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ABSTRACT

Molecular electronics is often limited by the lack of a simple method to fabricate nanoelectrodes with controlled gap size. This is partly attributed to
the lack of a real time characterization in the fabrication. Here, we report a new method based on an electron induced deposition process operated
in scanning electron microscopy that realizes in situ and real time characterization in the nanoelectrode fabrication; thus the gap size can be controlled
easily and precisely. It is a clean and nondestructive process for carbon nanotube (CNT) electrodes. The mechanism is detailed. The nanoelectrodes
have a 7-conjugated surface due to the deposition of sp>rich amorphous carbon. As an application, DNA molecules are assembled between the CNT
electrodes by s-stacking interaction for current—voltage measurement. Our result provides a feasible route to prepare nanoelectrodes with controlled
gap size, and it will be valuable for current efforts in molecular electronics and nanoelectronics.

Molecular electronics has achieved a series of significant
advances in recent years;'> however some problems always
remain, hampering its further development. One problem is
how to fabricate nanoelectrodes with controllable gap size,
because as the first step to realize molecular electronics, the
electrodes must be fabricated with a gap size commensurate
to the size of molecules of interest." Although much attention
is focused there, and some successful attempts like break
junction,! electrochemical method,? and nanowire lithogra-
phy* have been reported, the precise control of the gap size
and other difficulties still need be resolved. For instance, it
is a problem to provide a real time characterization in the
fabrication of the nanoelectrodes; thus the exact gap size is
usually undetectable in the fabrication and then the precise
control of the gap size would be unfeasible and inefficient.
Moreover, the existing methods often are far routine, low
yielding, hard to implement. Here, we develop a simple and
efficient method to fabricate nanoelectrodes with a traditional
scanning electron microscope, which can not only induce
the formation of nanogaps but also provide an in situ and
real time characterization in the fabrication. So we can
control the gap size more easily and precisely compared with
the present methods. As an example, carbon nanotube (CNT)
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electrodes with various nanogap sizes are fabricated, and then
DNA molecules are connected between these CNT electrodes
via a new route based on a self-assembly process, and the
electrical measurement shows good contact via ;t—s stack-
ing.

The conventional electrodes for molecular devices are metal
electrodes such as atomic force microscopy (AFM) tips, gold
nanoelectrodes, etc. As another choice, the use of CNTs as the
electrode for molecular devices has received increasing attention
in recent years.””’ In these works, CNT electrodes are
fabricated via a strategy of cutting a CNT by focused-ion-
beam etching (FIB),> current breakdown,® or local plasma
ablation method’ and then leaving the two ends separated
by a nanogap. Compared with metal electrodes, CNTs show
higher conductivity,®® lower screening of the gate electric
fields by the source/drain electrodes for their smaller size,
and better contact with organic molecules,’ so they have been
regarded as an ideal material for molecular electrodes. In
our research, multiwalled CNTs (MWCNTs) are mainly used,
because the MWCNTs are reliable for use as electrodes.
About two-thirds of single-walled CNTs (SWCNTs) are
semiconductive; while almost all MWCNT's are metallic with
high conductivity at room temperature,®® although a very
small band gap (tens of millielectronvolts) is present.'®
Moreover, MWCNTs favor ohmic contact'® and can bear
large current.’
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Figure 1. Schematic diagram of the process of the fabrication of a
CNT electrode with a controlled nanogap (a—d) and the fabrication
of a DNA electronic device (e, f). (a) Bridging a CNT between
Au/Ti electrodes. (b) Cutting the CNT by current breakdown
method. (c) Adsorbing organic molecules on or in the CNT. (d)
Irradiating the gap of the CNT by electron beam with in situ
observation in SEM. (e) Assembling DNA molecules between the
CNT electrodes by immerging in DNA buffer solution. (f) Measur-
ing the electronic properties of the bridged DNA molecules.

The procedure for fabricating the CNT electrode is
illustrated in Figure 1a—d. MWCNTs (Figure S1) used here
were produced by a chemical vapor deposition method
described elsewhere.!! They were perfectly graphitic in
nature. SWCNTs (Figure S2) were synthesized by catalytic
decomposition of ethanol as described in ref 12. For the first
step, a CNT is placed between Au/Ti electrodes on a SiO,/
Si wafer. For the second step, a wide original gap is prepared
by cutting it at the middle via an existing method, such as
FIB, current breakdown, or local plasma ablation. Here, we
use the current breakdown method as described in ref 6 and
get original gaps normally in the range of 10—60 nm. As it
is complicated and difficult to obtain tiny gaps (less than 10
nm) with precise size by these methods, these original gaps
need to be further treated by the following procedures. For
the third step, the electrode is exposed to organic vapor (here
toluene or ethanol is used) to absorb organic molecules in
the cavity or on the surface of the CNT. For the final step,
the electrode with an original gap is placed in a scanning
electron microscope (operated at 15 kV). With large mag-
nification, a high-density electron beam is obtained, focusing
on the area of the gap of the electrode. Figure 2a shows the
irradiation process. After the current breakdown process, an
original MWCNT with a diameter of 33 nm forms a ca. 25
nm gap. By irradiation with an electron density of 2 x 107
A/m?, the irradiated part of the MWCNT gradually becomes
broader, and as a result the gap becomes narrower. After 6
min, the diameter of the MWCNT increases to ca. 49 nm,
while the gap decreases to ca. 4 nm. Finally, after 10 min,
the gap disappears, and two ends of the MWCNT are
connected. This process is observed in real time and in situ
by SEM, so we can stop the process at any time, and then a
CNT electrode with the gap size corresponding to our need
is obtained. It is a simple and efficient method. By this
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method, MWCNT electrodes with a series of gap sizes are
fabricated as shown in Figure 2b.

In previous research, the SEM serves primarily as a tool
to precisely characterize the gap size of the nanoelectrodes;>*
while in this method, the scanning electron microscope plays
two roles. First, the scanning electron microscope provides
an in situ and real time characterization of the gap size,
making it feasible to control the gap size. Second, the electron
beam induces broadening of CNTs and narrowing of the gap.
This broadening effect is also detected by atomic force
microscopy (AFM) characterization (Figure 3a). After ir-
radiation, the height of the MWCNT around the gap increases
from 47.2 to 60.1 nm, indicating a deposition on MWCNT,
while no observable changes of the height are detected on
the substrate, indicating the deposition just takes place on
the MWCNT surface but rare on the substrate. We also
examine the Raman spectra of a MWCNT (Figure 3b). After
irradiation, the peaks centered at 1339 and 1590 cm™!, which
corresponds to D-band and G-band of MWCNT, do not shift
obviously, thus suggesting it is a nondestructive process for
MWCNT. Two new peaks centered at 1335 and 1530 cm™!
are observed, corresponding to the D-band and G-band of
amorphous carbon (a-C), respectively. The D-band, which
is related to the breathing mode of aromatic carbon, only
occurs in the sp? carbon with small cluster size;'? thus the
existence of a D-band indicates that the sp? carbon exists in
the a-C, while the high ratio between the intensity of the
D-band and G-band (Ip/lg) indicates the small sp? cluster
size and the high content of the sp? carbon in the a-C.'*13
The a-C is not possible to be sp* rich carbon, since in the
case of high sp® content a-C, the Ip/Ig will tend to zero,"
and there is not an obvious peak around 1180 cm™!, which
originates from the sp® carbon.'>!¢ Hence, the a-C is rich
with conductive sp? carbon clusters,'” corresponding with
the transmission electron microscopy (TEM) observation by
Banhart.!® The a-C would not come from the destruction of
the MWCNT, thus indicating a foreign deposition of a-C,
and an irradiation-induced graphitization would be integrated
into the deposition process when carried out at sufficient
electron energy.'® Furthermore, as a control experiment, we
did not expose the MWCNT electrode in organic vapor but
dried it in an oven at 120 °C for 48 h to remove the absorbed
organic molecules before the irradiation process. After 6 min
of irradiation, the diameter and the gap size of the MWCNT
electrodes changed a little (Figure S3); thus the deposition
would come from the electron beam induced decomposition
(EBID) of the absorbed organic molecules, and the deposition
induced by the pump oil in the scanning electron microscope
chamber could be ignored. Therefore, the broadening effect
should be attributed to the EBID process. EBID is a maskless
process using a high-intensity electron beam to deposit
nanoscale structures on a scanned surface, and it has been
used to connect CNTs in previous work.'"® In our case,
complex beam-induced reactions of organic molecules occur
when the electron beam is focused to the CNT electrode,
leading to the decomposition of these organic molecules into
a-C for deposition. The EBID process would just take place
on the CNTs. The organic molecules favor to physically
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Figure 2. (a) SEM images of the MWCNT electrode in the EBID process: (1) just after current breakdown; (2—5) after an EBID process
of 2, 4, 6, and 10 min, respectively. (b) MWCNT electrodes with a series of gap sizes fabricated by the EBID method: (1—5) The left
images are SEM images measured after the EBID process, the gap sizes are ca. 2, 4, 6, 8, and 10 nm, respectively, and the right images
are SEM images measured before the EBID process. (¢) SEM images of a nanoelectrode which is made of a small bundle of SWCNTs (1)
before current breakdown, (2) before the EBID process, and (3) after about 2 min in the EBID process.

absorb inside or outside of the CNTs due to their strong
interactions with the sidewalls of the CNTs; thus many
groups reported the CNTs could be used as the gas sensors,
or be encapsulated, noncovalently functionalized with organic
molecules.'”?! The aromatic molecules like toluene can
absorb on the sp? CNT sidewalls due to a strong 7-stacking
interaction,'® while ethanol can also be adsorbed effectively.?°
Therefore, most of absorbed organic molecules exist on the
CNTs; thus in the irradiation, the absorbed molecules
decompose and then immobilize on the CNT surface, causing
broadening of the diameter and reduction of the gap size.
Although there would be a small amount of molecules
absorbed on the substrate, they can also be easily pumped
out from the SEM chamber due to the weak interaction with
the substrate; thus in AFM image (Figure 3a), the nonob-
servable deposition of a-C can be observed on the substrate.
Moreover, we could also assume another possibility that the
sp?-rich a-C would tend to deposit on the CNTs instead of
on the substrate due to the s-stacking interaction.

As we know, the strong electron beam can change, destroy,
or collapse the structure of CNTs, and then the electrical
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properties will be dramatically changed;?> however there
exists a threshold electron energy.”? Below this threshold
electron energy, CNTs cannot be destroyed. The threshold
electron energy is approximately 100 keV for MWCNTs and
86 keV for SWCNTSs.?*2* In our research, the SEM provides
an electron beam with an appropriate energy in the process.
The accelerating voltage is only 15 kV, so it is weak enough
to avoid the destruction of the CNTs, but strong enough to
induce the EBID. Furthermore, the electron beam irradiation
is a clean process without introducing impure atoms as well
as a nondestructive process for the CNTs, thus the electrical
properties are not obviously changed and the current—voltage
(I—V) curves of a MWCNT (Figure S4) show a similar
behavior before and after the EBID process.

We examined electrical properties of a MWCNT electrode
in the fabrication. Figure 3c shows the /—V curves measured
before (line 1) and after current breakdown (line 2), when a
4 nm gap forms in the EBID process (line 3), and finally
when the gap disappears (line 4). Before current breakdown,
the /—V curve (line 1) is linear, indicating the MWCNT is
well contacted with the Au/Ti electrodes. Line 3 shows a
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Figure 3. (a) SEM and AFM images of a MWCNT electrode before
(left figures) and after (right figures) the EBID process. The bottoms
are the topography height profiles along the red lines in the AFM
images. (b) Raman spectra of a MWCNT before and after the EBID
process. After the EBID process, the peaks for MWCNT (white
Lorentzians) are unchanged, suggesting a nondestructive process
for the MWCNT, while two new peaks (gray Lorentzians) appear,
corresponding to the deposited a-C. (c) I—V curves of the CNT
electrode before current breakdown (black), after current breakdown
(red), when a 4 nm gap formed in the EBID process (green), and
when connected after the EBID process (blue).

similar behavior with line 2, that the current is down to the
noise limit of the measurement, indicating no impurity is
deposited into the gap in the EBID process. When two ends
of the MWCNT are connected by a-C (line 4), a considerable
current is observed. This result shows the deposited a-C is
conductive, and if we further graphitize the a-C by thermal
or current annealed, a better conduction could be obtained.

We have also successfully fabricated nanoelectrodes by
using SWCNTs as the material of the electrodes. In contrast
to MWCNTs, SWCNTSs have smaller diameter; thus devices
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Figure 4. The electrical properties of a DNA device fabricated by
using the MWCNT electrodes. The /—V curves are measured before
(red) and after (black) the assembly of DNA on the MWCNT
nanoelectrode. The upper inset shows a scheme of the device, and
the lower inset is the SEM image of a MWCNT nanoelectrode used
in the device.

with higher integration density can be fabricated. The
fabrication procedure is similar to that of nanoelectrodes of
MWCNTs. An original gap is formed by current breakdown
of a small bundle of SWCNTSs, and after about a 2 min EBID
process, the gap decreases from ca. 26 nm to ca. 10 nm as
shown in Figure 2c. Moreover, this method would have the
potential to fabricate nanoelectrodes made of other materials
and then produce nanoelectrodes with a controlled gap and
a sr-conjugated surface which is rich in sp? carbon clusters.

Finally, as an application, DNA devices are fabricated by
using the MWCNT electrodes. DNA is a naturally occurring
polymer that plays a central role in biology. In previous
research, DNA molecules have been connected in circuit by
Au nanogap electrodes or SPM tips via an electrostatic
trapping or a bonding process, and the current flows through
the electrode/DNA interface by tunneling barriers or Au/S
bond.?>2% Here, we connect DNA molecules in the circuit
by another route, which is illustrated in Figure le,f. We used
10 nm long poly(GC) single-stranded DNA (ssDNA) oligo-
mers (GCG CGC GCG CGC GCG CGC GCG CGC GCG
CGCQ), and used two types of MWCNT electrodes. One (EL-
1) was with a gap larger than 10 nm without the EBID
process, the other (EL-2) was treated by an EBID process
with a ca. 5 nm gap. The MWCNT electrodes were immersed
into the solution of DNA, and then the DNA molecules
would assemble between the MWCNT electrodes. Figure 4
shows the electrical properties after the assembly process.
We fabricated more than 30 devices by using EL-1; no DNA
molecules were bridged. This is because the electrodes have
a larger gap size than the length of the DNA. About 15% of
the EL-2 were bridged by one or several DNA molecules,
and typical /[—V curves of DNA molecules were observed,
whose current was essentially zero at low bias, while beyond
a threshold bias the current rose sharply. This behavior is
similar to previous work where measurement were obtained
by using Au nanogap electrodes or SPM tips,?>? indicating
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that the DNA molecules are assembled between the elec-
trodes and the charge transport between the MWCNT
electrodes and DNA is also efficient. We assume it would
go through a s-stacking assembly process. The ssDNA has
exposed aromatic bases; a very strong sr-stacking interaction
exists between the bases of ssSDNA and the side-wall of
CNTs or other aromatic materials like sp>-rich a-C.?’-° Thus
the ssDNA shows much stronger interaction than double-
stranded DNA;2%% the bases are extended from the backbone
and stack onto the sr-conjugated surface, causing the wrap-
ping of ssDNA on the electrode.?® Then, the hybridization
of the bridged ssDNA would take place, forming a conduc-
tive duplex structure. The s-stacking between the MWCNT
electrodes and DNA can provide a well contact,?! while the
mt-stacking between the conjugated base pairs in hybridized
DNA enables charge transport over long distance, thus DNA
has significant potential applications in molecular electron-
ics.?? Several mechanisms have been suggested for the charge
transport in DNA.?33735 In our case, the charge transport
may be through a hopping mechanism, in which the charge
sequentially hops between the adjacent base pairs.*® The band
transport mechanism is also possible, in which s-stacking
interaction between bases leads to a molecular band where
the electronic states are delocalized over the entire length
of DNA.? For both mechanisms, the charge injects when
the Fermi level of the electrode is aligned with the band edge
by applying the bias voltage, and then charge transport occurs
through hopping or band conduction. Thus a sharp rise of
current was observed at a threshold bias.?

In conclusion, nanoelectrodes with a controllable nanogap
size are fabricated by an EBID method. In the process, the
SEM provides an electron beam with appropriate energy,
which can induce the EBID to decrease the gap size of the
CNT electrode while avoiding the destruction of the CNTs,
and an in situ and real time characterization, which makes
it relatively feasible and facile to control the nanogap size
in a relatively precise manner. Due to its controllability, wide
ranges of nanogaps can be prepared for various molecules
or nanomaterials, and it is also a compatible process to
current microelectronics. Thus it would be valuable for the
current efforts to investigate or realize molecular electronics
or nanoelectronics. Moreover, after the EBID process, a
st-conjugated surface forms due to the deposition of sp>-
rich a-C; thus we can connect sr-conjugated molecules like
DNA between these electrodes by s-stacking interaction,
offering another choice to connect molecules in a circuit.
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