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Abstract

The purpose of this work is to clarify the mechanism of piezoresistance in a class of ultra-
sensitive strain gauges based on metallic films on 2D substrates (“2D/M” films). The metals used
are gold or palladium deposited as ultrathin films (<16 nm). These films transition from a regime
of subcontiguous growth to a percolated morphology with increasing nominal thickness. The 2D
substrates are either single-layer graphene or hexagonal boron nitride (hBN). By using either a
conductor (graphene) or an insulator (hBN), it is possible to de-couple the relative contributions
of the metal and the 2D substrate from the overall piezoresistance of the composite structure. Here,
we use a combination of measurements including electron microscopy, automated image analysis,
temperature-dependent conductivity, and measurements of gauge factor of the films as they are
bent over a 1-um step edge (0.0001% or 1 ppm). Our observations are enumerated as follows: (1)
of the four permutations of metal and 2D substrate, all combinations except hBN/Au are able to
resolve 1 ppm strain (considered extraordinary for strain gauges) at some threshold thickness of
metal; (2) for non-contiguous (i.e., unpercolated) films of metal on hBN, changes in resistance for
these small step strains cannot be detected; (3) for percolated films on hBN, changes in resistance

upon strain can be resolved only for palladium and not for gold; (4) graphene does not exhibit



Nanoscale

detectable changes in resistance when subjected to step strains of either 1 or 10 ppm, but does so
upon the deposition of any amount of gold or palladium, even for nominal thicknesses below the
threshold for percolation. Our observations reveal unexpected complexity in the properties of these
simple composite materials, and ways in which these materials might be combined to exhibit even
greater sensitivity.
Introduction

Strain gauges are ubiquitous components of instruments used in research and technology,
from wearable sensors,! to structural health monitors.? The majority of commercial strain gauges
are based on solid, unstructured materials—e.g., metallic foils and semiconductor slabs—which
undergo a change in electrical resistance when mechanically deformed.? The resistance of an

isotropic conductor can be defined as:

R=" (1)

Where 4 is the cross-sectional area, p is the resistivity and L is the length of the conductor. In the
case of solid metals or alloys under tensile strain, the variation in resistance can primarily be
attributed to a transformation in the geometry of the conductor: elongation of the stretched axis
and compression of the transverse axis (i.e., the normal Poisson effect).*> Devices exploiting this
effect are limited to a maximum gauge factor of 2.5 This limitation has led to the development of
strain gauges based on semiconductors, in which the variation in the resistance is due to a
transformation in the geometry and a change in the resistivity—i.e., “piezoresistance.”®3

For strain gauges based on semiconductors, the change in the resistivity is due to shifts in
the electronic band structure.’ The most common type of semiconductor devices are
microelectromechanical systems (MEMS) strain gauges based on silicon. They can resolve strains

of ~ 0.01% (100 microstrains or 100 ppm strain) with gauge factors ranging from 20 to 40, but are
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used only in applications where the total strain is <0.3% due to the rigidity of crystalline
semiconductors.!%-12

To overcome these challenges, a variety of strain gauges based on nanostructured materials
have been developed.*!3-1¢ For example, our laboratory has introduced the use of single-layer
graphene decorated with ultrathin metallic films laminated to flexible or stretchable substrates.!®
On graphene, metals deposited with low nominal thicknesses (e.g., less than approximately 10 nm)
adopt a highly granular structure (“nanoislands’). These metal-graphene composite gauges exhibit
a large piezoresistive response and, when paired with the proper instrumentation, are capable of
resolving strains on the order of 0.001% (10 ppm). Moreover, these sensors can be tuned to exhibit
a near-zero temperature coefficient of resistance (TCR) with the proper balance of metal (which
has a positive TCR) on graphene (which has a negative TCR).!” The mechanism responsible for
the piezoresistance of these composite films has not been straightforward to establish, largely
because graphene,!'¥1° metallic films,>?%2?! and closely spaced metallic particles?’2* have been
shown to exhibit sensitivity to strain when used alone (though usually in response to strains larger
than the ones explored here). It was our belief that we could obtain a refined understanding of the
piezoresistance by systematically changing the metal, the nominal thickness (and thus the
interconnectivity of the nanoislands), and the identity of the 2D substrate (i.e., graphene or
hexagonal boron nitride). While the morphologies of metallic films on graphene and hBN have
been the subject of previous work,>?7 here, our goal was to use these 2D substrates for their
conductive and insulating properties in order to compare the difference in piezoresistance
performance of various 2D/M films. With this empirical comparison, we sought to narrow the
range of possible mechanisms which could account for the piezoresistance of the composite films.

This investigation of the ways in which the structure influences the electrical performance would
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enable the fabrication of strain gauges with even greater sensitivity, the ability to resolve even

lower strains, and greater reproducibility than is now possible.

Background

Figures of merit. The tensile or compressive deformation of a strain gauge is referred to
as the engineering strain, which is the change in length of the strained axis divided by its length at
equilibrium. Engineering strain (hereafter strain) is expressed as either a percent or a fraction (0.01
= 1% = 10,000 ppm = 10,000 microstrains). In this paper, the performance of a strain gauge is
quantified using two interrelated metrics: gauge factor (i.e., “sensitivity”), and lowest resolvable
strain (the resolution where the initial state of the specimen is at mechanical equilibrium).

The relative change in the electrical resistance of a material due to applied strain is

quantified by the gauge factor (GF):

AR/R,

: (2)

GF =
where AR is the change in the resistance under engineering strain, &, with respect to the initial
resistance at mechanical equilibrium, R,. For an isotropic conductor that exhibits no piezoresistive
response, the gauge factor can be expressed solely in terms of how the geometry of the specimen
is transformed with applied strain®:

GFnp=1+2v €)
where, v is the material’s Poisson ratio. Given that the Poisson ratio must be less than 0.5, the
maximum possible gauge factor for non-piezoresistive materials is two.”® However, some
materials can exhibit gauge factors much greater than two. This increase is accounted for by adding

a term®;

Ap/p
GFp=142v+ —, (4)
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This term is called the piezoresistive coefficient; it describes the relative strain-induced change in
the resistivity of the material. The gauge factor can be thought of as describing the “sensitivity” of
the electrical resistance of a strain gauge to deformation. When the gauge factor is greater than
two, piezoresistance must be a contributing factor. While the gauge factor captures how responsive
a material is to strain, it does not describe the range of strain over which the piezoresistive response
is reproducible, i.e., the dynamic range. The gauge factor need not be constant over this range; for
nanoparticle-based strain gauges, it usually is not. The minimum deformation necessary to create
a signal that is differentiable from the noise is called the “resolution.” Given that the resolution is
dependent on the noise, the resolution is also dependent on the apparatus used to measure the
resistance, and thus resolution—and hence gauge factor—is a system-level quantity. From an
experimental standpoint, it is important to establish a robust contact between the wires used for
measurement and the sensor film, as a poor contact can lead to large variation under strain and
provide sensitivity values that are misleading. In this paper, we were particularly interested in
determining the lowest strain that can be resolved by the system. While not specifically discussed
in this work, other aspects of strain sensor performance, such as multi-directional sensitivity, are
also critical aspects of future technologies based on strain gauges.?®

Graphene. Single-layer graphene exhibits reproducible piezoresistance and can thus be
used as a strain gauge, with gauge factors ranging from 2-4, as reported by multiple groups.!?30-3!
The piezoresistance of single-layer graphene at strains approximately >0.4% is generally attributed
to scattering effects stemming from unscreened charge impurities or random pseudomagnetic
fields due to random strain fluctuations in the film.3%3? Others have attributed the piezoresistance
of single-layer graphene to an opening in the band gap due to the break in sublattice symmetry

when C-C bonds are elongated.333* The strain at which the band structure opening of graphene
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occurs, however, has been calculated to be above 20% by using various mathematical models and
computational simulations.?%3-37 Such calculations, however, assume pristine, single-crystal, and
defect-free graphene, which is difficult to obtain on scales larger than hundreds of microns.3%3?
Strain gauges for practical applications usually require lengths >1 mm, and will thus nearly always
contain grain boundaries and defects not considered in simulations of pristine materials. Strain
gauges based on graphene flakes, supported on flexible and stretchable substrates, are capable of
detecting strains from 0.1% - 0.4% with wide ranging gauge factors (10°-10°) while maintaining
compatibility with the substrate. 84041

Ultrathin metallic films. One type of structure which has been exploited for its
piezoresistive qualities are ultrathin metallic films on elastomeric substrates. In these composite
structures, the increase in resistance upon mechanical strain has been attributed to the formation
of nanoscale cracks, around which the electrical current must travel in a tortuous pathway. Upon
release of the strain, the cracks close (wholly or in part), and conductivity is restored. These
processes result in a type of strain gauge characterized by ultra-high sensitivity and reversibility.!3
Metallic thin film sensors, with thicknesses of tens of nanometers, have demonstrated notable
sensitivity, with gauge factors up to 16,000; at strains of 2%, the film tends to form cracks and
eventually bifurcates and forms an open circuit.!>#?>* The combination of these films with self-
healing polymers have led to the development of nanoscale metallic film sensors capable of
withstanding 106 cycles under 2% strain, as the polymer is able to assist in closing the gaps formed
by mechanical deformation.'* These devices possess a greater dynamic range than that of silicon-
based MEMS device but cannot resolve strains as low as the ones tested on MEMS devices (~

0.3%). Applications requiring both mechanical deformability and high sensitivity require materials
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that can offer both a wide dynamic range of operation and the ability to detect the lowest strains
possible.

Ultrathin metallic films on 2D graphene. Our laboratory has been exploring an approach
that combines the advantages of strain gauges based on single-layer graphene and those based on
ultrathin metallic films. These composite structures can detect lower strains, have higher
sensitivities, and exhibit wider dynamic range than either component alone. At low nominal
thicknesses (<10 nm), the morphology of gold and palladium on single-layer graphene progresses
from separated island-like clusters (subcontiguous coverage) to a film of contiguous nanoscale
grains. We have used these composite materials as strain gauges in a variety of applications. For
example, as the active component of a wearable sensor to monitor swallowing activity when
attached to the neck,** pulse and respiration waveforms simultaneously when attached to the
ribcage,* and monitoring the pulse waveform on the wrist while minimizing signal drift stemming
from thermal effects.!” The composite material was also useful in a number of cellular biophysical
measurements, in vitro. For example, the films have been used to monitor the mechanical activity
of rat cardiomyocytes,'® and when embedded in the sidewalls of microfluidic channels could be
used to detect cells and particles as they transitted.*® In another example, the strain-dependent
variations in near-field coupling between adjacent gold nanoislands on graphene made it possible
to detect (optically) the contractions of a 2D layer of myoblast cells as they were stimulated

(electrically).#

Experimental Design
Framework. The central goal of this study was to establish the range of possible

mechanisms consistent with the high sensitivity of strain gauges based on ultrathin, granular
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metallic films (“nanoislands”) supported by 2D materials. For example, both graphene and thin
metallic films exhibit piezoresistance when measured in isolation, but it is unclear which material
dominates the electrical properties of the composite. (Moreover, it is unclear the extent to which
mechanisms such as tunneling between closely spaced islands, increased scattering of electrons in
necked regions, formation of microcracks, and quantization of electron transport due to
confinement in the height axis play a role.) To tease out the relative contributions of the graphene
and the metallic film to the overall piezoresistance of the graphene/metal composite, we compared
results obtained with single-layer graphene (Gr) with those obtained with hexagonal boron nitride
(hBN). The use of hBN as a substrate removes the conductivity and piezoresistivity possessed by
graphene while retaining the island-like morphology of the metallic films, along with the ability
to transfer these composite films to a variety of flexible and stretchable substrates. For the metallic
films, we used both palladium and gold, which exhibit drastically different morphologies but
similar piezoresistive effects when deposited on graphene at low nominal thicknesses. Thus, the
four permutations of 2D substrate/metal composites (2D/M) used were Gr/Pd, Gr/Au, hBN/Pd,
hBN/Au. In addition to the elemental makeup of the composites, the nominal thickness of metal
deposited also has a profound effect on the interconnectivity and thus transport behavior of the
films. We chose a narrow range (2 nm and 10 nm for palladium, and 2 nm and 16 nm for gold)
and visualized the morphology by scanning electron microscopy (SEM, for gold, which exhibited
relatively large islands and gaps) and transmission electron microscopy (TEM, for palladium,
which exhibited smaller ones). The interconnectivity of the nanoislands were quantified by image
analysis. When testing the piezoresistance of the four composites, we used small step strains of 1
ppm and 10 ppm to eliminate possible effects based on buckling, delamination, and large-scale

cracking, which occur when films are subjected to larger strains. To shed light on transport
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pathways activated thermally (e.g., tunneling), we obtained temperature-dependent conductivity

measurements.

Selection of Materials.

Hexagonal boron nitride (hBN) and graphene. Hexagonal boron nitride (hBN) is a
single-layer sheet of boron and nitrogen atoms which alternate with a honeycomb structure akin
to graphene, but with a 2% larger lattice constant.*° With a bandgap of 5.97 eV, hBN can be
treated as an insulator.’!*? Like graphene, hBN also supports the formation of metallic islands
whose morphology and interconnectivity can be controlled by changing the underlying substrate
by partial wetting transparency, and also by the rate, temperature, and method of deposition.!6->3->4
Like graphene, hBN (and the metallic structures it supports) can be manipulated and transferred to
many types of substrates.

Gold and palladium. Previous types of 2D/M strain gauges produced by our laboratory
have used palladium and gold. Both metals form granular films on graphene at low nominal
thicknesses, but the morphologies are distinct. In general, palladium inherently forms small, quasi-
spherical grains (ca. 5 nm) with a high surface coverage and connectivity as metal is deposited.
Gold, on the other hand, forms larger, faceted grains (>10 nm), and low surface coverage and
connectivity before the film percolates at higher nominal thicknesses of metal deposition.'®!7:45 In
previous work, the lowest strain resolved by Gr/Pd (8 nm) and for Gr/Au (5 nm) was 0.001% (10
ppm).'%4 However, these were the smallest strains tested.

Measurements of gauge factor. The piezoresistance was measured by transferring the
2D/M films to glass coverslips and performing a cantilever bend test. In this test, rectangular strips

of the 2D/M films are connected to a sourcemeter using a two-wire configuration. The coverslips
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are placed over the step edge such that it is perpendicular to the long axis of the 2D/M film, with
the step edge approximately equidistant from the electrical contacts. The film is subjected to a
bending strain by depressing the edge of the overhanging glass substrate until it reaches the bottom
step. To generate 0.0001% bending strain (1 ppm or 1 microstrain), we etched a 1-um step edge
into a silicon wafer. To generate bending strains of 10 ppm, we performed the same experiment
except using a step edge of ~10 um made from polyimide tape.!643

Thermal coefficient of resistance. The change in electrical resistance of most materials
upon a change in temperature is known as the temperature coefficient of resistance (TCR). In a
typical strain gauge based on a piezoresistive mechanism, materials with a substantial TCR
confound measurements of strain, because the resistance is also affected by temperature. The
problem of non-zero TCR in metallic foils has been solved in the case of commercial strain gauges
by the use of constantan, a copper-nickel alloy that exhibits a near-zero TCR. Pure metals generally
have a positive TCR (because of increased scattering of conduction electrons), while graphene has
a negative TCR (due to thermally activated transport). In previous work from our group, we have
shown that films of either gold or palladium on graphene could be made to have a TCR near zero
in a range of 20 — 70 °C by tuning the nominal thickness and thus the surface coverage. The TCR
can also give insight as to the mechanism of conduction in films of closely spaced nanoparticles.
For example, electron tunneling between adjacent nanoparticles has been shown to be an active
piezoresistive mechanism in films of colloidal gold.>> Nanoparticle films whose conduction
mechanism involves tunneling have an inverse relationship between the log of resistance and
temperature.’%>7 This relationship has been seen in nanoparticle films of both palladium and gold,
as well as in some of their alloys.>#? In our case, measurement of a negative TCR in hBN/Au or

hBN/Pd (in either percolated or unpercolated regimes) would suggest that tunneling plays a

10
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significant role in the electrical conductivity and possibly also in the piezoresistance of these

composite films.

Results

Fabrication of 2D/M films. A summary of the process used for fabrication of the 2D/M
films is shown in Figure 1. Described in further detail in the Methods section, a thin film of gold
or palladium (metal, M) was thermally evaporated with varying nominal thickness on top of
graphene or hBN (two-dimensional substrate, 2D) supported on copper foil (step 1). After
depositing the metal film, poly(methyl methacrylate) (PMMA) was deposited on the Cu/2D/M
composite by spin coating (step 2). The copper foil was then etched by floating the
Cu/2D/M/PMMA sample in ammonium persulfate, and the 2D/M/PMMA film was transferred by
a water bath onto a final receiving substrate of a glass coverslip (step 3). The PMMA in the
2D/M/PMMA film was then dissolved in heated acetone (step 4). The 2D/M film, now supported
by glass, was addressed with copper wires attached by carbon paint. A TEM micrograph depicting

of a sample of a film of palladium islands on single-layer graphene can be seen in Figure S1.
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Figure 1: Schematic figure depicting fabrication of the 2D substrate/metallic nanoisland films.

Connectivity of gold nanoislands on graphene and hBN. Thermal evaporation of gold
at low nominal thicknesses produced islands and gaps of a size large enough to be visualized by
scanning electron microscopy. We obtained SEM images for Gr/Au and hBN/Au films for nominal
thicknesses of gold from 2 to 16 nm in increments of 2 nm (Figure 2). This range of nominal
thicknesses was selected in order to produce a gradual reduction in interparticle spacing and change
in morphology from disconnected to percolated as more metal is evaporated. Using image analysis,

it was possible to determine both the fraction of the surface that was covered by islands along with

12
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the interconnectivity of the metal. The interconnectivity was quantified by measuring the number
of “discrete islands” per square micron. A discrete island is one for which it is possible to trace an
uninterrupted path from one side of the image to the other. Plots of fractional coverage and discrete
islands are plotted as a function of nominal thickness for both graphene (top) and hBN (bottom).
Deposition of gold on either graphene or hBN produces a similar increase in surface coverage. The
relatively steep increase in coverage between 8 and 12 nm possibly corresponds to increased
favorability of lateral spreading as opposed to vertical growth in this range of nominal thickness.
Films of gold on both 2D substrates appear to be mostly percolated at nominal thicknesses >12
nm, as determined by size of the large island in the SEM images for nominal thicknesses of 14 nm
(e.g., “all white,” indicating a large size of the island). When comparing graphene to hBN as a
substrate, it appears that gold spreads more readily on graphene than on hBN, as the grains have a
greater fractional coverage and are more highly connected at lower nominal thicknesses for
graphene as opposed to hBN. A set of SEM micrographs of Gr/Au and hBN/Au with different

nominal thicknesses (from 2-10 nm) can be seen in Figure S2.
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Connectivity of palladium nanoislands on graphene and hBN. We then performed a
similar analysis for palladium as opposed to gold, seen in Figure 3. However, the morphology of
palladium—consisting of small (~12 nm) quasi-spherical grains separated by nanoscale gaps much
smaller than those exhibited by gold made it necessary to use TEM as opposed to SEM (Figure
2). Compared to gold, palladium exhibits a notably higher surface coverage at every nominal
thickness, with coverage reaching approximately 90% at 10 nm (Figure 3). Moreover, percolation
(i.e., presumed electrical contiguity of metal based on image analysis) appears to occur at a
nominal thickness of 4 nm on graphene and 6 nm on hBN, i.e., at lower nominal thicknesses
compared to gold on either substrate. The earlier onset of percolation in palladium can partially be
attributed to the inherently higher surface coverage and a greater number of islands per area at low
nominal thicknesses. A set of TEM micrographs of Gr/Pd and hBN/Pd for different nominal

thicknesses (from 2-10 nm) can be seen in Figure S3.
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The evolution in surface coverage of the metallic films of low nominal thickness is
influenced by two parameters: the binding energy (the minimum energy required to disassemble a
system of particles) of the metal atom to the substrate and its activation barrier to diffusion. For
gold and palladium on graphene and hBN, palladium has the greater binding energy while both
possess similar diffusion barriers.?%:% Our observations of the progression of the surface coverage
as a function of nominal thickness of both metals on either 2D substrate are consistent with these
parameters. For example, at similar nominal thicknesses, palladium exhibits greater fractional
surface coverage and a larger number of discrete islands than gold on either graphene or hBN. This
behavior is likely a consequence of the greater binding energy of palladium to graphene, and also
to hBN, than gold to graphene. Comparing 2D substrates, surface coverage is somewhat greater
on graphene, but number of islands is greater on hBN.

In considering the differences in morphology of the metals when changing the 2D
substrates, we observed that the number and size of islands for palladium is similar when the metal
is deposited on either graphene or hBN (for the same nominal thicknesses). In the case of gold,
however, the number of islands is notably greater in the case of hBN while the size of the islands
is much greater on graphene, starting from a nominal thickness of 6 nm until the islands percolate.
Considering that the binding energy of gold is low (~0.09 eV) when compared to palladium (~ 1
eV) on either 2D substrate and the activation barrier for diffusion of gold is also low (~ 0.4 eV on
Gr and ~ 0.13 eV on hBN), the differences in morphology between Gr/Au and hBN/Au can
potentially stem from the small amount of energy required to disassemble and diffuse gold adatoms
on the 2D surfaces.?6:27:63.64

Sheet resistance measurements. To support the microscopy results which identified the

onset of percolation (visually), we measured the sheet resistances of the composite films as a

17
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function of nominal thickness (Figure 4). In the case of hBN/Pd, nominal thicknesses > 6 nm of
palladium affected a transition from insulating to conductive, while for hBN/Au, > 12 nm of gold
on hBN transitioned from insulating to conductive. (Data points for hBN/M which registered as
open circuits are not shown.) These findings are consistent with the image analysis of Figure 2
and Figure 3 where the number of islands per square centimeter decreases to zero at the same
nominal thickness that the sheet resistance became measurable. Gr/M films gave measurable sheet
resistances at all nominal thicknesses, which can be attributed to the conductivity inherent to
single-layer graphene. A curious feature of Gr/M (black squares in Figure 4) is the initial increase
in sheet resistance (for palladium, 4a) or roughly constant value (for gold, 4b) for the first few
nanometers of metal deposited. The increase in sheet resistance in the metal films supported on
graphene can possibly be due to the introduction of defect or scattering sites that can alter the band

structure of pristine graphene.?>-65-68
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Figure 4: Sheet resistance of 2D/M films. Sheet resistance measurements of (a) 2D/Pd and (b) 2D/Au as a
function of nominal thickness of metal deposited. Data for (a) Gr/Pd reprinted with permission from ref.*>.

Piezoresistive response. The films were tested for their piezoresistive response by

subjecting them to 0.001% (10 ppm) and 0.0001% (1 ppm) bending strains using the cantilever
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setup shown in Figure 5. Among all four permutations of 2D/M films tested, Gr/Pd, hBN/Pd, and
Gr/Au were able to detect strains of 1 ppm. Films consisting of hBN/Au showed open circuits for
all nominal thicknesses <10 nm (and thus no piezoresistance) owing to the insulating behavior of
hBN and the lack of interconnectivity of gold. For higher nominal thicknesses, at which gold
formed a percolated network, the films were conductive but did not undergo a measurable change
in resistance for either 1 ppm or 10 ppm strain. In the case of hBN/Pd, the unpercolated films gave
open circuits, while the percolated films (> 6 nm nominal thickness) exhibited relatively large
changes in resistance for both the 1 ppm and 10 ppm step strain, confirming that the highly granular
film of palladium alone is responsible for the piezoresistance. Interestingly, the gauge factor was
larger for the smaller step strain, suggesting that much of the effects leading to the piezoresistive
response occurred upon the early stages of deformation. We attribute the lack of piezoresistive
sensitivity in hBN/Au films to greater ductility and thicker connections (e.g., “isthmuses”) between
adjacent islands which, compared to palladium, are less likely to break at small strains. It should
be noted that previous work by our group has demonstrated the reliability of these films under
cyclical strain.*44

In contrast to films of either gold or palladium supported by hBN, all metallic films
supported by graphene—even unpercolated ones—exhibited a measurable change in the resistance
at 1 ppm strain. The resistance of graphene alone, however, was insensitive to strains of either 1
ppm or 10 ppm (Figure 5). Coincidentally, the deposition of an unpercolated film onto graphene
did not decrease its resistance (Fig. 4a/b), yet these films exhibited a measurable gauge factor,
whereas graphene alone did not, at least at the very small step strains tested. Thus, a reduction in
conductivity with small nominal thicknesses corresponded to the onset of piezoresistive

sensitivity. The mechanism for this transition is not entirely clear, though, several changes in the
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graphene occur at the initial stages of metallization, which could be envisioned to affect the
evolution in electrical resistance with strain. For example, palladium is known to react with
graphene—forming palladium carbide bonds—which degrades its conductivity.5>-%¢ The effect of
mechanical deformation on the electronic structure of so-modified graphene is not clear.
Moreover, the adhesion of metal islands to the surface of graphene would also produce an
inhomogeneous strain field whose effects on the electromechanical behavior are not
straightforward to predict. Plots of the Gr/M responses to 1 ppm strain for a case of a disconnected

metal film and a percolated subcontiguous film can be seen in Figure S4.
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Figure 5: Piezoresistive characterization of 2D/M films. (a) Experimental schematic drawing and finite element
analysis (FEA) of cantilever strain experiments that generated either 1 ppm or 10 ppm tensile strain. Gauge
factor measurements of the piezoresistive response of (b) 2D/Pd and (c¢) 2D/Au samples.
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Temperature coefficient of resistance. To elucidate the mechanism of conductivity in the
2D/M composites that produced a piezoresistive response, we measured the temperature
coefficient of resistance (TCR). In particular, we were looking for evidence of decreased resistance
with increasing temperature, especially in hBN/M, which would be consistent with a contribution
of tunneling to the overall conductivity (which would also implicate a piezoresistive mechanism
mediated, at least in part, by tunneling). To obtain the measurements, samples were placed on
heating stage and the temperature was raised from 20 °C to 70 °C, in increments of 5 °C. The data
points corresponding to hBN/Pd were measured here for the first time, while those corresponding
to Gr/M were obtained from our previous work®® (Figure 6a and Figure 6b). In the case of the
hBN/Pd composites, all nominal thicknesses of palladium tested gave a positive TCR. Increased
resistance in metals at high temperature is generally attributed to scattering.”®’! We conclude from
these measurements—along with the fact that these films appear to be percolated by TEM (Figure
3)—that tunneling is not dominant and does not appreciably contribute to the piezoresistive
mechanism of hBN/Pd films.

The temperature-dependent resistivity of Gr/M films is complicated by the fact that
graphene itself has a negative TCR, which could be erroneously interpreted as evidence for
tunneling between metallic particles. Previous work from our group (reproduced in Figure 6) has
demonstrated that the negative TCR of graphene can be overcome with the deposition of a
sufficient nominal thickness of metal. It should be noted however, that depositing an excessive
amount of metal on single-layer graphene can create a film with a TCR of sufficient magnitude to
interfere with the ability of the film to respond reliably to strain. For example, the transition from
negative to positive TCR for Gr/Au occurs at nominal thicknesses of approximately 8 nm while

the transition for Gr/Pd occurs at 0.9 nm.!” Given the morphology of these films seen in Figure 2
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and Figure 3 we can deduce that the transition of TCR from negative to positive happens
approximately at the onset of percolation, where the conductive pathway changes from dominated
by graphene to dominated by metal. It should be noted that a higher metal deposition rate of 0.05
A/s was used in previous TCR measurements (Figure 6a and Figure 6b) compared to a rate of
0.03 A/s for this study, which could account for morphological differences (namely different
nominal thicknesses at which percolation occurs) between the studies. Nevertheless, we can infer
that the TCR values of our samples measured in Figure 5 can be either negative due to the negative
TCR of pristine graphene (i.e. Au < 8 nm) or near-zero/positive (i.e. Pd > 0.9 nm). Regardless of
the TCR, all graphene samples with any amount of metal (even unpercolated coverages) registered
sensitivity to 1 ppm strain. These observations highlight the importance of both the graphene and
the metal in producing the piezoresistive response, though they also point away from tunneling as
a dominant mechanism of either conductance or piezoresitance.”” Table 1 tabulates comparisons

of the gauge factor and the lowest resolvable strain of the 2D/M composites.
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2D/M Sheet Gauge Factor Lowest
Resistance at 1 ppm strain | resolvable strain
(Q/sq.) (ppm strain)
Gr 521 0 >10
Gr/Pd 1001 —2100 81.5-82 1
(d,2 -4 nm)
Gr/Pd 72 -251 74-80 1
(p, 6 —10 nm)
Gr/Au 213 -737 123-126 1
(d, 2 -8 nm)
Gr/Au 12 -137 ~116 1
(p, 10 — 16 nm)
hBN N/A 0 N/A
hBN/Pd N/A 0 N/A
(d, 2 —4 nm)
hBN/Pd 240 — 1087 118-178 1
(p, 6 —10 nm)
hBN/Au N/A 0 N/A
(d, 2 — 8 nm)
hBN/Au 13 -11620 0 >10
(p, 10 — 16 nm)

Table 1. Table depicting figures of merit for the 2D substrate/metal composites and their respective components.
Metal morphology on top of the 2D substrate is classified as a disconnected film (d) or a percolated
subcontiguous film (p). The values in nm refer to nominal thickness, as measured by quartz crystal microbalance
during deposition.
Conclusions

These experiments have shed light on the mechanism of piezoresistance of ultrasensitive
strain gauges based on metallic films on 2D substrates. In particular, the use of hexagonal boron
nitride as an alternative to graphene to separate the intrinsic piezoresistance of the 2D substrate
from that of the metal highlighted the profound effect of the substrate. Indeed, unpercolated films
of metal on hBN produced no piezoresistive response at strains <10 ppm; physical continuity of
the metallic film was necessary to achieve sensitivity, and only in the case of palladium, for the

regime of small strains tested. In contrast, the electrical resistance of even disconnected films of

metal on graphene could resolve strains >1 ppm. Interestingly, however, the electrical resistance
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of graphene alone did not have a resolution high enough to detect small strains. The fact that
morphologies on hBN in which the metal was disconnected produced open circuits—along with
the fact that the resistance of these films increased with temperature—also point to the absence of
tunneling as a dominant mode of either conductance or piezoresistivity. We highlight the low
strains detectable (>1 ppm) by several entries in Table 1. These strains are among the smallest
ever tested for nanostructured strain gauges, and could thus be useful in measuring small effects
in structural health monitoring and biomechanics (particularly of cells, which produce small forces
and displacements). Shortcomings of our approach are that it is empirical and does not consider
electronic coupling between the metal and the 2D substrates or quantization of charge transport in
the metallic films given their extremely small thicknesses. For example, a simple thought
experiment, described in the Supporting Information, suggests that dissimilar densities of states
between continuous regions of different thicknesses could lead to significant backscattering of
conduction electrons; this effect would in principle be augmented with tensile strains, when stress
may be concentrated in the thinner regions.”>~’8 Other differences between the 2D substrates, such
as the mechanical properties and adhesion to metal adatoms, could possibly contribute to the
differences in piezoresistive performance when comparing the Gr/M to its hBN/M counterpart. In
sum, however, we believe that the phenomenological approach used here—especially the use of
hBN as an alternative to graphene—helps to elucidate the mechanism by which piezoresistance
arises so that such systems can be made more reliable and sensitive in a variety of applications in

engineering and healthcare.

Methods
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Fabrication. The following steps refer to those indicated in Figure 1. Step 1: The nominal
thickness of palladium or gold nanoislands was deposited on top of single layer-graphene or single-
layer hexagonal boron nitride on copper foil (GrollTex, Inc.) using thermal evaporation (Orion
System, AJA International) at a rate of 0.03 A/s. Step 2: 4% PMMA (by mass, product no. 43982,
Alfa Aesar) in anisole (Acros Organics) was deposited on top of the copper foil/2D substrate/metal
by spin coating (4000 rpm, 4000 rpm/s, 60 s). The film was then heated to 150 °C for 5 min to
remove residual solvent. Step 3: The copper foil/2D substrate/metal/ PMMA was cut into 0.5 cm X
1 cm strips and the supporting copper foil was etched away in 0.05 g/mL ammonium persulfate
(Acros Organics) in water. The film of 2D substrate/meta PMMA was transferred out of the
ammonium persulfate by adhering the edge of the film to a glass slide, lifting out the film from the
ammonium persulfate, and plunging the glass slide into a water bath, releasing the film on the
surface of the water.

The 2D substrate/Metal/ PMMA film was then transferred onto a 2.54 cm x 2.54 cm glass
coverslip (Sail Brand, 130-170 pm thickness), resulting in glass coverslip/2D
substrate/metal PMMA. Step 4: After transferring the obtaining the glass coverslip/2D
substrate/metal/ PMMA architecture, the PMMA was dissolved in a hot acetone bath of around 40
°C for three repetitions of 5 min. The After the bath, the sample was immediately rinsed with IPA
and placed under vacuum to dry. After allowing the composite film to dry, the sensor was
addressed with copper wire; carbon paint was painted on the contact area (DAG-T-502, Ted Pella,
Inc.) and left to dry in a fume hood, resulting in the finished device (glass coverslip/2D
substrate/Metal/Copper wire). This fabrication technique was used to create devices for cantilever

and TCR experiments.
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Imaging and image analysis. The imaging of the gold nanoisland samples on graphene

and hBN were done on a Zeiss Sigma 500 SEM. All samples were imaged at accelerating voltages
<1 kV, with an aperture size of 30um. Imaging of the palladium samples on graphene and hBN

were done on a JEOL 1200 EX II TEM. All samples were images at an accelerating voltage of 80
kV.

For the analysis of the SEM and TEM images, the raw image files were edited by Adobe
Photoshop CC 2019 Software by increasing the contrast, and in the case of TEM images,
converting pixels stemming from the islands to white and gaps were converted to black pixels. The
edited SEM and TEM images were analyzed using a custom python code, which extensively used
the mahotas computer vision and image processing library.”® An iteration of this code is available
freely at (https://github.com/juramire|/SEM_TEM Image Analysis). An overview of the analysis

is given previous work.!’

Measurements of gauge factor. For the cantilever strain experiment, where the materials
were strained to 0.0001% (1 ppm, seen in Figure 5), the device on the coverslip was partially
suspended, clamped with a 1.27 cm overlap, over a silicon step edge of ~1 um. The step edge in
silicon was created by spinning a layer SUS8 photoresist over a silicon wafer and developing half
of the wafer to define a straight edge across the wafer diameter. The exposed silicon surface was
etched using reactive ion etching (RIE ICP - Oxford Plasmalab 100) for 4 min. A radio frequency
source at 30 W and an inductively coupled plasma (ICP) source at1200 W was used, with 25 sccm
of SF¢ and 50 sccm of C4Fg at a chamber pressure of 15 mTorr. After etching the silicon surface,
the remaining photoresist was removed. In the case of 0.0001% (1 ppm) strain, the device on the

coverslip was partially suspended, clamped with a 1.27 cm overlap, over a Si step edge of ~1 um,

27



Nanoscale

made by adhering polyimide tape (Capling, Product No. PIT0.5S UT/25.4) toa 7.62 cm X 5.08 cm
glass slide. The resistance measurements were recorded using two-point measurements using a
Keithley 2611B SourceMeter and custom LabView software. The tensile strain applied to the
sensor device was calculated by FEA analysis of our experimental setup, described below. Signal

drift in the sensors, due to thermal effects, were corrected using OriginPro 8.1.

Finite-element modeling. All finite element analysis models were done using Fusion360
(Autodesk). A force was applied to the edge of the glass coverslip overhanging the respective
cantilever steps. The force applied corresponded to the vertical displacement between the hanging

coverslip edge and the supporting substrate.

Sheet resistance. Samples for sheet-resistance measurements were prepared using the
evaporation and polymer-coating technique indicated above, then cut into 2.54 cm x 2.54 cm
squares and mounted on 5.08 cm x 7.62 cm glass slides. The sheet resistance was measured using
a 4-point probe attachment on a Keithley 2400 SourceMeter and confirmed with contact-free

resistance measurement (Delcom 20J3).

Temperature coefficient of resistance (TCR). To determine the thermal coefficient of
resistance, samples (of 2D substrate/metal) were cut into 0.5 cm x 1 cm strips, mounted onto a
2.54 cm % 2.54 cm glass coverslip (Sail Brand, 130-170 um thickness), and copper wire contacts
were addressed using carbon paint (DAG-T-502, Ted Pella, Inc.). These devices were heated from

room temperature to 70°C, in 5°C increments using an Instec mK2000 high precision temperature

28

Page 28 of 39



Page 29 of 39

Nanoscale

controller. The resistance of each device was recorded using a Keithley 2611B after a steady-state

resistance was reached (<1% change).
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