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Conventional varistors rely on the formation of a Double Schottky Barrier within the intergranular region of ZnO
via acceptor doping and a Bi»O3 phase. This work has been able to yield varistor-like behavior via cold sintered
ZnO composites by placing 2D hBN flakes on the grain boundaries within the ZnO matrix. Above the percolation
threshold, a network of resistive hBN barriers is formed which prevents current from flowing through the more

conductive ZnO. However, at a given voltage, electrons can tunnel through the hBN if the layers are kept thin
enough. Within this narrow band of hBN content, samples have been fabricated with a values as high as 9.5. The
composite system demonstrated Schottky conduction at low fields before switching to Fowler-Nordheim
tunneling at high fields. This microstructural design was able to show greater nonlinearity compared to previ-
ous attempts at creating varistor materials through the unique cold sintering process (CSP).

1. Introduction

Varistors are voltage dependent resistors that possess high resistivity
at low applied voltages before switching to a lower resistivity at higher
voltages. Thus, varistors obey Ohm’s law (V = IR) at low voltages before
switching to a non-Ohmic behavior defined by the following expression

[1]:
I =KV* (1.1)

Above, I is current, K is a proportionality constant, V is voltage, and o
is the nonlinear coefficient. An o ~ 1 indicates Ohmic linear behavior
while an o above 1 indicates varistor-like behavior. This variable
response to voltage provides the functionality that is useful for pro-
tecting vulnerable circuits from power surges and voltage spikes that
would otherwise destroy sensitive components [1-3]. Most of the va-
ristors manufactured today are made of ZnO, SiC, or SrTiO3 and rely on
electrostatic potential barriers to generate a voltage dependent re-
sistivity [2]. These special grain boundaries are known as double
Schottky barriers (DSB) and typically use a doped Bi»O3 intergranular
phase at the grain boundaries of the ZnO matrix [3,4]. ZnO acts as an
n-type semiconductor, meaning it has excess electrons that aid in its
conductivity. In the case of varistors, acceptor states are added to the
grain boundaries and these states trap electrons from the bulk. This leads

to a depletion of charge carriers at the grain boundaries and an accu-
mulation of holes (positively charged states). The flow of electrons is
thus opposed by the internal field formed at the boundary between 2
grains [5]. In order to introduce these acceptor states into the inter-
granular layer (IGL), dopants are added by sintering ZnO in a liquid
phase. This will allow the ions in the solution to surround the ZnO grains
and diffuse into the surfaces creating electronic traps at the interfaces.

The Cold Sintering Process (CSP) has been investigated in the past to
serve as a more sustainable ceramic manufacturing process [6]. CSP
densifies samples at temperatures below 350°C with the aid of pressures
on the order of hundreds of MPa. This is done in the presence of a
transient phase which drives a pressure-solution creep (PSC) process to
transport material during densification [7,8]. Typically, this liquid
phase is an organic acid capable of dissolving and transporting the bulk
material to drive PSC [9]. Under an applied load, the liquid partially
dissolves the powder and transfers the solute along the grain boundaries
of the matrix. The powder is then redeposited at the pores driven by
chemical potential gradients. Thus, the pores are slowly filled in with
time and samples are able to be densified to above 95% relative density
[10]. The low temperatures involved allow for the fabrication of novel
materials that would otherwise degrade or form unwanted secondary
phases with conventional sintering [11,12,13]. This novel
manufacturing process has been used in the past to design varistor
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components incorporating polymer filler at the grain boundaries of ZnO
[2,10].

CSP has also been used to fabricate hexagonal boron nitride-
containing composites to boost the electrical resistivity of a given sys-
tem while simultaneously increasing thermal conductivity [10,14].
Hexagonal boron nitride (hBN) is a 2D material with a crystal structure
closely related to that of graphite. It is for this reason that hBN is often
referred to as “white graphite” which also gives a nod to the material’s
pale color [15]. The bonding within layers is covalent while the bonding
between layers arises due to Van der Waals forces. This leads to a high
degree of anisotropy in hBN’s properties and allows for these hBN sheets
to be easily pulled apart from one another as the bonds between the
planes are much weaker than those in plane [16]. Mechanical shearing is
what makes 2D materials like hBN perfect candidates for demonstrating
percolation theory. Under an applied stress, the hBN particles are
cleaved and readily slide around the matrix grains. Given that hBN gains
no free electrons nor ions from its bond type, it has exceptionally high
electrical resistivity. This value has been reported as high as 10'° Qem
placing it among the most electrically insulating materials in use today
[16]. It thus follows that hBN also has a high dielectric breakdown
strength (Ep), though it does exhibit an anisotropic response. In plane, its
Ep, value is 3MV/cm and out of plane this number jumps to 12MV/cm
[16]. A recent study by Mena et. al utilized the high thermal conduc-
tivity (x) of hBN in a NapMo20; microwave dielectric to improve the
electrical and thermal properties of the system [14]. Building from these
observations, the highly resistive nature of hBN along with its capacity
to easily shear and percolate through a matrix were the main reasons for
choosing this material in a composite ZnO varistor system.

The goal of this study was to employ CSP to create ZnO — hBN
composites and assess their varistor capabilities. It was surmised that the
hBN would shear and form a resistive network around the ZnO grains to
block electron flow at low voltages providing a varistor response in a
unique microstructural design.

2. Experimental procedure
2.1. Cold sintering procedure

In order to coarsen the ZnO powder to allow for more efficient
shearing of the hBN particles, the ZnO (40 — 100nm Alfa Aesar, Haver-
hill, MA) was annealed at 900°C for 5 hours. This generated ZnO grains
with a particle size of 3.2 + 1.0um. It should be noted that smaller
particle sizes (200nm) of ZnO have been cold sintered in the past but for
this study such powders were unable to effectively disperse the hBN
flakes [2,6]. A comparison of the degree of hBN shearing between the
fine and coarse ZnO powders can be found in Supplemental Information
Fig. S1. Next, the proper amounts of ZnO and hBN (99.8%, 70-80 nm,
Nanoshel, Wilmington, DE) powder were weighed out to fabricate cold
sintered composite pellets. These composites contained 0, 2.5, 4.0, 6.0,
10.0, 20.0, 30.0, and 40.0 volume % hBN. The weighed powders were
placed in a glass vial and mixed under dry conditions using a planetary
centrifugal mixer (ARE-250, Thinky, Tokyo, Japan) for 10 cycles of 1
minute each. Then, 15 weight % of 2M acetic acid was added to the
powder and the materials were mixed in an agate mortar with a pestle
until a homogeneous mixture was obtained. The “wet” powder was
placed in a steel die (13mm in diameter) separated from the pucks of the
die by disks of Ni foil. It should be noted that the mixture easily flows
into the die and the liquid content is so low that it does not reflect a
colloid but rather a powder. The die was placed under a uniaxial pres-
sure of 300 MPa and heated to 150°C for 4 hours at 20°C/min using a
heating jacket controlled by a Proportional-Integral-Derivative loop
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Fig. 1. Diagram of complete cold sintering process.

feedback mechanism. A thermocouple was placed in a slit at the bottom
of the die base. After the 4 hours had elapsed, the 1.3mm thick pellet was
ejected from the die and allowed to cool to room temperature. Finally,
the pellets were polished on the faces and edges using methanol pro-
pylene glycol (Allied High Tech Products, Compton, CA) and SiC paper
(to 1200 grit). A full schematic of this process is given in Fig. 1. The ZnO
samples yielded relative density values of 92.2 + 2% based on the
theoretical densities of the samples’ respective compositions. A more
detailed breakdown of sample densities is shown in Fig. 2.

2.2. Material characterization

To equip the samples with conductive electrodes for all subsequent
electrical measurements, the pellets were first coated with 100nm of
platinum on both sides. The coatings were sputtered under an Ar at-
mosphere using a physical vapor deposition chamber (Q150V, Quorum
Technologies, Lewes, UK). To test for resistivity, the coated samples
were subjected to a voltage of 1V which was held for 4 minutes to allow
for current stabilization. This was done using a Hewlett-Packard 4140B
PA Meter / DC Voltage Source.

Using the same system as the resistivity measurements, I-V mea-
surements were performed on the ZnO composites with varying volume
fractions of hBN. Given the high voltages employed, the amplifier
adapter for this setup was activated. The measurements started with an
applied voltage of 10V and increased up to 1,000V in increments of 10V.
Both the applied voltages and their corresponding measured currents
across the sample were reported and used to construct IV curves for the
various samples. For calculating Schottky barriers, these samples also
had their IV behavior measured between 1V and 20V at 20°C, 40°C,
60°C, and 80°C. This same characterization system was used to extract
data necessary for the Fowler-Nordheim plots. The samples were sub-
jected to a voltage range beginning at 10 V and ending at the breakdown
voltage of the material. This was carried out at 40°C, 60°C, 80°C, and
100°C.

The microstructures of the ZnO composites were analyzed by Scan-
ning Electron Microscopy (SEM) employing a Field Emission Scanning
Electron Microscope (Verios, Thermo Fischer Scientific, Waltham, MA).
To avoid significant charging on the surface of the samples, each sample
was coated with 5nm of iridium in a physical vapor deposition chamber
(EM ACE200, Leica, Wetzlar, Germany). The interfaces observed were
also analyzed using Energy Dispersive Spectroscopy (EDS) to map the
composition of the material.

3. Results and discussion
3.1. Microstructure analysis

Based on an earlier work involving NazMo207 - hBN composites, it
was suspected that the microstructure for this system would feature
sheared hBN on the grain boundaries of the matrix material [14]. This
was confirmed by the SEM images shown in Fig. 3A and B. One can see
the hBN flakes encompassing the ZnO grains after being sheared by said
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Fig. 2. Relative densities of ZnO composites containing between 0 — 40 vol
% hBN.

grains under the applied load. This shearing was possible due to the
layered structure of hBN which contains weak, easily broken Van der
Waals forces between planes [17]. The behavior of 2D materials when
subjected to CSP has been widely studied in the past in the cases of
graphite, hBN, WSy, MoS,, and SnS; [18,19]. These materials are prone
to plastic deformation and slip under applied loads large enough to
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eclipse their critical shear strains. The slip mechanism at play here was
described as a “deck of cards” by Soule and Nezbeda with layers suc-
cessively shearing and slipping below one another [20]. It is for this
reason that at high pressures, one sees the hBN deform and fill in the
sample’s pores as the original flakes are fanned out [18,20].

The evolution of the microstructure for these composites as a func-
tion of hBN content can be seen in Fig. 3C-F. The sample below the
percolation threshold in Fig. 3D shows minimal signs of hBN with some
flakes appearing within the pores and between the ZnO grains. Then,
above the threshold at 4 vol% one sees the hBN has been sheared around
the ZnO grains and exists in thin layers at the grain boundaries. Lastly,
Fig. 3F shows a sample well above the percolation threshold where hBN
particles continue to surround the ZnO but the layers are now much
thicker at the grain boundaries.

Looking closer at the microstructure observed in a sample containing
4 vol% hBN, one can see that there is a degree of heterogeneity in the
thickness of the hBN. Fig. 4 shows that as the hBN sheets are sheared/
spread out along the ZnO grains, some regions are multiple layers thick
while others (shown by the red circles) are 1 or 2 layers thick. It is
believed that these thinner regions act as the tunneling points that will
be described in subsequent sections. Thus, it follows that increasing hBN
content far above the percolation threshold would decrease the preva-
lence of these thin tunneling regions.

3.2. Resistivity results

It was believed that an optimal varistor response from this system
would be found at a volume fraction of hBN close to the percolation

Fig. 3. (A) SEM image of ZnO with 20 vol% hBN (B) EDS mapping of same ZnO - 20 vol% hBN sample showing hBN flakes (red/pink) surrounding ZnO grains (blue/
yellow) (C) SEM image of pure ZnO (D) SEM image of ZnO - 2.5 vol% hBN (E) SEM image of ZnO - 4 vol% hBN (F) SEM image of ZnO - 10 vol% hBN. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Heterogeneities in hBN thickness in a ZnO - 4 vol% hBN sample indi-
cating 1-to-2-layer thick hBN sheets with red circles.

threshold. Such samples would have sufficient encapsulation of the ZnO
grains to block any conductive paths within the matrix. However, the
hBN content would still be low enough to preserve the thinner pockets of
hBN described in Fig. 4. The thickness of the layers is crucial as the hBN
must be thin enough to still allow for electron tunneling at high voltages.
For instance, previous studies investigating Fowler Nordheim tunneling
in hBN found that the hBN layers must be less than 10nm thick [21].

To determine the percolation threshold of the ZnO — hBN system, the
resistivity as a function of vol% hBN plot in Fig. 5 was crafted. The data
was fitted to a curve using two equations from percolation theory [22].
The first equation is shown below and applies to reported resistivity
values when one is below the percolation threshold:

p=p (wﬁrpf)’s
"\ o

In the above equation, p is the resistivity of the resultant composite,
P 1s the resistivity of the matrix, ¢y is the volume fraction of the filler, ¢,
is the percolation threshold, and s is a critical exponent. For volume
fractions above the percolation threshold, the following equation was
used:

B.1)

p=pp(o;—0.)' 3.2)

In the above equation, p is the resistivity of the resultant composite,
py s the resistivity of the filler, ¢, is the volume fraction of the filler, ¢ is
the percolation threshold, and t is a critical exponent. Using this
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Fig. 6. Electric field vs. current density for ZnO composites.

derivation technique, s was 0.5, t was 1.6, and the percolation threshold
was found to be 3 vol% to satisfy Eqs. 3.1 and 3.2 .

3.3. Current voltage (IV) analysis

The results of the IV curve measurements are shown in Fig. 6 and
expressed in terms of the electric field E vs. current density J with the
slope indicating resistivity. As expected, the pure ZnO shows a linear
trend with respect to electric field vs. current density. The samples with
volume fractions of hBN close to the percolation threshold then
demonstrate a non-linear trend. Once the percolation region for this
system is eclipsed, IV behavior then returns to linearity with a signifi-
cantly steeper slope than pure ZnO indicating higher resistivity. These
results validate the hypothesized system at work in ZnO — hBN com-
posites. Thin enough layers of hBN on the grain boundaries oppose
conductivity up to a voltage limit before there exists sufficient energy to
tunnel through the hBN layers at the thinnest points. Even a hBN content
of 6% proves to be too high and causes the system to remain resistive
across the measured voltages. There exists a narrow region capping the
percolation threshold on either side that yields varistor — like behavior in
these composite samples.

To quantify the non-linear trend of these varistors, the a values for
these composites were calculated. These values were obtained by taking
the slope of a log(V) vs. log(1) plot in the region between 0.1 and 1.0mA.
The magnitude of « is equal to the inverse of the slope in this region [3].
The log(V) vs. log(I) plot used for this study can be found in Fig. S2.
Table 1 shows the reported a values for each tested sample. The values
peak around the percolation threshold then decrease to a more linear
indication above and below these values. Previous studies using ZnO —
polymer varistors engineered by CSP have reported values between 4
and 7 [2,6]. The samples in this study reported a peak a value of 9.51
corresponding to a hBN content of 4 vol %. This demonstrates the val-
idity of this 2D filler based approach to achieve non-linearity while

Table 1
Calculated o values and breakdown voltages for ZnO composites.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045
Volume Fraction hBN

Fig. 5. Percolation curve for ZnO composites. The blue line is fitted to Eq. 3.1
below the percolation threshold, the red line is fitted to Eq. 3.2 above the
threshold. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Sample: o value: Eo.1ma (V/cm) Eo.1ma (V/gb)
Pure ZnO 1.77 1500 0.48

ZnO (2.5% hBN) 6.00 2500 0.80

ZnO (4.0% hBN) 9.51 3700 1.2

ZnO (6.0% hBN) 2.85 6200 2.0

ZnO (10% hBN) 2.32 7000 2.2
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improving upon previous attempts to use CSP composites in varistor
applications. The breakdown field values at 0.1 mA are also found in
Table 1 reported alongside the corresponding voltage per grain bound-
ary values (the derivations of which can be found in Supplemental In-
formation). As expected, the breakdown voltages increase with hBN
content as the grain boundary region becomes more resistive with
thicker hBN. It is worth noting that these breakdown field values are an
order of magnitude smaller than those reported in other ZnO varistor
studies using CSP [2,6]. This can be explained by the larger grain sizes
that had to be employed by this study to facilitate the shearing of the
hBN particles. The breakdown voltage per grain boundary values report
magnitudes more in tune with those found in the literature for con-
ventional varistors with DSBs at the grain boundaries. Although, the
optimal 4 vol% hBN sample is still slightly below typical breakdown
voltage values which may be explained by a thinner depletion layer
since no holes have been engineered into the IGL.

3.4. Fowler Nordheim analysis

To showcase the transition from Schottky controlled to tunneling
controlled conduction in this system, a Fowler-Nordheim plot was
constructed for a sample containing 4 vol% hBN. The plot in Fig. 7 shows
a linear response for all probing temperatures at high applied electric
fields. The system no longer relies solely on thermionic emission for
electrons to transverse the IGL and tunneling becomes the dominant
conduction mechanism at these higher fields. Once the electric field is
reduced, the system switches back to Schottky conduction where there is
a clear dependence on temperature. The temperature independent
regime is shown by the green line and follows the given equation [10]:

J = AB%exp (%) (3.3)

Above, J is current density, A and y are both constants, and E is the
applied electric field. In the case of the ZnO - 4 vol% hBN sample, A was
found to be 3.0x107'2 and y was found to be 2,000 V/cm. Using these
values, it is also possible to calculate the barrier height of Fowler-
Nordheim tunneling using the following equation [10]:

_ 8nv2m*

3/2
1= T3 (q®) 34

Above, m* is effective mass (which for ZnO is 0.23m, [23]), q is
charge of an electron, h is Planck’s constant, and g is barrier height. In
the case of the ZnO - 4 vol% sample, its barrier height was found to be
0.15 eV which is comparable to the 0.1 eV reported for the cold sintered
ZnO - TrFE (Trifluoroethylene) system studied by Mena-Garcia et. al

-27.3 T T T T T
lTunueling ' Schottky Conduction ,
r 1T 1
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21T} ]
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Fig. 7. Fowler — Nordheim diagram of ZnO - 4 vol% hBN.
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[101.

The above Fowler — Nordheim diagram is contrasted by the results of
a sample with a volume fraction of hBN well above the percolation
threshold. Fig. 8 shows a Fowler — Nordheim diagram for a sample
containing 10 vol% hBN. The system never switches to Fowler — Nord-
heim conduction and maintains a strong temperature dependence across
all measured voltages. This is to be expected given the thicker hBN
layers that would be present on the ZnO grain boundaries for this sys-
tem. It was previously stated that in order for electrons to tunnel under
this method, the thickness of the tunneling medium must be less than
10nm. This is not attained with 10 vol% hBN, and thus no two-stage
mechanism is present with only Schottky conduction observed in this
sample.

3.5. Quantitative Schottky barrier height

To track changes in barrier formation as a function of hBN content at
low voltages, Schottky barrier heights were calculated for ZnO com-
posites containing between 0 and 10 vol% hBN. These values were ob-
tained using the equation shown below [24]:

A2 o qu
J=A'T exp<7ﬁ) (exp (ﬁ") — 1) (3.5)

*

Above, J is current density, A* is the Richardson constant, T is
temperature, @ is the Schottky barrier height, k is Boltzmann’s constant,
n is the ideality factor, U is applied voltage, and q is the charge of an
electron. Fig. 9 shows the resultant plots derived for pure ZnO to serve as
an example of the calculation techniques employed to extract these
parameters. Using the Schottky barrier height data, graphs were crafted
plotting In (J / T2) vs. EY? such as the one in Fig. 9A. One then selects an
EY? value where all 4 temperature trends are linear and possess the
same slope. The currents corresponding to this E/2 are used to plot In (J
/ T?) vs. 1/T as shown in Fig. 9B. From this plot, one can extract the
Richardson constant for this system since the y-intercept of the crafted
line is equal to In(A*). Finally, one returns to the original plot whose y-
intercept is equal to In(A*) — @/KT and the barrier height is found with
simple algebra.

The calculated Schottky barrier heights can be found in Table 2. The
pure ZnO sample yielded a Schottky barrier height (&) of 0.22eV while
the ZnO - 4 vol% hBN sample yielded a barrier height of 0.51eV. A
Schottky barrier height of 0.51 eV is slightly higher than the 0.33 eV
reported in a study by Zhao et al. investigating ZnO — PTFE variators
enabled by CSP [2]. This again shows the change in behavior that was
expected from these composites. The barrier height is increased upon
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Schottky barrier heights of composites samples.

Sample: Schottky Barrier Height (eV):
Pure ZnO 0.22

ZnO (2.5% hBN) 0.39

ZnO (4.0% hBN) 0.51

ZnO (6.0% hBN) 1.0

ZnO (10% hBN) 1.6

the inclusion of hBN, meaning more energy is required to allow for
electrons to travel between ZnO grains. This increase in required energy
hints towards the thickening of the hBN layers as vol% hBN increases. At
low applied fields, this energy is supplied via thermionic emission and
the electrons follow Schottky conduction [25]. The nearly linear in-
crease in Schottky barrier height with hBN content is to be expected
given the microstructure of this system. While the resistivity will follow
a percolation trend with a considerable jump following the threshold of
3 vol%, the system possesses some thinner sections of hBN. Thus, with a
temperature dependent conduction mechanism like thermionic emis-
sion, electrons would begin to conduct through the thinnest sections of
hBN aided by heat. The fact that the o values for the 6 and 10 vol%
samples are above 1 demonstrates that these thinner hBN sections must
still exist to some degree in these samples (though certainly not to the
extent of the 4 vol% case). So, their barrier heights will not increase as
dramatically as room temperature resistivity given that their depen-
dence on the presence of hBN goes beyond mere encapsulation [26]. It is
also important to note that the barrier height to conduction for the 4 vol
% hBN is lower for Fowler-Nordheim compared to Schottky conduction.
Thus, it follows that the material becomes more conductive once
Fowler-Nordheim tunneling is activated at high voltages, leading to the
variable resistor response observed for this composite.

4. Conclusions

Composites with a ZnO matrix containing between 2.5 and 40 vol%
hBN filler have been fabricated through the cold sintering process with
relative densities exceeding 92%. These samples were tested for their IV
response and demonstrated varistor behavior in a narrow band of hBN
content. The system followed Ohm’s Law in pure ZnO before changing to
a non-linear response near the percolation threshold of 3 vol% and then
switching back to linear above 6 vol%. This change in varistor behavior
can be explained by hBN thickness on the ZnO grain boundaries. Once
the percolation threshold of 3 vol% hBN has been reached, a resistive
network has encapsulated the ZnO grains blocking any conductive paths
at low voltages. Then, at high voltages electrons can tunnel through the
hBN layers and boost the conductivity of the system so long as the hBN
layers are kept thin enough. If one increases hBN content further beyond

the threshold, the hBN is too thick to allow for electron tunneling and
the system remains resistive at high voltages. This impact on conduc-
tivity due to layer thickness was evident in the breakdown voltages and
Schottky barrier heights of the samples which increased systematically
with volume fraction of hBN. The optimal hBN content was found to be 4
vol% which exhibited a peak a value of 9.51. Through Fowler-Nordheim
analysis, it was shown that the optimal varistor specimen followed
Schottky conduction at low voltages and Fowler-Nordheim tunneling at
high voltages. Such a shift in conduction mechanisms was not observed
in a sample containing 10 vol% hBN given the high hBN content. This
work has improved upon previous attempts to design a varistor using
CSP and demonstrated a novel approach to varistor formation based on
percolation in composites.
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