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a b s t r a c t
Three-dimensional (3D) nanoparticle printing has emerged as a versatile and environmentally friendly
manufacturing technique to fabricate metallic films for microelectronic applications. In this letter, we
report the synthesis of 500 nm thick nickel films by aerosol jet nanoparticle printing and assess their stability at high temperatures. In-situ impedance spectroscopy is used to measure the electrical properties
of the films from 25 °C to 500 °C, at frequencies from 0.02 kHz to 300 kHz. It is observed that the real part
of impedance of the films increases from room temperature to 350 °C monotonously, indicating a positive
temperature coefficient of resistance (TCR). Upon further heating, however, the films exhibit an unstable
electrical behavior, with TCR increasing by two orders of magnitude between 350 °C and 500 °C.
Thermogravimetric analysis (TGA) of nickel nanoparticles was performed to understand the underlying
reason of electrical instability beyond 350 °C, which showed that the particle oxidation starts at about
325–350 °C and leads to a mass gain of 19.35% at 500 °C, indicating significant thermal oxidation. The
electrical stability of the films at high temperatures is thus controlled by their thermal oxidation, which
starts at a much lower temperature (350 °C) when compared to bulk nickel (600 °C). Implications of this
result on the applicability of the 3D printing method to synthesize metal films for high temperature
applications are discussed.
Ó 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.

Additive manufacturing methods have enabled the fabrication
of devices with different geometries, microstructures, and material
combinations. At micro and nanoscale, additive manufacturing
methods such as nanoparticle (NP) printing are allowing the fabrication of films and devices with unique functionalities and applications. Aerosol Jet (AJ) printing is one such method that can rapidly
fabricate 3D electronics at a length scale down to 10 lm. In addition, this method creates minimal waste, is low cost, and allows
the fabrication of electronic devices on curved surfaces [1,2]. Aerosol jet printing has been used to create devices such as biosensors
[3,4], capacitive touch sensors [5], antennas [6], temperature sensors [7], strain sensors [8], flexible interconnects [9], and electronic
transistors [10]. In the AJ printing method, the NPs are typically
dispersed in a solvent and are dispensed on a substrate, and then
sintered using an energy source such as heat [11], laser [12] or
photonic flash [13,14].
Several electronic devices are used at high temperatures under
harsh environments [7,8,15]. For example, strain and oxygen sen⇑ Corresponding author.
E-mail address: rpanat@andrew.cmu.edu (R. Panat).
Current address: Technology and Manufacturing Group, Intel Corporation, 5000
W. Chandler Blvd, Chandler AZ 85226 USA.
1

sors are used for in-situ monitoring of combustion parameters in
jet engines to help improve their energy efficiency and safety
[16]. The components of the high temperature systems, however,
have complex 3-D shapes, making it difficult to fabricate/integrate
electronics on their surfaces [17]. Conventional photolithography/
MEMS based sensor electronics are limited in their ability to confirm to the 3-D shapes [18] as well as the choices of materials
[19] that can survive at high temperatures. Nanoparticle-based
additive manufacturing methods can help overcome these challenges with the ability to print various material combinations on
curved surfaces. One concern, however, is that oxidation of NPs
(in un-sintered format) can happen at temperatures lower than
their bulk counterparts due to the high surface-to-volume ratio
at the nanoscale [15,20]. Nickel and nickel-based alloys are wellknown for corrosion resistance and are used for high temperature
applications (e.g., superalloys in jet engine applications). In addition, nickel films are used in electronic components such as
multi-layer-ceramic-capacitors, where the films need to withstand
high temperatures required for the sintering of ceramic dielectrics
[21,22]. Lastly, nickel metal films along with an oxide layer on their
surfaces have potential applications in data storage devices [23]. It
is thus reasonable to study the synthesis of nickel films using
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5 sccm, and 25 +/- 5 sccm, respectively. The printing parameters,
however, need to be optimized for different nanoparticle ink materials and manufacturers [30]. The lines were sintered at 400 °C for
30 min in a vacuum (10-2 – 10-3 Torr) furnace.
The method to measure the impedance of AJ printed lines is the
same as that described in our previous work [11] but given here for
completeness. Pyro-duct 597-A conductive epoxy (Aremco, Valley
Cottage, NY) was used to connect the wires with the external circuit. Conductive epoxy was ambient cured over- night followed
by heat cure at 93 °C for 2 h. A signal of 1 V and frequency in the
range of 0.02–300 kHz was applied using a precision LCR meter
(Agilent E4980A) with a 4-wire measurement. Before each measurement, a standard calibration method was performed to remove
any parasitic effects. A programmable oven (Neytech Vulcan furnace, Model 3–550, Degussa-Ney Dental, Inc., Bloomfield CT) was
used to heat the samples during the in-situ impedance measurements. Dwelling time for each temperature was 10 min, after
which the impedance was measured.
An optical image of the representative printed and sintered Ni
NP film (~7 mm long and ~ 545 lm wide) with probing pads is
shown in Fig. 1b. A profilometer scan of the Ni NP film is shown
in Fig. 1c. The thickness of the printed line was about 0.5 ± 0.1 l
m. Considering the starting nanoparticle size of about 60 nm, we
estimate that about 7–10 layers of the nanoparticles were deposited during the AJ process. A scanning electron micrograph of the
sintered Ni film showing fused particles is given in Fig. 2d. The
thickness of the line can be increased by the number of layers as
was shown for AJ printed silver lines in our earlier work [6].
The impedance data for the Ni films at various frequencies and
temperatures are shown in Fig. 2. The real part of film impedance,
Z’, at temperatures ranging from 25 °C to 500 °C at intervals of
50 °C for various frequencies is shown in Fig. 2a. Under ambient
conditions, Z’ increased about 0.2% between 20 Hz and 300 kHz.
A monotonous increase in Z’ was observed with an increase in
the temperature up to about 350 °C. Fig. 2b shows the change in
Z’ as a function of temperature at different frequencies, while the
temperature coefficient of resistance (TCR) values for various frequencies as a function of temperature are shown in Fig. 2c. Note
R2 R1
that the TCR (/°C) is calculated as R1 ðT
, where R2 and R1 are
2 T 1Þ

nanoparticle printing and assess their performance at high
temperatures.
Oxidation can cause a significant increase in the impedance of
metallic conductors [24]. Unlike bulk materials, however, the
nanoparticles oxidize at much lower temperatures [20,25]. This is
primarily due to the fact that the high surface-to-volume ratio of
the nanoparticles prevents the formation of a stable oxide layer,
allowing higher rates of oxidation at lower temperatures compared
to the bulk. It is of significant interest to know how sintered
nanoparticle films, which are typically porous, behave at high temperatures. Such data will greatly aid in opening up of advanced
additive manufacturing techniques for high temperature device
applications. To date, the oxidation behavior of nickel has been
studied via thermogravimetric analysis of nano and microparticles
at high temperatures [26–28], with no report for sintered nanoparticle films. Unlike bulk nickel, which starts to oxidize at 700 °C, the
oxidation of Ni nanoparticles (10–100 nm in size) occurs at 250 °C
[26]. Further, early partial melting of nickel nanoparticles was
observed above 600 °C [26], a temperature far below the melting
temperature of the bulk (1450 °C). Oxidation of 50 nm thick Ni
films was reported to initiate at 400 °C [29].
The impetus for the current work is thus two-fold. First, we
aimed to synthesize high quality Ni films using AJ nanoparticle
printing, an emerging additive manufacturing method. Second,
we desired a fundamental understanding of such films at high temperatures via impedance spectroscopy. The work will open up
paths to design and fabricate printed electronics for use at high
temperatures and under harsh environments. Electrical properties
of AJ printed nickel nanoparticle films are determined in the range
of 24–500 °C at frequencies ranging from 0.02 to 300 kHz. Further,
scanning electron microcopy (SEM) and thermogravimetric analysis (TGA) are used to correlate the electrical behavior with oxidation of the film which causes its degradation.
An Aerosol Jet 3D printer (AJ-300, Optomec, Inc., Albuquerque,
NM) was used to fabricate the Ni NP films in this study. The AJ
method allows the deposition of nanoparticles dispersed in a solvent (i.e. nanoparticle ink) onto a substrate by creating a mist of
particles guided by a carrier gas. The AJ printing system includes
two atomizers (ultrasonic and pneumatic), a programmable XY
motion stage (also called platen), and a deposition head. The printing can be done down to feature sizes of about 10 lm with a wide
range of ink viscosities up to 1000 cP. The particle size in the inks
used in the AJ method is typically < 500 nm and has a printing
standoff height of 5 mm [6]. A solvent-based Ni nanoparticle ink
(Ni-IJ70, Applied Nanotech, Inc., Austin, Texas) was placed in the
atomizer which continuously created the mist droplet size of 1–
5 lm (each droplet containing multiple nanoparticles) which was
then carried to the deposition head with a carrier gas (N2) [6].
The nickel nanoparticle size in the ink was 60 ± 40 nm, a solid content of 30 wt% in the ink, and a viscosity of about 16–25 cP according to the manufacturer information. The mist or dense vapor was
then focused inside the nozzle with the help of a secondary gas,
called sheath gas (also N2) to form the micro-jet. A transparent
glass slide (Thermo-Fisher Scientific, Waltham, MA) was used as
the substrate which was placed on the platen heated to 60 °C.
See Fig. 1a for schematic of the AJ printing system. Prior to printing,
the substrates were cleaned with deionized water followed by isopropyl alcohol. The substrate surface was then cleaned using an
atmospheric O2 plasma (AtomfloTM 400, SurfxÒ Technologies LLC,
Redondo Beach, CA) at 100 W power for 5 min to increase the surface hydrophilicity and adhesion with the printed film. The diameter of the nozzle used in this work was 150l m. Note that the
carrier gas flow rate controls the material flow while the sheath
gas flow rate controls the mixing of the ink in the printhead and
hence the ‘sharpness’ of the printed lines. The sheath gas and the
carrier gas flow rates for the AJ system in this work were 50 +/-

the resistance values at temperatures T2 and T1, respectively. In
the range of 24 °C-350 °C TCR increased slowly as a function of
temperature. It is well-known that the positive TCR for metals
results from an increase in atomic vibrations that increase the electron scattering and hence resistance at higher temperatures. The
frequency dependence of electrical conductivity is defined by the
following equation [31],

rðxÞ ¼ rð0Þ

1 þ ixs

1 þ ðxsÞ2

!
;

ð1Þ

where rð0Þ=nem s, m is the effective mass of the electron, n is the
number of electrons, s is the collision time, x is the frequency,
and e is the charge on the electron. The conductivity thus decreases
with frequency (at a given temperature) resulting in an increase in
resistivity or Z’.
The measured TCR values for the sintered nanoparticle films
ranged from ~ 0.0024/°C at 100 °C, to about ~ 0.0051/°C at
250 °C. These values are lower than the TCR value for bulk nickel,
which is ~ 0.0059/°C at 20 °C. We note that the resistivity and TCR
values for Ni films depend upon their gain size and thickness and
are always reported to be lower than that for the bulk [32–35].
For example, the TCR for vacuum evaporated 70 nm thick Ni film
was ~ 0.0023/°C [33], while another report [34] gives a values of
0.0008/°C at 50 °C and 0.0012/°C at 130 °C. Sputtered Ni films,
75 nm in thickness, were reported to have a TCR of about
2
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Fig. 1. (a) Schematic showing Aerosol Jet nanoparticle 3D printing apparatus consisting of an ultrasonic atomizer, a printhead, and a nozzle. (b) Optical imaging of the printed
and sintered Ni film, (c) Profilometer scan of the printed element with an average height of approximately 500 nm, and (d) A scanning electron micrograph of the Ni film
showing fused nanoparticles.

Fig. 2. Electrical behavior of Ni NP films at different temperatures (24 to 500 °C) and frequencies (0.02–300 kHz). A film sintering condition of 400 °C for 30 min in vacuum
furnace was applied prior to the electrical measurements. a) The real part of impedance (Z’) as a function of frequency measured at intervals of about 50 °C for different
frequencies, b) real part of impedance (Z’) as a function of temperature, c) TCR(/°C) as a function of temperature, and d) imaginary part of impedance (Z’’) as a function of
different frequencies for room temperature, 250 °C, 300 °C, and 500 °C. The results show slight capacitive inductance (see Y-axis) at 250 °C and 350 °C, which increases by two
orders of magnitude at 500 °C, indicating significant oxidation.
7
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Fig. 4. TGA curves at different heating rates. TGA profiles show the start of gain in
the weight beyond 300 °C for all heating rates and a similar profile for all the
heating rates. The maximum weight gain for the samples is 23.28%.
Fig. 3. SEM micrograph of the Ni film heated to 500 °C under ambient conditions
during impedance measurements.

The surface of the Ni film exposed to 500 °C under ambient conditions is shown in Fig. 3.
In order to understand the oxidation behavior of the films, we
performed a TGA analysis of the nanoparticles used in this work
(60 nm in size) and obtained the weight gain as a function of temperature from room temperature to 700 °C. The NPs in the current
study were subjected to TGA analysis in a Discovery Series Thermogravimetric Analyzer (TA Instruments, New Castle, DE). The
weight of the Ni NPs used for TGA was ~ 20.98 ± 0.92 mg. The Ni
nanoparticles were placed on an Alumina pan and experiments
were performed under atmospheric pressure conditions using air
as the oxidant (same as that during operation of the films). The
air flow rate was set at 10 ml min1 for all the experiments. The
experiments were started at room temperature and performed at
five different heating rates varying from 5 to 25 K min1 (both
included) in steps of 5 K min1. Fig. 4 shows the dimensionless
weight gain of Ni NPs as a function of temperature up to 700 °C.

0.003–0.005/°C at about 250 °C [35]. The observed TCR values from
the current work (up to about 350 °C), are thus within the range of
that expected from Ni films. This also indicates that the AJ printed
films are primarily nickel metal, rather nickel oxide, up to 350 °C.
Upon further heating, however, the Z’ for the films is seen to
rapidly increase with increasing temperature. Fig. 2a and 2b show
that Z’ starts to increase by several orders of magnitude at temperatures beyond 350 °C, up to 500 °C, at all frequencies! The TCR
increases from 0.0059 /°C at 350 °C to ~ 0.19773/°C (at 20 Hz) at
500 °C. The sudden changes in the slopes of Z’ with temperature
in Fig. 2b are indicative of the electrical instability, which is seen
beyond 350 °C. The corresponding increase in the resistance of
the film is represented in Fig. 2a and b. Note that in literature (Belser and Hicklin [35]), high values of TCR are ascribed to oxidation.

Fig. 5. Schematic of oxide layer formation in the AJ printed Ni film at high temperatures.
8
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The TGA profiles show that the weight gain starts at about 325 °C
for all the heating rates and that they exhibit very similar shapes.
The maximum weight gain for the samples is 19.35% at 500 °C.
The TGA results show that the weight gain at 700 °C is 23.7% and
has not reached a maxima. However, literature shows that the
maximum weight gain of Ni NPs is about 25.4% at 1000 °C [26].
Thus, at 500 °C with ~ 19.35% weight gain, the nanoparticles are
at their near-saturation point (and heavily oxidized) which can
partly explain the two order of magnitude increase in TCR at
500 °C (Fig. 2). Note that Ni nanoparticles with an average size of
28 nm started to oxidize at about 200 °C [26], which is lower than
that observed in Fig. 4. However, the average nanoparticle size in
their study [26] was only 50% of that in the current work, which
can partly explain the difference in the temperature at which oxidation starts.
We speculate that the surface texture of the AJ-printed and
sintered Ni films may initiate oxidation due to their high
surface-to-volume ratios (Fig. 1c) and cause electrical instability.
A schematic of the possible transport mechanisms involved during thermal oxidation for a AJ printed Ni thin film are shown in
Fig. 5. The oxidation reaction in Ni film happens through an electron transfer at the interfaces, resulting in the formation of a
monolayer of adsorbed O- at the surface along with the diffusion
of oxygen anions into the Ni film (Fig. 5a). The adsorbed O- anions
initially form small NiO islands[26] on Ni thin film surface as
shown in Fig. 5(b). These oxide islands can grow as the temperature increases. Beyond 350 °C, growth of the oxide film may occur
by both diffusion of O- anions and Ni+ cations at the Ni/NiO interface leading to heavy oxide layer formation as shown by Fig. 5c.
As a result, TCR increases by greater than one order or magnitude
as seen in Fig. 2c. Finally, at 500 °C, thermal oxidation affects the
total morphology of the printed films and the oxidation reaches
near saturation leading to a significant increase in the TCR as
shown in Fig. 2c.
In summary, we show that AJ nanoparticle printing can be
used to synthesize functional Ni films for high temperature
applications, albeit with a lower maximum operating temperature (350 °C) than bulk nickel (600 °C). Further, we show that
impedance characterization of the films at different frequencies
and temperatures can capture their electrical stability at high
temperatures. The 3D printed nickel films are electrically stable
at all frequencies up to 350 °C but show an accelerated degradation beyond this temperature due to thermal oxidation. The
onset of electrical instability is manifested in the impedance
spectroscopy measurements as an increase in TCR by more than
an order of magnitude. Possible mechanisms of oxidation of the
film are discussed. Future studies will involve carefully changing
the processing parameters to extend the thermal stability regime
of the films beyond 350 °C and increase their use-range. The
results thus advance our understanding of the fascinating area
of printed electronic devices and their applications at high
temperatures.
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