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ABSTRACT

Bottom-up synthesis of semiconductor nanowires (NWSs) by the vapor-liquid-solid (VLS) mechanism has enabled diverse technological
applications for these nanomaterials. Unlike metallic NWs, however, it has been challenging to form large-area interconnected
NW networks. Here, we generate centimeter-scale meshes of mechanically and electrically interconnected Si NWs by sequentially
growing, collapsing, and joining the NWs using a capillarity-driven welding mechanism. We fabricate meshes from VLS-grown
NWs ranging in diameter from 20 to 100 nm and find that the meshes are three-dimensional with a thickness ranging from ~ 1 to
~ 10 microns depending on the NW diameter. Optical extinction measurements reveal that the networks are semi-transparent with a
color that depends on the absorption and scattering characteristics of individual NWs. Moreover, active voltage contrast imaging
of both centimeter- and micron-scale meshes reveals widespread electrical connectivity. Using a sacrificial layer, we demonstrate
that the mesh can be liberated from the growth substrate, yielding a highly flexible and transparent film. Electrical transport
measurements both on the growth substrate and on liberated, flexible films reveal electrical conduction across a centimeter scale with
a sheet resistance of ~ 160—180 kQ/square that does not change significantly upon bending. Given the ability to encode complex
functionality in semiconductor NWs through the VLS process, we believe these meshes of networked NWs could find application as

neuromorphic memory, electrode scaffolds, and bioelectronic interfaces.
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1 Introduction

The bottom-up growth of semiconductor nanowires (NWs)
provides the opportunity to encode diverse properties for
a range of electronic, photonic, and bioelectronic applications
[1, 2], yet integrating large numbers of NWs into functional
devices represents a substantial challenge. Some applications
require the precise positioning and alignment of single NWs
[3], but other applications may be able to utilize disordered or
semi-disordered networks or ensembles of NWs. For instance,
relatively disordered Si NWs have already been used as battery
electrodes [4], sensors in artificial skin [5], and scaffolds for
graphene [6]. Similarly, for carbon nanotubes [7], and especially
metallic NWs [8-11], disordered networks have found widespread
application as transparent thin-film conductors, where the
NWs or nanotubes are often dispersed from solution onto
substrates and annealed to produce conductive percolation
pathways through a quasi-two-dimensional thin-film network.
The films exhibit high flexibility, transparency, and inter-
connectivity. These same qualities could be advantageous in a
semiconductor network designed for biological, photovoltaic,
or electrical applications that require sensing or device com-
plexity beyond what is possible in metallic electrodes. However,
semiconductor NWs cannot be easily processed in such fashion
due to the generally low malleability and higher melting points

in comparison to metals such as Ag and Au. For Si and many
other semiconductors, the rapid formation of native oxide
in the presence of air also produces high contact resistance
between NWs [12]. This problem can be overcome by forming
Si networks via top-down methods that pattern a network into
a Si wafer [13], yet this strategy also precludes the advanced
functionality (e.g. transistors [14], photovoltaic structures [15,
16], resistive memory elements [17], et al.) that can be encoded
via bottom-up NW growth methods. Thus, the development
of robust methods to facilitate electrically interconnected
semiconductor NW networks that are flexible and transparent
should lead to new application developments.

One strategy for inter-NW connectivity utilizes in-situ
branching of the NWs. Branched semiconductor NW structures
grown by a vapor-liquid-solid (VLS) mechanism can be
generated through two or more VLS growth sequences with
intervening catalyst deposition steps or through solution-seeded
processes [18, 19]. Branched NWs have been shown to exhibit
electrically-active junctions between the individual linear
components [20, 21], and the sequential growth steps provide
an opportunity to form homojunctions or heterojunctions at
the branch points. Single-crystalline junctions have also been
created between individual VLS-grown InSb and InAs NWs
by precisely defining the growth position to yield intersections
that can be electrically Ohmic [22-25]. In addition, flux
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engineering has been used to create networks of VLS-grown
indium tin oxide NWs [26]. Here, we build upon our previous
report of a capillarity-driven welding mechanism in Si NWs by
performing the welding process on centimeter-scale substrates
containing tens of millions of NWs and characterizing the
optical properties and electrical conductivity of the resulting
mesh networks [27].

2 Results and discussion

As illustrated in Fig. 1, Si NWs were grown by a Au-catalyzed
VLS process, collapsed with evaporating liquid N2, and welded
at temperatures between 815 and 875 °C, depending on
diameter. This process generates a mesh of NWs with welded
junctions at points of contact between NWs, as illustrated by
the SEM images of a portion of a 6 cm?® substrate shown in
Fig. 1(c). Prior work verified that individual junctions exhibit
Ohmic electrical transport characteristics with moderate
junction resistance [27]. Here, we examine the diameter-
dependent morphological characteristics and optical properties
of the mesh films, and we report on the electrical transport
through these networks both on rigid and flexible substrates.

The meshes are three-dimensional with the effective
thickness of the network determined by both the density
and diameter of the NWs. Plan-view SEM images of meshes
composed of NWs nominally 20, 60, and 100 nm in diameter
are shown in Fig. 2(a). Analysis of several regions of each sample
before and after NW growth indicate that growth substrates
for these samples exhibited Au catalyst and NW densities
of ~ 80, ~ 3, and ~ 0.25 NWs/um?’, respectively, values which
result from differences in the density of Au nanoparticles in
the initial colloidal solutions (7.0 x 10", 2.6 x 10", and 5.6 x
10° particles/mL, respectively). In addition, each sample shows
a distribution of NW diameters, as shown by the histograms in
Fig. 2(b), which are reasonably well fit to a Weibull distribution.
Figure 2(c) illustrates the characteristic collapse height for
NW mesh grown with these samples, which were found to be
~ 3, ~ 8, and 6-8 pum for the 20, 60, and 100 nm samples. Even
though 20 nm networks have a NW density > 20 times higher
than the 60 nm network, the average collapse height is nearly
3 times smaller. Similarly, the 60 nm sample has a density
about ten-fold higher than 100 nm sample, yet it exhibits
a similar collapse height. Thus, although density plays a role
in the effective film height due to inter-NW interactions, NW
diameter is a major predictor of the final height.

The trend in collapse height with diameter can be understood
by considering the angle of deflection for a NW that experiences
capillary forces during the collapse process. Assuming equal
force distribution along the NW axis and modeling the NW
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as a cantilever beam anchored at the base and undergoing
deflection, we can qualitatively assess the diameter dependence
of the collapse by calculating the angle of deflection, «, as [28]

_ FI'  64FL
" 6EI  6mEd*

where F is the average force acting on the NW perpendicular
to the NW axis, L is the length of the NW, E is the Young’s
modulus of Si, and I is the moment of inertia, which can be
related to diameter d by I = nd*/64, yielding the expression on
the right-hand side of Eq. (1). Because I increases rapidly with
increasing NW diameter and is inversely proportional to «,
the deflection angle decreases rapidly with increasing diameter.
Thus, because of the reduced deflection, the effective collapse
height increases for larger diameter NWs.

To create a large-area, flexible Si mesh, a sacrificial Ge layer
was deposited on the Si/SiO. growth wafer prior to Au catalyst
dispersal [29], as shown in the cross-sectional images in
Fig. 3(a). This layer can be removed by wet-chemical etching
in hydrogen peroxide, releasing the NW mesh from the substrate
to create a free-standing film. However, due to difficulties in
handling the lightweight networks, they were infiltrated with
poly-dimethyl siloxane (PDMS) prior to Ge etching to provide
additional handling stability, leading to the lift-off process
illustrated in Fig. 3(b). As shown by photographs for NWs
~ 50 nm in diameter (Fig. 3(c)), the Ge layer can be etched
to release a flexible, free-standing NW-PDMS film with good
optical transparency. The color of the NW films depends
strongly on the diameter of the constituent NWs. For instance,
Fig. 4(a) displays photographs of a Si/SiO. growth wafer with
NW meshes of nominal diameters of 15, 20, 30, 50, 60, and
100 nm. The apparent colors of the samples transition from blue
to gray to brown as diameter increases. Optical transmission
measurements on NW-PDMS films after release from the
growth wafer are shown in Fig. 4(b) (solid lines) for nominal
diameters of 20, 60, and 100 nm. The relative extinction of the
samples increases at longer wavelengths as the diameter increases.
These results are in good agreement with finite-element
optical simulations of the transmittance spectra (dashed lines
in Fig. 4(b)), which were calculated by weighting the simulated
diameter-dependent spectra using the Weibull distributions
shown in Fig. 2(b). The optical properties of the NW films
strongly depend on diameter-dependent Lorentz-Mie resonances
[30], and the results agree well with previous studies on the
optical properties of disordered Si NW mats [31, 32].

To probe the electrical connectivity of the NW mesh over
relatively large areas, we employed active voltage contrast
imaging [33], which has been used to image electrical connectivity
and percolation networks within silver NW networks [34],
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Figure 1 NW growth, collapse, and welding to form a mesh of interconnected NWs. (a) Schematic of initial VLS growth of Si NWs. (b) Schematic of NW
collapse mediated by the capillary forces of evaporating liquid N». (c) SEM image of a collapsed NW mesh with interconnects welded by a capillarity-
induced surface diffusion mechanism; scale bar, 10 um. Insets: higher magnification SEM images of select welded NW junctions within the mesh; scale
bars, 100 nm.
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Figure 2 Diameter and density dependence of NW mesh height and
morphology. (a) Top-down SEM images of collapsed and welded NWs
grown with Au nanoparticles nominally 20 nm (left), 60 nm (middle) and
100 nm (right) in diameter; scale bars, 1 um. (b) Histograms of NW
diameter distributions for Au nanoparticle catalysts nominally 20 nm
(left), 60 nm (middle) and 100 nm (right) in diameter. The best fit to a
Weibull distribution is shown as the dashed line. (c) Cross-sectional SEM
images of collapsed and welded NWs grown with Au nanoparticles
nominally 20 nm (left), 60 nm (middle), and 100 nm (right) in diameter;
scale bars, 1 um.

to identify faults in integrated circuits [35], and to image
the voltage threshold for metal NW junction formation via
electroformation [36]. Voltage contrast imaging results from
differences in the charging between electrically disconnected,
floating structures and electrically connected (grounded or
externally biased) structures. The contrast arises from secondary
electrons that are deflected away from the detector due to the
positive charging of structures. In other words, conductive
pathways within the sample can be directly imaged (bright
contrast) when the external electrical connection neutralizes
the build-up of charge. The method can be implemented either
with SEM or focused ion beam imaging, and Fig. 5 shows
active voltage contrast images collected on various NW mesh
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using the latter. Figure 5(a) displays a nearly 500 um x 500 um
region with high contrast from NWs throughout the network.
To confirm that these images indicate widespread electrical
connectivity, a small square section of the network was electrically
isolated using focused ion beam milling (Fig. 5(b)), eliminating
the contrast within this section and confirming the electrical
connectivity of the network. Comparison of standard SEM
and active voltage contrast images indicate that more than
90% of the NWs on the substrate are electrically connected to
one another.

To correlate the voltage contrast imaging with electrical
conduction through a NW mesh, a small-scale network of NW's
~ 50 um x 50 pm was fabricated, and four electrical contacts
were defined, as shown by the SEM image in Fig. 5(c). Three
of the electrodes contacted three separate sides of the network
in dense (contacts 1 and 2) and sparse regions (contact 3), and
the fourth electrode (contact 4) was electrically disconnected
to serve as a floating reference during voltage contrast imaging.
An active voltage contrast image of this network (Fig. 5(d))
with a bias of —20 V applied to contact 3 demonstrates electrical
connection throughout most of the small-scale network with
no contrast appearing from contact 4, as expected given its
electrical isolation from the network. Current-voltage (I-V)
curves were collected from each combination of contacts 1,
2, and 3, as shown in Fig. 5(e). The electrical resistance was
determined to be ~ 85, ~ 4,200 and ~ 4,410 MQ for contacts
1-2, 2-3, and 1-3, respectively. The ~ 50x lower resistance for
contacts 1-2 can be attributed to substantially larger number
of NWs that span the two contacts. In contrast, contact 3 is
connected to the NW network by only a single NW; thus, the
resistance between electrodes appears to be approximately
inversely proportional to the number of NWs and electrical
pathways connecting the electrodes. This result is in qualitative
agreement with modeling of a percolating stick system [37],
where the conductance, g, can be expressed as

o=a (N-Nc) (2)

where N is the density of conducting sticks, Nc is the percolation
threshold density, and ¢ is a scaling exponent. Systems with
electrical percolation often exhibit lower resistances at higher
densities because of the increase in the number of parallel
conduction pathways and significant decrease in the effective
conduction path length [38]. Thus, as the NW density between
electrodes increases, the conductance between the electrodes
is expected to substantially increase [39].

To understand the electrical transport characteristics of
centimeter-scale NW meshes on the growth substrate and

Figure 3  Lift-off of flexible Si NW mesh. (a) Cross-sectional SEM image of collapsed and welded NWs 30 nm (upper) and 60 nm (lower) in diameter.
The Si substrates contain a 200 nm layer of Ge and 600 nm layer of SiO»; scale bars, 5 um. (b) Schematic of the lift-off process of PDMS-embedded mesh
network, beginning with the mesh network embedded in PDMS (left), slow Ge underetch process (middle), and the resulting free-standing flexible
network (right). (c) Photographs corresponding to the lift-off process illustrated in panel (b), resulting in a highly flexible PDMS-embedded NW network

5-15 pm thick; scale bar, 5 mm.
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after lift-off from the growth substrate, meshes were fabricated
on both a Si/SiO, substrate and Si/SiO./Ge substrate (for
lift-off) using 50 nm diameter degenerately-doped n-type
NWs with an encoded doping level of 2.5 x 10 cm™. Multiple
macroscopic electrodes were fabricated on each NW mesh,
as shown in Fig. 6(a). The results of electrical transport
measurements across multiple contact configurations for both

(b) e substrates are shown in Fig. 6(b), allowing the resistance of each
8osl mesh to be determined. The sheet resistances, as determined
So6l by the slope of the dashed lines in Fig. 6(b), are 170 + 11 and
€ o4l 164 + 29 kQ/square for the on-substrate and substrate-free
§ 0.2 NW-PDMS films, respectively, showing no significant difference

o) TR T R R R O in resistance as a result of the lift-off process. The NW-PDMS

400 500 600 700 400 500 600 700 400 500 600 700

device, however, exhibits a contact resistance of 39 + 17 kQ),
Wavelength (nm)

which likely results from the decreased contact area between
(a) Photograph of a multi-section growth chip with NWs of various metal and NWs. The I-V' curves of the films are linear over

diameters; scale bar, 5 mm. (b) Simulated (dashed) and experimental a.broad V'OItage range (i.nset of Flg 6(b)), demonStraﬁng the
(solid) transmittance data for 20, 60, and 100 nm NWs. Simulated high-quality of the Ohmic connections between the NWs. The

Figure 4 Diameter-dependent scattering and transmittance of meshes.

transmittance was plotted using a weighted average determined from the performance of NW-PDMS films under strain was also probed

magnitude of the Weibull distribution for each nominal diameter, and the by bending the film (inset of Fig. 6(c)). I-V data in Fig. 6(c) shows

simulated spectra are scaled to the maximum and minimum of the a less than 50% permanent increase in resistance under strain

experimental spectra. when measured across a 6 mm channel, demonstrating the
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Figure 5 Visualizing electrical connectivity with voltage contrast imaging. (a) Active voltage contrast image collected by focused ion beam imaging using
a —20 V bias to the NW mesh composed of 100 nm diameter NWs; scale bar, 100 um. (b) Higher magnification active voltage contrast images before (left)
and after (right) ion-beam milling of the perimeter of a square region (indicated by the dashed box in the left-hand image) to electrically disconnect the
NWs inside the boxed region; scale bars, 10 um. (c) Standard SEM image of a small area NW network of 100 nm diameter NWs with four electrical
contacts to the network labeled 1-4; scale bar, 10 um. (d) Active voltage contrast image by focused ion beam using a =20 V bias applied to electrode
3; scale bar, 10 um. (e) Current-voltage measurements between electrodes 1-2 (green), 1-3 (blue), and 2-3 (red). Curves for 1-3 and 2-3 are scaled by a
factor of 60.
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Figure 6 Electrical resistivity measurements on large-area, flexible Si NW mesh. (a) Photographs of PDMS-embedded network (top) and network on
growth substrate (bottom) with deposited electrodes for I-V measurements; scale bars, 5 mm. (b) Resistance multiplied by channel width as a function of
electrode separation (i.e. channel length) for ~ 50 nm diameter NW networks measured on the Si growth substrate (blue squares) and on the substrate-free
NW-PDMS film (red triangles). Dashed lines represent linear fits to the data, and the vertical offset of the dashed red line reflects a contact resistance of
39 + 17 kQ for the NW-PDMS film. Inset: I-V curve measured on the Si/SiO, growth substrate for an electrode separation of 1.5 mm. (c) I-V data for
the NW-PDMS film when in a straight (red) and bent (green) conformation with a radius of curvature of ~ 4 mm. Inset: photograph of the bent film
contacted by electrical probe tips.

r&?}g&ﬁ}‘g}éé @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2020, 13(5): 1465-1471

mechanical robustness of the electrical conductivity through the
network. This behavior is consistent with flexibility observed
in Ag NW networks [40].

3 Conclusions

We have demonstrated that capillarity-driven welding of Si
NWs can be used to electrically interconnect NWs on a large
scale to create flexible, conductive, and semi-transparent thin
films composed of NW mesh. When released from growth
substrates to produce free-standing, polymer-embedded films,
the NW mesh exhibits minimal change in electrical resistance
even when deformed to a small radius of curvature. The NW
meshes are analogous to conductive networks created with
metallic NW systems; however, the semiconducting nature of
these NWs could lead to new applications as components
in flexible/wearable electronics, as solar energy and battery
electrodes [4], as bioelectronic sensing/signaling scaffolds [41,
42], and as a platform for neuromorphic computation using
resistive memory elements [17, 43]. For instance, the volume
density of junctions can easily meet or exceed 1 um™, which
is comparable to the density, ~ 10° mm™, of synapses in the
human brain [44]. Although inherent disorder is often seen as
an impediment to implementing semiconductor nanomaterials
in realistic device applications, semiconductor NW meshes
have promise for a variety of applications without the use of
non-trivial lithography or assembly methods.

4 Methods

4.1 Synthesis of NWs and networks

A home-built chemical vapor deposition (CVD) system was
used for all syntheses and includes a quartz-tube furnace
(Lindberg Blue M), hydrogen (H.) and argon (Ar) carrier gases
(Matheson Trigas; 5N semiconductor grade), and reactive
gases (Voltaix/Air Liquide Advanced Materials) silane (SiH.),
germane (GeHs; 10% in H.), and phosphine (PHs; 1,000 ppm
in Hz). NW growth substrates consisted of Si/SiO. wafers (Nova
Electronic Materials; B-doped 1-10 Q-cm Si wafers with 600 nm
thermal oxide) and were optionally coated with a ~ 200 nm
sacrificial Ge layer following a modified literature procedure
[29]. Briefly, substrates were annealed for 10 min at 600 °C
with 100 standard cubic centimeters per minute (sccm) of Ha,
a seed layer was deposited for 1 min at 350 °C and 20 Torr
using 1 sccm SiHs and 10 sccm B:Hs with 60 sccm Ar, and Ge
was deposited for 75 min at 330 °C and 5 Torr using 10 sccm
of GeHa and 100 sccm Ha. The Si/SiO: or Si/SiO./Ge substrates
were then placed in an ultraviolet/ozone cleaner (Samco UV-1)
and functionalized with a 10:1 water: poly-L-lysine (0.1% in
H.O, Sigma Aldrich) solution followed by dispersion of citrate-
stabilized Au colloids (BBI international) with diameters of
20-100 nm. N-type Si NWs were grown in the CVD system
following a modified literature procedure using a 5-min 450 °C
nucleation step followed by a ramp (1 °C/min cooling rate)
to 420 °C with 200 sccm Ha, 2 sccm SiHy, 10 sccm PHs, and a
total growth time of 5 h at a pressure of 20 Torr [27, 45]. This
growth condition yields a diameter independent growth rate
of ~ 200 nm/min, yielding NWs ~ 60 um in length across all
samples [45]. Elemental analysis by energy dispersive X-ray
spectroscopy (not shown) indicates that a small fraction of Ge
(< 1 atomic%) can be incorporated in the NWs likely due to
sublimation and/or diffusion of Ge from the substrate. Note
that we have found that a 10-50 nm layer of SiO. deposited on
top of the Ge layer (not shown) by plasma enhanced chemical
vapor deposition (Advanced Vacuum Vision 310) prior to Au
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colloid dispersal can prevent Ge participation in NW growth.
NW arrays were collapsed by pressuring the quartz tube to
one atmosphere of Ar using a continuous flow of 200 sccm Ar,
disconnecting the quartz tube at the downstream end (while
continuing Ar flow;, with the remaining upstream end connected
to a flexible braided stainless steel vacuum hose), placing the
open end of the quartz tube in a dewar flask of liquid nitrogen,
and sliding the NW growth chip (by gently tapping on the tube)
into the liquid nitrogen, where it remained for ~ 30 s. The
substrate was then quickly removed from the liquid nitrogen
and placed at the end of the quartz tube using tweezers (with
continuing Ar flow), reinserted into the center of the quartz
tube using a quartz rod, and evacuated to vacuum. Evaporation
of liquid nitrogen caused collapse of the NW's without formation
of an oxide layer. The welding process was performed by
raising the temperature to 800-900 °C under 200 sccm H. at 8
Torr. At the desired temperature, the H, flow was reduced to
60 sccm, the pressure was ramped to 25 Torr, the conditions
were held for 4 min, and the system was then cooled to room
temperature.

4.2 Electron microscopy imaging

SEM imaging, ion-beam imaging, and ion-beam milling was
performed using an FEI Helios 600 Nanolab Dual Beam system
using a Ga source.

4.3 Flexible network fabrication

For fabrication of NW-PDMS films, Si/SiO./Ge substrates
were used for NW growth, and PDMS (Sylgard 184 Silicone
Elastomer) was spun cast onto the NW networks (500 rpm
for 5 s and 1,500 rpm for 30 s). The substrates were cured for
60 min at 60 °C. Polymer was removed from the edges of the
substrate, and the substrate was immersed in 30% hydrogen
peroxide at 80 °C for several days to remove the Ge layer.

4.4 Transport measurements

For measurements on NW networks, titanium/palladium
(Ti/Pd) contacts (5/200 nm) were evaporated, after a brief
oxide etch in a buffered hydrogen fluoride (BHF) solution,
onto the exposed NW networks via a shadow mask in an electron
beam evaporator (Thermionics VE-100). For single-junction
measurements, welded NWs were mechanically transferred
onto device substrates (Nova Electronic Materials; B-doped
1-10 Q-cm Si wafers with 100 nm thermal oxide and 200 nm
silicon nitride). Electron-beam lithography was used to pattern
electrical contacts to individual NWs, and Ti/Pd contacts
(3/200 nm) were evaporated after a brief etch in BHE I-V data
for both NW networks and single welded junctions were
collected with a Keithley 2636A SourceMeter in conjunction
with Signatone micropositioners (S-725) and probe tips (SE-TL)
or a Lake Shore Cryotronics PS-100 probe station. NW
diameters and channel lengths were measured by SEM. For
measurements in a bent configuration, NW-PDMS films were
wrapped around a pencil to demonstrate the durability of the
networks.

4.5 Absorbance data

Junction transmittance spectra were measured with a
microspectrophotometer (20/30 PV UV-Visible-NIR from
Craic Industries) using a 10x objective (Ultrafluor 10x 0.2 NA
7.4 mm WD) in conjunction with a Xe arc lamp source and
CCD array detector. Optical simulations were performed
using COMSOL Multiphysics. The two-dimensional simulation
domain consisted of a Si NW with a circular cross-section
placed in a vacuum encapsulated by perfectly matched layers

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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(PMLs) to prevent reflection/scattering effects from the
simulation boundaries. Absorption characteristics of single
NWs were simulated by impinging a plane wave with either
transverse electric (TE) or transverse-magnetic (TM) polarization
using the total-field, scattered-field method. A polarization-
independent transmittance was calculated by averaging the TE
and TM transmittance. The simulation was repeated for NW
diameters from 20 to 145 nm in steps of 3 nm.

Notes
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