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Abstract
Multiwall carbon nanotubes (MWNTs) are promising candidates for yielding next generation
electrical and electronic devices such as interconnects and tips for conductive force microscopy.
One of the main challenges in MWNT implementation in such devices is the high contact
resistance of the MWNT–metal electrode interface. Electron beam induced deposition (EBID)
of an amorphous carbon interface has previously been demonstrated to simultaneously lower
the electrical contact resistance and improve the mechanical characteristics of the
MWNT–electrode connection. In this work, we investigate the influence of process parameters,
such as the electron beam energy, current, geometry, and deposition time, on the EBID-made
carbon joint geometry and electrical contact resistance. The influence of the composition of the
deposited material on its resistivity is also investigated. The relative importance of each
component of the contact resistance and the limiting factor of the overall electrical resistance of
a MWNT-based interconnect is determined through a combination of a model analysis and
comprehensive experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

As the feature sizes in electronic devices decrease to nano-
scale, metal resistivity increases due to surface and grain
boundary scattering and wire type structures become more vul-

4 Author to whom any correspondence should be addressed.

nerable to electromigration effects [19, 33]. Multiwall carbon
nanotubes’ (MWNTs) ballistic transport characteristics, high
carrier mobility in the diffusive region, capability of handling
large current densities without mechanical degradation, and
exceptional mechanical properties make them an attractive
material for nano-electronic components [16, 2, 20]. Close
et al [13] recently demonstrated GHz range operation of an
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integrated circuit with MWNT interconnects. However, the
effective resistivity of the MWNT-based interconnect was two
orders of magnitude higher than that of copper. This example
highlights one of the main challenges in implementation of
MWNT as electrical components, namely the high (∼104–
108 �) contact resistance of the MWNT–metal conductor
connection [46, 16]. In the case of MWNT components,
establishment of electrical connection with inner shells of the
tube poses an additional challenge [18].

While several groups were able to demonstrate the low
contact resistance in vertically aligned [34, 39] or free standing
MWNT [18, 28], the methods utilized, such as ‘dipping’
the ends of MWNTs into a liquid metal [18] or growing
MWNTs from preformed catalyst nanoparticles, do not allow
for control over the orientation of the tube and are difficult
to implement in on-the-substrate interconnect configuration.
In this type of device geometry, methods such as electron
beam lithography (EBL) of metal pads [26], joule heating [16],
and gold nanoparticle (‘nano-ink’) suspensions deposition [15]
have been applied to lowering of the contact resistance.
However, these methods produce side-contacted rather than
end-contacted CNT–metal geometries, which according to
Tersoff [46] result in a weak electronic coupling at the Fermi
surfaces and thus a higher intrinsic contact resistance.

Application of electron beam induced deposition (EBID)
of carbon [4, 38, 10] or metal [32, 9] to make the contact to
the MWNT has been demonstrated to simultaneously reduce
the electrical contact resistance [4] and to improve mechanical
characteristics of the connection [14]. Since Bachtold et al
[4] demonstrated that high resolution electron beam imaging
of MWNT significantly lowers its electrical contact resistance
to the substrate, numerous groups [38, 10, 3, 23, 50] have
followed this simple approach. The accelerating voltages and
currents used varied from 5 kV and 7 pA [38] to 20 kV [4]
and 100 pA [14], respectively. The characterization of the
EBID-made amorphous carbon interface has been limited to
electrical [38, 4, 3, 29, 31, 32, 42, 43] and structural (TEM
imaging [23, 5]). In this work, we investigate the influence
of EBID process parameters, such as electron beam energy,
current, geometry, thermal treatment, and deposition time on
the EBID-made carbon connection geometry and resistance.
The relative importance of each component in the resistance
chain and the limiting factor defining the bottleneck in the total
resistance of a MWNT-based interconnect is determined using
a simple analysis and supporting EBID experiments.

2. MWNT interconnect resistance

Yoshikawa et al [50] determined that while the EBID-made
carbon interface consists of a tunneling and Ohmic resistance,
at room temperature and above the tunneling resistance can
be neglected. Thus, the total measured resistance of a
MWNT interconnect is equal to the sum of the individual
resistances of components connected in series, as shown in
figure 1. According to Slade [41] the electrical contact
resistance, Rcontact, is equal to the sum of the constriction
resistance and interfacial film resistance. In case of a MWNT
interconnect connected to the metal pad/electrode via an

Figure 1. Schematic representation of the components contributing
to the total resistance of a MWNT interconnect.

amorphous carbon joint, two interfacial films contribute to
the contact resistance: at the amorphous carbon joint–MWNT
interface (RaC−MWNT interface) and at the amorphous carbon
joint–metal electrode interface (RaC−metal interface). If the joints
at both ends of the MWNT are assumed to be identical, the
total resistance of a MWNT interconnect, Rtotal, equals to:

Rtotal = 2RaC−MWNT interface + 2RaC + 2RaC−metal interface

+ 2Rspreading + RMWNT. (1)

Here RaC is the constriction resistance of the amorphous carbon
joint itself, Rspreading is the spreading resistance of the metal
electrode (on a SiO2/Si deposition substrate), and RMWNT is
the resistance of the MWNT. The location of each of the
components contributing to Rtotal is schematically shown in
figure 1.

Without loss of generality, if the joint is assumed to
have a circular base area, Rspreading can be estimated using an
expression derived by Kennedy [24]:

Rspreading = ρmetal H

πajoint
. (2)

Here, ρmetal is the resistivity of the electrode metal, ajoint is
the diameter of the base (contact) area, and H is the spreading
resistance factor. The spreading resistance factor is a function
of the lateral dimension of the base area (radius ajoint, if a disk
shape is assumed, and its thickness h) and a representative
length scale (aelectrode) of the metal electrode (figure 1). The
representative dimensions ajoint = 10 nm, h = 200 nm, and
aelectrode = 2500 nm yield H ∼ 3. If the electrode with
above specified dimensions is made of copper, the spreading
resistance is equal to 0.6 � and can be neglected.

The electrical resistance of a circular interfacial films is
equal to [6]:

Rinterface = σ

πa2
joint

(3)

where σ is equal to the product of the layer resistivity and
thickness and is assumed to be constant. The bulk electrical
resistance of the carbon joint, Rac, depends on the specific
geometry of the joint,

RaC ∼ ρaCls

As
(4)

where ρaC is the bulk resistivity of the carbon, ls and As

are the representative length and cross-sectional area of the
joint, with their ratio equal to an inverse of the representative
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length scale of the deposit, Lac. The electrical resistance of a
MWNT depends on the number of defects in the structure of
the tube, its length, the number of conducting shells and their
diameter [27]. The resistance of a single shell is given by [27]:

Rshell = h

2e2 N

(
1 + LMWNT

λ

)
(5)

where h/2e2 is the quantum resistance which equals to
12.9 k�, and LMWNT, λ, and N are the length of the tube, the
mean free path of an electron, and the number of conduction
channels in the shell, respectively. The number of conducting
channels depends on the tube diameter, D, and for D > 3 nm
can be approximated as [27]:

Nshell(D) ≈ a D + b (6)

where a = 0.0612 nm−1 and b = 0.425. An error introduced
by the above equation due to different chirality of tubes is
within 15% for all values of D. For both metallic [22] and
semiconducting [27] shells of the MWNT, the electron mean
free path depends linearly on the diameter of the tube and can
be approximated as λ ∼ 1000D (with D in nm) [27]. Thus,
a MWNT with diameter of 100 nm, length ∼1 μm, and only
the outer shell conducting should have a resistance of ∼2 k�.
Conduction through multiple shells significantly lowers the
total resistance of the tube, and would be ultimately desired
for MWNT interconnect applications.

As made, a typical ∼5 μm MWNT interconnect has a
total resistance on the order of a few to few hundred M�,
while MWNT has a resistance of a few k�. Thus, initially
the resistance of the carbon nanotube itself is negligible in
comparison to the total resistance of the interconnect. Further,
without loss of generality if one assumes the contact resistance
of one of the ends to be much smaller than the other (for
example if one of two ends already has a good connection
established using EBID), equation (1) reduces to:

Rtotal ≈ Rcontact ≈ RaC−MWNTinterface + RaC + RaC−metal interface

≈ ρaC

LaC
+ σaC−metal

L2
aC−metal

+ σaC−MWNT

L2
aC−MWNT

(7)

where LaC−metal and LaC−MWNT are the length scales for
the carbon joint–metal and carbon joint–MWNT interfaces,
respectively.

3. Experiment

MWNTs with diameters of 50–150 are purchased from a
commercial vendor, purified by refluxing in nitric acid for
48 h, and dispersed by ultrasonication in dimethylformamide
(DMF). Individual MWNTs are aligned between two ∼200 nm
thick chrome electrodes on top of a ∼1 μm SiO2 layer on a Si
wafer using dielectrophoresis [42]. Specifically, the following
procedure is used: a small drop of DMF solution containing
MWNTs (MWNT concentration 1–10 μg ml−1) is placed atop
of metal electrodes (electrode separation 1–5 μm), and an
AC voltage signal is applied with frequency of 5 MHz and
peak-to-peak voltage of 1–10 V for a period of 1 min. After
dielectrophoretic alignment, the residual droplet is removed by

Figure 2. (a) Schematic of the modified FEI Quanta 200 used for
in situ current measurements and (b) typical current versus time
measurement of EBID amorphous carbon MWNT–electrode
interface.

air brush to avoid excessive nanotube clustering between the
electrodes and the sample is transferred to ESEM for EBID
experiments. EBID carbon joints are fabricated using Quanta
200 ESEM with residual hydrocarbons as a precursor at the
background (chamber) pressure of ∼10−5 Torr. The cone-
shaped carbon joints are deposited by keeping the electron
beam in spot mode for a period of 5 min. Electron beam energy
in 20–30 keV range and electron beam current (spot size) in the
5–140 pA range are used for deposition. The square-shaped
carbon deposits with dimensions of ∼300 nm × 300 nm are
made by scanning the electron beam with energy of 25 keV
and current of ∼140 pA at a frame time of 0.411 s and
resolution of 2048 pixels × 1768 pixels for a period of ∼4–
5 min, corresponding to a refresh time of 2.4 Hz and a pixel
dwell time of 100 ns. The 2 μm long platinum EBID line
is deposited by scanning the electron beam with energy of
25 keV and current of ∼140 pA with simultaneous injection
of an (CH3)3Pt(CpCH3) organometallic precursor. The ESEM
is operated in a line mode with resolution of 2048 pixels and
the line time of 0.23 ms for 10 min, corresponding to a refresh
time of 2.4 Hz and pixel dwell time of 100 ns.

As shown in figure 2(a), the FEI Quanta 200 ESEM
is modified so that a DC voltage signal can be applied
between the electrodes on the substrate used for deposition,
and the resulting current is measured using Keithley 6485

3
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Picoammeter in situ during the operation. The electric current
data are directly imported into Microsoft Excel using the
ExcelLINK program for post-processing.

The electrical measurements are performed in two ways.
In the first method, a desired input voltage is applied and the
resulting current is recorded during the deposition process.
This in situ approach has been previously used by Ando et al
[3] and Madsen et al [29]. In the second method, a set
of current versus voltage data is collected in vacuum, but
with the electron beam turned off, i.e., in the post-deposition
mode. To measure an evolution of the electrical resistance of
the carbon joint as it grows, the procedure is repeated after
each consecutive stage of the deposition process. Figure 2(b)
shows a typical current versus time measurement for EBID
carbon joint formation. The results obtained compare well
to those of Ando et al [3] and Madsen et al [29]. In
this case, EBID is performed at an accelerating voltage of
25 keV, spot size 3, high vacuum conditions (∼10−5 Torr)
and a fixed electrode DC bias of ∼1.5 V. Biasing of substrate
with low (∼2–5 V) voltage does not significantly impact the
electron scattering and generation process [11], but an induced
increase in the surface temperature can significantly impact
the surface diffusion coefficient, mean surface lifetime, and
sticking coefficient of hydrocarbon precursor molecules, which
are all important to dynamics of EBID growth [48]. Focusing
the electron beam on small areas surrounding the ends of
MWNT for 10–20 min gradually increases the measured
current (corresponding to a gradual decrease in the contact
resistance due to a build-up of the carbon deposit) and at some
point a drastic drop in the measured resistance is observed.
According to Banhart et al [5], Yoshikawa et al [50], and
Kahng et al [23] this change can be attributed to the Joule-
heating-induced partial or full graphitization of the deposited
amorphous carbon associated with an increase in the electric
current flowing through the nanotube due to the reduced
resistance of growing carbon joints.

In order to deconvolute the change in resistance of
the carbon joint due to geometrical factors and due to the
properties of the deposited material, the in situ measurements
are performed at a lower bias voltage. Before deposition
experiments, the DC voltage difference between metal
terminals connected by MWNT is adjusted to a baseline value
V0, so that the resulting current is on the order of few hundred
picoamps so it is small enough to avoid a spontaneous joint
graphitization during deposition. The V0 value depends on
the initial resistance of the MWNT interconnect and ranges
from 0.05 to 2 V. Following the approach of Kahng et al
[23] and Yokishiwa et al [50], the changes in the material
properties due to Joule heating are studied after the deposition
process. Specifically, the bias voltage across the interconnect
is gradually increased until a sharp increase in the current,
corresponding to the graphitization of the amorphous carbon,
is observed.

The phase composition and the changes in the structure
of the amorphous carbon due to annealing at different
temperatures are studied using Raman spectroscopy. Raman
measurements are performed using a Witec (Alpha 300R)
confocal Raman microscope using Ar+ ion laser (514.5 nm)

Figure 3. Current versus time measurement during
electrode–MWNT gap bridging experiment. Inset shows the
corresponding SEM image of the gap (the other end of the MWNT is
connected to the second electrode). The electron beam current for
this experiment was ∼140 pA.

as an excitation source according to the usual procedure [40].
The intensity of the excitation source was fixed at 1 mW.
Raman imaging of the EBID-made carbon is performed using
a resolution of 3 cm−1. The imaging was performed at a
resolution of 50 pixels × 50 pixels. The individual spectra
used for analyzing the peak positions and other features are
an average of more than 80 individual spectra.

4. Results and discussion

4.1. Influence of electron beam on electrical measurements

Influence of the electron beam on in situ electrical
measurements is an important factor that has to be taken
into account in interpreting the electric current measurements.
The electron beam contributes to the measured current in two
ways. First, a fraction of the impinging primary electrons
are scattered within a tube and add directly to the measured
current. Second, the impinging primary electrons contribute
indirectly to the measured current by generation of multiple
secondary electrons during inelastic collisions within the
material. In the next two sub-sections the extent to which
the primary electrons alter the in situ current measurement is
analyzed using experimental measurements.

4.1.1. Direct contribution of the primary electrons. Figure 3
shows the electrical current versus time measurement corre-
sponding to the electrode–MWNT gap bridging deposition
experiment shown in the inset. Initially, the measured current
is negative and corresponds exactly to the number of primary
electrons impinging on the substrate (beam current) minus the
number of backscattered and secondary electrons [8]. As a
metal-to-tube connection begins to form, the flow of electron
from one electrode to the other increases due to an applied
bias voltage and begins to dominate the current resulting from
the impingement of primary electrons from the electron beam
(seen as transient from negative to positive current past ∼850 s
in figure 3).

4
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The current due to impingement of primary electrons is
negative because the primary electrons penetrate through the
thin insulator layer and are collected at the ground terminal
(figure 3). However, the direct contribution of the primary
electrons on the measured electrical current is on the order of
the electron beam current (∼pA) and can be neglected when
measuring much higher currents (∼nA–μA) generated upon
applying an external DC bias voltage between metal terminals
connected by MWNT.

4.1.2. Indirect contribution of the primary electrons. When it
is scattered within a medium each primary electron undergoes
multiple inelastic collisions in which low energy secondary
electrons are generated. A small fraction of these generated
secondary electrons emerge from the substrate. Without
an external bias the rest of generated secondary electrons
re-equilibrate within the substrate [8]. However, when an
external bias is applied the generated electrons can migrate
between the electrodes, contributing to the measured electric
current [45]. Figure 4 shows the time evolution of measured
current during consecutive stages of a deposition process,
consisting of building a sequence of overlapping square-shaped
carbon deposit blocks to bridge the gap between MWNT and
the metal electrode (figure 3).

The measured current increases when the electron beam is
turned on and decreases when the electron beam is turned off,
with the characteristic sharp rise and slow exponential decay in
time. As shown in figure 4, this behavior is repeatedly observed
during multiple electron beam on/off cycles. When the electron
beam is focused on the amorphous carbon bridging connection
between the MWNT and a metal electrode (figure 4), the
baseline current (the steady current value at the end of each
decay cycle) gradually increases.

An increase in the current corresponds to a decrease in
the resistance of the bridge due to the extra amorphous carbon
deposition. At the same time, the baseline current in figure 4(a)
does not appreciably increase because the deposition occurs
on top of the already low resistance MWNT. The current
versus time evolution is also studied during deposition of
a platinum line between two metal electrodes with constant
electric potential bias applied along the line. The electron
beam is turned on during the deposit growth process, and then
intermittently turned on and off while focusing on different
regions of the deposited line (the on/off beam cycling is done
when Pt-containing precursor is no longer supplied into the
chamber of the SEM). As shown in figure 5(a), the electric
current increases during the growth of the line and decays
exponentially when the beam is turned off. As shown in
figure 5(b), the baseline current increases only when the
electron beam is focused on a platinum line. As in the bridging
gap experiment, the increase in the baseline current can be
attributed to lowering the resistance of the conducting line
due to extra material (Pt) deposition. Similar experimental
trends have been recently observed by Porrati et al [35],
who attributed the exponential decay of the current, when an
electron beam is turned off, to migration of the extra injected
primary electrons towards the electrode. However, the Porrati’s
hypothesis cannot explain the above experiments because the

Figure 4. Current versus time for consecutive stages of a deposition
process consisting of building a sequence of square carbon deposits
bridging the gap between MWNT and the metal electrode. Regions
exposed to the electron beam are marked in SEM images in insets (a)
and (b). The dashed line traces the baseline (DC) current, which
drifts over time in the course of deposition process. The electron
beam current for this experiment was ∼140 pA.

current due to the injected primary electrons is several orders of
magnitude lower than the measured current. On the other hand,
each primary electron undergoes multiple inelastic collisions
and produces multiple low energy electrons. For example, a
primary electron with energy of 25 keV scattered within silicon
substrate has a penetration depth of ∼6 μm and can undergo
several hundred collisions generating secondary (low energy)
electrons before losing all its energy. Indeed, the magnitude of
the observed decay current suggests that it is due to mostly
the generated, not primary, electrons. To explain the long
exponential time decay it can be noted that the EBID-deposited
material and the SiO2 layer act as the capacitors storing the
charge. The capacitive element is charged during electron
injection (the beam in on) and slowly discharges when the
beam is turned off, providing a transient capacitor-like current
rise and decay over the baseline DC current, which increases
due to a gradual deposit build-up and associated reduction in
the resistance.

Irrespective of the physical mechanism responsible for
transient changes in measured current, in situ current
measurements cannot be used for quantitative determination
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Figure 5. (a) Current versus time measurement for platinum line
deposition experiment, (b) current versus time resulting from turning
the electron beam on and off in various regions on and around the
platinum line. Regions exposed to the electron beam are marked in
SEM image in insets in (a). The dashed line shows the trace of the
baseline (DC) current. The electron beam current for this experiment
was ∼140 pA.

of changes in the MWNT interconnect resistance. The in situ
current trends can only be utilized as a qualitative measure
of the relationship between EBID carbon deposit and the
resistance of the formed joint between MWNT and a metal
pad. To avoid measurement distortion, quantitative resistance
measurements must be taken before and after each deposition
step. Specifically, the DC current versus voltage data are taken
at least ∼10 min after the electron beam is turned off, allowing
the measured current to reach its steady-state value.

4.2. Cone-shaped carbon joint deposition experiments

The change in MWNT interconnect resistance due to
deposition of conical amorphous carbon joints is investigated.
Figure 6 shows typical in situ current and step-wise resistance
measurements, and the corresponding top view SEM images
of the carbon joints (the entire interconnects are shown in
figures 6(d) and (e)). As demonstrated in figure 6(a), the in situ
measured current scales linearly with the deposit diameter.
The trend is quantitatively confirmed by the fact that the total
resistance of an interconnect scales linearly with the inverse of
the diameter of the deposit (figure 6(b)).

The effect of the electron beam energy and current is also
investigated. In each case the experiments are performed on

Figure 6. (a) In situ current versus time measurements during
deposition on the left end of the interconnect shown in (d).
(b) Resistance of a MWNT interconnect versus total deposition time
for deposition on the left end of the interconnect shown in (e).
(c) Detailed view during the later stages of the deposition process
(the resistance measurements were taken ∼10 min after the end of
each deposition stage. The SEM images showing the carbon joint at
different stages of the deposition process are given in the inset in (a)
and (b)).

MWNT with diameter of ∼50–100 nm for total deposition time
of 5 min. The time necessary for the current to reach 90% of
its value 5 min into the deposition process, t90%, is used as a
comparison measure for different EBID settings. Figures 6(a)
and (b) show the dependence of t90% on energy and current
of the electron beam, respectively. While the value of t90%

does not depend on the electron beam energy for electron beam
energy in 20–30 keV range, it shows strong dependence on
the electron beam current (spot size) in the 5–140 pA range.
Specifically, the value of t90% decreases from ∼275 to ∼50 s
with the corresponding current increase from ∼5 to ∼140 pA.
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The trends in figures 6(a) and (b) can be explained by the
dependence of the time evolution of the deposit diameter on the
electron beam settings. As shown in figure 7(c), the diameter
of deposits formed at the spot size 3 and varied electron
beam energies does not differ significantly for corresponding
deposition times. In contrast, the diameter of deposits formed
with the beam energy of 25 keV is much different for the
early deposition times. Specifically, the diameter of the deposit
formed after 1 min of deposition at 25 keV and the spot size
2 is much smaller than a corresponding diameter of a deposit
formed at 25 keV and the spot size 4. However, after 5 min
into the deposition process, diameters of the deposits formed
at those two different settings are similar. Thus, the diameter
of deposits formed at a lower beam spot size (corresponding to
the lower beam currents) increases steadily with time, while the
diameter of deposits formed at higher spot sizes (corresponding
to the lower beam currents) increase rapidly but then saturates.
Accordingly, the resistance of the deposits formed at low
electron beam spot size decreases steadily, resulting in a long
settling time t90%. The resistance of deposits formed at high
spot sizes decreases rapidly and saturates, resulting in a short
settling time t90%.

4.3. Multiple square carbon block deposition experiments

The results obtained in the preceding section demonstrate a
direct dependence of the contact resistance on the carbon
joint geometry. However, the relation between different
structural components contributing to the total resistance of
the MWNT interconnect (see figure 1) cannot be inferred from
the experiments reported previously, because the volume of
the amorphous carbon joint, the carbon joint-to-metal and the
carbon joint-to-MWNT interfacial areas all increase at the
same rate during the deposition process. Thus, following the
relationship in equation (7), a decrease in the total resistance of
the MWNT interconnect cannot be unambiguously attributed
to any individual component in the chain of resistances that
make up the total resistance.

The change in MWNT interconnect resistance due to
deposition of multiple square-shaped amorphous carbon blocks
in different locations on the MWNT end is investigated to
define the dominant resistance in equation (1). Figure 8
shows typical in situ current and resistance measurements
and the corresponding top view SEM images of the carbon
joints. In both cases the first square block deposit (labeled
‘1’ in figure 8) is made at the end of the MWNT, and the
following three square blocks (labeled ‘2’, ‘3’, and ‘4’ in
figure 8) are deposited on the electrode without making direct
contact to the MWNT. The fifth square block (labeled ‘5’ in
figure 8) is deposited on the part of the MWNT resting on top
of the insulator (SiO2) layer. The continuity of the deposit
sequence is assured by a slight overlap of adjacent square
blocks. The in situ measured current increases only during the
deposition of the first and second square blocks (figure 8(a)),
resulting in a respective resistance decrease in figure 8(b). A
further increase in the deposit size or contact area of deposited
carbon to the electrode or MWNT does not decrease the
total resistance of the MWNT interconnect. The geometrical

Figure 7. The time necessary for the current to reach 90% of its final
value during 5 min deposition experiment in spot mode as a function
of (a) electron beam energy and (b) electron beam current (spot size),
(c) top view and 45◦-angle view of cone-shape deposits on MWNT
formed after 1, 3, and 5 min of deposition with settings
corresponding to those in (a) and (b).

arrangement of the individual square block deposits does not
impact the results, either. As shown in figure 8(c), the square
deposits are grown in a straight line and to both sides of
the MWNT. Depositing the second, third, and fourth carbon
blocks increases only the length ∼LaC and area ∼L2

aC−metal in
equation (7) (these two terms increase at the same rate since
the carbon square blocks are thin). During the deposition of
the fifth square block only the contact area of the amorphous
carbon-to-MWNT interfacial film increases (∼L2

aC−MWNT).
Since the measured resistance does not change during the
deposition of the fifth square block, one can conclude that the
area of the initial contact (∼L2

aC−MWNT) resulting from the
deposition of the first square block is sufficient to decrease
RaC−MWNT interface significantly below the value of the sum
of RaC and RaC−metal interface. A decrease of the resistance

7
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Figure 8. (a) In situ current versus time measurement during
deposition at the MWNT end shown in the inset (b) total resistance
of interconnect versus total deposition time for deposition at the
MWNT end shown in the inset. The inset on the left shows a detailed
view of resistance changes during the later stages of the deposition
process (all resistance measurements are taken ∼10 min after the end
of each deposition stage), and (c) different arrangements of the
amorphous carbon connection consisting of multiple deposited
carbon square blocks.

during deposition of the second square block is due to further
decrease in the values of RaC and RaC−metal interface. Saturation
of the measured resistance during deposition of the third and

Figure 9. (a) Typical current versus voltage curve for a
Joule-heating-induced partial graphitization of EBID-deposited
carbon joints. Inset shows the MWNT after it became broken during
the Joule heating experiment, and (b) before and after partial
graphitization current versus voltage curves for carbon film grown
using EBID of residual hydrocarbons. Insets show the film before
graphitization and after its breakage due to high current passage.

fourth square blocks suggests that the resistance could not be
decreased by further increase in LaC and L2

aC−metal.
In summary, these results show that for EBID-made

carbon joints RaC−MWNTinterface � (RaC + RaC−metalinterface),
and in order to establish an effective Ohmic contact between
the MWNT and a metal electrode, a much smaller contact
area between the amorphous carbon deposit and the MWNT
is required as compared to that between the amorphous carbon
deposit and the metal electrode.

4.4. Joule-heating-induced partial graphitization of the
carbon joint

A typical current versus voltage curve for Joule-heating-
induced graphitization of the EBID-made amorphous carbon
joint forming a connection to the MWNT interconnect is
shown in figure 9(a). A drastic increase in the current
is observed when the voltage is increased to 2.5 V. Exact
measurement of the post-graphitization resistance is difficult
because MWNT tend to burn out (i.e., physically destroyed)
during the amorphous-to-crystalline phase transition of the
carbon joint. The inset in figure 9(a) shows the MWNT
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interconnect from figure 6 after it became broken during
graphitization.

The change in the resistivity of the amorphous carbon
deposit due to Joule heating is investigated. Amorphous
carbon film is grown between two electrodes and partially
graphitized in the same manner as the carbon joints to the
MWNT interconnects described in preceding sections. The
before and after graphitization current versus voltage curves
and the corresponding SEM images of EBID carbon film are
shown in figure 9(b).

Before graphitization and after graphitization resistances
of the film are estimated from the slopes of linear parts of
the current versus voltage data. The film resistance decreases
from ∼2 to ∼0.05 M�, which corresponds to a resistivity
decrease from 2 × 105 to 5 × 103 � μm. It should be noted
that the resistivity of the partially graphitized film is still ∼1–
2 orders of magnitude higher than that of bulk graphite [37].
The initial resistivity of the EBID carbon highly depends on
the nature of residual hydrocarbons used as a precursor and
reported values vary significantly [30]. Full graphitization of
the film is difficult to achieve because of severe degradation
of the film with an increased Joule heating (see lower inset in
figure 9(b)).

4.5. Phase composition using Raman microscopy

To further understand the phase composition of the EBID-
made carbon joints is investigated using Raman spectroscopy.
Raman spectroscopy is powerful analytical technique for
probing the physical and chemical properties of various carbon
nanostructures such as carbon nanotubes, graphene, electron
beam deposits [7]. Diameter and the electronic state (metallic
versus semiconducting) dependence of radial breathing mode,
strain sensitivity of graphitic band (G band) and the second
harmonic of disorder band (G′ band) are exploited to
characterize carbon materials [36, 49, 1, 21, 25]. Of particular
significance for the present study is the ratio of the areas
under the disorder band (D band) and the graphitic band (D/G
ratio), which quantifies the size of the degree of graphitization
(size of microcrystalline regions and the phase composition
(amorphous versus crystalline)) [47, 17, 44, 7]. Specifically,
the influence of annealing at different temperatures on the
EBID-made carbon is analyzed. Figure 10 shows the
Raman micromapping of carbon square acquired by integrating
intensity from 1500 to 1700 cm−1 and the corresponding SEM
image. The Raman spectra (and the Gaussian fits) for carbon
square annealed in air for 3 min at 100, 200, 300, and 400 ◦C,
the area ratio for D and G bands are shown in figure 11. One
can clearly distinguish the characteristic G band (1580 cm−1)
and D band (1350 cm−1).

Two distinct trends associated with amorphous carbon
graphitization can be deduced from these data. First the D/G
band ratio decreases significantly with an increase of the film
annealing temperature from 100 to 200 ◦C. Second the full
width at half maximum (FWHM) of the G band decreases
from 125.9 to 80.4 cm−1 with concomitant increase in the
intensity of the peak. Finally, the G band peak position
shifted from 1562 to 1586 cm−1 as the carbon was annealed

Figure 10. (a) Confocal Raman map of an EBID-made carbon
square acquired by integrating the area under the spectra from 1500
to 1700 cm−1 (b) corresponding SEM image.

at elevated temperatures. The decrease of the D/G band ratio
and the narrowing of the G band and the shift of the G band
to higher wavenumbers clearly suggest the conversion of sp3

bonds to sp2 bonds, removal of hydrogen, and conversion
of amorphous carbon to crystalline graphite materials, all
significantly affecting contact resistance discussed above [12].

5. Conclusions

The effect of EBID-made carbon joint geometry, material
properties, and phase composition on the total resistance of
MWNT interconnects is systematically investigated. EBID
carbon joints are fabricated using Quanta 200 ESEM with
residual hydrocarbons as a precursor. The influence of
the EBID-made carbon joints on the electrical resistance of
the MWNT-to-metal interconnects is measured using two
approaches. First, the electric current resulting from a
DC electric potential difference imposed across the metal
electrodes bridged by a MWNT is measured in situ during the
MWNT-to-metal electrode joint deposition process. Second,
the deposition process is performed in several steps, and the
steady-state current versus voltage measurements are collected
∼10 min after the end of each deposition stage. It is
found that the electron beam contributes to the measured
current through an interconnect in a direct and an indirect
way. The direct contribution comes from the injected primary
electrons and is found to be negligible. On the other
hand, the numerous secondary electrons generated in the
course of inelastic collisions of primary electrons as they
scatter in the material during the deposition process alter
the measured current significantly and must be accounted
for avoid measurement artifacts. Specifically, turning on the
electron beam significantly increases the measured current,
while turning the beam off causes an exponential decay of
the measured current. This behavior is consistent with an
interpretation that the EBID-deposited material and the SiO2

layer act as the capacitors for the electron beam generated
electrons. As a result, the in situ current measurements during
the deposition are intrinsically transient in nature, and in
order to obtain the DC current versus voltage I –V curve for
the MWNT–metal interconnect, the measurements have to be
performed ∼10 min after the end of a deposition process as the
system achieves a steady state.

9
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Figure 11. (A)–(E) Raman spectra (Gaussian fits) for EBID amorphous carbon squares annealed at different temperatures. The spectrum is
deconvoluted into overlapping D and G band spectra. (F) Ratio of areas under the D and G bands as a function of temperature.

The cone-shape carbon joints connecting the MWNT and
the metal electrode are fabricated using EBID with (20–30 keV
and ∼5–140 pA) beam and a deposition time of 5 min. The
in situ measured current is found to increase linearly with an
increase in the cone base diameter. This trend is quantitatively
confirmed using measurements of the total resistance of the
MWNT interconnect, which is found to change proportionally
to the inverse of the carbon joint diameter. Since the material
phase composition and interfacial film properties remain the
same during deposition experiments, only geometry of a
deposited carbon joint (i.e., shape and dimensions) contribute
to the lowering of the interconnect resistance. These results
thus demonstrate the importance of topology of a MWNT-
to-metal joint, and not only its material properties, on the
overall electrical contact resistance of the MWNT-to-metal
connection.

In order to assess an individual contribution of each
geometric factor on the resistance of EBID-deposited carbon
joints, deposition of EBID-made carbon square blocks is per-
formed in different configurations. Comparison of the changes
in the electric resistance with the corresponding changes in
the relevant geometric scales of the deposits demonstrates that
for EBID-made carbon joints RaC−MWNTinterface � RaC +
RaC−metalinterface and that a much smaller contact area between
the carbon joint and a MWNT is needed as compared to that
between the carbon joint and the metal pad/electrode.

Lastly, graphitization of amorphous carbon deposits is
analyzed in response to the current induced Joule heating
as well as thermal annealing via external heating. The
resistance of the MWNT–metal interconnect is shown to
decrease significantly upon phase transition in the EBID-made
carbon joints forming the interface. It is found that the
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Figure 12. Chart summarizing the succession of dominant factors
defining the total resistance of EBID-enabled MWNT interconnects
and techniques that can be used for minimizing the magnitude of
each resistance component (MWNT resistance values assume a 5 μm
length of the tube).

resistivity of EBID carbon line decreases from 2 × 105 to
5 × 103 � μm during the Joule heating line experiments.
The partial graphitization of EBID amorphous carbon due to
thermal annealing is confirmed using Raman spectroscopy.
Various features observed in the Raman spectra such as the
decrease in the D/G ratio and the FWHM of the G band peak
and the up shift of the G band peak position strongly support
the graphitization of the EBID-made carbon upon annealing.

In summary, the analysis of different components
contributing to the total joint resistance indicates that the
bulk resistance of the carbon joint (RaC) is ultimately the
most dominant factor, and the bulk carbon resistivity ρaC

can be reduced via annealing of the EBID-deposited carbon
joint, As fabricated, the total resistance is the sum of the
metal electrode–carbon joint interfacial resistance, carbon joint
resistance, and the MWNT–carbon joint interfacial resistance.
After deposition of a sufficiently large EBID amorphous
carbon joint, the total resistance is limited solely by the
resistance of the amorphous carbon material forming the bulk
of the joint. Partial graphitization lowers the resistivity of the
deposited amorphous carbon by two orders of magnitude. As
shown in figure 12, after partial graphitization total resistance
of the MWNT–metal interconnect is no longer limited by
the contact resistance of the joint, but by the resistance of
the outer shell of the MWNT. Further reduction in the total
resistance of the MWNT interconnect can only be achieved
through establishing an electrical contact to the inner shells of
the MWNT.
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