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ABSTRACT As-grown randomly aligned networks of carbon nanotubes (CNTs) o’ —
invariably suffer from limited transport properties due to high resistance at the 10° - L7 et Forming ac ot

crossed junctions between CNTs. In this work, Joule heating of the highly resistive @ 210° e \ \ \
CNT junctions is carried out in the presence of a spin-coated layer of a suitable 110 e

chemical precursor. The heating triggers thermal decomposition of the chemical 0

precursor, tris(dibenzylideneacetone)dipalladium (Pd,(dba)s), and causes local

deposition of Pd nanoparticles at the CNT junctions, thereby improving the on/off

Precursor

current ratio and mobility of CNT network devices by an average factor of ~6. This process can be conducted either in air or under vacuum depending on the

characteristics of the precursor species. The solution-mediated nanosoldering process is simple, fast, scalable with manufacturing techniques, and

extendable to the nanodeposition of a wide variety of materials.
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arbon nanotubes (CNTs) have been
C explored extensively for a number of

applications because of their excep-
tional electrical," > thermal,*~® chemical,”®
and mechanical®'® properties."' '* Specifi-
cally, the small dimensions and mechanical
flexibility of CNTs make them potentially
useful as the active channel materials in
thin-film transistors (TFTs) on transparent
and flexible substrates.'>~'° The performance
of CNT-based TFTs is greatly enhanced by
using CNTs that have been sorted according
to their electrical types,?®~?* or by growing
aligned CNTs**~?® and subsequently transfer-
ring them onto suitable substrates. In addi-
tion, chemical vapor deposition (CVD) of
randomly aligned CNTs can afford TFTs
whose performance rivals that of organic
or amorphous silicon-based devices.?” =2 Im-
pressively, by this latter approach, mobilities
of over 1000 cm? V™' s™" and on/off current
ratios (lon/lor) of up to 10° can be achieved.?
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Although CNT networks are easy to fab-
ricate and exhibit promising performance,
they do have their share of drawbacks.
In networks made from either sorted or
unsorted CNTs, the carrier mobility, conduc-
tivity, and power dissipation are greatly
limited by resistance at the CNT—CNT inter-
tube junctions (CNT junctions). Theoretical
and experimental studies have shown that
the electrical**°~3> and thermal®*~*° resis-
tances at the CNT junctions are at least
an order of magnitude higher than those
of individual CNTs3°732 As a result, even
though the devices are built on an oxide,
passing current through the networks causes
significantly localized heating at the CNT
junctions, which degrades the overall device
performance and reliability.3”4%*! Efforts
have been made to lower the junction resis-
tance by depositing nanometer scale metal
particles at the CNT junctions by means
of atomic force microscopy (AFM) assisted

* Address correspondence to
lyding@illinois.edu.

Received for review September 30, 2014
and accepted April 6, 2015.

Published online April 06, 2015
10.1021/nn505552d

©2015 American Chemical Society

AMRTAN TS

WWwWW.acsnano.org

4806



dip-pen nanolithography*? and transmission electron
microscopy (TEM) assisted electron beam (e-beam)
induced deposition,*”®* but these techniques require
slow and serial processes to locate individual junctions.
Other methods that have been proposed to decrease
the sheet resistance of CNT networks include solution-
based selective nucleation of fullerenes** and nitric
acid treatment and doping of CNTs.** Improvements
in the conductivity of CNT networks have also been
achieved by constructive rehybridization of CNT side-
walls.**~*° However, the details of the improvement in
terms of electronic properties specific to transistor
applications, such as mobility and Ion//ogr ratio, remain
unexplored.

A recent study from our group successfully demon-
strated a new approach: selective deposition of metal
nanosolder at the CNT junctions by a gas phase CVD
process.*’ When current is passed through the CNT
network, the high resistance at the CNT junctions
generates nanoscale “hot spots” which trigger highly
localized CVD of a metal such as Pd or HfB, at the CNT
junctions.*’ Although this nanosoldering technique
lowers junction resistance and improves the lon/lorr
ratio, this CVD process limits the composition of the
nanosolder to those materials for which there is a
volatile CVD precursor with an onset temperature for
deposition which is not too high.

In this study, we describe a solution-based alterna-
tive to this CVD method which is also able to deposit
nanometer scale metal selectively at the CNT junctions.
The new process involves spin-coating a chemical
precursor from a volatile solvent to layer a thin film
of the precursor on top of the CNT network. Sub-
sequent passage of current through the network
causes localized heating at the CNT junctions and
induces selective thermal decomposition of the pre-
cursor. After the nanometer scale metal particles
are deposited on the CNT junctions, the thermolysis
byproducts and unreacted precursor are rinsed away.
By using this non-CVD technique, we have been able to
deposit nanometer scale Pd particles selectively at CNT
junctions and improve the Ion/lopr ratio and mobility
of CNT networks by an average factor of ~6. This
solution-mediated technique is simple, fast, scalable
with manufacturing techniques, and easily extendable
to the deposition of other materials.

RESULTS AND DISCUSSION

We chose to deposit Pd onto the CNT junctions
because Pd is known to form ohmic contacts to p-type
CNT devices operating in air; this behavior is a conse-
quence of the high work function of Pd and its favor-
able interaction with CNT sidewalls.**°~>* The Pd
compound Pd,(dba)s (where dba = dibenzoylacetone),
which contains a zerovalent Pd metal center, is widely
used as a Pd source in cross-coupling and alkene
hydrosilylation reactions.>*>* It is soluble in common
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(a) (b)  channel and Contact
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r‘ at Hot Junctions Precursor Layer

\

Figure 1. Schematic diagrams of (a) carbon nanotube (CNT)
network growth on a SiO,/Si substrate by chemical vapor
deposition (CVD), (b) device fabrication using standard
photolithography and e-beam evaporation for channel
and contact patterning with Ti/Pd (0.5/40 nm) electrodes,
(c) solution-mediated application of the Pd,(dba); precur-
sor onto CNT networks by spin-coating, and (d) selective Pd
deposition triggered by resistive heating at CNT junctions
under device operation in vacuum probe station.

organic solvents and can be handled in air, making it
well suited for spin-coating applications.>®

First it is necessary to determine whether the ther-
mal decomposition of Pd,(dba)s leads to elemental
Pd. We find by thermogravimetric analysis (TGA) that
the thermal decomposition of Pd,(dba)s; begins at
~180 °C. In a preliminary study detailed in the Support-
ing Information, Pd,(dba); was dissolved in dichloro-
methane and drop-cast onto three SiO,/Si substrates.
After the solvent had evaporated, one sample was stored
in air at room temperature, one sample was heated in
vacuum to 250 °C, and one sample was heated in air to
250 °C for 90 min. Each sample was rinsed with dichloro-
methane to remove the byproducts and the excess
reactants. The samples were then examined by X-ray
photoelectron spectroscopy (XPS) and energy dispersive
X-ray spectroscopy (EDS). The sample that had been
stored in air at room temperature had very little Pd; it
contained only traces of PdO and PdO,, which are likely
present as impurities in the commercial reagent.>®
Thermolysis of Pd,(dba)s in air gives exclusively PdO,
but thermolysis under vacuum predominantly yields
metallic Pd. We employed heating in vacuum for all
our subsequent studies.

Selective metal deposition of Pd onto CNT network
devices supported on SiO,/Si substrates was carried
out as shown in Figure 1. As detailed in the Methods
section, the CNTs were grown by ferritin-catalyzed CVD
from methane gas on a thermally grown 300 nm SiO,
layer atop a highly doped Si substrate, which acts
as a global back-gate. Then, standard photolitho-
graphy and e-beam evaporation were used to define
the channel and the metal electrodes, which consis-
ted of 0.5 nm Ti as an adhesion layer and 40 nm Pd.
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Figure 2. Transfer characteristics of (a) a CNT network device before and after Pd deposition in (left) linear and (right) log
scales with Vps = 1 V. The arrows indicate Vgs sweep direction and (b) a control CNT network device before precursor
application and after rinsing away the precursor and drying in (left) linear and (right) log scales with Vps = 1 V, showing no
change in the device performance. Channel length and width are L = 150 um and W = 50 um, respectively for both devices.

Spin-coating from chloroform was used to deposit
a ~180 nm Pd,(dba); film. The Pd,(dba); coated device
was loaded into a vacuum-capable probe station,
which was evacuated to a base pressure of ~107> Torr.
In-situ metal probes were used to contact individual
devices and apply various voltages over specific time
periods to locally heat the CNT junctions and induce
selective thermal decomposition of Pd,(dba)s. After
the deposition, the samples were removed from the
vacuum probe station, rinsed thoroughly with clean
solvent, and dried.

Figure 2a shows the transfer characteristic curves
(Vs = —15to 15 V and Vps = 1 V) of a CNT network
device whose channel length and width are L = 150 um
and W = 50 um, respectively, before and after Pd
deposition. To deposit Pd at the CNT junctions, Vps
was applied for ~1.5 s periods first at 10 V and then at
increasingly larger biases (up to a maximum of 150 V).
Vgs was set to either —30 or 30 V depending on
whether the device exhibits p-type or n-type behavior;
as current is passed and the associated heating in
vacuum removes oxygen from the device, the metal—
CNT interface is altered and the device slowly converts
from p-type to n-type.*'>” ~>° V5 was chosen such that
both metallic and semiconducting CNTs are “turned
on” and carry the highest current possible. This proto-
col was carefully followed until there was no longer
any noticeable change in the transfer characteristics in
order to avoid overheating of the CNT network, which
could cause overdeposition of Pd and electrically short
the device. The results indicate that lon Was improved
by a factor of ~4.4, whereas Iorr remained essentially
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the same, in agreement with our previous results using
gas-phase CVD methods.*’ To calculate Ion/logr ratios,
we used the threshold voltage (V1) found by the linear
extrapolation method from peak transconductance
(gm = (dIp/dVis)max), lon at a constant Vs overdrive
from the forward sweep (Vgs — Vrpwp = —10 V), and
lor as the minimum Ips from the same transfer curve.?’”

Deposition of Pd also improves the field-effect
mobility of the devices, ure, by a factor of ~3.9 from
0.97 cm?/(V s) to 3.78 cm?/(V s), as determined from the
relation®’ pre = gml/(WCoxVps), where Cox = 1.04 x
1078 F/cm? is the gate capacitance per unit area
calculated from the parallel plate model of the SiO,.
We note that the parallel plate model overestimates
the gate capacitance, and thus underestimates uge
for low-density CNT networks because only a portion
of the gate oxide is covered by CNTs.226%%7 |mage
analysis reveals that the fill factor of our networks
is ~0.024; that is, approximately 2.4% of the device
channelis covered by CNTs.*® However, this effect does
not interfere with our analysis of the relative improve-
ment in urg, Which is measured by a comparison of
values before and after metal deposition.

Figure 2b shows the transfer characteristics in a
control experiment in which the Pd,(dba)s precursor
was spin-coated, the coated device was exposed
to vacuum, and the device was rinsed with solvent
without performing the nanosoldering step, that is,
without passing any current through the CNT network.
There is essentially no improvement in the transfer
characteristics after this treatment. A related control
experiment was performed in which the spin-coating
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Device with Nanosoldered Pd

Control Device with No Bias

Figure 3. (a) A scanning electron microscope (SEM) image of a CNT network after Pd deposition. Scale bar is 5 um. (b) An SEM
image of a control device onto which precursor was applied without any current flow, showing no noticeable Pd particles.
Scale bar is 5 um. (c—i) Magnified SEM images of CNT network showing CNT junctions nanosoldered with Pd particles. The

scale bar is 1 um.

was carried out with a pure chloroform solution,
the device was subjected to Joule heating under
vacuum and then rinsed. No significant improvement
was observed under these conditions either. For the
six devices on which we deposited Pd via our solution-
mediated process, the average improvements in the
lon/lorr ratio and mobility values were ~6.3 and ~6.0,
respectively. For five control devices in which the
Pd precursor or the heating step was omitted, there
was no significant change in the lon/logr ratio and uee
values (see Supporting Information).

Some hysteresis is apparent in the transfer charac-
teristics of our devices, as is commonly observed for
unencapsulated CNT network devices on back-gated
Si0,/Si substrates.®>~®* The hysteresis can arise from
several factors, including charge injection into the
dielectric substrate, charge trapping by surrounding
water molecules, or electrochemical reaction of water
and oxygen redox couples.®>~7° The threshold voltage
hysteresis (Vrrwp — Vrrev) Of nanosoldered devices and
control devices not nanosoldered with the Pd precursor
are 0.097 £+ 0.50 V and —0.13 £ 0.51 V, respectively,
which suggests that the solution-mediated deposition
process does not introduce significant new trap states
near the CNT/SiO, interface.®®

Figure 3a shows a scanning electron microscope
(SEM) image of a CNT network after Pd deposition, and

DO ET AL.

Figure 3b shows a control device, in which the pre-
cursor was applied onto a CNT network but no current
was passed showing no noticeable signs of metal
particles or residues. Figures 3 panels c—i show mag-
nified SEM images of the areas where Pd was selec-
tively deposited at the CNT junctions, that is, at hot
spots under device operation. According to the AFM
images shown in the Supporting Information, the Pd
particles are ~30—130 nm in height. It is highly likely
that there exist other junctions at which some Pd
deposition had occurred, but the amount is too small
to be visible by means of SEM or AFM.

Because the junction resistance depends on many
factors, including the separation distance, overlap
area, and the electrical types of CNTs involved
in the intertube junctions* 3¢ some CNT junc-
tions may undergo Pd deposition at lower current
(corresponding to lower Vps) than other CNT junctions.
Because the deposited metal lowers the junction
resistance (by increasing the area available for carrier
flow and reducing energy barrier), more current can
now pass through the same CNT junctions. When
Vps is increased even more to deposit Pd elsewhere,
already-deposited CNT junctions may still get hot
enough to cause thermal decomposition of leftover
Pd,(dba)s precursor, which may resultin varying heights
of deposited Pd particles.
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Figure 4. Energy dispersive X-ray spectroscopy (EDS) spec-
trum from a CNT network after Pd deposition. The red curve
is collected from spot 1 and the blue curve is collected from
spot 2 in the inset SEM image, corresponding to bright
particles at carbon nanotube junctions and on the bare SiO,
surface, respectively. The EDS data indicate that the depos-
ited material is indeed Pd and that the obtained spectrum
is not simply from impurities or residues of the precursor
solution.

To confirm that deposited particles are indeed Pd,
we performed EDS measurements on a Pd-nanosol-
dered device. The red curve in Figure 4 shows the EDS
spectrum obtained from a bright particle located at a
CNT junction (Spot 1 in the inset SEM image), whereas
the blue curve shows the EDS spectrum obtained from
the bare SiO, surface (Spot 2). The data clearly suggest
that Pd has been deposited selectively at the CNT
junctions.

Figure 5 shows the results of an air stability test
performed on the Pd-nanosoldered device from
Figure 2a. After 10 transfer characteristic curves were
initially measured, current was passed through the
device in air for 21 h with Vps =1V and Vgs = —15 V.
After this time, an additional 10 transfer characteristic
curves were measured. The stability test shows that the
current Ips decreases over the first 1.2 h by about
a factor of 3. Most likely, this decrease is due to the
increasing adsorption of water molecules, which either
act as electron donors for the p-type CNTs or the
trap charges to create a positive electric potential that
reduces the effective negative Vgs.%%”'~7* After the

METHODS

CNT Growth and Device Fabrication. CNTs were grown by CVD
with the assistance of a ferritin catalyst (Sigma-Aldrich), which
was diluted in deionized water and spin-coated on thermally
grown 300 nm SiO, films on a highly boron-doped silicon
substrate (resistivity 0.05 Q-cm). Before CNT growth, the cata-
lyst was oxidized by heating the wafer in air to 900 °C. After
the wafer had been cooled to room temperature in air, the cata-
lyst was reduced by heating it to 900 °C under H,. Then, the
randomly aligned CNT networks were grown from a mixture
of CH,; and H; at 900 °C for 15 min. The CNT networks were
patterned by standard photolithography and O, plasma etch-
ing. For electrodes, 40 nm of Pd was evaporated onto a 0.5 nm Ti
layer used to improve adhesion to the SiO, film, and patterned
by lift-off. Image analysis with Gwyddion reveals that the fill
factor of our networks is 0.024; that is, that approximately 2.4%
of the device channel is covered by CNTs.*°
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Figure 5. Time-dependence measurement of a CNT net-
work device after Pd nanosoldering with Vps=1Vand Vgs =
—15 V. Channel length and width are L = 150 um and W =
50 um, respectively. After an initial current drop for about
1.2 h, the current stays stable for the remaining 20 h of the
test. The inset plots show consistent transfer characteristic
curves (left) before and (right) after the 21 h current pass
treatment. Each plot is composed of 10 transfer curves
measured consecutively.

initial decrease, the current stayed relatively stable
for the remaining 20 h of the test. The stable current
during the device operation in Figure 5 and consistent
transfer curves before and after the 21 h current pass
indicate that our technique does not cause any stability
issues related to possible electromigration or oxidation
of deposited Pd.

CONCLUSION

We developed a new technique to deposit nano-
scale metal selectively at CNT junctions; this bottom-up
nanosoldering method lowers the resistivity of the
junctions in CNT network devices. The resistive CNT
junctions were locally heated by passing current across
the device, which promotes thermal decomposition
of a spin-coated chemical precursor and deposition
of metal (here, Pd) at the heated CNT junctions,
improving the overall transport characteristics of the
device. This solution-mediated application process does
not require volatile precursors, and is simple, fast, and
scalable with manufacturing techniques. This process
can easily be generalized to deposit other nanomater-
ials onto CNT network devices in a selective fashion.

Pd,(dba); and Sample Preparation. Pd,(dba); was purchased
from Aldrich and purified by methods described elsewhere.>®
About 12.0 mg of Pd,(dba); was dissolved in 1.0 mL of chloro-
form, and the solution was spin-coated at 1500 rpm for 30 s onto
the CNT network devices on SiO,/Si substrates. After the chloro-
form had evaporated in air, the sample was loaded into a
vacuum probe station connected to a turbo pump that kept
the pressure ~107° Torr.

Measurements and Characterizations. All in-air and vacuum DC
electrical measurements were performed using a Keithley 4200-
SCS semiconductor analyzer and a Janis variable temperature
probe station. Transfer characteristics were measured in air for
each device before metal deposition. After Pd particles were
deposited in vacuum and the byproducts and excess precursor
were removed by rinsing the substrates with clean solvents, the
transfer characteristic curves were remeasured in air. To calcu-
late the Ion/lofr ratios, we used Ioy at a constant Vgs overdrive
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from the forward sweep (Vgs — Vrpwp = —10 V) and used Ioge as
the minimum /ps from the same transfer curve.?” Note that for
devices with Iogr lower than the measurement limit, we used
lorr by averaging currents in the fluctuating region in the off
state below V; (see Supporting Information). SEM images were
collected on a Philips XL30 ESEM-FEG instrument at an operating
voltage of 1 kV. EDS analysis was performed using a FEI XL-30 SEM
with field emission gun (FEG) source. AFM images were collected
using a Bruker Dimension IV AFM in tapping mode. The scan size
was 7 um x 7 um with a scan rate of 0.5 Hz. The resolution was
1024 x 1024 pixels, and the drive amplitude and set point were
carefully monitored to ensure good tracking of the surface.
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