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S
ingle-walledcarbonnanotubes (SWCNTs)
are promising for use in future electron-
ics due to their extremely high carrier

mobility1 and current-carrying capacity,2

ballistic transport,3 and simple electrostatic
current modulation with high ON/OFF
ratios.4 However, a key step in fabricating
high performance SWCNT-based field effect
transistors (FETs) is to obtain pure semicon-
ducting SWCNTs (s-SWCNTs) avoiding elec-
trical short circuits by metallic SWCNTs
(m-SWCNTs). However, as-grown SWCNT
samples are usually a mixture of s-SWCNTs
and m-SWCNTs. Therefore, great efforts
have been devoted to the selective prepara-
tion of pure s-SWCNTs and m-SWCNTs by
in situ growth,5�10 postsynthesis separa-
tion,11,12 chemical modification,13�16 elec-
trical breakdown,17,18 e-beam/light irradia-
tion,19,20 gas phase reaction,21�23 etc.
Although notable progress has been made
in recent years, the efficiency and reprodu-
cibility in the enrichment of s-SWCNTs still
need to be improved due to a poor overall
performance of the fabricated devices.
For example, postsynthesis separation and
chemical modification tend to cause con-
taminations and structural defects of the
as-grown SWCNTs which are detrimental
to their performance. Electrical breakdown
is highly effective but time-consuming, and
cannot be scalable to systems with millions
or billions of transistors. On the other hand,
e-beam/light irradiation and gas phase re-
action are either time-consuming or suffering
from reversible metallic-to-semiconducting
transition and instability of the device
performance.
In the present work, we report the selec-

tive removal of m-SWCNTs by a carbo-
thermic reaction method. Because of their

preferential reaction with NiO thin film,
m-SWCNTs can be selectively etched at a
relatively low temperature of 350 �C. Fur-
thermore, all-SWCNT FETs using as-grown
SWCNTs as source/drain electrodes and the
remaining s-SWCNTs that survive the car-
bothermic reaction as a channel material
were fabricated with the aid of a patterned
NiOmask. These FETs show current ON/OFF
ratios of ∼103. More importantly, such all-
SWCNT FETsmay find applications in various
flexible devices.
Carbothermic reactions are widely used

for refining metals, such as Fe and Al, from
their oxide minerals. During this process,
metal oxides are reduced to metals, while
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ABSTRACT

Selective removal of metallic single-walled carbon nanotubes (SWCNTs) and consequent

enrichment of semiconducting SWCNTs were achieved through an efficient carbothermic

reaction with a NiO thin film at a relatively low temperature of 350 �C. All-SWCNT field effect
transistors (FETs) were fabricated with the aid of a patterned NiO mask, in which the as-grown

SWCNTs behaving as source/drain electrodes and the remaining semiconducting SWCNTs that

survive in the carbothermic reaction as a channel material. The all-SWCNT FETs demonstrate

improved current ON/OFF ratios of ∼103.
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carbon is oxidized to CO or CO2. Since m-SWCNTs
are chemically more reactive than s-SWCNTs due to
their smaller ionization potential,6,9,13,22 we propose
removing m-SWCNTs selectively by using a carbother-
mic reaction with NiO. We selected NiO as the oxidant
because of its appropriate reduction potential,24 which
makes m-SWCNTs efficiently removed while s-SWCNTs
are retained under the optimum oxidation conditions.

RESULTS AND DISCUSSION

Figure 1 schematically illustrates the process of
removing m-SWCNTs by the carbothermic reaction.
First, a 100 nm-thick Ni film was sputtered onto a
Si/SiO2 substrate and then oxidized at 600 �C under
an ambient atmosphere. Scanning electron microscopy
(SEM) observation and X-ray photoelectron spectros-
copy (XPS) analysis confirmed the formation of NiO film
after the thermal oxidation (Figure S1, Supporting
Information). Second, a Si/SiO2 substrate coated with
the NiO film was placed on another Si/SiO2 substrate
with SWCNTs grown on its surface by chemical vapor
deposition. An appropriate pressure was applied to
ensure intimate contact between the SWCNTs and the
NiO film by using a clamp (Figure S2a, Supporting
Information). Finally, the stacked substrates were
heated at 350 �C under an ambient atmosphere in a
tubular furnace. Because of the different reactivities of
m- and s-SWCNTs, m-SWCNTs intend to react with NiO
preferentially and be etched during the process. We
tried different reaction temperatures and times (Figure
S3, Supporting Information) and found that there was
no obvious change of the as-grown SWCNTs at a lower
reaction temperature of 300 �C; no obvious change to
the original SWCNTs occurred as confirmed by SEM
observation and laser Raman measurement. While
under 400 �C and prolonged reaction time, most of
the SWCNTs were destroyed. Thus, the optimum reac-
tion condition was set to be 350 �C and 30 min.
The as-grown SWCNTs and the SWCNTs that re-

mained after the carbothermic reaction were com-
pared using laser Raman spectroscopy with the excita-
tion laser wavelengths of 532 and 633 nm. Figure 2
panels a and c show the laser Raman spectra of the
as-grown SWCNTs, in which the radial breathing mode
(RBM) peaks originating from s- and m-SWCNTs are
highlighted with blue and pink colors, respectively,
according to the Kataura plot.25 It can be seen that
bothm-SWCNTs and s-SWCNTs coexist in the as-grown
SWCNT samples. Figure 2 panels b and d show the
results for the SWCNTs obtained after the carbothermic
reaction. We can see that most of the RBM peaks
assigned to m-SWCNTs disappear, while the peaks
originating from s-SWCNTs are mostly retained. The
samples were further examined by using an excitation
laser wavelength of 785 nm and similar results were
obtained (Figure S4, Supporting Information). These
results indicate that most of the m-SWCNTs were

removed by the carbothermic reaction with NiO and
the remaining material is dominated by s-SWCNTs. It
should be pointed out that there are still very weak
signals originating fromm-SWCNTs in Figure 2 panels b
and d. It is possible that a limited number ofm-SWCNTs
survive the carbothermic reaction due to their larger
diameter or bundled-structure, which gives them a
high oxidation resistance. In order to obtain a higher
percentage of s-SWCNTs, it is important to realize
precise control over the diameter of SWCNTs. And also,
our results showed that the SWCNTs with lower area
density usually have a better selectivity.
To verify that the selective etching is realized by the

carbothermic reaction, we performed a comparative
study in which the as-grown SWCNTs were heat treated
at 350 �C in air for 30minwithout using anymetal oxides.
SEM images and laser Raman spectra of the SWCNTs
before and after the thermal oxidation showed no ob-
vious difference (Figure S5, Supporting Information),
indicating that the structure of the SWCNTs remained
almostunchanged. Therefore, it is reasonable to conclude
that the NiO thin film plays a key role in the selective
removal of m-SWCNTs at such a low temperature.
All-carbon nanoelectronics have attracted intense

research interest due to their attractive potential ap-
plications in various flexible, transparent devices.26�28

After selective removal of m-SWCNTs, we further fab-
ricated all-SWCNT FET devices using the obtained
s-SWCNTs as the channel material and the as-grown
SWCNTs as source/drain electrodes. Figure 3a schema-
tically shows the fabrication process. The patterned
NiO strips, rather than a uniform NiO film, were used to
selectively remove m-SWCNTs. A schematic showing
the contact between the NiO stripes and SWCNTs
before and after the carbothermic reaction is shown
in Figure S2b (Supporting Information). As a result, the
m-SWCNTs (red lines) contacting the NiO strips were
selectively removed by the carbothermic reaction,
while in the blank areas (free of NiO), the SWCNTs were
not affected. The remaining s-SWCNTs were then
directly used as the channel material and the intact
SWCNTs as the source/drain electrodes. By using

Figure 1. Schematic showing the selective removal of
m-SWCNTs by the carbothermic reactionwith a NiO thin film.
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patterned NiO masks, all-SWCNT FETs and even more
complicated circuits could be fabricated.
Figure 3b shows a SEM image of the patterned NiO

strips with a thickness of∼100 nm, a width of∼10 μm
deposited on a Si/SiO2 substrate by a standard photo-
lithography, metal evaporation, and lift-off process.
Figure 3c shows a typical SEM image of the fabricated
all-SWCNT FET. It can be seen that the density of
SWCNTs in the channel area obviously decreases due
to the selective removing of m-SWCNTs and the loss of a
part of s-SWCNTs, while the SWCNT serving as source/
drain electrodes remains almost unchanged. The residual
s-SWCNTs have a shorter average length, but they bridge
and connect well with the source/drain SWCNT electro-
des. There was no Ni residue detected by either SEM
observation or energy dispersive spectrometer analysis.
The electrical measurements of the all-SWCNT FETs

were performed using a probe station. The all-SWCNT
FETs have typically a channel length of ∼10 μm and a
channel width of ∼500 μm. Two W-tip probes were
connected directly with the SWCNT source/drain elec-
trodes. The third probe was connected to the silicon
bottom gate electrode. It is worth noting that our
device assembly process is quite simple because the
conventional deposition process of the metal electro-
des is not needed. Moreover, the all-SWCNT configura-
tion avoids possible carbothermic reaction between
carbonaceous channel material and the connecting
metal electrodes, such as Au, Pt, and Pd, and hence

improves the high temperature durability and stability
of the FET devices.24

Figure 3d compares the transport properties of two
typical FET devices. One device was the above-men-
tioned all-SWCNT FET, and the other was fabricated by
transferring an as-grown SWCNT film onto Au/Ti elec-
trodes predeposited on a Si/SiO2 wafer. The as-grown
SWCNT FET showed a low current ON/OFF ratio of ∼5,
which is consistent with the previous reported results
for mixed m- and s-SWCNT devices.5,9 It can be seen
that the source-drain current cannot be turned off by
tuning the gate bias, due to the bridging of m-SWCNTs
between the electrodes. In contrast, the all-SWCNT FET
showed a dramatically improved current ON/OFF ratio
of ∼103, indicating that the channel material is
s-SWCNT dominated. Figure 3e shows the statistical
results of the Ion/Ioff ratios for the as-grown SWCNT FETs
and all-SWCNT FETs. The as-grown SWCNT FETs have
small Ion/Ioff ratios ranging from 2 to 8, which can be
ascribed to the coexistence ofmixedm- and s-SWCNTs.
While the all-SWCNT FETs using the s-SWCNTs derived
from carbothermic reaction as the channel material
show much higher Ion/Ioff ratios; 20% of these FETs
have Ion/Ioff ratios larger than 103, 34% of the FETs
larger than 102, and the rest larger than 10. These
results further confirm that the carbothermic reaction
approach is efficient for selective removal ofm-SWCNTs.
The mobilities of the as-grown SWCNT FETs were
evaluated to be in the range of 10�70 cm2/(V s), and

Figure 2. Laser Raman spectra of (a, c) the as-grownSWCNTs and (b, d) the SWCNTs remaining after the carbothermic reaction
with NiO with laser excitation wavelengths of (a, b) 532 nm and (c, d) 633 nm. The regions corresponding to semiconducting
and metallic transitions are labeled as S (blue) and M (pink), respectively. The baselines of the spectra have been subtracted.
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the all-SWCNT FETs have lower mobilities of
3�20 cm2/(V s) (Figure S6, Supporting Information).
This is possibly because of the removal of m-SWCNTs
and the decrease of SWCNT length caused by the
carbothermic reaction. Using milder carbothermic re-
action conditions and appropriate channel width and
length may further improve the mobility of the FETs.
In this study, we use micrometer-scale NiO strips as an
etchant tomake FETs. When the dimensions of the NiO
pattern are further decreased and its configuration is
carefully designed, high density FETs and even com-
plex devices and circuits are expected to be fabricated
using this approach.

CONCLUSION

In summary, we have demonstrated for the first
time that m-SWCNTs can be selectively removed
by a carbothermic reaction at a low temperature
with a high efficiency. An all-SWCNT FET was
fabricated using intact SWCNTs as source/drain
electrodes and the enriched s-SWCNTs as channel
material. The all-SWCNT FET showed an improved
current ON/OFF ratio of ∼103. In combination with
their easy fabrication process and good stability,
the all-SWCNT FETs may find applications in high-
performance, flexible, low-cost electronic devices in
future.

METHODS

Carbon Nanotube Synthesis. For SWCNT growth, about 0.1 nm-
thick Co film was deposited on a Si/SiO2 wafer by ion-beam
sputtering as a catalyst. The Co filmwas annealed at 900 �C for 5
min under a mixed Ar (200 sccm) and H2 (50 sccm) flow. Then,
a Ar flow (200 sccm) was introduced to bubble through an

ethanol solution (C2H5OH/H2O, 4/1 vol ratio) to start the SWCNT
growth. The growth time was 5�10 min.

All-SWCNT FET Fabrication and Testing. A SWCNT film of 500 μm
wide and 10 mm long was used as a starting material. After
the carbothermic reaction with patterned NiO stripes at 350 �C,
FETs with a channel length of 10 μm and channel width of
500 μm were fabricated (Figure S2c, Supporting Information).

Figure 3. (a) Schematic showing the fabrication process of the all-SWCNT FETs using patterned NiO strips. (b) SEM image of
patterned NiO strips with a thickness of ∼100 nm and a width of ∼10 μm. (c) SEM image showing the source, channel, and
drain of an all-SWCNTFET fabricatedby the carbothermic reactionwith patternedNiO strips. (d) Comparisons of the transport
characteristics of the as-grown SWCNT FET and all-SWCNT FET. (e) Histogram showing the statistical Ion/Ioff ratios of the as-
grown SWCNT FETs and all-SWCNT FETs.
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The all-SWCNT FETs were tested by using a probe station. A
keithley SCS-4200 instrument was used to measure their trans-
port properties by applying a source�drain bias of 0.1 V, with
the gate bias scanning from �10 to 10 V with a step of 0.1 V.
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