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We developed a procedure for fabricating sub-1 nm gap Au electrodes using a metal mask for electrode
patterning. Self-aligned nanogap formation was achieved using an electromigration method during
metal deposition. We also measured the electric conductivities of organic molecules using the new

nanogap electrodes. Because the new procedure does not involve wet processing, the ranges of
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Accepted 15th Novermber 2017 possible electrode and substrate materials for the nanogap electrodes are greatly expanded. Finally, we

discussed the molecular orbital energies of bridging and nonbridging 1,4-benzenedithiol molecules

DOI: 10.1039/c7ra10873g between Au electrodes. The new procedure for the fabrication of nanogap electrodes is expected to be
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1. Introduction

Nanogap electrodes comprise two electrodes facing one another
across a nanometer-scale gap. They can be used to investigate
the electrical properties of molecules and nanosized materials
such as organic molecules and nanoparticles."® Because
nanogap electrodes exhibit various characteristic phenomena,
such as surface plasmon enhancement, nonvolatile resistance
change, and field emission,*® nanogap electrodes have great
potential in nanophotonic and nanoelectronic applications.
The characteristics of nanogap electrodes depend on the metal
component of the electrode, the atmosphere, the temperature,
the external electric and magnetic fields, and other factors. The
width of the nanogap is also a factor that influences the char-
acteristics of nanogap electrodes. Therefore, the fabrication of
nanogaps with well-defined widths is critical. Various methods
have been applied to form nanogaps with specific widths, like
electron-beam lithography,”® electroplating,® molecular lithog-
raphy,’** shadow evaporation,* and electromigration," among
others.”® In a previous study,” we successfully developed
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useful for measuring the electrical properties of various nanoscale materials.

a method for nanogap fabrication in which a voltage is applied
during metal deposition, inducing the electromigration of the
metals. We applied this method to form self-aligned nanogaps
as small as 1 nm in width and found that the gap width could be
controlled by changing the magnitude of the applied voltage.
However, most of the methods mentioned above use both dry
processing (electron-beam lithography or photolithography)
and wet processing (for coating and removing resist layers).
Replacing the entire patterning process with only dry process-
ing (e.g., metal-mask patterning) would greatly expand the
range of suitable electrode and substrate materials. For
example, metal electrodes without adhesion layers or substrates
that deform in solvents could be selected as constituents of
nanogap electrodes. In general, titanium serves as the adhesion
layer between an Au electrode and SiO, substrate. The titanium
layer is more easily oxidized than the Au electrode, and the
conductivity of the resulting titanium oxide varies widely.** The
varying resistance of titanium oxides may generate error when
measuring the resistance of nanosized materials using nanogap
electrodes. Therefore, it is beneficial to conduct measurements
using nanogap electrodes without adhesion layers.

The fabrication of nanogap electrodes without wet process-
ing was demonstrated in a previous paper.”* However, because
the resulting gap width was over 50 nm, it is difficult to prepare
single-molecule-sized nanogaps using the reported method.
Furthermore, the accuracy of metal-mask patterning is poor
compared with that of photolithography or electron-beam
lithography. In this study, we adopted the electromigration
method during metal deposition to fabricate nanogaps via
metal-mask patterning and confirmed the gap widths using 1,4-
benzenedithiol (BDT) which is utilized to fundamental under-
standing of metal/molecule/metal junctions.”*® In a previous
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study,** we reported that gap size, which was estimated from
a tunnelling fitting, was controlled by the magnitude of the bias
voltage. To determine the actual gap size, we compared the
conduction of molecular wires using the fabricated nanogaps
with the various bias voltages.

2. Results and discussion

2.1 Fabrication of nanogap electrodes using metal-mask
patterning

Nanogap electrodes were prepared by two cycles of Au evapo-
ration with metal-mask patterning on a Si substrate covered
with a thermally oxidized layer. Fig. 1a shows a schematic
diagram of the process during the second evaporation step.
During the second deposition step, a voltage was applied across
the facing electrodes to induce electromigration. This applied
voltage is referred to as the process voltage. Fig. 1b shows the
change in current accompanying an increase in Au thickness
with (red line or curve A) and without (blue line or curve B)
a 0.5 nm thick Cr layer, which acts as an adhesion layer between
SiO, and the Au layer. A process voltage of 10 V was applied
during processes A and B. Curve A shows a similar change in
current compared to that reported in a previous study.* In the
early stages of deposition, where the deposition thickness in
process A was under ~5 nm (stage I), a rapid increase in current
was observed; this increase was attributed to changes in the
tunnelling current. The 5 nm threshold observed in this study is
larger than the 3 nm threshold reported in previous studies.*
This difference in deposition thickness was likely influenced by
the size of the prestructure gap (30 um in this study and 4 um in
the previous one). Following the large current reduction at the
end of stage I, the current remained fairly constant at 42 pA.
This indicates that a nanogap structure was formed during
stage II and that nanogap fabrication was achieved by metal-
mask patterning. As shown in curve B in Fig. 1b, stage I
continued until the thickness of the metal layer reached
approximately 12 nm. Fig. 1c and d show field-emission scan-
ning electron microscopy (FE-SEM) images of the metal islands
on the substrates with and without a Cr layer, respectively, when
the current reached 100 nA. The sizes of the metal islands in
Fig. 1d are clearly larger than in Fig. 1c. An adhesion layer was
not deposited in process B, suggesting that the Au atoms
actively migrated, and a large volume of Au atoms was necessary
to form immobile islands on the substrate. Therefore, the
thickness at the end of stage I was influenced by the strength of
adhesion between the substrate and the evaporated materials.
The current in process B became saturated at 97 pA, suggesting
that a nanogap structure was formed. Fig. 1e presents an FE-
SEM image of a sample fabricated without a Cr layer, while
Fig. 1f shows a magnified image of the area indicated by the red
arrow in Fig. 1e. The formed nanogap structure appears as an
uninterrupted valley across the entire 30 pm wide second Au
layer. Wide gaps are partly shown around the blue arrow in
Fig. le. However, thin gold films and nanogaps were also
formed inside the wide gaps. This suggested that the crater-like,
wide gaps were formed at the end of stage I around 12 nm in
Fig. 2b, and additional evaporated gold films and new nanogap
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Fig. 1 (a) Schematic of the fabrication procedure during the second
evaporation under an applied voltage. (b) Dependence of current on
Au layer thickness for electrodes with (A) and without (B) a Cr layer on
the substrate. FE-SEM images of the evaporated film at 100 nA in curve
A (c) and curve B (d). (e) FE-SEM image of the fabricated nanogap
electrode without a Cr layer and a process voltage of 10 V. The
nanogap is indicated by the red translucent bands. (f) Magnified FE-
SEM image of the area indicated by the red arrow in (e).

structures formed after stage I. These results indicate that the
nanogap structures self-aligned along the entire width of the 30
um slit, similar to in previous studies.***”

2.2 Estimation of fabricated gap size

The I-V curves of the fabricated samples without Cr layers are
shown in Fig. 2a. Process voltages of 8, 10, and 12 V were
applied during sample fabrication, and the I-V curves of eight
samples were measured at each process voltage. The average
resistances of the samples prepared with process voltages of 8,
10, and 12 V were 9.61 £+ 10.6 MQ, 79.7 + 77.4 MQ, and 17.9 +

This journal is © The Royal Society of Chemistry 2017
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22.2 GQ, respectively. The resistance of individual samples
varied at each process voltage, but the average resistance
increased with increasing process voltage. Assuming a simple
tunnelling effect, we extracted the structural parameters of the
fabricated nanogaps from their observed I-V characteristics

based on the tunnelling equation:
eV
2 _
n(6-5) }

-2
— (¢+%)exp{—# 2m(¢+%>Hv 1)

where 1(V) is tunnelling current; e = 1.60 x 10~ %; & = 6.62 x
103% m = 9.11 x 10 *';and V, d, 4, and ¢ denote the applied
voltage, the gap width, the tunnelling emission area, and the
barrier height, respectively.”*° Fig. 2b plots the dependences of
A (top panel), d (upper middle panel), ¢ (lower middle panel),
and resistance (bottom panel) on process voltage. The resis-
tance was measured at 0.1 V, and d, 4, and ¢ were estimated by
fitting eqn (1). The open and closed circles in Fig. 2b indicate
individual and averaged data points, respectively. Details of
fitting data is shown in the ESL.f The data for the process
voltage of 12 V fluctuate considerably; however, the average gap
size generally increased with increasing process voltage.

This result is similar to the behaviour reported in the
previous report* and suggests that the resistance of the fabri-
cated nanogap can be controlled by changing the magnitude of
the process voltage, as observed for the resistance switching of
nanogap electrodes.®

eA
V)= 508

2.3 Conductivity measurements of BDT in nanogap
electrodes

To confirm that the gap width of the fabricated nanogap electrode
was approximately 1 nm, we employed a bridging structure
composed of BDT, which has a molecular length of approximately
0.9 nm. For the samples fabricated at a process voltage of 8 V, the
gap sizes were almost lower than 0.9 nm (Fig. 2b). Fig. 3 presents
the resistance-voltage (R-V) curves of the nanogap electrodes
before and after immersion in BDT solution. Table 1 lists the
resistances at 0.1 V before and after immersion in BDT and rates,
resistance of which is below single bridged BDT between Au
electrodes (~1/0.011 G,, where G, is quantum conductance).**

The samples were fabricated without a Cr layer at process
voltages of 8, 12, and 16 V. The observed currents of no mole-
cule at 16 V were considerably small and close to the sensitivity
limit of our source meter. The R-V curves contain the contri-
bution leakage currents of thin metal layers around the sides of
metal electrode parts that are formed by wraps of evaporated Au
atoms during the second Au deposition using metal-mask
patterning. Therefore, fitting using eqn (1) was difficult, and
gap size could not be estimated. However, among the three
process voltages, 16 V resulted in the largest resistances, sug-
gesting that the gap sizes produced at 16 V were also rather
large. The nonlinearity in the I-V curves was clearly suppressed
after immersion in BDT solutions. The average resistances of
the electrodes (n = 16) formed at the process voltage of 8 V were
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Fig. 2 (a) Experimental /-V curves (n = 8) for samples fabricated
without Cr layers at process voltages of 8, 10, and 12 V. (b) Depen-
dences of tunnelling emission area (A), gap size (d), barrier height (¢),
and the measured resistance at 0.1 V (R) on the process voltage. A, d,
and ¢ were estimated from fitting the /-V curves using eqgn (1).

13.6 + 14.9 MQ and 432 + 328 kQ before and after immersion,
respectively. Some of the sample resistances were lower after
immersion in BDT than before immersion; however, when each
sample is compared, large reductions in resistance were
observed and the magnitude of the resistance was below that of
a single bridged BDT in all electrodes. This suggests that BDT
successfully bridged the gaps in almost all the electrodes; thus,
the widths of the gaps in the fabricated electrodes were close to
or below 0.9 nm. On the other hand, large reductions in resis-
tance were observed in all samples formed at the process volt-
ages of 12 and 16 V. The rates at 12 and 16 V, resistance of which
is below single bridged BDT, were lower, and the process volt-
ages were higher. Because the rate at 16 V is 0%, note that it is
clearly evident that any BDT bridging with high conduction, the
magnitude of which is 0.011 G,, is not formed in any samples at
a process voltage of 16 V. This suggests that the nanogap size
could be controlled by varying the magnitude of the process
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Fig. 3 Experimental R-V curves (n = 16, 8, and 12 at process voltages
of 8,12, and 16 V, respectively) of nanogap electrodes before and after
immersion in BDT solution.
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Table 1 Resistance measured at 0.1 V before (no molecule) and after
(+BDT) immersion in 1 mM BDT ethanol solution. Rate of resistance of
“+BDT" below the single Au-BDT—-Au junction. Each resistance value
is the average of all observed samples. Reported errors are the stan-
dard deviations of all observed samples

8V 12V 16V

Vprocess

3.83 + 2.79 GQ
7.80 + 6.13 MQ
0% (0/12)

13.6 + 14.9 MQ
432 + 328 kQ
100% (16/16)

417 £ 234 MQ
27.4 £+ 50.4 MQ
25% (2/8)

No molecule
+BDT
<1/0.011 G,

voltage, as mentioned earlier. However, in previous studies
using mechanically controlled break-junction (MCBJ) tech-
niques, the conductivity of BDT bridged between Au electrodes
varied in magnitude with the bridging conditions.**

2.4 Evaluation of BDT bridging using single-level tunnelling
transport model

To evaluate the bridging conditions, we investigated the I-V
curves of the nanogap electrodes after immersion in BDT. The
I-V characteristics were evaluated using the single-level
tunnelling transport model,**** in which the observed current
I(V) is given by

I'r

IL+ T
T+ Tr

V*S()
- 8e FLFR Y e
I(V)—Nh TN tan

I'.
———eV+e¢
1| 'L +1Tr 0

+ tan—
Iy +1Ir

(2)

where N is the number of BDT molecules, ¢, is the energy of the
molecular orbital involved in the charge-transfer process, and I,
and I'g are the coupling strengths between the molecular wire and
the left and right Au electrodes, respectively. Because we used fixed
nanogap electrodes in this study, we were not able to determine
the number of bridging BDT molecules, as in MCBJ studies.
Therefore, we defined the number of BDT molecules as N, and the
integral N was calculated by dividing the observed conductance by
the conductance of a single BDT molecule. When N was below 1, N
was defined as 1. The validity of this strategy is discussed further in
the ESL{ Fig. 4a and b show the typical experimental and fitted I-V
curves of BDT conductance obtained using the fabricated nanogap
electrodes with process voltages of 8 and 16 V, respectively. As
mentioned above, the curves likely contain contributions from
BDT bridging with high conductance (G = 0.011 G,) at 8 V and
rarely contain the contribution at 16 V. Fig. 4c and d show the
distributions of ¢, and I" obtained from fitting the I-V curves to
eqn (2). The peaks of ¢, and I' were clearly different for the
process voltages of 8 and 16 V. Table 2 lists the average values of
estimated ¢, and I'. At the process voltage of 8 V, the average ¢,
was 1.20 eV, in close agreement with the molecular orbital energy
(Er — Exomo) reported in a previous experimental study.*® On the
other hand, the average ¢, at the process voltage of 16 V was
2.06 eV, which agrees closely with the value reported in previous
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Fig. 4 /-V curves of nanogap electrodes formed at process voltages
of 8V (a) and 16 V (b) after immersion in BDT solution. Closed black
circles indicate the measured curves, and the red lines are the fits with
egn (2) using N =8, I'L = 0.0641 eV, I'r = 0.0653 eV, and ¢g = 1.19 eV
for(@and N=1,TI =0.0448¢V, I'r=0.0442¢eV, and ¢g = 2.06 eV for
(b). Dependences of ¢q (c) and I' (d) on process voltage. Schematic
models of bridging (e) and nonbridging (f) Au—BDT—Au junctions in the
nanogap electrodes.

Table 2 Averages and standard deviations of coupling strength
between the molecular wire and both Au electrodes (left (I'|) and right
(I'r)) and energy of the molecular orbital (¢p). Individual I't, I's, and &g
were estimated using the single-level tunnelling transport model

Vprocess 8 V (16 samples) 16 V (12 samples)
Iy (eV) 0.0652 + 0.0120 0.0511 + 0.0349
T'r (eV) 0.0657 + 0.0113 0.0514 + 0.0347
& (eV) 1.20 £+ 0.198 2.06 £+ 0.599

experimental studies of benzene-thiol on Au surfaces.’”*® These
results suggest that the difference in ¢, between the two process
voltages was caused by the difference in charge transfer between
the BDT molecule and both sides or single sides of the Au elec-
trodes. This indicates that bridging and nonbridging structures
were formed at process voltages of 8 and 16 V, as in Fig. 4e and f,
respectively. These results indicate that the bridged structure can
be controlled by employing prefabricated nanogap electrodes
formed at various process voltages.

3. Methods

3.1 Electrodes preparation

Nanogap electrodes were prepared by two cycles of Au evapo-
ration with metal-mask patterning on a Si substrate covered

This journal is © The Royal Society of Chemistry 2017
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with a 300 nm thick thermally oxidized layer. Fig. 1a shows
a schematic diagram of the process during the second evapo-
ration step. First, prestructures comprising 50 nm thick Au
electrodes with a 30 pm gap were fabricated (first metal) using
metal-mask patterning. Another metal mask with a slit struc-
ture (width = 30 um) was then laid across the 30 pm gap of the
prestructure during the second cycle of metal evaporation. The
deposition was carried out using a thermal evaporator. The
deposition rate, film thickness, and substrate temperature were
typically 0.02 nm s~', 20 nm, and room temperature, respec-
tively. During the second deposition step, a process voltage was
applied across the facing electrodes to induce electromigration
and the current was measured using a Keithley 2612 Source-
Meter. To prevent conduction between the electrodes and the
metal mask, a 100 nm thick SiO, layer was deposited on the
back of the metal mask by sputter deposition. The fabricated
nanogaps were evaluated using FE-SEM. The electronic prop-
erties of the nanogap electrodes were measured using the
SourceMeter at room temperature under vacuum.

3.2 BDT bridging preparation and conductivity
measurements

To determine the nanogap size, the conductivity of 1,4-benze-
nedithiol (BDT), which has a molecular length of approximately
0.9 nm, was measured using the fabricated nanogap electrodes.
The Au nanogap electrodes were immersed in a 1 mM BDT
ethanol solution at room temperature for one day. After being
removed from solution, the current-voltage (I-V) characteristics
of the electrodes were measured using the SourceMeter at room
temperature in a vacuum probe station.

4. Conclusions

We successfully fabricated sub-1 nm nanogap electrodes using
metal-mask patterning and demonstrated that nanogap elec-
trodes can be fabricated without any adhesion layer between the
electrodes and substrate. In other words, nanogap electrodes
can be fabricated using only dry processing, thereby expanding
the range of suitable electrode and substrate materials
compared to conventional methods. Furthermore, we measured
the conductivities of organic molecules using the fabricated
nanogap electrodes, demonstrating that our new fabrication
method can facilitate the electrical characterization of various
molecules in nanoscale spaces.
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