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ionic current therefore provides a simple 
single-molecule biosensing technique.[1–4] 
Indeed, over the past several decades, 
nanopores have proven to be versatile 
single-molecule sensing devices with 
applications ranging from DNA[5,6] and 
protein sequencing,[7,8] to ultra-dilute 
analyte detection,[9–12] polymer data 
storage,[13,14] and enzymology.[15]

Nanopore sensors can be classified as 
either biological[16] or solid-state.[17] Biolog-
ical nanopores generally consist of barrel 
shaped proteins that self-insert into lipid 
or synthetic membranes. Solid-state nano-
pores, however, are typically formed in 
thin (<50 nm) dielectrics such as SiNx,[18] 
TiO2,[19] and HfO2

[20] or 2D materials such 
as graphene,[21–23] MoS2,[6] and hBN.[24] The 
ability to fabricate solid-state nanopores of 
different diameters and operate them in a 
wide range of environmental conditions 
makes them particularly attractive for many 

of the applications discussed above.[1,17] In the past, solid-state 
nanopores were typically fabricated using focused charged par-
ticle beams to locally sputter material from the membrane.[25–28] 
However, this requires specialized equipment, trained operators, 
and is a labor intensive process thus limiting the availability of 
this technique to the wider research community.

To overcome these issues, a technique called controlled 
breakdown (CBD) has been developed to fabricate nanopores 
in solid-state membranes.[29–31] In this method, an electric 

Controlled breakdown has recently emerged as a highly appealing tech-
nique to fabricate solid-state nanopores for a wide range of biosensing 
applications. This technique relies on applying an electric field of 
approximately 0.4–1 V nm−1 across the membrane to induce a current, and 
eventually, breakdown of the dielectric. Although previous studies have 
performed controlled breakdown under a range of different conditions, the 
mechanism of conduction and breakdown has not been fully explored. Here, 
electrical conduction and nanopore formation in SiNx membranes during 
controlled breakdown is studied. It is demonstrated that for Si-rich SiNx, 
oxidation reactions that occur at the membrane-electrolyte interface limit con-
duction across the dielectric. However, for stoichiometric Si3N4 the effect of 
oxidation reactions becomes relatively small and conduction is predominately 
limited by charge transport across the dielectric. Several important implica-
tions resulting from understanding this process are provided which will aid in 
further developing controlled breakdown in the coming years, particularly for 
extending this technique to integrate nanopores with on-chip nanostructures.
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1. Introduction

Nanopore sensors consist of a nanometer sized hole in an 
insulating membrane that separates two chambers of electro-
lyte solution. When a voltage is applied across the membrane, 
ions flow through the nanopore resulting in a measurable 
ionic current. When a molecule is drawn into and through 
the nanopore, it affects the passage of ions resulting in a 
change in the ionic current. Measuring such changes in the 
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field of ≈0.4–1 V nm−1 is applied across the membrane via 
the electrolyte solutions whilst simultaneously measuring the 
resulting current. After a given period, a spike in the current is 
observed signifying pore formation at which point the voltage is 
quickly reduced to ensure the fabrication of a small nanopore. 
This technique has been used to create pores with diameters 
down to a single nanometer[30] in a range of materials.[19,29,32,33] 
The main advantage of CBD is that it does not require highly 
specialized equipment and can be fully automated,[30] thus 
resulting in a low fabrication cost and time while also removing 
the need for experienced operators. The accessibility of this 
method has resulted in CBD becoming a popular solid-state 
nanopore fabrication technique in recent years.[10,34–37]

Despite CBD being used in many studies, the mechanism 
by which nanopores are formed during this process remains 
largely unexplored. Nanopore formation is generally assumed 
to proceed via a similar mechanism to dielectric breakdown in 
metal–insulator and semiconductor microelectronic devices.[38] 
In particular, electric fields on the order of 0.1–1 V nm−1 activate 
electron transport through charge traps in the dielectric. These 
charge traps spontaneously form a percolation path, resulting in 
an abrupt increase in the current and damage to the dielectric, 
likely due to Joule heating.[38] However, for CBD, where the elec-
tric field is applied via electrolyte solutions, the process is more 
complex. In this case, oxidation/reduction reactions must occur 
at the membrane–electrolyte interface to inject/remove electrons 
from the dielectric. The importance of such redox reactions has 
been raised in previous studies where it was shown that the pH 
of the electrolyte solution affects the voltage at which break-
down occurs.[29,38–40] Gas formation at the membrane interface 
resulting from redox reactions has also been observed during 
CBD.[41] However, to date, the mechanism of conduction and 
breakdown during CBD has not been fully explored. Better 
understanding this process will no doubt aid in continuing the 
development of CBD as a nanopore fabrication technique, for 
example, to fabricate nanopores integrated with on-chip nano-
structures or in previously unexplored membrane materials.

To better understand the mechanism of conduction during 
CBD, we study conduction and breakdown in a SiNx mem-
brane when the voltage is applied via i) metal electrodes on the 
membrane surface, ii) electrolyte solutions, and iii) a combina-
tion of the two. By doing this, we demonstrate that for Si-rich 
SiNx membranes, oxidation reactions at the membrane–elec-
trolyte interface limit conduction across the membrane thereby 
increasing the voltage required to cause breakdown. One result 
of this is that when performing CBD on devices with metal 

electrodes on the membrane surface we can remove the need 
for oxidation reactions (since electrons can be supplied by the 
metal) allowing us to localize pore formation to the electrodes. 
Interestingly, the effect of oxidation reactions at the mem-
brane–electrolyte interface is reduced for stoichiometric Si3N4 
films. Here, the electrical conduction is predominately limited 
by electron transport across the dielectric which is significantly 
reduced compared to Si-rich SiNx thus highlighting the mate-
rial dependent nature of the CBD process.

2. Results

A schematic of our device geometry is shown in Figure 1a. These 
devices consist of a SiNx membrane suspended on 500 nm  
of SiO2 on a 300 μm thick Si substrate. The SiO2 layer is typi-
cally used in solid-state nanopore devices to reduce the device 
capacitance and therefore the high frequency noise.[42–44] For 
our experiments, the SiO2 layer has the additional advantage 
that it ensures the leakage current is only through the sus-
pended region of the SiNx membrane. Without the SiO2 layer, 
charge could be transported from the electrolyte solution, to the 
Si substrate, and to the SiNx layer.[38,40] Unless stated otherwise, 
results were obtained for a 25 nm thick Si-rich SiNx membrane 
with a nitrogen to silicon ratio of N:Six1.14. The stoichiom-
etry was estimated based on the refractive index of the film  
(n  = 2.14).[45] The membrane thickness was estimated from 
ellipsometry measurements. A description of all wafers used in 
this study is provided in Section S1, Supporting Information. 
Details of the fabrication processes are provided in Section 4.

Electrical conduction and breakdown were studied in 
devices when the electric field is applied in three different 
ways (Figure 1b). First, we apply a voltage via metal electrodes 
(5/45 nm Cr/Au) deposited on both sides of the membrane 
(Figure  1b(i)). Similar device geometries have been studied 
by the microelectronics community for several decades.[46] 
We refer to these devices as metal–insulator–metal (MIM). 
Next, we study the case when a voltage is applied via electro-
lyte solutions (1 M KCl with 10 mM Tris and 0.1 mM EDTA 
at pH 8) on either side of the membrane using Ag/AgCl elec-
trodes (Figure  1b(ii)). This is the typical measurement setup 
for CBD.[29,30,47] We refer to this device geometry as electrolyte–
insulator–electrolyte (EIE). Last, we study the case where the 
voltage is applied between a metal electrode on the membrane 
surface and an electrolyte solution on the other side of the 
membrane (Figure 1b(iii)). We refer to this device geometry as  

Figure 1.  a) Schematic of the basic device geometry used in this work (note that SiO2 and SiNx layers are not shown on the bottom side of the device 
for simplicity). b) Schematics of the experimental setup used for metal–insulator–metal (MIM) (i), electrolyte–insulator–electrolyte (EIE) (ii), and 
metal–insulator–electrolyte (MIE) devices (iii).
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metal–insulator–electrolyte (MIE). For each device geometry 
we study conduction and dielectric breakdown in the SiNx 
membrane by applying a voltage ramp (increasing in steps of  
100 mV every 4 s) and measuring the resulting current. Devices 
from the same wafer are used when comparing these three 
geometries to reduce variability resulting from the fabrica-
tion process. Namely, electrodes were deposited on a subset of 
devices from a given wafer to make MIM and MIE devices.

2.1. Electron Transport through Silicon Nitride

It is first useful to discuss the case of conduction across SiNx 
when the electric field is applied between metal electrode 
layers on either side of the membrane (i.e., MIM devices, 
Figure 1b(i)). Here, electrons can be directly injected/removed 
from the dielectric by the metal electrodes. As such, conduc-
tion is limited by electron transport across the dielectric. This 
scenario is simplified compared to conduction in EIE devices as 
discussed later where oxidation/reduction reactions must occur 
to inject/remove electrons from the dielectric. Electron trans-
port processes across thin SiNx films have been well studied 
and are often attributed to Poole–Frenkel (PF) emission.[46,48–50] 
This electron transport process results from lowering of the 
barrier height between trapped electrons and the conduction 
band when applying electric fields across the dielectric. Low-
ering of the barrier height increases the probability of trapped 
electrons being thermally excited to the conduction band where 
they briefly transit the membrane before returning to a local-
ized state. The current density resulting from PF emission can 
be calculated as:[46]

= πε− Φ −J E T C Ee q qE k T( , ) 1
( / )/B D B � (1)

where q is the electron charge, kB is Boltzmann’s constant, T 
is the temperature in Kelvin, εD is the optical (dynamic) dielec-
tric constant, ΦB is the charge trap depth, and C1 is a constant 
that is determined by the charge trap density and the carrier 
mobility. The optical dielectric constant can be calculated as 
εD ≈ n2 where n is the refractive index of the film.[51] Following 
Equation (1), if PF emission is the dominant conduction mech-
anism a plot of ln(J/E) veruss E1/2 should be linear. Such a plot 
is commonly used to study conduction in dielectric films and is 
referred to as a PF plot.

Figure  2a shows a typical plot of current as a function of 
applied voltage for a MIM device. We observe an exponential 
increase in the current before an abrupt spike that indicates 
dielectric breakdown of the SiNx. Figure  2b shows the same 
data plotted as a PF plot. The PF plot shows a linear behavior. 
We also observe an increase in conduction upon increasing 
the membrane temperature consistent with Equation  (1)  
(Section S2, Supporting Information). These results are con-
sistent with PF emission as the dominant electron transport 
process (e.g., rather than direct tunneling processes which would 
show different conduction behavior and no temperature depend-
ence). Note, however, that these results do not guarantee that 
conduction can be explained solely as a result of PF conduction 
as given by Equation (1). For this to be confirmed, it is necessary 
to extract εD from the slope of the PF plot and confirm this is 
comparable to the value expected from the refractive index of the 
film.[46,52,53] We have extracted εD by fitting Equation (1) to the data 
in Figure 2b (red dashed line) and obtained a value of 10.26 which 
is significantly higher than the expected value (εD ≈ n2 = 4.57).

Previous studies on conduction through dielectric films have 
often demonstrated that despite showing PF like behavior, the 
value of εD extracted from fitting Equation  (1) to the measured 
data does not match the expected value.[53–56] In many of these 
studies, it was demonstrated that space charge effects resulting 
from the trapping of injected charge can significantly affect the 
conduction behavior.[54–56] Such trapping results in a non-uniform 
charge distribution across the membrane which modifies the 
electric field. This generally results in slow changes in the meas-
ured current as a function of time as the trapped charges accu-
mulate in the dielectric. Consistent with this, we observe slow 
changes in the current (much slower than those expected from 
the device capacitance) upon changing the electric field (Section 
S3, Supporting Information). Electron transport in SiNx films is 
clearly a complex phenomena that is determined by several pro-
cesses as well as the specific properties of the film being studied 
(e.g.,  thickness and stoichiometry). A detailed study of this is 
beyond the scope of this work, however, the above results indicate 
that PF emission and space charge effects play an important role 
in determining the conduction in our SiNx membranes.

2.2. Electron Transfer Reactions at the Electrolyte Membrane 
Interface

We will now discuss conduction and breakdown in SiNx mem-
branes when the electric field is applied via electrolyte solutions 
on each side of the membrane (Figure  1b(ii)). For this device 
geometry, in addition to electron transport across the dielec-
tric, electron transfer (redox) reactions must also occur at the 

Figure 2.  a) Measured current as a function of voltage for a MIM device. 
b) Shows the same data as (a) plotted as a Poole–Frenkel (PF) plot.  
c) Measured current as a function of voltage for a EIE device (maroon 
curve). Also shown in is the measured current as a function of voltage in a 
MIM device. d) Shows the same data as (c) with a reduced y-scale to enable 
visualization of the pre-breakdown conduction behavior in the EIE device.
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membrane–electrolyte interface for a current to flow. Previous 
studies have postulated that the oxidation of Cl− and OH− and 
the reduction of H+ are the dominant redox reactions that occur 
at the membrane interface when performing CBD in aqueous 
KCl solutions.[40,41]

Figure 2c shows a typical measurement for electrical conduc-
tion and dielectric breakdown in an EIE device (i.e.,  nanopore 
fabrication via CBD). The current measured through a MIM 
device (as in Figure 2a) is also shown for comparison. To enable 
visualization of the conduction prior to breakdown in the EIE 
device, Figure  2d, shows the same data as Figure  2c with a 
reduced y-scale. From these plots, it is clear there is a significant 
reduction in the measured current for the EIE device. Moreover, 
a larger voltage must be applied to induce breakdown in the EIE 
device. These results highlight the importance of redox reactions 
that must occur at the membrane–electrolyte interface for cur-
rent to flow in the EIE device. In particular, these redox reactions 
limit the amount of current transported across the membrane 
resulting in a larger voltage being required to induce break-
down. Previous studies have pointed out that such redox reac-
tions must be present for a current to flow during CBD.[29,40,41] 
However, until now it has not been demonstrated that these 
reactions are the limiting process for conduction during CBD.

To better understand these redox reactions we have measured 
conduction and breakdown in devices when the electric field is 
applied between a metal electrode on one side of the membrane 
and an electrolyte solution on the other side (MIE devices in 
Figure  1b(iii)). The asymmetry of this device geometry allows 
us to isolate contributions from oxidation and reduction reac-
tions occurring on either side of the membrane by changing 
the direction of the applied field. Grounding the metal electrode 
and applying a positive voltage to the electrolyte solution results 
in the electric field direction shown in Figure 3a(i). We will refer 
to this as the forward-biased configuration. Reversing the elec-
tric field direction by applying a positive voltage to the metal 
electrode and grounding the electrolyte solution will be referred 
to as the reverse-biased configuration (Figure 3b(i)).

Figure 3a(ii) shows a PF plot comparing conduction in MIM, 
EIE, and MIE devices for the forward-biased configuration. Con-
duction in the MIE device shows a similar behavior to the MIM 
device with a linear trend on the PF plot. However, when the 
direction of the electric field is reversed we observe the oppo-
site behavior (Figure 3b(ii)). In particular, conduction in the MIE 
device now follows a similar behavior to the EIE device showing a 
distinctly non-linear trend on the PF plot. As shown in Section S4,  
Supporting Information, this behavior is reproducible across 
many devices. The conduction behavior of the MIM and EIE 
devices do not change significantly depending on the direction 
of the applied electric field given the symmetry of these devices.

The change in conduction behavior of the MIE device upon 
reversing the direction of the applied electric field provides 
insight into which redox reaction limits the conduction. For 
the forward-biased case, an oxidation reaction does not need 
to occur as electrons can be injected into the SiNx from the 
metal electrode. However, a reduction reaction must still occur 
to remove electrons from the membrane (Figure  3a(i)). This 
configuration results in relatively large conduction through the 
membrane. For the reverse-biased case, an oxidation reaction 
must occur to inject electrons into the SiNx from the electrolyte 

solution. However, a reduction reaction does not need to occur 
as electrons can be removed through the metal electrode 
(Figure 3b(i)). This configuration results in a reduced conduc-
tion through the membrane. As such, we conclude that oxida-
tion reactions at the membrane–electrolyte interface limit the 
conduction across the membrane.

Another interesting observation from these measurements 
is that for the forward biased configuration, MIE devices 
breakdown at a much lower current density than MIM devices 
(Figure  3a(ii) and Section S5, Supporting Information). For 
instance, for the device shown in Figure  3a(ii), the MIE device 
undergoes breakdown at 8.1 V (30 nA) compared to 13 V (613 nA)  
for the MIM device. This highlights that breakdown is not solely 
driven by the leakage current across the membrane. These 
results may be associated with the presence of H+ ions at the 
membrane interface for MIE devices in the forward-biased con-
figuration. Indeed, previous studies have demonstrated there is a 
decrease in the voltage required to cause breakdown when acidic 
electrolyte solutions are used to perform CBD[29] despite there 
being no significant change in the leakage current.[38,40] How-
ever, the exact mechanism of this is currently unclear. Measuring 
conduction and breakdown in MIE devices as a function of elec-
trolyte composition (e.g., pH) may provide further insight into 
the mechanism of nanopore formation during CBD.

2.3. CBD with Microelectrodes on the Membrane Surface

To further demonstrate how the oxidation reactions affect nano-
pore formation during CBD we have performed breakdown on 
devices with metal microelectrodes fabricated on the membrane 
surface. In contrast to the MIE devices considered in the previous  

Figure 3.  a) Schematic of the device geometry for a MIE device in the 
forward-biased electric field configuration (i). PF plot of the conduction 
in a MIM, EIE, and MIE device for the forward-biased configuration (ii).  
b) Schematic of the device geometry for a MIE device in the reverse-
biased electric field configuration (i). PF plot of the conduction in a MIM, 
EIE, and MIE device for the reverse-biased configuration (ii).
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section, a typical CBD configuration was used with electrolyte 
present on both sides of the membrane and the voltage applied 
via Ag/AgCl electrodes immersed in each reservoir. A sche-
matic of the experimental setup is shown in Figure 4a. A false 
color scanning electron micrograph of the electrode configura-
tion over the suspended region of SiNx is shown in the inset of 
Figure 4a. To perform these experiments, the device was loaded 
into a fluidic cell with an integrated probe card that allows us 
to electrically contact each of the electrodes on the membrane 
surface. To avoid electrode delamination, the voltage of the on-
chip electrodes and the voltage of the Ag/AgCl electrode in the 
cis chamber are held at ground. The forward and reverse-biased 
configurations are then achieved by applying a positive or nega-
tive voltage respectively to the Ag/AgCl electrode in the trans 
chamber. The same voltage protocol as described above was 
used for these experiments with the voltage increased in steps 
of 100 mV every 4 s until breakdown occurs.

Figure  4b shows typical conduction and breakdown events 
for devices in the forward and reverse-biased configuration. 
We observe that the device in the forward-biased configuration 
undergoes breakdown at a significantly lower voltage. This is 
consistent with the results shown in the previous section for 
the MIE devices. In particular, for the forward-biased configura-
tion, electrons can be supplied to the SiNx from the electrodes 
on the membrane surface. As such, oxidation reactions do not 
need to occur at the membrane–electrolyte interface resulting 
in breakdown occurring at a lower voltage. Following this, one 
would expect nanopores to form only within the area covered 
by the electrodes for the forward-biased configuration. It is 
noted that following previous studies,[32] we expect the created 

nanopores extend through the metal electrodes presumably due 
to electrochemical etching of the metal during breakdown.

To determine the position of the nanopores formed during 
CBD we have performed fluorescence microscopy to image the 
pores.[57,58] Here Ca2+ ions are added to the solution on one side 
of the membrane while the Ca2+ indicator dye Fluo-4 is added 
to the solution on the other side of the membrane. When a 
voltage with the appropriate polarity is applied across the mem-
brane, Ca2+ ions are driven through the pore resulting in a 
localized fluorescent signal at the nanopore. Figure  4c shows 
fluorescence micrographs of the nanopores for the forward 
and reverse biased configurations. The white dashed box repre-
sents the edge of the suspended region of SiNx while the solid 
white lines represent the position of the microelectrodes. For 
each breakdown condition, three micrographs are shown rep-
resenting a time series of data with a frame before, during, and 
after the application of a voltage that drives Ca2+ ions through 
the nanopore. For the forward-biased configuration we observe 
that two nanopores form within the area covered by the elec-
trodes on the membrane surface (Figure  4c(i)). Based on the 
area of the electrodes relative to the area of the membrane, the 
probability of this happening randomly is ≈1.6%. However, for 
the reverse-biased configuration the nanopores form at random 
positions in the membrane (Figure  4c(ii)). As shown in Sec-
tion S6, Supporting Information, these results are reproducible 
across multiple devices. Note, for these experiments we inten-
tionally did not reduce the voltage immediately after break-
down, which resulted in the creation of multiple pores. This 
allowed us to obtain more statistics on the resulting nanopore 
position from a single membrane.

Figure 4.  a) Schematic of the experimental setup used for CBD on devices with microelectrodes on the membrane surface. The inset shows a false 
color scanning electron micrograph of the electrode configuration over the suspended region of SiNx. b) Examples of CBD for devices with electrodes 
on the membrane surface when the electric field is applied in the forward-biased and the reverse-biased configuration. c) Fluorescence microscopy 
images of the position of nanopores formed during CBD for the forward-biased (i) and reverse-biased (ii) configuration. The dashed white box shows 
the edges of the suspended region of SiNx. The solid white lines depict the position of the electrodes. A time series of the images is shown for both 
breakdown conditions with a frame before, during, and after the application of a voltage that drives Ca2+ ions through the nanopore.
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The formation of nanopores only within the area covered 
by the electrodes for the forward-biased configuration is con-
sistent with the above results, demonstrating that oxidation 
reactions at the membrane–electrolyte interface limit conduc-
tion during CBD. Namely, for the forward-biased configura-
tion, electrodes on the membrane surface can supply electrons 
to the SiNx. Therefore, an oxidation reaction does not need to 
occur resulting in breakdown occurring at a lower voltage in 
these regions. As a result, nanopores form only within the area 
covered by the electrodes on the membrane surface. For the 
reverse-biased configuration, an oxidation reaction must occur 
to inject electrons into the membrane (it is the reduction reac-
tion that does not need to occur in the areas covered by the elec-
trodes). As such, the nanopores form at random locations in 
the membrane.

These results are of practical importance for nanopore 
fabrication via CBD when micro/nanostructures are on the 
membrane surface. Nanopores integrated with complementary 
nanostructures have received interest in recent years as they 
have the ability to overcome issues associated with ionic current 
based nanopore sensing including limited device density[59,60] 
and low bandwidths.[61–63] Such complementary nanostructures 
include field-effect sensors,[59,64–66] tunneling nanogaps,[67,68] 
plasmonic nanostructures,[69,70] radiofrequency antennas,[62] 
and dielectrophoretic electrodes.[9] To date, the development of 
these devices has been limited by the difficult fabrication pro-
cesses that are required to integrate pores with complementary 
nanostructures.[60,71,72] Developing CBD techniques to self-align 
nanopores with complementary nanostructures is a promising 
way to overcome such issues.[73] Our results demonstrate that 
nanopores can be localized to electrodes on the membrane sur-
face simply by applying an electric field of appropriate polarity. 
We also note that expansion of nanopores following CBD[74] 
is commonly performed using voltage pulses of alternating 
polarity.[30,75] The difference in the breakdown voltage depending 
on the electric field direction will therefore need to be taken into 
account when performing CBD on devices with electrodes on 
the membrane surface to avoid the unintentional formation of 
multiple pores.

2.4. Varying the Membrane Stoichiometry

We will now discuss how the stoichiometry of the SiNx 
membrane affects conduction and breakdown during CBD. 
Typically, nanopore experiments are performed using Si-rich 

SiNx membranes. This is due to the low intrinsic stress of 
these membranes which results in superior mechanical 
strength compared to stoichiometric Si3N4 membranes.[76,77] 
That said, some nanopore studies have utilized stoichiometric 
Si3N4 membranes.[18,39,78] Other dielectrics such as HfO2 are 
also becoming increasingly popular as solid-state nanopore 
membranes.[20,79]

Previous studies have demonstrated that electron transport 
through SiNx is significantly affected by the film stoichiom-
etry.[48] In particular, it has been shown that increasing the Si 
content of the SiNx film results in increased electron trans-
port.[48] This was thought to result from the decreased bond 
strain in Si-rich films which reduce the energy required to 
excite trapped electrons to the conduction band.[48] This results 
in a lower electric field strength required to induce PF emission 
for Si-rich SiNx. We have measured conduction in MIM devices 
for three different SiNx stoichiometries (Figure 5a). Consistent 
with previous studies,[48] we observe an increase in conduction 
with increasing Si content.

We have also compared conduction and breakdown in EIE 
devices for SiNx membranes of different stoichiometries. 
Figure  5b shows a comparison of conduction and breakdown 
in MIM and EIE devices for membranes with a N:Si ratio of 
x =1.06 (Si-rich) and x = 1.33 (stoichiometric). As previously dis-
cussed, for Si-rich SiNx membranes the EIE device shows sig-
nificantly less conduction and undergoes breakdown at a much 
larger voltage than the MIM device. This effect is significantly 
reduced for the stoichiometric Si3N4 membrane. Here, the con-
duction is only slightly reduced for the EIE device. Moreover, 
breakdown occurs at only 3 V higher for the EIE device com-
pared to the MIM device. This is because the reduced charge 
transport through stoichiometric Si3N4 now predominately 
limits the conduction (oxidation reactions at the membrane 
interface still affect the conduction but to a lesser extent).

The different conduction behavior in EIE devices depending 
on the membrane stoichiometry is also highlighted in 
Figure  5c. This plot shows the same data as Figure  5b with 
a reduced y-scale to enable visualization of the conduction 
behavior prior to breakdown in the EIE devices. For the Si-
rich SiNx, a leakage current can be measured at low voltages 
(≈5 V) since electron transport through these devices begins at 
low electric fields. The leakage current then increases slowly 
(approximately linearly) until breakdown due to the conduction 
being limited by oxidation reactions at the membrane interface. 
In contrast, for the stoichiometric membrane, a leakage current 
can not be measured until large voltages are applied (≈17 V). 

Figure 5.  a) PF plot of conduction in MIM devices for three different SiNx stoichiometries. b) Comparison of the breakdown between MIM and EIE 
devices for two different SiNx stoichiometries. c) Same data shown in (b) but with a reduce y-scale to enable visualization of the conduction behavior 
prior to breakdown in the EIE devices.
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This is because of the reduced electron transport in this die-
lectric which results in negligible conduction up to large elec-
tric fields. After the onset of conduction, the current increases 
approximately exponentially until breakdown (albeit at a slower 
rate than the MIM device since oxidation reactions still limit 
the current to some extent). Similar stoichiometry dependent 
conduction characteristics have been observed consistently 
for many devices (Section S7, Supporting Information). Con-
sistent with the fact that conduction is predominately limited 
by charge transport for stoichiometric Si3N4 membranes, we 
have also observed similar conduction characteristics for MIE 
in the forward and reverse-biased configurations (Section S8, 
Supporting Information). These results highlight the material 
dependent nature of the conduction and nanopore formation 
processes during CBD. As such, these results will be of interest 
as this technique is further developed to fabricate nanopores in 
previously unexplored material systems.

3. Conclusion

To understand the process of nanopore formation during CBD 
we have studied conduction and breakdown in SiNx membranes 
when the voltage is applied via i) metal electrodes on the mem-
brane surface, ii) electrolyte solutions, and iii) a combination of 
the two. We demonstrate that, for Si-rich SiNx membranes, oxi-
dation reactions at the membrane-electrolyte interface limit the 
electrical conduction across the membrane during CBD. As a 
result, when performing CBD with electrodes on the membrane 
surface we can remove the need for oxidation reactions (since 
electrons can be supplied by the metal) enabling nanopore for-
mation to be localized to the area covered by the electrodes. We 
also studied conduction and breakdown when varying the stoi-
chiometry of the SiNx membrane. Here, we show that stoichio-
metric Si3N4 displays significantly decreased electron transport 
across the dielectric compared to Si-rich SiNx. As a result, it is 
electron transport across the dielectric which largely limits the 
electrical conduction in these membranes (rather than oxidation 
reactions at the membrane–electrolyte interface). This demon-
strates the highly material dependent nature of conduction and 
nanopore formation during CBD. Our results are important in 
further understanding the mechanism by which nanopores are 
formed during CBD, which will be necessary to further develop 
this technique in the coming years. For instance, understanding 
our results will be crucial in developing CBD techniques to 
create nanopores integrated with complementary nanostructures 
on the membrane surface. Our results will also be of interest to 
researchers aiming to develop reliable CBD techniques for dif-
ferent membrane materials.

4. Experimental Section
Device Fabrication: Devices were fabricated on double-side 

polished Si wafers with a crystal orientation of <100> and resistivity 
of 1–100 Ohm-cm. A wet thermal oxide layer of thickness 500 nm 
was grown on both sides of the wafer. Low pressure chemical vapor 
deposition (LPCVD) was used to deposit a 20–25 nm thick SiNx layer 
on both sides of the wafer. The stoichiometry of the SiNx film was 

varied by controlling the ratio of SiCl2H2 and NH3 during deposition. 
Photolithography and reactive ion etching to remove the SiNx and 
SiO2 from the backside of the wafer was used to create a hard mask. A 
polymethylmethacrylate (PMMA) layer was spun on top of the SiNx to 
protect the film during subsequent etching steps. Anisotropic etching of 
Si followed by isotropic etching of the SiO2 in 30% KOH at 80 °C then 
created suspended SiNx membranes. This was the final device geometry 
used for the EIE devices. MIM and MIE devices were created from this 
device geometry by depositing a 5/45 nm Cr/Au metal layer on one or 
both sides of the membrane via thermal evaporation. The edges of the 
device were covered with polyimide (Kapton) tape during evaporation to 
avoid shorting of the electrodes.

Devices with microelectrodes on the membrane surface were 
fabricated via a similar process to that described above. However, 
here, after SiNx deposition metal electrodes were deposited on the 
front of the wafer via electron beam lithography (EBL) and electron 
beam evaporation followed by photolithography and electron beam 
evaporation. The thickness of the electrodes was 5/95 nm Ti/Au for 
the regions defined by photolithography and 5/15 nm Ti/Au for the 
regions defined by EBL. The rest of the process then proceeded as 
described above.

Conduction and Breakdown Measurements: For measurements using 
the EIE configuration, devices were first cleaned in Piranha solution 
(ratio of 3:1 H2SO4:H2O2). Devices were then loaded into a fluidic cell 
(purchased from Nanopore Solutions) and each reservoir filled with a 
1 m KCl, 10 mm Tris, 0.1 mm EDTA buffer solution at pH 8. Ag/AgCl 
electrodes were then inserted into each reservoir. For measurements on 
the MIM devices, one side of the device was adhered to a contact pad 
on a printed circuit board (PCB) using silver paste. The electrode on the 
other side of the device was then wirebonded to another contact pad 
on the PCB. For measurements on the MIE devices, the metal electrode 
was wirebonded to a contact pad of a PCB. The PCB was then loaded 
into a custom made fluidic cell and the reservoir filled with 1 m KCl, 
10 mm Tris, 0.1 mm EDTA buffer at pH 8. A Ag/AgCl electrode was 
then inserted into this reservoir. For CBD measurements on devices 
with microelectrodes on the membrane surface, devices were loaded 
into a fluidic cell with an integrated probe card that contacts each of 
the electrodes (designed in collaboration with Nanopore Solutions). 
Reservoirs on both sides of the membrane were then filled with 1 m KCl, 
10 mm Tris, 0.1 mm EDTA buffer at pH 8. Ag/AgCl electrodes were then 
inserted into each reservoir. The same protocol was used to measure 
conduction and breakdown in all device geometries. Namely, a voltage 
ramp increasing in steps of 100 mV every 4 s was applied across the 
membrane while simultaneously measuring the current using a Keithley 
2450 source metre.

Fluorescence Imaging of Nanopores: To perform fluorescence imaging 
of nanopores after CBD, devices were cleaned in DI water, followed 
by acetone, and O2 plasma etching. Prior to fluorescence imaging the 
devices were again cleaned via UV–ozone treatment. The devices were 
then adhered onto a custom-built device holder. The device holder was 
in turn mounted onto an inverted microscope (IX71, Olympus, USA). For 
fluorescence imaging, the device was illuminated with a fibre-coupled 
488 nm tunable Argon ion laser (Model 35-LAP-431-230, Melles Griot, 
USA). A 498 nm dichroic mirror reflected the incoming light toward 
the sample, where a 60× objective (UPLSAPO 60XW, Olympus, USA) 
was employed to both illuminate the sample and to collect the emitted 
fluorescence. The cis and trans chambers were filled with CaCl2 solution 
(50 μm CaCl2, 100 mm KCl in DI water) and Fluo-4 solution (5 μm Fluo-4, 
100 mM KCl in DI water), respectively. Ag/AgCl electrodes were inserted 
into both chambers and connected to an eONE (Elements, Italy) current 
amplifier. A negative voltage was applied to the Ag/AgCl electrode in the 
trans chamber to electrophoretically drive Ca2 + through the nanopore. 
Transport of Ca2 + ions from the cis chamber to the trans chamber 
activated the Ca2 + dependent Fluro-4 resulting in a highly localized and 
voltage-tunable fluorescent spot at the nanopore which was recorded 
by an electron multiplying charge coupled device camera (Cascade II, 
Photometrics, USA).
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