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ABSTRACT: A method of electrically contacting vertically grown nanowires of uneven
heights, a common scenario among as-grown nanowires, is reported here using a
chemically synthesized single-crystalline Au microplate as top electrode. The contact is
electrically activated and the contact formation is predominantly due to electromigration.
With this approach, the electrode could ohmically contact several thousand nanowires at

once.
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Bl INTRODUCTION

One-dimensional structures such as carbon nanotubes and
semiconductor nanowires (NWs) are explicitly foreseen as
realistic candidates for modern electronic applications.'
Vertically grown nanotubes and NWs especially are of
paramount importance in ap4plications such as ener: storage,2
sensing,3 power generation,” light-emitting diodes,” and solid
state lighting.® Voltage generation using piezoresponsive
materials has also been shown to be most effective in vertical
geometry.” Although contacting every individual NW and
sourcing the tiny charge or signal from it are important for
effective usage in technological applications,® it is extremely
challenging to employ the pick-and-place method in routine
device fabrication. Thus, top-contacting vertically grown NWs
is still a pertinent issue in the literature." Although drawing
individual contacts out is desirable, it is not usually required; a
canopy of networked contacts serves most applications. An
additional complication is often posed by the typically large
variation in the heights of the vertical NWs. > In this work, the
top contacting of an array of vertically grown NWs of varying
heights is demonstrated while overcoming the fabrication
drawbacks.

Top-contacting individual NWs has been achieved in the past
using scannin% probe techniques - conducting atomic force
microscope' "' and scanning tunneling microscope,” and of
late, nanoprobe'* and air-bridge connection.'® Although these
techniques have been largely successful, they are time-
consuming and, importantly, may not give rise to stand-alone
devices. An alternate but somewhat compromising method is to
top-contact a number of vertical NWs using large area
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electrodes. Deposition of a metal film, say by physical vapor
deposition, would not work as the metal seeps through the
voids in between the NWs and shorts with the bottom
electrode. In order to avoid this, the NWs are typically first
embedded in a dielectric layer such as a polymer. Planarazation
is then performed to get NWs of the desired length.'®
Following etching of the polymer to expose the tips of the
NWs, a metal film is deposited on top as the contact pad."”
ZnO NW-based power generators have been realized by the
above method. Recently, a flexible CNT film was used as a top
electrode for pillared Cul structures in a solar cell.'® Here we
report a simple, lithography free method that makes use of
large, flat, single-crystalline Au hexagonal microplates to contact
vertical NWs via electrical activation. As a case study, InAs
NWs are used, which were grown by chemical beam epitaxy
employing Au catalyst particles on an InAs(111)A substrate
with trimethylindium and tert-butylarsine as metal—organic
precursors.'” The Au catalyst particles have been realized by
thermal dewetting of nominally 0.5 nm thick gold films. The
resulting nanoparticles have a wide diameter range, which
implies that the diameter of the NWs is varied, the mean value
being 75 + 14 nm. The NW growth is Au-assisted, with a Au
catalyst particle at the top of each NW." The as-grown NWs
are not of the same height, the mean height being 0.600 ym
with a relatively large variation of +0.250 ym. Although setting
top contact with the tallest NWs could be achieved by just
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placing a flat electrode, the NWs of smaller heights pose a
challenge. This article describes a method of bringing even
shorter NWs into ohmic contact. The nanowire sample in this
study was chosen to have a broad distribution in the height of
the nanowires and the effort was to bring maximum number of
nanowires into contact.

B RESULTS AND DISCUSSION

The Au microplates that serve as top electrodes in this study
were synthesized by a process developed by the authors,
which involves drop coating a Au-organic complex, i.e.,
(AuCl,)” anions stabilized by tetraoctylammonium bromide
in toluene (25 mM, 100 uL), on a glass substrate and
thermolyzing at 130 °C for 24 h in air. The microplates were
large, extending to several thousand square micrometers and
atomically flat with surface roughness <1 nm.*’ The micro-
plates (area up to ~12 000 um?*) were freed from the substrate
by sonicating in toluene. In order to make the electrical
connection to the Au microplate, a conducting carbon fiber
(diameter 6 um and length 2 mm) coated with Pd
hexadecylthiolate as a soldering precursor was placed with its
one end spanning across a large hexagonal microplate, and the
setup was heated to 250 °C for 60 min to cause metallization of
the precursor and hence soldering22 (see Figure 1b). The
device consists of a clean glass slide as the base for the InAs
substrate carrying InAs NWs and a Au (~40 nm thick) coated
glass slide (of similar thickness as the InAs substrate, ~300 ym)
juxtaposed with a separation of several tens of yms for electrical
isolation (see Figure la). Both the height of NWs and the
thickness of Au coating are insignificant compared to the
thickness of substrates and therefore are not critical process
parameters. Such small differences were taken care by the
bending of the long C-fiber. The arrangement was such that the
C-fiber contacted the Au microplate electrode only from the
top and no NWs directly. The soldered Au microplate was
lifted by holding the fiber from the free end, manually using a 3-
axis micromanipulating tool (Nanomax TS) and placed gently
onto the InAs substrate such that the microplate rested on the
NWs (Figure 1c), and the free end of the fiber on the Au
coated glass slide. Subsequently, the latter was also soldered
using a drop of the Pd precursor. Thus a sandwich device
comprising Au microplate/InAs NWs/InAs substrate was
made. The density of the NWs was measured to be ~12
um~>, and given that the area of the microplate used for the
experiment was ~1000 um? the total number of NWs under
the microplate comes out to be ~12 000. From the SEM image
in Figure 1c, one may visualize the NWs underneath the
microplate edges indicating that they preserve the contact
without being mechanically crushed. This can be rationalized by
considering that the critical load for an ideal elastic column,
often called the Euler load for failure®® due to buckling, is given
by P = mEI/L.?> where E is Young’s modulus and the moment
of inertia, I = 7R*/4, R is diameter of the NW. The effective
length L, is L, = KL, where L is the actual length of the column
or the nanowire, and K is column effective length factor (for
one end fixed and the other end pinned, K ~ 0.7). The buckling
behavior of NWs in this work can be approached by
considering the NW to be a nanocolumn fixed at the base
and pinned at the top (usually called a fixed pinned column),
where P = 2.047°EI/L? The critical load for a single InAs NW
(dia, ~75 nm; height, 1 ym), calculated according to the Euler
load for failure turns out to be 2 X 107* N. The top Au plate
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Figure 1. (a) Schematic showing the device configuration of Au
microplate/InAs NW sandwich. (b) SEM image of the actual sandwich
device, with the clear image of the soldered point between Au
microplate and C-fiber with the Pd solder trace. The Pd metal in
between the carbon fiber and the microplate is also clearly evident. (c)
InAs NWs beneath the Au microplate captured along the edges
(imaging done at tilt angle of 60°).

corresponds to a load of 3 X 107" N per NW, safely below the
critical value.

The prevalent contact by the tallest NWs produced a tiny
current of ~37 nA, when 0.5 mV bias was applied to the InAs
substrate carrying the NWs (the Au microplate was held at
ground potential, see Figure 1a). The current got stabilized at
~84 nA after 45 s. The total resistance of the NWs in contact
works out to be 5.9 kQ, and considering the known
approximate resistance of the individual NW (~25 kQ),** the
fraction of NW in contact is only ~0.04% of the total number
of NWs under the microplate electrode. According to the
height distribution histogram of the NWs (see the Supporting
Information, Figure S1), this corresponds to the tallest NWs
and those which fall short of that height by a few nm. Little
distortions may be caused by the microplate in contact, which
evens out the small differences in heights of NWs. With the
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voltage on (0.5 mV), the current through the sandwich device
began to increase with time which implies either opening up of
more conducting channels or annealing of the set contacts, or
both. This aspect was studied in detail (Figure 2). In the initial
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Figure 2. Current of the sandwich device recorded as a function of
time, applying 0.5 mV for current induced electrical activation at a data
collection rate of 1000 points per second for more than 9000 s. Note
the logarithmic current scale. Inset shows zoom-in for the first 500 s
(linear current scale) and schematic illustrations at various stages of
NWs establishing contact with the top microplate electrode.

240 s, the current increased gradually to 179 nA and jumped to
672 nA at around 246 s. Although a gradual increase may be
taken to represent annealing of set contacts, a jump in current
may correspond to more NWs coming in contact with the top
electrode. The NWs, which are within a short distance from the
top electrode, could be electrically contacted, and going by a
similar estimate as before, this fraction comes out to be ~0.3%
of the total. This type of contact can be visualized as analogous
to atomic wire formation observed in STM studies,”> under an
applied bias between a sharp tip and a flat substrate (Au
nanoparticle terminated InAs NW as “tip” and the Au
microplate as the ‘substrate’ respectively, in the present case).
Further continued application of the bias led to a sudden rise in
the current from 0.82 to 1.87 uA at about ~344 s. Such

noticeable rise in current indicates that a large number of NWs
came into contact. It was estimated that ~1% of all NWs are in
contact at this point (see the schematic illustration in the inset
of Figure 2). In terms of distance from the microplate, this
fraction covers a range of few tens of nm, from the Au
nanoparticle tip (see Figure S1 in the Supporting Information).
Given such large distances, it is reasonable to think that an
electromigration process may be responsible—from microplate
electrode to the Au nanoparticle tip. Such stalactite formation
from the electrodes has been discussed in the context of
molecular systems,26 although the distances involved in those
cases are much smaller. Indeed, electromigration, i.e., migration
of metal under applied field is considered as a serious mode of
failure in printed circuit boards as it forms shorts.”” Usually in
electromigration, dendritic or stalactite filaments grow towards
the positive electrode in an applied DC field.*® From Figure 2,
it may be seen that the current eventually settles around ~1.8
4A but for small sudden variations. This marks the stabilization
of the contact between the microplate electrode and the NWs.
There may be instances of incomplete electromigration with
the Au stalactites being very close but not yet contacting the
InAs NWs, and in such cases tunneling may also be a
contributing factor for overall conduction. As the measure-
ments of nanowire height are based on SEM, nanometric
accuracy was not possible. Tunneling, if exists, is relevant within
1 nm, and given the accuracy of heights measured, no concrete
conclusions can be drawn with regard to the role of tunneling
in transport. Further, tunneling will contribute in the range of
few nanoamps while jumps in current observed are tens to
hundreds of nanoamps. However, much shorter NWs could not
make it owing to large gaps from the electrode. The latter
fraction is astonishingly high, ~99%!

The device was dismantled and the microplate surface which
was in contact with the NWs, was examined (Figure 3). In
contrast to the smooth pristine surface (Figure 3a), the surface
after contacting, is filled with bright features in the AFM
topography image (see Figure 3b). These features represent
local topographical deviations from the atomically flat surface.
The AFM image (shown upside down) in Figure 3c clearly
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Figure 3. AFM images of the Au microplate top electrode surface, (a) before and (b) after electrical activation. (c) Planar view of stalactites on Au
microplate surface (Image is turned upside down for better understanding). (d, e) Histograms of the stalactites tip diameter and height. (f)
Schematic of the sandwich device with the microplate/InAs NWs and the developed stalactites.

1862

dx.doi.org/10.1021/am300063j | ACS Appl. Mater. Interfaces 2012, 4, 1860—1864



ACS Applied Materials & Interfaces

(a) . (b)
104 20 o
o
,V
1] >
—_ 4
E = 10 . ~
E 01 P -
€ ' = 0] vv"
20.011 / S ~
3 L 3
o g e
1E-3 1 O -10 w""
* »
v'
. 4
1E-4 4 / i
o 204 &
00 05 10 15 20 25 30 2010 005 000 005 010
(©) Voltage pulse Voltage (V) m
124 ~ 198
ol - SORRPIR O - 10.0
< - 00
£ 08 )
‘u:-; 0.6 - -10.0
% -
© 04 - 200
0.24 — -30.0
0 1500 3000 4500 - e
Time (s)

Figure 4. Voltage-induced electrical activation: (a) Current at 0.1 V plotted versus the voltage pulse used for contact initiation. All pulses were of
duration ~10 s. (b) I-V characteristics of the sandwich device, before (squares) and after applying a voltage pulse of 3 V (triangles). When 3 V was
pulsed for 10 s, the current improved significantly. (c) Current—time plot showing the retention of the contact of the NWs (read voltage, S mV). (d)
AFM planar image of stalactites on Au microplate surface (image is shown upside down).

shows the stalactites pointing down with lengths up to ~25 nm.
From the histogram in Figure 3d, the mean tip diameter of the
stalactite filament is ~70 nm, which corresponds roughly to the
average diameter of the individual InAs NWs (~7S nm). The
height histogram of the stalactites which could be responsible
for the contact with NWs is shown in Figure 3e. The stalactite
induced contact is illustrated more vividly in Figure 3f. Good
agreement between the results of Figures 2 and 3 is observed:
stalactites with a length of up to 25 nm were found, and NWs
with a maximum distance from the microplate of a few tens of
nanometers are contacted. Also, the NW tips were examined
for evidence of any sharp dendritic or stalactite features
originating from the catalyst particles on the heads of InAs
NWs (see Figure S2 in the Supporting Information);
microscopy indicates that the NWs and the catalyst particles
at the tips of NWs are intact without any deformation. Also, the
stalactites’ magnitude is too large to originate from the catalyst
particle. Thus, the stalactite contacts predominantly originate
from the Au microplate electrode only. This corroborates our
interpretation.

The above method of applying a tiny bias (0.5 mV) and
observing the current through the device with time was carried
out essentially to understand the contacting process. While the
above results gave an insight into the process, finally, only 1%
of NWs could be brought into electrical contact, and this over a
period of ~50 min! To increase the yield of contacted NWs,
increasing the bias and applying it continuously (see Figure S3
in the Supporting Information) would not do as the current
carrying capacity of NWs is limited. It is reported that NWs
start melting when the joule heat generated locally exceeds
typically a few tens to hundreds of #W.** In order to avoid such
a situation, we switched from a continuous application of
voltage to short bias pulses. For a given sample to reach its
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steady state condition, the required voltage was determined
empirically by applying short (10 s) voltage pulses starting from
0.5 up to 3 V. The state of the device after pulsing was
examined using a reading voltage of 0.1 V (Figure 4a). Initially
after pulsing with 0.5 V, the current was low (~510 nA) and
nonlinear. By increasing the pulsing voltage, not only there was
an increase in the current (see Figure 4a) but also nearly linear
I-V behavior was achieved as shown in Figure 4b. Thus a
higher voltage (3 V) in short pulses (10 s) was applied leading
to success in bringing ~50% of the NWs into ohmic contact
(see linear behavior in Figure 4b). These contacts were robust,
because the current remained steady (1.08 + 0.02 mA at 5 mV)
even after 100 min (see Figure 4c). A further increase in voltage
(4 V) did not improve the number of NWs coming into contact
significantly. This is an empirical observation and the
conditions of pulsing voltage may vary depending on the
density of the NWs, area of the microplate, height distribution
of the NWs etc. The swiftness of the contact development in
this case indicates that the above-discussed processes — direct
contact and electromigration — take place simultaneously. The
microplate electrode surface from this device indeed showed
stalactites which are more longer (up to ~62 nm) with a higher
density (Figure 4d).The fraction of NW in contact achieved by
this process can be compared with that obtained with the
airbridge"® or the planarization method."®

B CONCLUSIONS

In conclusion, a simple method for top contacting a large
number of NWs in vertical geometry has been devised using a
mesoscopic Au electrode. In spite of widely distributed heights
of the NWs, almost 50% of the NWs were brought into contact
without damage. The surface of NWs is free and can be
exposed to gases for specific applications in contrast to
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conventional top-contact methods where NWs are constrained
in a dielectric polymer environment. This method is distinctly
different in that it is lithography-free and does not require
sophisticated nanomanipulation techniques. The device is
essentially self-standing, which paves the way to up-scale
circumventing the stumbling block for the development of
NWs/nanotubes from growth to applications.

B ASSOCIATED CONTENT

© Supporting Information

SEM image of the InAs NWs with height histogram; SEM
images of the NWs after electrical analysis; current—time
characteristics of the NW sandwich device at various applied
constant bias (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org/.
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