spectrometry.
The experimental results show that annealing will lead to the formation of bubbles on the surface of
the film, and the film prepared at 20% oxygen partial pressure has the least bubbles. The Pt thin-film
resistors with a PtxOy adhesion layer sputtered with 10% oxygen partial pressure had the highest
TCR (temperature coefficient of resistance) of 3434 ppm/°C, and the TCR increased with increasing
annealing temperature. Repeated experiments show that Pt thin-film resistors have better stability at
annealing temperatures of 800 °C and 900 °C. Comprehensively considering the TCR and stability,
the optimal adhesion layer of Pt thin-film resistors was prepared at an oxygen partial pressure of 10%
and an annealing temperature of 900 °C.

Keywords: Pt thin-film resistor; platinum oxide adhesion layer; microstructure; TCR; high-
temperature stability

1. Introduction

Thin-film resistance temperature detectors (RTDs) have been widely used in the indus-
try due to the advantages of small size, simple structure, and fast response [1-3]. A variety
of heat-sensitive materials are available for different applications, and platinum (Pt) is the
best choice for high-precision measurement over a wide range of temperatures because
of its high temperature coefficient of resistance (TCR) and reliable performance [2,4-7].
However, the mismatching between the Pt film and the substrate (such as Al,O3, SiOx,
or SiNx) results in very poor adhesion. The adhesion of the deposited film to the oxide
substrate is related to the free energy of the oxide during deposition, and it is generally
believed that the higher the free energy, the stronger the adhesion [8]. Therefore, to improve
adhesion, an adhesion layer such as titanium (Ti), tantalum (Ta), or chromium (Cr) is a
common solution, and they can reduce the mismatch between the Pt film and substrate
properties and enhance film adhesion. While at high temperature (>650 °C), these metallic
adhesion layers tend to oxidation, interdiffusion or reaction with the substrate leads to the
increase in resistance and the reduction in the TCR and stability [2,9-16].

In order to solve the problem of high-temperature oxidation of metallic adhesion
layers, many researchers used metal oxide as adhesion layers. Garraud et al. studied
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the thermal stability of the adhesion layers of Pt/Cr and Pt/Cr,O; films based on the
SiN/Si temperature sensors and found that the Pt/Cr,O; film has smaller resistance drift,
which indicates that the adhesion layer will affect the relative temperature measurement
performance and resistance drift rate of Pt thermal resistance, which can be explained
by the oxygen in the adhesion layer that prevented the diffusion of Cr [17]. Jae-suk lee
reported that the (Al, Si) oxide layer as an adhesion promoting layer provided excellent
adhesion between Pt and the substrate [7], but it was found that the Pt film occurred
agglomeration at high temperatures. Chung et al. prepared Pt resistors using MgO as an
adhesion layer with a TCR of 3927 ppm/°C and a ratio of resistance values that linearly
varied over the temperature range of 25-400 °C [18]. Some studies have been carried
out by depositing PtyOy as an adhesion layer to enhance film adhesion. PtyOy can be
prepared by reactive magnetron sputtering under O,/Ar gas mixtures [19]. Budhani
researched the effects of the PtyOy adhesion layer of Pt films on alumina substrates and
found that Pt/Pt Oy / Al,O3 showed stronger adhesion than pure Pt films even after several
thermal cycles at 1000 °C [20]. Tsutsumi K. prepared Pt thin-film resistors with a SiNx
and Al,O3 adhesion layer on silicon oxide wafer and studied the effect of annealing on
its performance. It was found that after annealing at 1100 °C, the TCR of the sample was
as high as 3.7 x 1073/°C [4]. NASA prepared a Pt thin-film resistor with Pt,Oy as the
adhesion layer. The influences of sputtering power, pressure, and annealing conditions on
film stress, heat loss, resistivity, and film adhesion were studied, but the effect of oxygen
partial pressure and annealing temperature on Pt thin-film resistors and stability with
PtxOy as the adhesion layer was not reported [21]. M. Grosser prepared Pt film thermal
resistance with a titanium adhesion layer on silicon oxide wafer and found that annealing
can improve the resistivity and other related electrical properties of thermal resistance [22].
Timo Schossler fabricated a multilayer temperature sensor with a Pt film as the functional
layer on a silicon oxide substrate by magnetron sputtering. They found that the resistivity
of the sample decreased from 16.8 £ 0.4 uQ) to 12.7 £ 0.2 pQ) after annealing at 800 °C.
The TCR increased from 2180 ppm/K to 2810 ppm/K. The temperature measurement
performance of thermal resistance is improved [23].

In this work, Pt/PtxOy resistance films were deposited by magnetron sputtering,
including Pt films deposited in pure argon and PtyOy adhesion layer films deposited by
reactive sputtering in O,/ Ar gas mixtures, while oxygen partial pressures were 5%, 10%,
15%, 20%, and 50%. Then, the resistors were annealed at 800 °C, 900 °C, and 1000 °C, respec-
tively. After that, we studied the microstructure, electrical properties, high-temperature
stability, and film adhesion of Pt thin-film resistors. Then the microstructure and chemical
composition were characterized, and we discussed the effects of the mechanisms of the
TCR and stability. Furthermore, the film adhesion characterized by a nanometer scratch
meter was tested. This work may provide reference for subsequent work on RTDs.

2. Materials and Methods
2.1. Pt Thin-Film Resistor Preparation

First of all, a 3-inch-diameter single-polished alumina ceramic substrate was cleaned
with nanometer calcium carbonate to ensure uniform grinding in all areas, followed by
rinsing with deionized water, so that the water can be completely wetted; there were no
aggregated water droplets on the surface; the process was correspondingly followed by
ultrasonic cleaning with deionized water, 5% sodium hydroxide, and potassium dichromate
solution. Then the Pt thin-film resistor was fabricated by microlithography and lift-off
process. The process schematic was given in Figure la—e. A positive photoresist of AZ-
4620 was spin-coated onto the alumina substrate and baked at 90 °C for 2 h. The resistor
pattern was transferred after exposure for 40 s under the i-line from a mercury arc lamp
with a constant intensity of 8 mW.cm 2. The substrate was then immersed in a developer
solution. Afterward, the substrate was rinsed with deionized water to remove the remaining
developer and then baked at 90 °C for 30 min.
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Figure 1. Fabrication process (a—e) and overall morphology (f) of Pt thin-film resistor.

The PtxOy adhesion layer was deposited by reactive magnetron sputtering (MSP-400,
China) using a Pt target (99.99%) with a diameter of 100 mm in O,/ Ar gas mixtures with
an oxygen partial pressure ranging from 5% to 50%. Then, a Pt film was deposited by radio
frequency (RF) sputtering in pure Ar atmosphere. The base and sputtering pressures were
5 x 107* Pa and 0.5 Pa, respectively. The Pt,Oy adhesion layer and Pt film have the same
sputtering power of 150 W and different depositing times of 5 min and 8 min, respectively.
The deposition rates of various oxygen partial pressures are listed in Table 1. Pt/ POy films
were structured by a lift-off process. After being rinsed with deionized water and dried
with Ny, the substrate was cut into several small pieces (7.5 mm x 7.1 mm X 0.6 mm) by
laser cutting equipment, as illustrated in Figure 1f. The Pt RTDs were annealed in a muffle
furnace at different temperatures (800-1000 °C) for 2 h with a heating rate of 5 °C/min and
then naturally cooled.

Table 1. Deposition rate of PtxOy and Pt film adhesion layer prepared with various oxygen par-
tial pressures.

Film Pty Oy Adhesion Layer Pt Film
Oxygen partial pressure 5% 10% 15% 20% 50% -
Deposition rate (nm/min) 33+£4 34+£3 363 55£3 60+4 48+3

2.2. Characterization of Resistor

(1) Digital microscopy (Keyence, VHX-5000, Japan), scanning electron microscopy
(SEM, Zeiss Ultra55, Germany), and focused ion beam (FIB, Zeiss Auriga SEM/FIB cross-
beam System, Germany) were used to characterize the surface and cross-sectional mi-
crostructure. Polyfunctional X-ray diffraction (XRD, Bruker 3 kW /D8 ADVANCE Da Vindi,
Germany) was applied to measure crystallinity and full width at half-maximum (FWHM)
with Cu K« radiation (A = 1.5406 A) operated at 40 kV and 40 mA. X-ray photoelectron
spectroscopy (XPS) with a monochromatic Al K« source (1486.6 eV) was used to character-
ize the surface chemical composition of the Pt film. Pass energies of 160 eV and 40 eV were
used for survey spectra and narrow scan spectra with energy step sizes of 1 eV and 0.1 eV,
respectively. The binding energy scale was calibrated according to the C 1s peak (284.8 eV)
of adventitious carbon on the analyzed sample surface. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS, ION TOF TOF-SIMS 5-100, Germany) was used to characterize
the three-dimensional and spatial scale chemical composition distribution.
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(2) For a standard Pt100 resistor, the dependence of resistance on temperature was
described as follows:

RT:R0(1+AT+BT2)0°C<T<850°C )

where A and B were fitting constants, and Ry was the resistance at 0 °C. At low temperature
(0200 °C), B was negligible because the resistance temperature curve (R-T curve) had high
linearity with a coefficient of determination of linear regression greater than 0.9999.

The average TCR was calculated as follows:

TCR = a = (RT2 - RTl) / (RT1 (Ty — T1)) = AR/ATRr, 2)

where AR/AT was the slope of the R-T curve, and Ry corresponded to the resistance
at 20 °C. It should be noted that this R-T curve referred to the first temperature test
for the annealed resistor. To obtain the temperature dependence of the resistance, each
resistor was measured by a 67/, digital Agilent multimeter (Agilent, Keysight 34464A,
USA), and the resistor temperature was controlled by an intelligent thermostatic oil bath
with methyl silicone as the medium between 20 and 150 °C. The heating rate of the
intelligent thermostatic oil bath was approximately 2 °C/min. The temperature was raised
in increments of 10 °C and held for 5 min after each increase. During the holding time, the
data were recorded.

The stability of the resistor was characterized by the change rate of Rr; after 4 tests
of R-T curves. The R-T curve was obtained through a data acquisition system (Agilent,
Keysight DAQ970A, USA) and mulffle furnace at test temperatures from room temperature
to 800 °C with a heating rate of 5 °C/min. In the testing process, the muffle is used to
provide a high-temperature environment, the R-type thermocouple is used to calibrate the
furnace temperature, and the Pt RTDs’ resistance is output through DAQ970A.

3. Results and Discussion

We prepared the PtiOy adhesion layer made with oxygen partial pressures of 5%,
10%, 15%, 20%, and 50% and then annealed in a muffle furnace up to 800 °C, 900 °C, and
1000 °C for 2 h to investigate the influential mechanisms of oxygen partial pressure and
annealing temperature.

3.1. Microstructure and Chemical Composition

The morphologies of the as-deposited and annealed Pt/PtxOy/Al,Oj3 resistors with
different oxygen partial pressure and annealed temperature in the adhesion layer are shown
in Figure 2 [24].

Figure 2a shows that the defects on the surface of the as-deposited film were caused
by rough substrates. Compared with the as-deposited films, blisters with diameters in the
range of 2 um to 20 um were observed, and they were irregularly distributed on the surface
of the annealed films. As the oxygen partial pressure increased from 5% (Figure 2b) to 10%
(Figure 2c), the number of bumps sharply increased. When the oxygen partial pressure
increased from 15% to 50%(Figure 2d—f), the blisters that formed on the surface of the Pt
film significantly decreased. At an oxygen partial pressure of 15% (Figure 2d), the number
of bumps drastically decreased compared with that at 10%. When the oxygen partial
pressure increased to 20% (Figure 2e), the bumps were almost unnoticeable. As the oxygen
partial pressure increased to 50% (Figure 2f), there were some bumps on the surface of the
Pt/PtOy film. Kwon et al. and Hummel et al. also observed blisters in the Pt film, and
they assumed that the formation of bubbles is due to the Ar collection at the film—substrate
interface. However, the diffusion of Ar atoms over the micron-scale distances required
to collect Ar at a blister location seems unlikely. Compared with Figure 2a, there is no
blister formation.
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Figure 2. (a) Morphologies of the as-deposited resistance film and resistance films with adhesion
layer prepared with oxygen partial pressure of (b) 5%, (c) 10%, (d) 15%, (e) 20%, and (f) 50% annealed
at 800 °C. Resistance films prepared with 10% oxygen partial pressure in the adhesion layer annealed
at (g) 900 °C and (h) 1000 °C. (i) Edge of (h) [24].

For a given oxygen partial, as the annealing temperature increased from 800 °C to
1000 °C (Figure 2¢,g,h), the number of blisters first increased and then decreased. The
above phenomenon can be explained that with the increase in the annealing temperature,
the decomposition of PtcOy intensifies, more O, escapes, and the number of bubbles on the
surface of the thin film increases. As the annealing temperature continued to increase, the
PtxOy content decreased and the decomposition weakened. As the grain size increased, the
defects were eliminated, and the bubbles were repaired due to the grain growth; then the
number of bubbles decreased.

Figure 2i showed the edge of the Pt/Pt Oy film annealed at 1000 °C. Film agglomer-
ation and voids were observed, which agreed with the phenomena reported in previous
research. It was reported that the capillary action produced by the high specific surface
area of the film was the main reason for the agglomeration. Films always have defects or
pinholes [25]. When the radius of the defect was larger than the thermodynamic critical
radius determined by the film thickness and wetting angle, the defect grew through capil-
lary action until it was stable [26,27]. Longer exposure time and higher temperature would
increase agglomeration, which increased the resistance and was harmful for devices [25,28].

The cross-section morphologies of a blister are shown in Figure 3a. The wall thickness
was not uniform, and a gap (~2 um) was formed between the film and substrate, which
may be due to gas escape during annealing. The PtyOy adhesion layer prepared by reactive
RF sputtering was composed of Pt, PtO, and PtO,. Earlier studies indicated that PtO,
began to break down at 550 °C to form O,, PtO, and Pt. PtO, and PtO continued to
decompose into Pt and O, with increasing temperature [28], and all Pt-O compounds
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completely dissociated into Pt at 1100 °C [29,30]. Therefore, the blisters may be caused by
the decomposition of the PtyOy adhesion layer and oxygen escape. The focused ion beam
(FIB) results of the surface are shown in Figure 3b.

Figure 3. (a) Cross-section of a blister; (b) FIB of surface.

Figure 4 showed the wide scan and Pt XPS spectra of the as-deposited Pt/PtxOy film.
The binding energies of the Pt 4f; ,, and Pt 4f5/, peaks were 70.9 eV and 74.2 eV, respectively,
which agreed with the reported values of 70.3 eV and 73.68 eV for a pure Pt film [19]. It is
verified that the upper layer of the Pt/PtxOy/Al,Oj resistor was Pt.
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Figure 4. Wide scan and Pt XPS spectra of the as-deposited Pt/PtxOy film.

To test our assumption of blisters resulting from the decomposition of PtyOy, TOF-
SIMS depth profiling experiments were conducted on the as-deposited and annealed
Pt/PtxOy /Al,O3 resistors with the adhesion layer prepared with 10% oxygen partial
pressure. The depth profiling plots and 3D rendered images of ions Pt~, PtO~, PtO, ™, and
AlO~ for the as-deposited and annealed films were constructed from raw data and are
given in Figure 5.

Figure 5a showed the peak intensity changes of ions (Pt~, PtO~, PtO?>~, and AlO ™)
with the sputtering time that corresponded to the depth, and the longer the sputtering
time was, the deeper the depth was. Pt~ ions represented the existence of Pt-containing
materials, such as metallic Pt and platinum oxide, while PtO™ and PtO, ™ ions indicated the
presence of a platinum oxide layer, and the AlIO™ ion represented the Al,O3 substrate. From
Figure 5a, the interface of the resistance film and Al,O3 substrate was clear at a sputtering
time of approximately 1860 s, and the PtyOy adhesion layer was located at a depth reached
between approximately 1500 s and 1860 s; then sputtering time from 0 s to approximately
1500 s corresponded to Pt. This suggested that there is a PtyOy adhesion layer between the
Pt film and Al,Oj3 substrate, forming a sandwich structure of Pt/PtxOy / Al,O3, which was
more directly revealed by the 3D rendering images in Figure 5b.
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Figure 5. Depth profiling plots (a,c,e,g) and 3D rendered images (b,d,f,h) of ions Pt~, PtO~, PtO2~,
and AlO~ for the as-deposited resistance films (a,b) and resistance films annealed at 800 °C (c,d),

900 °C (e,f), and 1000 °C (g/h).

For the annealed films, as shown in Figure 5c,e,g, the PtO,~ and PtO~ ion peak
intensities and their distribution widths were much lower and wider than those of the as-
deposited film (Figure 5a), indicating that the annealing thins the Pty Oy adhesion layer and
intensifies the diffusion. This phenomenon could also be easily found from Figure 5b,d,h.
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Additionally, AIO™ ions appeared to penetrate the upper Pt layer after annealing, as
Figure 5d shows, which suggested that Al;O3 will diffuse to Pt. With increasing annealing
temperature, the intensity of PtO,~ and PtO™~ first decreased and then slightly increased,
and the interface of the PtyOy adhesion layer gradually blurred.

X-ray diffraction pattern of the as-deposited and annealed resistance films was ob-
tained, as illustrated in Figure 6. Compared with the as-deposited film, the spectra showed
an obvious increase in the intensity of the Pt (111) peak in the 800 °C annealed resistance
film, which revealed an increase in crystallinity. With increasing annealing temperature, Pt
oxidation got serious and the lattice constant decreased, which caused the Pt (111) peak to
shift to a larger 20.

_ , 1000°C
: 900°C

Intensity(a.u.)

800°C

i as-deposited

10 20 30 40 50 60 70 80 90
26(°)

Figure 6. X-ray diffractograms of the as-deposited and annealed resistance films.

In addition, oxidation, film heat loss, agglomeration, and diffusion contributed to the
drastic reduction in the intensity of the Pt (111) peak. The FWHMSs of the Pt (111) peak
in the as-deposited resistance film and resistance films annealed at 800 °C, 900 °C, and
1000 °C were evaluated as 0.290°, 0.136°, 0.094°, and 0.116°, which indicated that grain
growth occurred as the annealing temperature increased.

3.2. Electrical Properties and High-Temperature Stability

To investigate the effect of oxygen partial pressure and annealing temperature on
the Pt RTDs’ electrical properties, the resistance change rate was investigated, as shown
in Table 2. It should be noted that due to experimental error, the resistance of resistors
fabricated by the same process on the same substrate is not the same, and the standard
deviation is about 10 Q). In this work, resistors with similar resistances (£5 )) were selected
for testing, and the test results were the average of 5 specimens.
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Table 2. Effects of oxygen partial pressure and annealing temperature on Pt/PtxOy / Al,Oj3 resistors.

Oxygen Partial Pressure 5% 10% 15% 20% 50%

Resistance at RT

(as-deposited) () 130.6 + 3.5 1469 +43 1775+ 43 1963 +48 1554+ 4.6
800 °C —~19.8% —32.4% —41.0% —45.9% —47.9%
Annealing temperature and 900 °C ~19.0% —32.9% —34.3% —44.9% —49.0%
resistance Change rate
1000 °C —17.6% —32.6% —34.1% —43.7% —49.1%

Note: All resistance change rate had standard deviation less than 0.03.

With increasing oxygen partial pressure, the initial resistance of the as-deposited
resistors first increased and then decreased. The resistance decreased after annealing,
and the larger the oxygen partial pressure was, the more the resistance decreased. For
Pt/PtxOy/Al,O5 resistors prepared with fixed oxygen partial pressure, the annealing
temperature has little effect on the rate of resistance change. Resistors with an adhesion
layer prepared with 10% oxygen partial pressure showed the most stable change rate in the
entire annealing temperature range.

The TCR is a key parameter for characterizing Pt resistance. There are many param-
eters that influence the TCR, such as crystal characteristics, void formation, the nature
of the substrate, interdiffusion of adhesion layers, etc. [31,32]. Figure 7 depicts the TCR
versus oxygen partial pressure and annealing temperature. Error bars represented the
standard deviation. The TCR increased with increasing annealing temperature but did not
monotonically vary with an increase in the oxygen partial pressure. The variation trend of
resistors annealed at different temperatures was similar. For example, at 800 °C, the TCR
increased from 3371 ppm/°C to 3390 ppm/°C as the oxygen partial pressure increased
from 5% to 10%. When the oxygen partial pressure increased further, however, the TCR
began to decrease. For resistors with an adhesion layer prepared with 15% oxygen partial
pressure, the TCR was 3327 ppm/°C, and when the oxygen partial pressure was raised to
20%, it dropped to 3285 ppm/°C due to large resistance. As it increased to 50%, the TCR
returned to 3320 ppm/°C. The largest TCR was 3434 ppm/°C, which corresponded to the
Pt thin-film resistors with an adhesion layer prepared with 10% oxygen partial pressure
and annealed at 1000 °C. It can be explained that with increasing oxygen partial pressure,
the PtXOy content in the adhesion layer increased, which directly led to an increase in
resistance. Although PtyOy decomposed during annealing, there was still a considerable
amount of PtyOy when oxygen partial pressure was above 10%, and the resistance was
large, leading to a small TCR. On the other hand, a high oxygen concentration in sputtering
was harmful due to more anomalies and discoloration [21], which resulted in an increase in
resistivity and a decrease in the TCR because the product of resistivity and the TCR was
constant [33]. The unexpected phenomenon of the resistor with an adhesion layer prepared
with 50% oxygen partial pressure was not clear and may be related to the oxidation of Pt in
the target surface becoming saturated.

Stability is an important performance parameter for thin-film resistors. The R-T curves
of resistors with an adhesion layer prepared with 10% oxygen partial pressure and annealed
at 800 °C, 900 °C, and 1000 °C were tested. Resistance operating temperature should not
be higher than annealing temperature. Based on this, each test was carried out for 4 cycles
up to 800 °C, and the curves are shown in Figure 8.

The resistance of all resistors slightly increased with the change rates of 0.14%, 0.13%,
and 0.4%, corresponding to resistors annealed at 800 °C, 900 °C, and 1000 °C, respectively.
It was clear that the R-T curves of resistors annealed at 800 °C and 900 °C had better
repeatability than those of resistors annealed at 1000 °C, which showed an obvious shift as
the experiment proceeded. Then we can conduct that the resistor prepared with an oxygen
partial pressure of 10% and annealed at 900 °C owned a high TCR and good stability.
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Figure 7. TCR curves of Pt/ POy /Al O3 resistors annealed at 800 °C, 900 °C, and 1000 °C for 2 h.
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Figure 8. R-T curves of Pt/PtxOy/Al,O; resistors with adhesion layer prepared with 10% oxygen
partial pressure annealed at 800 °C (a), 900 °C (b), and 1000 °C (c).

4. Conclusions

For Pt thin-film resistors with a PtyOy adhesion layer, the influence of the annealing
temperature (800 °C, 900 °C, and 1000 °C) and oxygen partial pressure (5%, 10%, 15%,
20%, and 50%) on the film microstructure, electrical properties, stability, and film adhesion
was investigated. Then the Pt thin-film resistor was fabricated by microlithography and
lift-off process and prepared by reactive magnetron sputtering. After annealing, PtxOy
decomposed and bubbles formed on the surface of the Pt thin film. In addition, the
resistance decreased after annealing, and the higher the oxygen partial pressure was, the
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greater the resistance decreased. The Pt thin-film resistor with a PtOy adhesion layer
sputtered at 10% oxygen partial pressure and annealed at 1000 °C had the largest TCR
(3434 ppm/°C). The resistors annealed at 800 °C and 900 °C had better stability than those
annealed at 1000 °C. The PtyOy adhesion layer increased film adhesion through oxygen-
to-oxygen bonding. Overall, for better properties, the optimal oxygen partial pressure
and annealing temperature were 10% and 900 °C, respectively. Further improvement can
be achieved by protective layers, such as glazes, aluminum oxide, and so on to reduce
agglomeration and film loss at high temperature.
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