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ABSTRACT: Electron tunneling spectroscopy is a powerful technique to probe the unique physical properties of one-dimensional
(1D) single-walled carbon nanotubes (SWNTs), such as the van Hove singularities in the density of states or the power-law
tunneling probability of a Luttinger liquid. However, little is known about the tunneling behavior between two 1D SWNTs over a
large energy spectrum. Here, we investigate the electron tunneling behavior between two crossed SWNTSs across a wide spectral
window up to 2 eV in the unique carbon nanotube-hexagonal boron nitride-carbon nanotube heterojunctions. We observe many
sharp resonances in the differential tunneling conductance at different bias voltages applied between the SWNTs. These resonances
can be attributed to elastic tunneling into the van Hove singularities of different 1D subbands in both SWNTSs, and they allow us to
determine the quasi-particle bandgaps and higher-lying 1D subbands in SWNTs on the insulating substrate.

KEYWORDS: band-to-band tunneling, tunneling spectroscopy, mixed dimensions, heterojunctions, carbon nanotubes,

hexagonal boron nitride

lectrons confined in one-dimension (1D) show distinct

behavior from their higher-dimensional counterparts.
They exhibit divergence in the density of states (DOS)
known as a van Hove singularity, and these confined electrons
form a strongly correlated system described by a Luttinger
liquid which exhibits a unique power-law decay of correlation
functions and spin-charge separation.' > Electron tunneling
spectroscopy is a powerful tool to characterize the unique 1D
physics in systems such as single-walled carbon nanotubes
(SWNTs). Previously, for example, scanning tunneling
microscopy (STM) enabled the first observation of the van
Hove singularity in individual SWNTs.°"® Typical limitations
of STM are the requirement for the nanotubes to be on a
conductive substrate and the difficulty in studying electron
tunneling between two 1D objects. Electrical transport
measurements have been used to study electron tunneling
between the metal contact and SWNTSs and between crossed
SWNTs, which revealed signatures of Luttinger liquid
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physics.”'* These studies, however, have been limited to a
very narrow spectral window (~100 meV) due to the lack of a
well-defined tunneling barrier, which prohibits the experimen-
tal exploration of electron tunneling under a strong non-
equilibrium condition.

In this Letter, we report the tunneling spectroscopy between
two SWNTs over a large spectral window of ~2 eV using a
unique carbon nanotube-hexagonal boron nitride-carbon
nanotube heterojunction. Hexagonal boron nitride (hBN) is
an insulating two-dimensional (2D) material with a large
bandgap and high breakdown electric field.">'* The hBN layer
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Figure 1. Device structure for tunneling spectroscopy in a 1D heterojunction. (a) Schematic drawing of the 1D heterojuntion device for the
electron tunneling measurement. Two crossed SWNTs are separated by the few-layered hBN forming a point tunneling junction (dashed circle). A
bias voltage V}, and a global backgate voltage V4, can be applied. (b) Schematic illustration of the control of band alignments and the band-to-band
tunneling process with the applied V}. The solid blue and red parabolic lines represent the band structures of the grounded and biased
semiconducting SWNTs, respectively. The associated 1D DOS are plotted at the sides of the band structures with vi and ci (i = 1, 2, 3, etc.)
denoting the van Hove singularity position in the valence and conduction subbands. The dashed blue and red lines denote the Fermi energies in the
two hole-doped semiconducting SWNTs. The schematic illustrates a band-to-band resonant tunneling process when v2 of the grounded SWNT
aligns with c1 of the biased SWNT (dashed black arrow) inside an energy window set by the two Fermi energies. (c) Optical image of a typical
tunneling device with an AFM image overlaid. The top and bottom SWNTs are indicated by the white arrows. Electrodes T1 and T2 are contacts
for the top SWNT, and B1 and B2 are contacts for the bottom SWNT. The straight dashed lines show the boundaries of the few-layered hBN
tunneling barrier. The tunneling junction formed between two crossed SWNTs is indicated by the dashed circle. The inset of Figure 1c (bottom
right) shows an enlarged view of the tunneling junction with the top and bottom SWNTs indicated by the white arrows; the scale bar is S00 nm.
The inset of Figure 1c (upper right) shows an enlarged view of the device; the scale bar is 10 gm. Tunneling conductance of the junction can be
measured between contacts T1 and Bl as a function of V}, and V), while the conductance of each individual SWNT can be monitored through
contacts T1, T2 and BI, B2.
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Figure 2. Tunneling spectroscopy of a semiconducting/semiconducting SWNT heterojunction. (a) Differential conductance dI/dV}, measured at
the backgate voltage Vi, = =70 V at 20 K. The data is obtained while the bottom SWNT is grounded and the top SWNT is biased as shown in
Figure la. The representative elastic band-to-band tunneling peaks associated with the van Hove singularities of 1D subbands in two SWNTs are
denoted as A, B, C, and so forth. (b) Analysis of the tunneling spectrum of (a). The solid blue and red lines represent the van Hove singularity
positions in subbands (vi and ci) of the grounded bottom SWNT and the biased top SWNT as V,, changes, respectively. The dashed blue and red
lines denote the Fermi energies in the two hole-doped SWNTs. The energy window allowing for the electron tunneling to happen is indicated by
the shaded green region. Each crossing of the blue (or dashed blue) line with the red (or dashed red) line within the shaded green region gives rises
to a dI/dV;, peak that is indicated by the dashed black line. The slopes of the red and blue lines in Figure 2b are close to —1 and 0 for the biased top
SWNT and grounded bottom SWNT, respectively, indicating a small band shift as V;, changes. (c) The 2D differential conductance map as a
function of V;, and V, at 20 K, showing a weak dependence of dI/dV, spectra on the backgate voltages. (d) Ilustration of the band alignments at
four representative bias voltages: Vi, = 0V (origin), V}, = —0.07 V (peak H), V}, = 0.74 V (peak D), and V;, = 0.98 V (peak F). The band alignments
shown in (d) are determined from the analysis result of (b). The solid blue and red parabolic lines represent the band structures of the grounded
and biased SWNTs. The elastic band-to-band tunneling processes giving rise to peaks H, D, and F are indicated by the dashed black arrows. The
energy window for the tunneling is also indicated by the shaded green region.
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provides an excellent tunneling barrier in heterostructure
devices, as recently demonstrated in a variety of 2D van der
Waals heterostructures.> " We measure the tunneling
current of the point tunneling junction between two crossed
semiconducting SWNTs as a function of the bias voltage (V)
and the backgate voltage (ng) at low temperature. We observe
multiple sharp peaks in the differential conductance (dI/dV;)
at different Vj,. These peaks can be mostly attributed to elastic
resonant tunneling when the energy of the van Hove
singularity in one SWNT aligns with either the Fermi energy
or the van Hove singularity in the other SWNT.” The
measured tunneling spectroscopy in the 1D heterojunction
allows us to determine the quasi-particle bandgaps and
positions of higher-lying subbands in the two constituent
SWNTs. Band-to-band tunneling is also observed in a
heterojunction composed of a semiconducting and a metallic
SWNT.

B RESULTS AND DISCUSSION

The tunneling device was prepared by a dry-transfer technique
similar to that developed in fabricating 2D van der Waals
heterostructures (Methods).”" In brief, the top SWNT, few-
layered hBN (two or three layers Figure S1), and the bottom
SWNT grown on top of a large bottom hBN substrate were
sequentially picked up and finally deposited on a fresh SiO,/Si
substrate with 285 nm oxide thickness by a polycarbonate
(PC) dry-transfer technique.”” Figure la shows the schematic
illustration of our device structure, where the two crossed
SWNTs separated by few-layered hBN form a point tunneling
junction (dashed circle). A global backgate voltage (Vi) is
applied to change carrier densities in both SWNTSs. A bias
voltage (V;) is applied to the top SWNT while the bottom
SWNT is grounded as schematically shown in Figure 1a. If the
resistance of the tunneling junction dominates, the applied V,
drops mostly across the hBN tunneling barrier, which enables
us to effectively tune the relative band alignments of two
SWNTs over a large energy spectrum. Figure 1b schematically
illustrates the control of the band alignment of the two SWNTs
with V}, when two individual semiconducting SWNT's are hole-
doped. We denote the van Hove singularity position of the
valence and conduction subbands in SWNTSs as vi and ci
throughout this paper, where i represents the ith valence or
conduction subbands with i = 1, 2, 3, and so forth. A
representative band-to-band resonant tunneling process is
illustrated in Figure 1b, in which c1 of the biased SWNT aligns
with v2 of the grounded SWNT (dashed black arrow). The
optical image of a typical device structure is shown in Figure 1c
with an atomic force microscopy (AFM) image overlaid. The
straight dashed lines delineate the boundaries of the few-
layered hBN tunneling barrier (not optically visible), and the
dashed circle indicates the location of the tunneling junction.
The inset of Figure 1c (bottom right) shows an enlarged view
of the tunneling junction. Electrodes contacting the top
(bottom) SWNT are made of Pd/Au (10 nm/75 nm) and are
denoted as T1 (B1) and T2 (B2) in Figure lc (Supporting
Information Note 1). We can measure the tunneling
conductance of the heterojunction through the probes T1
and B1, whereas the transport properties of individual top and
bottom SWNTs can be independently monitored through T1,
T2 and B1, B2, respectively (Supporting Information Note 1).
The inset of Figure 1c (upper right) shows an enlarged view of
the device.

Figure 2a presents the differential conductance dI/dV} of a
tunneling junction composed of two crossed semiconducting
SWNTs; the data is obtained at 20 K while biasing the top
SWNT and grounding the bottom SWNT. We characterize the
diameters of the top and bottom semiconducting SWNT's with
AFM and determine their diameters to be about 2.2 and 1.6
nm, respectively (Figure S2). We note that the AFM
determination of the top SWNTs was carried out after the
sample transfer, which may result in some uncertainty due to
the residues. The gate-dependent measurement at near zero-
bias condition at 20 K for each individual SWNT is shown in
Figure S3. The data in Figure 2a is obtained at V,; = =70 V,
where both semiconducting SWNTs are hole-doped with a
two-terminal conductance of ~1 and ~10 uS (Figure S3). This
single-tube conductance is more than 1 order of magnitude
higher than that of the tunneling junction. Therefore, most of
Vy, drops across the hBN tunneling junction between two
SWNTs. We observe many prominent dI/dVy peaks in the
tunneling spectrum in Figure 2a. A consistent tunneling
spectrum is observed in Figure S4 when reversing the
grounding condition. The temperature-dependent DC current
as a function of V;, obtained at V},; = =70 V is shown in Figure
SS.

We can understand the tunneling spectrum in Figure 2a
based on elastic tunneling between the SWNTs, where the
peaks arise from the van Hove singularities in the DOS of 1D
subbands. The total tunneling current at low temperature (that
is neglecting the thermal excitation) is proportional to the
convolution of DOS in two SWNT's over an energy window set
by the applied bias voltage V}, as follows

27 %
(V) = 76 ImP? [) Dy(e + Epy — By + eV)D,

(& + Ep, — E;)de (1)

where D;(¢) and D,(&) are the 1D DOS for the biased and
grounded SWNTs referenced to their intrinsic Fermi energies
E;, and E, in the two SWNTs, that is to say, D;(0) and D,(0)
are the corresponding DOS at the middle of the bandgaps. e
and 7 represent the elementary charge and reduced Planck
constant, Ep, and Ep, denote the Fermi energies of the biased
and grounded SWNTs, and the transition matrix element M is
assumed to be a constant over a finite energy.B’24 Elastic
resonant tunneling occurs when the energy of the van Hove
singularities in one SWNT aligns with either the Fermi energy
or the van Hove singularities in the other SWNT within the
bias window (i.e., Fermi energies of two SWNTs).

Figure 2b shows the analysis of the measured spectrum
(Figure 2a). The horizontal axis is the applied Vi, and the
vertical axis is the energy in electronvolts. The Fermi energy of
the grounded bottom SWNT (Ep,) is fixed to zero (dashed
blue line) and that of the biased top SWNT (Eg;) moves with
V, (dashed red line). The positions of vi and ci for the
grounded bottom SWNT and the biased top SWNT at the
heterojunction as a function of V}, are shown as the solid blue
and solid red lines in Figure 2b, respectively.

We start at V), = 0 V where Eg; = Eg, = 0 eV in the two
SWNTs and both Fermi energies locate in between their own
vl and v2 (ie, hole doping). The first dI/dV;, peak near the
origin at the positive side (A peak in Figure 2a) appears at V, =
0.10 V, which corresponds to the resonant tunneling process
when Ep, aligns with v1 of the biased top SWNT (crossing of
Ep, and vl in red in Figure 2b). The first dI/dV}, peak near the
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Figure 3. Tunneling spectroscopy of a semiconducting/metallic SWNT heterojunction. (a) Differential conductance dI/dV;, measured at Vg =
—40 V at 40 K. The data is obtained while the top semiconducting SWNT is grounded and the bottom metallic SWNT is biased. dI/dV;, peaks
indicated by the blue arrows are assigned to the elastic band-to-band tunneling associated with tunneling into the van Hove singularities in two
SWNTs. Other weaker and broader spectral features are assigned to the inelastic tunneling process in attendance with the strong elastic tunneling
peaks. (b) Analysis of the tunneling spectrum of (a). It shows the vi and ci positions of the grounded semiconducting SWNT (solid blue lines) and
the biased metallic SWNT (solid red lines) as V;, changes. The Fermi energies of the grounded semiconducting SWNT and the biased metallic
SWNT are indicated by the dashed blue and dashed red lines. The energy window for the electron tunneling is indicated by the shaded green
region. Each crossing of the blue (or dashed blue) line with the red (or dashed red) line within the shaded green region gives rises to a dI/dV;, peak

that is indicated by the dashed black line.

origin at the negative side (H peak in Figure 2a) appears at V;,
—0.07 V, which arises when Eg, aligns with v1 of the
grounded bottom SWNT (crossing of Ep; and vl in blue in
Figure 2b). As Vj increases at the positive side, the sequential
energy alignments of Eg) with v2 of the bottom SWNT and vl
of the top SWNT with v2 of the bottom SWNT vyield peaks B
(V, =0.41 V) and C (V;, = 0.52 V) in Figure 2a. At this point,
cl of the top SWNT also approaches Eg,, which contributes to
the formation of peak C. With more positive bias, c2 of the top
SWNT makes an energy crossing with Eg, and that Eg, aligns
with v3 of the bottom SWNT, which give rise to the D (V}, =
0.74 V) and E peaks (V}, = 0.87 V), respectively. Further
applied positive V}, yields the peaks F and G whose origins are
assigned and indicated as well by the dashed black lines in
Figure 2b. Likewise, most of the main spectral features at the
negative Vy, side can be addressed reasonably well as shown in
Figure 2b.

Figure 2c displays the 2D differential conductance map as a
function of both V}, and V,; at 20 K, where the dI/dV;, spectra
show a weak dependence on Vy, for all the backgate voltages
more negative than —40 V. When V;,, is more positive than
—40 V, the dI/dV}, spectra in the 2D map diminish at small V,
and show a diverging behavior at larger V;, which is correlated
well with the low conductivity of the bottom SWNT (Figure
S3). Figure 2d presents the representative band alignments at
the origin (V, = 0 V), the peak H (V}, = —0.07 V), the peak D
(V, = 0.74 V), and the peak F (V}, = 0.98 V) which are directly
obtained from the analyzed result in Figure 2b.

Our analysis yields a determination of the single-particle
band structure of the two constituent SWNTs. We can
determine the quasi-particle bandgaps of the top and bottom
SWNTs to be ~0.44 and ~0.61 eV, respectively, by reading the
positions of solid lines at V}, = 0 V in Figure 2b. The extracted
bandgap values fall within a reasonable range for semi-
conducting SWNTs with diameters of ~2.2 and ~1.6 nm
determined from AFM (Figure $2).>*7*" In addition, we can
estimate that the second and third paired subbands have
energy gaps of ~0.86 and ~1.44 eV for the top SWNT (c2 of
the bottom SWNT is out of the applied bias range). We note
that the extracted valence and conduction bands are not
perfectly symmetric (e.g, for top SWNT in Figure 2). The
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separation between v2 and v3 also deviates from two times of
that between v1 and v2. This behavior may be related to the
trigonal warping effect and the many-body renormalization of
the nanotube band structure.**~*°

When the external voltages (Vi and V;) are applied to
SWNTs, all the subbands shift by the amount of y, , relative to
the intrinsic Fermi energy E;;, in each SWNT. We call this
effect the band shift, and it is defined as v, , = — (Egy, — Ejp5)
(also see eq 1). Consequently, the total subband shifts are
expressed to be —eVy, + y; for biased top SWNT and y, for the
grounded bottom SWNT with Ep; = —eV}, and Eg, = 0 eV. Our
analysis on the experimental tunneling spectrum in Figure 2b,
however, implies the band shifts y, and y;, are marginal. This is
because the slopes of the red and blue lines in Figure 2b are
close to —1 and O for the biased top SWNT and grounded
bottom SWNT, respectively, indicating y; &~ 0 eV and y, = 0
eV. The weak dependence of tunneling spectra on the backgate
voltages (Figure 2c) also indicates a small band shift. To
explain the small band shift effect and validate our
experimental interpretation (Figure 2b), we establish a
theoretical model taking into account both geometric and
quantum capacitance of SWNTs (Supporting Information
Note 2, Figure S6, Figure S7, Note 3).*'~** Importantly, y;
and y, show much smaller band shifts at the junction
compared to those outside the junction when doped with
charges carrying the same sign (Figure S7a,b and Figure S8).
This originates from the strong charge repulsion at the
junction, but it quickly disappears outside the junction. This
result is consistent with the experimental data shown in Figure
2c, where the tunneling spectra show a rather weak
dependence on the backgate voltages. We also observe that
the amount of band shifts at the junction induced by Vj is
small compared to the applied V; (Figure S7c,d), which is
consistent with our experimental result shown in Figure 2b.
The charge repulsion effect at the junction in addition to the
large quantum capacitance of SWNTs (compared to the
geometric capacitance) and the low experimental gating
efficiency result in the small band shifts observed in Figure 2.

We also fabricate and measure a tunneling junction
composed of a metallic (bottom) and a semiconducting
(top) SWNT heterojunction. The gate-dependent measure-
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ment at near zero-bias condition for each SWNT is shown in
Figure S9. The diameters of the metallic and semiconducting
SWNTs are about 1.2 and 2.0 nm, respectively (Figure S10).
Figure 3a presents the measured dI/dV}, spectrum at Vi, = —40
V at 40 K when the top semiconducting SWNT is grounded
while the bottom metallic SWNT is biased. Note that the
magnitudes of the differential conductance in two hetero-
junctions are in the same order. The 2D differential
conductance map as a function of both V}, and Vi, is shown
in Figure S11 where a weak dependence of dI/dV, on the
backgate voltages is observed. The peaks that are assigned to
the elastic band-to-band tunneling are marked by the blue
arrows, which are associated with tunneling into the van Hove
singularities of 1D subbands in two SWNTs. Figure 3b shows
the spectrum analysis of Figure 3a in the similar manner as
elaborated in Figure 2b. The solid blue lines represent the vi
and ci for the grounded semiconducting SWNT, whereas those
of the biased metallic SWNT are shown in the solid red lines.
The slopes of the solid blue and red lines in Figure 3b and the
results in Figure S11 show that the V- and V}-induced band
shift is small. The two prominent peaks in Figure 3a at V}, =
—0.89 and 1.04 V are attributed to the elastic band-to-band
tunneling when v1 of the metallic SWNT aligns with v1 of the
semiconducting SWNT and when cl of the metallic SWNT
aligns with the Fermi energy of the semiconducting SWNT,
respectively. The spectrum analysis yields a separation of v1
and cl to be ~1.80 eV, which is a reasonable 5ga?_p value for a
metallic SWNT with a diameter of ~1.2 nm.”>~"” The peaks
that are not marked by blue arrows are much weaker with
broader line widths than most of the marked ones. They are
likely assigned to be the phonon-assisted inelastic tunneling
associated with the parent elastic band-to-band tunneling peaks
(marked by the blue arrows). This is because they all appear to
be about 0.16~0.2 eV above or below the marked peaks whose
energy is close to the prominent phonon modes in hBN and
SWNTSs.”>** We note that the peak sitting at Vi, = —0.46 V is
not very sharp compared to other marked ones. However,
there is no strong peak that can be assigned to its parent elastic
tunneling peak. The extracted quasi-particle bandgap for the
semiconducting SWNT is ~0.41 eV, which is also a reasonable
number given that the diameter is about 2.0 nm.>> "%

In summary, we demonstrate a tunneling spectroscopy in the
unique 1D carbon nanotube-hexagonal boron nitride-carbon
nanotube heterojunctions with a greatly extended spectroscopy
window (~2 eV). We measure the tunneling current between
two crossed SWNTs separated by few-layered hBN. We
observe many sharp tunneling peaks at low temperature that
are assigned to the elastic band-to-band tunneling associated
with van Hove singularities in the 1D subbands. The measured
tunneling spectra allow a determination of quasi-particle
bandgaps and higher-lying subbands of the constituent
SWNTs on the insulating substrate. Our experimental
observation and interpretation are further supported by our
theoretical model including both geometric and quantum
capacitive effect. Future studies of tunneling behavior between
metallic SWNTs in similar heterojunctions have the potential
to reveal Luttinger liquid physics across a wide energy scale
that is not currently accessible.’

B METHODS

Preparation of Heterojunctions. SWNTs of high quality
in this study were grown by the chemical vapor deposition
method. Long bottom SWNTs (hundreds of ym in length)
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with a sparse density were directly grown on fresh hBN flakes
that were exfoliated on SiO,/Si substrates. Top SWNTs with a
desirable density were grown on separate SiO,/Si substrates.
Few-layered hBN flakes (two or three layers) were exfoliated
with the assistance of a step motor. A slow exfoliation speed
can boost the yield of few-layered hBN with a large size. The
polycarbonate (PC) polymer was used to assemble the
heterojunctions because it enables a reliable pick up of few-
layered hBN.*” In the dry-transfer process, the top SWNT,
few-layered hBN, and the bottom SWNT on top of a large
bottom hBN substrate were sequentially picked up by PC. The
typical temperatures for picking up SWNTs and few-layered
hBN were about 95 and 110 °C, respectively. The release
temperature for depositing the heterojunction onto a fresh
Si0,/Si (285 nm SiO,) substrate was set at 175 °C. The PC
capping on top was finally removed by chloroform.
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