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Abstract — Carbon nanotube (CNT) has been envisioned
as a promising channel replacement for silicon in sub-5 nm
logic technology nodes. Successful implementation of
CNT-based CMOS technology requires high-quality lowresistance contacts for both p - and n -type field-effect
transistors (PFETs and NFETs) that can be scaled down to
sub-10 nm size. End-bonded contact schemes potentially
provide the solution for ultrascaled contacts to CNTs with
their low and size-independent contact resistances. In this
paper, we report a new form of end-bonded metal contacts
made by carbon dissolution into metal contacts with high
carbon solubility (e.g., Ni and Co). This new approach
requires low annealing temperature (400 ◦ C–600 ◦ C) and
maintains metal integrity post contact formation, which
has been the major issue in previous metal carbidebased demonstrations where typically >900 ◦ C annealing
is required. The end-bonded Ni contacts serve as robust
p -type contacts to CNTs, and perform better than standard
side-bonded Pd contacts at scaled dimensions. In addition,
for the first time, we demonstrate CMOS logic with endbonded Ni contacts, featuring the smallest reported contact
size thus far for CNT inverters. These findings could pave
the way to realizing CNT-based scalable CMOS technology.
Index Terms — Carbon nanotube (CNT), CMOS logic,
end-bonded contact, n-type field-effect transistors (NFET),
nickel.

I. I NTRODUCTION

T

HE aggressive scaling of silicon technology is now
quickly approaching the fundamental physical limit [1],
setting the stage for competitive substitutes in the postsilicon
era [2]–[5]. Among them, carbon nanotubes (CNTs) stand
out with exceptional electrical properties, including high drive
current, superior ON/ OFF ratio, high mobility, and long meanfree-path for ballistic transport [6], [7]. Experimentally, CNT
p-type field-effect transistors (PFETs) with sub-10 nm channel
lengths have been demonstrated that outperformed the best
conventional silicon analog [8], and also CNT PFET-based
complex logic and integrated circuits have recently been built
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Fig. 1. Schematic illustrations of three possible contact schemes for
CNT. (a) Metal side-bonded contact, (b) Metal carbide end-bonded contact through high-temperature annealing. (c) Metal end-bonded contact
through carbon dissolution into the metal contact upon annealing.

toward system-level integration [9], [10]. In the miniaturization
of transistor size for aggressive CMOS scaling, not only the
channel length but also the source/drain contact length needs
to be scaled down accordingly, which reduces the channel
resistance while simultaneously increasing the contact resistance. Such opposite scaling characteristics have brought us
to the stage where the contact resistance becomes comparable
to the channel resistance, and ultimately limits the transistor
performance [1].
In practice, conventional electrical contacts to CNTs are
usually made by directly depositing metals on top of the
CNT (i.e., side-bonded contacts), as illustrated in Fig. 1(a).
PFETs and n-type field-effect transistors (NFETs) can be made
with high- and low-work function metals, respectively, to
selectively inject holes or electrons into the intrinsic (undoped)
CNT channel. The metal work function, along with the metalCNT interaction strength (e.g., binding energy and wetting
property) [11], largely determines the contact resistance. Perceptibly, the contact area for side-bonded contacts is proportional to their contact length, L cont , and hence the contact
resistance Rcont is inversely proportional to L cont , as described
by [12]
2ρcont
dCNT L cont
where ρcont is the specific contact resistivity
the CNT diameter. Equation (1) is valid if
than the charge-transfer length. This scaling
been observed in earlier contact length scaling
Rcont =
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and dCNT is
L cont is less
behavior has
studies using
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palladium (Pd) side-bonded contacts, where Rcont shot up
dramatically from 5 k for large contacts (L cont ∼ 200 nm)
to about 65 k for L cont ∼ 9 nm [12]. Our recent study
on n-type contacts to CNTs using scandium (Sc) have shown
an even larger Rcont (nearly eight times larger than Pd) [13],
because of oxidation and poor surface wetting issues for lowwork function metals [14]–[18].
To address the above contact resistance issue, novel contact
schemes are needed. As illustrated in Fig. 1(b), one interesting
approach is to form metal carbides through thermal annealing,
similar to the silicidation process used in silicon technology.
In this end-bonded contact, the contact area, nominally the
cross section of CNT, is independent of L cont , leading to a
size-independent Rcont . This has been demonstrated in our
recent work through the solid-state reaction between molybdenum (Mo) contacts and carbon (C), forming Mo/Mo2 C endbonded contacts that exhibit a size-independent Rcont ∼ 30 k
with L cont down to 9 nm [19]. Earlier in situ transition
electron microscopy (TEM) studies also observed the formation of various metal carbides through annealing, such as
TiC [20], NbC [20], and WC [21]. However, typical metal
carbides formation usually requires very high-temperature
annealing (above 900 °C). Such high process temperature
can induce metal crystallization and large roughness, causing
reliability as well as manufacturability issues. In addition, endbonded contacts to CNTs reported thus far are all p-type, while
n-type end-bonded contacts have yet to be demonstrated.
In this paper, we report a new approach to form endbonded metal contacts to CNTs at significantly lower annealing temperatures than previously demonstrated [Fig. 1(c)] [22].
This is achieved by using metals with high carbon solubility
(e.g., Ni and Co) [23], so that the carbon atoms dissolve
into the metal contacts upon annealing, naturally forming
end-bonded metal contacts. Using this approach, we successfully demonstrate high-performance p-type CNT transistors with Ni end-bonded contacts by annealing at moderate
temperatures of 400 °C–600 °C. In addition, we fabricate
CNT NFETs from the same Ni end-bonded contacts using
aluminum oxide (Al2 O3 ) passivation, which serves as an
n-type physicochemical doping layer, and further demonstrate
complementary logic (CMOS inverters) with both p-type and
n-type end-bonded contacts.
II. CNT PFETs W ITH E ND -B ONDED Ni C ONTACTS
To start, standard back-gated CNT transistors (nominal
L ch = 150 nm, width = 20 μm) with Ni side-bonded contacts
were fabricated on 10-nm SiO2 /Si substrates with randomly
dispersed CNTs (see Appendix A-B for fabrication details).
The tube density was about 1 tube/μm2 [Fig. 2(a)]. Ni was
chosen as source/drain contacts because it has high carbon
solubility and is widely used as a catalyst for CNT and
graphene growth [23], [24]. To convert side-bonded contacts
to end-bonded contacts, devices were annealed at temperatures
ranging from 250 °C to 600 °C. Fig. 2(b) plots the drain
current (Ids ) as a function of gate bias (Vgs ) at a drainto-source bias (Vds ) of −0.5 V for 207 transistors with
as-fabricated Ni contacts, showing an ambipolar behavior with
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Fig. 2. (a) SEM image of a fabricated CNT transistor. Ids –Vgs curves at
Vds = −0.5 V of 207 CNT transistors. (b) With as-fabricated Ni contacts,
and (c) after annealing at 250 ◦ C for 5 min. The nominal channel length
is Lch = 150 nm.

Fig. 3. (a) and (b) Ids –Vgs curves at Vds = −0.5 V with Ni contacts,
annealed at 400 ◦ C, and 600 ◦ C, respectively, showing strong unipolar
p-type transistor. (c) Ids –Vgs curves at Vds = −0.5 V of a control sample
with standard Pd contacts. The nominal channel length is Lch = 150 nm.
The extracted threshold voltage variation from (a) to (c) is ΔVt = 0.30,
0.27, and 0.43 V, respectively.

low ON current (ION ) below 1 μA. After annealing at 250 °C,
transistors remained ambipolar with slightly enhanced ION
[Fig. 2(c)], likely due to improved contact wetting on CNT.
Remarkably, as the annealing temperature increased to
400 °C–600 °C, transistors turned to unipolar p-type with
much improved ION around 10 μA [Fig. 3(a) and (b)], which
is expected from the high work function of Ni (5.15 eV,
close to the value of Pd). Such a dramatic transition upon
annealing hinted at a transformation in the contact scheme,
that is, from Ni side-bonded contacts to end-bonded contacts.
A control sample with standard Pd contacts was made using
the same CNT solution, showing a similar ION level to those
with annealed Ni contacts [Fig. 3(c)]. The threshold voltage
variation can be extracted from Fig. 3(a)–(c) to be Vt =
0.30, 0.27, and 0.43 V, respectively. It is found that the
annealed Ni contacts exhibited less device variation than
standard Pd contacts, which is likely attributed to the annealing
effect. Therefore, with competitive performance compared to
Pd, our annealed Ni contacts may even be favored in the future
process integration because of its much lower cost and less
contamination to the existing silicon-based process line.
An experiment was designed to prove that CNTs indeed
dissolved into Ni contacts upon thermal annealing for the
formation of end-bonded Ni contacts. We first patterned
40-nm-thick Ni pads (50 μm by 50 μm in dimension) and
lines (1 μm pitch) on high-density CNT films deposited
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Fig. 5. (a) Ids –Vgs curve at Vds = −0.5 V for a typical CNT transistor
with a nominal Lch = 150 nm. The red dotted line fits a transconductance
of gm = 3.1 ¯S. (b) Corresponding Ids –Vds curves with Vgs ranging
from −3 to 0 V.
Fig. 4. (a) Optical image of Ni pad on high-density CNT film. (b) SEM
image of the test region after wet etching the Ni pad without annealing.
(c)-(e) SEM images after 250, 400, and 600 ◦ C annealing for 5 min
followed by Ni etching, respectively. The scale bars equal to 2 μm.
(f) Raman spectra taken from the red spot in (a) after annealing
and Ni etching. It is seen that CNTs dissolve into Ni upon annealing
at 400–600 ◦ C, but not at 250 ◦ C or below.

on SiO2 /Si substrates [Fig. 4(a)], then again annealed these
samples under vacuum at different temperatures, from 250 °C
to 600 °C, followed by wet etching of Ni pads using nitric acid.
Scanning electron microscopy (SEM) was used to inspect the
test regions that were originally covered by Ni pads. As shown
in Fig. 4(b), when the sample was not annealed, CNTs were
not removed in the test region after the Ni pad removal, and
the CNT density remained the same in comparison with the
blank region. A similar result was observed when the sample
was annealed at 250 °C before Ni pad removal, as shown
in Fig. 4(c). However, as the annealing temperature increased
to 400 °C–600 °C, CNTs in the test region were completely
gone, in clear contrast with the blank region, in which can
be seen in Figs. 4(d)–(e). The successful dissolution of CNTs
into the Ni pads was also further verified by Raman spectra
taken in the same regions after thermal annealing and Ni pad
removal, as shown in Fig. 4(f). These results confirmed that
CNTs indeed dissolved into Ni contacts upon annealing at
400 °C–600 °C, but not at 250 °C or below, which also
clearly explained the dramatic transition in device performance
observed in Figs. 2 and 3. Similar experiments have also
been performed on CNT transistors with cobalt (Co) contacts,
which have similarly high carbon solubility, and a similar
transition from weak ambipolar to strong unipolar p-type
transistor behavior was observed upon thermal annealing at
400 °C and above [22]. Our observations agree with a previous
in situ TEM study, which reported the formation of heterojunctions between multiwall CNTs and metal nanocrystals
(e.g., Ni and Co) via intense electron beam irradiation at
temperatures in the range of 450 °C–700 °C [25]. These heterojunctions showed atomically clean contact interfaces with
mechanically strong metal-carbon covalent bonding, essentially different from conventional metal side-bonded contacts
on CNT surface.
III. E VALUATION OF Ni E ND -B ONDED C ONTACTS
To further evaluate the quality of Ni end-bonded contacts,
Fig. 5(a) plots the Ids –Vgs curve at Vds = −0.5 V for a typical

CNT transistor with a nominal L ch = 150 nm, showing a
current ON / OFF ratio of 2.5×105 and a transconductance (gm )
of 3.1 μS in the linear region. From Fig. 5(b), it can be
seen that the device also displays output current saturation
and linear Ids –Vds characteristics in the high and low Vds
bias regions, respectively. Reliability test was also performed
by running continuous Ids –Vgs measurements on the same
device over 100 times, where no apparent degradation in the
device performance was observed [22]. This result suggests
that the Ni end-bonded contact is highly reliable, despite the
fact that all carrier injection occurs over a tiny contact area of
about 2 nm2 with negligible spreading resistance [19].
A signature characteristic for end-bonded contacts is the
size-independent contact resistance [19], distinct from the
undesired length scaling behavior from conventional sidebonded contacts [12]. To verify this, a set of CNT transistors
with a ballistic channel length (L ch = 60 nm) and different
contact lengths were fabricated on a long CNT grown by
chemical vapor deposition (CVD) (mean-free-path L mfp ∼
200 nm [12]), in order to eliminate other factors like tube
diameter dependence (see Appendix D for fabrication details).
Fig. 6(a) shows the Ids –Vds curves of four CNT transistors
with L cont = 300, 70, 50, and 30 nm after annealing, showing
about the same ION across different L cont . With a ballistic CNT
channel, the contact resistance Rcont can be simply extracted
by subtracting the quantum resistance R Q = h/4e2 ≈ 6.5 k
(h is the Planck’s constant and e is the electron charge) and
also the lead resistanceRlead from the total transistor resistance
Rtotal = Vds /Ids [22]. Fig. 6(b) plots the length-dependent Ni
contact resistance (from multiple devices) along with reported
values from the literature for Pd side-bonded contacts and
Mo/Mo2 C end-bonded contacts [12], [19]. As expected, the Ni
end-bonded contact resistance shows a negligible dependence
on the contact length, and the value (Rcont ≈ 30 k) is similar
to that of Mo/Mo2 C end-bonded contacts. This result reaffirms
the nature of Ni end-bonded contacts to CNTs.
IV. CNT NFETs AND CMOS I NVERTERS
To further realize CNT-based scalable complementary logic,
both high-performance PFETs and NFETs constructed with
end-bonded contacts are highly desired. The major challenge
arises from the fact that no solution for n-type end-bonded
contacts has been demonstrated yet. This is mainly because:
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Fig. 6. (a) Ids –Vds curves for a set of CNT transistors with ballistic
channel length of Lch = 60 nm and different Lcont from 300 to 30 nm,
showing a similar on current level. (b) The extracted contact resistance
from three sets of CNT devices with Ni contacts, showing a roughly
size-independent contact resistance of 30 kΩ. The data are plotted
with solid symbols. Literature-reported data from Mo/Mo2 C end-bonded
contacts (open symbols) and also Pd side-bonded contacts (dashed line)
are also included for comparison.

1) typical n-type contacts (e.g., Sc [14], Er [15], Y [16],
Ca [17], and La [18]) previously investigated do not have high
enough carbon solubility to form end-bonded contacts through
thermal annealing as Ni does and 2) most metal carbides
(e.g., Mo2 C [19]) have work functions much higher than the
electron affinity in CNT, so they cannot be used as good n-type
end-bonded contacts either. While controllable substitutional
doping in CNTs is hardly feasible, physicochemical doping
through a dielectric layer (i.e., “field-effect” doping by fixed
charges or interface dipole) is possible to tune the carrier type
in CNTs. This solid-state doping strategy can provide better
stability over earlier chemical doping approach (i.e., chargetransfer doping by mobile ions) [26]–[29]. For example, there
have been several reports of air-stable CNT NFETs using
SiNx (by plasma-enhanced chemical vapor deposition,
PECVD), HfO2 (by atomic-layer deposition, ALD), or MgO
(by e-beam evaporation) as an n-type doping dielectric for
the CNT channel [30]–[34], where robust high-work function
metals (e.g., Pd and Au) can be used as source/drain contacts.
Here, we demonstrate that ALD-deposited Al2 O3 can also be
used as an n-type physicochemical doping layer that transfers
Ni end-bonded PFETs into NFETs, so that CMOS inverters
can be built with entirely end-bonded contacts.
Fig. 7(a) illustrates the schematic of a CNT-based CMOS
inverter with Ni contacts on a 10-nm SiO2 /Si back-gate
substrate, in which the NFET is selectively passivated with
20-nm-thick Al2 O3 by ALD at 250 °C. Fig. 7(b) outlines the
fabrication process flow, and Fig. 7(c) shows an SEM image
of the fabricated inverter (see Appendix C for fabrication
details). The nominal transistor channel length was 150 nm,
and the source/drain Ni contact length was approximately
40 nm, where the small contact length were predefined by
hydrogen silsesquioxane (HSQ) trenches patterned with an
additional step of e-beam lithography (EBL) prior to the Ni
contact patterning. The HSQ layer, which became SiO x after
e-beam writing and then annealing, also helped protect the
CNT channel in the subsequent fabrication processes.
Fig. 8(a) plots the transfer characteristics for the PFET
and NFET in one typical inverter at two different source–

2747

Fig. 7. (a) Schematic illustration of a CNT-based CMOS inverter with Ni
end-bonded contacts, in which the NFET is converted from PFET using
20-nm-thick-Al2 O3 passivation as an n-type doping layer. (b) Process
flow for the fabrication of CMOS inverter. (c) SEM image of a CMOS
inverter with nominal Lch = 150 nm and Lcont = 40 nm. The right panels
show the enlarged SEM images of the PFET and NFET. The scale bar
equals to 400 nm.

Fig. 8. (a) Ids –Vgs curves of the PFET and NFET in one CNT inverter
at two different Vds (−0.1 and −0.5 V for the PFET; 0.1 and 0.5 V for
the NFET). With the Al2 O3 passivation, the converted NFET showed a
similar current drivability with that of PFET. (b) Corresponding Ids –Vds
curves with gate bias Vgs ranging from 0 to −3 V for the PFET and
from 0 to 3 V for the NFET. (c) Output voltage (left axis) and inverter
gain (right axis) as a function of the input voltage. The inverter shows
an abrupt switching from Vdd = 0.5 V to Vss = −0.5 V with a superior
inverter gain above five.

drain biases (Vds = −0.1 and −0.5 V for the PFET, and
Vds = 0.1 and 0.5 V for the NFET). Fig. 8(b) plots the output
characteristics with gate bias ranging from 0 to −3 V for
the PFET and from 0 to 3 V for the NFET, showing that
with the Al2 O3 passivation, the converted CNT NFET with
Ni end-bonded contacts showed a current drivability similar
to the PFET. The mechanism for the observed PFET-to-NFET
conversion could be attributed to electron doping in the CNT
from the fixed charge in the ALD-Al2 O3 layer [35], [36],
and also possible electric dipole formation at the Al2 O3 /SiOx
interface [22]. The n-type doping reduced the Schottky barrier thickness for Ni contacts in NFET, allowing for tunneling injection of electrons into the CNT channel. These
Al2 O3 -passivated CNT NFETs showed excellent stability over
time [22]. Last, as the input gate voltageVin was swept
from −3 to 3 V, the correct inverter functionality was demonstrated in Fig. 8(c), showing an abrupt Vout switching from
Vdd = 0.5 V to Vss = −0.5 V with an inverter gain higher

2748

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 6, JUNE 2017

than five, which is a reasonable performance considering the
relatively thick gate oxide (tSiO2 = 10 nm). Measurements
from over 60 inverters fabricated on the same chip showed a
high yield above 75% [22].
V. C ONCLUSION
In conclusion, we have demonstrated a new form of endbonded metal contacts to CNTs. Different from previous
approaches using metal carbide formation at high temperatures (typically above 900 °C), our method relies on carbon
dissolution into metal contacts (e.g., Ni and Co) with high
carbon solubility, which can be achieved at much alleviated
temperatures (as low as 400 °C). Experimentally, we have
observed a significant transition from weak ambipolar to
strong unipolar p-type in CNT transistor characteristics upon
thermal annealing between 400 °C–600 °C, indicating the
successful conversion from conventional Ni side-bonded contacts to end-bonded contacts. SEM and Raman spectra have
confirmed the carbon dissolution into Ni for the formation
of end-bonded contacts. Despite the tiny contact area for
carrier injection, these contacts have been shown to be very
robust with superior transistor performance, including a high
ON current, small device variation, and a large current ON/ OFF
ratio (105–106 ). The Ni contact length scaling study revealed a
size-independent contact resistance of about 30 k, reaffirming the signature characteristic of end-bonded contact. In order
to further build CNT-based complementary logic, we have also
successfully demonstrated the conversion of CNT PFETs into
NFETs with end-bonded contacts using Al2 O3 as an n-type
physicochemical doping layer. With this technique, we have
fabricated high-performance CMOS inverters with Ni endbonded contacts for both PFETs and NFETs, which featured
the smallest reported contact size for CNT inverters. Based
on this paper, more sophisticated CMOS logic circuits can be
readily built with high-quality scalable end-bonded contacts.
It is also worth noting that such end-bonded metals contacts
are also ferromagnetic at room temperature, which could
enable useful spintronics applications (e.g., high-efficiency
spin injection into CNTs) and hence add more functionality
in the future CNT-based logic devices and circuits [37], [38].
A PPENDIX
The experiment method details are described in this section.

A. CNT Solution Preparation
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2’-bipyridine})] (PFO-Bpy) was purchased from American Dye
Source, and single-walled carbon nanotube SWCNTs
(AP-CNT) was purchased from Carbon Solutions Inc.
PFO-Bpy (10 mg) were dissolved in 10 mL of toluene
with gentle heating (∼90 °C) to fully dissolve the polymer.
Approximately 20 mg of SWCNTs was added to the toluene
solution and sonicated with a 6-mm sonication tip (Sonics
VCX 250) for 30 min at 1-s pulses while being cooled in a
water bath. Following sonication, the solution was centrifuged
for 10 min at 15 krpm in an SW T41 rotor (Beckman).
The top 90% of the solution was then collected and used
as is [39].

B. CNT Transistors Fabrication
Random network of highly purified semiconducting CNTs
were then deposited on 10-nm SiO2 /Si substrates from solution through a standard drop casting process (tube density
about 1 tube/μm2 ). The receiving substrates were thoroughly
rinsed with toluene to remove excess amount of PFO-Bpy
polymer, and then annealed in vacuum (pressure less than
10−7 Torr) at 450 °C–500 °C for 30 min to remove surfactants wrapped on the CNT surface. Source/drain contacts
were defined by EBL using 950 PMMA A3 resist, and then
40-nm-thick Ni was deposited using e-beam evaporation followed by lift off in hot acetone. As-fabricated devices were
annealed in vacuum at different temperatures from 250 °C to
600 °C for 5 min. It should be noted that the trace polymer
residue (such as PFO-BPy backbone [40]) left on the CNT
surface could also dissolve into Ni upon annealing and hence
does not affect the device performance and end-bonded contact
formation.
C. CNT Inverters Fabrication
For the fabrication of CMOS inverters with short contact length (L cont = 40 nm) for both PFETs and NFETs,
HSQ trenches were first patterned with EBL to define the
source/drain contact regions. After resist development, samples were annealed in vacuum at 500 °C for 2 min to harden
the HSQ resist, which essentially become SiOx . Then Ni
contacts were defined by another EBL and e-beam evaporation
to fill in the HSQ trenches. After 500 °C vacuum annealing for
5 min to form end-bonded contacts, the sample was passivated
by 20-nm-thick Al2 O3 using ALD at 250 °C. A third EBL
process with PMMA resist was done to expose the Al2 O3
passivation on PFETs, which was then etched away using
50:1 buffered oxide etchant.
D. Contact Length Scaling Studies
Long CNTs grown by CVD were transferred to 20-nm
SiO2 /Si substrates in order to fabricate a set of CNT transistors with different contact lengths. The growth of CVD
tubes were carried out on ST-cut single-crystalline quartz
substrates in a tube furnace at 900 °C using patterned iron
particles as catalyst, and the generated aligned arrays of
nanotubes have an average density of 1 tube per μm and
length up to 50 μm [41]. These aligned arrays of CVD tubes
were transfer printed to the target substrate together with
100-nm-thick e-beam evaporated gold (Au) film using a thermal release tape (RevAlpha 3198M). A brief baking at 130 °C
on hot plate delaminated the tape, and organic residues were
then removed by a subsequent oxygen plasma etching. After
that, the protective Au film was fully etched away by standard
Transene TFA Au etchant. The 20-nm-thick Ni source/drain
contacts were defined by EBL using 495 PMMA A2 resist.
An additional EBL using PMMA/HSQ bilayer resist was
performed to pattern 400-nm-wide etch mask to protect the
channel region of each CNT transistor, followed by the device
isolation step using oxygen plasma etching to remove outside
CNTs. Finally, devices were annealed at 500 °C for 5 min to
form end-bonded contacts.
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E. Instrumentation
CNT transistors were measured at room temperature on a
Cascade Microtech Summit 12000 semiautomated probe stations connected to an Agilent B1500A Semiconductor Device
Analyzer. The SEM images were taken with a Zeiss/LEO
1560 microscope.
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