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Converting Metallic Single-Walled Carbon Nanotubes into
Semiconductors by Boron/Nitrogen Co-Doping™**

By Zhi Xu, Wengang Lu, Wenlong Wang, Changzhi Gu, Kaihui Liu, Xuedong Bai,*

Enge Wang,™ and Hongjie Dai

Although single-walled carbon nanotubes (C-SWNTs) that
act as semiconducting molecular wires have shown promise for
future versatile high-performance electronic devices,'*! the
coexistence of metallic and semiconducting C-SWNTs in the
as-grown materials has made it notoriously difficult to scale up
fabrication of carbon nanotube field-effect transistors (FETs).
Recently, much effort has been devoted to the preferential
growth of semiconducting versus metallic nanotubes, or to
enable the facile separation of the two types of nanotube, or to
selectively etch and thus remove metallic C-SWNTs." 7] Thus
far, it is still a challenge to realize structurally controlled
growth, while post-separation and etching treatments increase
the complication in application of the C-SWNTs. For
large-scale fabrication of nanotube electronic devices, much
remains to be done to achieve a full semiconductor by any
synthesis method.

Studies on B and/or N substitutionally doped multi-walled
carbon nanotubes have shown that their electronic properties
mainly depend on composition.* ! Doping by either B or N
alone tends to produce metallic behavior.'>!!! Theoretical
calculations predict that the BCN-SWNTs possess a bandgap
that is adjustable by chemical composition and atomic
configuration,!'>'* which has aroused interest in the synthesis
of the ternary system of BCN-SWNTs. An early study on BCN-
SWNT growth was reported by using a substitution reaction of
pristine C-SWNTs.I' Very recently, we have realized the direct
synthesis of BCN-SWNTs by chemical vapor deposition.'!

Herein, we report the fabrication of field-effect transistor
(FET) devices using the as-prepared BCN-SWNTs. Electronic
transport measurements elucidate that the BCN-SWNTs are
purely semiconducting. Ab initio calculations indicate that the
electronic structure of a C-SWNT evolves from metallic to
semiconducting as a result of B/N co-doping.
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The synthesis of single-walled BCN nanotubes was achieved
by a plasma-assisted hot-filament chemical vapor deposition
(HFCVD) method. A transmission electron microscopy (TEM)
image in Figure 1a shows that the as-grown BCN-SWNTs have
an integrated tubular structure with clean and smooth surfaces.
Electron energy loss spectroscopy (EELS) (Fig. 1b) demon-
strates the sharply defined 7* and o* fine structure features of
the K-edges, which are characteristic of well-graphitized
sp’-bonded hexagonal networks.'”! By systematically quanti-
fying the chemical compositions from EELS spectra, it is found
that the nanotubes typically contain 3-8 at % of B and 5-8 at %
of N. The B and N contents are about equivalent in most of the
BCN-SWNTs. Importantly, in our growth experiments, we
found that using either a B or N doping source alone always
produced pure C-SWNT product rather than B or N doped
nanotubes. This indicates that while B and N alone are difficult
to dope into the C-SWNT lattice, B and N are likely to co-dope
into a C-SWNT by substitution of a pair of carbon atoms, which
results in B/N existing as neighboring atomic pairs in the
co-doped SWNT structures. A schematic illustration of the
atom configuration in a BCN-SWNT is displayed in Figure 1c,
in which the atomic concentration of B/N co-doping is set as
6.25%, equivalent to that of the overall grown nanotubes.

The electronic properties of the BCN-SWNTs have been
measured by fabricating their field-effect transistors (FETS).
The transport measurements were carried out after annealing
the samples under vacuum. Figure 2a is a typical gate-
dependent transport curve of BCN-SWNTs, which shows that
the on and off current ratio reaches to six orders of magnitude
(Ion/Iofs = 10°) by a sweeping gate voltage. The device exhibits a
hole-carrier depletion (Fig. 2b), i.e., the BCN nanotube is a
p-type semiconductor. Ti/Au are used as electrodes, from
which holes are introduced.

FET devices were first fabricated with an individual
BCN-SWNT or several BCN-SWNTs bridging the electrodes.
The results demonstrated that, for the 58 devices fabricated on
12 chips, 56 of them were found to be depletable (hereafter
defined as I,,/I; > 10%. These devices were then examined by
atomic force microscopy (AFM) to observe how many
nanotubes were in the channel. Except for eight, all were
single-nanotube devices. By carefully checking, there were still
20 nanotubes in these eight devices, and there were two
nanotubes in the two non-depletable devices (defined as I,/
Toge < 103). Therefore, in this step, we found 68 semiconducting
nanotubes out of a total of 60, which corresponds with a high
percentage of 97.1% semiconducting nanotubes.
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By the cutting and counting method, we examined

30 multi-nanotube devices: 133 nanotubes out of
136 were found to be semiconducting. The
percentage of semiconducting nanotubes was
97.8%, which is in agreement with the result by
the method of single-nanotube device fabrication.

In the present study, a plasma-assisted HFCVD
method is applied to grow B/N co-doped single-
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Figure 1. Structural characterization of the BCN-SWNT products. a) A typical TEM image
of the as-grown BCN-SWNTSs. Bundles of BCN-SWNTs with clean and straight tube walls
are apparently shown to reveal the high quality of the as-grown nanotubes. b) A typical EELS
spectrum taken from a BCN-SWNT bundle. c¢) Schematic structure of a BCN-SWCNT with a
B/N doping concentration of about 6.25%, as obtained in the synthesized nanotubes.

In devices where there are more than one nanotube bridging
the channel, a cutting and counting method is a very efficient
way to count the nanotubes in one device.'8 If this device is
depletable, it means all nanotubes in this device are
semiconducting. So a negative gate voltage can turn on all
semiconducting nanotubes. The source/drain (S/D) bias is then
increased to induce the electrical breakdown of these
nanotubes one by one, until the S/D current drops to zero.
If the device is non-depletable at first, the positive gate voltage
is applied and one metallic nanotube is cut. If the device still
does not become depletable, another metallic nanotube is cut.
The process is repeated until all the metallic nanotubes are cut.
Finally, when the device becomes depletable, the remaining
semiconducting nanotubes are cut and counted. Figure 2c is a
scanning electron microscopy (SEM) image that shows a
multi-nanotube device (Fig. 2c), where there are eight
nanotubes bridging the S/D electrodes. Figure 2d is the
enlarged image of the local area marked in Figure 2c.
Compared with the single-nanotube FET device, the multi-
nanotube device carries a higher on current (Fig. 2e). An
electrical breakdown test also confirmed that there were eight
nanotubes acting as the conducting channel (Fig. 2f). Since this
device is depletable, it means all of the eight nanotubes are
semiconducting. In our experiments, there were still a few
percent of metallic tubes in the as-grown materials, which
cause some multi-nanotube transistors to be non-depletable.
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walled carbon nanotubes, so the possibility of
selective etching of a gas-phase plasma hydro-
carbonation reaction!”"'*?% on metallic nanotubes
has to be considered. Systematic plasma-assisted
HFCVD experiments were carried out to synthe-
size C-SWNTs by using H, and CHy4 as reactant
gases (C-SWNT I) and also by using CH, and
B,Hg as reactant gases (C-SWNT II), respectively.
B,Hg is very easy to decompose and releases H
ions in plasma, thus, neutral and positive ions of H
and CHj species, which are active to the metallic
nanotubes,m exist in the above two CVD
environments. We carefully examined the percen-
tage of semiconducting nanotubes among the
as-grown C-SWNTs by the cutting and counting
method. About 72.2% (out of 54) and 66.4% (out
of 113) of the measured nanotubes were found to
be depletable for the C-SWNT I and C-SWNT I,
respectively (Fig. 3). The percentages of semi-
conducting nanotubes are very close to the
theoretical prediction of two-thirds in all C-SWNTs.
For comparison, the statistical results of the
BCN-SWNT, C-SWNTT I, and C-SWNT II samples are
demonstrated in Figure 3, which clearly shows that the
selective etching can be ruled out in the growth of
BCN-SWNTs.

To understand the origin of the semiconducting property of
B/N co-doped C-SWNTs, we have performed ab initio
calculations of their band structures. The VASP package
along with an ultra-soft pseudo-potential (US-PP) for the
ion—electron interactions and the generalized gradient approx-
imation (GGA) for electron exchange and correlation®! were
used. A cut-off energy for the plane wave basis of 350eV was
employed. All atomic structures of the various SWNTs
considered were fully relaxed to an accuracy where the total
energy difference between two ionic steps was smaller than
1meV.

As observed in the experiments, the boron or nitride
dopants are at the same concentration in the range from 3 to
8%. First, we searched various co-doped structures with B and
N at adjacent sites and widely separated. It is found that B and
N atoms have a strong preference to neighbor each other. The
total energy with an adjacent B/N atom pair in the unit cell is
about 2.0-2.6 eV lower than those with separately doped B and
N atoms at different positions. This lends support to the
experimental observation of B and N co-doping. We then
adopted this model in band structure calculations according to
the experimental results.
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a) 10° b) 0.0/ 0.1eV opens at the Fermi level (Fig. 4b, inset).
2. 0x10° Next, another adjacent B/N atom pair is added
< 10 1 4.0510°)] to each unit cell. The two adjacent B/N atom
= < - -y pairs are separated by six carbon atoms, which
— 10" = —Vg=-10v corresponds to 10% of B and N (Fig. 4c, top).
v —" -8.0x10" :ﬁi The energy gap is widened to about 0.5eV
107 N A -1.0x1 0;71.0 08 06 04 02 0o (Fig. 4c). Finally, the band structure of a BN-
SWNT without carbon atoms is plotted in
VQ(V) VSd(V) Figure 4d, which has a quite wide gap of 4.6 eV.
c) d) R The ab initio study clearly reveals a transition of
_ electronic property from metallic to semiconduct-

m ing after B/N co-doping into C-SWNTs.
— ' We have calculated the electronic structures
e) 10° ) 200 of other metallic C-SWNTs at different B/N
. _— L r co-doping levels. For example, the (8,8)
10 I BCN-SWNT with a 6.25% B/N co-doping has
S 10 &; 1004 _;’V‘l“f““" ," ) L’l > an energy gap of about 0.1eV. All of our
3 = Pl ' i calculations for the B/N co-doped C-SWNTs
- 107 — 501 J -_;:«%‘" 7_.‘ / show a similar transition behavior from metallic
/x’ ~'Lnf"’l-—, /| to semiconducting, independent of the chiral-
105 e T o 05 =% 10 15 20 ities of the nanotubes although the opened gaps
Vg(v VSd(V) are different from each other. Our results

Figure 2. Characteristics of BCN-SWNT-based FET devices. a) Current (ls4) vs. gate voltage
(Vy for the device, recorded under a bias of V4 = 100 mV. The on/off ratio reaches 10°. Inset:
AFM image of a single-tube device, which shows a BCN-SWNT diameter of ~1.1nm and a
channel spacing of ~400 nm. b) The device current Is4 vs. V4 for various V,. The curves were
recorded by sweeping gate voltages from V; = —20to 0V at a step of 5 V. ¢) SEM image of a
multi-tube device. The channel is magnified in (d), and two nanotubes in the magnified area
can be seen. There are eight tubes bridging the whole channel in this device. Scale bar: 50 wm
in (), Tpm in (d). €) Isq vs. V,, for the multi-tube device shows an on/off ratio >10° and on
current near 100 nA at Vig =100 mV. f) Is4 vs. Vo4 shows sequential electrical breakdown of
the tubes in the chip of (e). Eight abrupt current drops indicate that there are eight

semiconducting nanotubes in the channel.

A typical metallic (5,5) C-SWNT was first employed, which
has no energy gap at the Fermi level (Fig. 4a). One B/N atom
pair was used to substitute two adjacent carbon atoms in a unit
cell of a (5,5) C-SWNT (Fig. 4b, top), which corresponds to a B
or N component ratio of 5%. The band structure of this B/N
co-doped C-SWNT shows that a small energy gap of about

Semiconducting M Metallic

i

BCN-SWNTs C-SWNTs| C-SWNTs Il

80%-

Percentage

Figure 3. Histogram of the number of the semiconducting and metallic
nanotubes in as-grown BCN-SWNT, C-SWNT | (using H, and CH, as
reactant gases), and C-SWNT Il (using B,H¢ and CH, as reactant gases)
samples, respectively. The percentages of the semiconducting nanotubes
in the three types of the samples are 97.6, 72.2, and 66.4%, respectively.
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clearly show that the gap opening is quite
sensitive to B/N components. A band gap
widens monotonically with the increase of
concentration of B/N co-doping. The detailed
geometry of the B/N atomic pairs may change
the width of the gap slightly, but all results do
not change the trend. At high doping concen-
trations, energy gaps are wide and no nanotubes
remain metallic, but at low doping concentra-
tions (<1%), the energy bands open small gaps.
The concentration of the doped B/N atom pairs
may fluctuate along the synthesized nanotube.
The high doping parts have wider energy gaps
and the low doping parts have lower energy
gaps. However, overall the nanotube still exhibits semicon-
ducting characteristics. Although variations in doping con-
centration along the nanotube may introduce scattering, in the
meantime, those BCN-SWNTs with prototypes of semicon-
ducting C-SWNTs do not change their conductive properties
and remain semiconducting. As to those rare non-depletable
nanotubes, they are most probably the BCN-SWNTSs with very
small B/N components, because of the unavoidable doping
fluctuation in growth.

Our present work focuses on the effect of B/N co-doping on
the modification of the electronic structure of C-SWNTs. A
study of large numbers of BCN-SWNT-based FETs indicates
that the metallic C-SWNTs can be converted into semicon-
ductors by their B/N co-doping, which aims at a scalable
fabrication of nanotube electronic devices, regardless of the
difficulty of the coexistence of metallic and semiconducting
nanotubes in raw materials. Systematic experimental data and
theoretical calculations suggest the B/N co-doped C-SWNTs
possess a semiconductor nature, which could open a route to
large-scale integrated nanotube electronics.
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Figure 4. Computed DFT-GGA band structures of a (5,5) BCN-SWNT with a) no B/N atoms (in a pure C nanotube), b) one B/N atom pair per unit cell,
c) two B/N atom pairs per unit cell, and d) a pure BN-SWNT. See the structures shown above each band structure. The energy zero in each case is the Fermi

level.

Experimental

The synthesis of single-walled BCN nanotubes was achieved by a
plasma-assisted HFCVD method. The B/N co-doped C-SWNTs (BCN
SWNTs) were grown over the powdery MgO-supported Fe-Mo
bimetallic catalyst, by using CH,4, B,He, and ethylenediamine vapor
as the reactant gases. The filament temperature was 1 650-1750 °C and
the substrate temperature was 800-850 °C.

For fabricating FET devices, the as-grown BCN-SWNTs were first
purified and dispersed in dichloroethane solution. The nanotubes were
then transferred to an oxidized silicon wafer by spin coating. AFM
images were recorded to check the distribution density of the
nanotubes on the wafer. The source (S) and drain (D) electrodes
with proper size were defined by electron beam lithography to mainly

www.advmat.de

contact a single nanotube. Ti (2nm)/Au (30 nm) films were deposited
on a wafer for S/D electrodes with a channel distance that ranged from
300 to 800 nm. A Si substrate with an ~70 nm thick SiO, surface layer
acted as a back gate.
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