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ABSTRACT: Because of their excellent electrical and optical
properties, carbon nanotubes have been regarded as extremely
promising candidates for high-performance electronic and
optoelectronic applications. However, effective and efficient
distinction and separation of metallic and semiconducting
single-walled carbon nanotubes are always challenges for their
practical applications. Here we show that metallic and
semiconducting single-walled carbon nanotubes on SiO2 can have obviously different contrast in scanning electron microscopy
due to their conductivity difference and thus can be effectively and efficiently identified. The correlation between conductivity
and contrast difference has been confirmed by using voltage-contrast scanning electron microcopy, peak force tunneling atom
force microscopy, and field effect transistor testing. This phenomenon can be understood via a proposed mechanism involving
the e-beam-induced surface potential of insulators and the conductivity difference between metallic and semiconducting
SWCNTs. This method demonstrates great promise to achieve rapid and large-scale distinguishing between metallic and
semiconducting single-walled carbon nanotubes, adding a new function to conventional SEM.
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Single-walled carbon nanotubes (SWCNTs) can be metallic
or semiconducting depending on their chiral angles.1,2

Metallic SWCNTs can serve as effective nanometer sized wires
or electrodes3−5 and have potential applications in transparent
conducting films as well as interconnects for integrated circuits
(ICs).6 Semiconducting SWCNTs can be used as conductive
channels of field effect transistors (FET) with high ON/OFF
ratios for logic device applications.7−10 Both kinds of SWCNTs
have to be of high purity for the aforementioned applications.
Unfortunately, the as-synthesized SWCNTs are always a
mixture of metallic and semiconducting tubes. Now the
challenges are (1) developing an effective and efficient method
of identifying metallic and semiconducting SWCNTs and then
(2) developing the corresponding separation methods. To date,
some methods have been developed to identify the types of
SWCNTs, such as field effect transistor (FET) testing,7 Raman
spectroscopy,1,11−13 and electrostatic force microscopy.14−16

However, the most convenient and efficient facility for
characterizing SWCNTs is scanning electron microcopy
(SEM), which possesses the merits of rapid and large area
imaging. Here we show that the contrast of SEM images has a
relationship with the electrical properties of SWCNTs, which
enables direct and efficient identification of metallic and
semiconducting SWCNTs, adding a new function to conven-
tional SEM.
In our experiment, horizontally aligned and high-density

SWCNT arrays synthesized via chemical vapor deposition
(CVD) on a stable temperature-cut (ST-cut) quartz substrate
were used. A similar growth procedure can be found in
published literatures.17−22 After ST-cut quartz wafers were
annealed at 900 °C in O2 for 8 h, an Fe film with a nominal

thickness of 0.2 nm used as catalyst precursor was patterned on
the wafers. By annealing the quartz wafers at 700 °C in air,
residue photoresist was removed and iron oxide nanoparticles
were formed. After purging with argon (1000 sccm) at 700 °C
for 10 min, the furnace was heated to 850 °C and a flow of
argon (500 sccm) and hydrogen (500 sccm) was introduced
into the system at the same time. The CVD growth of
SWCNTs was implemented with a flow of methane (500
sccm), hydrogen (100 sccm), and argon (400 sccm) at 850 °C
for 15 min. Then argon (1000 sccm) was introduced for
flushing the chamber to end the growth process. The as-grown
carbon nanotubes are all SWCNTs and are around 100 μm in
length and 1.0−2.5 nm in diameter. Most of the SWCNTs have
a diameter of 1.6−2.0 nm.
Figure 1a is a typical SEM (FEI Sirion 200, operated at 1 kV,

a line scan time of 40 ms, 1936 lines per frame, spot size 4, final
lens strip aperture size 100 μm) image of SWCNT arrays
synthesized on a quartz substrate. The SEM image of the as-
synthesized SWCNTs at higher magnification clearly shows
that some tubes are very bright while the others are much
darker (Figure 1b,c). Now the question is what the implication
of the contrast difference is.
Considering the as-synthesized SWCNTs are a mixture of

metallic and semiconducting tubes, we conjecture that the
contrast difference might originate from the different
conductivity of the tubes. To verify this hypothesis, we
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designed and conducted a series of experiments, which will be
discussed below in detail.
Typically, SEM images are acquired by detecting the

intensity of secondary electrons knocked out from the sample
by the primary electron beam; here we ignore the back-
scattering electrons’ contribution because a low accelerating
voltage (1 kV) is used in our experiment. SEM image is
therefore sensitive to the surface potential of the sample, which
is known as the voltage contrast.23 If we apply a voltage on the
CNT samples, metallic CNTs will possess identical electric
potential with the electrodes due to its good conductivity, but it
is not the case for the semiconducting ones, which therefore
enable to identify metallic and semiconducting CNTs by the
voltage contrast. So our first experiment is to apply a potential
to the SWCNTs in SEM.
To apply a voltage on the CNT sample, we first deposited

10/50 nm thick Ti/Au electrodes to the ends of SWCNTs by
electron beam evaporator (ANELVA L-400EK) and then put it
on the sample stage of SEM. At least two neighboring
electrodes were connected to a source meter (Keithley 2410)
outside SEM chamber via electrical feedthroughs on a flange of
SEM. In case of no voltage applied between two neighboring
electrodes (corresponding to the normal SEM condition), as
shown in Figure2b, there are apparent contrast differences for
the observed SWCNTs. SWCNTs marked by S1, S2, S3, and
S4 are much darker than those marked by T1, T2, T3, B1, B2,
B3, C1, and C2. It is also clear from the SEM image that

SWCNTs marked by S1, T1, T2, and T3 are only connected to
the upper electrode, SWCNTs marked by S2, S3, S4, B1, B2,
and B3 are only connected to the lower electrode, and
SWCNTs marked by C1 and C2 are connected to both
electrodes. Note that SWCNTs marked by T1 and C1 seem to
be the same one tube but actually a bundle of two tubes. To
help identifying the nanotubes, a schematic illustration was
drawn in Figure 2a. When a potential of 15 V was applied
between the two electrodes under SEM, as shown in Figure 2c,
the upper electrode became darker because its higher voltage
hindered the secondary electron emission from its surface. The
SWCNTs connected to the upper electrode and marked by T1,
T2, and T3 also became darker, which meant that their
potential was the same as the upper electrode. SWCNTs
marked by T1, T2, and T3 should possess good conductivity
and therefore probably metallic. On the contrary, SWCNT
marked by S1 was also connected to the upper electrode but
did not become as dark as T1, T2, and T3. We therefore
conclude that S1 possesses poor conductivity and is probably
semiconducting. When the potential difference between the
two electrodes was inversed, the brighter SWCNTs in Figure 2c
(marked by B1, B2, and B3) became darker, and the darker
SWCNTs (marked by T1, T2, and T3) became brighter in
Figure2d. But there was no such contrast change for SWCNTs
marked by S1, S2, S3, and S4. We can therefore conclude that
SWCNTs marked by B1, B2, B3, T1, T2, and T3 are of good
conductivity and probably metallic, and SWCNTs marked by

Figure 1. SEM images of horizontally aligned arrays grown on single-crystal quartz surface (a) at low magnification and (b) at high magnification,
where contrast difference can be clearly discerned. (c) Gray level versus position extracted from (b) along the green line.

Figure 2. SEM images of SWCNTs at different voltage conditions: (a) schematic illustration of all the SWCNTs; (b) SEM images of SWCNTs
without applying voltage; (c) SEM images of SWCNTs when apply 15 V voltage difference between the upper and lower electrode; (d) SEM images
of SWCNTs when apply −15 V voltage difference between the upper and lower electrode.
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S1, S2, S3, and S4 are of poor conductivity and probably
semiconducting. If we look carefully at the SWCNTs marked
by C1 and C2 which were connected to both electrodes, there
was a gradual contrast change from bright to dark along the
tube as a voltage was applied. This gradual contrast change
reflects a uniform potential distribution along the tube axis.
Thus, these two SWCNTs should be of good conductivity. To
sum up, with the help of voltage contrast SEM images (Figure
2c,d), the SWCNTs can be classified into two groups according
to the conductivity difference: the good-conductivity group
(marked by T1, T2, T3, B1, B2, B3, C1, and C2) and the poor-
conductivity group (marked by S1, S2, S3, and S4). Note that
the good-conductivity and poor-conductivity groups just
correspond to the brighter and the darker SWCNTs in the
normal SEM images (Figure 2b), respectively.
To directly verify whether the contrast difference in normal

SEM images originates from the conductivity difference, the
conductivity of SWCNTs was measured directly using peak
force tunneling atom force microscopy (Peakforce TUNA,
Bruker). As mentioned earlier, a 10/50 nm thick Ti/Au
electrode was deposited onto the quartz substrate by electron
beam evaporation to connect with the SWCNTs. A dc bias was
applied between the AFM tip and the electrode, and then the
current through tip−CNT−electrode was recorded when the
tip was tapping on the CNT. As the voltage was fixed, the
current should be proportional to the conductivity of the CNT.
Normal AFM image, SEM image, and current image (from
Peakforce TUNA) of four tubes (labeled as 1, 2, 3, and 4 from
left to right) are shown in Figure 3, which demonstrate clearly

the correlation between the contrast of SEM image and the
current (or conductivity) of SWCNTs. The order of brightness
is 2 > 1 > 4 > 3, and so is the conductivity. The relationship
between the conductivity and the contrast is the same as the
result of voltage contrast experiment. This is a very useful
phenomenon as it points out directly the highly conductive or
probably metallic carbon nanotube for its high brightness, and
the dark ones can be inferred to be probably semiconducting.
Many tubes have been measured, and this kind of correlation
and identification method can be confirmed.
In aforementioned experiments, SWCNTs with good

conductivity are probably metallic, but there is still possibility
that they are on-state semiconducting SWCNTs. In case of the
SWCNTs with poor conductivity, it does not imply semi-
conducting SWCNTs directly as well because there is also the

possibility that the SWCNTs did not connected to the
electrode properly. A bad connection will result in poor
conductivity in the aforementioned experiments, even if the
SWCNTs are metallic. To prove that the aforementioned good-
conductivity and poor-conductivity SWCNTs are metallic and
semiconducting respectively, further transfer characteristics
measurements were carried out. Since it is relatively difficult
to fabricate FET on quartz and keep the observability of CNTs,
CNTs were transferred onto a Si wafer with a 500 nm thick
SiO2 top layer using a published transfer method.

24 Then arrays
of FET devices were prepared on the SiO2/Si substrate. One
device sample is shown in Figure 4a. The electrodes are
composed of a 10 nm Ti layer and 50 nm Au layer. CNTs
which would not to be measured were etched away by O2
plasma to make them electrically disconnected with the upper
electrode. Figure 4b shows a typical testing result of the
metallic SWCNT device shown in Figure 4a. The tube
connected with electrodes in Figure 4a has bright contrast,
and the supposed metallic character is confirmed clearly by the
current−gate voltage (Id−Vg) transfer characteristics measure-
ment (Figure 4b). The ratio of maximum to minimum current
in the curve is less than 3. For the device with multitubes, this
identification method works well, too. In Figure 4c, three tubes
connected with two electrodes appear a little darker, suggesting
that they are all semiconducting. The Id−Vg curve is plotted in
Figure 4d, showing that no metallic tube exists exactly. The
ON/OFF ratio of this FET device is over 103.
To go much further, some devices with both metallic and

semiconducting carbon nanotubes were prepared, and the
metallic ones were cut off by electrical breakdown25 to compare
their SEM images before and after breakdown. In Figure 5a,
there was one bright tube on the left and one dark tube on the
right connected with the electrodes. Id−Vg curve measurement
shows that there is at least one metallic tube (Figure 5d). Then
the gate voltage was set as 2 V to keep the semiconducting tube
off. As the drain voltage increased to about 80 V, one tube was
electrically broke down (Figure 5b). Comparing the two SEM
images (Figures 5a and 5c), we can find that the bright one on
the left was cut off at two locations marked by the red circles in
Figure 5c and the tube between two gaps became dark (which
will be discussed later). Id−Vg curve measurement after
breakdown (Figure 5e) shows distinct semiconductivity of
the right tube. This process demonstrates that the bright one is
metallic and the dark one is semiconducting in the FET device
very clearly.
The aforementioned experimental results indicate that the

semiconducting and metallic SWCNTs can be directly
identified in SEM by contrast difference. Now the question is
why there is this kind of relationship between the types of
SWCNTs and the contrast of SEM images.
Considering that difference in surface potential can induce

so-called “voltage contrast”23 which has been verified by in situ
applying voltage across SWCNT samples, we therefore
conjecture that the contrast difference in SEM images might
originate from the difference in surface potentials.
It has been observed by many groups that SWCNTs on

insulator surfaces can be imaged clearly with bright contrast by
low-voltage SEM even though the diameters of SWCNTs are
much smaller than the resolution of SEM.26−33 Several
mechanisms have been proposed for this phenomenon, such
as the electron-beam-induced current (EBIC)26 and voltage
contrast for local potential difference.27−29 All the proposed
mechanisms share the same point that the bright contrast is due

Figure 3. (a) Normal AFM image, (b) SEM image, and (c) current
image measured by Peakforce TUNA for the same four tubes. The
bright one acts more conductive, and it seems that little current goes
through the two on the right. The scale bar is 1 μm.
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to the difference in the charging characteristics between
SWCNTs and the insulator surface.
The charging of insulator surfaces under e-beam irradiation

has been studied extensively in the past years.23,34 For bulk
insulators, when the e-beam energy is between tens of eV and
tens of keV, its surface will be positively charged because the
secondary electron emission coefficient σ > 1 which means the
surface emits more secondary electrons than primary electrons
that penetrated it. The surface potential is in the order of
several volts. For a thin layer of SiO2 over silicon substrate, its
surface will be positively charged when the energy of e-beam is
below 3 keV but negatively charged when the e-beam energy is
above 3 keV, according to theoretical calculations.30,35 Many
experimental results agree well with this theoretical result. Note
that the positive surface potential only exists in the area
irradiated by e-beam. This can be easily verified by zooming out
under SEM. The previously irradiated area appears as a dark
rectangle in the new SEM image, due to the surface potential
contrast. In our experiments, two kinds of SWCNT samples
were used. The first kind is the as-grown SWCNT array on
quartz substrate (Figure 1a). In this case the substrate is a bulk
insulator, thus should be always positively charged when
irradiated by e-beam with energies ranging from 1 to 10 keV.
The second kind is the SWCNTs array transferred from quartz
substrate onto SiO2 (500 nm)/Si substrate (Figures 4 and 5).
In this case, the surface is positively charged with beam energy
from 1 to 3 keV and negatively charged with energy above 3
keV. Since the beam energy used was kept at 1 keV, the
insulator surface is always positively charged in both cases.

Now considering those SWCNTs well contacted with the
charging surface, if the metallic one is well electronically
connected with the metal electrode (Figures 4 and 5) or other
SWCNTs (Figure 1) out of the irradiated area which can act as
an electron supply source, its potential will be the same as
electrode outside irradiated area due to its good conductivity.
There will be potential gradient between SWCNTs and the
charging surface. Then electrons on the nanotube will spread
into the surrounding surface, and the spreading range depends
on the potential difference and the surface conductivity of the
insulator. This process rebuilds the potential distribution and
makes up the ultimate voltage contrast image (Figure 6). The
positively charged substrate is dark, the SWCNT is bright, and
the surrounding region is brighter than the rest of the surface,
broadening the diameter of SWCNT to a much larger size at
tens of nanometers.
In case that metallic SWCNTs were not well electronically

connected with metal electrodes or other CNTs outside the
irradiated area (such as the isolated SWCNT segment shown in
Figure 5c), it possessed the same surface potential with the
insulator surface. But it can still be distinguished from the
substrate. This contrast might be originated from height
difference, curvature difference, and difference in secondary
electron emission coefficient.
Compared with the metallic SWCNT, the semiconducting

one at off-state has poor conductivity and thus shows almost
the same positive potential as the insulator surface even though
it is connected with the metal electrodes or other CNTs
outside the irradiated area. Therefore, it should have the same
contrast as the isolated metallic SWCNTs (Figure 5c).

Figure 4. (a) SEM image of an FET device with one conductive carbon nanotube. The tube has same contrast with the electrodes. (b) Id−Vg curve
measurement of the device in (a). Vg was scanned from −20 to 20 V. R is the ratio of maximum to minimum current in the curve. The small R shows
that this tube is metallic. (c) SEM image of an FET device with three tubes marked by the blue arrows, which are much darker than the electrodes.
No metallic tube was found among them from the Id−Vg curve measurement in (d). The ON/OFF ratio is over 103.
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However, if we look at the SEM image shown in Figure 5c, the
off-state semiconducting SWCNT connected to electrodes
looks a little bit brighter than the isolated metallic SWCNT;
this contrast difference might originate from the difference in
secondary electron emission coefficient as well as a small
fraction of voltage contrast due to the finite conductivity of off-
state semiconducting SWCNTs.
Here we would like to stress that the contrast has a direct

relationship with the conductivity according to the aforemen-
tioned discussion. Actually, the metallic nanotubes and
semiconducting nanotubes at on-state both have good
conductivity; they are both supposed to have bright contrast.
However, we did not find semiconducting nanotubes with

bright contrast in the experiments. A possible reason is that the
as-grown semiconducting SWCNTs are p-type and are at off-
state without gate voltage. Furthermore, the positively charged
insulator surface will also apply a positive gate voltage to the
SWCNTs and turn off the semiconducting SWCNTs. Hence,
this identification method of metallic and semiconducting
nanotubes works well here.
As a preliminary conclusion, the mechanism of the contrast

difference between metallic and semiconducting SWCNTs
involves three important parts: (1) the e-beam-irradiated
insulator surface is positively charged; (2) the SWCNTs are
connected to electrodes or other SWCNTs which are outside
the irradiated area and can provide abundant electrons; (3) the

Figure 5. Electrical breakdown process. (a) SEM image of a FET device with two carbon nanotubes, appearing bright and dark from the left to the
right. (b) A typical Id−Vd curve of electrical breakdown. (c) SEM image after breakdown; the bright one has been broke down. (d) Id−Vg curve
measurement before breakdown. The ON/OFF ratio is lower than 50. (e) Id−Vg curve measurement after breakdown, showing a typical ON/OFF
ratio of 103−106.

Figure 6. Schematic illustration of the origin of contrast difference between metallic and semiconducting SWCNTs. Because of its good conductivity,
metallic SWCNTs can conduct more electrons from electrodes outside the e-beam irradiated area to the positively charged insulator surface than the
semiconducting ones, resulting in the voltage contrast SEM image.
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conductivity difference between metallic and semiconducting
SWCNTs gives rise to different surface potential, resulting in a
voltage contrast.
However, in the early papers,26−28 researchers failed to find

the contrast difference between the metallic and semiconduct-
ing SWCNTs. Now the question is why we succeed in
identification of metallic and semiconducting SWCNTs in
SEM. The necessary conditions for a successful identification in
our experiments are shown here: (1) The SWCNTs should be
connected to an electron reservoir located outside the
irradiated area. In our as-grown sample on quartz substrate,
the SWCNTs grown on the catalyst stripe is very dense, thus
forming a natural electron reservoir. The stripe is centimeters
long and thus obviously extrudes outside the irradiated area. An
alternative way is to deposit long electrodes for SWCNTs, such
as the electrodes we used for transferred SWCNTs on SiO2/Si
substrate, and make sure that the electrode is extending beyond
the imaging area. (2) Since the contrast difference for metallic
and semiconducting SWCNTs is relative observation and not
huge, the metallic and semiconducting SWCNTs should appear
in the same image for a direct comparison. Otherwise, one
should keep the gray level of the insulator surface exactly
identical, which is almost impossible for SEM imaging. (3) The
SWCNTs should be in close contact with the insulator surface
to form suitable surface potential distribution. If the SWCNT is
suspended over or extruded outside the insulator surface, the
height contrast plays the key role and thus metallic and
semiconducting SWCNTs cannot be identified.
In conclusion, we have demonstrated that semiconducting

and metallic single-walled carbon nanotubes on SiO2, probably
a variety of insulator substrates which were positively charged
in low-voltage SEM, can have obviously different contrast in
SEM and thus can be effectively and efficiently identified. This
phenomenon can be understood via a proposed mechanism
involving the e-beam-induced surface potential of insulators
and the conductivity difference between metallic and off-state
semiconducting SWCNTs.
Although we have demonstrated that SEM images can be

used to identify semiconducting and metallic SWCNTs, there
are still some challenges and drawbacks in this technology. (1)
Since the contrast is a relative measure, it is easy to distinguish
between two kinds of SWCNTs, but it is difficult to identify the
property of an individual SWCNT. Hence, the challenge here is
how to establish a standard to identify individual SWCNTs
quantitatively in the future practical applications. How bright
might a metallic tube be? How much darker might a
semiconducting tube be than a metallic one? (2) As for further
research, it is reasonable to expect that the semiconducting
SWCNTs with different band gaps would have different
appearance in the voltage-contrast picture, maybe just different
contrast. If this is true, electronic structures of SWCNTs can be
easily and directly obtained from a SEM contrast image, which
provides a rapid technique for characterizing performance of
SWCNT devices such as FETs. (3) This technology will not
work if metallic and semiconducting carbon nanotubes twist
together or are so close to each other to become a bundle in the
image.
Despite these challenges and drawbacks, this method

demonstrates great promise to achieve rapid and large-scale
identification of metallic and semiconducting SWCNTs, adding
a new function to conventional SEM.
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