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ABSTRACT (Carbon nanotubes (CNTs) continue to show strong promise as the 25F T T
channel material for an aggressively scaled, high-performance transistor technology. 20k f\
However, there has been concern regarding the contact resistance (R,) in CNT field- ‘ v

effect transistors (CNTFETs) limiting the ultimate performance, especially at scaled 3

contact lengths. In this work, the contact resistance in CNTFETs is defined in the )
context of a high-performance scaled transistor, including how the demonstrated R,
relates to technology targets. The impact of different source/drain contact metals

(Pd, Pt, Au, Rh, Ni, and Ti) on the scaling of R. versus contact length is presented. It is
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discovered that the most optimal contact metal at long contact lengths (Pd) is not necessarily the best for scaled devices, where a newly explored scaled

metal contact, Rh, yields the best scaling trend. When extrapolated for a sub-10 nm transistor technology, these results show that the R, in scaled CNTFETS is

within a factor of 2 of the technology target with much potential for improvement through enhanced understanding and engineering of transport at the

metal—CNT interface.
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oxide—semiconductor field-effect trans-
istors (MOSFETs) has been carried out for
decades in order to increase the density of
devices on a chip and provide better compu-
tational performance. In the past 10 years,
the inability to correspondingly reduce the
operating voltage (Vpp) for MOSFETSs as they
shrink has led to major bottlenecks in device
performance for recent transistor techno-
logies.' ~* To deliver the needed performance
metrics at the device densities of the sub-
10 nm technology nodes (ca. 2020 and
beyond), a transistor must be able to operate
at Vpp < 0.5 V. The inability to reduce Vpp in
Si-based devices has led to an intensifying
search for a new transistor channel material
or device;” 7 one of the foremost options is
single-walled carbon nanotubes (CNTs).
CNTs offer the ideal 1D channel for tran-
sistors, as they are intrinsically 1D (quantum
confinement is part of their natural physical
structure), extremely thin (~1 nm diameter),
and semiconducting (band-gap range of
approximately 500—800 meV, inversely de-
pendent on diameter) and exhibit ballistic

Scaling down the size of silicon metal-
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transport at room temperature.®® Through
the years, there have been many demon-
strations of CNT field-effect transistors
(CNTFETSs) with superb performance, includ-
ing complementary devices,'”'" gate-all-
around devices,'”>" ' and devices with
channel lengths scaled to ~9 nm.">'® In
addition to the 9 nm channel length CNTFET
displaying promising performance at
[Voo| = 0.5 V,'® there have also been circuit
demonstrations of complementary CNT-dri-
ven logic gates operating at Vpp < 0.5 V.'%"7
There have also been advancements in
the purification of semiconducting CNTs
and their precise positioning in parallel
arrays,'®~%* showing promise for achieving
the target purity and placement density by
the 2020 time frame.?* While this device-
and material-related progress is impressive
and motivating, there remains confusion
regarding what will determine the perfor-
mance in a technologically compatible
CNTFET.

Carrier transport through a CNT channel
is ballistic for a channel length (L.,) below
approximately 40 nm, as demonstrated by
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several groups over the years.#%?> This means that
for the total measured resistance in a device, Rio,
the contribution from the channel is effectively zero.
Hence, contact resistance, R., determines the perfor-
mance of scaled CNTFETs. A few years ago, it was
shown that R. increases with decreasing contact
Iength,9 L (the length over which the contact metal
covers a CNT). This contact resistance-related scaling
behavior is not unique for CNTs but is also a major
factor for Si and Ill—V MOSFETSs.2® To follow the current
technology node trend, scaling down L. is as crucial
as scaling L, regardless of the transistor material.
By the 2020 time frame, a channel length of ~10 nm
is expected with a contact length of the same order,
ranging from 7 to 14 nm depending on whether or
not a contact is shared between gates. Efforts have
been made to improve understanding of transport
at the metal—CNT contact to improve the L. scaling
behavior,”” 3° but a complete model is still lacking and
further progress requires more experimental evidence
of transport behavior. What is completely missing from
the community is a clear definition of what constitutes
the contact resistance in a CNTFET and how it relates to
the target R. for sub-10 nm technologies.

In this work, we define R. in CNTFETs as the resis-
tance attributed to one contact for one CNT (kQ/CNT)
and show how it relates to the technology-relevant,
device-level R.ppy (©-um). Because a CNTFET will
require several parallel CNT channels (just as FinFETs
require several Fins), the impact of the density of
parallel CNTs (CNTs/um) on the target R is also
explored. To improve understanding of transport at
metal—CNT contacts, the scaling behavior of six differ-
ent metal contacts is studied: Ti, Ni, Rh, Au, Pt, and Pd.
Interestingly, the metal that provides the lowest R. at
long contact lengths (>100 nm) is not necessarily the
best choice for scaled contacts (<20 nm) based on the
revealed scaling trends. This unique scaling behavior
presented by the different metal—CNT contacts pro-
vides crucial insight for the ultimate CNTFET at sub-
10 nm technologies. Extrapolating the best CNTFET R,
vs L trend to the target L. range reveals that CNTFETs
are within a factor of 2 of the R._pgy technology target.

RESULTS AND DISCUSSION

While the majority of reported CNTFETs have only a
single CNT channel, a technologically viable device will
require several parallel CNT channels in order to deliver
the needed drive current.®' This is not unique to CNTs,
as the same is true for any nanowire or FinFET device.
The basic layout for a CNTFET is shown in Figure 1a,
with six parallel channels, metal source/drain contacts,
and a local bottom gate, as has been demonstrated
previously.”'**" A simple model was built to fit the
experimental data of a single-channel CNTFET with
a 9 nm channel length (see Supporting Information
for details of the model), the shortest channel length
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Figure 1. Impact of contact resistance and CNT density in a
CNTFET with parallel CNT channels. (a) Schematic of a
CNTFET with the channel comprising parallel CNTs at a
certain pitch, metal source/drain contacts, and an embedded
bottom gate. (b) Simulated output characteristics for the
device in (a) at a certain density of CNTs per micrometer
width of the device (CNTs/um). Curves are shown for two
different R, scenarios: blue [quantum limit where the only R,
is from the intrinsic resistance (R, is the quantum resistance
(Rq = 3.25 kQ/contact) divided by the number of transport
modes) and R.,: = 0] and red [external contact resistance at
the metal—CNT junction of R.,; = 10 kQ/contact].

reported to date."® Using this model, the drain current
(Ig) versus drain—source voltage (V) curves were
generated for different contact resistance scenarios.

In a transistor technology, the on-state value that
matters most when considering a device for its scal-
ability and performance is the current per device width
(uA/um), which makes different device technologies
comparable independent of design details. With multi-
ple parallel CNT channels, the pitch of the CNTs will
determine the density in CNTs/um. Note that if CNTs
are too closely packed together, then there will be
adverse charge screening effects that degrade the gate
control of electron flow.>>3* The minimum distance
would be an approximately 5 nm pitch—recall that CNTs
have a diameter of ~1 nm—yielding 200 CNTs/um.
The on-state output curves for 100 and 200 CNTs/um
are given in Figure 1b for two different R. scenarios.
As will be discussed further below, R. is made up of
two components in CNTFETs, an intrinsic (Riy) and
an extrinsic (Rey) resistance. In Figure 1b, the impact of
Rext is illustrated by showing the performance at R, =0
and R.,: = 10 kQ per CNT. Note that R, is for a single
contact in the two-contact device, where the total con-
tact resistance would be 2R..

With the basic device structure defined, along with
a visualization of the impact of R. on performance, a
more detailed picture of the contact resistance is
now considered. The contact resistance in traditional
MOSFETSs is most commonly defined as the measured
resistance multiplied by the device width. We will
denote this resistance R¢_pgy, with units of Q-um. Each
projected transistor technology has a certain target
Rc.pev for achieving the needed performance metrics.
The meaning of R._pgy for CNTFETSs is detailed in Figure 2.
From the schematic in Figure 2b, each CNT has a
corresponding R. (k€2/CNT) per contact. As illustrated,
the device R.pey is then the CNT R. divided by the
density of parallel CNT channels (CNTs/um), which is
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Figure 2. Relationship between target device R.pgy and
CNT R.. (a) Device contact resistance in traditional units of
Q-um versus contact resistance per CNT plotted at three
different CNT pitches: 10, 8, and 5 nm. The projected device
R. range for a sub-10 nm high-performance transistor
technology is indicated, defining the range of CNT R, that
must be targeted with dependence on pitch. (b) Top-view
schematic of a CNTFET illustrating the relevant contribu-
tions to contact resistance and how the individual CNT R,
relates to the overall device R._pey. Also defined is the
contact length, L..

determined by the CNT pitch, yielding Q-um. The
target range for R.pgy in a sub-10 nm technology is
100—150 Q-um,*® as indicated in Figure 2a. For a CNT
pitch between 5 and 8 nm (125—200 CNTs/um), the
target CNT R. range would be 12—30 kQ/CNT. This
target range for R.pgy is from the projections in the
International Technology Roadmap for Semiconductors
(ITRS) and is independent of the transistor channel
material, which could be Si or llI-V or CNTs, because it
represents the spatial resistance of the device.

It is critical to note that the CNT R. (in Figure 2)
contains both an intrinsic and extrinsic component.
This is illustrated in Figure 3a,b, where the extraction
of R. from experimental output curves of devices with
three different contact metals is shown. With a channel
length of 40 nm, these devices have ballistic channels
(Reh ~0), so the measured low-field slope is attributed
entirely to the contacts: 2R, for both contacts. The Ri
component is the fundamental quantum resistance
(Rint = Rq = 3.25 kQ divided by the number of transport
modes), which is constant and results from interfacing
with a quantum confined system.>® The remainder of
the measured resistance is Rey: and arises from the
injection and transport of carriers at the metal—CNT
contact. As demonstrated in Figure 1b, Re,; can con-
siderably impact the device performance and is the
resistance that shows dependence on contact length,
as will be discussed next.

To achieve increased transistor integration densities,
scaling down the size of the contacts is as crucial as
scaling the channel length, but has received much less
attention. For a sub-10 nm technology, L. (as defined
in Figure 1b) will need to be on the order of 10 nm with
a channel length of ~10 nm (see discussion above).
Hence, it is crucial to consider the scaling behavior
of metal-CNT contacts for determining which
metal is best and how close present devices are to
the technology R.pey target. To date, only one study
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Figure 3. Extraction of CNT R, from output characteristics
and temperature dependence. (a) Output curves (4 vs Vys)
for scaled devices with Rh, Pd, and Pt contacts, each with a
single CNT channel. The gate overdrive is Vg, — Vi = —0.5V,
and all devices are at the same channel length L, = 40 nm.
Extraction of the CNT R. is illustrated, coming from the
linear, low-field slope of the curves before the onset of
current saturation. (b) Breakdown of R. into an intrinsic
(quantum resistance) and extrinsic component at each
contact. (c) Temperature dependence of R, for three differ-
ent contact lengths using Pd contacts. (d) Transfer curves
across the tested temperature range for the L. = 20 nm
device showing consistent on-state performance.

experimentally explores the impact of L. scaling on R,
for CNTFETs, and it focuses on Pd contacts.” The result
was an approximately 1/L. scaling trend for R. below
Lo~ 50 nm.

Five new contact metals (Ti, Ni, Rh, Pt, and Au) are
studied in this work and compared to the Pd scaling
behavior. Each of these metals has been considered
in previous CNTFET studies,®*”~*° but this is the first
exploration of the contact scaling behavior for each. All
CNTFETs had a single CNT channel and a back gate
geometry with L., = 40 nm. For each contact metal, a
series of devices with varying L. was assembled along
the same CNT so as to maintain the same diameter and,
hence, a consistent band gap among the devices.
Example output curves at L. = 20 nm from devices
with Rh, Pd, and Pt contacts are given in Figure 3a at
the same gate overdrive, which is how much gate-
source voltage (V) is applied beyond the device
threshold voltage (V). For all devices, R. was extracted
from the low-field slope of the output curve at Vg, — V, =
—0.5 V. Temperature dependence of R. was also studied
for Pd contacts, as shown in Figure 3¢,d. In Figure 3¢,
consider the nonmonotonic change in R. from 300 to
20 nm (with deviation in the 70 nm case) and the
roughly constant value of R. at 20 nm. This signifies that,
though it may be present, the Schottky barrier does not
exclusively define the performance of the devices,
playing a diminished role. This highlights the new

\
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Figure 4. Scaling trend of contact resistance versus contact length for six different metals. (a) All metals from this study are
shown using a log—log scale, with Ni showing improvement following a 12 h anneal in vacuum at 350 °C. For each contact
metal, the set of data points comes from devices assembled along a single CNT. (b) Linear scale plot showing the four metals
with the lowest R, including Rh, Au, Pt, and Pd. (c) Closer view of the scaling trends at small contact lengths, highlighting
the target range based on the analysis in Figure 2, spanning 6 nm < L. < 15 nm and 12 kQ < R, < 30 kL. Note that this
range depends on CNT pitch, which is assumed to be between 5 and 8 nm. All R, values are extracted at a gate overdrive

of Vgs — Vo= —0.5 V.

device transport regime entered by L. scaling that will
be discussed further below.

The R versus L. scaling trends for the six studied
contact metals are shown in Figure 4. Note that R,
for the Ti and Ni devices was so high that the Figure 4a
plot is given on a log—log scale in order to show all
of the data. The yield of Ti devices was extremely
low, likely due to oxidation of the contacts affecting
the metal-CNT interface. Because Ni has been
shown to provide excellent contact to graphene after
annealing,”’ the Ni devices were tested before and
after a 350 °C anneal in vacuum. While R, in the Ni
devices did improve with the anneal, it was still con-
siderably higher than for the Rh, Au, Pt, and Pd devices.
Regarding the R. data in Figure 4, for each contact
metal studied the given data are from a set of CNTFETs
assembled along a single CNT channel with varying L.
and consistent L., =40 nm. The CNTs used were tens of
micrometers in total length, grown by chemical vapor
deposition (CVD) on quartz substrates and transferred
to the device substrate. For information on the use of
solution-processed CNTs for studying L. scaling and
details of variation among the studied devices, see
the Supporting Information. The range for R. values
broadens as L. is scaled, which suggests that residual
resist and other debris become more impactful to
the metal—CNT interface when that interface length
is small, an intuitive observation. Choosing the set of
CNTFETs with the lowest R. values for each contact
metal is most useful, as it represents the best, cleanest
interface between the metal and CNT.

A linear scale illustrates the R. vs L. scaling behavior
more clearly, as shown in Figure 4b,c. The smallest L.
achieved in this work is ~15 nm for a Pt contact device
and ~20 nm for all other metals. As discussed from
Figure 23, the target range for R. (based on the target
R<.pev) is highlighted in Figure 4c and shows that the
trends for Pd, Pt, and Rh all fall within the upper portion
of the range, which would be for the highest density
of CNTs (~5 nm pitch). The shaded box in Figure 4c
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indicates the contact length target range of interest
and the required R. range with respect to the CNT
pitch: the upper portion of the R, target range is for
small pitch (5 nm), while the lower bound is for larger
pitch (8 nm). A less aggressive, and more accessible,
CNT pitch would be 8—10 nm (100—125 CNTs/um)
and would require a ~2x reduction in R, at the scaled
lengths.

One of the most important observations from the
Figure 4b,c trends is that the contact metal that yields
the lowest R, at long L. does not necessarily scale the
best. For years it has been known that Pd contacts
provide p-type CNTFETs with the best and most uni-
form performance.®*”*8 The next most common con-
tact with nearly comparable performance has been Au.
Though only demonstrated a few times, Pt has gen-
erally proven to be sporadic in whether it offers decent
performance or a low device yield attributed to its poor
wetting of the CNT surface. Even though Rh contacts
exhibited the highest R at long lengths (~2x the R, of
Pd contacts), the scaling behavior for Rh is much more
favorable, which infers that the Rh—CNT contact has a
smaller transfer length (L7). Ly is the length of the
contact over which the majority of the applied poten-
tial is dropped, or the length over which nearly all of
the carriers are injected from the metal to the CNT.*?
A smaller Lt will allow greater immunity to contact
scaling. The best example of a difference in Lt is seen
with the Au and Pt data in Figure 4b; R, for both contact
metals is nearly the same at long L., but the difference
in Lt is clearly seen as the contacts are scaled. Also note
that the R, for the Pd, Pt, and Rh devices at L. = 20 nm
in Figure 3a is nearly identical; yet below 20 nm
these contact metals yield distinctly different scaling
behavior.

All of the devices studied in this work were operated
as p-type CNTFETs, where a negative Vg and Vg, bias
constitute the on-state. For a p-type device, holes are
injected into the valence band from the source; hence
the negative voltages serve to lower the injection
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Figure 5. Impact of metal work function on contact resis-
tance. Plot of the contact resistance versus metal work
function ¢,, of the source/drain contacts at two different
contact lengths. A qualitative illustration of the band dia-
gram for a CNTFET is shown for both the off-state (black
bands) and on-state (dashed blue bands) under an applied
Vg5 at the drain.

barriers for hole transport. While a discussion of how
the contact metal work function impacts the operation
of these devices is below, it is important to note that
there is no inclusion in this study of low work function
metals. Other reports have shown that employing low
work function metals—including Er,** Y,** and Sc*—
creates a favorable situation for electron injection
into the conduction band, yielding n-type CNTFETs
with superb performance at long L.. Whether such low
work function metals exhibit the same scaling behavior
that is observed for the p-type devices studied in this
paper remains unknown. In this study, we explored
the scaling behavior of Er contacts to CNTs but were
unsuccessful at yielding any functioning devices at
contact lengths below ~70 nm, which was attributed
to the rapid oxidation of the metal diminishing the
actual contact length due to lateral oxidation. When
the contact lengths are small, oxidation of the contact
from both ends can have a dramatic impact on the
effective contact length. In order for a reliable study of
the n-type contact scaling behavior in CNTFETs to be
accomplished, first the challenge of rapid oxidation of
low work function metal contacts must be resolved.
Transport at metal—CNT contacts has been almost
exclusively interpreted using a Schottky barrier (SB)
injection model. While such a model has provided an
explanation for CNTFET operation at long L3468
the data from this study indicate that this does not hold
at scaled contact lengths. Consider the data plotted in
Figure 5, where the metal work function (¢,,) for each
contact is assumed to be the clean ¢,,; there can be
fluctuation in ¢,, depending on the environment,
interface, etc. As indicated in the simple qualitative
energy band diagram in Figure 5, a high ¢,,, will bring
the Fermi level in the source (E) closer to the valence
band edge (E,), thus lowering the SB height and
allowing for more efficient carrier injection. At L. =
200 nm, this expected trend does generally hold,
with the moderate exception being Pt (¢, ~5.7 eV).
However, at L. = 20 nm the trend is changed drama-
tically and shows no clear dependence of R. on ¢,
indicating that the SB model for a CNTFET no longer
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captures the complexities of carrier transport at scaled
lengths.

With the metal work function not providing
sufficient explanation for the scaling behavior of
metal—CNT contacts, there is a need for theorists to
revisit the transport physics in scaled CNTFETs. Addi-
tionally, further experimental work will help to improve
the understanding of how the physical metal—CNT
interface affects scalability. Previous studies on longer
contacts have pointed to the wetting or coupling of
a metal to a CNT surface, typically using molecular
dynamics simulations.3*° To truly understand the
interface will require a detailed study of how the
different metals coat the inert CNT surface. Other
interesting follow-up studies to these new results
would be to consider the impact of interfacial layers
between the metal and CNT and how they impact L.
scaling. While some work on interfacial layers has been
done,*® there has not been any consideration of how
they impact R vs L. It is also important to note that the
technological requirements at the sub-10 nm nodes
will include the need for making scaled metal contacts
that are manufacturable, with device characteristics
having a very low variability in key metrics such as
threshold voltage. Finally, there are reports that the
best metal—CNT contact would come from an end-
contact rather than side-contact.*® All of the contacts in
this study are side-contacts in that the metal is inter-
acting with the inert sp? carbon surface. An end-
contact would be a metal interacting with the dangling
carbon bonds at the opened end of a CNT, forming
chemical bonds. There has yet to be experimental
evidence of a truly edge-contacted CNTFET—there
is tremendous difficulty in keeping the dangling
bonds from having unwanted molecular attachments
prior to contact metallization—but perhaps such a
geometry could help in reaching the ultimate R target
at scaled L.

CONCLUSIONS

In conclusion, the contact resistance in CNTFETSs has
been defined in the context of a high-performance
transistor technology at the sub-10 nm technology
nodes. The impact of R. on CNTFET performance was
demonstrated. It was shown that the target R. for
CNTFETs is dependent on the pitch of the parallel
CNT channels in a device and that current experimen-
tal data are projected to be within ~2x of the technol-
ogy target at a pitch of 5—8 nm (125—200 CNTs/um).
The scaling behavior of six different metal—CNT con-
tact interfaces was presented, revealing that the con-
tact metal with the lowest R. at long L. does not
provide the best scaling behavior. Rh exhibited the
most promising R vs L scaling trend with the smallest
transfer length. Furthermore, it was shown that the
Schottky barrier model by which CNTFET transport
has been interpreted through the years does not
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sufficiently describe scaled L. devices; contact metal
work function does not noticeably contribute to R, at
small lengths. In addition to clarifying the contact
resistance picture for CNTFETs, these results suggests

METHODS

Local Bottom Gate Fabrication on 200 mm Wafers. In a 200 mm
silicon production fab, beginning with intrinsic Si wafers, 1 um
thick SiO, was thermally grown at 1050 °C in a wet oxidation
furnace. The wafer was then spin-coated with photoresist and
patterned using an ASML Deep UV stepper. High-power reac-
tive ion etching with a mixture of CHF3 and Ar for 150 s was used
to remove ~350 nm SiO, followed by photoresist stripping
in oxygen plasma. Tungsten (W) was then sputter deposited to
a thickness of ~500 nm, filling the trenches and coating the
wafer. Next, the wafer was polished to planarize the W in a
Westech CMP system. HfO, (50 A) was then deposited at 200 °C
in a Cambridge Nanotech Fiji atomic layer deposition system
to cover the whole wafer, and an HBr-based RIE process was
used to etch open the contact pad to the gate. The Pd and Ti
contacted CNTFETs in this study were assembled on these local
bottom gates, whereas the Ni, Pt, Rh, and Au contacted CNTFETs
were on p*-doped Si substrates with 10 nm SiO, and used the
doped substrate as the back gate. Despite the difference in gate
dielectric, devices from both geometries exhibited no short
channel effects at the ~40 nm channel length.

Carbon Nanotube Growth and Transfer. The carbon nanotubes
were grown on ST-cut quartz substrates annealed overnight
in air at 900 °C and then coated with a resist containing a
suspension of iron catalyst particles.> The resist was patterned
into catalyst strips using optical lithography. CNT growth was
then carried out in a 2 in. diameter tube furnace at 900 °C for
10 min by running forming gas (95% Ar/5% H,) through an
ethanol bubbler chilled to 0 °C, yielding an average of 1 CNT/um,
intentionally low so as to isolate long, individual CNTs. The
aligned nanotube arrays were then transferred to either
the local bottom gate substrates or 10 nm SiO, on doped Si
substrates (see above). Transfer of the CNTs was achieved by
coating them with 100 nm Au using an electron beam evapora-
tor, then peeling them from the quartz substrate using thermal
tape (RevAlpha 3198M) as described elsewhere.*>? After apply-
ing the CNT/Au/tape structure to the Si substrate, a brief baking
on a 130 °C hot plate delaminated the thermal tape. A 5 min
clean in an O, plasma was used to remove the residue from the
tape from the Au surface, and then the Au was etched away in
standard Au etchant (Transene TFA) for 3 min 30's.

Device Fabrication. After the CNTs were transferred to the Si
substrates, electron beam lithography (EBL) was used to pattern
the source/drain contacts in poly(methyl methacrylate) (PMMA)
resist, after which electron beam evaporation was used to
deposit the contact metals of the following thicknesses: Ti
(5 nm Ti/20 nm Au), Ni (20 nm Ni), Pd (0.2 nm Ti/20 nm Pd),
Au (0.2 nm Ti/20 nm Au), Pt (0.2 nm Ti/20 nm Pt), and Rh (0.2 nm
Ti/20 nm Rh). Use of the 2 A Ti underlayer for the Pd, Au, Pt, and
Rh contacts was to promote adhesion of the high work function
metals; the deposited Ti is too thin to form a monolayer and
rather yields inhomogeneous Ti nanoparticles that help to
adhere the subsequent metal films to the substrate. The resist
was then lifted-off in hot acetone. The source/drain contacts were
patterned in sets that contained six devices that were designed
to be along a single CNT channel. All six devices in a set had
the same L, = 40 nm with varying L. from 15 to 200 nm. All data
reported here are from devices in the same set (on the same CNT
channel) for each contact metal. Next, EBL was used to pattern
resist to protect the area of the nanotube channel (designed to
be 300 nm wide so as to capture nominally one nanotube for
each device); the exposed CNTs were then etched away using an
O, plasma, and the resist was removed in acetone. Finally, EBL
and electron beam evaporation were used to pattern and deposit
contact leads and pads of T nm Ti/20 nm Pd/30 nm Au.
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that experimental devices have R. within a factor of
2 of the technology targets with much work to be
done to understand and improve transport at scaled
metal—CNT interfaces.

Electrical Characterization. Electrical characterization was car-
ried out in air, with no additional passivation or annealing
treatments. First, a Cascade semiautomated probe station was
used to rapidly test for semiconducting CNTs in the devices.
Once the semiconducting devices were identified, more detailed
electrical measurements were performed using a Lakeshore
probe station along with an Agilent B-1500 semiconductor
parameter analyzer.

Confiict of Interest: The authors declare no competing
financial interest.

Acknowledgment. We are grateful to Greg Pitner and
H.-S. Philip Wong from Stanford University for collaboration
on aligned CNT synthesis. We thank J. Bucchignano, S. Dawes,
J. Tersoff, V. Perebeinos, and C. Lavoie for technical assistance
and insightful discussions.

Supporting Information Available: Detailed information on
the model used to generate data for Figure 1b, use of solution-
processed CNTs for L. scaling, discussion of variation in L.-scaled
devices, and additional temperature dependence data. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES AND NOTES

1. Service, R. Is Silicon's Reign Nearing Its End? Science 2009,
323, 1000-1002.

2. Lundstrom, M. Moore's Law Forever? Science 2003, 299,
210-211.

3. Ahmed, K; Schuegraf, K. Transistor Wars. IEEE Spectr. 2011,
50-66.

4. Esmaeilzadeh, H.; Blem, E,; St Amant, R.; Sankaralingam, K;
Burger, D. Dark Silicon and the End of Multicore Scaling.
Int. Symp. Comput. Architecture (ISCA) 2011, 365-376.

5. Bernstein, K, Cavin, R.K.; Porod, W.; Seabaugh, A.; Welser, J.
Device and Architecture Outlook for beyond CMOS
Switches. Proc. IEEE 2010, 98, 2169-2184.

6. Alam, K Lake, R. K. Monolayer MoS2 Transistors beyond
the Technology Road Map. IEEE Trans. Electron Devices
2012, 59, 3250-3254.

7. Jain, A; Alam, M. A. Prospects of Hysteresis-Free Abrupt
Switching (0 mV/decade) in Landau Switches. IEEE Trans.
Electron Devices 2013, 60, 4269-4276.

8. Javey, A; Guo, J,; Wang, Q.; Lundstrom, M.; Dai, H. Ballistic
Carbon Nanotube Field-Effect Transistors. Nature 2003,
424, 654-657.

9. Franklin, A. D,; Chen, Z. Length Scaling of Carbon Nano-
tube Transistors. Nat. Nanotechnol. 2010, 5, 858-862.

10. Ding, L, Liang, S, Pei, T,; Zhang, Z.; Wang, S.; Zhou, W, Liu,
J,; Peng, L.-M. Carbon Nanotube Based Ultra-Low Voltage
Integrated Circuits: Scaling Down to 0.4 V. Appl. Phys. Lett.
2012, 7100, 263116.

11. Han, S.; Oida, S.; Park, H.; Hannon, J. B.; Tulevski, G. S.;
Haensch, W. Carbon Nanotube Complementary Logic
Based on Erbium Contacts and Self-Assembled High Purity
Solution Tubes. IEEE Int. Electron Device Meet. Technol. Dig.
2013, 515-518.

12. Chen, Z. H,; Farmer, D,; Xu, S.; Gordon, R, Avouris, P.;
Appenzeller, J. Externally Assembled Gate-All-around Car-
bon Nanotube Field-Effect Transistor. IEEE Electron Device
Lett. 2008, 29, 183-185.

13. Franklin, A,; Koswatta, S.; Farmer, D.; Smith, J,; Gignac, L.;
Breslin, C,; Han, S.-J; Tulevski, G.; Miyazoe, H.; Haensch, W.;
et al. Carbon Nanotube Complementary Wrap-Gate
Transistors. Nano Lett. 2013, 13, 2490-2495.

VOL.8 = NO.7 = 7333-7339 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

7338



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Franklin, A. D.; Sayer, R. A; Sands, T. D.; Fisher, T. S.; Janes,
D. B. Toward Surround Gates on Vertical Single-Walled
Carbon Nanotube Devices. J. Vac. Sci. Technol. B 2009, 27,
821-826.

Franklin, A.; Luisier, M.; Han, S.-J.; Tulevski, G.; Breslin, C.;
Gignac, L.; Lundstrom, M.; Haensch, W. Sub-10 nm Carbon
Nanotube Transistor. Nano Lett. 2012, 12, 758-762.

Choi, S.-J,; Bennett, P.; Takei, K;; Wang, C,; Lo, C.C; Javey, A,
Bokor, J. Short-Channel Transistors Constructed with
Solution-Processed Carbon Nanotubes. ACS Nano 2013,
7, 798-803.

Wei, H.; Shulaker, M.; Wong, H.-S. P.; Mitra, S. Monolithic
Three-Dimensional Integration of Carbon Nanotube FET
Complementary Logic Circuits. IEEE Int. Electron Devices
Meet. Technol. Dig. 2013, 511-514.

Tulevski, G; Franklin, A.; Afzali, A. High Purity Isolation and
Quantification of Semiconducting Carbon Nanotubes via
Column Chromatography. ACS Nano 2013, 7, 2971-2976.
Park, H.; Afzali, A.; Han, S.; Tulevski, G. S.; Franklin, A. D.;
Tersoff, J.; Hannon, J. B,; Haensch, W. High-Density Inte-
gration of Carbon Nanotubes via Chemical Self-Assembly.
Nat. Nanotechnol. 2012, 7, 787-791.

Qin, X,; Peng, F; Yang, F.; He, X.; Huang, H.; Luo, D.; Yang, J.;
Wang, S.; Liu, H.; Peng, L.; et al. Growth of Semiconducting
Single-Walled Carbon Nanotubes by Using Ceria as Cata-
lyst Supports. Nano Lett. 2014, 14, 512-517.

Flavel, B.S.; Moore, K. E.; Pfohl, M.; Kappes, M. M.; Hennrich,
F. Separation of Single-Walled Carbon Nanotubes with a
Gel Permeation Chromatography System. ACS Nano 2014,
8,1817-1826.

Flavel, B.; Kappes, M.; Krupke, R.; Hennrich, F. Separation
of Single-Walled Carbon Nanotubes by 1-Dodecanol-
Mediated Size-Exclusion Chromatography. ACS Nano 2013,
7,3557-3564.

Ostermaier, F.; Mertig, M. Sorting of CVD-Grown Single-
Walled Carbon Nanotubes by Means of Gel Column
Chromatography. Phys. Status Solidi 2013, 250, 2564-
2568.

Franklin, A. D. The Road to Carbon Nanotube Transistors.
Nature 2013, 498, 443-444,

Zhang, Z; Wang, S.; Ding, L; Liang, X,; Pei, T.; Shen, J.; Xu, H.;
Chen, Q; Cui, R; Li, Y.; et al. Self-Aligned Ballistic N-Type
Single-Walled Carbon Nanotube Field-Effect Transistors
with Adjustable Threshold Voltage. Nano Lett. 2008, 8,
3696-3701.

Zhang, Z.; Koswatta, S. O, Bedell, S. W.; Baraskar, A;
Guillorn, M.; Engelmann, S. U; Zhu, Y, Gonsalves, J.;
Pyzyna, A.; Hopstaken, M.; et al. Ultra Low Contact Resis-
tivities for CMOS Beyond 10-nm Node. [EEE Electron Device
Lett. 2013, 34, 723-725.

Solomon, P. M. Contact Resistance to a One-Dimensional
Quasi-Ballistic Nanotube/Wire. IEEE Electron Device Lett.
2011, 32, 246-248.

Perebeinos, V,; Tersoff, J.; Haensch, W. Schottky-to-Ohmic
Crossover in Carbon Nanotube Transistor Contacts. Phys.
Rev. Lett. 2013, 117, 236802.

Léonard, F,; Talin, A. Electrical Contacts to One- and Two-
Dimensional Nanomaterials. Nat. Nanotechnol. 2011, 6,
773-784.

Nemec, N,; Tomanek, D.; Cuniberti, G. Contact Depen-
dence of Carrier Injection in Carbon Nanotubes: An Ab
Initio Study. Phys. Rev. Lett. 2006, 96, 076802.

Franklin, A.; Lin, A;; Wong, H.-S.; Chen, Z. Current Scaling in
Aligned Carbon Nanotube Array Transistors with Local
Bottom Gating. IEEE Electron Device Lett. 2010, 31, 644—
646.

Léonard, F. Crosstalk between Nanotube Devices: Contact
and Channel Effects. Nanotechnology 2006, 17, 2381-
2385.

Cao, Q.; Han, S.-J,; Tulevski, G.S.; Zhu, Y.; Lu, D. D.; Haensch,
W. Arrays of Single-Walled Carbon Nanotubes with Full
Surface Coverage for High-Performance Electronics.
Nat. Nanotechnol. 2013, 8, 180-186.

Raychowdhury, A.; Keshavarzi, A,; Kurtin, J.; De, V.; Roy, K.
Optimal Spacing of Carbon Nanotubes in a CNFET Array

FRANKLIN ET AL.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

for Highest Circuit Performance. 64th Device Res. Conf.
Tech. Dig. 2006, 129-130.

ITRS 2013 ed., http://www.itrs.net/Links/2013ITRS/
Home2013.htm.

Datta, S. Quantum Transport: Atom to Transistor; Cambridge
University Press: New York, 2005.

Chen, Z; Lin, Y.-M.; Appenzeller, J.; Avouris, P.; Knoch, J.
The Role of Metal-Nanotube Contact in the Performance
of Carbon Nanotube Field-Effect Transistors. Nano Lett.
2005, 5, 1497-1502.

Tseng, Y.-C,; Phoa, K, Carlton, D.; Bokor, J. Effect of
Diameter Variation in a Large Set of Carbon Nanotube
Transistors. Nano Lett. 2006, 6, 1364-1368.

Chai, Y,; Hazeghi, A,; Takei, K; Chen, H.-Y,; Chan, P. C. H,;
Javey, A.; Wong, H.-S. P. Low-Resistance Electrical Contact
to Carbon Nanotubes with Graphitic Interfacial Layer.
IEEE Trans. Electron Devices 2012, 59, 12-19.

Kim, W.; Javey, A,; Tu, R.; Cao, J,; Wang, Q.; Dai, H. Electrical
Contacts to Carbon Nanotubes down to 1 nm in Diameter.
Appl. Phys. Lett. 2005, 87, 173101.

Smith, J,; Franklin, A,; Farmer, D.; Dimitrakopoulos, C.
Reducing Contact Resistance in Graphene Devices through
Contact Area Patterning. ACS Nano 2013, 7, 3661-3667.
Schroder, D. K. Semiconductor Material and Device
Characterization, 3rd ed.; John Wiley & Sons: Hoboken,
NJ, 2006.

Shahrjerdi, D.; Franklin, A; Oida, S.; Ott, J; Tulevski, G;
Haensch, W. High-Performance Air-Stable N-Type Carbon
Nanotube Transistors with Erbium Contacts. ACS Nano
2013, 7, 8303-8308.

Ding, L; Wang, S.; Zhang, Z; Zeng, Q,; Wang, Z,; Pei, T,
Yang, L. Liang, X, Shen, J; Chen, Q; et al. Y-Contacted
High-Performance N-Type Single-Walled Carbon Nano-
tube Field-Effect Transistors: Scaling and Comparison with
Sc-Contacted Devices. Nano Lett. 2009, 9, 4209-4214.
Zhang, Z,; Liang, X.; Wang, S.; Yao, K; Hu, Y.; Zhu, Y.; Chen,
Q.; Zhou, W, Li, Y.; Yao, Y,; et al. Doping-Free Fabrication
of Carbon Nanotube Based Ballistic CMOS Devices and
Circuits. Nano Lett. 2007, 7, 3603-3607.

Heinze, S.; Tersoff, J.; Martel, R.; Derycke, V.; Appenzeller, J.;
Avouris, P. Carbon Nanotubes as Schottky Barrier Transistors.
Phys. Rev. Lett. 2002, 89, 106801.

Zhu, W.; Kaxiras, E. Schottky Barrier Formation at a Carbon
Nanotube—Metal Junction. Appl. Phys. Lett. 2006, 89,
243107.

Guo, J; Datta, S; Lundstrom, M. A Numerical Study
of Scaling Issues for Schottky-Barrier Carbon Nanotube
Transistors. IEEE Trans. Electron Devices 2004, 51,172-177.
Nemec, N.; Tomének, D.; Cuniberti, G. Modeling Extended
Contacts for Nanotube and Graphene Devices. Phys. Rev. B
2008, 77, 125420.

Matsuda, Y.; Deng, W.-Q.; Goddard, W. A. Contact Resis-
tance for “End-Contacted” Metal—Graphene and Metal—
Nanotube Interfaces from Quantum Mechanics. J. Phys.
Chem. C 2010, 114, 17845-17850.

Zhou, W,; Rutherglen, C; Burke, P. J. Wafer Scale Synthesis
of Dense Aligned Arrays of Single-Walled Carbon Nano-
tubes. Nano Res. 2008, 1, 158-165.

Patil, N,; Lin, A; Myers, E. R; Ryu, K,; Badmaev, A; Zhou, C;
Philip Wong, H.-S,; Mitra, S. Wafer-Scale Growth and
Transfer of Aligned Single-Walled Carbon Nanotubes.
IEEE Trans. Nanotechnol. 2009, 8, 498-504.

VOL.8 = NO.7 = 7333-7339 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

7339



