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ABSTRACT
Controlled breakdown has recently emerged as a highly accessible technique to fabricate solid-state nanopores. However, in its
most  common  form,  controlled  breakdown  creates  a  single  nanopore  at  an  arbitrary  location  in  the  membrane.  Here,  we
introduce a new strategy whereby breakdown is  performed by applying the electric  field between an on-chip electrode and an
electrolyte solution in contact with the opposite side of the membrane. We demonstrate two advantages of this method. First, we
can  independently  fabricate  multiple  nanopores  at  given  positions  in  the  membrane  by  localising  the  applied  field  to  the
electrode. Second, we can create nanopores that are self-aligned with complementary nanoelectrodes by applying voltages to
the  on-chip  electrodes  to  locally  heat  the  membrane  during  controlled  breakdown.  This  new  controlled  breakdown  method
provides  a  path  towards  the  affordable,  rapid,  and  automatable  fabrication  of  arrays  of  nanopores  self-aligned  with
complementary on-chip nanostructures.
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1    Introduction
Solid-state nanopore devices have received interest in recent years
for  applications  ranging  from  protein  analysis  [1–3],  to  polymer
data storage [4, 5], and ultra-dilute analyte detection [6–9]. These
devices  typically  consist  of  a  nanometre-scale  hole  in  a  synthetic
material that separates two chambers of electrolyte solution. When
a  voltage  is  applied  across  the  membrane,  ions  flow  through  the
nanopore resulting in a measurable ionic current. Sensing is then
typically achieved by detecting changes in the ionic current as an
analyte  translocates  through  the  pore  and  modifies  the  flow  of
ions [10–12].

In  recent  years,  there  has  been  a  significant  interest  in
integrating  solid-state  nanopores  with  on-chip  electrodes.  In
particular, electrodes embedded within, or in close proximity to a
nanopore  can  be  used  to  control  the  translocation  dynamics  of
biomolecules [13–16] or enable dielectrophoretic concentrating of
analytes at the nanopore opening [17]. Solid-state nanopores have
also  been  integrated  with  field-effect  sensors  [18–22]  and
tunnelling nanogap electrodes [23–27]. Measuring the conduction
through  such  nanoelectrodes  provides  an  alternative  readout
mechanism  to  ionic  current  based  detection.  Integrating  a
nanopore  with  a  plasmonic  nanostructure  can  also
enable/enhance  optical  nanopore  sensing  strategies  [28–32].

Importantly, unlike ionic current based detection, these alternative
readout  mechanisms  do  not  require  individual  nanopores  to  be
fluidically  isolated  for  the  signal  from  each  pore  to  be  read  out
independently [18]. As such, these alternate sensing modalities can
increase  the  obtainable  device  density  thus  enabling  high-
throughput  and  parallel  detection  for  quantitative  analysis.
Moreover,  these  alternative  readout  mechanisms  can  provide
sensitivity to molecular properties not possible using ionic current
based  detection  [22, 33]  and  increase  the  detection  bandwidth
[18, 34].

Despite  the  advantages  provided  by  integrating  on-chip
electrodes with solid-state nanopores, the potential of these devices
is  yet to be fully explored. This has been partly due to challenges
associated  with  accurately  and  reliably  aligning  a  nanopore  with
the on-chip nanoelectrodes [20, 35, 36]. In the past, this was often
done  by  drilling  the  nanopore  using  a  focused  beam  of  charged
particles  such  as  those  created  in  a  transmission  electron
microscope (TEM). However this has several drawbacks including
(i) manual alignment is needed, (ii) it is a low throughput process,
(iii)  it  requires  trained  operators,  and  (iv)  it  utilises  expensive
equipment.  Developing  scalable  and  accessible  methods  to
fabricate  solid-state  nanopores  integrated  with  on-chip
nanoelectrodes  would  significantly  accelerate  research  into  this
field.
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In  recent  years,  controlled  breakdown  (CBD)  has  emerged  as
an accessible method to create solid-state nanopores [37–39]. This
technique  relies  on  applying  a  large  electric  field  across  the
membrane to induce breakdown and nanopore formation in the
dielectric. In its most commonly used form, CBD is performed by
applying the breakdown voltage to electrolyte solutions in contact
with  either  side  of  the  membrane.  However,  this  method  should
only be used to fabricate a single nanopore since new breakdown
events  will  result  in  the  uncontrollable  expansion  of  previously
created pores [38, 40]. Moreover, the most common form of CBD
does not allow for control  of  the resulting pore position [41].  To
overcome this issue, several CBD techniques have been developed
that  enable  control  over  the  nanopore  position.  These  have
included using an atomic force microscope tip to apply the voltage
[42, 43],  thinning  a  region  of  the  membrane  prior  to  breakdown
[44],  and  confining  the  electrolyte  on  one  side  of  the  membrane
[45–47]. These techniques have been used to integrate nanopores
with on-chip structures such as microfluidics [48] and microwells
[49].  However,  alignment  with  nanoscale  features  has  yet  to  be
fully  demonstrated.  Moreover,  some  of  these  methods  require
relatively  expensive  equipment  thus  reducing  the  main  appeal  of
CBD.  Another  technique  that  has  been  demonstrated  relies  on
illuminating a plasmonic nanostructure with a laser during CBD.
This results in nanopore formation at the center of the plasmonic
hotspot [50]. To date, this is the only CBD method that has been
used  to  integrate  nanopores  with  on-chip  nanostructures.  While
this is a highly appealing technique, it can only be used to fabricate
a  single  nanopore  in  the  membrane  since  additional  breakdown
events would result in the uncontrollable expansion of previously
created pores.  Moreover,  this  method requires  optical  equipment
and  can  only  be  used  to  integrate  nanopores  with  plasmonic

nanostructures  thus  limiting  its  applicability  for  certain
applications.

Here,  we  report  a  new  CBD  strategy  whereby  breakdown  is
performed  by  applying  a  voltage  between  an  on-chip  electrode
and  an  electrolyte  solution  in  contact  with  the  other  side  of  the
membrane.  This  new  CBD  strategy  possesses  two  main
advantages.  First,  by localising the applied electric  field to an on-
chip  electrode  we  are  able  to  independently  fabricate  multiple
nanopores in the membrane and control their location. Second, by
applying  appropriate  voltages  to  the  on-chip  electrodes  to  locally
heat  the  membrane  during  CBD,  we  are  able  to  fabricate
nanopores self-aligned with complementary nanostructures. With
further  development,  we  are  confident  that  this  CBD  strategy
could  be  used  to  fabricate  high  density  arrays  of  nanopores  self-
aligned  with  on-chip  nanostructures  in  a  rapid  and  affordable
fashion. The development of such a technique would significantly
accelerate  research  in  this  field  and  open  up  routes  for  the
commercial development of these devices. 

2    Independent  fabrication  of  multiple
nanopores
First,  we  will  demonstrate  that  multiple  nanopores  can  be
independently  fabricated  via  CBD  by  applying  the  breakdown
voltage  between  an  on-chip  electrode  and  an  electrolyte  solution
in  contact  with  the  other  side  of  the  membrane.  A  schematic  of
the  device  geometry  and  experimental  setup  used  for  these
measurements  is  shown  in Fig. 1(a).  A  false-colour  scanning
electron  microscope  (SEM)  image  of  the  electrode  configuration
over  the  suspended  region  of  SiNx is  shown  in Fig. 1(b).  The
devices consist of a thin SiNx membrane suspended on 500 nm of
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Figure 1    (a) Schematic of the device geometry and experimental setup used to independently fabricate nanopores when the breakdown voltage is applied between an
on-chip electrode and an electrolyte solution. (b) False-colour scanning electron micrograph of the electrode configuration over the suspended region of SiNx (dark
grey  rectangle).  Electrodes  are  labelled  A1-A4  and  B5-B8  for  convenience  in  the  below  discussion  (the  labels  are  not  part  of  the  device  geometry).  (c)  CBD
measurements performed on four different electrodes on the same membrane. The electrode which CBD was performed on is shown in the upper left-hand corner of
each  plot.  The  region  in  the  leadup  to  breakdown,  and  the  expansion  region  (to  avoid  soft-breakdown)  is  labelled  in  the  curve  for  electrode  A1.  (d)  Fluorescence
micrographs of the nanopores created from the CBD measurements shown in (c). There are three micrographs showing a time series of data with a frame before (left),
during  (middle),  and  after  (right)  the  application  of  a  voltage  that  drives  Ca2+ ions  through  the  nanopore.  The  dashed  white  box  shows  the  edge  of  the  region  of
suspended  SiNx.  The  solid  lines  show  the  electrode  positions  with  red  lines  for  electrodes  CBD  were  performed  on  and  white  lines  for  electrodes  CBD  were  not
performed on.
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SiO2 on a Si substrate.  There are eight independently addressable
metal  (5/95/10  nm  Ti/Pt/Ti)  electrodes  patterned  on  the  SiNx
membrane (for convenience we have labelled these A1-A4 and B5-
B8 as shown in Fig. 1(b)). Finally, a thin passivation layer of SiO2
(5 nm) is deposited over the entire membrane surface via atomic
layer  deposition.  A  passivation  layer  is  commonly  used  in
nanopore  devices  integrated  with  on-chip  electrodes  to  reduce
electrochemical  reactions  between  the  electrodes  and  the
electrolyte  solution  [35].  A  more  detailed  description  of  the
fabrication  process  is  given  in  S1.1  in  the  Electronic
Supplementary  Material  (ESM).  To  enable  control  of  the  voltage
applied  to  the  on-chip  electrodes  and  the  electrolyte  solution  in
contact with the membrane we designed a fluidic cell. This fluidic
cell consists of a printed circuit board (PCB) to which the on-chip
electrodes are wire-bonded. The PCB is then sandwiched between
two PTFE blocks containing perfluoroelastomer O-rings to enable
fluidic  isolation  of  the  electrolyte  solution  (described  more  detail
in S1.2 in the ESM).

Given  the  asymmetry  of  our  device  geometry,  the  conduction
and  breakdown  characteristics  depend  on  the  direction  of  the
applied  electric  field  [51].  This  is  because,  during  a  typical  CBD
experiment  (i.e.,  where  the  voltage  is  applied  via  electrolyte
solutions  on  both  sides  of  the  membrane),  conduction  is  limited
by  oxidation  reactions  that  must  occur  at  the
membrane–electrolyte  interface  [51].  For  our  asymmetric  device
geometry,  when  a  negative  voltage  is  applied  to  the  on-chip
electrode,  an  oxidation  reaction  does  not  need  to  occur  since
electrons  are  supplied  by  the  metal.  This  results  in  an  increased
conduction  across  the  membrane  and  breakdown  at  a  lower
voltage. In our previous work, we referred to this as the forward-
biased  configuration.  In  contrast,  when  a  positive  voltage  is
applied  to  the  on-chip  electrodes,  an  oxidation  reaction  must
occur at the membrane–electrolyte interface (a reduction reaction
does  not  need  to  occur).  This  results  in  a  decreased  conduction
and  breakdown  at  a  higher  voltage.  We  referred  to  this  as  the
reverse-biased  configuration  in  our  previous  work.  Note  that  a
similar  mechanism  will  also  likely  exist  when  breakdown  is
performed  by  applying  a  voltage  between  a  conductive  atomic
force  microscope  tip  and  an  electrolyte  solution  in  contact  with
the other side of the membrane as done in previous studies [42].

Unless noted otherwise, CBD was performed using the forward-
biased  configuration  in  this  work.  In  particular,  an  increasingly
negative voltage was applied to one of the on-chip electrodes while
the electrolyte solution and the other on-chip electrodes were held
at 0 V. Figure 1(c) shows CBD measurements performed on four
different  electrodes  on  the  same  membrane.  Given  that
breakdown occurs at a relatively low voltage in the forward-biased
configuration (5–6 V for our device geometry), we found that it is
necessary  to  slowly  decrease  the  voltage  following  breakdown  to
avoid soft-breakdown events. This is where breakdown occurs but
the membrane material is not fully removed to create a nanopore
[38].  The  voltage  protocol  used  is  shown  in Fig. 1(c) while  a
detailed description of the voltage protocol is  provided in S1.3 in
the  ESM.  As  shown  in Fig. 1(c),  the  leakage  current  prior  to
breakdown,  and  the  breakdown  voltage  is  relatively  similar  for
each  measurement.  This  highlights  the  ability  to  independently
fabricate  multiple  nanopores  in  the  membrane  using  our  CBD
protocol. It is noted that, as shown in S1.4 in the ESM, we are also
able  to  independently  fabricate  multiple  nanopores  in  the
membrane  when  breakdown  is  performed  in  the  reverse-biased
configuration.  However,  due  to  the  different  conduction  and
breakdown  characteristics  depending  on  the  electric  field
direction,  changes  in  the  voltage  protocol  required  to  fabricate  a
single  nanopore  were  required  (see  S1.3  in  the  ESM  for  a
description of the voltage protocols).

To confirm the independent fabrication of multiple nanopores
using this CBD strategy, we have performed fluorescence imaging
of  the  pores.  This  technique  relies  on  adding  Ca2+ ions  to  the
solution on one side of the membrane and the Ca2+ indicator Fluo-
4  to  the  solution on the  other  side  of  the  membrane [41, 52, 53].
When an appropriate voltage is applied across the membrane, Ca2+

ions  are  driven through the  nanopore  resulting  in  a  fluorescence
signal  at  the  nanopore.  A  detailed  description  of  the  procedure
used for fluorescence imaging of the nanopores is provided in S1.5
in  the  ESM. Figure  1(d) shows  fluorescence  micrographs  of  the
nanopores created by the CBD measurements shown in Fig. 1(c).
The  images  represent  a  time-series  of  data  with  a  frame  before,
during, and after the application of a voltage that drives Ca2+ ions
through  the  nanopore.  The  white  dashed  box  represents  the
suspended region of SiNx. The solid red and white lines show the
position  of  the  electrodes  that  CBD  was  and  was  not  performed
on, respectively. There was a fluorescence signal observed in each
electrode  on  which  CBD  was  performed.  Differences  in  the
fluorescence intensity of each pore correspond to variations in the
pore  diameters  which  is  discussed  in  more  detail  below.
Conversely  no  fluorescence  signal  was  observed  in  electrodes  on
which CBD was not performed. This result confirms the ability to
independently  localise  and  fabricate  multiple  nanopores  in  the
membrane  using  this  CBD strategy.  Note,  it  has  previously  been
shown  that  CBD  can  be  used  to  create  nanopores  that  extend
through a gold layer on a dielectric membrane [54]. However, it is
not trivial that breakdown will also create a nanopore through the
passivation  layer  that  was  deposited  over  the  electrodes  in  this
work. The above fluorescence images indicate that the nanopore is
created  through  the  entire  membrane  since  a  large  fluorescence
signal will only be observed if the Ca2+ binds to the indicator dye.
We  have  also  performed  TEM  characterisation  of  the  fabricated
nanopores (S1.6 in the ESM). Consistent with previous studies, we
observe that the metal is locally removed from a nanoscale region
around the fabricated nanopore [54]. While the mechanism of the
metal  removal  is  not  fully  understood,  this  may  result  from
electrochemical  etching of  the  metal  at  the  high voltages  that  are
applied during breakdown. Future studies characterising how this
region  of  etched  metal  is  affected  by  the  voltage  protocol  used
(e.g., forward vs. reverse-biased) would be of interest.

To obtain statistics of the diameter of the created pores, we have
created  a  single  nanopore  in  the  membrane  for  six  different
devices  using  our  CBD  strategy.  After  breakdown,  reservoirs  on
both sides of the membrane are filled with a 3.6 M LiCl (10 mM
Tris and 0.1mM EDTA at pH 8) buffer solution and the device left
for  1  h  to  stabilise.  Following  this  the  ionic  current  through  the
nanopore was measured to estimate the pore diameter. The CBD
traces  and  the  estimated  resulting  nanopore  diameter  are  shown
in Fig. 2(a).  The  average  diameter  of  the  created  pores  was  4.1  ±
3.0  nm.  One of  the  devices  underwent  soft-breakdown where  an
appreciable ionic current through the pore could not be measured
following CBD.

In  a  typical  CBD  protocol  where  breakdown  is  performed  by
applying  a  voltage  via  electrolyte  solutions  in  contact  with  both
sides  of  the  membrane,  the  nanopore  diameter  can  be  precisely
controlled  by  applying  voltage  pulses  following  breakdown  and
estimating  the  pore  size  by  measuring  the  conduction  at  a  low
voltage  (~ 200 mV) between each pulse  [38, 40, 55].  In  our  CBD
strategy a current can be measured between the Ag/AgCl electrode
and the small area of the on-chip electrode that is exposed to the
solution after breakdown. However, this current can not easily be
used  to  directly  estimate  the  nanopore  size  [56]  since  there  is  a
non-negligible resistance associated with charge transfer to the on-
chip  electrode.  However,  we  have  observed  that  the  current
measured while reducing the voltage to zero following breakdown
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correlates  to  the  final  nanopore  size.  In  particular,  measuring  a
larger  current  while  reducing  the  voltage  following  breakdown
generally indicates the formation of a larger nanopore. This can be
seen  in Fig. 2(a) when  comparing  the  breakdown  traces  that
created  a  0  nm  pore  (i.e.,  underwent  soft  breakdown)  and  the
6.2 nm pore. To quantify the current measured while reducing the
voltage following breakdown, we have integrated the current while
reducing  the  voltage  from  −3.6  to  0  V  (grey  region  in Fig. 2(b)).
Integrating the current in this voltage range was found to give the
best correlation with the resulting nanopore size. As shown in Fig.
2(c),  we  observe  an  increase  in  the  resulting  nanopore  diameter
with  increasing  current  measured  following  breakdown.  This
result indicates that precise control over the nanopore size may be
possible by using feedback conditions where the voltage is reduced
at a rate depending on the measured current for our CBD strategy. 

3    Self-aligning nanopores with an on-chip metal
nanoconstriction
Above  we  demonstrated  that  performing  CBD  by  applying  the
breakdown  voltage  between  an  on-chip  electrode  and  an
electrolyte solution in contact with the other side of the membrane
enables  the  independent  fabrication  of  multiple  nanopores.  To
fully exploit this result, it is necessary to utilise alternative sensing
mechanisms to  ionic  current  based detection that  do not  require
individual nanopores to be fluidically isolated for their signal to be
read  out  independently.  Such  alternative  readout  mechanisms
often  rely  on  integrating  on-chip  nanostructures  such  as  field-
effect  sensors  [18–22],  tunnelling  nanogaps  [23–26],  plasmonic
nanostructures  [57, 58],  and radiofrequency antennas  [59]  with  a
nanopore.  To  address  this,  we  extended  our  CBD  strategy  to
fabricate  nanopores  that  are  self-aligned  with  on-chip
nanoelectrodes.  In particular,  we show that by locally heating the
membrane  by  applying  appropriate  voltages  to  the  on-chip
electrodes  we  are  able  to  create  nanopores  self-aligned  with
complementary nanoelectrodes.

To  first  understand  how  heating  the  membrane  affects  the
breakdown  voltage,  we  have  performed  CBD  under  a  range  of
different temperatures. This was done by placing the fluidic cell on
a heater  plate  for  30 min for the temperature of  the cell  to reach
equilibrium.  The  electrolyte  reservoirs  were  covered  during  this
period to avoid evaporation of  the solution.  To begin with,  these
measurements  were  performed  in  the  typical  CBD configuration
with  electrolyte  solution  on  both  sides  of  the  membrane  (Fig.
3(a)).  We  observe  a  decrease  in  the  breakdown  voltage  with
increasing  temperature  that  is  consistent  with  previous  studies
[60]. The gradient of the line of best fit (black dashed line) is −109
±  16  mV/°C.  We  have  also  performed  similar  measurements
when the voltage is applied between an on-chip electrode and an
electrolyte solution in contact with the other side of the membrane

for  the  forward-biased  (Fig. 3(b))  and  reverse-biased  (Fig. 3(c))
configurations.  For  these  experiments  we  observe  a  similar
decrease  in  the  breakdown  voltage  with  increasing  temperature.
However,  it  is  noted  that  the  gradient  of  the  decrease  changes
which  may  be  due  to  the  different  breakdown  voltages  and/or
conduction  mechanism  between  the  two  electric  field  directions.
The  mechanism  for  the  decrease  in  breakdown  voltage  with
increasing  temperature  is  not  fully  understood.  This  may  be  a
result  of  increased  electron  transfer  processes  at  the
membrane–electrolyte  interface  or  increased  electron  transport
across the dielectric. Moreover, changes in the conductivity of the
electrolyte  solution  may  also  contribute  to  the  decrease  in  the
breakdown  voltage  with  increasing  temperature.  Understanding
the  exact  mechanism  of  the  decrease  in  breakdown  voltage  with
increasing  temperature  is  outside  the  scope  of  this  work.
Nonetheless,  these  results  indicated  that  it  should  be  possible  to
confine nanopore formation to a specific region by locally heating
the membrane.

To  test  if  it  is  possible  to  confine  nanopore  formation  to  a
specific  region  by  locally  heating  the  membrane,  we  fabricated
metal  nanoconstrictions  on  SiNx membranes.  We  choose  to  use
this  device  geometry  since  passing  a  current  through  a  metal
nanoconstriction results in localised Joule heating at the center of
the constriction as the current density is highest here. A schematic
of  this  device  geometry  and  experimental  setup  is  shown  in Fig.
4(a).  False-colour  SEM  images  of  the  electrodes  over  the
suspended region of SiNx are shown in Fig. 4(b) .  Aside from the
different electrode geometry, the device structure is similar to that
shown in Fig. 1(a) with the exception of the electrode material (5
nm  Cr/30  nm  Au)  and  the  passivation  layer  (5  nm  HfO2).  A
detailed  description  of  the  device  geometry  and  the  fabrication
procedure for these devices are provided in S1.1 in the ESM.

Previous  studies  have  extensively  utilised  metal
nanoconstrictions  to  create  nanogap  electrodes  via
electromigration  by  passing  a  large  current  density  through  the
constriction  [26, 61, 62].  Electromigration  is  a  process  whereby
energy  from electrons  is  transferred  to  the  metal  atoms  resulting
in  their  migration  and  the  formation  of  a  nanogap  [63].  This
process is  aided by Joule heating at  the center of  the constriction
which increases the mobility of the metal atoms in this region [64].
Indeed,  previous studies have demonstrated that  the temperature
at the center of a gold constriction can reach up to ~ 390 °C prior
to electromigration [64] (the exact value will likely vary depending
on the  geometry  of  the  electrodes).  To  understand  the  operating
limits  of  our  devices,  we  increased  the  voltage  applied  across  the
nanoconstriction  until  a  drop  in  the  current  was  observed
indicating  the  formation  of  a  nanogap  via  electromigration  (S1.7
in  the  ESM).  This  typically  occurs  at  voltage  of  ~  1.5  V  and  a
corresponding  current  of  ~  3  mA  for  our  device  geometry.
Assuming a width of the constriction of 200 nm and a thickness of
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Figure 2    (a) CBD traces for six different chips and the resulting nanopore diameters. For each chip, CBD was performed on a single electrode on the membrane and
the  resulting  pore  diameter  estimated  based  on  the  ionic  current  through the  pore  after  filling  reservoirs  on  both  sides  of  the  membrane  with  electrolyte  solution.
(b) An example of CBD trace. The grey region shows the area that was integrated to quantify the current passed after breakdown. The inset shows a zoom of the main
figure following breakdown. (c) The current passed after breakdown (quantified as shown in (b)) as a function of the estimated pore diameter following CBD.
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30  nm,  the  current  density  at  the  narrowest  part  of  the
constriction  immediately  prior  to  electromigration  is
approximately 5 × 1011 A/m2.

To  perform  CBD  on  these  devices,  a  transverse  voltage  (VTV)
was  applied  across  the  metal  nanoconstriction  while  measuring
the  resulting  current  (ITV). VTV was  limited  to  1.2  V  to  ensure
significant  Joule  heating  while  avoiding  electromigration  of  the
nanoconstriction.  Simultaneous  to  this,  an  increasing
transmembrane  voltage  (VTM)  was  applied  between  the  metal
nanoconstriction and the electrolyte solution while measuring the
resulting  current  (ITM).  When  a  spike  in ITM was  observed
indicating  nanopore  formation  both VTM and VTV were
immediately reduced to zero (we did not observe any issues with
soft-breakdown  when  immediately  reducing  the  voltage  for  this
device  geometry). Figure  4(c) shows  typical  CBD  measurements
while  simultaneously  heating  the  membrane  by  passing  a  large
current density through the metal nanoconstriction. To determine
the  position  of  the  resulting  nanopore,  fluorescence  imaging  was

performed.  As  shown  in Fig. 4(d),  the  nanopore  formed  at  the
narrowest part of the constriction. This is consistent with the fact
that  the  Joule  heating  is  highest  in  this  region.  This  result  was
reproducible  across  multiple  devices  (S1.8  in the ESM).  We have
also performed SEM imagings of the devices following breakdown
(S1.9 in the ESM). These images indicate that the pore formed at
the narrowest part of the nanoconstriction (the narrowest part of
the  constriction  is  500  nm  long)  indicating  that  nanoscale
alignment is indeed possible using this method.

It  is  noted  that  following  breakdown,  the  current  measured
across the metal nanoconstriction dropped to approximately zero
(Fig. 4(c)).  This  suggests  that  damage  has  occurred  to  the  metal
nanoconstriction during breakdown such that the two sides of the
constriction  are  no  longer  electrically  connected.  This  was
confirmed  from  SEM  images  of  the  device  after  nanopore
formation  (S1.9  in  the  ESM).  Such  damage  may  be  due  to  the
significant  heating  which  increases  the  conductivity  of  the
electrolyte  leading  to  rapid  nanopore  expansion  following
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Figure 4    (a) Schematic of the device geometry and the experimental setup used to fabricate nanopores self-aligned with an on-chip metal nanoconstriction. (b) False-
colour scanning electron micrographs of the electrode geometry. The left micrograph shows the electrode geometry over the suspended region of SiNx while the right
micrograph shows a higher magnification micrograph at the centre of the metal nanoconstriction. (c) Example traces of the transverse current measured across the
metal  nanoconstriction  (ITV)  and  the  transmembrane  current  measured  across  the  membrane  (ITM)  during  CBD.  The  maximum  voltage  applied  across  the  metal
nanoconstriction (VTV) is 1.2 V. (d) Fluorescence images of the nanopore position after CBD. The three micrographs represent an image before (left), during (middle),
and after (right) the application of a voltage that drives Ca2+ ions through the nanopore. The dashed white box shows the region of suspended SiNx while the solid white
lines show the position of the on-chip electrodes.
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breakdown  [40].  Indeed,  nanopores  created  using  the  above
protocol were typically larger than ~ 50 nm as observed from SEM
images and confirmed by measuring the ionic current through the
pore following breakdown. Due to limits in the electronics used in
this work, a relatively slow feedback frequency was used to reduce
the voltage after breakdown (the voltage is reduced up to ~ 70 ms
following  breakdown).  It  is  likely  that  employing  faster  feedback
conditions  will  enable  the  creation  of  smaller  nanopores  with
minimal  damage  to  the  surrounding  nanoelectrodes.  Changing
the  device  geometry  such  as  (i)  reducing  the  thicknesses  of  the
SiNx membrane, (ii) modifying the electrode geometry or material,
and (iii) changing the thickness or composition of the passivation
layer may also enable the fabrication of smaller nanopores. This is
an area that should be explored further in future studies. 

4    Biomolecular sensing
To  demonstrate  the  utility  of  the  nanopores  created  using  the
CBD  strategy  introduced  here,  we  have  performed  biomolecular
sensing  using  these  devices.  To  do  this,  a  single  nanopore  was
created  using  the  CBD  protocol  described  in  Sec.  2.  Following
breakdown, reservoirs on both sides of the membrane were filled

with 3.6 M LiCl, 10 mM Tris, and 0.1 mM EDTA at pH 8 solution
and the device was left overnight for the ionic current through the
nanopore to stabilise [50, 65]. Following this, a linear ionic current
as  a  function  of  the  applied  voltage  was  measured  (S1.10  in  the
ESM). The size of  the nanopore estimated from the conductance
is  ~  13  nm  [56].  The  noise  spectrum  of  the  ionic  current  of  the
created  pores  is  comparable  to  that  observed  in  solid-state
nanopores  created  via  TEM  drilling  [66]  or  CBD  when  the
breakdown  voltage  is  applied  via  electrolyte  solutions  in  contact
with both sides of the membrane [38] (S1.10 in the ESM).

To  demonstrate  the  ability  to  perform  single-molecule
biosensing using these nanopores, 1 kbp dsDNA (NoLimits DNA,
ThermoFisher) was added to the cis chamber resulting in a DNA
concentration  of  ~  5  nM  in  that  reservoir. Figure  5(a)(i) shows
representative  current-time  traces  demonstrating  DNA
translocation  events  through  the  created  nanopore  at  various
applied voltages. The peak current blockage and dwell time of the
extracted translocation events are also shown in scatter plots (Fig.
5(a)(ii))  and  violin  plots  (Fig. 5(a)(iii)).  Closer  inspection  of  the
extracted  peak  current  blockade,  as  well  as  direct  visualisation  of
the  translocation events  (Fig. 5(b))  reveals  the  presence  of  single-
level  and  two-level  blockade  events.  This  is  typical  of  DNA
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Figure 5    (a) Representative current-time traces demonstrating translocation of 1 kbp dsDNA in 3.6 M LiCl through a nanopore created via the procedure described
in Sec. 2. (i) For visualisation the traces were processed using a 10 kHz digital Bessel filter. (ii) Scatter plots (peak event current vs. dwell time) and (iii) violin plots for
DNA  translocation  events  at  200,  250,  and  300  mV.  (b)  Examples  of  individually  events  demonstrating  the  translocation  of  folded  and  unfolded  DNA.
(c) Translocation frequency as a function of the applied voltage. All experiments were performed by applying the voltage to the Ag/AgCl electrode in the trans chamber
while holding the Ag/AgCl in the cis chamber and the on-chip electrodes at ground.
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translocation  through  solid-state  pores  with  a  diameter  twice
larger  than  the  diameter  of  a  dsDNA  molecule  (~  2.3  nm)  [67].
The two-level current blockades correspond to the translocation of
DNA in a folded manner through the nanopore while the single-
level current blockades correspond to the translocation of DNA in
an  unfolded  manner  [67].  A  linear  increase  in  the  translocation
frequency  as  a  function  of  applied  voltage  is  also  observed  (Fig.
5(c)).  This  indicates  that  the  translocation  frequency  is  primarily
limited by diffusion of the analyte to the capture radius of the pore
as  expected  for  our  nanopore  geometry  [67, 68].  These  results
confirm  that  nanopores  fabricated  via  the  CBD  strategy
introduced  here  can  be  used  for  single-molecule  biosensing
applications. 

5    Conclusion and outlook
Here  we  have  introduced  a  new CBD strategy  to  fabricate  solid-
state  nanopores  whereby  breakdown  is  performed  by  applying  a
voltage  between  an  on-chip  electrode  and  an  electrolyte  solution
in contact with the other side of the membrane. Since the applied
electric  field  is  localised  to  the  on-chip  electrode,  this  technique
enables  us  to  independently  fabricate  and  localise  multiple
nanopores  in  the  membrane.  Moreover,  by  using  the  on-chip
electrodes  to  locally  heat  the  membrane  we  are  able  to  create
nanopores that are self-aligned with on-chip nanostructures. This
was  demonstrated  by  performing  CBD  simultaneous  to  pass  a
large current density through a metal  nanoconstriction to induce
localised  Joule  heating.  Here,  it  was  shown  that  the  fabricated
nanopore  forms  at  the  narrowest  part  of  the  constriction  where
Joule  heating  is  highest.  We  believe  this  is  a  versatile  technique
that could be used to integrate nanopores with a range of on-chip
nanostructures such as field-effect sensors and nanogap electrodes.
In  S1.11  in  the  ESM  we  describe  some  possible  geometries  and
voltage  protocols  that  could be  explored in  future  studies  to  self-
align  nanopores  with  various  on-chip  nanostructures  via  this
technique.

It is noted that the CBD strategy presented here is similar to tip
controlled  localised  breakdown  (TCLB),  where  breakdown  is
performed  by  applying  a  voltage  between  a  conductive  atomic
force microscope (AFM) tip and an electrolyte solution in contact
with  the  other  side  of  the  membrane.  However,  our  strategy
possesses  advantages  over  this  method  for  the  case  where  a
nanopore is to be integrated with an on-chip electrode in the final
device  geometry.  Given  electrodes  are  already  on  the  membrane
surface  for  such  device  geometries,  our  technique  requires  no
additional  equipment  or  fabrication  steps.  This  simplifies  our
technique compared to TCLB which requires an AFM to perform
breakdown. Moreover, since the nanopore is self-aligned with the
on-chip  electrode,  our  technique  should  be  faster  than  TCLB
which  requires  AFM  imaging  of  the  local  region  to  align
nanopores  with  additional  structures.  On  the  other  hand,  for
applications  that  require  an  array  of  nanopores  but  no  on-chip
electrodes  (e.g.,  for  optical  nanopore  sensing  applications)  TCLB
may be the preferable method. This is  because,  the CBD strategy
presented here  would require  the deposition of  electrodes  on the
membrane  thus  complicating  the  fabrication  procedure.  We
therefore believe that the nanopore fabrication strategy developed
here  adds  to  the  growing  suite  of  CBD  methods  with  the
preferable technique depending on the final application.

CBD is  quickly  becoming one of  the  most  popular  techniques
to  fabricate  solid-state  nanopores.  This  technique  is  particularly
appealing as it  does not require expensive equipment and can be
fully  automated  thus  making  it  accessible  to  the  wider  research
community.  Furthermore,  CBD  creates  nanopores  in  the
electrolyte  environment  which  measurements  are  performed  in.

This  can  reduce  problems  associated  with  wetting  of  the
nanopore. Our new CBD strategy extends this popular nanopore
fabrication  technique  for  applications  where  it  is  desirable  to
fabricate  arrays  of  nanopores  integrated  with  on-chip
nanostructures.  While  our  work  demonstrates  the  feasibility  of
this approach, there is still a significant amount of work that needs
to  be  done  before  this  CBD  strategy  reaches  its  full  potential.  In
particular, future work should concentrate on better characterising
the size distribution of the fabricated nanopores. The development
of  active  voltage  control  based  on  the  measured  current  after
breakdown  will  also  be  useful  in  better  controlling  the  size
distribution of the created pores. Another area of interest would be
to characterise the pore density obtainable using this strategy. This
will  be  limited  by  the  area  of  electrolyte  that  comes  into  contact
with the front side of the membrane following breakdown. It may
be  possible  to  characterise  this  (down to  the  diffraction  limit)  by
performing our CBD strategy in situ in a light microscope. Lastly,
further research should be performed to minimise damage to the
on-chip electrodes during breakdown. This should be possible by
utilising faster feedback conditions as well as modifying the device
geometry  (e.g.,  using  a  thinner  membrane).  With  this  further
development,  we  believe  that  our  CBD  strategy  can  significantly
accelerate research into the development of solid-state nanopores
integrated  with  complementary  nanostructures  and  open  up
routes for the commercial development of these devices. 
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