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ABSTRACT

Recent studies have demonstrated that the band structure of a carbon nanotube (CNT) depends not only on its geometry but also on various
factors such as atmosphere chemical composition and dielectric environment. Systematic studies of these effects require an efficient tool for
an in situ investigation of a CNT band structure. In this work, we fabricate tunneling contacts to individual semiconducting carbon
nanotubes through a thin layer of alumina and perform tunneling spectroscopy measurements. We use field-effect transistor configuration
with four probe contacts (two tunnel and two ohmic) and bottom gates. Bandgap values extracted from tunneling measurements match the
values estimated from the diameter value within the zone-folding approximation. We also observe the splitting of Van-Hove singularities of

the density of states under an axial magnetic field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080093

Carbon nanotubes are unique flexible objects for one-
dimensional electronic physics research and at the same time the
promising material platform for nano-electronics and photonics.
Substantial results have been achieved in applications of both individ-
ual CNTs and CNT films as the sensitive element of THz- and infra-
red- photodetectors' * and chemical™” and biosensors.” Observation
of surface plasmons”® in individual nanotubes and CNT films’ makes
them perspective for plasmonic spectrometers and interferometers.'’
Another potential application is the fully CNT-based transistor logic
on microchips.' "

One of the obstacles impeding integration of CNT's into commer-
cial products is the inability to predict the electronic properties of a
given CNT under specific conditions (pressure, atmosphere chemical
composition, dielectric environment, etc.). In particular, it is related to
a lack of systematic studies of the CNT band structure and its relation
to the atomic structure of a CNT and external parameters. At the
same time, there is evidence that the bandgap of a semiconducting
CNT depends not only on the diameter but also on the dielectric
environment and related screening of the electron-electron

interactions.'®'? The band gap of semiconductor CNTs determined

from optical and tunneling experiments may differ, as it was men-
tioned in the beginning of the 2000s.'””’ These differences were
explained by the effects of electron—electron interactions.'® Note that
most of the experimental band structure measurement techniques are
not applicable to individual nanotubes. Scanning tunneling micros-
copy (STM) was used for CNS spectroscopy starting from the pioneer-
ing works in 1998.”"** Using STM implies that the electron—electron
interactions are screened by a metal substrate on which CNTs are
located.

The major parameter of a semiconductor is the bandgap. Some
transport experiments have indicated that the bandgap of a CNT is
sensitive to the dielectric environment'® due to electron—electron
interaction screening. These correlations in CNTs remain poorly
explored both experimentally and theoretically. STM does not allow
for sufficient tunability of the experimental conditions (dielectric envi-
ronment, etc.). Optical experiments rely on the separation of CNTs
with a certain atomic structure (chirality), which is impossible in the
case of few chiralities. Instead of STM, a properly fabricated tunnel
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contact allows one to measure the CNT’s tunneling density of states
(DOS).” This approach was scarcely used by now. In this paper, we
describe a reproducible and reliable method of tunneling contacts fab-
rication to a CNT. We demonstrate that such contacts may be used to
probe the density of states of an individual nanotube. Our method has
advantages over the so-called van-der-Waals gap tunneling spectros-
copy”’ that introduces inevitable bending of the nanotubes and does
not allow controlling the transparency of the tunneling barrier.

We observe the corresponding maxima of the differential con-
ductivity and verify that they are related to the Van-Hove singularities
(VHSs) of the DOS at the CNT band edges. This conclusion is based
on the dependence of the device differential conductance on both the
source-drain and gate voltage. We also measured the I-V curves in the
magnetic field and observed the splitting of the VHS in an axial mag-
netic field as predicted back in 1993°>*° and discussed in later
works.””*” We, thus, confirm that the tunneling contact can be easily
fabricated and used as an in situ probe of the band structure of an indi-
vidual CNT. We also report on an unexpected dependence of the dif-
ferential conductance of a CNT between two tunneling contacts on
the source-drain and gate voltage.

We have fabricated several devices with nanotubes that have
diameters about 4-6 nm. These CNTs have two to three walls, so that
the Coulomb interactions are screened and the transport occurs via
the outer CNT.” Each of our samples consists of one individual car-
bon nanotube with two tunnel and two ohmic contacts perpendicular
to the axis of the tube [see Fig. 1(b)]. This whole structure is made in
the field effect transistor configuration with Si p-doped back gate. The
channel length between the contacts is in range of 1-2 um depending
on the device.

For the synthesis of CNTs, a home-made chemical vapor deposi-
tion (CVD) reactor was used. The synthesis method described in detail
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FIG. 1. Device 1. (a) SEM-picture of the device. (b) |-V curve is taken modulo mea-
sured between two pairs of contacts: Ohm1-Ohm2 and Tun1-Tun2 at room tem-
perature by the probe station. (c) Height profile across nanotubes obtained by
AFM. Inset: AFM-picture of the device. Black arrow indicates on black line along
which was obtained the height profile.
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in Refs. 23, 31, and 32 was shown to produce CNTs with diameter in
the range from 1.5 to 5nm on a highly doped silicon substrate with
500 nm thermal-grown SiO,. The catalyst was a suspension in isopro-
pyl alcohol, consisting of Fe(NOj3),: MoO,: ALO;. The synthesis
process was carried out at T = 950 in several stages using H,, CHy,
and Ar at atmospheric pressure. After the synthesis, the CNTs were
visualized with scanning electron microscopy (SEM) to locate long
straight tubes suitable for making two ohmic contacts and two tunnel
contacts [Fig. 1(b)]. To make ohmic contacts, e-beam lithography and
e-beam evaporation techniques were used to form 25 nm thick golden
film electrodes. Importantly, at this step, no adhesion layer for gold
was used. It is known that the adhesion layer is not really needed for
gold sputtered onto a small area. The bigger parts sputtered afterward
with an adhesion layer prevent golden contacts to CNTs from detach-
ing. For the tunnel contact, we adopted the process for Josephson
junction fabrication described in Ref. 33. Namely, a 1-2 nm thick alu-
minum film was e-beam evaporated through a lithographically defined
mask. After deposition of aluminum, pure oxygen was injected into
the chamber to acidify the film (see Ref. 23 for more details). After
oxygen was evacuated from the chamber, 25nm of gold was e-beam
evaporated. It is important to note that due to a small contact area in
our devices (below 10-2um?), they are not affected by the frequent
problems with thin aluminum oxide films such as pinholes and inho-
mogeneous areas.”’ As we see from Figs. 1(b) and 5(d), a tunneling
contact reduces conductance of the CNT device at room temperature
about ten times. No features are observed at the IV curves obtained at
room temperature due to fundamental uncertainty in energy of about
25meV.

All electronic transport measurements were made using a com-
mercial current preamplifier with source-drain (V) and gate (V) vol-
tages applied using a standard data acquisition system. Ggy was
obtained by numerical differentiation of the I(Vy,) curves. Low tem-
perature and high magnetic field measurements were performed using
the Cryogenic CEMS-16 system. Initial characterization of our devices
starts with measurement of the static conductance (G =1/V) for
Va=10mV as a function of the gate voltage.

We selected devices, Fig. 5(c), for which this dependence is typi-
cal for semiconducting nanotubes with a bandgap of few hundred
meV or larger. We next measured I-V curves at room temperature
between ohmic—-ohmic and tunnel-tunnel contacts. For most devices,
the conductance at V,;=50mV for the tunnel-tunnel pair is about
two or three orders of magnitude smaller than for the ohmic-ohmic
pair [see Figs. 1(b) and 5(d)]. Such a difference in the conductance
indicates that the tunnel contacts work properly. To justify this conclu-
sion, low temperature measurements were carried out.

In order to establish the relation between the differential conduc-
tance Gy of our devices and the CNT density of states, we investigate
the dependence of G on both the source-drain voltage V,; and the
back gate voltage V. The data presented in Fig. 2 illustrate the results
of what is close to a classical tunneling spectroscopy experiment. The
section of the nanotube we probe here is connected to one ohmic and
one tunneling contact. The data shown in Figs. 2(a) and 2(b) were
obtained at 5K temperature. The maxima of the differential conduc-
tance are clearly seen. Their positions are not sensitive to the gate volt-
age. We argue that these maxima occur when the Fermi level of the
metal in the tunneling contact is aligned with the band edge in the
nanotube. We note that the maxima in Figs. 2(a) and 2(b) of G are
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FIG. 2. Transport in device 1 between one tunneling and ohmic contacts. (a) Differential conductance as a function of the gate voltage and the source-drain voltage. (b)
Differential conductance as a function of the source-drain voltage. Red arrows show maxima of G, associated with enhanced tunneling into the CNT. (c)—(e) Energy band dia-
grams illustrating band alignment at zero Vg (c), Vsg = V4 (d), and Vsg = V4 (e). Solid blue arrows illustrate tunneling, and dotted ones illustrate energy relaxation in the
nanotube. The valence band of the CNT close to the ohmic contact is not filled due to contact doping.

not symmetrical about zero. This is a manifestation of the intrinsic
doping of the tube.””” Importantly, the tunneling conductance G is
sensitive to the doping level right in the contact area that cannot be
changed via electrostatic gating. Therefore, the positions of these max-
ima are not sensitive to the gate voltage value. The band edges of the
CNT close to the ohmic contact are shifted due to contact doping, so
the carriers enter the CNT from the metal practically without any scat-
tering. Transmission through the tunneling contact is significantly
enhanced when the contact Fermi level is aligned with the conduction
band edge for negative V,; (V,) and with the valence band edge for
positive Vi; (V7). The energy diagrams illustrating this statements are
shown in Figs. 2(c)-2(e). We evaluate the bandgap of the CNT as the
distance between the G maxima ~200 meV.

If there is no voltage drop across the ohmic contact and the CNT,
the voltage drop across the tunneling contact is equal to Vi, This
assumption is further confirmed when the differential conductance of
the CNT between two tunneling contacts is probed as a function of
both gate and source-drain voltages [see the data in Figs. 3(a) and 3(b)].
In this case, we can distinctly see two G maxima for gate voltage inde-
pendent Vi, values as horizontal lines in Fig. 3(a) and arrows in Fig.
3(b). In the case of two tunneling contacts, the G maxima should be
observed when the Fermi level of the contact metal matches the CNT
band edge on both sides [see the diagram (d) and (e) in Fig. 3] of the
device. In this case, the maxima should be observed at Vg = *E, /e,

where e is the elementary charge. This turns out to be the case in our
experiments as seen from the plot in Figs. 3(a) and 3(b).

As seen from the 2D plot in Fig. 3(a), there some maxima of Gy
depend on the applied gate voltage. They cannot be related to the den-
sity of states in the contact area of the nanotube. Interestingly, they
form a pattern characteristic for a Coulomb blockade (CB). The size of
the “diamonds” would be the same in the case of CB in a CNT with a
length of about 100 nm or less, while we deal with a ~2 um long sec-
tion of a CNT. At this point, we have no explanation to the origin of
the observed pattern.

The value of the bandgap extracted from the Gy vs V4 curves
(Eq =~ 200 meV) is consistent with the diameter of the nanotube that
was measured with atomic force microscopy (AFM). The diameter d
of the CNT discussed to date is found to be 4.5 + 0.5 nm. According
to the zone-folding approximation, the bandgap of a single carbon
nanotube should follow the relation:*

2790c—

E, = Vodc < )
where 7, is the nearest-neighbor energy overlap integral”> and
ac = 0,142 nm is the distance between the neighboring carbon
atoms. The value of 7, is known to be between 2.5 and 3 eV.”"*° We
assume it to be about 2.8 eV based on the commonly excepted value of
the Fermi velocity in graphene vy = 3/2y,a| = 10° m/s.
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FIG. 3. Transport in device 1 between two tunneling contacts. (a) Differential conductance as a function of the gate voltage and the source-drain voltage. (b) Differential con-
ductance as a function of the source-drain voltage. Red arrows show the maxima of G associated with enhanced tunneling into the CNT. (c)—(e) Energy band diagrams illus-
trating the band alignment at Vs3=0 (c), Vsg = V4 (d), and Vsg = V4 (). Solid blue arrows illustrate tunneling events, and dotted ones show energy relaxation in the

nanotube.

In this case, we estimate the bandgap of a semiconducting CNT
to be equal to 0.18 eV, close enough to the value obtained from the
dv/dl vs Vy; curves. Importantly, Eq. (1) can be used only as rough
estimate of a MWNT bandgap. Due to intershell coupling, the
bandgap of MWNTs with the same diameter may be different (see
Refs. 41-43 for some of the theoretical results on the matter).
Accuracy of our current setup does not allow for getting information
on the inner structure of the studied MWNT based on the obtained
bandgap value.

The relation between the differential conductance Gy of our
devices and the CNT density of states motivates us to perform tunnel-
ing DOS measurements under the axial magnetic field. It is well estab-
lished theoretically that the axial magnetic field lifts the degeneracy
between the K and K’ bands of the CNT band structure. This results
in splitting of the VHS of the DOS of a CNT. Figure 4 illustrates this
effect within the zone folding approximation.

Under zero magnetic field allowed values of the wave-vector
component k; perpendicular to the CNT axis are defined by the
condition

k(L = 2nn, (2)

with 7 being an integer and L = nd being the CNT circumference. In
magnetic field B parallel to the CNT axis, this condition is replaced
with

kL + Brd*/4¢, = 2mn, (3)

(a) B=0 (b) B=0 (9 B=0
2 N\
) k
g 0 E
& g
-1 /L /‘k
2
iz —io0 —0808 10 12 00 05 10
P P < DOS
(d) B=0 (e) B=0 () B0
2 B —
1
<
E 0 Egl Eg
-1
2 L
—i7 -i0 —0808 10 12 00 05 10
kLK kL IK DOS

FIG. 4. Theoretical explanation of the CNT DOS splitting in the axial magnetic field.
The upper row shows the dispersion law near K and K’ points (a) and (b), and den-
sity of states (c) for a single semiconducting CNT when the magnetic flux along the
tube axis is zero. Bottom row shows dispersion law near K and K’ points (d) and (),
and density of states (f) when a magnetic field is applied along the tube axis. Red
lines are zone folding crossing lines. When the magnetic field is applied along the
tube axis, zone folding crossing lines are shifted in different directions (d) and (e);
thus, the valley degeneracy is lifted and the peaks of the density of states split (f).
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FIG. 5. Device 2. (a) |-V curves measured between Ohm2 and Tun2 with and without magnetic fields directed along the axis of the tube: red curve (B= 16T) and black curve
(B=0T). Inset: SEM-picture of the device with simple experiment scheme. (b) Black and red points shows /~V curves from Fig. 5(a) numerically differentiated and multiplied
and by V/I. Black and red lines are the Lorenz-fits. In magnetic field B= 16T, the DOS peak splits into two peaks. Difference of Vsy between these peaks is ~40mV. (c)
Transistor characteristics of the device: conductance (G) depending on the gate voltage shows us that the tube in device 2 is semiconducting (after Vg > 4V conductance is
equal to zero). Different shades of red and arrows show the gate voltage changing direction. The observed hysteresis is a common phenomenon in such transistor structures
based on CNTs*"** and graphene.”*“ It is associated with the recharge of traps in the near-surface layer of silicon oxide and the recharge of contaminations and water mole-
cules on the CNT surface. (d) |-V curve is taken modulo measured between two pairs of contacts: Ohm1-Ohm2 and Tun1-Tun2 at room temperature by the probe station. (e)
Height profile across the nanotube obtained by AFM. Inset: AFM-picture of the device central part between Tun2 and Ohm2 contacts. White arrow indicates on white line along

which was obtained the height profile.

with ¢, = h/e being the magnetic flux quantum. As shown in Fig. 4,
band edges shift up for one of the K, K’ bands and down for the one.
While the CNT bandgap change under the axial magnetic field has been
reported in several works,”””**** the VHS splitting was only observed
by optical methods using a large number of CNTs in suspension.”’
Here, we observe this effect simply by measuring the differential con-
ductance of a tunnel contact as a function of the source-drain voltage.
Figure 5(b) compares Ggy (Vi) curves of another CNT based device
measured at 6 K under magnetic fields of 0 and 16 T. Note that the max-
imum of Gy obtained at zero magnetic field is split into two so that
one is shifted to lower V,,, while the other one is shifted to higher one.
One can extract the nanotube diameter from the magnitude of spitting
using the relation

AV = AE/e = Bdvg/2. (4)

Based on the data shown in Fig. 5(b), we estimate the diameter
value to be 5+ 0.5 nm, which is close to the value obtained using
AFM. Importantly, the VHS splitting under axial magnetic fields has
never been demonstrated in an individual CNT so far.

To summarize, we have implemented tunneling contacts into
several devices based on individual CNTs. Our results prove that a
tunneling contact can be used as a tool for in situ measurements of a

CNT bandgap. The approach described here is expected to give new
results in the case of the so-called quasi-metallic CNTs that have a
curvature-induced bandgap of the order of 10 meV. It can be further used
for quantitative analysis of the electron—electron interactions on the CNT
band structure. We also demonstrate VHS splitting resulting from the
magnetic field-driven lifting of valley degeneracy in an individual CNT.
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