Nanoscale

®

OF CHEMISTRY

Field emission and anode etching during formation of length-
controlled nanogaps in electrical breakdown of horizontally
aligned single-walled carbon nanotubes
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on substrates during electrical breakdown process. Experimental results show that the gap size is dependent on the applied

voltage and humidity, which indicates high controllability of the gap size by appropriate adjustment of these parameters in

accordance with the application. We propose a mechanism for the gap formation during electrical breakdown as follows.

After small gaps are formed by Joule heating-induced oxidation, SWNTs on the anode side are electrochemically etched due

to physically-adsorbed water from the air and the enhanced electric field at the SWNT tips. Field emission is measured in a

vacuum as a possible mechanism for charge transfer at SWNT gaps. The relation between the field enhancement factor and

geometric features of SWNTs explains both the voltage dependence of the extended gap size and the field emission

properties of the SWNT gaps. In addition, the similar field-induced etching can cause damage to adjacent SWNTs, which

possibly deteriorates the selectivity for cutting metallic pathways in the presence of water vapor.

Introduction

Electrical breakdown! of single-walled carbon nanotubes
(single-walled CNTs, SWNTSs) has been performed to selectively
cut metallic SWNTs (m-SWNTs) for field-effect transistor (FET)
applications,” or to create SWNT nanogaps for use as
nanoscale electrodes®® to contact single molecules®!® and
functional materials.!> When a high bias voltage is applied
across SWNTs, the SWNTs are physically cut at the hottest
points due to self-heating-induced oxidation,*?>*3 and become
electrically insulating due to formation of the gap. Electrical
breakdown has been widely applied to both SWNTs on
substrates and suspended over trenches!®'# because it is an
extremely simple operation.

However, even limited to individual SWNTs on substrates,
the size of nanogaps (Lgap) obtained from electrical breakdown
vary widely from ca. 2 nm?°> to more than 100 nm.!! The reason
for the wide variation of gap size has not been fully explained,
even though the mechanism of gap formation seems simple.
Instead, gap formation of multi-walled CNTs (MWNTs) and
SWNT bundles has been observed in more detail, despite the
more complicated processes involved with the layer-by-layer
oxidation of multiple shells.1>16-18 For any application, the gap
size has a significant effect on the device performance and
should thus be carefully controlled. For example, nanogaps in
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SWNT array channels of SWNT-FETs amplify and localize the
electric field and could result in a correlated breakdown of
neighboring SWNTs.1%20 The extent to which the field is
amplified is highly dependent on the nanogap size; therefore,
the gap size should be designed in accordance with the device
requirements. On the other hand, phase change memory
devices that employ SWNTSs as electrodes!? require smaller gaps
to achieve higher energy efficiency. There is a lack of detailed
understanding on the formation mechanisms of SWNT gaps;
however, the controllability of nanogap size has been reported
to a limited extent; shorter distance between two metallic
contacts (SWNT length or channel length; L.,) or breakdown in
Ar gas flow results in smaller nanogaps,'*** although there has
been little explanation of the reason for the small gap formation.

In this work, we report the voltage-driven gap extension
phenomenon of SWNTs after electrical breakdown. It is
generally considered that SWNTs cut by electrical breakdown
are not conductive due to the physical gaps; therefore, no
structural changes are expected for the broken SWNTs by
external voltage application. However, we carefully observe
field emission current at SWNT gaps and the increased gap size
of broken SWNTs by application of a DC voltage. The
dependence of the gap size on the applied voltage and ambient
humidity was investigated. Based on the experimental results,
we consider that electrochemical etching at the SWNT tips due
to physisorbed water and enhanced electric field is the driving
force behind the gap extension. When it comes to SWNT-FET
applications, the voltage-driven SWNT etching may negatively
affect the selectivity for breaking metallic pathways because
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Figure 1 (a) SEM images of an SWNT after gap formation and gap extension in air. The initial gap was formed with a ramp voltage up

to Vmax = 25 V on a heated substrate, followed by subsequent application of Vimax = 20, 40, 60 and 85 V at room temperature. SEM
images of SWNTs (b) after nanogap formation and (c) after gap extension with ramp voltage up to Viax = 40 V applied. (d) AFM image

of the region outlined in red in (c). The initial gap location is indicated by arrows. (e) Cross-sectional profiles of two sets of SWNTs

(black) and gaps (red) at the positions numbered 1 to 6 in (d).

semiconducting SWNTSs (s-SWNTs) can be remotely damaged by
adjacent nanogaps.

Results and discussion
Voltage-driven gap extension of SWNTs

Electrical breakdown of SWNT arrays (Lcn = 5 um) was
performed in air with a ramping voltage from 0 to -25 V at ca.
100 °C. A positive gate voltage (Vs = +10 V) was applied to break
only m-SWNTs. Figure 1 shows scanning electron microscopy
(SEM) images of a typical SWNT gap. After gap formation, ramp
voltages from 0 to Vmax = 20, 40, 60, and 85 V were applied to
the same SWNT array in air at room temperature, with a floating
gate to avoid gate dielectric breakdown. Figure 1a shows SEM
images of an identical SWNT after voltage ramps, which clearly
show that the gap was extended only in the anode direction
(one-way gap extension). The initial and final gap sizes were 63
and 337 nm, respectively. Atomic force microscopy (AFM) was
also used to observe the etched SWNTSs. Figures 1b-d show SEM
images of SWNT gaps before and after gap extension up to Vimax
=40V, and an AFM image of the extended gaps in the region
outlined in the SEM image. The AFM image also shows that the
SWNTs on the anode side were etched from the initial gap
location denoted by arrows. Some residues thinner than the
SWNTs remained on the substrate, as cross section profiles
from two SWNTs are shown in Figure 1e.

Similar experiments in air were performed for SWNT arrays
with channel lengths of L,y = 6.2 and 8.3 um, by changing the
maximum voltage from Vmax = 40 to 100 V with 20 V steps.
Typically ten SWNTs were first broken down for the following
gap extension experiment under each condition, while most s-
SWNTs were preserved by gate control. Each maximum voltage
was applied to different SWNT arrays for the same length of
time, although the size of gaps extended with a constant voltage
applied for 1 s did not further change even after 1000 s in a
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control experiment. The sizes of the extended SWNT gaps with
Lch = 6.2 and 8.3 um are plotted as a function of V. in Figure 2.
Error bars indicate the standard deviation of the extended gap
size. Similar gap sizes and voltage-dependence were obtained
for SWNT arrays of both lengths. The etching of SWNTs on
anode side is self-terminated in a very short time, as is clear
from time-independence of gap size. Therefore the etching
length is simply determined by voltage, rather than by the
product of etching rate and etching time (see Figure 2a in
supplementary information (SI)). We will later discuss in detail
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Figure 2 Gap size as a function of maximum applied voltages
under various gas conditions (in air, dry O,, and wet O,). Circles
(black) and open rectangles (blue) indicate the size of SWNT
gaps extended in air with L, = 6.2 and 8.3 um, respectively.
Inversed triangles (green) represent the size of the gaps formed
by electrical breakdown in dry oxygen. Red triangles corerspond
to identical gap arrays further extended in wet oxygen with the
same maximum voltages. Ls, = 5.1 um. Solid lines represent the
best-fit of the data for each condition with Equation (3).
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how and why the gap size is dependent on the applied voltage.
Note that exceptionally large gaps were excluded from Figure 2
because some SWNTs can be etched due to the presence of
closely-placed SWNTs, as discussed later with respect to Figure
4.

We propose a mechanism for the SWNT gap size obtained
by electrical breakdown on substrates as follows. The gaps
initially have a gap size of <10 nm immediately after breakdown,
as such small gaps were obtained in a previous study,!® and are
these gaps are readily extended by continuous application of a
voltage. Chain-reaction burning of SWNTSs could be considered
to result in large gap formation, as reported in our previous
study on organic film-assisted burning of SWNTs*. However, the
oxygen-induced chain reaction is not expected as long as the
SWNTs are directly exposed to dry air and are in contact with
the substrates. This is because the collision frequency of oxygen
molecules with SWNTs in air (ca. 10° s?) is relatively small
compared to the thermal relaxation time of SWNTs on
substrates (<100 ps).2! If chain-reaction burning dominates the
gap formation process, then heating of the substrates during
electrical breakdown should lead to larger gap formation.
However, the experimental results given in Figure S1 indicate
the opposite. Furthermore, the electrical breakdown of SWNTs
on substrates did not indicate a clear dependence on oxygen
partial pressure (Figure S4 in SI).

The dependence of gap size on the applied voltage can
explain the previous finding that electrical breakdown of longer
SWNTs resulted in larger gap formation.'>'> We simply
approximate that the extended gap size is proportional to the
maximum voltage for small gaps (Lgap = k1Vmax, Where k; is a
constant). The breakdown voltage, the voltage required to heat
up the SWNTs to oxidation temperature (typically ca. 600 °C), is
proportional to the SWNT length (Vsp = koL, Where k, was
determined as 4.48 V um in the previous studies) for long
SWNTs (Lch > 1 um).2%23 If the voltage is ramped until an SWNT
is broken, then the extended gap size will also be proportional
to the SWNT length (Lgap = k1Vap = kikaLeh). Therefore, the use of
shorter SWNTs (small L) is preferable for smaller nanogap
applications in energy-efficient and highly-integrated devices.

Effect of ambient water vapor on gap extension

The dependence of gap extension on the ambient gas
conditions was examined. Figure 2 (green inverted triangles)
shows the size of gaps formed in SWNTs with L, = 5.1 um by
electrical breakdown up to four different V. in dry oxygen gas
flow. The gap size here also represents the extended gap size
due to voltage application after cutting of the SWNTSs, although
gap formation and gap extension processes were not separated.
The gaps formed in dry oxygen were smaller than those in
ambient air (Figure 2), which suggests that oxygen molecules
are not critical for the SWNT gap extension phenomenon, and
that some other gas(es) in air play a key role.

With a focus on the water vapor in air, the gaps were further
extended in wet oxygen with the same maximum voltages as
those in dry oxygen. Figure 2 (red triangles) shows that the
extended gap size achieved in wet oxygen is much larger than
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that under other conditions with lower relative humidity (RH)
(wet oxygen ca. 100%RH, dry oxygen ca. 0%RH, and laboratory
ambient air 30-60%RH). Gap extension experiments conducted
in wet nitrogen (data not shown) revealed similar results to
those in wet oxygen, which also excludes the importance of
oxygen in the gap extension process. Higher humidity resulted
in larger gap sizes, which indicates that water vapor plays a key
role in the voltage-driven extension of SWNT gaps. Based on this
knowledge, the smaller gap formation by breakdown in Ar gas
flow (Lgap = 30-100 nm) than in air (Lgp = 30-200 nm), as
reported previously,'! can be explained by the low humidity in
the Ar gas flow, rather than by low oxygen partial pressure.
Therefore, to further decrease the SWNT gap size, electrical
breakdown should be performed in high-pressure dry oxygen.
This is not only because dry gas prevents gap extension, but also
because high-pressure oxygen lowers the breakdown voltage of
SWNTs (see Figure S4 in Sl).

Field emission at SWNT nanogaps

The SWNT gap extension process involves charge transfer
and an etching reaction; therefore, the current-voltage (/-V)
characteristics during gap extension in air were carefully
observed (see Figure S3 in Sl). Although no conductive materials
should be left at the gaps after breakdown of all SWNTs, a small
and unstable current was still observed through the SWNT gaps.
Recently, field emission (Fowler-Nordheim tunneling) at SWNT
gaps on substrates with Lgap = 23—125 nm were examined using
an electrostatic force microscopy technique.?* For gaps of m-
SWNTs with any gap size or s-SWNTs with Lgs,, > 60 nm, field
emission was revealed to be the dominant charge transfer
mechanism. Field emission during electrical breakdown has
been briefly discussed in the literature; however, there has
been no detailed investigation.?

To elucidate the charge transfer mechanism at the SWNT
gaps in the present work, field emission properties at m-SWNT
nanogaps were measured in a vacuum (ca. 0.02 Pa) to avoid
damage to the anode SWNTs (gap extension). An experimental
device was fabricated that contains a single SWNT, as shown in
Figures 3a and b. /-V characteristics were measured for SWNT
gaps with Lgap of ca. 80 and 300 nm (Lch = 8.2 and 14.1 um,
respectively), by ramping the bias voltage from 0 V, while the
gate voltage was kept equal to the cathode voltage. Figure 3c
shows /-V characteristics for these gaps, where steep current
increases in the sub-nanoampere range were observed at 35 V
(line (a) in Fig. 3c) and 110 V (line (b) in Fig. 3c). Fowler-
Nordheim (FN) plots for the measurement (Figure 3d) yield
almost straight lines (solid lines show the best-fits). When we
assume the electrons were emitted into vacuum from SWNTs
with work function of 4.8 eV,?® the field enhancement factors y
for the gaps shown in Figures 3a and b are calculated from the
slopes?’ to be 460 and 273, respectively. Note that y = F/E,
where F and E are a local field at the emitter surface and the
macroscopic field (applied voltage V divided by the inter-
electrode distance L), respectively. Despite the large
difference in sample configuration, the field enhancement
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Figure 3 (a,b) SEM images of single SWNT gaps with Lg,, = 80 and 300 nm, respectively. Insets show enlarged images of the gaps. (c) /-
V characteristics in vacuum and (d) FN plots of the SWNT gaps shown in (a,b). Red solid and blue dashed lines represent the fitted field
emission properties with the data for the 80 nm gap and the expected field emission properties of geometrical features of the 300 nm

gap, respectively. (e) I-V characteristics of three SWNT gaps formed with voltage application up to Vimax = 20 V. Inset: The current at 20

V (= Vimax) is estimated by extrapolation of the FN plot.

factors roughly correspond to a previous report for free-
standing SWNT field emitters (y = 515).%7

The field emission characteristics for three similar SWNT
gaps were also compared. Following gap formation by electrical
breakdown on heated substrates (ca. 100 °C), the gaps were
extended with Vo =20 Vin air at room temperature. The sizes
of all the extended gaps were around 70 nm. As shown in Figure
3e, the /-V characteristics of these gaps in a vacuum shows onset
voltages around 25-35 V, which were slightly larger than the
maximum voltage (Vmax = 20 V) for gap extension. These gaps
were extended with Vi = 20 V; therefore, the minimum
current required for in-air gap extension (threshold current) can
be estimated from the emission current at V=20V in a vacuum.
Extrapolation of the FN plot for the gap drawn in blue yielded a
threshold current of 0.1-1 fA at V=20 V (inset of Figure 3e, see
also Figure S7 in Sl), which was beyond the range of
measurement due to noise in the present setup. It should be
noted, however, that the field emission properties of SWNTs
can be affected by the adsorption of oxygen and water
molecules in air.282° Note that the linear current component
obtained from the device without SWNTs (//V = 14.9 [fA V1])
was deducted in Figure 3e to exclude leakages that did not
originate from the SWNTs.

Although the field emission current was measured in a
vacuum, the surface leakage current via water adsorbed on the
substrates must be considered as another conduction
mechanism in the presence of water vapor. Charge transfer
between SWNTs and water electrolyte (electrochemical
reaction) requires an electric field with a specific strength at the
interface. Therefore, a higher voltage is required to maintain
the constant field strength for larger SWNT gaps, which may
appear as the observed relation between the applied voltage
and gap size (Figure 2). Even in that case, the field emission
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measurement in a vacuum is useful for quantification of the
field enhancement at SWNT tips.

Threshold field for gap extension: voltage vs. gap size

Now the validity of the field emission electron as a cause of
SWNT etching is evaluated. We suppose that the emission
current is kept constant (threshold current, o) during the gap
extension process because the gap size changes according to
the ramp voltage. The FN law gives the relation between the
emission current / [A], and the local field at the emitter surface
F [V/m], as:3°

3
6.44X10°¢p2

F

1.5x107°
I=A———

F? exp (%) X exp(— ), (1)

where A [m?] is the emission area and ¢ [eV] is the work
function of the SWNTs. The local field F is obtained from the
macroscopic field £ and the field enhancement factor y at the
emitter surface. The FN law indicates that the local field F (= yE)
is a constant value of Fo during gap extension under this premise,
although Fy differs according to the ambient gas conditions.
Even when we assume the water-related leakage current as the
charge transfer mechanism, the local field F also dominates the
electrochemical oxidation (gap extension). Previous studies
have reported models to estimate the field enhancement factor
y from geometric features, such as the length of the CNT emitter
h, the distance between the flat anode and CNT tips D, and the
radius r, for free-standing CNT emitters.?3132 When the inter-
electrode distance is large compared to the CNT height, the field
enhancement factor y is simply estimated by the CNT height and
the radius (yo «< 1+ /h/2r.32 For the case of smaller D, y =
vox{1+ax[D/(D+h)]*-bx[D/(D+h)]} is often used as the modified
relation,?’” where a and b are constants. The relation can be

This journal is © The Royal Society of Chemistry 20xx
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further rewritten to match the configuration of the present
samples (see Figure S5 in Sl for details):

- f_Lch‘Lgav Len _ p Lgap
y—c(1+ pw )(1+aLgap chh)' 2)

where ¢ and L, are a constant and the channel length (original
SWNT length) of the device, respectively. From the relation F =
YVmax/Lch, the maximum voltage V. that gives the constant
local field Fo at the SWNT tips for any gap size Lgap is expressed
as:

FoLch

Vmax(Lgap) = 7 3)

Equation (3) was fitted to the experimental data in Figure 2 with
a and Fo/c as fitting parameters. The diameter of all the SWNTs
was assumed to be 1.5 nm.3* When a = 0.11, the fitting lines
corresponded well with the trend of the experimental data
under all the conditions, as shown in Figure 2 (see Figure S6a in
Sl for different a values). The b constant has little effect on the
fitting results; therefore, b was set at zero. Compared to the
threshold field Fo,,ir obtained from the data in air (Lcy = 6.2 pum),
the other threshold field strengths for the gap extension in wet
oxygen (Lch =5.1 um), in air (Lch = 8.3 um), and in dry oxygen (L
= 5.1 um) were 0.47Fq 4ir, 1.04F¢5ir, and 1.80Fg i, respectively.
Enhancement of the emission current at a given field by water
adsorption on SWNTs2%3# can account for the lower threshold
field under higher humidity conditions. Switching of the major
charge transfer mechanisms from field emission to surface
leakage current is another possible explanation for the low
threshold field in wet oxygen.

This relation was further applied to calculation of the /-V
characteristics for field emission using the FN law (Equation (1)).
Now, for simplicity, an SWNT diameter d; of 1.5 nm and ¢ = 4.8
eV are supposed. The emission area A is estimated from the y-
intercept of the FN plot to be 7.0x10'2 m2. First, ¢ = 0.66 was
obtained by fitting with the field emission characteristics of the
80 nm gap shown in Figure 3c (red line). The I-V characteristics
for the 300 nm gap were then predicted from the gap
configuration using Equations (1) and (2). As shown in Figure 3c,
the predicted /-V characteristics (blue dashed line) are in good
accordance with the experimental results (see Figure S6b in Sl
for different a values). This indicates that the relation between
the geometric features and the field enhancement factor y
(Equation (2)) is useful to predict the field emission
characteristics of SWNT gaps on substrates, and also that the
gap extension is dominated by the geometrically-derived field
enhancement at the SWNT tips. Note that L, of 12.5 and 11.5
um were substituted into Equation (2) for 80 and 300 nm gaps,
respectively, because the length of the SWNTs on the cathode
side rather than the distance between two metal (Pd) contacts
influence the field enhancement (see Figure S6 in Sl). The
threshold field strength in air Fg i = 1.7x10° V. m™* was obtained
from the threshold current /o = 0.1-1 fA. Field emission into a
vacuum was assumed here, although a similar comparison of
the 80 nm and 300 nm gaps is possible for field emission (FN
tunneling) into SiO; with slight modification of the parameters.
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Taking field-emission electrons and water molecules into
account, we propose two mechanisms for SWNT etching as
follows. In ambient air, the SWNT surface is covered with a few
layers of water molecules.3>3¢ The first possible mechanism is
electrochemical etching of anode SWNTs,3” where charge
transfer occurs via field emission or water-mediated surface
current. Electrochemical oxidation first occurs on the SWNT
surfaces, which forms covalently functionalized groups. The
locally functionalized SWNTSs are then removed through further
oxidation. The total reaction can be expressed as C(SWNT) +
30H > CO3% + 3H* + 4e". In contrast to the electrochemical
etching of SWNTSs in bulk electrolytes, physisorbed water from
the air is unlikely to form an electric double layer under the
conditions of the present experiments, which typically
strengthens the field at the SWNT-electrolyte interfaces.
Instead, field enhancement at the SWNT tips due to the
ultrahigh aspect ratio may play an important role in the
oxidation process. SWNT etching may continue either until the
gaps are extended to a sufficient extent for the emission current
to be negligible or until the local field at the tips become weak
enough to not cause the electrochemical reaction.

A second possible explanation for the gap extension is as
follows. Electrons emitted from cathode tips are accelerated by
an electric field while flowing between the SWNT gaps.
Physisorbed water molecules on the SWNT tips are ionized by
accelerated electrons and turn into highly reactive species, such
as OH:, H:, and HO;- radicals. These species then etch
neighboring carbon atoms of the SWNTs to form CO, CO,, and
various hydrocarbons. A similar etching phenomenon was
reported in studies on CNT cutting® and the machining of CNT
forests,3® where CNTs were cut with a low-energy focused
electron beam (with SEM) in the presence of water vapor inside
the chamber.

Electrical breakdown on heated substrates resulted in
smaller gap formation because water molecules on the SWNT
surfaces desorb at high temperature, even under the same
water vapor pressure (see Figure S1 in Sl). This indicated the
importance of adsorbed water molecules rather than water
molecules in the gas phase, which supports both mechanisms
proposed here. Even when the emission current is sufficiently
large, the gaps are not extended in the absence of water
molecules on anode side SWNTs (e.g., in a vacuum).

Remote etching among adjacent SWNTs

We also identified the remote etching phenomenon of
anode SWNTs parallel to cathode SWNTs with small inter-SWNT
spacing, as shown in Figure 4a. Here, the SWNTs that connect
only with metal anodes or cathodes are referred to as A-SWNTs
or C-SWNTs, respectively. Gaps were first formed at a red arrow
position and then extended to an Lgap of a few microns, whereas
the other two gaps were only extended to an Lg,, of a few
hundreds nanometers. This can be explained by field
enhancement between side walls of A- and C-SWNTs,3° which
induce the etching of adjacent A-SWNTs, as schematically
shown in Figure 4b. Red and blue colors in the schematic
illustration indicate high and low electric potential, respectively.
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Figure 4 (a) SEM images of five parallel SWNTs. Each image was taken after voltage application up to Vmax as indicated. The red and
yellow arrows indicate the initial gap location on the anode and cathode SWNTs (A- and C-SWNTs), respectively. Two A-SWNTs in the
middle were etched from over a few microns because of right C-SWNTs. (b) Schematic illustrations of the electric potential at two
stages of the SWNT array in (a). Left: after the gap formation at the red arrow position, corresponding to 20 V < V. < 60 V. Right: after
the remote etching of A-SWNTs, corresponding to Vimax = 60 V. Field emission from C-SWNTs can affect A-SWNTs inside the gray area.
(c) SEM images for the double cutting of a single SWNT. Secondary cutting of the middle SWNT occurred at the position marked by

blue arrow.

A-SWNTs (red) within a certain distance from C-SWNTs (inside
the gray region) are etched away. Although this etching
mechanism is intrinsically the same as gap extension, the extent
to which the SWNTs are etched away is determined by the
distance between the two gaps of A- and C-SWNTs. In addition,
for etching to occur is dependent on the inter-SWNT spacing of
two parallel SWNTs and the applied voltage. If uniformly dense
SWNT arrays can be grown and also m- and s-SWNTs are
intentionally cut near cathodes and anodes, respectively, then
this parallel etching could be used to eliminate only m-SWNTs
by utilizing selective field emission from the side wall of s-
SWNTs (see Figure S8 in Sl for details of the possible process).

This type of etching may deteriorate the removal selectivity
during electrical breakdown by cutting or damaging the
adjacent s-SWNTs. For example, the SWNT that did not bridge
two metallic contacts due to electrical breakdown was cut again
around the neighboring nanogap, as indicated by a blue arrow
in Figure 4c (also see Figure S3). This indicates that SWNTs can
be broken down without Joule self-heating if nanogaps are
present in the vicinity. The SWNT segment between the red and
blue arrows had a low contrast to the substrate in the SEM
image, which also indicates the physical isolation of the SWNT
segment from other SWNTs and metal electrodes.*®

If ionization of water by accelerated electrons induces the
cutting of unbridged SWNTs, then operation with voltages
smaller than the ionization energy of water (ca. 12.7 eV) would
be helpful to avoid deterioration of the removal selectivity. The
electrical breakdown of SWNT arrays (ca. 20 SWNTs um™, Ly =
2 um), where a bias voltage of up to 20 V was applied, resulted
in the correlated breakdown of neighboring SWNTSs,*® though
this was previously explained in a different way.?° In contrast,
the electrical breakdown of higher-density but shorter SWNT
arrays (>100 SWNTs um™, L., = 400 nm), where the breakdown
voltage is always <8 V, successfully cut only m-SWNTs (current
retention >20%).** Note that a relatively thick gate dielectric
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(Al;,05, 25 nm equivalent oxide thickness) compared to the
inter-SWNT spacing (<10 nm) was used, and high electric field
(>10 V pum™) was applied.** The results of adjacent SWNT
etching will thus provide a guide to the design of appropriate
device structures and the experimental conditions required for
successful SWNT purification.

Conclusions

We have reported on the field emission and voltage-driven gap
extension phenomena for SWNTs on substrates. The gap
extension clearly showed one-directionality and dependence on
the applied voltage and humidity. Therefore, the SWNT gap size
can be controlled by changing the water vapor pressure,
substrate temperature, and voltage. Size controllability will
broaden the application of nanogaps, especially as nanoscale
electrodes. The /-V characteristics of single gap devices in
vacuum indicated FN tunneling features, which corresponds
well with the characteristics predicted from the FN law and the
field enhancement model that was calibrated using the gap
extension results. Electrochemical oxidation and charge
transfer via field emission are thus possible driving forces of
SWNT gap extension. In addition, unintentional damage to the
neighboring SWNTs induced by field enhancement between
adjacent SWNTs should be minimalized when electrical
breakdown is employed to selectively cut m-SWNTs for
semiconductor applications.

Experimental

SWNT growth and device fabrication: Metal electrodes (Ti/Pd
or Ti/Au; 5/20 nm) were photolithographically patterned using
sputtering on a highly p-doped Si substrate with a 100 nm thick
thermal oxide layer. Horizontally aligned SWNTs were grown by
the alcohol catalytic chemical vapor deposition method3342 on

This journal is © The Royal Society of Chemistry 20xx



r-cut crystal quartz substrates, and then transferred onto the
Si/SiO, substrates with patterned electrodes via poly(methyl
methacrylate) (PMMA) thin films.** Unwanted SWNTs outside
channel regions were etched by oxygen plasma to isolate the
devices. Each device has 20 um wide electrodes with 5-15 um
spacing and typically contains 30 SWNTs (density of 1.5 SWNTs
pum1), which is suitable to avoid interaction and bundling among
adjacent SWNTSs.

SWNT nanogap preparation: SWNT nanogaps were prepared
using the electrical breakdown technique. Electrical breakdown
was first performed on a hotplate (ca. 100 °C) because the
breakdown of SWNTs on heated substrates was found to result
in smaller gap formation than that at room temperature, as
shown in Figure S1 of the SI. The gap location was checked by
scanning electron microscopy (SEM; 1 kV, S-4800, Hitachi Co.,
Ltd.) or atomic force microscopy (AFM; SPI3800N, Sll).
Nanogap extension: A ramp voltage was applied from 0 to
negative maximum voltage (-Vmax) to the nanogaps for a typical
period of 100 s at room temperature, and the extent of gap
extension was observed. The gap extension experiments were
conducted under various gas conditions, such as in air, and in
dry or wet oxygen gas flow. Dry oxygen was obtained directly

from an oxygen gas cylinder and was flowed onto the substrates.

Wet oxygen was obtained using the water bubbler technique
(see the setup used in Figure S2b of the Sl) at room temperature
to provide saturated water vapor (ca. 3 kPa). A voltage was also
applied to SWNT gaps in vacuum (ca. 0.02 Pa) to avoid gap
extension and observe the /-V characteristics at gaps of a certain
size.
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1. Effect of substrate heating during electrical breakdown on gap size

If the gap size formed by electrical breakdown is dominated by oxygen-induced chain reaction,
substrate heating during voltage application will simply increase the gap size. Figure S1 shows the
histograms of gap size at three different substrate temperatures (~20, ~60, ~100 °C). Contrary to the
expectation, the gap size drastically decreased with increasing substrate temperature. This indicates
the gap size formed by in-air electrical breakdown is not determined by chain-reaction burning. Note
that slightly different maximum voltage was applied for three SWNT arrays (~60, 43, 45 V for ~20,
60, 100 °C, respectively). Wide distribution for lower temperature experiments may be attributed to
the etching due to field enhancement between adjacent SWNTs (Figure 4) because electrical

breakdown of long SWNTs (~15 um) requires high voltage application (~60 V).
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Figure S1. Distribution of gap size obtained by electrical breakdown in air at different temperatures.

2. Experimental details

We show the schematic illustration of time evolution of both voltage and gap size during gap
extension experiment in Figure S2a. Voltage was increased from zero to a certain value (¥max: 30-100

V) typically in 100 s. Since this anode etching phenomena is self-limited due to the decreased field



enhancement associated with gap extension, the gap size seems to change with voltage. If we take a
closer look at the change in voltage, it shows stepwise increase (by 30-100 mV) rather than continuous
increase because of machine constraint as shown in the inset. We guess the gap size are readily
increased just after each stepwise increase of voltage and keeps constant until next voltage increment.
The current 7 and the local field at the SWNT tips ' must be slightly larger than threshold (/o, Fo)
during gap growth, and then go down to threshold for a while.

To control humidity of ambient gas, pure oxygen gas or oxygen through a water bubbler was
sprayed on the sample during electrical breakdown and gap extension processes. Figure S2b shows
the schematic illustration of the gap extension in wet oxygen (oxygen saturated with water vapor at
room temperature). Almost no water droplets were observed on the substrates by optical microscope

during the wet oxygen spraying, which indicates the relative humidity of ~100%.

(a)

1>1, 1=1,

F=Fy) (F=F)

Voltage
Gap size

Vmax
30~100V
Initial gap size
typically Time
(b) 100s
Wet 0, (0,/H,0)
Needle valve - +
w——RE
Water tank

Figure S2. (a) Schematic illustration of time evolution of voltage and gap size. Inset shows the gap size change
which follows the stepwise increase of voltage. (b) Schematic illustration of the gap extension in wet oxygen.
Oxygen gas through a water bubbler (kept at room temperature) was directly sprayed onto the samples during the

voltage application to SWNT gaps.



3. Gap extension of SWNT arrays and current transition

Throughout the study, the gaps in SWNT arrays were extended as shown in Figure S3. Red arrows
indicate the gaps created by electrical breakdown process on hotplates. After further voltage
application process, new gaps were formed, but not included in the calculation of the extended gap
size. Some SWNTs have two gaps as second gaps are indicated by yellow arrows, probably due to
the influence of adjacent gaps. Taking a closer look at the current transition during the gap extension
(inset), small (~nA) and unstable current was observed after all the SWNTs were broken down (V>

76 V). This current suggests the conduction through SWNT gaps which induces the gap extension.
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Figure S3. (a) SEM image of SWNT arrays after nanogap formation by electrical breakdown on hotplates (~100
°C), and (b) after gap extension under ambient condition. Yellow arrows indicate the cutting of already-broken
SWNTs caused by adjacent gaps. (c¢) Current transition during the gap extension. Inset shows enlarged graph with

voltage larger than 76 V, where all the SWNTSs were broken.



4. Effect of oxygen pressure during electrical breakdown on gap size

It is well known that electrical breakdown of SWNTs is affected by oxygen partial pressure.! With
a focus on chemical reaction which induces the breakdown, higher oxygen pressure (po2) seems to
lead to higher reaction rate even at the same temperature. Thus, the breakdown temperature and the
breakdown power (power input needed to induce SWNT breakdown) should be high/large at low
oxygen pressure.

Vacuum chamber was used to control the pressure. After evacuating the chamber (< 10 Pa) with
a rotary pump, oxygen was introduced. Figure S4a shows current transition (black lines) during
electrical breakdown process and the breakdown power density per unit length (blue circles). The
breakdown power Pep [W] was obtained by multiplying current drop A7 [A] and applied voltage
[V] (Pep= A4Ix V). The breakdown voltage and the breakdown power density were much higher at
po2 < 0.1 kPa than those at po2 ~ 95 kPa. However, the gap size does not have clear dependence on
oxygen pressure (Figure S4b). This suggest that breakdown (cutting) and gap formation of SWNTs
are based on different mechanisms. Note that different Vmax was applied for the experiments under
different oxygen pressure, and the gap size was slightly dependent on Vmax (Figure S4b inset) as

described in the main article.
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Figure S4. SWNT gaps were formed by electrical breakdown at various oxygen partial pressures (po2). (a) Current
transition (black) and breakdown power density (Pgp [W/m], blue circle) during the electrical breakdown. (b)
Oxygen pressure vs Gap size. Each data point shows the average size of typically ~10 SWNT gaps. Channel length
Len = 5 pm. Inset: Gap size as a function of Vimax shows dependence on applied voltage despite the electrical

breakdown under various oxygen pressures.

5. Assumed sample configuration for field enhancement modeling

The relation between geometrical features of SWNT gaps (Lgap and Lch) and field enhancement
factor y was obtained by fitting the experimental data shown in Figure 2. When the distance between
emitter tips and anode D is large (D > 3h), a field enhancement factor yo of the emitter shown in

Figure S5a is purely a factor of the CNT height and radius and written as?

h
_ (1)
Yo X1+ >

However, when D (or gap size) is small compared to SWNT length 4, equation (2) will be corrected

as34
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Since the configuration of our sample is different from conventional field emitters, we assumed the
gaps are located in the middle of channels for simplicity so that the same relation as tip-plane
configuration can be used (Figure S5b). This assumption is useful also because the position of the
gaps is randomly scattered around the middle of the channel.! Using geometrical parameters of our

samples, equation (2) can be further rewritten as follows.

Lch - Lgap Lch Lgap
= (14 |-heapy g _ pog (3)
y=c(l+ / e (L et B e

Here, three unknown parameters, a, b, and c, appear in the equation. The SWNTs of our samples lay

on substrates as shown in Figure S5c, but we did not consider the difference between Figure S5b and
c for simplicity. Since usually Lgap << Lch in our experiments, b has little effect and thus set to zero.
Then proper value of a = 0.11 was obtained from Vmax vs Leap (Figure 2). Fitting lines when a is
different (a = 0.01, 0.5) are shown in Figure S6a. Finally, ¢ (= 0.66) was obtained from the field
emission properties of the 80-nm-gap in vacuum and the FN law (Figure 3c). Also, /-V characteristics
for the 300-nm-gap estimated from the FN law and geometrical features are shown in Figure S6b. As
shown in Figure Sé6c, Lch obtained by doubling the length of SWNT segments on cathode side Lc-
swnT (strictly speaking, Leh = 2Lc-swnt + Leap) Was used to calculate field enhancement factors, which
was different from the cathode-anode distance (Figure S6c¢). It is because we know the exact value of
Lc-swnt from SEM observation, and Lc-swnt is more important when the field enhancement at SWNT
tips on cathode side is considered. If a is large (for example a = 0.5), field enhancement factor y is

inversely proportional to gap size Lgap. At that case, gap size will be proportional to applied voltage.
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Figure S5. Schematic illustrations of sample configuration used for field enhancement modeling. (a) Typical

configuration with SWNT tip-to-flat metal electrode. (b) Tip-to-tip configuration (free standing) assuming the gap

is located at the center. (c) SWNT gap on substrates (our samples).
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Figure S6. (a) Fitting lines of the data shown in Figure 2 with the equation [Vimax(Leap) = FoLcn/2y], which give the
constant local field F for variable gap size. a and Fo/c are fitting parameters. (b) Predicted field emission current
for the 300-nm-gap. Dotted lines, dashed lines, and dash-dotted lines are obtained when a = 0.01, 0.11, 0.5 in
equation (2), respectively. (¢) SEM image of the 80-nm-gap. The gap was not located in the middle.

6. Extrapolation of threshold current for gap extension

The current needed for the gap extension is too small to detect. When ramp voltage was applied

to a single gap in air, usually no current was detected. We estimated the minimum current (threshold

8



current) needed to extend the SWNT gaps in air by extrapolating the FN plots obtained in vacuum.
Field emission current can be simply expressed by two constants and voltage as I = C1V2exp(-C2/V).
Figure S7a and b show the fitting in an /- curve and an FN plot, respectively. The fitting and
extrapolation of the gap in Figure 3e (red) yields threshold current (at V=20 V) of 0.56-1.70 fA.
Also, the gap in Figure 3e (blue) gives similar threshold current of 0.33 fA (Figure S7c). We should

note that this estimation is appropriate unless C1 and C: are affected by water, oxygen, nitrogen, and

SO On.
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Figure S7. (a) Fitting line for the experimental /- characteristic [in red in Figure 3(c)] with the FN law [/ =
C1V2exp(-Co/V)]. (b) Similar fitting for the FN plots for the same gap. Since the gap was extended by bias voltage
of V=20 V, these fittings yield the threshold current for gap extension in air of 7/ = 0.56 — 1.70 fA. (c) The same
fitting was applied to the gap drawn in blue in Figure 3(e). This gap yields the threshold current of 7= 0.33 fA.

7. Strategy for full length and selective etching of m-SWNTs utilizing field emission

Site-controlled formation of gaps of m-SWNTs and s-SWNTs could be used for selective
elimination of m-SWNTs in full length. A possible process is shown in Figure S8. Breakdown position
of m-SWNTs can be easily controlled by depositing intermediate electrodes (drawn in gray in Figure

S8b). The intermediate electrodes are selectively etched after the gap formation in m-SWNTs. Then,



site-selective cutting of s-SWNTs can be done, for example, by passivating large area of channel
region to protect SWNTs from oxygen, except for near anodes (Figure S8c). After removing
passivation layers, high voltage is applied in wet gas ambient (Figure S8d). All m-SWNTs can be
removed in full length, as long as inter-SWNT spacing is small enough (Figure S8¢). On the other
hand, some m-SWNTs on anode side cannot be etched if the SWNT density is too small (Figures S8f

and g).
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FIG. S8

Figure S8. Schematic illustration of the potential application of A-SWNT etching by side walls of adjacent C-
SWNTs. (a) Initial SWNT arrays. (b) Electrical breakdown of m-SWNTs near cathodes, and (c) following
breakdown of s-SWNTs near anodes while voltage-driven etching is suppressed. (d) High voltage application to
etch A-SWNTs (supposedly m-SWNTs) under wet gas condition. (e) s-SWNT arrays. (f,g) If the density of SWNT

arrays is small, some A-SWNTs cannot be removed.
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