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Abstract. Nowadays, a smaller electronic integrated circuit demands a smaller width and
pitch of interconnect. Copper (Cu) interconnect, which is currently the most common,
suffers from the size effect and grain boundary scattering. Hence, carbon materials such as
carbon nanotubes (CNTs) and carbon nanofiber (CNF), as well as their nanocomposites are
potential replacement materials for Cu interconnects. However, the interaction of carbon
atoms and its metal catalyst is quite critical for obtaining nanocarbon structure with precise
layer number, crystal size and structure. Here, an in-situ transmission electron microscopy
(TEM) observation of graphitic hollow structure growth from a single Au-incorporated
carbon nanofiber (Au-CNF) during current-voltage (I-V) measurement is demonstrated.
With an applied potential in a two-probe system, significant structural change of Au-CNF
was discovered. Due to Joule heating and a considerable temperature gradient, the Au
nanoparticles agglomerated and evaporated under high current flow ranging from 1.35 to
18.7 nA. The TEM images and electron diffraction pattern revealed that after the current
flow, the amorphous carbon structure of CNF was converted to a hollow sp2 graphitic
carbon structure catalyzed by dispersed Au particles. The graphitic carbon structure,
however, collapsed in the center at a higher applied potential of 60 A due to excessive
current flow and induced Joule heating. The direct observation of graphene synthesis thru in-
situ TEM is important for revealing the solid phase interaction of Au and carbon atoms.

Keywords: Graphene, gold, solid phase reaction, in-situ TEM

Article Info

Received 19" December 2021

Accepted 26" November 2022

Published 23™ December 2022

Copyright Malaysian Journal of Microscopy (2022). All rights reserved.
ISSN: 1823-7010, eISSN: 2600-7444

215


mailto:saufirosmi@fsmt.upsi.edu.my

Mohamad Saufi Rosmi et al. Malaysian Journal of Microscopy Vol. 18 No. 2 (2022), Page 215-224

Introduction

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have attracted a lot of
attention due to their attractive properties, which have led to a lot of research regarding
their potential applications, including as VLSI interconnect materials. CNTs and CNF have
become an alternative material to overcome the weaknesses of the current on-chip
interconnect technology which uses copper (Cu)-based material [1-4]. Cu-based interconnects
have a few weaknesses as copper resistivity increases fast when linewidth decreases,
resulting in latency difficulties owing to both line resistance and load capacitance [5-7]. On
top of that, Cu interconnect faces reliability issues due to electromigration [8,9].

Previous research employing carbon-based nanostructures for interconnects has
shown promising initial electrical characterization data which inspire further research in this
area. CNTs and CNF have been chosen as potential interconnect material due to their robust
thermal, electrical and mechanical properties, in addition to their high-aspect ratio [10-14].
Previous studies have demonstrated the incorporation of metal such as Platinum (Pt) and
Gold (Au) in CNF successfully improved the conductivity of the CNF as an interconnect
[15,16]. This is due to the fact that the presence of metal increases contact morphology,
which in turn improves resistance in the CNF structure.

While the contact resistance of CNF structures has been studied previously, the
intrinsic properties of nanofibers, such as structural development during current flow have yet
to be completely investigated for integrated circuit applications. The study on the behavior of
the CNF interconnect structure is highly essential to maintain the stability of the structure. In
recent studies of thermal and electrical transports in CNF, it is reported that the breakdown of
CNF is more likely due to the Joule heating. Thus, this work was conducted to study the Au-
incorporated CNF (Au-CNF) fundamental structural evolution during high current flow at
high bias voltage (up to 1.5 V) using in-situ transmission electron microscopy (TEM).

Materials and Methods

Figure 1(a) demonstrates the schematic illustration for fabrication of Au-CNF. For the
Au-CNF fabrication, a commercially available graphite foil (5 mm x 25 mm x 100 pm in
thickness) and Kaufmann-type ion gun with 6 cm ion beam diameter and 1 keV energy
(Iontech. Inc. Ltd., model 3-1500-100FC) were used in this study. Graphite foil was mounted
to the sample stage and an Au plate, which served as the Au atom supply, was positioned at
the graphite foil's edge. lon irradiation was performed onto the edges of graphite foil and Au
plate for 60 minutes at ion incident angle of 45° from normal to the graphite and Au surface.
For the fabrication of Au-CNF, the basal and working pressures exerted were 1.5 x 10~ and
2.0 x 107 Pa, respectively. The morphology of the graphite surface was characterized using
scanning electron microscope (SEM) (Jeol JEM- 5600). As seen in Figure 1(b), the structure
consists of conical protrusions with one Au-CNF growing on the tip. CNFs grew as a result of
ion irradiation because of the redeposition of sputter-ejected carbon atoms onto the sidewalls
of the conical protrusions and the excess surface diffusion of carbon atoms to the tips during
Ar sputtering (Figure 1(c)).

A TEM sample holder (JEOL; EM-Z02154T) with a tungsten nanoprobe as an anode

was employed for in-situ current — voltage (I-V) TEM measurements (Figure 1(d)). The Au-
CNF was placed on the stationary stage of TEM and functioned as a cathode. This TEM
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holder comprises of electrical biasing equipment which allows the monitoring of the
morphological change of Au-CNF during current flow. The structural transformation of Au-
CNF was carefully observed with TEM (JEOL JEM 2010) while controlling the bias voltage
throughout the process. A vacuum chamber in TEM was operated at a pressure of less than
2.5 x 10° Pa and a 200 kV acceleration voltage. Image recording software was used to
capture TEM pictures in video mode.
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Figure 1: (a) The experimental setup for the fabrication of Au-CNF is depicted
schematically, (b) Au-CNF SEM image at the graphite foil edge, (c) Schematic representation
of CNF growth mechanism and (d) Schematic representation of the experimental setup for in-

situ TEM I-V measurement.

Results and Discussion

The characterization of a single Au-CNF is shown in Figure 2(a) to (c). The length and
diameter of Au-CNF in Figure 2(a) were 500 nm and 10 nm, respectively. Figure 2(b) depicts
the TEM image of the cone (base), and Figure 2(c) represents the middle area of the Au-
CNF. It can be seen that the Au nanoparticles with diameters ranging from 5 to 15 nm were
uniformly dispersed throughout the carbon matrix. Figure 2(d) depicts the CNF's selected area
electron diffraction (SAED) pattern in the region labelled "A" in Figure 2(a). From the
pattern, it can be seen that Au-CNF consist of a combination of randomly oriented Au
nanoparticle and amorphous carbon.
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Figure 2: (a) TEM image of the Au-CNF prior to I-V measurement, high magnification TEM
image of the Au-CNF in (b) region A and (c) region B, the inset of (c) display the high
magnification image of the Au nanoparticle and (d) SAED pattern of the Au-CNF taken at a
region abbreviated as A.

Figure 3(a) displays the I-V characteristics of Au-CNF where it can be seen that up to
0.56 V applied voltage, there is only a small amount of current flow presence (maximum
current flow: 10 A). This is believed to be due to the high resistance in the amorphous
structure of CNF. In amorphous carbon, the electrical transport is contributed from the
hopping mechanism where the transmission of electron occurs over the orbital of different
species. The tunnelling transition between localised states occurs here, where the difference
in energy between the initial and final states is likely due to electron-phonon scattering [17].
As the applied voltage increased up to 0.56 V, the calculated resistance is 0.3 MQ, which is
almost similar to the value described for an amorphous carbon [18]. At applied voltage of
0.57 V, there is significant increase in the current flow where the resistance suddenly drops
from 0.3 MQ to 50 kQ. Figure 3(b) and (c¢) show TEM images of Au-CNF after an applied
voltage of 1V. It can be seen that Au nanoparticles have agglomerated and poor crystalline
structure had started to form around the surface of Au as an effect of resistive Joule heating.
Joule heating is the physical effect of a current passing through an electrical conductor
producing thermal energy. A TEM image of a low crystalline graphitic structure is shown in
Figure 3(c). During the current flow, Au nanoparticle starts to agglomerate and affect the
amorphous carbon around it to recrystallize to form sp2 carbon structure. To understand more
about the graphitic layer formation around Au nanoparticle, the experiment was further
conducted at higher applied potential.

218



Mohamad Saufi Rosmi et al. Malaysian Journal of Microscopy Vol. 18 No. 2 (2022), Page 215-224

Time (sec)

(a) 0 50 100 150 200 250
2.0x10° [ max=18.7 uA
1.5x10° 1

<

& 1.0x1 0°~

5

(@]
5.0x10°

I=1.35 uA
0.0 e

—_—
0.0 0.2 0.4 0.6 0.8 1.0
Voltage(V)

N

Figure 3: (a) [-V characteristic of the Au-CNF at lower applied voltage, (b) TEM image of
Au-CNF after lower applied potential and (c) The high magnification image of Au-CNF after
lower applied potential at region A.

Figure 4(a) shows the Au-CNF's I-V curve at a higher applied voltage. The current
flow continues to increase until it reaches 20 A (at 1.0 V) with a resistance of 55 kQ. As a
voltage of more than 1.0 V was applied, the current flow increased significantly, while the
resistance dropped from 55 kQ to 14 kQ. When a high current flowed through the low
diameter CNF, major structural change of the Au-CNF happened due to Joule heating. After
201 seconds of current flow, the Au nanoparticles at the core of the Au-CNF began to
evaporate (more than 1.30 V) as shown in Figure 4(b). This may be due to the very high
temperature at the middle part of CNF resulting from Joule heating, whereby the tip of CNF
will act as a heat sink [19]. The Au nanoparticle continued to evaporate till it reached applied
bias of 1.5 V, leaving a hollow graphitic carbon structure. It is important to mention that only
hollow graphitic carbon structure was left when Au particles evaporated. Finally, the in-situ
TEM effectively synthesized a hollow graphitic carbon structure with a length of roughly 500
nm and width between 10 and 15 nm. In our earlier report about the field emission process of
iron (Fe) - included CNF, Joule heating occurred, resulting in the agglomeration and
electromigration of Fe nanoparticle causing the formation of carbon nanotubes (CNT) [20].
This contradicts with the result from the Au-CNF where the Au neither agglomerates nor
migrates after the Joule heating effect. This is because Au possesses lower evaporation
temperature compared to Fe nanoparticle, which leads to faster evaporation phenomenon
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caused by heat generated from the Joule heating phenomenon. In comparison to bulk carbon
atom diffusion, the graphitization process in Au-CNF could be considered as surface
adsorption or diffusion [21]. The graphitization here is referring to the process of heating
amorphous carbon for an extended period of time in order to reorganize the atomic structure
and achieve the ordered crystalline structure typical of solids. Carbon atoms are rearranged
during graphitization to fill atom vacancies and improve atom layout.
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Figure 4: (a) I-V characteristic of the Au-CNF during the application of a higher bias voltage
(0-1.5 V) and (b) In-situ TEM images of Au-CNF with applied potential changed from 0.0 to
1.5V, as in the I-V characteristics.

Figure 5(a) shows a TEM image of the hollow graphitic carbon structure after the Au
nanoparticles have been completely evaporated. As illustrated in Figure 5(a), the Au particles
disappeared from the Au-CNF structure, leaving only the hollow graphitic carbon structure.
Figure 3(a) showed an inset of the SAED analysis graphitic carbon structure, which revealed a
ring pattern of polycrystalline structures. The absence of Au particles and the graphitization of
Au-CNF to graphene-like hollow structure is confirmed by this SAED data. Higher
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magnification TEM images were collected to prove this. Figure 5(b) shows a TEM image of a
graphene-like hollow graphitic structure at high magnification. The synthesis of the sp2
hollow graphitic carbon structure is catalyzed by Au nanoparticles. The inter-planer spacing is
approximately 0.345 nm, which corresponds to the graphite (0002) spacing. Surprisingly, the

size of distributed Au particles corresponded to the area where the hollow graphitic structure
appeared.

Figure 5: TEM image of the (a) hollow graphitic carbon structure after complete growth
process and (b) hollow graphitic carbon structure in high magnification.

Figure 6(a) displays the I-V characteristics when maximum voltage was applied
throughout the Au-CNF structure. It can be clearly observed that the current flow increases
gradually while the remaining Au near the tip of CNF evaporated. However, during the
process the hollow graphitic structure broke at the middle part of the structure due to saturated
current flow at low area and production of high Joule heat. At 2.0 V applied voltage, a
maximum current flow of 70 pA was obtained before a sharp decrease occurred due to the
breaking of the structure. This demonstrates that a significant amount of heat is created among

the metal contact in Au-CNF, reducing the structural strength of the hollow graphitic
structure.
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Figure 6: (a) I-V characteristic with maximum applied voltage across Au-CNF and (b) TEM
image of the broken hollow graphitic carbon structure (~500 nm)
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Conclusions

In a nutshell, the solid phase reaction between Au and carbon atoms as a potential
candidate for interconnects when the current flow ranged from 1.35 to 20 pA was revealed.
The construction of hollow graphitic structure was promoted by scattered Au nanoparticles
inside the Au-CNF structure during the evaporation of the Au nanoparticles. A hollow
graphitic carbon structure with a length of approximately 500 nm across the cathode and
anode of an in-situ TEM was successfully observed. The reported hollow graphitic carbon
structure development in nanoscale thru the in-situ TEM technique isimportant in
understanding the interaction of carbon atoms with Au.
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