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ABSTRACT: Laser-assisted controlled dielectric breakdown (LaCBD) has emerged as an
alternative to conventional CBD-based nanopore fabrication due to its localization capability,
facilitated by the photothermal-induced thinning down in the hot spot. Here, we reported the
potential impact of the laser on forming debris around the nanopore region in LaCBD. The debris
was clearly observable by scanning electron microscopy (SEM) and photoluminescence (PL)
spectroscopy. We found that debris formation is a unique phenomenon in LaCBD that is not
observable in the conventional CBD approach. We also found that the LaCBD-induced debris is
more evident when the laser power and voltage stress are higher. Moreover, the debris is
asymmetrically distributed on the top and bottom sides of the membrane. We also found
unexpected rectified ionic and molecular transport in those LaCBD nanopores with debris. Based
on these observations, we developed and validated a model describing the debris formation kinetics
in LaCBD by considering the generation, diffusion, drift, and gravity in viscous mediums. These
findings indicate that while laser aids in nanopore localization, precautions should be taken due to
the potential formation of debris and rectification of molecular transport. This study provides
valuable insights into the kinetics of LaCBD and the characteristics of the LaCBD nanopore.
KEYWORDS: nanopore, laser-assisted dielectric breakdown, photoluminescence, morphology, rectification

1. INTRODUCTION
The traditional transmission electron microscope (TEM)
drilling and controlled breakdown (CBD) for SiNx nanopore
fabrication were limited in cost and reliability.1−4 The TEM
method needs a costly platform and requires trained
professionals.1,2,5 Although the CBD approach was proposed
as an attractive low-cost, highly accessible alternative, there are
numerous reliability issues in controlling and determining the
number and location of the formed nanopore.6,7 To address
these issues, laser-assisted dielectric breakdown (LaCBD) was
developed as a cost-effective and reliable method for localized
single nanopore fabrication.8 The mechanism of this method is
based on the photothermal etching effect caused by the
focused laser beam and the dielectric breakdown induced by
the electric field.8,9 This method can form a single nanopore at
the laser’s focused position.

While LaCBD was proposed as a cost-effective method for
localized single nanopore fabrication, there is still a lack of
comprehensive research on the laser etching mechanism, pore
region morphology, and molecular transport behavior. To
explore the laser etching mechanism, Yamazaki et al. showed
that the SiNx etching rate was influenced by the supporting
electrolyte concentration and suggested that the photothermal
effect was responsible for the SiNx dissolution process.8 Gilboa
et al. showed that Si-rich SiNx membranes would have faster
etching rates and be further accelerated in an alkaline

environment.10 They hypothesized that hydroxyl ion is a
catalyst for the hydrolysis that promotes the dissolution of
SiNx, and the increased etching speed under high pH verifies
the hypothesis. However, the detailed dynamics of the SiNx
dissolution process and the actual laser etching mechanism
remain unclear. The liquid phase environment in LaCBD gives
the etched material a chance to be deposited on the
membrane. Previous works found that materials may have re-
solidification around the pore region during laser etching.11,12

Regarding the pore region morphology, previous works used
TEM/AFM to characterize the pore region on the single side
of the SiNx membrane, and they proved the Gaussian thickness
profile of the etching spot.8,13 However, broader morphology
characterization of both sides is needed to understand the
kinetics in LaCBD. Besides the pore region morphology, few
works studied the molecular transport behavior in the LaCBD
nanopore. When applying the LaCBD nanopore for molecular
detection, previous works showed that the molecular transport
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is directionally dependent, and they found different capture
rates for DNA entering from either side.8 Based on the
rectified DNA transport, the pore shape was hypothesized to
be asymmetric and funnel-like. However, direct geometry
evidence is needed to prove that the pore has a asymmetric
shape. To enhance our understanding of the characteristics of
the LaCBD nanopore, it is necessary to conduct further studies
on the laser etching dynamics and pore region morphology.

In this work, we reported the potential impact of the laser on
debris formation around the nanopore region in LaCBD. This
unique phenomenon is not observable in the conventional
CBD method. The SEM and photoluminescence (PL)
spectroscopy characterization confirmed the presence of
debris, which was asymmetrically distributed on the top and
bottom sides of the membrane. An unexpected rectified ionic
and molecular transport was also found in those LaCBD
nanopores with debris. Based on these observations, we
developed and validated a model describing the debris
formation kinetics in LaCBD by considering the generation,
diffusion, drift, and gravity in viscous mediums. The model and
experimental results suggested that higher laser power or
voltage stress would escalate debris formation in LaCBD.
These findings suggest that while the laser helps localize
nanopores in LaCBD, caution should be taken due to the
possibility of debris formation and rectification of molecular
transport. This study would provide valuable insights into the
kinetics of LaCBD and the characteristics of the LaCBD
nanopore.

2. RESULTS AND DISCUSSION
2.1. Abnormal PL Profile around the Nanopore

Observed in LaCBD. We used a previously reported platform
to fabricate CBD and LaCBD nanopores (shown in Figure 1a,
see Methods for setup details).9 With this setup, we can
perform the nanopore fabrication and characterizations in situ,
including monitoring the conductance (IV), PL mapping for
microscopic material variations, and laser-enhanced ionic

current mapping for locating the nanopores. The LaCBD
method is based on the photothermal etching effect caused by
the focused laser beam and the dielectric breakdown induced
by the electric field. The previous study shows that the peak
temperature at the laser’s focal point decreases rapidly to room
temperature when away from the focal point.8,9 Besides,
photothermal etching can accelerate as temperature increases.8

Therefore, to ensure repeatable and fast etching, we develop an
auto-focusing method to focus the laser tightly on the SiNx
membrane (see Methods and Figure S1 for details of auto-
focusing and current traces for breakdown).

Before and after nanopore fabrication, the SiNx membrane is
examined by laser-enhanced ionic current (IC) mapping and
PL mapping. The IC mapping (Figure 1b,e) is used to locate
the fabricated nanopore’s position, and PL mapping (Figure
1c,f) is a well-established technique to probe the material’s
microscopic structures.9,14 In the PL characterization, the
variations in PL intensity may result from three microscopic
factors: changes in electronic structure, SiNx membrane
thickness, and surface roughness.14,15 For the traditional
CBD approach, the nanopore is formed by accumulating
defects in the membrane. Considering the nanometer scale of
the channel, the material removal should be minimal. The PL
characterization (Figure 1c,d) suggests that the CBD will not
induce noticeable PL change. Compared to the CBD, as
previously reported, the LaCBD method should reduce the PL
intensity at the pore region due to the micrometer scale
material removal.7,8,10,16 In addition, the laser beam can modify
electronic structures even without membrane thinning,
decreasing PL.14 Thus, the PL of the LaCBD nanopore region
should typically decrease due to the removal of material and
the altered electronic structure. However, our experiments
observed an unexpected donut-shaped PL increment around
the LaCBD pore (Figure 1f). The line profile (Figure 1g)
across the pore region indicates that the PL intensity increased
more than two times compared to the intact membrane region.
This PL increment indicates that either the electronic structure

Figure 1. (a) Schematics of the LaCBD setup. The ionic current map (b), PL map (c), and PL line profile (d) across the pore region of a
traditional CBD nanopore (using +18 V voltage stress). The ionic current map (e), PL map (f), and PL line profile (g) across the pore region of a
LaCBD nanopore (using 20 mW laser and +3 V voltage stress). NPL is the normalized PL intensity over the intact membrane region.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c03123
ACS Appl. Mater. Interfaces 2023, 15, 24747−24755

24748

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03123/suppl_file/am3c03123_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


is changed or the thickness is increased around the pore
region.14,15 This unique phenomenon is repeatedly observed in
the experiments (Figure S2a shows three additional samples
with PL increment). Besides, this PL increment phenomenon
is also observed in the 12 nm-thick SiNx samples (Figure S3).
Since the previous study suggests that a combination of high
laser power and the low electric field is statistically favorable
for forming a single nanopore at a designated location,9 a 20
mW laser and a voltage stress less than +6 V (0.2 V/nm) are
used in most nanopores’ fabrication. While high laser power
and low electric field are preferred in LaCBD nanopore
fabrication, it also has an abnormal PL increment around the
pore. Thus, the microscopic structures of the pore region need
to be characterized to help understand the mechanism of
LaCBD and the origination of the abnormal PL increment.
2.2. PL Increment Due to Excess Debris around the

Pore. To further inspect the microscopic structures of the
LaCBD nanopore with abnormal PL increment, the SiNx
membrane in Figure 1f was flipped and re-mapped with the
laser to get its top-side PL map (Figure 2a). Interestingly,
although both sides show PL increment around the pore
(Figure 2a,b), the increment amplitude showed an asym-
metrical pattern for two sides (Figure 2c): the bottom side has
a higher PL increment (∼2.25 times) around the pore than the
top side (∼1.25 times). The actual morphology around the
pore is of great interest since the asymmetrical PL profile may
arise from multiple factors. Through SEM characterization
(Figure 2d,e), we found excess debris around the pore on the
top surface and those particles’ diameters ranged from 50 to
200 nm. Another sample’s SEM images show a similar pattern
in Figure S2b. Previous works indicated that thinned
membranes and altered electronic structures would cause PL
to decrease.7,8,14 Thus, the observed debris should be the main
contributing factor to PL increment. Besides, the donut-shaped
distribution of debris fits well with the increased PL pattern,
which further indicates that excess debris should be the
primary origin of the PL increment. Interestingly, the
distribution of debris also showed an asymmetrical profile for
each side: the top side has much more particles than the
bottom side (Figure 2d,e, Figure S2b). However, the
asymmetrical morphology profile (the top side has more
debris) looks contradictory to the PL profile (the top side has a
lower PL increment). The laser penetration depth and surface
roughness can explain this counterintuitive result. The
penetration depth (>100 nm) of the 488 nm laser is more

than the thickness of the SiNx membrane (30 nm).17

Therefore, the debris on both sides can contribute to the
increment of PL intensity, no matter mapping on the bottom
or top surfaces. The PL map of both sides should have a similar
intensity due to the deep penetration depth. However, the
different surface roughness can reduce the PL intensity by
scattering photons.15 Based on the SEM images, the pore
region on the top side has a higher degree of roughness than
the bottom. This higher roughness can scatter away photons
and result in lower PL intensity when mapping on the top
surface. In observing this correlation between debris and PL
intensity, it is preferable to use PL mapping on the bottom
surface since it has a higher signal-to-noise ratio to indicate the
excess debris around the pore.

Compared to SEM characterization, PL mapping can be a
convenient in situ tool for indicating the excess material on
both sides (higher PL increment means more debris
deposited). Although clear evidence from SEM images shows
debris existing around the LaCBD nanopore, the kinetics of
debris formation are yet to be discovered. This phenomenon of
debris formation around nanopores was not observed in
traditional CBD and TEM methods.6,18 The LaCBD method,
which involves laser drilling and voltage-induced breakdown in
the salt solution, is more complex compared to traditional
CBD and TEM methods. Therefore, the more complicated
etching mechanism and material migration in the LaCBD
environment need further exploration to explain the debris
formation.
2.3. Model for Debris Formation and Validation via

PL Characterization. We hypothesized that debris formation
around the LaCBD nanopore results from the competition
between material decomposition and deposition in the LaCBD
fabrication. Previous works showed that during LaCBD, the
chloride (Cl−) and hydroxide (OH−) ions can promote the
oxidation and etching of SiNx.

7,8,10 Another work also shows
that the etching process can be understood as a reaction
pathway that allows for a self-accelerating dissolution process
of silica, namely, hydrolysis with hydroxide ions.19 The
hydrolysis of silica will produce silicic acid, which mainly
exists as a positively charged specie. The evidence from these
works shows that the laser-induced SiNx etching can be
explained through three steps. First, the chloride ions will
replace Si−Si bonds on the SiNx surface. Second, the
hydroxide ions will replace the chloride ions and form silica.

Figure 2. (a) Top-side PL map. (b) Bottom-side PL map. (c) PL line profile across the pore region of the top side and bottom side. (d) Top-side
SEM image. (e) Bottom-side SEM image. Insets are enlarged views of SEM images. The SEM characterization shows different morphology patterns
between the top and bottom surfaces.
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Third, silica’s self-accelerating and heat-promoted dissolution
will generate positively charged silicic acid ions.

Since the dissolved silicic acid ion is positively charged, its
movement will be affected by the electric field. Besides, the
debris observed has a diameter of 50−200 nm, possibly formed
by heavier aggregates of the ions.20 Therefore, the gravity
influence on the movement of the aggregated ions should also
be considered, which is very similar to the precipitation of gold
nanoparticles in solution.21 Considering the etching site’s local
environment in LaCBD, the deposition of etched materials can
result from the combined influence of generation, diffusion,
drifting, and gravity (Figure 3a). For simplicity, the following
equations can be used to qualitatively describe the ions’
deposition rate on the top and bottom sides:

g P D
n

r
En n

mg
DR ( )top

top
top top= + +

(1)

g P D
n

r
En n

mg
DR ( )bottom

bottom
bottom bottom=

(2)

DR is the deposition rate of silicic acid ions. g(P) is the
generation rate of ions, which positively correlates with the
laser power P.9 Although the generation rate also positively
correlates with chloride ions strength, the KCl concentration is
fixed at 1 M for simplicity.8 D is the diffusivity of ions. μ is the
electrophoretic mobility of ions. E⃗ is the electric field, and ntop
and nbottom is the number of ions near the top and bottom
surfaces. Due to the influence of gravity and electric field, ntop
should be larger than nbottom. m is the mass of ion aggregates, g
is the acceleration of gravity, and ξ is the viscous drag on the
ion aggregates given by Stokes’ law.22 Based on the deposition
rate equations, the combined effect of diffusion, drifting, and

gravity can induce more silicic acid ion aggregates deposited on
the top surface, as shown in Figure 3a. As previously discussed,
the PL mapping on the bottom surface can indicate the
amount of excess debris on both sides with a higher signal-to-
noise ratio. Thus, the bottom-side PL is used to characterize
the debris and the PL intensity at the debris accumulation
region can be described as PL = αRs (DRtop + DRbottom)T,
using eqs 1 and 2, yielding
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in which α is the absorption coefficient, Rs is the surface
roughness, and T is the etching time.

To validate the model with experiments, we studied the
debris accumulation profile at various etching conditions
through bottom-side PL mapping due to its in situ capability.
First, we studied the etching cases without the electric field.
Previous studies have suggested that increasing the laser power
can accelerate the etching of SiNx, resulting in a higher
generation rate (g(P)) of the etched material.8,9 Therefore,
within the same etching time, the PL increment will be higher
if a higher power laser is applied (eq 3). In the experiment, we
applied 10, 40, and 60 mW lasers for 60 min on each sample.
The real-time PL traces in Figure 3b show how PL intensity
evolves during etching. The PL trace first decreased due to the
decomposition of materials and then increased due to the
accumulated debris around the etching spot. After 60 min of
etching, the end-point PL maps of etching sites are collected,
as shown in Figure 3c. It is clear that when a 60 mW laser is

Figure 3. (a) Schematic of debris deposition on the top and bottom surfaces induced by a combination effect of generation, diffusion, drifting, and
gravity. (b) Real-time PL intensity during laser etching. 10, 40, and 60 mW lasers were used, and no voltage was applied. (c) PL mapping of the
etched region and the mean PL inside the white dashed circle. (d) Real-time PL intensity during laser etching. 0, +0.5, and + 1.0 V voltage were
used, and 20 mW lasers were applied. (e) PL mapping of the etched region and the mean PL inside the white dashed circle. (f) Real-time PL
intensity during laser etching. +6 and −6 V voltages were used, and 20 mW lasers were applied. (g) PL mapping of the etched region and the mean
PL inside the white dashed circle. The scale bar is 5 μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c03123
ACS Appl. Mater. Interfaces 2023, 15, 24747−24755

24750

https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c03123?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


applied, the mean PL inside the dashed circle is increased
around the pore region compared with 20 and 40 mW,
indicating more accumulated debris around the etching spot.
These results suggest that PL increment is laser power-
dependent. Second, we studied electric field strength’s
influence on PL increment. The laser power is fixed at 20
mW, and different positive voltages are applied during the
etching. Based on our hypothesis, the etched material is the
positively charged silicic acid ions. As a result, the higher
electric field will increase ions’ drifting speed, and the
estimated PL using eq 3 will thus increase with higher voltage.
In the experiment, 0, +0.5, and + 1.0 V were applied at each
etching spot for 5 min unless a pore formed. The real-time PL
traces in Figure 3d showed a faster PL increment when a
higher voltage was applied. After etching, the PL maps of each
spot (Figure 3e) indicate more debris accumulated around the
etching spot with increased voltage. The results suggest that

the etched material is positively charged, and the PL increment
is voltage amplitude-dependent. In Figure S4, another sample
shows a similar PL trend at varied voltages, and the formed
debris cannot be rinsed away by IPA and distilled water since
PL remains increased. Third, we also studied the influence of
the electric field direction. While laser power is fixed at 20 mW,
a voltage of either +6 or −6 V was applied in the experiment.
When a negative voltage is applied, the drifting component
μE⃗(ntop − nbottom) in eq 3 will negatively contribute to the PL
intensity since the population-dominated top-side ions will
drift away from the surface. In Figure 3f, the real-time PL trace
of −6 V continuously decreases while the +6 V trace increases
within 60 min of etching. The PL maps in Figure 3g further
verified no noticeable debris accumulation for the −6 V case,
and massive debris accumulated around the etching spot for
the +6 V case. The result suggests that PL increment is electric
field direction-dependent.

Figure 4. (a) The IV curves of 10 LaCBD nanopores show rectification. The histogram shows the distribution of the rectification ratio. Power
density spectrum characterization of the LaCBD nanopore. (b) Negative control trace (using nanopore no. 1) and DNA translocation trace from
three nanopores (no. 1, no. 2, and no. 3). 100 pM of 1 kbp dsDNA was filled on both sides. (c) The scatter plots of blockade current (ΔI) versus
dwell time (Δt). Plots were obtained from three nanopores, each measured for 10 min. (d) The bi-directional DNA translocation event rate of
three different pores, black columns represent the bottom-to-top direction, and red columns represent the top-to-bottom direction. The error bars
represent the Poisson counting uncertainty n1/2/T. (e) The simulated DNA concentration and flux map under positive and negative voltages (+0.3
and −0.3 V). The streamlines show DNA’s flux path. (f) Simulation shows the dependence of DNA event rate on pore and top surface charge
density. The event rate is calculated by integrating DNA flux over the pore area. The bottom surface charge is fixed at −30 mC/m2.
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Overall, debris formation around the LaCBD nanopore
results from the competition between material decomposition
and deposition during the fabrication. Our model hypothesizes
that the debris-induced PL increment depends on laser power,
voltage amplitude, and electric field direction. In other words,
the debris formation depends on the generation rate, drifting
speed, and direction of positively charged ions. With higher
laser power and a stronger electric field, debris formation will
be faster. Besides, the debris formation can be alleviated by
applying negative voltage on the top side.
2.4. Impact of Asymmetrical Debris and Polarized

Surface Charge on DNA Transport. With a clearer image of
debris formation in the LaCBD process, the impact of debris
formation on nanopore sensing applications can be better
understood. When characterizing the fabricated LaCBD
nanopores, we found that most IV curves are rectified (Figure
4a) with a higher current amplitude at negative voltage bias.
Meanwhile, the bi-directional DNA transport shows a
preferable direction from top to bottom: DNA has a more
frequent translocation from top to bottom than the other
direction (Figure 4b,c). The scatter plots of DNA translocation
events in Figure 4c show an identical pattern since detecting
same-length DNA with three nanopores of similar size (10.83
nm for pore no. 1; 9.94 nm for pore no. 2; 8.88 nm for pore
no. 3. The nanopore diameters are estimated by G = σ(4h/πD2

+ 1/D)−1, in which σ, h, and D represent the electrolyte
conductivity, membrane thickness, and nanopore diameter,
respectively).23 Interestingly, the asymmetrical event rate
phenomenon is observed in three different LaCBD nanopores
(Figure 4d). The event rate of top-to-bottom translocation is
around 200% higher than in the other direction. The previous
study credits the unequal translocation rate to asymmetric
nanopore geometry,8 which is yet to be verified. Previous
studies show that the current rectification and uneven
molecular transport are usually observed in glass and
polyethylene terephthalate (PET) nanopores due to their
high aspect ratio instead of thin membrane-based nano-
pores.24−27 With the direct evidence of debris around the
nanopore and the proposed debris formation mechanism, the
cause of asymmetric transport can be studied by simulating the
molecular transport based on the actual morphology.

The SEM images in Figure 2d,e provide the actual
morphology around the nanopore. A line is drawn through
the center of the debris to collect the morphology profile
(Figure S5a). ImageJ is then used to plot the line profile in gray
values (Figure S5b), and the peak width can estimate the
debris diameter. For simplicity, the debris particles are
regarded as semispheres. Since the bottom surface barely
shows accumulated debris, it was regarded as a flat surface
without debris. With the extracted parameters from the SEM
image, the whole nanopore system’s geometry is built, as
shown in Figure S5c. In the COMSOL simulation, a two-
dimensional computational domain was used to study the
effect of debris and surface charge on molecular and ionic
transport. The details of boundary conditions are described in
Figure S5d. As shown in Figure 3a, most of the positively
charged ions travel away from the bottom surface. In the
simulation, the surface charge density at the bottom surface
was thus hypothesized to be the same as the intact SiNx
membrane. The previous study shows that the surface charge
density of the intact SiNx membrane is around −30 mC/m2 at
pH 8.28,29 The charge density of the bottom surface is
therefore set as −30 mC/m2 to yield a realistic value. Due to

the deposition of positively charged ions, the top surface is
most likely positively charged. Although the exact value of the
top surface charge density cannot be determined, it can be
hypothesized to be a value comparable to the bottom surface.
The charge density of the top surface is thus set as +15 mC/
m2. When a nanopore is formed, the positively charged ions at
the top etching region can travel inside the nanopore via
diffusion and electrophoresis. In this process, some of those
ions can be deposited on the inner wall of the nanopore. Thus,
the pore inner wall surface is also hypothesized to be positively
charged with a value of +15 mC/m2.

In the simulation, both reservoirs are filled with 100 pM
dsDNA. However, the simulation results showed that the DNA
concentration around the pore has a noticeable difference
when applying +0.3 V (DNA travels from bottom to top) or
−0.3 V (DNA travels from top to bottom). At +0.3 V, the
DNA concentration reaches up to 150 pM, whereas at −0.3 V,
it reaches 400 pM (Figure 4e). This asymmetric DNA
concentration profile can originate from two factors. First,
the polarized surface charge profile will cause an uneven DNA
distribution between two surfaces. While the electrostatic
attraction enhances the concentration of negatively charged
DNA at the top surface, the electrostatic repulsion reduces the
DNA concentration at the bottom surface. Second, the
asymmetry is further enlarged when applying voltage bias
across the nanopore since the electroosmotic flow (EOF) will
be in effect. When the electric field is applied across the
LaCBD nanopore, a body force, called EOF, will act on the
flow in the electrical double layer (EDL). In the molecular
dynamics model, the EOF direction is determined by the
surface charge polarity and electrical field direction and the
velocity of the EOF is highly dependent on the surface charge
density and size of the channel.30,31 Besides, molecular
transport is more dominated by EOF than electrophoresis
(EP) when a smaller nanopore is used.32 In our simulation
(Figure S6a), the transport of DNA is dominated by EOF
instead of EP due to the small pore size (10 nm) and relatively
high surface charge density in the pore (+15 mC/m2). In
Figure 4e, when applying +0.3 V, most of the DNA flux will go
through the pore while the DNA near the bottom surface will
be driven away from the nanopore entrance due to the EOF. In
comparison, the EOF on the top surface drives DNA toward
the nanopore entrance when applying −0.3 V (Figure 4e). The
fluid motion caused by EOF further enriches the pore-region
DNA at the top surface and depletes it at the bottom.
Accordingly, the asymmetry of DNA concentration is further
escalated by the EOF. The DNA flux density was integrated
over the nanopore area to obtain the simulated DNA transport
event rate.

To examine the impact of surface charge polarization on
DNA translocation, we varied the surface charge density of the
pore and top surface from −30 to +15 mC/m2 while
maintaining the bottom surface charge density constant at
−30 mC/m2. Figure 4f shows the relationship between surface
charge density and event rate, indicating that the rectification
ratio in DNA bi-directional transport increases as surface
charge polarization rises. When there is no polarization (all
pore, top, and bottom surface charges are −30 mC/m2), the
bare rectification demonstrates that debris-induced morphol-
ogy change cannot impact DNA transport behavior. Hence, the
surface charge polarization primarily induces the DNA
transport behavior. In Figure 4f, the top-to-bottom event rate
is approximately 130% higher than in the other direction when
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the pore and top surface charge is +15 mC/m2. As discussed,
the higher DNA concentration at the top surface when
applying negative bias can be the primary reason for this
rectified molecular transport (no discernible difference in fluid
velocity inside the pore at negative/positive voltage bias, as
shown in Figure S6b). Although this simulated rectification
ratio is smaller than the experimental result (∼200%, Figure
4e), the overall DNA transport showed the same preferable
direction from top to bottom, proving the polarized surface
charge hypothesis.

Regarding the ionic transport, no prominent current
rectification is found in the simulation compared with the
experimental result (Figure S6c, Figure 4a). Several reasons
can cause the simulation’s low current rectification ratio
(1.075). First, the hypothesized surface charge density can be
underestimated and strongly affect the EOF velocity and ionic
transport. Increasing the charge density can strengthen the
polarization between the top and bottom surfaces, leading to a
higher rectification ratio. The previous study shows that the
asymmetric surface distribution can lead to the IV rectification
at a low salt concentration (10 mM) even though the
nanopore geometry is symmetric.33 Second, the pore shape
used in the simulation is hypothesized to be cylindrical, which
eliminates the effect of asymmetrical pore geometry.24,25 In
LaCBD, the nanopores have been formed with dielectric
breakdown. Their actual geometry and surface charge densities
cannot readily be determined. The current will be rectified if
the nanopore has a conical shape due to the ion accumulation
and depletion inside the nanopore.24 In a high aspect-ratio
conical nanopore, the transfer of molecules will also have a
preferred direction over another.25 Therefore, the asym-
metrical geometry of the nanopores can also induce
rectification in ionic and molecular transport. However, the
30 nm SiNx membrane used in the experiments will not likely
form a high aspect-ratio conical nanopore.

Overall, the observed rectification in DNA transport is most
likely attributed to the deposition of positively charged debris
on the top surface and pore. This polarized surface charge
distribution around the pore results in an asymmetrical DNA
concentration between surfaces, and the EOF enhances the
rectification in molecular transport. The similarity between
measurement and simulation shows that rectified molecular
transport can result from the increased DNA concentration at
the top-side pore entrance due to debris-induced polarized
surface charges. In summary, the alteration in morphology due
to debris may not impact DNA transport behavior. However,
the surface charge polarization induced by debris appears to be
the leading cause of rectified DNA transport in LaCBD
nanopores.

3. CONCLUSIONS
In this study, we reported on the formation of debris around
the nanopore region in LaCBD due to the laser, a unique
phenomenon not observed in the conventional CBD method.
The SEM and PL spectroscopy characterization confirmed the
presence of debris, which exhibited asymmetric distribution on
the top and bottom sides of the membrane. An unexpected
rectified ionic and molecular transport was also observed in
those LaCBD nanopores with debris. Based on these
observations, we developed a model describing the debris
formation kinetics in LaCBD by considering the generation,
diffusion, drift, and gravity in viscous mediums. The model
hypothesized that the etched materials can be positively

charged and accumulate at the pore region, which would be
affected by the laser power and electrical field. Experimental
results validated the model and suggested that higher laser
power or voltage stress would escalate debris formation in
LaCBD by enhancing debris generation and drift. Conversely,
a negative bias on the top side reduced debris formation since
the etched material drifted away from the membrane.
Additional simulations indicate that the rectification observed
in molecular transport may be primarily attributed to the
surface charge polarization around the pore rather than
changes in morphology caused by the debris. These findings
suggest that while the laser helps localize nanopores in LaCBD,
caution should be taken due to the possibility of debris
formation and rectification of molecular transport. We believe
this study would provide valuable insights into the kinetics of
LaCBD and the characteristics of the LaCBD nanopore.

4. METHODS
4.1. Materials and Chemicals. SiNx membranes of 12 and 30 nm

thickness were used in our experiments (Norcada, Canada). The
square membrane with a 50 × 50 μm2 window is at the center of a
200 μm-thick silicon frame. The SiNx membranes were mounted into
a PMMA-based flow cell with Ecoflex-5 (Smooth-On, USA). Ag/
AgCl electrodes were house made with 0.375 mm Ag wires (Warner
Instruments, USA). Potassium chloride (KCl) and 1× EDTA Tris
buffer solution (pH 8.0, 10 mM Tris−HCl, 1 mM disodium EDTA)
were purchased from Sigma-Aldrich. The 1 M KCl solution was made
and filtered with a 0.2 μm Anotop filter (Whatman, UK) and degassed
in a vacuum chamber before use. A 1 kbp dsDNA fragment (Thermo
Scientific, USA) was used for the nanopore experiment.
4.1.1. LaCBD Experimental Setup and Laser Focusing. The SiNx

membrane was mounted into a flow cell with a transparent quartz
coverslip bottom that allowed laser access. The top and bottom
chambers were filled with 1 M KCl in 1× EDTA Tris buffer. The flow
cell was mounted on a nano-positioner (Physik Instrumente, P-611.3S
NanoCube). The Keithley 2636 was used to apply voltage bias and
collect current signals through Ag/AgCl electrodes. For LaCBD
nanopore fabrication, the 488 nm laser is chosen due to its much
faster etching rate compared with 532 and 645 nm lasers.13 The 488
nm laser (Coherent OBIS 488 LS) was expanded to fill the back
aperture before focusing at the SiNx membrane through the objective
lens (magnification 40×, numerical aperture 0.75) to form a
diffraction-limited spot for confocal illumination. The laser spot
radius is around 1.2 μm. The emitted light was collected by the same
objective lens and focused on a pinhole with a 25 μm diameter (1−25
+ B-1 + M-0.5, National Aperture) for improved spatial resolution.
The emitted light passed through a bandpass filter before detection by
the single photon counting module (SPCM-AQRH-13). A neutral-
density (ND) filter was mounted in the front of the photon counter to
expand the dynamic range. A CMOS camera (DCC1545M, Thorlabs)
was also equipped to monitor the microscopic changes and acquire
pixel intensities. A Faraday cage shielded the whole setup to minimize
electromagnetic interference.

The CMOS camera and nano-positioner were used to focus the
laser. The CMOS camera can capture 8-bit grayscale images, and the
pixel intensity ranges from 0 to 255. The exposure time will be
adjusted to avoid intensity saturation. First, the laser is coarsely
focused by manually adjusting the sample’s z position until the laser
spot is the smallest. Second, when imaging with the CMOS camera,
the pixel with the highest intensity will be regarded as the laser spot
center. The average intensity of the center pixel and the surrounding 4
pixels will be used for focusing. Third, a customized LabView program
will move the sample with a 100 nm step in the 10 μm range and
collect pixel intensity simultaneously to find the position of the
maximum intensity. Fourth, the program will focus finely with a 5 nm
step in the 4 μm range. Finally, the sample will be automatically
moved to the Z position of the maximum pixel intensity.
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4.1.2. In Situ Simultaneous PL and IC Characterization. The SiNx
membrane was assembled in a flow cell and mounted on the nano-
positioner. The membrane was imaged using a CMOS camera to
obtain a bright-field view and capture pixel intensity. A 488 nm
Gaussian profile laser beam was used for LaCBD. A single-photon
counting module (SPCM) was used for the PL characterization of the
SiNx membrane. A pair of Ag/AgCl electrodes across the membrane
was used to apply a voltage for the dielectric breakdown and IC
mapping. This setup enabled us to perform the LaCBD,9 scanning PL
for material characterization, and laser-enhanced IC mapping6 for
nanopore location in a single platform. The 1 mW laser and 0.1 V
voltage stress were used for the PL and IC mapping. After obtaining
the bottom-side PL map, the SiNx membrane was flipped and
remounted. Then, the top side was scanned with the laser to get the
PL map. The normalized PL (NPL) heat map was obtained by
normalizing the original PL heat map with the PL intensity of the
SiNx region that was not etched.
4.1.3. Nanopore Sensing and Data Analysis. Ag/AgCl electrodes

were placed at each side of the SiNx membrane. The conductance of
the nanopore was determined by performing a linear fit of the IV
curve within the range of −400 to 400 mV. When detecting DNA,
both top and bottom reservoirs were filled with 100 pM 1kbp dsDNA
(in 1 M KCl) and a typical voltage of 300 mV was applied across the
pore by 6363 DAQ card (National Instruments, USA). A trans-
impedance amplifier (Axopatch 200B, Molecular Devices, USA) was
used to amplify the resulting current and then digitized by the 6363
DAQ card at a 100 kHz sampling rate. Finally, a customized
MATLAB (MathWorks) software was used to analyze the current
time trace and extract the DNA translocation information. The
threshold of the event peak was set at six times of standard deviation
of the current traces. If clogging was observed, five times IV sweeps
from −600 to 600 mV were applied to restore the pore.
4.2. SEM Imaging of the SiNx Membrane. To prepare the

membrane sample for SEM characterization, both sides of the SiNx
membrane were coated with 10 nm-thick iridium through a sputter
coating process. The membrane was characterized by scanning
electron microscopy (Verios, Thermo Scientific, USA). The
accelerating voltage is 3.0 kV, the current is 0.1 nA, and the working
distance is 3.0 mm.
4.3. Simulation. COMSOL Multiphysics 5.4 was used for the

nanopore simulation. The details of geometry parameters and
boundary conditions are described in Figure S5 and Table S1.
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