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Secondary electron yield from individual multiwalled carbon nanotubes is investigated for a wide
range of primary beam energies �0.5–15 keV�. By using a simple experimental procedure under an
optical microscope, we make suspended nanotubes, which are free from interaction with the
substrate during electron yield measurements. It is found that the secondary electron yield from
isolated suspended nanotubes is less than unity and decreases as a function of primary electron
energy. © 2010 American Institute of Physics. �doi:10.1063/1.3532851�

Secondary electron �SE� emission from solids has been
studied for a long time to understand the fundamentals of the
interaction mechanisms with electron beams as well as to
make vacuum electronic devices.1–3 The interaction of elec-
tron beams with carbon nanotubes �CNTs� has also been a
topic of interest in recent years because of nanotubes’ inter-
esting electrical properties and potential for various applica-
tions. Nanotubes are hollow cylindrical structures of carbon
with nanoscale diameters. The interaction of nanotubes with
electron beams and their imaging mechanisms in electron
microscopy are expected to be quite different than those of
bulk materials. Different imaging mechanisms for CNTs
�Refs. 4–8� and high electron yield from coated multiwalled
nanotube �MWNT� forests have been reported.9–11 Energy
loss spectra have been calculated for a single nanotube by
considering the polarizability of the carbon atoms.12 SE
emission from CNTs has also been studied using first-
principles simulations.13,14

Recently, Luo et al.15 reported ultrahigh secondary elec-
tron gain from the sidewall of single-walled CNTs lying on a
dielectric surface. However, the apparent high gain seems to
be an artifact of the measurement setup and analysis used:
Secondary electrons originating from a large area of the sub-
strate around the nanotube appear to be counted as being
from the nanotube. In the present work, we followed a
simple procedure to make suspended MWNTs and a widely
used experimental method of measuring electron yield to cal-

culate the intrinsic SE yield of individual CNTs, free from
interaction with the substrate. We found that the true SE
yield of individual MWNTs is less than unity for a wide
range of primary electron energies.

We used nanotubes grown using chemical vapor deposi-
tion. The fabrication procedure has been described elsewhere
in detail.16 Briefly, microfabrication was used for patterning
catalyst �10 nm of Al and 2 nm of Fe�, and ethylene was used
as the carbon source to grow vertically aligned millimeter-
long forests �collections of individual CNTs� of MWNTs on
a highly doped silicon substrate �Fig. 1�b��.

Traditionally, SEs are defined as those leaving the
sample with an energy of less than 50 eV. To measure the
intrinsic SE yield from CNTs, one needs to isolate the CNTs
from the forests and the substrate. We adopted a method of
attaching CNTs to sharp conductive tips under an optical
microscope that has been mainly used for generating CNT-
tips for atomic force microscopy �Fig. 1�a��.17 For the pur-
poses of our experiments, we performed this procedure with
tungsten tips �tip diameter: 0.2–20 �m�. Two micromanipu-
lators were used to bring a tip and a forest close to each
other, and an electric arc discharge was induced by using an
external dc source to attach one or a few suspended CNTs to
the tip �Fig. 1�c��.

The tips were then placed in a Hitachi S-570 scanning
electron microscope �SEM� for SE yield measurement and
connected to a Keithley 6517A electrometer capable of bias-
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FIG. 1. �Color online� �a� Schematic of the experimen-
tal setup for extracting CNTs from the forests, �b� mi-
crograph of the CNT forests, and �c� extracted CNTs on
tungsten tips.
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ing the specimen and measuring currents with femtoampere
accuracy. The measurement procedure has been described in
our previous work on the SE yield measurement from CNT
forests.16 We used the same experimental configuration with
an extra Faraday cup �grounded� under the suspended nano-
tubes to block backscattered or secondary electrons from the
surface underneath the device �due to the small and hollow
CNT structure, most of the “backscattered” electrons are, in
fact, scattered with a small scattering angle and collected in
the Faraday cup, making SE generation from the chamber
walls negligible�. The small size of the specimen further re-
duces the probability of being hit by SEs generated from the
surrounding walls.16 Another Faraday cup was used for pri-
mary current measurements. As the individual CNTs are hol-
low and made of a single/a few layer�s� of carbon �with
interwall distance of �0.34 nm for MWNTs �Ref. 18��, elec-
tron energy loss in them is expected to be extremely small
and the primary electrons are expected to leave the CNT with
an energy far greater than 50 eV, thus effectively being
counted as “backscattered” electrons. In other words, no
high-energy electron is captured by the CNT and the back-
scattered yield for suspended CNTs is unity. We measured
the total yield from the CNTs while applying �50 V to the
specimen �to ensure that all electrons, including secondaries,
escape the sample�. We then subtracted the backscattered
yield �unity� to calculate the true SE yield16

total yield =
total emitted current

primary current
, �1�

SE yield = total yield − backscattered yield. �2�

We performed the experiments on samples with a few indi-
vidual CNTs. The beam was slowly moved along a line
�black arrow in Fig. 1�c�� across the CNTs in the spot mode,
and the specimen current was recorded �Fig. 2�. The elec-
trometer interfaced with a PC was used for real-time data
acquisition. A running average was used for current measure-
ments to reduce noise and fluctuations �analog-to-digital con-
verter integration time: 16.67 ms, moving averaging: 10
points, and median filtering: 3 points�. A peak in Fig. 2 indi-
cates that the beam is crossing a CNT.

Figure 3 shows the total and the SE yield calculated
from Eqs. �1� and �2�. As can be seen, the SE yield from

individual CNTs is less than unity and decreases as a func-
tion of energy for the measured energy range. The experi-
ment was repeated on another specimen �Fig. 1�c��ii�� at sev-
eral primary energies, and similar values of electron yield
were obtained. The low yield from individual CNTs can be
attributed to the very weak stopping power �corresponding to
small energy loss of the primary electron� of the CNT. A
high-energy electron cannot lose a significant amount of en-
ergy through inelastic collisions because of the hollowness,
small dimension, and thin atomic wall of the CNT. Also, it is
very unlikely for the primary electron to go through multiple
scattering processes given that the mean free path is expected
to be much higher than the thickness of the CNT
sidewalls.3,19 It has been predicted using first-principles cal-
culations that the molecular orbitals of the nanotube can be
raised in energy due to the presence of an external electron
beam, thus effectively reducing the workfunction. This can
help in emitting SEs and making the CNTs visible in a
SEM.14 Nonetheless, a small SE yield is obtained �unless a
strong external field is also applied and electron-stimulated
field-emission occurs20�. The decreasing trend of the electron
yield is because of the decrease in energy loss of the primary
electron with the increase in the beam energy.14 We used the
modified Bethe equation provided by Joy and Luo21 to cal-
culate the energy loss in a single CNT �the Bethe energy loss
formula has previously been used to calculate the average
energy transfer through a single inelastic scattering in CNT
bundles22�. We then used the following parametric equation
to calculate the SE yield:3

� = A
1

�
�

a

b dE

dz
� p�z�dz . �3�

Here � is an empirical parameter corresponding to the aver-
age energy needed for SE generation, dE /dz is the energy
loss rate, and p�z� is the escape probability �for solids, an
exponential function of the depth�. A is an empirical param-
eter, representing the percentage of the electrons emitted to-
ward the outside of the material. Since SEs can escape from
any side of a suspended CNT, the empirical constant A can
be taken as 1 for our case. Also, given the hollow nanotube
structure with a sidewall thickness smaller than the typical
escape depth in solids, the escape probability can be assumed
to be approximately 100%. The value of � for carbon has
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FIG. 2. �Color online� Specimen current at 1 keV as the beam was moved
across the CNTs �along the arrow indicated in Fig. 1�c��.
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FIG. 3. �Color online� Electron yield measured from the suspended CNTs
�total yield, diamond marker and SE yield, square marker�. Fluctuations in
the beam current or specimen current are included in error bars.

261902-2 Alam et al. Appl. Phys. Lett. 97, 261902 �2010�

Downloaded 02 Mar 2011 to 137.82.251.158. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



been reported to be 125 eV.3 Using this value of �, an inter-
action length �integration range, b−a, in Eq. �3�� of 2 nm
gives a reasonable fit to the experimental data �Fig. 4�. The
predicted value of a few nanometers for the interaction
length correlates well with the sidewall thickness of our
nanotubes, as observed using transmission electron
microscopy.16 For instance, a four-wall MWNT has a total
sidewall thickness of �2 nm.

Note that the interaction length would vary with the
chiralities and number of walls in MWNTs and may not be
exactly equal to the thickness of the CNT wall. Nevertheless,
it is expected to be in the order of the wall thickness, and the
trend of the SE yield as a function of primary energy will not
be affected by small changes in the interaction length; only
an upward or downward shift of the curve will be seen with
the change in this or in other empirical parameters. There-
fore, our measured data follow a trend consistent with the
predictions of established models for bulk solids.

It should also be noted that a CNT tends to be positively
charged under electron irradiation as it loses electrons and
hardly captures any primary electron. However, if the CNT is
connected to an external source �the present case�, there
should not be significant charging as the lost electrons are
supplied from the biasing source. If the nanotubes are elec-
trically isolated, they would soon become positively charged
to the point of preventing further secondary emission. In
general, charging effects play an important role in the imag-
ing of CNTs. For example, if there is a substrate under a
charged suspended CNT, the charge distribution on the sur-
face of the substrate below the CNT could change and, there-
fore, the SE yield of the substrate at that location could also
change, or the charged nanotube could deflect the secondar-
ies emitted by the substrate underneath.6 If the CNT lies on a
surface, depending on its potential relative to the substrate, it

could increase or decrease the SE emission from the sub-
strate in its immediate surroundings.4

In summary, SE yield from isolated suspended multi-
walled CNTs was measured systematically and a low yield
was obtained. The method can also be used for single-walled
CNTs. These results have important implications on our un-
derstanding of the interaction of electron beams with CNTs.
The data may also be used in Monte-Carlo simulations of
structures made of collections of CNTs �with or without
other materials� to predict their electron yield for potential
device applications. The results can also assist in finding the
optimum imaging conditions of nanotube-based devices in
electron microscopy to control artifacts such as charging.
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FIG. 4. �Color online� Comparison of the experimental data with the theo-
retically estimated SE yield. The inset shows the behavior of electron energy
loss.
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