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� Design from Zhang et al. (2018)
proposes a resistive heating coil.

� Minimizes heat capacity of sample
making temperature solely
dependent on input power.

� New method uses PID regulation for
improved temporal resolution.

� Method unlocks higher heating rates
(~10,000 K/s).

� Method detects microscale
morphological changes in Ni/Al thin
film.

� Structurally sensitive results
complement nanocalorimetry.
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a b s t r a c t

A new method applied to the sensor proposed by Zhang et al. in 2018 is demonstrated in this paper that
combines the benefits of this design with the fast heating possible with nanocalorimetry. By applying a
PID regulated pulse instead of a constant wattage, we unlock an accessible method to sense morpholog-
ical changes occurring over short time periods that would be invisible to methods based only on heat
capacity. In this study, multilayer Ni/Al thin films were linearly heated at 25, 50, 100, and 200 K/s to over
700�C, showing two distinct peaks in resistance change with activation energies of 55�4 and
74�7 kJ/mol, respectively. Through Scanning Transmission Electron Microscopy (STEM) and Energy
Dispersive X-ray Analysis (EDX) analysis on cross sections taken ex situ from samples quenched before
and after the peaks of interest, we find strong evidence that peak 1 corresponds to Ni diffusing through
Al grain boundaries forming intermetallic phases that essentially block the highly conductive Al pathway.
This presents the potential to design and calibrate novel heterogeneous structures in a high throughput
manner.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The aim of this paper is to present a method that combines the
advantages of nanocalorimetry with the heating chip design pro-
posed by Zhang et al. [1] (shown in Fig. 1) allowing us to unlock
more detailed information on morphological changes at fast heat-
ing rates than calorimetric methods. Currently the state of the art
method to measure the thermal properties of small samples at fast
heating rates is nanocalorimetry [2]. The morphological and phase
changes occuring during these rapid temperature pulses have been
of scientific interest for some time, some examples of which are
studying self propagating reactions [3–6], or silicides for use in
the microelectronics industry [7], and have stimulated work into
improvements in methodology [8,9] including combinations with
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Fig. 1. An image of the heating spiral of the calibration sample taken with an optical
microscope. The evaporated 15 nm Chrome adhesion layer and 200 nm Gold layer
were structured using photolithography on a borosilicate glass substrate. Current
was injected through the large leads above the spiral to heat the sample, while the
small leads measured the voltage drop across the third ring from the outside to
measure the resistance and thereby the temperature.
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in situ electron microscopy [10], time resolved X-ray Diffraction
(XRD) [11], and mass spectrometry [12] in order to better charac-
terize phase transitions. The general setup, consisting of a platinum
heating strip on which the sample is deposited, allows heating
rates beyond the million K/s range. As the resistance vs tempera-
ture relationship is known, a predetermined voltage pulse can be
applied and any deviation from the expected temperature response
of the platinum strip can be interpreted as either endo- or exother-
mic reactions of the deposited sample [13].

The work of Zhang et al. [1] presented a design for an array of
sensors that measure the electrical resistance of a sample of inter-
est with respect to its temperature. One key advantage of this
design is the low thermal mass of the sample material in compar-
ison with the substrate, making the temperature response solely
dependent on the input power irrespective of sample material.
After measuring the temperature response of a given constant
input power using a sample such as gold with a stable, known tem-
perature vs. resistance relationship, any other conductive sample
with the same footprint on the substrate will provide the same
response to a small degree of error. As we will demonstrate in this
work, measuring the change in resistance instead of heat capacity
allowed more sensitive measurements of interesting morphologi-
cal changes rather than only larger scale phase changes. However,
in order to access the fast heating rates provided by nanocalorime-
try, what is referred to here as the transient temperature regime,
some development had to be done on the heating technique.

The difficulty in investigating the transient temperature regime

lies in the unknown nature of heat loss, heat loss; _Qloss. While most
of the heating was limited to the chip itself, the increase in temper-
ature of the surrounding chip holding structure was significant
enough to necessitate the elimination of any solder lest it evapo-
rate and contaminate the sample. To overcome this, a desired tem-
perature pulse was first calibrated on calibration samples. These
consisted of gold deposited in the same geometry as the desired
sample, which was then heated to 750�C to stabilize its microstruc-
ture and resulting resistance vs. temperature behavior. An image of
the heating spiral is shown in Fig. 1.

The resistance vs. temperature behavior was then measured
using a hot plate and four point measurement as demonstrated
by Zhang et al. These data were then used by a PID regulator to
2

regulate the current applied to the calibration sample to achieve
the desired temperature pulse. This then resulted in a power pulse
that could be matched to this temperature pulse. Using the same
assumption as Zhang et al. that the thermal mass of the sample
was insignificant compared to the substrate, it could be assumed
that this power pulse would result in the same temperature pulse
for any desired conducting material given the same geometry and
substrate.
2. Experimental

Borosilicate glass wafers were first cleaned with acetone and
isopropanol then treated with hexamethyldisilizane (HMDS) for
30 min. The photoresist Ma-N 1440 (Micro Resist Technology
GmbH, Germany) was spin coated at 3000 rpm for 30 s then baked
on a hotplate at 100�C for 180 s. The wafers were then exposed to
550 mJ=cm2 at 365 nm with filter, using a glass photomask with
the desired pattern (JD Photo Data, UK). They were then sub-
merged in the developer MaD 533/s (Micro Resist Technology
GmbH, Germany) for 120 s and washed with deionized water.

For the gold calibration samples, a 10 nm Cr adhesion layer fol-
lowed by 200 nm of Au was deposited by electron beam physical
vapor deposition using a Univex 450. Gold purity was 99.99%,
deposited at a rate of 7–9 Å at a pressure of 1 � 10�4Pa. The Ni/
Al multilayers with 200 nm Al were deposited using magnetron
sputtering in a Leybold Z 550 coater (Leybold GmbH, Germany)
with a 0.4 Pa Ar atmosphere. Al, Ni, and Ti were deposited at
0.40, 0.69, and 0.31 nm/s for a targeted total of 15 nm Ti (again
to promote adhesion to the glass substrate) followed by 3 bilayers
of 200 nm Al and 133 nm Ni. STEM analysis shown in Section 3.1.1
revealed an actual layer thicknesses of around 140 nm Ni and
180 nm Al giving a stoichiometric ratio of 54/46 Ni/Al.

For the Ni/Al multilayers with 100 and 300 nm Al layers, a Star
100 Pentaco chamber (FHR Anlagenbau GmbH, Germany) was uti-
lized to deposit the Ti, Ni, and Al using magnetron sputtering. Ar
was introduced at 35 sccm resulting in a pressure of 0.5 Pa. Ti
and Ni were sputtered at 200 and 300 W resulting in a deposition
rate of 3.5 and 6.2 nm/min applied for 4 min 17s and 21 min 27s
for a targeted total thickness of 15 and 133 nm, respectively. Al
was sputtered at 500 W giving a deposition rate of 11.4 nm/min
applied for 8 min 46 s and 26min 19 s for a targeted total thickness
of 100 and 300 nm, respectively. Al and Ni were again arranged in 3
bilayers above the Ti adhesion layer as before. Liftoff was achieved
through overnight submergence in a bath of acetone mixing at
1 Hz. The wafers were then diced into the final sample chips and
individually checked with an optical microscope for defects such
as short circuit bridges.

2.1. Temperature vs resistance calibration

The gold calibration chips were stepped across a temperature
range from room temperature to 500�C using a copper heating
block with a type K thermocouple held onto the surface with a
screw. To reduce the thermal gradient from the surface of the cop-
per block and the surface of the chip a metal lid was placed over
the top with a small hole to access the electrical contact pads. A
low current of 20 mA that was predetermined to have an insignif-
icant heating effect was passed through the heating coil on the
chip. The resulting voltage was then used to correlate a tempera-
ture versus resistance relationship for the calibration sample.

2.2. PID regulator

Fig. 2 shows an example temperature pulse calibrated on a gold
sample that increased the temperature linearly at 100 K/s from



Fig. 2. Example temperature curve resulting from the accompanying power pulse
applied to gold with a linear temperature ramp of about 100 K/s to 700 �C. The
power pulse was PID regulated to match the desired temperature profile. This same
power pulse was then applied to a NiAl sample and plotted over the measured
power showing very good agreement.

Fig. 3. Results of pulsing two identically manufactured Ni/Al samples with the
power pulse shown in Fig. 2. The raw data was then smoothed with a Savitsky-
Golay filter to make post-processing easier.

M. Short, J. Müller, S. Lee et al. Materials & Design 229 (2023) 111834
room temperature to 700 �C. Beneath this curve is the power pulse
applied to the sample as measured over the ring the small voltage
leads are attached to in Fig. 1. In taking the power from this inter-
nal ring using a four point measurement rather than over the com-
plete circuit we eliminate sources of error such as different contact
resistances between the contact pads on the chip and pins on the
sample holder.

By integrating this power pulse we see that the total energy
introduced to the ring was approximately 1.4 J. We know the mea-
sured ring has a total mass of gold of about 1.3 lg. To heat this to
700�C from room temperature should take approximately
1.1 � 10�4 J, meaning heat loss to the substrate was 4 orders of
magnitude greater. This validates our assumption that the specific
heat of the sample is an insignificant factor in the temperature vs
power relationship.
Fig. 4. On top is the smoothed resistance data of the Ni/Al samples shown in Fig. 3
interpolated with the expected temperature response shown in Fig. 2 to give a
resistance vs. temperature relationship. Below is the gradient of this curve with the
two peaks of interest indicated.
3. Results

The power pulse shown in Fig. 2 when applied to Ni/Al samples
resulted in the resistance curves shown in Fig. 3. This data was
then smoothed and interpolated with the expected temperature
response of the coil also shown in Fig. 2 giving us a relationship
of resistance over temperature shown in Fig. 4 on the top. The data
shows very good agreement up to around 500�C, after which they
diverge likely due to delamination and crack formation resulting in
overall destruction of the thin film.

To identify the temperatures where the most significant
changes in resistivity occurred, the derivative of this curve was
taken which is shown on the bottom. The first small peak at around
60�C was likely an artifact of the initial bump in the calibrated
power pulse as the PID regulator stabilized around the desired lin-
ear temperature ramp. It was present even in pre-pulsed Ni/Al
samples and pre-annealed gold samples where no further struc-
tural changes should have taken place. The following two peaks
located here at around 285�C and 350�C, consisted of a small initial
peak separated by a small gap from a much larger second peak and
appeared across our measurements. These will be referred to as
peak 1 and 2, respectively. The behavior at higher temperatures
became largely inconsistent, oftentimes terminated with a large
spike when the coil was destroyed through delamination and/or
3

crack formation. The evidence for the morphological changes asso-
ciated with peak 1 and 2 will be elaborated on in the following
sections.

3.1. Quenching

Due to the high rate of heat lost to the substrate (only 0.008% of
the energy introduced to the sample actually contributed to heat-
ing the sample itself), it was possible to rapidly quench the sample
at a desired point along the temperature pulse by cutting the
power. Fig. 2 demonstrates this rapid reduction in temperature
after the current was again reduced to a low 20 mA which allowed
continued temperature measurements. This gave us snapshots of
the sample as it went through morphological and phase changes
which could be used for ex situ Transmission Electron Microscopy
(TEM) analysis.
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3.1.1. STEM
Multiple Ni/Al samples were then heated with the 100 K/s

power pulse and then quenched before peak 1, after peak 1, and
after peak 2. Cross-sectional TEM lamellae were then taken from
each sample, along with an untreated sample, using a Zeiss Cross-
beam 550 FIB. STEM images of these lamellae, taken using the built
in STEM detector in the same Zeiss Focused Ion Beam (FIB) at
30 kV, are shown in Figs. 5. While the untreated sample shows a
clear separation of the Ni and Al layers with little intermixing,
already before the first peak we see some phase formation at the
interface.

After peak 1 is passed, it seems the morphology doesn’t notica-
bly change. The heterogeneous laminated structure with inter-
metallic phases at the interface is still maintained. This structure
is then lost after peak 2, corresponding to the largest increase in
resistance. However, the exact cause of peak 1 remained inconclu-
sive as very large changes in resistivity along the interface would
be required to account for the significant change in resistance as
it is parallel to the highly conductive Al pathways.
3.1.2. EDX Linescans
To investigate the degree of Ni interdiffusion into the Al layer,

EDX linescans were taken along the Al film. The results of this
taken from the samples quenched before peak 1 and between peak
1 and 2 are shown in Figs. 6 and 7, respectively. Scans were focused
on Ni K-alpha activity with the expectation that diffusion of Ni
through Al grain boundaries would result in periodic spikes in Ni
counts along the scan. Care was taken in the sample quenched
before the first peak to scan the middle of the Al layer as well as
closer to the Ni interface in order to reveal possible diffusion that
Fig. 5. STEM images, all taken at the same magnification, showing the microstructure evo
shown in Fig. 4. The darker layers were Ni while the lighter ones were Al as indicated i
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didn’t make it all the way through the Al layer. Different back-
ground count rates between the two samples can be attributed
to different sample thicknesses.

While a small peak is seen in linescan 3 in Fig. 6, it is clear that
the linescans shown in Fig. 7 show broader and more frequent Ni
peaks. Linescan 3 was also taken fairly close to the Ni interface.
We see its sole peak disappear when a scan is taken towards the
other side of the Al layer, as shown in linescan 6. Note also that
the linescans in Fig. 6 were about twice as long. These results pro-
vide good evidence that the major morphological change in the
sample over peak 1 is the formation of intermediate phases of Ni
and Al within fast diffusion pathways in the Al layers.
3.2. Resistivity analysis

In order to find the activation energies of the two different
growth mechanisms indicated by peak 1 and 2, samples with Al
thicknesses of 100, 200 and 300 nm were each pulsed at 25, 50,
100, and 200 K/s. These data were then organized into Kissinger
plots [14] and are shown in Fig. 8. Two measurements were taken
at each point to ensure reproducibility. While the peaks shifted to
the right as Al film thickness increases, the slopes remained largely
consistent, indicating similar activation energies. Indeed, the acti-
vation energies for peak 1 were 51�6, 55�4, and 60�6 kJ/mol,
while for peak 2 they were 70�18, 74�7, and 90�18 kJ/mol for
100, 200, and 300 nm Al, respectively. While significant variation
is present in the values for peak 2, the range given by their respec-
tive standard deviations shows agreement with the activation
energy Fritz et al. [6] measured for solid state mixing of NiAl mul-
tilayer thin films. It should be noted that these activation energies
lution of the sample after heating at 100 K/s to points indicated relative to the peaks
n subfigure a.



Fig. 6. EDX Linescans of Ni activity of sample quenched after 4.146 s placing it immediately before peak 1. On the left is a STEM image of the cross sectional lamella cut from
the sample indicating where linescans 3–6 were taken.

Fig. 7. EDX Linescans of Ni activity of sample quenched after 4.766 s placing it immediately after peak 1 and before peak 2. On the left is a STEM image of the cross sectional
lamella cut from the sample indicating where linescans 1 and 2 were taken.

Fig. 8. Kissinger plots analyzing the positions of peaks 1 (a) and 2 (b) for samples with 100, 200, and 300 nm Al films. The Ni film remained at 133 nm for all samples. b is the
heating rate in K/s.
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Fig. 9. Results for Ni/Al samples pulsed at 100 K/s with three different thin film
bilayers of 100, 200, and 300 nm Al films (indicated on the plot) and 133 nm Ni
films. The graph is focused on peak 1.

Fig. 10. Comparison between a NiAl sample pulsed at 100 K/s with its expected
resistance with respect to temperature assuming no phase formation or change in
morphology. In order to indicate the degree of resistance change over peak 1, a line
is propagated from the data before peak 1 assuming continued linear behavior and
compared with the actual resistance measured, giving a difference of about 1.4 X.

Fig. 11. Diagram showing a schematic of one Ni/Al bilayer used to derive Eqs. (1)–
(3). It shows a Ni and Al thin film with NiAl periodically penetrating the Al film
where grain boundaries would be present. kAl is the average width of an Al grain
while kNiAl is the average width of high Ni activity in the Al grain boundary, both
derived from the data shown in Fig. 7b. The Al and Ni layer thicknesses, DAl and DNi,
were taken from the STEM images shown in Fig. 7a.
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correspond to nucleation and diffusion controlled growth [15,16].
Some difference in their values may be accounted for by different
stoichiometric ratios as, unlike peak 1, it involves predominantly
bulk diffusion and a breakdown of the heterogeneous layered
structure.

The data for peak 1 shows a much tighter spread and agreement
in activation energies, with a value likely between 50 and 60 kJ/-
mol. It is interesting to note, however, what happens to the peak
shape as the Al thickness is increased, as shown in Fig. 9. While
it is expected that the peak position moves up in temperature as
it would take longer for Ni to diffuse through the Al grain bound-
aries, above 200 nm Al it strongly attenuates. This is likely due to
the Al film thickness exceeding the average Al grain size, eliminat-
ing quick and direct diffusion pathways through the Al layer and
creating a more complex network that attenuates its associated
quick spike in resistance. This was taken as strong evidence that
grain boundary diffusion effects were the culprit for peak 1, rather
than a strong change in resistivity of the intermetallic phases along
the interface shown in Figs. 5b and 5c.

4. Discussion

Based on the data presented in this manuscript, we describe
here our hypothesis on the morphological changes experienced
by the Ni/Al sample as they were heated at a constant rate.
Fig. 10 shows an example resistance curve (the solid line) from a
Ni/Al sample with 3 bilayers of 200 nm Al and 133 nm Ni, heated
at 100 K/s. The dotted line below indicated the expected resistance
given the geometry of the measured area and the resistivity of Ni
and Al with respect to temperature, assuming no phase transfor-
mation or diffusion takes place. This was then offset to the dashed
line to match the starting resistance measured from the sample to
account for resistance contributions from for example interface
roughness or grain size.

We see that already before the first peak there is a deviation
starting at around 60�C from the resistance expected given only
thermal contributions as Ni began to diffuse into the Al layer form-
ing preliminary Ni poor and Ni rich phases on either side of the
interface. While the sputtering temperature was not directly mea-
sured, it was estimated to be between 50 and 80�C, so the lack of
any measureable change below this point is likely because the
Ni/Al thin films have already experienced this temperature. The
6

continued growth of an intermetallic layer between the Ni and Al
layers after this point essentially ”throttles” the highly conductive
Al layer, gradually increasing overall resistance. Once the activa-
tion energy for Ni diffusion through the Al grain boundaries is sur-
passed, we see a relatively fast spike in resistance (peak 1) as
highly resistive intermetallic phases noticably block current from
flowing through the Al. This process runs to a saturation point
for a short period before bulk diffusion of Ni into the Al grains
begins to dominate and the heterogeneous multilayered structure
is lost, eliminating any remaining highly conductive pathways and
significantly increasing resistance. After this, there is likely some
grain growth as the NiAl phase recrystallizes and stabilizes, which
slightly modulates the final resistance until the coil delaminates
and cracks.

To evaluate if this hypothesis is realistic, a simplified model was
developed as shown in Fig. 11 that could be more easily mathemat-
ically simulated. The image represents a cross section of the Ni/Al
multilayer along the longitudinal plane, looking from the side of
the coil lane. This could then be represented as a circuit diagram,



Fig. 12. A circuit diagram representation of the schematic of a Ni/Al bilayer shown
in Fig. 11 from which Eqs. (1)–(3) were derived. The Ni and Al layers are placed in
parallel. While the Ni layer is treated as a homogeneous body, the Al and NiAl grains
within the Al layer are placed in series and repeated through the length of the coil
by an amount equal to the total coil length divided by the average length of a pair of
Al and NiAl grains.
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as shown in Fig. 12. The total resistance, RT , of the third outermost
coil lane that was measured can be calculated as follows,

RT ¼ 1
n=RAl film þ n=RNi film

ð1Þ

where n is the number of bilayers (in our case 3), and RAl film and
RNi film are the total resistances of a single Al and Ni film, respec-
tively. RNi film can be calculated directly from the resistivity of Ni,
qNi, as follows,

RNi film ¼ qNikT
wDNi

ð2Þ

where kT is the total length of the coil (measured to be about
3.7 mm), and w is the width of the coil which was 90 lm. For
RAl film, the resistances of Al and NiAl grains were added up taking
into account their average lengths derived from the data shown in
Fig. 7b as follows,

RAl film ¼ qAlkAl þ qNiAlkNiAl
wDAl

� �
kT

kAl þ kNiAl
ð3Þ

The resistivity of NiAl has been found to be quite sensitive to the
concentration of either metal, showing a low point of about
1 � 10�7Xm which rises quickly to 2 � 10�7Xm when Al concen-
tration is decreased to 48% or increased to 51% [17]. Due to this high
level of sensitivity, a comprimise value of 1.5 � 10�7Xm for qNiAl

was taken. The results show that when kNiAl was increased from 0
to 52 nm, total resistance increased by 1.27 X. This matches up very
well with the data shown in Fig. 10, where if a straight line is prop-
agated from the resistance line before the onset of peak 1 and com-
pared with the resistance value measured after peak subsidence at
about 311 �C, we see a difference of about 1.4 X. The most signifi-
cant simplifying assumption taken in this calculation is that the
Al grains and their Ni rich grain boundaries extend along the width
of the coil lane (90 lm). Though this is of course not the case, even
when these Al grains are staggered the Ni rich layer enveloping
them would still prevent any low resistance paths from remaining
in the Al film.

5. Conclusion

While there exists work in the literature that analyze the rela-
tionship of resistance changes to evolutions in sample microstruc-
ture induced by thermal pulses [18–20], most work on materials
subjected to fast thermal pulses study phase changes using calori-
metric methods. This is a fairly accessible and far more sensitive
technique than resistance measurements alone as evidenced by
the popularity of nanocalorimetry and recent advances pushing
into picowatt resolutions [21]. However, as mentioned in the work
of Zhang et al. [18], there are manymicrostructural evolutions such
as grain growth, precipitation, and grain boundary diffusion that
7

involve only a miniscule amount of phase change that are interest-
ing to the study of heterogeneous microstructures.

The method described here presents a simple but powerful
technique, shown in this work to be sensitive to specific and inter-
esting structural changes in multilayer Ni/Al thin films, that is cap-
able of high heating rates (up to 104 K/s were achieved), a high
throughput architecture, and the possibility for applications to
nonconducting materials such as ceramics using indirect heating
[22]. With the primary assumption that pulsing the calibration
and sample with the same power results in the same temperature
contributing only a minor error in temperature measurement, the
direct thermocouple measurements during the calibration proce-
dure provide a higher accuracy than pyrometry and a larger tem-
perature range than melting point analysis. Accurate temperature
measurements remain a common challenge in calorimetry. The
authors believe that the heating rates and structural sensitivity
of this technique would be a potent addition to the phase sensitiv-
ity of calorimetric methods in studying materials subjected to fast
thermal pulses.

6. Data Availability

The raw and processed data required to reproduce these find-
ings are available to download from this link.
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