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ABSTRACT A simple and versatile method for the direct fabrication of tunneling
electrodes with controllable gap distance by using electron-beam-induced deposition (EBID)
is presented. We show that tunneling nanogaps smaller than the minimum feature size
realizable by conventional EBID can be achieved with a standard scanning electron
microscope. These gaps can easily be embedded in nanopores with high accuracy. The
controllability of this fabrication method and the nanogap geometry was verified by SEM
and TEM imaging. Furthermore, tunneling spectroscopy in a group of solvents with different
barrier heights was used to determine the nanogap functionality. Ultimately, the presented

fabrication method can be further applied for the fabrication of arrays of nanogap/

Tunneling
i nanoelectrodes

nanopores or nanogap electrodes with tunable electrode materials. Additionally, this method can also offer direct fabrication of nanoscale electrode

systems with tunable spacing for redox cycling and plasmonic applications, which represents an important step in the development of tunneling nanopore

structures and in enhancing the capabilities of nanopore sensors.
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anopores are a remarkable class

of single-molecule sensors capable

of label-free and rapid detection of
biological analytes in solution (e.g., DNA,
RNA, proteins). In the past decade, sig-
nificant advances in solid-state nanopore
fabrication have resulted in the ability to
precisely tune the nanopore dimensions,
membrane material, and surface chemistry,
which has resulted in the number of appli-
cations continuously growing.' 3 However,
the detection method employed is largely
based on resistive pulse sensing, where
analytes are electrokinetically transported
through the nanopore and identified by
characteristic fluctuations (pulses) in the
measured steady-state ionic current. Build-
ing on the success of this platform, further
developments have led to novel detection
strategies, such as tunneling current detec-
tion embedded in nanopores.*~® Measur-
ing tunneling current over a steady-state
ionic current can offer numerous advan-
tages such as increased sensitivity, spatial
resolution, and throughput.”'° By doing so,
tunneling technology has the potential to
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bring nanopore sensing one step closer to
large-scale high-throughput DNA and pro-
tein sequence-specific analysis.

One strategy documented in the litera-
ture for measuring tunneling currents is
by using semiconductor processing techni-
ques to fabricate sub-10 nm junctions either
embedded or superimposed on nano-
pores.”®11 =15 While all of these studies
represent technical achievements, the di-
rect and uncomplicated fabrication of tun-
neling electrodes on a nanopore still
remains a formidable challenge. For exam-
ple, the ability to precisely control the nano-
gap size and position, necessary for the
successful detection of individual molecules
in the tunneling gaps aligned to a nanopore,
remains a persistent issue. Previously, we
demonstrated that it was possible to fabri-
cate tunneling junctions on a nanopore
along with proof-of-principle experiments
that showed simultaneous detection of
DNA translocations using both tunneling
and ionic currents in a nanopore platform.®
Here, we develop the method and technol-
ogy further by demonstrating that nanogap
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electrodes aligned to a nanopore can be fabricated
with controlled spacing, high precision, and reprodu-
cibility by using electron-beam-induced deposition
(EBID) in a scanning electron microscope (SEM). Im-
portantly, the nanoelectrodes fabricated with our
method have ultrasharp and thin tips (height of only
a few nanometers), which is essential for the reliable
confinement of analytes in the tunneling nanogap and
their accurate detection. The latter results in improve-
ments over other nanogap fabrication techniques
(such as break/burn junctions or electrochemical metal
deposition), which allow variation of the gap distance
but offer less control over the electrode height at the
nanogap. This method, in principle, can be performed
with a large range of electrode materials (examples
include Pt, W, Ge, Ti, Sn, and Cr; cf. ref 16), offering
significant flexibility in design and hence application.
Furthermore, the method can also be used for the
fabrication of nanoscale electrode systems with con-
trollable spacing for redox cycling and plasmonic
applications.'”'®

We discuss the mechanism of electrode deposition
and nanogap formation by lateral broadening and
angled deposition and show how electrodes with
nanogaps smaller than the minimum feature size
realizable by conventional EBID can be easily achieved.
We also show that, by varying the electron beam dose
during fabrication, we are able to control the electrode
dimensions and nanogap size. The fabricated nanogap
electrodes have been characterized via electron micro-
scopy, and their functionality has been confirmed via
tunneling spectroscopy in different media. All this
presents a compelling case for EBID in the fabrication
of tunneling nanopore structures for enhancing the
capabilities of nanopore sensors.

A unique feature of EBID is that it allows for the
fabrication of three-dimensional nanoscale structures
directly within a SEM. This is achieved by localized
electron-beam-induced decomposition of gas precur-
sors adsorbed to surface of a substrate, a process that
can be broadly described as “writing” with the electron
beam. In practice, the resolution achievable by EBID is
significantly lower than that of the electron beam as
secondary electrons (SEs) are generated by the inci-
dent (primary) electrons (PEs) in the substrate which
affects the deposition process. This undesired lateral
broadening of the deposits due to secondary electron
emission is often considered one of the prime causes
for degradation of the EBID resolution. A detailed
discussion on EBID can be found in the critical reviews
by Utke et al. and van Dorp et al.'®"® In recent studies,
high-resolution single-dot deposits as small as 3 nm
(full width at half-maximum) have been demonstrated
with a conventional SEM.2° For EBID with scanning trans-
mission electron microscopy (STEM), subnanometer
dot deposits have also been achieved.?' The shape
of the dot deposits is a three-dimensional Gaussian,
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Figure 1. (A) Schematic of the lateral broadening in EBID.
SEs are generated in the interaction of the electron beam
PEs with the substrate. SEs are generated along the PEs 2
scatter trajectory and have broader distribution than the
incident beam. This results in a deposit being broadest at
the substrate surface. The deposit can be further broadened
at the substrate surface due to additional SE scattering in
the newly deposited material. Schematic of Gaussian-
shaped deposits illustrating two deposition cases: (B) an
overlap and (C) a nanogap formation. The nanowire depos-
its are separated by a nominal distance, dy, set in the
electron beam writing profile. Due to lateral broadening,
the actual gap distance, d, between the deposited nano-
wires is smaller than dy at the substrate surface.

following the profile of the incident electron
beam.'®?%% Furthermore, the lateral size of the EBID
deposits considerably exceeds the electron beam spot
size and is broadest at the substrate surface?%?
A schematic of the deposition mechanism is shown in
Figure TA.

In comparison to single-dot deposits, the latter
broadening is even more pronounced in the deposi-
tion of a full nanowire due to higher electron doses
required for deposition and additional secondary elec-
tron generation in the already deposited structure. This
makes the deposition of nanowires with sub-10 nm
resolution and, conversely, nanogaps of a few nano-
meters with a conventional SEM a rather challenging
task. However, if the spacing between two EBID fea-
tures is controlled, it is possible to utilize lateral broad-
ening effects to achieve gap dimensions smaller than a
few nanometers between the deposits. This mechan-
ism is illustrated in Figure 1B,C for two single deposits
spaced out by a nominal gap distance dy. An essential
property of nanogap fabrication using this strategy
is that the height of the nanowire is lowest at the
nanogap and gradually increases away from the elec-
trode edge.

In addition to lateral broadening, angled deposition
(by tilting the electron beam with respect to the
sample) can provide another degree of control of the
nanogap and electrode tip shape. The geometrical
model illustrated in Figure 1 considers an electron
beam perpendicular to the sample (a sample tilt of
0°) that is standard for the EBID process. Tilting the
sample with respect to the electron beam during EBID
resulted in a decrease of the electrode width in addi-
tion to a decrease in the electrode height and gap
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Figure 2. EBID strategy used for the fabrication of tunneling gaps: (A;) 70 nm thick SiN, freestanding membrane is fabricated
on a chip by standard lithography and combination of dry and wet etching. A pair of Au microelectrodes (2 um gap) are
fabricated on the membrane and then sealed by 300 um PECVD SisN, layer, leaving only the electrode tips exposed. (B;)
Nanopore is milled in the microelectrode gap by FIB. A SEM of such device is shown on the right; the inset on the top right
shows the FIB-milled nanopore. (C;) Pair of Pt nanowires separated by a nanogap is deposited by EBID precisely over the
nanopore. (A—C;) SEM images corresponding to steps A—C;. The lateral broadening effect is clearly visible at the nanopore in C;;.

distance. This is attributed partially to lateral broad-
ening, higher secondary electron yield, and extended
electron trajectory at the precursor substrate inter-
face during angled deposition.'®?** Figure S1 in the
Supporting Information shows a reconstructed 3D
image from the SEM of a Pt nanogap fabricated by
54° angled EBID. The effects of lateral broadening and
nanogap fine-tuning by angled deposition are clearly
visible in the V-shaped nanogap on Figure 2C;. This
leads to electrodes with ultrasharp tips, which are
particularly important for the fabrication of thin nano-
gap electrodes, positioned directly at the opening of a
nanopore.

RESULTS AND DISCUSSION

We used lateral broadening and angled deposition
effects described above for the fabrication of tunneling
junctions with EBID by controlling the nominal spacing
(dn) between two EBID nanowires (shown in the sche-
matics in Figure 2A-C;). The fabrication was done with a
standard SEM system (Carl Zeiss Crossbeam 1540). A
gaseous precursor (methylcyclopentadienyl-(trimethyl)Pt)
was introduced directly in the SEM chamber by a
standard gas injection system. For each device, two
Pt nanowires (each 1250 nm in length) were deposited
in a single line scan and were separated by a gap of a
nominal distance dy that was set in the beam exposure
parameters. The substrates were either type 1, SiN,/Si/SiN,
chips with Au microelectrodes (shown in Figure S2 in the
Supporting Information) for tunneling gap characteriza-
tion, or type 2, SiN,/Si/SiN, chips with Au microelectrodes
with a nanopore milled in 70 nm freestanding membrane,
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for the fabrication of tunneling nanopore devices, as
shown in Figure 2A—GC;. All chips and nanopores were
fabricated using standard nanofabrication procedures
(see Experimental Section for details). To improve the
contact between the deposited Pt nanowires and the
Au microelectrodes, additional Pt contacts (250 nm x
500 nm) were deposited by EBID (shown also in S2,
Supporting Information).

All EBID processes were performed in electron-
limited regime (in the excess of precursor molecules). This
allowed us to control the amount of deposited material
with the electron dose independently from the num-
ber of precursor molecules. For each deposition, the
nozzle of the gas injection system was located 300 um
above the sample. The sample chamber had base
pressure of 2 x 10~ mbar, and deposition was performed
when the ambient pressure reached 7 x 10~ mbar. After
deposition, the precursor was pumped out until the
pressure returned to base value, then a single scan was
made to image the deposited nanowires. This was used
for the initial direct and in situ assessment of the
nanowire properties.

Examples of nanogap electrodes fabricated with
controllable spacing are shown in Figure 3 for type 1
devices (SiN,/Si/SiN, without a nanopore). It should be
noted that we controlled the nominal gap size as an
input parameter in the SEM software and established a
relationship between the nominal distance and the
actual gap distance d, after deposition, as shown in
Figure 1C. The nominal distance dy was varied system-
atically from 25 to 70 nm, and nanowire depositions
were performed at an electron beam accelerating
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1pC/nm 4 pC/nm 16 pC/nm

Figure 3. SEM images of nanogaps fabricated with linear
doses of 1, 4 and 16 pC/nm (corresponding to aperture
diameters of 30, 60, and 120 um, respectively) for the
nominal gap distance ranging from dy = 25 nm to dy =
70 nm. Smaller dose settings result in larger nanogaps and
wider nanowires at the same nominal distance dy.

voltage of 30 kV for linear doses of 1, 4, and 16 pC/nm
(aperture diameter of 30, 60, and 120 um, respectively).
In all experiments, we observed that a systematic
decrease in dy also resulted in a decrease of the actual
gap distance, da, as measured by SEM. Larger electron
doses are known to increase the width of the
deposit,'®'® and accordingly, in our depositions, we
observed that larger electron doses resulted in wider
nanowires. Increasing the dose also resulted in smaller
gaps (smaller dp) between the electrodes at the same
nominal distance, which was attributed to higher
lateral broadening effect due to the larger number of
PEs and generated SEs and more electrons scattering
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Figure 4. Electrode gap distance d, as measured by SEM
as a function of nominal distance dy for linear doses of 1, 4,
and 16 pC/nm. The SEM images were normalized, and the
electrode contours were defined as the threshold above the
sum of the average background and three standard devia-
tions. Intercepts at 4 nm (horizontal dotted line with un-
certainty interval outlined in gray) were interpolated from
thelinearfitatdy=32.5+1.4,38.9+ 1.9,and 40.6 + 2.0 nm
for linear doses of 1, 4, and 16 pC/nm, respectively.

in the wider nanowires. The actual gap distances, d,
between the deposited nanowires were plotted against
their nominal distance (as shown on Figure 4). The
nominal distances were significantly larger than the
SEM measured gaps due to lateral broadening and
scaled linearly with the nominal distance. We ob-
served closing of the gaps for nominal distances
smaller than 35 nm for 4 and 16 pC/nm linear doses
and for nominal distances smaller than 30 nm for the
lowest 1 pC/nm dose.

From the offset between the nominal gap distance
and the gap distance d,, one can assess the amount
of lateral broadening in the nanogap region. For
two nanowires separated by a gap, the average
lateral broadening (LB) can be estimated as

1T «n dn —da
IB=-) ——
nZ:1 2

where dy is the nominal distance and d, is the gap
distance for n measured gaps. For linear doses of 1, 4,
and 16 pC/nm, LB was calculated to be 153 + 1.1,
19.3 + 2.1, and 22.8 £ 3.9 nm, respectively. As de-
scribed earlier, lateral broadening arises mainly from
electrons escaping from the substrate surface and the
newly formed deposit. For all doses, the LB was con-
sistent with the maximum electron escape length T.
The mean escape depth of SEs in silicon nitride (the top
layer of the SiN,/Si/SiN, devices used) is estimated to
be A = 4.5 nm.?> The maximum electron escape length
T of secondary electron is approximately 5A or 22.5 nm
for silicon nitride. During deposition, the electrons with
maximum escape length can determine the region
where the gap is shortest, which in turn governs the
tunneling current measured across the gap. Since both
nanowires have lateral broadening, this condition for a
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nanogap is dy ~ 2T (T for each deposited nanowire) or
approximately 45 nm.

In general, under ideal conditions (low noise and
long detection time), a junction with a gap size of
approximately 4 nm or smaller is required for the
detection of single molecules positioned in the tunnel-
ing gap9 (in less favorable experimental conditions, da
is required to be much smaller). Figure 4 can be used
for initial assessment of the nominal distance and the
dose conditions that are suitable for the fabrication
of nanogap devices with gap distance in the interval
between dy > 0 nm and da < 4 nm. Intercepts at
da = 4 nm (approximate onset for measurable tunnel-
ing current, dashed line in Figure 4) were interpolated
from the linear fits at dy = 32.5 + 1.4, 389 + 1.9, and
40.6 + 2.0 nm for linear doses of 1, 4, and 16 pC/nm,
respectively. Based on the SEM measurements, nano-
wires separated by gaps with nominal distance be-
tween 35 and 45 nm are probably best suited for the
fabrication of tunneling nanogaps.

For small gaps, the SEM measurements have a large
relative error, and although SEM was used for the
estimation gap sizes, the functionality of the gaps
can only be verified by tunneling spectroscopy. We
performed /—V tunneling spectroscopy of nanogap/
nanopore devices in a group of solvents with different
tunneling barriers (air, isopropyl alcohol, and dimethyl-
sulfoxide (DMSO)). For each junction, multiple chrono-
amperometric curves were measured (ranging from
—0.6100.6 Vwitha0.015 V step and 0.2 s step duration)
under Ar atmosphere.

For gaps with dy smaller than 40 nm, we observed
currents higher than 100 nA (at 0.6 V bias) that over-
loaded our current amplifier, suggesting that these
junctions were either very small or closed. We also
observed currents higher than 100 nA (at 0.6 V bias) for
control devices with a single nanowire (without a gap,
dy = 0; cf. Supporting Information, Figure S3). When dy
is higher than 70 nm, the measured currents were too
small and indistinguishable from background current
noise (<20 pA peak-to-peak). For devices fabricated
with dy ranging from 40 to 70 nm, however, nonlinear
|-V curves were measured with current magnitude
increasing systematically with decreasing dy, as antici-
pated for functional tunneling junctions (Figure 5A). To
confirm that functional tunneling junctions were fab-
ricated, we performed /—V spectroscopy in different
solvents (i.e., with different barrier heights). Differences
in the tunneling current are expected for a nanogap
immersed in solvents with different barrier heights.
Tunneling barriers for IPA and DMSO have been re-
ported to be ¢gpa = 1.68 eV and ¢gpmso = 2.12 eV.*°
The barrier height for air has been reported to range
from 0.7 to 4.7 eV depending on the local environment.
In nanogaps with dy ranging from 40 to 70 nm,
we observed current magnitudes in the order lps >
Iomso > lair, in agreement with ¢gpa< @gpmso < PBair-
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Importantly, this trend was preserved when randomiz-
ing the order in which the solvents were measured
and is in good agreement with results that have been
previously reported.?

Fitting the current—voltage curves in Figure 5A
using eq 1is possible based on three fitting parameters
(barrier height ¢, distance d, tunneling active area A)
but complicated by the fact that they are not mutually
independent. An assumption is usually made with
regards to A; however, the actual value is difficult to
determine experimentally in an independent way. One
way to avoid this difficulty is to use the ratio of the
tunneling conductance for different tunneling media
1 and 2, that is, with different tunneling barriers ¢g
and ¢g ,, respectively. Assuming that the medium has
a negligible effect on A, this factor then cancels out in
the conductance ratio. We illustrate this approach for
measurements performed in air and in DMSO as an
example below.

Following the Simmons model for a rectangular
barrier,?” the tunneling current I, can be written as

_ e e Vpias 2v/2me
k=A Ak {((bg — ) exp<— A

-V ias 12 -V ias
RS

/ W\ 1/2
-exp(—2 ;me-<¢3+evb'as> -d)} (1)

2

where e is the elemental charge, d the tunneling
distance, ¢g the tunneling barrier, V},;,s the bias voltage
between the two tunneling electrodes, and m, the
electron mass (taken as the mass of a free electron
here).

The tunneling conductance is the derivative of I
with respect to Vy,s, in the limit of V,;,s — 0. This yields

1 5 V2medg-d —h 2y/2medg - d
= —eA- ~exp(—
4 R2m2-d? h

G

)

The conductance ratio for different media with tunnel-
ing barriers ¢g ; and ¢z, is then

G % _ \/2Mmegg,1+d —h
T Gy \/2Medy . d —h

2y/2me-(¢5,1"/2 — ¢g,,"/%)-d
- : 3)

-exp

Hence G, is only dependent on d as well as ¢g; and
¢z ». If the latter are known from other sources, such as
from STM-based tunneling current—distance spectro-
scopy data, then d may be determined.

In our experiments, the nanogap conductance G, of
each device was measured in the low-bias regime
(—0.2 V; 0.2 V), where the -V curves were linear.
Figure 5B shows the average nanogap conductance

VOL.8 = NO.2 = 1940-1948 = 2014 F@L@Mi{\)

WWW.acsnano.org

1944



>

dj =35nm

Current (nA)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.

Voltage (V)

exp
at
o o
(42} o«
L L
——
—0—

Conductance ratio Gr
o o
N -
L 1

[<)]

o
o

40 50 60 70
Nominal gap distance d, (nm)

B
é B Ajr

,U_}OOO_ © DMSO
e o IPA
Q
2 100
©
g
£ ¥
S 104
@0 &
o
] ot
s i . : . 2

30 40 50 60 70

Nominal gap distance d, (nm)

Conductance ratio G

0.1

b 45eV
\

\
\
\
\

\d =35eV
Gl
\

0.5

1.0

1.5

Tunneling distance (nm)

20

Figure 5. (A) Tunneling spectroscopy performed in air (solid), IPA (dashed), and DMSO (dotted) for devices with nanogaps
fabricated with different nominal distance settings (dy = 35—70 nm) linear doses of 16 pC/nm. (B) Average nanogap conductance
G, measured for a group of 15 devices (3 devices for each dy from 35 to 70 nm) each measured in air, IPA, and DMSO. All devices
were fabricated with a linear dose of 16 pC/nm. The nanogap conductance of each device was measured in a low bias (—0.2 V;
0.2 V) regime, where the /—V curves showed linear (ohmic) characteristics. (C) Experimental tunneling conductance ratio,
Grat™® = G,ir/Gpumsor as a function of nominal gap distance. (D) Tunneling conductance ratio, G,.; = G.i/Gpmso, as a function of

distance for different barrier heights. Horizontal (dotted) lines: experimental G,

measured for a group of 15 devices (3 devices for each
dy setting) each measured in air, IPA, and DMSO. All of
the devices were fabricated with a linear dose of 16 pC/nm.
In all cases, the nanogap conductance decreased with
increasing nominal distance. For devices with dy <
40 nm, the observed conductance is high and inde-
pendent of solvent. These devices appear to be short-
circuited (i.e., G; is similar to a continuous nanowire).
The conductance ratio for different media according to
eq 3 was close to 1. Remarkably, increasing the nominal
distance by just 5 nm to dy = 40 nm resulted in a 40-
fold lower nanogap conductance. For devices with
dn = 40 nm, G, decreases with increasing dy and varies
with the solvent used, in agreement with the expected
change in G; (i.e, Gyipa > Gepmso > Giair With ¢gpa <
®B.pMso < P air)- This indicates the onset of the tunnel-
ing regime. Importantly, the observed onset of the
tunneling regime for gaps with dy = 40 nm is in very
good agreement with the lateral broadening values for
agap of 2LB (LB for each nanowire in the gap) or 45.6 +
7.8 nm (for a linear dose of 16 pC/nm).

On the basis of known values for the tunneling
barriers, we now use eq 3 to estimate the actual gap
distance d. As expected from the correlation between
dy and d, G5, changes with dy, as shown in Figure 5C.
The barrier heights reported for air in comparable
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exp

simulations based on eq 3.

systems vary significantly, hence air barrier heights
were chosen ranging from the maximum value re-
ported for comparable systems (~4.5 eV) to a value
close to the barrier reported for DMSO (2.12 eV).
Combining these from the experimentally measured
Grat, We obtained tunneling gap distances ranging from
0.2 (for 45 eV) to 1 nm (for 2.5 eV) (Figure 5D). It is
currently not clear whether the actual gap size is indeed
that small or whether the small values are at least in part
due to shortcomings in the underlying model. However,
the general approach of analyzing tunneling data in this
way still has considerable merit. The existence of para-
sitic current paths cannot be ruled out at this stage, even
though they are not easily reconciled with the observed
medium dependence of the tunneling current. Hence,

their relative contribution is likely to be small.

Nonlinear current—voltage characteristics of single
Pt nanowires fabricated by EBID have been previously
reported by Rotkina et al. and were attributed to single-
electron tunneling via Pt nanocrystals in the deposit.?®
This mechanism does not however explain the strong
current dependence on nominal distance and barrier
height of the environment observed in our experi-
ments. To distinguish from this case, we applied the
above method for the deposition of nanogap nanowire
electrodes that were aligned to a nanopore milled in a
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70 nm thick freestanding SiN, membrane in SiN,/Si/
SiN, chips (type 2). Suspending the electrodes over a
larger nanopore also prevents gap contamination by
single Pt crystallites that could potentially be depos-
ited in the EBID process due to random electron
scattering in the gap. The nanogap is directly positioned
over the nanopore, and there is no membrane substrate
to support the growth of such Pt nanocrystallites. We
confirmed the latter as well as the gap geometry by
high-resolution imaging with TEM (Figure 6A).

These nanogap/nanopore devices were character-
ized by tunneling spectroscopy. We observed systematic

B 1.04 Air
Hexane
——DMSO
0.5+ NaClo,
<
c
T 0.0
c
g
5
O 054
""""" background current
-1.04 (without nanoelectrodes)

03 02 01 00 01 02 03
Voltage (V)

Figure 6. (A) TEM images of nanogap/nanopore devices
fabricated by EBID (left) and higher magnification of the
nanogap/nanopore. (B) Tunneling spectroscopy performed
in air (red), n-hexane (black), DMSO (blue), and 0.1 M NaClO,
(green) for devices with nanogap/nanopores fabricated
with different nominal distance settings (from dy = 50 to
dyn =70 nm); the linear dose is 16 pC/nm. Dashed line shows
the background current (without nanoelectrode deposition).

variation in the current magnitude with decreasing
dy. For the same dy values, the current measured in
type 2 devices had smaller magnitude (Figure 6B)
compared to measurements of type 1 (Figure 5A) for
the same linear dose of 16 pC/nm. This relative de-
crease in current magnitude is expected, as type 2
devices were fabricated on a freestanding 70 nm
membrane, while the devices without a nanopore
had an additional Si supporting substrate with a thick-
ness of 300 um. All nanogaps were fabricated with
electron beam energy of 30 keV, and the majority of
PEs had sufficiently high energy to penetrate though
the 70 nm SiN, membrane (at 2 keV, the electron
penetration depth is approximately 70 nm). Membrane
substrates display less scattering than bulk, and at
higher energy, the electrons spread less along their
incident trajectory and generate secondary electrons
with smaller exit area. In membrane substrates, there
are fewer secondary electrons generated and less
material is deposited, which results the larger gaps in
nanogap/nanopore devices under the same fabrica-
tion conditions.

Importantly, although the current magnitude for the
same dy was lower in type 2 devices, tunneling spec-
troscopy measurements in a range of solvents (hexane,
DMSO, and 0.1 M NaClO,4 and in air) showed reprodu-
cible variation in the |-V curves, depending on the
solvent barrier heights, similar to the type 1 devices.
Barrier heights of 3.46, 2.12, and 0.93 eV have been
reported, respectively, for hexane, DMSO, and water.?®
Also, a strong correlation was observed between the
measured current and solvent barrier height (lyacio, >
Ibmso > Ihexane) in agreement with ¢gnacio, < #8,omso <
@8 hexane)- Similar to the measurements of nanogaps in
type 1 devices, tunneling conductance ratios G, =
G.i/Gpuso Were extracted. For the smallest nominal
distance settings in these measurements (dy = 50 nm),
Gt as high as 0.9 was measured, yielding a gap size of
less than 1 nm. Again, in the low-bias regime, G,
decreases with increasing dy and varies with the
solvent used, in agreement with the expected change
in G (i.e.,, Gynacio, > Gromso > Gihexane With @g Nacio, <
dspmso < @Psair). This indicates that the tunneling
junctions in the nanogap/nanopore devices were

Figure 7. SEM of complex nanoscale electrode structures fabricated via EBID that could be potentially used in single-molecule

trapping and sensing applications, for example, a (negative) dielectrophoretic trap (A),

nanoelectrode junctions (B,C).

3031 interdigitated and gated
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functional and demonstrates the flexibility of the
method for nanoelectrode fabrication in devices with
different membrane thickness or supporting substrate
structure.

Finally, it is noteworthy that, for the fabrication of
nanogap/nanopore devices, the alignment process is
controlled by the SEM, and it was possible to achieve
nanogap/nanopore alignment with resolution com-
parable to that of conventional EBID (on the order of
10 nm). Importantly, the deposition of nanogap nano-
wire electrodes over the nanopore resulted in simulta-
neous reduction of the nanopore opening diameter.
This allowed for 30—40 nm FIB milled pores to be
tuned down to sub-10 nm effective diameters. Such
nanopore dimensions are typically achieved by more
complex and lower-throughput instruments such as
(S)TEM or helium ion beam.??°

CONCLUSIONS

Here we show how EBID lateral broadening can be
used for the fabrication of complex nanoelectrode
structures, namely, high-resolution tunneling junctions
aligned with a nanopore, by EBID using a standard SEM.
This allows for the fabrication of sharp electrodes with
low height, which is particularly important for analyte
confinement and accurate nanopore/nanoelectrode

EXPERIMENTAL SECTION

Device Fabrication. The device microfabrication protocol is
illustrated in Figure S5 in the Supporting Information. Briefly,
SiN, was deposited by low-pressure chemical vapor deposition
(LPCVD) on both faces of a bare silicon (100) wafer to a thickness
of 70 nm. Microelectrodes with a 1.5—2.0 um gap (50 nm thick
gold with 10 nm chromium adhesion layer) were fabricated by
conventional optical lithography on the front face of the wafer.
These devices were labeled type 1, and representative SEM
images are shown in Figure S2.

For SiN,/Si/SiN, devices with 70 nm SiN, freestanding
membrane (type 2), reactive ion etching was used to etch a
474 um x 474 um window in the silicon nitride film on one side
of the wafer (back side). An additional 300 nm thick layer of
silicon nitride was deposited by plasma-enhanced chemical
vapor deposition (PECVD). Windows (5 um x 5 um) centered at
the microelectrode tips were opened in the PECVD SizN4 layer. A
window in the LPCVD nitride on the back face of the wafer was
opened by reactive ion etching, followed by wet etch of the
silicon in KOH solution, resulting in a 70 nm thick freestanding
SiN, membrane (45 um x 45 um) aligned to the microelec-
trodes (Figure 2A-B;;). Oxygen plasma cleaning of all devices was
performed before milling and/or deposition to minimize hydro-
carbon contamination.

Nanopore Milling. Nanopores were milled using a focused ion
beam (FIB) with a Zeiss CrossBeam 1540XB. Nanopores with
30—40 nm diameters were milled in SiN,/Si/SiN, devices with
70 nm SiN, freestanding membrane, in a single spot exposure
at 1 pA, 30 kV for 2—2.5 s. The nanopore dimensions were
confirmed by SEM imaging.

TEM Imaging. The TEM used for all nanogap imaging was a
JEOL JEM 2100 equipped with a LaBs electron source. The
nanogap/nanopore devices (SiN,/Si/SiN, devices with 70 nm
SiN, freestanding membrane) were loaded into the TEM by
placing them into a custom-built holder that was subsequently
attached to the TEM goniometer. The accelerating voltage used

IVANOV ET AL.

detection. To our knowledge, this work is the first
example of using lateral broadening deposition in the
controlled fabrication of high-resolution nanogap/
nanopore structures. The controllability of this fabrica-
tion method and the nanogap geometry was confirmed
by SEM and TEM imaging and tunneling spectroscopy.
We also confirmed the tunneling functionality of both
nanogap and nanogap/nanopore structures in a group
of solvents with different tunneling barrier heights.

The presented method can be further used for the
fabrication of nanogap electrodes with tunable surface
chemistry, due to the wide choice of available EBID
precursors. In addition, it is possible to readily apply
the method for the fabrication of nanogap/nanopore
arrays (examples shown in Figure S4, Supporting
Information). Moreover, this technique can offer a pro-
mising route for direct deposition of complex nanoscale
electrode structures for applications beyond tunneling
detection, for example, in plasmonics and dielectro-
phoretic trapping (Figure 7).

Above all, this method provides easily accessible
fabrication of nanogap/nanopore platforms that com-
bine the advantages of confinement in nanopores of
individual nucleic acids and other biologically relevant
analytes and highly sensitive, high-throughput tunneling-
based detection.

throughout was 200 kV since lower accelerating voltages
yielded a less intense image due to reduced electron transmis-
sion. Allimages were taken with no tilting of the specimen stage.
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