Microsc. Microanal. 10, 420—424, 2004
DOI: 10.1017/S1431927604040759

Microscopy.w
icroanalysis

© MICROSCOPY SOCIETY OF AMERICA 2004

Carbon Nanotube Electrostatic Biprism:
Principle of Operation and Proof of Concept
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Abstract: During in situ transmission electron microscopy (TEM) field emission experiments, carbon nano-
tubes are observed to strongly diffract the imaging TEM electron beam. We demonstrate that this effect is
identical to that of a standard electrostatic biprism. We also demonstrate that the nanotube biprism can be used

to capture electron-holographic information.
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Electron holography is a powerful microscopy technique
that can uncover a great wealth of information about bio-
logical and inorganic systems. It can give information about
the electromagnetic fields in a specimen and has been used
to measure the inner potentials of materials (Mollenstedt &
Keller, 1957; Lin & Dravid, 1996), interface potentials be-
tween materials (Ravikumar et al., 1995), the Aharonov-
Bohm effect (Aharonov & Bohm, 1959), and magnetostatic
(Matsuda et al., 1989) and electrostatic (Chen et al., 1989)
fields in and around samples. A key piece of instrumenta-
tion for electron holography is the electrostatic biprism
(Mollenstedt & Diiker, 1956), which must normally be
permanently installed in a transmission electron micro-
scope (TEM). The biprism effectively splits the electron
beam into an image wave and a reference wave, which by
electrostatic fields are brought to overlap onto one another.
In this overlap region, quantum interference fringes occur,
from which the phase of the image wave can be directly
calculated. From this information, it is possible to extract
the details of the electromagnetic fields in a sample.
Biprisms in common use today are constructed by coat-
ing ultrasmall quartz fibers with noble metals. The resulting
biprisms, although they are quite small by most fabrication
standards (approximately 700 nm in diameter), are inconve-
niently large for holography applications. If a biprism could
be made smaller, potential advantages would include reduc-
ing the width of the “null region” of the incident beam (the
part of the beam that is blocked by the biprism) and thereby
increasing the phase coherence of the beam across the bi-
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prism. In this article,! we describe a set of experiments that
demonstrate a nanotube can be used as a biprism for hologra-
phy experiments and may present significant advantages over
traditional biprisms. The experiments stem from the initial
observation that under certain conditions, multiwall nano-
tubes are observed to “light up” during field emission experi-
ments (Cumings et al., 2002; Wang et al., 2002) using specially
constructed nanomanipulation stages (Stach et al., 2001) in-
side the TEM. This effect is shown in Figure 1, where during
field emission at 70 V, the nanotubes are clearly observed to
become brighter. The effect of nanotube brightening under
field emission conditions only occurs when the nanotubes are
away from the optimal focus condition, specifically, when the
nanotubes are underfocused. If the nanotubes are over-
focused, they become larger and darker under field emission
conditions. Field emission from nanotubes is induced by bias-
ing the nanotubes at a negative potential with respect to a
nearby counterelectrode. If a positive bias is applied to the
nanotubes instead, then the overall effect is reversed: When
the nanotubes are overfocused, they become bright and when
the nanotubes are underfocused, they become dark.

The effect is a direct result of diffraction of the TEM
imaging beam by the electrostatic fields around the nano-
tube. When the nanotube is at a strong negative bias, the
electron beam is repelled, and when the nanotube is at a
strong positive bias, the beam is attracted. This effect is
depicted in Figure 2. The bright nanotubes in the TEM

'Experiments were performed both at the National Center for Electron
Microscopy at Lawrence Berkeley National Laboratory and at the Center
for High Resolution Electron Microscopy at Arizona State University. All
experiments were performed on Phillips CM-200 microscopes operated at
200 keV or 115 keV.
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Figure 1. Field emission from nanotubes as observed in the TEM.
The images are underfocused (primarily for improved contrast). In
a, the nanotubes are at ground potential. In b, the nanotubes are
negatively biased relative to a counterelectrode in the field-
emitting regime.
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Figure 2. The basic effect on the TEM imaging beam (ignoring
the effects of electron optics) of the field enhancement around
nanotubes under strong bias conditions.

image are caused when the electron beam overlaps onto
itself due to an interaction with the fields in the vicinity of
the field-emitting nanotube. To understand how the simple
effect of Figure 2 gives rise to the complex behavior out-
lined in the previous paragraph, an explanation of the
basics of electron optics is necessary. A ray diagram showing
the operation of a TEM is shown in Figure 3 (Fultz & Howe,
2001). In brief, the effect of the lens is that all sets of parallel
rays emitting from the specimen are brought to common
points in the back focal plane of the microscope, where a
diffraction pattern of the specimen is exhibited. This then
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Figure 3. A basic ray diagram of electron optics for a TEM.
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Figure 4. Ray diagrams for a negatively biased nanotube for vari-
ous objective lens focus conditions.

leads to an image plane at a lower position in the micro-
scope column, where a direct image of the specimen can be
recorded under optimum focus conditions.

Ray diagrams for the case of a negatively biased nano-
tube are shown in Figure 4. In this figure, the nanotube is
understood to be at the specimen plane in the ray diagram.
As is shown, the influence of the electric-field-induced
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Figure 5. Ray diagrams for a positively biased nanotube for vari-
ous objective lens focus conditions.

Figure 6. A high-resolution TEM micrograph of a field-emitting
nanotube.

diffraction is different depending on whether the nanotube
is overfocused or underfocused. When the nanotube is
underfocused, the beam is caused to converge and overlap
onto itself, thus producing a brightening of the nanotube in
the image plane. When the nanotube is overfocused, the
beam is caused to diverge, producing a darkening of the
nanotube in the image plane. The alternate case of a nano-
tube under strong positive bias is shown in Figure 5.

To verify that the brightening effect is indeed caused by
electric-field-induced beam convergence, a high-resolution
micrograph was taken of a negatively biased, underfocused
nanotube, shown in Figure 6. Interference fringes can clearly
be seen, indicating that the brightening is caused by overlap
of the TEM imaging beam with itself. One way to demon-
strate conclusively that the fringes are indeed caused by
quantum interference of the electron beam with itself is to
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Figure 7. A schematic diagram of the experimental setup used to
demonstrate the use of a carbon nanotube as a biprism for
electron holography.

calculate the period of the fringes from the convergence
angle of the beam and the wavelength of the electrons.
Unfortunately, the convergence angle is not precisely known
in these measurements. Another method to demonstrate
that the fringes are caused by quantum interference is to
show that the fringes are shifted when the electron beam
undergoes a phase shift. This can be achieved by using the
nanotube as a biprism for electron holography.

To use a nanotube as a biprism, another specimen was
loaded into the TEM and mounted on the manipulation
stage approximately 500 um above the biprism nanotube.
Another nanotube was chosen as the test specimen on which
to perform holography. A schematic of the experimental
setup is shown in Figure 7. Both nanotubes were held at
ground potential relative to the TEM column, and a counter
electrode (a 50-um-diameter gold wire) was placed approxi-
mately 50 um away from the bottom nanotube and biased
at +400 V. It was verified with a quick through-focus imag-
ing that the counterelectrode did not cause significant elec-
tric fields in the vicinity of the specimen nanotube. An image
of the crossing region of the two nanotubes was captured on
CCD, shown in Figure 8. Horizontal in the image are clearly
seen the interference fringes caused by the nanotube bi-
prism. At an angle to these, the specimen nanotube can be
seen. In the path of the specimen nanotube, the electron
beam undergoes a phase shift, and in Figure 8a there is a
distinct shift of the fringes in the image of the specimen
nanotube.? Performing a Fourier transform analysis and ex-

%It is also possible to notice that some fringes appear brighter than others.
This is presumably due to the Fresnel fringes of the out-of-focus image of
the nanotube biprism, and may have subtle implications for the analysis
that follows. These fringes may possibly be removed from the image simply
by operating the counterelectrode at higher voltages than were allowed by
the experimental setup used here



Figure 8. A demonstration of electron holography using a nano-
tube biprism. In a, the hologram is shown. In b, the phase
extracted from FFT analysis is shown.

tracting the phase of the carrier sidebands yields Figure 8b.
In this image, the specimen nanotube can be clearly seen as a
1.1-rad shift from the background phase. This is caused by
the mean inner potential of the nanotube due primarily to
the positively charged carbon nuclei. Using the phase shift
constant (8.77 mrad/V-nm for the 115-kV beam used in this
case) and the diameter of the nanotube (~13 nm), a mean
inner potential of ~10V is extracted for the specimen nano-
tube. This agrees reasonably well with other experimental
results on carbon materials (Lin & Dravid, 1996; Tonomura,
1999; Volkl et al., 1999; Cumings et al., 2002).”

Although this demonstrates that a nanotube can, in prin-
ciple, be used as a biprism, the geometry used in this experi-
ment puts severe restrictions on the types of specimens that
can be studied. The placement of the specimen high in the
microscope column also limits the ultimate resolution achiev-
able. A nanotube biprism permanently installed in the objec-
tive aperture port of the microscope would be much more

*The nanotube imaged here also has an inner diameter of ~2 nm, which
should appear as a dark stripe down the axis of the nanotube in the phase
map (Lin & Dravid, 1996). Unfortunately, the larger spacing of the interfer-
ence fringes in Figure 8a (~5 nm) prevents resolution of the nanotube lumen.
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useful from a practical point of view, and might even sur-
pass the performance of a more traditional quartz fiber bi-
prism. Both the large diameter of the biprism fiber (typically
~700 nm) and the tendency of the metal coating to sputter
off are problems that a nanotube biprism is well equipped to
address. However, there would be technical challenges with
installing a nanotube at the objective aperture port. The
most obvious is simply the size of the nanotube and the
physical challenge of accurately positioning the nanotube
and mounting it within an aperture. For this, some sort of in
sity nanomanipulation might be useful, and perhaps the
nanotube could be affixed in an aperture with the aid of a
scanning electron microscope. It might also be possible, using
semiconductor microfabrication techniques, to form an ap-
erture around a nanotube previously isolated on a substrate.
An additional problem might be the length of the nanotube.
To be a practical biprism, the length should be 10-100 um,
but growing suitable nanotubes of this length could be chal-
lenging. It may be possible to instead use vapor-grown semi-
conductor nanowires (Cui et al., 2001), but the higher mass
density and lower Young’s modulus of these materials might
give rise to increased thermal vibrations of the biprism, sim-
ilar to those that are observed in TEM images of cantilevered
nanotubes (Treacy et al., 1996). It is possible that by using
chemical vapor deposition (Endo et al., 1993), nanotubes of
the correct length and diameter could be grown. There are
additional potential problems with a nanotube biprism that
need to be evaluated, such as electron radiation damage to
the nanotube and contamination of the nanotube during
operation, but this overall problem (of achieving a long,
small diameter, stiff, lightweight, conducting fiber) is a fun-
damental materials question. Carbon nanotubes, owing to
their high strength-to-weight ratio and electrical properties,
perhaps present the most ideal material for making a nano-
scale electrostatic biprism.
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