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ABSTRACT |In situ transmission electron microscopy (TEM) of single Fe- [ w1
incdluded carbon nanofibers (CNFs) revealed that the fine polycrystalline structure ‘
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in the shank region of CNFs transformed to graphitic, hollow structures during a

field emission (FE) process. The iron metal platelets agglomerated during the FE
process and perceptibly were emitted from the shank, which featured bamboo-like
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carbon nanotube (CNT) structures. The structural evolution also improved the

electrical properties, and the FE current was remarkably increased, that is, 1000

After low current flow

After high current flow

(30 nA) (3 pA)

times higher than the initial value (from 10~° to 10° A). The structural transformations were effectuated by Joule heating that generated simultaneously

during the FE process. The in situ TEM study of room-temperature-synthesized (NFs could provide essential information regarding CNFs' structural

transformation for their possible application in future electron emitter sources.
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ne-dimensional carbon nanoma-
terials such as CNTs and CNFs
are known to be essential for the

next generation of FE emitters such as FE
displays,' > X-ray sources,** and electron
imaging instruments,” due to their extre-
mely sharp tips and high aspect ratios.® 2
Much effort has been devoted to the fabri-
cation of bulk CNTs/CNFs and theoretical
works to achieve the most powerful and
efficient emitters by controlling their morpho-
logy, structures, and growth conditions’ '
For understanding the FE phenomena of
CNTs/CNFs, measurement of the FE properties
of individual CNT/CNF while observing mor-
phological and structural changes is highly
indispensable.

In situ TEM of carbon nanomaterials has
generated great interest. The detailed in-
formation from the TEM images potentially
offers interpretations in nanoscale about
carbon nanomaterial characteristics and pros-
pective applications.>'*'® In the early stage of
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in situ TEM works, researchers successfully
demonstrated the structural changes of CNTs
by annealing treatment.'®~'® For example,
Ichihashi et al. reported that Fe-doped amor-
phous carbon was transformed into graphitic
tubules after annealing at 650—900 °C.'® They
observed that the metal particles remained at
the tip of the CNT and that the graphitic
structure was not aligned with the axial direc-
tion of the CNT. In that report, unfortunately,
the electrical property of transformed nano-
tubes was not dealt with. Wang et al.
observed that the FE process effectively modi-
fied the tip structure of CNTs."® The FE proper-
ties also appeared to be highly dependent
on the cap structures of CNTs.2°"22 How-
ever, in situ TEM results of CNF and their
field emission properties have rarely been
reported.?®

In our recent work, we demonstrated that
single pristine CNFs were able to maintain
stable FE properties for more than 30 min
without remarkable current fluctuation and
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Iron plate Graphite foil

Figure 1. Sample setup for the synthesis of Fe-included
CNFs. Inset shows marked area where CNFs were used for
in situ TEM observation.

Figure 2. SEM image of the morphology of Fe-included
CNFs at graphite edge after Ar' ion bombardment. Note
that Fe-included CNFs grew toward the ion beam directions.

observed the transformation of the polycrystalline CNF
to an onion-ring-like graphitized structure.”® Recently,
we observed also the dramatic change in crystalline
structure from fine polycrystalline Cu—carbon composite
fiber to a CuO, nanowire covered with graphene layers by
current flow (direct current by applying small bias voltage)
for a Cu-included CNF.>* On the basis of our previous
reports, we considered that it would be very interesting to
investigate the change in crystalline structure and the
effect on the FE property of metal-included CNFs. In this
paper, we tackled this subject for Fe-included CNFs.

RESULTS AND DISCUSSION

Figure 2 shows the SEM image of Fe-included CNFs
after ion irradiation. It should be noted that only a
single Fe-included CNF grew on each respective cone
and no Fe-included CNF grew without cone bases.?
Figure 3a—d shows the TEM images of Fe-included
CNFs. The Fe-included CNFs usually vibrate during TEM
observation due to thermal vibration.?® However, we
overcame this difficulty simply by contacting the nano-
probe tip with the tip of the Fe-included CNF. The Fe-
included CNF was approximately 1170 nm in length and
13 nm in diameter (Figure 3a). Figure 3b—d shows the
high-magpnification fibrous structures of the Fe-included
CNF at the cone, shank, and fiber tip parts, respectively,
revealing the dispersion of fine Fe crystallites in the
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Figure 3. (a) TEM image of the intact structure of Fe-included
CNF before the FE process. (b—d) High-magnification TEM
images of the regions indicated by arrows B (cone), C (shank),
and D (tip) in panel a, respectively, showing fine Fe crystallites
dispersed in amorphous carbon matrix. Scale bars in (b—d)
indicate 10 nm.
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Figure 4. EDS spectra of the fiber part of the Fe-included
CNF before FE measurement, disclosing that it was com-
posed of Fe and C.

amorphous carbon matrix. Figure 4 shows the energy-
dispersive X-ray spectrometry (EDS) spectra, which
indicated that the Fe-included CNFs are mainly com-
posed of carbon and iron.

To investigate the structural transformation of Fe-
included CNFs by the FE process, we performed both
the low (nanoampere range) and high (microampere
range) emission current flows on an Fe-included CNF.
For the low and high emission current measurements,
maximum voltages applied were 150 and 180 V, re-
spectively, with incremental steps of 10 V. The sample
was observed at x30k magnification in TEM. The gap
distance between the gold-coated tungsten nano-
probe (anode) and the Fe-included CNF tip (cathode)
was approximately 2.16 um. The pressure in the speci-
men chamber was about 10> Pa during the FE mea-
surement. FE properties were measured twice at low
and high emission current flows. Every time, voltages
were applied to the Fe-included CNF and its structure
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Figure 5. FE plot (current (nA) versus electrical field (V/um))
of the Fe-included CNF of the (a) low current and (b) high
current properties. Insets show the F—N plots for low and
high current properties, respectively.

was found to be bent toward the anode due to the
charge effect generated by the applied electric field.?’”

Figure 5a shows the plot of current versus applied
electrical field after applying low voltage on the
Fe-included CNF (Figure 3). In this case, the highest cur-
rent flow was observed to be around 30 nA at 70 V/um.
Figure 6a—d shows the corresponding TEM images that
were obtained after the measurement of low emission
current properties. Figure 6a reveals the formation of the
Fe-included CNF after applying a low voltage through the
FE process. From a comparison between Figures 3 and 6,
it should be noticed that the FE process induced Joule
heating under a high electrical field and initiated the Fe
platelets to agglomerate and form into bigger Fe particles
(Figure 6¢). The Joule heating also induced the transforma-
tion of thin graphitic layer structure from the amorphous
carbon (Figure 6d). Due to the low current flow (~30 nA),
structural transformation was only limited at the shank and
tip parts of the Fe-included CNF, as shown in Figure 6.
Figure 6b shows the high-magnification TEM image at the
cone part after low current properties measurement,
which indicates almost no major transformation.

Figure 5b shows the plot of the electric field versus
current with the highest emission current flow of
around 2.0 A at 83 V/um. FE property can be analyzed
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Figure 6. TEM images of the Fe-doped CNF structure after
low current properties measurement. (a) Low-magnification
TEM image. (b—d) High-magnification TEM images of the
regions indicated by arrows B (cone), C (shank), and D (tip) in
panel a, respectively, showing the structural transformation
after low current flow. Scale bars in (b—d) indicate 10 nm.

using Fowler—Nordheim (F—N) equation?®

kiAF? 3/2
| = 1¢ exp(kzﬂ__)

where k; =1.54 x 107 AeVV2and k, = 6.83 x 10°
eV=¥2 Vv m~. I is the emission current, and A is the
emission area; ¢ is the work function in electronvolts.
The local electrical field F is usually proportional to
voltage V

_ B
F="

where f is the field enhancement factor and d is the
gap distance between the anode and cathode (CNF).
By assuming a work function of 4.6 eV for graphite,
B was calculated to be 73.6 from the slope of the
F—N plot. This value is almost comparable to that re-
ported for single CNTs in short gap distance (~2 um)
configuration.?*?°

Figure 7a—d shows the TEM images of the Fe-
included CNF after applying a high current on it. High
emission current flow induced a more significant struc-
tural transformation than low emission current flow.
During the high emission current flow, the original
fibrous structure of the Fe-included CNF was trans-
formed into graphitic hollow structures, as shown in
Figure 7a. The inset of Figure 7a shows the bamboo-like
structure of the Fe-included CNF after a high current
flow. The flow of electrons would cause the Fe particles
to migrate (electromigration)®*®*' and finally to eject
from the shank into a vacuum. Moreover, the graphitic
structure formation was also accelerated by Joule
heating®® under a high electrical field.>* Figure 7b,c
shows that only a few Fe particles remained inside the
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Figure 7. TEM images of the Fe-doped CNF structure after
high current properties measurement. (a) Low-magnifica-
tion TEM image. Inset shows a magnified image of the
region indicated by rectangle F. (b—d) High-magnifica-
tion TEM images of the regions indicated by arrows B
(cone), C (shank), and D (tip) in panel a, respectively,
revealing the structural transformation after high current
flow. Scale bars in (b—d) indicate 20 nm. (e) High-magni-
fication TEM image of the region indicated by rectangle E,
showing the formation of graphitic layers (indicated by

the arrow).
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CNF shank and cone. The carbon diffusion enhanced
by Joule heating would lead the tip part to the hollow
structure with a closed end, as shown in Figure 7d.
When the metals were emitted from the interior, they
would cause the tip structure to open up; however, the
open end would close during the FE due to the process
of self-repair of the emitting CNT.">?%*3 Figure 7e
shows the graphitic layers (shown by arrow) over Fe
particles in the shank part. As seen in Figure 7d, after
the emission of Fe particles, the graphitized closed end
tapered at the tip. Since the electric field is higher at the
sharper tip, this would be the reason why the emission
current increased after the emission of Fe particles.
Figure 8a—c schematically explained the formation of
hollow structure, inner graphitic layers, and agglom-
eration of Fe platelets during the FE process. The initial
structure of Fe-included CNF was a fibrous structure
filled by Fe platelets of dissimilar sizes and amorphous
C, as shown in Figure 8a. The Joule heat that was gen-
erated during the FE process induced the Fe platelets
to agglomerate into bigger particles, and simulta-
neously, an interfacial diffusion of carbon atoms through
Fe particles produced graphene layers around the Fe
particles, as shown in Figure 8b. Finally, the Fe particles
migrated and emitted through the shank of the CNF by
electromigration, leaving the inner wall with a bamboo-
like CNT structure.

Later on, we investigated the electrical performance
improvement for another Fe-included CNF before and
after structural evolution. We chose the Fe-included
CNF with similar characteristics to the previous one,
and a constant voltage (230 V) was applied on it at the
same gap distance (2.1 um) as before. Image recording
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Figure 8. Schematic diagram of the formation process of bamboo-like CNT structures during high current flow. (a) Initial
structure of Fe-included CNF, (b) Joule-heat-induced agglomeration of Fe platelets into bigger particles and formation of
graphene layers around Fe particles through carbon diffusion, and (c) Fe particle migration due to electromigration, forming

bamboo-like CNT structures.
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Figure 9. Sequence of structural transformations of an Fe-
included CNF during the FE process under a constant
applied field (applied voltage: 230 V), with elapsed time.
(a) Agglomeration of Fe particles. (b) Fiber started to vibrate
and (c) defocusing occurred due to the strong vibration of
the fiber. (d) Emission of Fe particles through the shank,
leaving a hollow structure. (e) After the emission of Fe
particles, refocusing occurred and (f) transformation into
bamboo-like CNT structures was clearly observed.

and applied voltage application were started at the
same time. The dynamic transformational image re-
cording was performed by charge-coupled devices
(Picolo Series, Picolo), and the exposure time was set
at around 0.5 to 1.5 s per frame. Figure 9a—f shows
TEM images of the instantaneous transformation of
Fe-included CNF to bamboo-like CNT during the FE
process. We found that, during Fe particle emission
through CNF's shank, the CNF was defocused due to
the vibration of Fe particles, as shown in Figure 9d. The
structure also indicates that the Fe-included CNF's
length was elongated by the Fe particles' emission.
Figure 9f shows the images of the bamboo-like CNT
structure refocused after Fe emission. The emission

METHODS

We used a Kaufmann-type ion gun (lontech. Inc. Ltd., model
3-1500-100FC) for growing CNFs. Samples employed were
commercially available graphite foils with a dimension of
5mm x 10 mm x 100 um. The edges of the foils were irradiated
with argon ions (Ar') at room temperature. The growth mech-
anism of ion-induced CNFs was explained elsewhere in
detail3* In brief, the growth mechanism of ion-induced CNFs
can be described as follows: lon irradiation on the surface
creates conical protrusions due to the initial surface roughness,
grain orientation, grain boundary, crystalline defect, etc. In this
process, the sputter-ejected carbon atoms redeposit onto the
sidewall of the conical protrusions. Also, the redeposited carbon
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Figure 10. Current properties (current (A) versus time (s)) of
the Fe-included CNF under the constant applied field,
corresponding to Figure 9. Before the structural change,
the highest emission current was 129 nA. After the structur-
al change, the emission current increased to 4.52 uA.

current was significantly increased after the structural
transformation (Figure 10), during the FE process. Before
structural transformation, the current was 129 nA and
increased to 4.52 uA after structural transformation
during the FE process. The increment of the current
properties during the FE process was considered to be
affected by the crystallization process and the stretching
of the structure (increment of the length would increase
the aspect ratio).

CONCLUSIONS

In summary, the FE-induced structural change of Fe-
included CNFs fabricated on the edge of a graphite foil
was observed by in situ TEM. The FE properties of the
single Fe-included CNF showed the highest current of
2.0 uA. After those FE measurements, dramatic change
in the Fe-included CNF structure was observed from
the fibrous amorphous and/or very fine crystallites, to
the graphitic hollow structure. The fibrous and amor-
phous nature of the Fe-included CNF was transformed
to a hollow graphitic structure, and the Fe particles
incorporated into the CNF moiety were migrated and
emitted to the vacuum through the CNF shank during
the FE process. The FE process which released Joule
heating was considered to be responsible for the
structural transformation of the Fe-included CNFs.

atoms diffuse toward the tips, and finally, CNFs are formed.
For the growth of Fe-included CNFs, an additional Fe plate,
15 mm x 10 mm, was vertically placed adjacent to the graphite
foil as a source of Fe and was co-irradiated with Ar' ion at 45°
from normal to the surface for 45 min at room temperature, as
shown in Figure 1. The oblique Ar" bombardment is known to
be more suitable for the growth of ion-induced CNFs than the
normal incidence.3® The diameter and ion beam energy em-
ployed for this experiment were 6 cm and 1 keV, respectively.
The basal and working pressures were 1.5 x 107> and 2.0 x
1072 Pa, respectively.

After sputtering, the morphology of the Fe-included CNFs
grown on the edge of the graphite foils was carefully observed
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by scanning electron microscope (SEM (JEOL JSM-5600)), and
the crystallinity of the sample was examined by TEM (JEOL JEM-
3010 and JEOL JEM-3000F (for video observation)). We used a
TEM sample holder (JEOL; EM-Z02154T) with a piezo-controlled
tungsten nanoprobe coated with gold to verify the current—
voltage (I—V) characteristics of the single Fe-included CNF
sample. The sputtered graphite foil was cut into small sizes of
2 mm width and directly mounted on the TEM sample holder
without any additional post-treatment to observe the structure
and crystallinity of Fe-included CNFs.
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