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ABSTRACT

In the era of miniaturization, the one-dimensional nanostructures presented numerous possibilities to realize operational nanosensors and
devices by tuning their electrical transport properties. Upon size reduction, the physical properties of materials become extremely challenging to
characterize and understand due to the complex interplay among structures, surface properties, strain effects, distribution of grains, and their
internal coupling mechanism. In this report, we demonstrate the fabrication of a single metal-carbon composite nanowire inside a diamond-
anvil-cell and examine the in situ pressure-driven electrical transport properties. The nanowire manifests a rapid and reversible pressure
dependence of the strong nonlinear electrical conductivity with significant zero-bias differential conduction revealing a quantum tunneling
dominant carrier transport mechanism. We fully rationalize our observations on the basis of a metal-carbon framework in a highly compressed
nanowire corroborating a quantum-tunneling boundary, in addition to a classical percolation boundary that exists beyond the percolation
threshold. The structural phase progressions were monitored to evidence the pressure-induced shape reconstruction of the metallic grains
and modification of their intergrain interactions for successful explanation of the electrical transport behavior. The pronounced sensitivity of
electrical conductivity to an external pressure stimulus provides a rationale to design low-dimensional advanced pressure sensing devices.
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1 Introduction

Nanoscale structures (nanowires and nanotubes) are renowned
for their pressure-induced capacitive and piezoelectric responses in
flexible pressure sensors [1-5]. In contrast, resistivity has been used
in limited cases for designing strain-gauge sensors [2, 6, 7]. Although
they are industrially-friendly, extreme miniaturization impedes the
detection of their response to external stimuli 3, 8, 9]. At a single
nanowire level, the situation is even more complex and thus, it is an
urgent challenge for essential physics to engineer and manipulate
individual 1D nanostructures [10]. Among the numerous nanomaterials,
“soft”-carbon matrix based binary composites that include “rigid”-
fillers offer superior physical and mechanical properties for electronic
devices [11-15]. The heterogeneous nature in the “microscopic”
length scale rules the effective “macroscopic” properties and is highly

tunable by the spatial arrangement of those constituents [14, 16, 17].

For example, a stimuli-induced drastic change in electrical conductivity
was demonstrated for metallic nanoislands deposited on graphene
attributed by the tunneling conductance at percolation threshold
[15, 18-21]. Such precise compositional homogeneity often offers
“on-demand” nanoscale write-read-erase [22], superconductivity [23],
metal-insulator transitions [24], or electrical transport properties in
quantum-metals [25, 26].

Recent works on binary composites highlight the effect of the
dimension, environment, and frameworks on nanomaterials, but
research rarely extends to driving forces like external hydrostatic
pressure [19-21, 24-28]. A minute pressure triggers a dramatic change

in the electrical resistivity when a system dimension becomes
comparable to the electronic mean free path [29]. Moreover, pressure
initiates an irreversible amorphous-to-crystalline phase transition,
enhancement of the bulk modulus, and Debye temperature in
metal nanocrystals through an energetically favorable route [16, 30].
These conditions offer advanced functionalities for 2D monolayers,
self-assembled nano-superlattices, and functional nanoparticles [31,
32]. However, using external pressure to cause thermodynamic
responses in a nanoscale composite device is yet to be explored, and
could lead to the realization of futuristic operational pressure sensors.

Herein, we fabricated a single binary composite nanowire (metallic
nanocrystalline platinum-amorphous carbon) by a nanolithographic
process to study its electrical resistivity under applied pressure.
The compression allowed high electrical conductivity and quantum
tunneling conductance due to the significant changes in interparticle
separation in the microstructures of the growing metal network.
High-resolution transmission electron microscopy (HRTEM) provided
more opportunities to record the microstructural response of the
nanocomposite to external stimulus. Finally, our observations are
rationalized with a theoretical model based on the spatial distribution
of metallic fillers in the composite nanowire interior to explore the
origin of its electrical conductivity.

2 Experimental

2.1 Material

Before initiating pressure-induced processes, the platinum-amorphous
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carbon binary nanocomposite (Pt-C) nanowires were fabricated
by focused-ion-beam induced deposition (FIBID) (Fig. S1 in the
Electronic Supplementary Material (ESM)). Figure 1(a) shows the
morphology and structure of an as-prepared nanowire on one of
the clean diamond culet surfaces. Figure 1(b) illustrates the four-probe
geometry inside the diamond-anvil-cell (DAC). The qualitative and
quantitative compositional analysis were recorded by in situ energy
dispersive X-ray (EDX) (Table S1 in the ESM) during a single
synchronized deposition of a nanowire (length 280 um; width
and thickness approximately 100 nm (Fig. 1(a)). The attributed
morphology and crystallinity of the f.c.c platinum grains in the
carbonaceous matrix were revealed by the HRTEM images shown in
Fig. 1(c). Figure 1(d) shows the statistical distribution of the platinum
grains with an average diameter of 2-3 nm. However, the overall
characteristics are highly dependent on the surface roughness, lattice
mismatch, thickness of the nanowire, and the FIBID parameters
(Fig. S2 in the ESM) [33].

2.2 Methods

We used a commercial FEI dual-beam system (Helios 600) to fabricate
FIBID Pt-C NW on one surface of our patterned diamonds procured
from Almax-easyLab [33] with a culet size of 780 um, prefabricated
with four conducting gold electrodes (Fig. S1 in the ESM).

Gold contact pads in a four-probe configuration connected the
nanowire and a silver-conducting epoxy attached the wires to
external instruments for electrical transport measurements. An
insulating gasket coated with CBN-epoxy was used. Silicone oil was
used as a pressure transmitting medium (PTM) and a small ruby
chip was the pressure marker. Direct current I —V measurements
were completed at room temperature (RT = 300 K) for P (0-5 GPa
with a current compliance 10 pA, current density j~ 10° A/m*<
Fmax = 10" A/m’ to avoid electromigration damage.

Cross-sectional HRTEM images were collected in a JEOL
microscope equipped with Gatan spectrometer from the recovered
nanowires after each compression to a particular pressure value
(Fig. S3 in the ESM).

3 Results and discussion

3.1 Electrical transport under compression

Hydrostatic pressure (P) dependent electrical resistivity (p ) was
measured in a single nanowire up to P =5 GPa using a DAC to
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Figure 1 (a) Scanning electron microscopy (SEM) image of a single Pt-C
nanowire on a diamond culet surface. (b) Four-probe geometry for electrical
transport measurement inside the DAC. (c) HRTEM images at ambient conditions
confirm metallic platinum grains in amorphous carbonaceous matrix. A single
platinum nanograin with atomic plane spacing 0.192 nm (002) confirms fcc
lattice. (d) Statistical distribution of the grain-size of the as deposited sample.
Inset: molecular model of the precursor gas in FIB (built by Jmol).
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avoid a stress-induced fracture regime, finding P > 6 GPa for the
100 nm FIBID carbon nanowire [34]. The ambient resistivity p, =
3.5 uQ-m matched well with previous reports [24, 35], however, it
appeared significantly higher compared to the bulk metals [24,
36-39]. Figure 2(a) shows the pressure-dependent resistivity at 300 K
(RT) with two sharp resistivity transitions at pressures P, and P,
and three separate distinct regimes; Pa, Py and Pc. In region Pa, p
increased slowly with pressure and exhibited an abrupt switch with
Ron / Roge = 20 around 0.9-1.1 GPa, which is comparable with the
piezoresistive response of a previously reported single Si nanowire
[40]. Rox and Rorr correspond to the resistivitivities of the nanowire
recorded in regions Py and Pa respectively. The piezoresistance effect
in Si nanowire was highly coupled to its electrical conductivity and
mechanical manipulation. Under compression, the relative change
of its conductivity was as high as 15 compared to 0.08 for bulk Si.
Such giant piezoresistance effect was nonlinear with high mobility
of charge carriers and effective for strain engineering in futuristic
nanoscale devices. Figure 2(b) corresponds to the relative change

P =P
p

in resistance Ap/p = for P < 3 GPa. A strong switching

behavior often induces a nonlinear response and tunneling effects,
as found in piezo-resistive composites [12, 14]. The temperature
(T')-dependent resistivity was additionally measured at ambient
pressure (Fig. 2(c)). The negative temperature coefficient of resistivity
confirmed that the majority phase in the nanowire was an insulating
a-C phase (upper inset Fig. 2(c)) [24, 35, 41].

To elucidate the abrupt change in resistivity at low pressures, the
thickness (f) dependent resistivity for FIBID nanowires is plotted in
Fig. 2(d) at ambient conditions [24, 35, 36, 42, 43]. First, it decreases
abruptly with an increase of thickness and then changes slowly
for £ 2 100-200 nm [41]. The critical thickness f_. is reported as

50 nm or even lower [24, 42]. Mott’s maximum resistivity ( p

crit
Mott |max -
30 pQr'm) for the metallic conduction (a crossed pentagon in Fig. 2(a)
and a dashed line in Fig. 2(d)) separates two distinct electrical con-
ductivity regimes around 7 . A large deviation in the absolute
resistance (R) as a function of the ratio of nanowires’ physical
dimension (I/A) also demonstrates a critical dimension as shown in
Fig. 2(d) (inset) (I and A are the nanowire length and an area of
cross-section) [29, 42]. The resistivity values of the nanowire under
pressure were compared, and we postulate that the nanowire might
reduce its thickness during compression, where a sharp rise in
resistivity could be expected.

The nanowire possessed a widely different bulk-modulus
B, = 18 £ 3 GPa and thermal expansion coefficient than diamond
(Bp ) (in the ESM) [16, 44]. B,, > B,,_. causes extreme anisotropy

in the elastic-moduli depending on its geometry [45]. The
substrate-mediated biaxial strain (¢, = P/ By) can be transmitted
through the nanowire with an efficiency a and &, = ae, . Thus,

the biaxial stress on the nanowire is oy, = oc(aNW)ﬂgW P, where
D
Puw is Young’s modulus and « may vary with stress. By
considering a simple stacking of the PTM-nanowire-diamond as
shows in Fig. 2(e) and assuming full efficiency in the pressure
transfer, the result is a« =1. Practically, & varies with surface
roughness and adhesion in the diamond-nanowire interface
mediating the slipping process, buckling, and defect creation [46].
The absence of any physical slipping of the nanowire from the
diamond culet does not rule out the possibility of creating a local
inhomogeneous stress-strain field. A partial strain transfer (« <1)
from diamond to nanowire (amorphous-crystalline interface) is
expected and is analogous to the graphene-SiO. interface with
a=0.2£0.1[46]. Hence, apart from the high conformation of
nanowire on diamond, poor adhesion might lead to a critical biaxial
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Figure 2 (a) The variation of p with the P on nanowire compared with the a-C [52]. (b) Pressure-induced change in Ap/p shows Ron/Rorr ~ 20. (c) p —T data of
the nanowire at ambient pressure with In(p / p,) versus 1,000/T at few representative I-V characteristics (inset). (d) The variation of resistivity with the thickness of
various nanowires. Inset: modification in R with I/A. (e) PTM-nanowire-diamond stacking inside a DAC (see text).

strain oGw corresponding to a certain pressure incorporating the

partial unbinding process [45, 47, 48]. Locally strained regions can
develop interesting percolation and tunneling phenomena as recently
observed in a nanogragular tunneling resistor [49]. P, might
correspond to a o5 where the nanowire stabilizes under the biaxial
strain field. In addition, the a-C matrix undergoes an amorphous-
amorphous phase transition around 0.75 GPa [44]. A transition
from sp*-rich to sp-rich a-C under biaxial stress resulted in a sharp
increase of resistivity by 5 orders of magnitude [50]. The electrical
resistivity of a carbon fiber polymer was enhanced by increasing the
inter-electronic distances at dangling-bond pairs for P > 0.3 GPa
[51]. The excess dangling bonds later caused an irreversible change of
resistivity that might resemble the transition around P, (Fig. 1(a))
(decompression).

In the Pp region, resistivity decreased faster with increasing

P(

in a-C [52]. Writing pressure dependencies of p as

dlnp
dInP

=—0.26 GPa") than the earlier observation (-0.039 GPa™)

dlnp

dpr

dIn(n.)
dp
carriers, respectively), estimated n. ~ 10%*/cm’ with g = 10 cm*/ Vs

+ d(lir;_” (1. and p are the density and mobility of the charge

at RT [53]. The system appeared to be a quasi-intrinsic semiconductor
in Ps followed by a reversible transition at P., during decompression.

We recorded the pressure-dependent four-probe current-voltage
(I — V) characteristics in three distinct regions. The I —V curves
were linear in regions Paand Pc, as depicted in Figs. 3(a) (0.7 GPa)
and 3(b) (4.8 GPa), respectively. The behavior differed dramatically
in the Ps region and a non-linear behavior with two different
current-voltage dependencies were clearly visible in Fig. 3(c) (P ~
2.3 GPa). Figure 3(d) shows that for low (high) applied voltages,
the current increased linearly (exponentially). At low-bias, the slope
S, ~1.029 (£0.005) suggests the charge carriers are trapped across
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Figure3 (a)—(c) I —V characteristics (compression) of the nanowire at three

representative pressure values. (d) A crossover from I < E¥ to I o exp(V*®)
from low-bias to high-bias voltages (solid lines) shows highly nonlinear current-
voltage dependencies with pressure (inset).

the metallic grains and at the grain boundaries. A transition
from §, ~1 (linear dependency) to a slope S, ~1/2 (square-root
dependency) indicates the emergence of longer intertrap distances
during compression. At higher voltages, the nonequilibrium population
of the trap states might give rise to the non-uniform electric field
distribution along the length of compressed nanowire, which is in
fair agreement with the data in Fig. 1(c). Finally, we note that, if the
thickness of the nanowire is comparable to the intertrap distances,
the alternative conduction mechanisms such as direct tunneling
and trap-assisted tunneling might become significant.

3.2 Pressure-induced percolation and tunneling mechanism

Altogether, the above results are best described in terms of
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pressure-induced percolation and tunneling conduction with a
binary component model. The metallic grains can be identified by
their diameter D with its volume part 0 <wv <1 (spherical grains)
along with the critical v, corresponding to a percolation threshold.
At P, = 2.9 GPa, we estimated v, 2 0.31 using p — P data and the
Murnaghan equation of state (EOS) of a-C (in the ESM) [44]. The
solid lines in Fig. 4(a) show fits for the scaling laws as follows:
pox(v,—v)" and pox(v—v,)™" for the insulating and metallic
regimes, respectively. Interestingly, our experimental P, matched
very well with the calculated P} = 2.7 GPa from percolation theory
and thus, validates the applicability of our model fits. Figure 4(b)
shows the estimated energy with the volume. The estimated metallic

grains in a volume unit are # = (2v/ D’) and the average distance

between the grains is r, = D(2/v)"”. Finally, we identified the

increase of conductivity after a certain pressure at P, as a result
of percolation among the platinum grains.

Differential conductance G(= dI / dV') and its derivative dG / dV
both highlight strong pressure sensitivity. For low-bias voltages
-0.5V <V <0.5V, Fig. 4(c) shows that G exhibited a strong zero-
bias-conductance-hump (ZBCH) signifying a tunneling conduction
mechanism (Fig. S4 in the ESM). FIBID binary composites are
often regarded as disordered electronic materials where the inter-
grain surface scattering and interactions are crucial [26, 36, 38, 43].
An important intragrain energy scale can be defined as A=1/
[N(&)V,] ~ & / (kr)’ where N(e;) oc m*?e;* / h* and V(o 1) are
the density of states at the Fermi level and the volume of the grain
(r: grain radius), respectively [24, 39, 54, 55]. At room temperature,
platinum’s Fermi level ¢, =9.74 eV estimates r’ = 3.7 x 10% m’ and
r ~1.6 nm, which is highly consistent with our experimental grain size
~2 nm (Fig. 1(d)) with an estimation of electron energy quantization.

Figure 4(d) shows the normalized differential conductance G/ G,
along with 46 _ 'l

dv  dv?
observed in dG / dV . Figure 4(e) schematically shows the tunneling
mechanism in the adjacent grains. Similar ZBCHs were found
earlier in thin Pt-C (¢ < 50 nm) nanowires, gold atomic wires, and
single-walled carbon nanotubes [3, 24, 56, 57]. At RT and under
compression, the calculated electron mean free path is [, &~ 107" m
<<, (phase coherence length), or the dimension of the nanowire.
Hence, phase-incoherent and phase-randomized charge carriers along

at 2.9 GPa to emphasize the oscillations
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Figure 4 (a) p vs. P fitted with a theoretical percolation model below and above
Pu. (b) Schematic of the expected energy as a function of volume. (c) Variation
of the G with P and (d) the broadening of G/ G, _, along with the oscillations in
dG/dV at P . (e) External pressure induced tunneling mechanism between
the metallic grains. (f) G varies with P” (solid line) below CPB and remained
unchanged above the QTB (see text). The right axis shows the variation of 7, with P.
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with the finite potential barriers at electrode-nanowire interfaces
could give asymmetries and oscillations in conductance.

A tight-binding Hamiltonian deduced the competition and
relationship between tunneling with localization around P, [54],
introducing three distinct conductivity regions: (i) a classically localized
(CL) phase (electrons scatter from the disorders); (ii) a quantum
liquid (QL) region (tunneling dominated and the localization effect
is suppressed); and (iii) an extended metallic (EM) phase (weak
localization). The CL phase closely resembles the pressure region
1-2.3 GPa in our case and the QL region set in just after it, when
the tunneling was sufficiently strong. The quantum particles cannot
propagate before they reach the classical percolation threshold [54].
The survival of tunneling conduction just above P, strongly supports
the existence of the QL region. Figure 4(e) schematically displays
the tunneling mechanism between adjacent metallic nanograins.
Figure 4(f) shows that G increased sharply as G o P? (y=2.9) below
P, , below the classical percolation boundary (CPB). Above the QL
boundary (QTB), the system enters into an EM phase. The region
sandwiched between the CPB and QTB was highly inhomogeneous
with strong tunneling conductance. We believe that the pressure-
induced conduction process handed over from a percolation to a
percolation-assisted tunneling in the Pt-C nanowire. 7, also decreased
drastically around P,, as shown in the right axis in Fig. 4(f). Although
pressure favored overlapping, merging, and shape reconstruction of
metallic grains, any mechanical failure (compression damage) or
blowing (current damage) of the nanowire was absent after the
completion of experiments (Fig. S5 in the ESM).

3.3 Microstructural evolution under compression

We explored the pressure-induced microstructural evolution with a
series of cross-sectional HRTEM analysis, as illustrated in Fig. 5 (left
panel). Ambient pressure HRTEM was considered the standard.
Images of the recovered samples were collected by keeping identical
FIBID parameters and performing the hydrostatic compression on
several nanowires. The fcc cubic polycrystalline platinum grains
can be easily identified with planer distances (atomic planes) of
0.2277 nm (111), 0.1972 nm (002), 0.1394 nm (022), and 0.1138 nm
(222) with a lattice parameter of 0.3924 nm. For bulk platinum,
(111) corresponds to 0.2265 nm, which confirms that the FIBID
material did not suffer any residual strain during deposition [30].
For P = 0.7 GPa, the isolated platinum grains moved closer and the
necessary energy was supplied by the external pressure. Around P, ,
an interesting feature is the existence of bottlenecks constituting
bridges between the two metal grains. A typical representation of the
bridge formation (dashed line for 2.9 GPa) between the adjacent
grains is shown in Fig. 5(c). Upon further compression, the platinum
grains coalesced together and bigger grains became more distinct.
The atomic diffusion process could be an energetically favorable
mechanism to relax the strain in the sample, resulting in the nanoscale
grain growth (~ 15 nm at 5.6 GPa) [30]. It is evident that the
individual platinum grain overlapped and became indistinguishable,
allowing the current to find the shortest path resulting in high
conductivity in a continuum percolating metal network.

We introduced Voronoi network simulation modelling (in the
ESM) to simulate the conduction mechanism corresponding to the
HRTEM results, as shown in Fig. 5 (right panel) (yellow area:
platinum nanograins, indigo lines: equidistant points between two
neighboring metallic grains). Voronoi network simulation was
introduced for this purpose to extract the geometric features like
area, boundary length, diameter of platinum grains from HRTEM
images. Both theoretical and practical applications pursue evidence
for the remarkable conductivity changes in nanowire through
microscopic modifications in the binary composite [58]. With these
topological information, the modelling calculates the number of
adjacent grains or the shortest distance between two neighboring
grains. At ambient, both experiment and simulation results can identify
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Figure 5 Left panel: Cross-sectional HRTEM images of recovered nanowires at
(a) ambient, (b) 0.7 GPa, (c) 2.9 GPa, and (d) 5.6 GPa. The dotted line shows the
formation of bottlenecks in the vicinity of Pi. Around 5-6 GPa, the metallic grains
interconnected and overlapped together forming a metallic continuum. Right
panel: the results from Voronoi network modelling related to the HRTEM images
(yellow: the amount of irregular conducting fillers, indigo: the distinguishable
boundaries).

discrete grains separated by long boundaries (solid indigo lines).
For P < P, , the grains started to grow and significant shrinkage of
lengths of the boundaries was observed. The situation supported
the tunneling conductance dominated electrical transport in the
compressed nanowire. The reduced dimension and increased pressure
should further contribute to the enhancement. At P = P, , the
grains started to merge together and nearly continuous conduction
paths developed without any hindrances due to carbon matrix.
With increasing pressure, for P > P, , the grains overlapped and
the amount of conducting path increased to form a continuum. The
grains were hard to distinguished and it was much easier and
straightforward for the current to find more shortest path resulting
high conductivity at higher pressures. Figure 6 shows the increase
of the conducting area Ac by decreasing the isolated distinguishable
grains in a single frame correlates the highly interconnected nature
of electrical conductivity with microstructural evolution under
high pressure.

4 Conclusion

Our paper extensively investigates the electrical transport properties
of a single metal-carbon composite nanowire showing high sensitivity
to external pressure stimulus at room temperature. The discussion
further focused on the strong correlation between the percolation
(macroscopic) and tunneling (quantum) phenomenon in the highly
compressed nanowire. Strong nonlinear resistive responses were
fully captured by studying the platinum grain coalescence process

Q J24
& ,‘.
= 2001
= 2 @
~ i ; z
E A\. ..’. . 16 'g
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= 100 =
T * £
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.
0- @ .

P (GPa)
Figure 6 The dependence of covered area A_ that is covered by the current
carrying conducting fillers as a function of pressure estimated from simulation.
The distinguishable grain numbers decrease with pressure. The sharp changes in
A, and grain numbers are clear around P ~ P, .

and the formation of a conducting network. Such a mechanosensitive
response might be applicable to a wide range of nanostructured
devices to study the dynamics of promising new materials for
nanoscale sensors, nanocapacitors, and resistive-memory (ReRAM)
devices.
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