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ABSTRACT: We report fabrication and characterization of hexagonal 200
boron nitride (hBN)-encapsulated carbon nanotube (CNT) field effect T Qdm
transistors, which are coupled to electrical leads via zero-dimensional
contacts. Device quality is attested by the ohmic contacts and observation
of Coulomb blockade with a single periodicity in small bandgap
semiconducing nanotubes. Surprisingly, hBN-encapsulated CNT devices
demonstrate significantly enhanced current carrying capacity; a single-
walled CNT can sustain >180 yA current or, equivalently, a current density o
of ~2 X 10 A/cm? which is a factor of 6—7 higher than devices vi¥)
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supported on SiO, substrates. Such dramatic enhancement of current
carrying capacity arises from the high thermal conductivity of hBN and lower hBN-CNT interfacial thermal resistance and has

implications for carbon electronic applications.
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s a one-dimensional (1D) conductor, carbon nanotubes

(CNTs) have provided an ideal material for fundamental
studies of strongly correlated phenomena and processes in 1D
systems, such as Luttinger liquids," Wigner crystals,” and Mott
insulators.” Technologically, CNTs have also become promis-
ing candidates for applications such as logic-gate circuits and
electrical interconnects. Another desirable attribute of CNTs is
its ability to sustain large current density: a single-walled
nanotube on SiO, can typically carry 25 pA, or a current
density of 3 X 10° A/cm?* and thus is more electromigration
resistant than conventional interconnect materials.” Raising this
limit to current density has been a much sought-after goal for
failure rate reduction of carbon electronics and for high power
applications. Previous attempts include using ultrashort (~10—
15 nm) channels® or substrates with high thermal conductivity
such as sapphire,” though no significant improvement in
current carrying capacity has been observed in CNTs that are
longer than 50 nm.

Recently, hexagonal boron nitride (hBN) has been widely
adopted as a new substrate or dielectric for two-dimensional
(2D) material studies®™'° because it is atomically flat with few
or no dangling bonds®'" and has been shown to dramatically
improve graphene’s mobility for electrical and optical studies.
In addition, hBN has relatively high thermal conductivity, ~360
W/m-K,"” while the similar lattice structures between hBN and
nanotubes could also reduce the interfacial thermal resistance.
However, though hBN has been used as a substrate,"> CNTs
encapsulated within hBN sheets have not been demonstrated
or studied.
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Here we report fabrications and measurements of hBN-
encapsulated CNT devices by adapting the technique that is
previously used to directly pick up and transfer 2D atomic
layers via van der Waals forces.'* Crucially, in contrast to
transferring 2D materials, we find that the van der Waals forces
between 1D and 2D materials are not sufficiently strong for the
former to be picked up directly from SiO, substrates. We
therefore developed two different methods that allow the
assembly of the hBN/CNT/hBN stacks with the assistance of
polymer and with hydrofluoric acid (HF) etching of SiO,.
Zero-dimensional electrical contacts are made to the ends of
CNTs that are exposed by reactive ion etching (RIE).
Surprisingly, even though each contact area is limited to one
circumference of carbon atoms, the contacts remain ohmic,
with conductance of up to 35 uS, attesting to the high device
quality."® For small band gap semiconducting devices, Coulomb
blockade diamonds with regular periods are observed at low
temperature, suggesting minimal disorder or scatterers.

Remarkably, the hBN-encapsulated CNTs are able to sustain
much higher current than conventional SiO,-supported devices:
the current-carrying capacity of hBN-sandwiched single-walled,
double-walled, and multiwalled CNTs exceeds their SiO,-
supported counterparts by a factor of 6, 3, and 2, respectively.
Such enhancement of current carrying capacity is attributed to
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the higher heat dissipation of hBN substrates and superstrates,
and lower thermal contact resistance between CNT and hBN.

CNTs are grown by chemical vapor deposition'® and located
using a scanning electron microscope (SEM). The number of
shells in each nanotube is determined by its diameter measured
by atomic force microscope, and by the saturation current of
the device segment on SiO, substrate (see discussion later).
The hBN/CNT/hBN stacks are assembled using two different
methods. In the first method, a layer of polypropylene
carbonate (PPC) (~30 wt % in anisole) is spin-coated on a
piece of polydimethylsiloxane (PDMS) using a glass slide as a
holder, followed by baking at 180 °C for 2 min to remove the
solvent. A thin top hBN flake with thickness less than 30 nm is
exfoliated on a SiO,/Si chip and is first picked up by the PPC in
a homemade transfer stage after heating up the substrate to
40—43 °C. The top hBN flake is then aligned to and brought
into contact with a CNT (Figure la), while a segment of the
CNT is exposed to PPC. The substrate is heated up to 60 °C to
melt the PPC so that it can make conformal contact to both
hBN and CNT. We find that the contact between CNT and
PPC is crucial for making the assembly. Both the hBN and the
CNT are picked up after naturally cooling down the substrate
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Figure 1. (a—e) Fabrication process. (f) False-colored EFM image of
an hBN/CNT/hBN stack. A CNT (dark line) is encapsulated in
between a top hBN layer (blue) and a bottom hBN layer (green). (g)
Optical image of a complete device. (h) False-colored SEM image of
the device. The electrodes (gold) are made to cover the exposed ends
of the CNT (red line) in the etched area (purple). (i) SEM image of
an etched area. The edge profile shows a distance of 40 nm (scale bars:
(f-g) S pum; (h) 1 ym; (i) 100 nm).

to 40—43 °C. Finally, the hBN/CNT stack is brought onto
another hBN (bottom) flake (Figure 1b). The hBN/CNT/
hBN stack is finished after separating PDMS by heating up the
substrate to 80—90 °C and removing the PPC in chloroform
(Figure 1c).

In the second method, which is similar to that found in ref
17, the top hBN flake is exfoliated onto an Elvacite-based
multilayer stack and transferred to cover a CNT. We then
remove the Elvacite in acetone, spin-coat a new layer of
Elvacite; a piece of thermal release tape is attached to the
Elvacite layer and will act as a support in the subsequent
etching process. The tape/Elvacite/hBN/CNT is then released
from the SiO, substrate in HF and is “scooped up” by a glass
slide. The entire stack is then transferred onto another hBN to
complete the sandwich. By heating up the substrate to 60 °C,
the tape is separated from the stack. The Elvacite is then
removed in acetone. Figure 1f shows a finished hBN/CNT/
hBN stack imaged in electrostatic force microscopy (EFM).
The dark line shows a 40 ym long CNT with a length of 25 ym
encapsulated in hBN, and it remained contamination free
through the transfer process.

Both techniques enable facile assembly of hBN/CNT/hBN
heterostructures with clean interfaces. To make electrical
contacts, both ends of the CNT are exposed by RIE, with
etching area defined by electron beam lithography and
poly(methyl methacrylate) (PMMA) acting as an etching
mask. The etching is performed in an Oxford Plasmalab 100/
180 at 20 mTorr with flowing SF4 at 40 sccm, inductively
coupled plasma (ICP) power 30 W, and forward power 300 W
to completely remove exposed hBN such that SiO, can be seen
in the etched area. After etching, the PMMA layer is removed
in PG Remover (Figure 1d). Subsequently, another lithography
opens the windows for 10 nm Cr/50 nm Au metal deposition
(Figure le). Metal deposition can also be performed
immediately after etching. Figure 1gh shows an optical and a
false-color SEM image of a device, respectively. In Figure 1h,
the metal contacts were made to the center of the etched area
(purple) and also the exposed ends of the CNT (red), such that
the CNT acquired charges and was visible under SEM even
though it was covered by 30 nm thick hBN. Figure 1i shows a
zoom-in view of the etched area. The distance of the edge
profile in top view is about 40 nm, equivalent to the total
thickness of 40 nm of the stack, indicating an angled edge
profile, such that the metals can contact the CNTs.

After fabrication, the devices are measured in vacuum at
room temperature. We find with current annealing that we can
achieve a yield of ~80% of conducting devices using this
procedure, including small gap, metallic, or semiconducing
tubes. However, in this Letter we focus primarily on metallic or
small band gap semiconducting nanotubes. Figure 2a shows the
current—voltage (I-V) characteristics of three hBN-encapsu-
lated multiwalled carbon nanotube (hBN-MWNT) devices
fabricated using the first method, with a channel length L = 600
nm. The conductance of the three hBN-MWNT devices are 29,
31, and 35 uS at Vi, = 0.2 V. The linearity of the curves
indicates that the ohmic contacts are achieved even though the
contact area is limited to the 0D ends. We also measure the
conductance as a function of back gate voltage using a lock-in
technique as shown in Figure 2b. The conductance can be
tuned as high as 60 S at V, = =50 V.

We now focus on the quantum transport features at 4.2 K. In
Figure 3a, the differential conductance (G) of an hRBN-MWNT
device (device C in Figure 2) in the gapped regime is plotted as
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Figure 2. -V and G(Vg) characteristics of three hABN-MWNT devices
at room temperature.
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Figure 3. (ab) Conductance vs bias and gate voltage of an hBN-
MWNT device at 4.2 K. (b) High-resolution plot of gapped region in
(a) with reduced ranges. (c) Zoom-in view of (b) plotted in IdG/dV;|.
(d) Conductance vs bias and gate voltage of an hBN-SWNT device at
4.2 K.

a function of source-drain bias (V},) and gate voltage (Vg). A
sequence of diamond-shaped regions are evident, indicating
Coulomb blockade."*"” In a zoom-in view of the conductance
as shown in Figure 3b, a series of regular Coulomb diamonds
with excited states is observed, confirming that the device
behaves as a quantum dot. From the size of the diamonds, the
dot’s charging energy is estimated to be E. = ¢*/C & 8.0 meV,
where C is the total capacitance of the device and is estimated
to be 20 aF. Geometrically, the capacitance between the
nanotube and the back gate can be approximated by C =
27e€,L/In(2h/r), where ¢ ~ 2.5 is the average of dielectric
constants of SiO,, hBN, and vacuum, 4 = 330 nm is the
thickness of the SiO, substrate (300 nm) and the bottom hBN
layer (30 nm), and r & 3.5 nm is the radius of the nanotube.
For L = 600 nm, the capacitance is calculated to be 16 aF, in
agreement with the value estimated from E. In the gapped
regime, excited states are clearly visible, with characteristic
spacing ~3.0 meV. Such excited states arise from the
confinement-induced finite level spacing, given by AE =
(hvg/2L) (assuming k—k’ degeneracy), where h is Planck’s
constant and vz = 8 X 10° m/s is the Fermi velocity. The
calculated level spacing is 2.8 meV, in reasonable agreement
with the measured data.

Similar Coulomb blockade diamonds are also observed in
hBN-encapsulated single-walled nanotube (hBN-SWNT)
devices. Figure 3d shows the transport characteristic of such a
device fabricated using the second method, where clear
Coulomb diamonds with a single period and excited states
are visible. These clear Coulomb blockade features suggest that,
with further optimization, high quality hBN-encapsulated CNT
devices can be potentially fabricated with these techniques.

We now focus on the current carrying capacity of hBN-
sandwiched CNT devices. For conventional SWNT devices
supported on SiO, substrates with channel length >200 nm, the
maximum current carried by a single shell is limited to I, ~ 25
A, due to scattering from optical or zone boundary
phonons,”*’ regardless of the chirality. For very short channel
lengths (~1S5 nm) that are comparable to the mean free path of
optical phonon, the current-carrying capacity can be increased
to 110 pA. Nevertheless, the value of 25 pA per shell has
hitherto been the de facto limit of current in CNT devices.

To investigate the current-carrying capacity of hBN-
encapsulated CNT devices and compare with those on SiO,,
during the transfer process we intentionally sandwich only a
partial segment of the nanotube between the hBN sheets,
leaving the remaining segment on the SiO, substrate. This
enables fabrication of devices from the same nanotube that are
either hBN-encapsulated or SiO,-supported.

Figure 4a displays the I—V characteristics of a SWNT device
under large bias at 300 K. For the segment on SiO, with
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Figure 4. [-V curves up to breakdown of (a) two hBN-SWNT
devices, (b) four hBN-DWNT devices, (c) one hBN-MWNT device,
and the corresponding control devices on SiO,. (d). I, vs 1/L of
hBN-SWNT and hBN-DWNT devices. The solid line is a linear fit,
and the dotted line is a guide to the eye.

channel length 700 nm, the current saturates at I, &~ 28 yA at
Vb =9V, in agreement with prior works,>?° and breaks down at
Vi, = 10 V. In contrast, the hBN-encapsulated segment with the
same channel length display no signatures of saturation; in fact,
the I-V curves have a positive curvature, which is likely due to
the improvements of contacts arising from high current
heating.”' Remarkably, it is able to sustain much higher current
and bias, and eventually breaks down at V, = 19 Vand I, =
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Table 1. Breakdown Current and Power of hBN-Encapsulated CNTs and Control Devices on SiO,

SWNT
diameter (nm) 1.3
length (um) 0.4
CNT in hBN breakdown current (4A) 187
breakdown power (mW) 1.66
CNT on SiO, breakdown current (uA)
breakdown power (mW)

0.7
169
3.16
28
0.29

DWNT MWNT
2.5 7
0.5 0.6 0.7 0.8 0.6
226 162 130 8S 320
3.3§ 2.65 2.65 2.14 4.06
46 190
0.64 1.24

168 pA. For a device with shorter channel length ~400 nm, the
maximum current is even larger, ~187 yA. Thus, hBN-SWNT
displays a factor of 6—7 enhancement of current-carrying
capacity over devices supported on SiO,, with a corresponding
current density of more than 2 X 10'° A/cm? (diameter ~ 1.3
nm), which is an unprecedented value for SWNT devices with
channel lengths >100 nm. The breakdown power of the hBN-
encapsulated SWNT is almost an order of magnitude higher
than that of its SiO,-supported counterpart. Such dramatic
enhancement of breakdown power and maximum current likely
arises from a combination of two factors: (1) higher thermal
conductivity of hBN, ~360 W/m-K, which is much higher than
that of SiO, (1.4 W/m-K),"” and (2) lower thermal resistance
between the hBN and MWNT interface than that between
$i0, and MWNT.”*

We repeated the same experiments on double-walled carbon
nanotube (DWNT) and MWNT devices, as shown in Figure
4b,c, respectively. When on SiO, substrate, the saturation
current is 46 uA for DWNT and 190 pA for a MWNT (the
latter value suggests ~7 nanotube shells in the MWNT device).
In contrast, I, for the hBN-encapsulated DWNT and MWNT
devices exceed 220 and 320 pA, respectively, and their
breakdown powers also increase by a factor of 3 to 4. These
values, together with the breakdown power and channel
lengths, are summarized in Table 1.

All of the above current capacity measurements are
performed at V, = 0 V. We do not expect any significant
dependence of current carrying capacity on gate voltages since
the breakdown of the devices is mainly determined by Joule
heating, and the total resistivity of the devices becomes similar
at large biases where the current starts to saturate. Moreover,
close to the breakdown temperature, the thermal energy can
easily exceed the energy scale of the small gap, also making gate
voltage dependence less relevant. Finally, due to the large
source-drain bias applied (up to 20 V) and the large C,/C, and
C4/C; ratios (where C, Cg4 and C, are the CNT-source
electrode, CNT-drain, and the CNT-gate capacitances,
respectively), the nanotube acquires a potential difference
relative to the gate, thus doping occurs along the length of the
nanotube. Thus, for the types of nanotube studied, the
maximum current carried should depend only weakly on V,
We note that for semiconducting tubes, as the breakdown
depends on interfacial or medium thermal conductivities, we
expect that similar results will also be obtained, although future
work is required to confirm this experimentally.

As the 25 pA/shell current saturation in SiO,-supported
SWNTs arises from optical or zone boundary phonon
scattering, the significantly enhanced current carrying capacity
in hBN-SWNT devices suggests that the hot optical phonon
occupation is greatly reduced by the presence of hBN layers,
presumably due to the higher thermal conductivity and/or
lower thermal contact resistance of hBN. This is reminiscent of
the improved current carrying capacity of graphene placed on

diamond substrates that has high thermal conductivity.”®
However, devices with smaller channels can sustain higher
current since the hot phonons can easily decay into the metal
contacts.” To investigate the dependence of I, on channel
length, we plot I, vs 1/L for hBN-SWNT (triangles) and
hBN-DWNT (circles) devices in Figure 4d. For hBN-DWNT,
I scales inversely with 1/L, suggesting that the current
carrying capacity is partly dependent on the heat sink provided
by the metal contacts; for a longer channel where the contacts
are farther away, Joule heating is dissipated less effectively;
hence, the device reaches the breakdown temperature at lower
current and power. In contrast, hBN-SWNT exhibits very weak
(if any) dependence on L, consistent with the fact that the heat
sink is primarily provided by the encapsulating hBN layers,
though further data would be necessary to conclusively
establish the length dependence.

Interestingly, the improvement in I, over SiO,-supported
devices decreases steadily with increasing number of shells: for
SWNT, DWNT, and MWNT devices, the ratio of I, between
hBN and SiO,-supported devices is 6, 2.8, and 1.7, respectively.
This may be explained by the fact that the heat generated in the
inner CNT shell is difficult to be dissipated through the outer
shell. In other words, the current carrying capacity is not
proportional to number of shells, but dominated by the heat
dissipation provided by the encapsulating hBN that is only in
contact with the outmost shell. Thus, the lesser improvement in
current-carrying capacity of MWNT reflects the increasing
dominance of intershell thermal resistance in these devices.

Such dramatically improved current carrying capacity in
CNTs is surprising, particularly considering prior works that
uses high thermal conductivity substrates and only produced
modest improvement over that of SiO,.” We note that since the
nanotube in our experiment is encapsulated, heat can escape
into both the top and bottom hBN layers. Moreover, we
speculate that the enhanced van der Waals forces from the hBN
layers may increase the effective contact area by wrapping
around the nanotube with top hBN layer or by distorting the
nanotube, although further work is required to confirm this
hypothesis. Nevertheless, we have demonstrated that nanotubes
in this geometry are associated with a much larger current
carrying capacity. We expect further improvement in current-
carrying capacity of such devices by, e.g., using shorter channels
or thinner hBN capping layers so as to further reduce the
thermal contact resistance.

In conclusion, we have developed two different techniques to
fabrication CNT devices encapsulated in hBN and free to resist
contamination. Zero-dimensional contacts are successfully
made to the ends of 1D CNTs. We observe clear Coulomb
diamonds with a single period, suggesting high device quality.
Interestingly, these hBN-encapsulated CNT devices can carry
much higher current density than SiO,-supported counterparts,
likely due to the superior heat dissipation by hBN layers. This
study suggests the potential of such devices for fundamental
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studies and high power applications. Finally, since CNT's can be
considered as rolled up graphene sheets, we expect to observe
high quality quantum transport and possibly secondary Dirac
points in hBN-encapsulated CNT devices."
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