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Investigation on fabrication of silicon nanopores
using an electrochemical passivation etch-stop
strategy
Hao Hong1,2, Xin Lei3, Jiangtao Wei2, Wenjun Tang4, Minjie Ye2, Jianwen Sun2, Guoqi Zhang1✉,
Pasqualina M. Sarro1✉ and Zewen Liu2✉

Abstract
The three-step wet etching (TSWE) method has been proven to be a promising technique for fabricating silicon
nanopores. Despite its potential, one of the bottlenecks of this method is the precise control of the silicon etching and
etch-stop, which results in obtaining a well-defined nanopore size. Herein, we present a novel strategy leveraging
electrochemical passivation to achieve accurate control over the silicon etching process. By dynamically controlling
the oxide layer growth, rapid and reliable etch-stop was achieved in under 4 s, enabling the controllable fabrication of
sub-10 nm silicon nanopores. The thickness of the oxide layer was precisely modulated by adjusting the passivation
potential, achieving nanopore size shrinkage with a precision better than 2 nm, which can be further enhanced with
more refined potential control. This scalable method significantly enhances the TSWE process, offering an efficient
approach for producing small-size silicon nanopores with high precision. Importantly, the precise etching control
facilitated by electrochemical passivation holds promise for the cost-effective production of high-density, air-insulated
monolithic integrated circuits.

Introduction
The concept of biological nanopores for nucleic acid

sensing was first introduced in the 1990s1. Since then,
solid-state nanopores have emerged as a transformative
platform for biomolecule detection, owing to their
mechanical robustness, ability to functionalize surfaces
using organic or inorganic treatments, and seamless
integration with nanofluidic devices2. These attributes
have made solid-state nanopores pivotal tools for
detecting proteins, and DNA3,4. Traditional detection
mechanisms rely on electrokinetic forces for molecule
translocation, producing a blockade current5. However,
these approaches are often limited by low temporal
resolution and inconsistent blockade signals. A critical

challenge in advancing nanopore sensing lies in slowing
the translocation speed and improving the signal-to-noise
ratio. To address these limitations, various strategies have
been developed, including the use of protein motors6,
ionic liquids7, and sequential DNA unzipping8. Addi-
tionally, electrical and optical dual-sensing approach has
made a remarkable complement to molecule detection9.
Beyond molecule detection, solid-state nanopores have

found diverse applications, such as DNA-based information
storage10, nanopore batteries11, nanopower generators12,13,
ionic rectification14,15, and nanostencil lithography16.
Despite their versatility, different applications often demand
specific materials, fabrication methods, and analytical tech-
niques. Following the discovery of two-dimensional mate-
rials, the range of materials used for solid-state nanopores
has expanded beyond traditional choices such as silicon17,18,
oxides19,20, and nitrides21–23, to include graphene24,25,
MoS2

26,27, and carbon nanotubes28,29.
Common fabrication methods for solid-state nanopores

include focused ion beam/ transmission electron micro-
scopy (FIB/TEM)30, controlled dielectric breakdown
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(CBD)31–33, and nanoimprinting34,35. However, these
techniques face limitations, for instance, FIB/TEM pro-
cesses suffer from low throughput and require expensive
equipment, while CBD often results in the formation of
multiple nanopores36,37. In contrast, the TSWE method is
inherently compatible with semiconductor processes and
MEMS technologies, enabling cost-effective and scalable
production. Furthermore, the unique semiconductor
properties of silicon allow straightforward surface mod-
ifications and the integration of gate structures, enabling
the tailoring of nanopore physical and electrical properties
for diverse applications38,39. Owing to these advantages,
the TSWE method, based on anisotropic chemical wet
etching, has emerged as a promising technique for the
fabrication of silicon nanopores.
Despite its strengths, the TSWE method still faces

bottlenecks in the precise control of the silicon etching
and etch-stop during the fabrication process, which are
critical for the controllable and scalable fabrication of
silicon nanopores. Such precision and etch-stop not only
enable scalable and controllable fabrication of silicon
nanopores, but also play a crucial role in tailoring nano-
pore size and geometry, thereby enhancing resolution in
nanopore sensing and improving energy conversion effi-
ciency in nanopore-based power generation. Efforts to
address these limitations include using crystal-
orientation-based anisotropic etching of silicon, as
demonstrated by Shuang et al., who utilized slow etching
of the (111) crystal plane to achieve sub-5 nm nano-
pores18. However, due to the lack of an effective real-time
monitoring strategy during the etching process, the
reproducibility of the nanopore sizes remains a significant
challenge. Meanwhile, Yang et al. employed
photoinhibition-assisted KOH etching to reduce the
etching rate, enabling precise control over silicon etch-
ing40. Despite its effectiveness, the complexity of the
required optical setup makes it difficult to implement for
scalable, high-throughput fabrication. Other approaches,
such as manual or automated separation of the chip and
etchant41,42, and the use of resist43, have also been
explored to achieve rapid etch-stop, but still face chal-
lenges regarding process stability and scalability. As a
result, there remains a pressing need for accessible,
semiconductor-compatible methods that enable precise
control over the silicon etching process and etch-stop,
ultimately facilitating the scalable and controllable fabri-
cation of silicon nanopores. Addressing this gap will be
critical to advancing the field and broadening the appli-
cations of solid-state nanopores.
Here we propose an etch-stop strategy leveraging elec-

trochemical passivation to enable the controllable fabri-
cation of silicon nanopores. This approach not only
provides a reliable controllable fabrication method due to
the effective etch-stop mechanism, but also allows

scalable and cost-effective production owing to the
compatibility of the semiconductor processes and MEMS
technologies. By regulating the electrochemical potential
during the silicon etching process, the growth of an oxide
layer can be precisely controlled, allowing regulation of
the silicon etching rate. Once an appropriate potential is
applied, oxide growth dominates the etching process,
leading to the formation of an insulating oxide layer that
effectively halts etching. The negligible etching rate of the
formed oxide ensures that the nanopore size remains
nearly constant in the subsequent etching process. The
thickness of the oxide layer can be finely regulated
through adjustments to the passivation potential and
passivation duration, enabling precise shrinkage of the
nanopore sizes. This approach facilitates the reproducible
fabrication of silicon nanopores using the TSWE method.
Furthermore, the reversible modulation of silicon etching
by electrochemical potential offers a robust pathway for
high-precision fabrication of silicon-based structures and
devices, paving the way for advancements in nanoscale
engineering and semiconductor applications.

Result and discussion
Effect of boron doping on silicon etching
It has been reported that the silicon etching rate in the

KOH solution starts to decrease at a boron concentration
of approximately 2.0 × 1019 cm−3 and the reduced etching
rate benefits the precise control of silicon etching44–47.
This phenomenon of the decelerated silicon etching rate
was confirmed in this study, and its underlying mechan-
ism was discussed. Figure 1a exhibits the boron con-
centration of different silicon samples characterized by
TOF-SIMS. The samples, with boron implantation den-
sities of 2.0 × 1015, 1.7 × 1015, and 1.4 × 1015 cm−2 at an
energy of 50 keV, resulted in boron concentration of
1.0 × 1020, 7.5 × 1019, and 2.5 × 1019 cm−3, respectively.
The boron concentration of the original silicon substrate
(1–10Ω·cm) is 1.0 × 1016 cm−3. The implantation energy
controls the effective implantation depth, while the den-
sity determines the ion concentration within the target
region.
The Arrhenius plot of the etching rates for these

samples is shown in Fig. 1b. The results demonstrate
that for all samples, the etching rate increased with
rising temperature. However, samples with higher boron
concentrations exhibited significantly lower etching
rates. This behavior can be attributed to the following
mechanisms. The Fermi level drops into the valence
band due to the heavy boron-doped, inducing a sharp
shrinkage of the space charge layer (SCL). This leads to
an equivalent narrowing of the potential well given by
the downward bending of the energy bands on the sili-
con surface. As a result, electrons, generated from an
oxidation reaction, injected into the conduction band
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cannot be confined and easily tunnel through the SCL
into the deeper regions of the silicon. The high hole
concentration in the heavy boron-doped silicon pro-
motes electron-hole recombination, thereby depleting
the electrons available for subsequent reduction reac-
tions and further impeding the silicon etching reaction.
Alternatively, the phenomenon can also be explained by
a strain model. The density of surface defects increases
above the intrinsic surface defect density for the heavy
B-doped, facilitating the formation of the passivation
that halts the etching reaction48,49. Additionally, the
activation energy (Ea), as determined from the Arrhe-
nius equation (R ¼ Ae�Ea=KT ), increases with the higher
boron concentration, indicating that the etching reac-
tion is suppressed.

Effect of electrochemical potential on silicon etching
A silicon wafer with a boron concentration of

3.5 × 1019 cm−3 was utilized for electrochemical passiva-
tion and silicon nanopore fabrication. This sample can
not only facilitate the accurate control of the etching
process due to its lower etching rate compared to lightly
boron-doped silicon but also enable an ohmic contact to
conduct the electrochemical passivation (Fig. S1, Sup-
porting Information).
The electrochemical potential was applied to the silicon

during the etching process to achieve precise regulation of
the silicon etching process. Figure 2a exhibits the corre-
sponding current-potential curves obtained from linear
scan voltammetry. The measurement starts at −1.35 V
and scans positively at a rate of 1 mV/s. The open-circuit
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(OCP), passivation (PP), and Flade potential (FP) for this
sample were determined to be −1.25, −0.95, and −0.50 V
by repeated measurements. As the potential scans posi-
tively, the current transitioned from cathodic to anodic at
the OCP, where no net charge transfer occurs, resulting in
a near-zero current.
Beyond the OCP, the anodic current increased with the

potential, driving oxide growth on the silicon surface in
contact with the etchant, reducing the silicon etching rate.
Further potential increases will facilitate the formation of
an oxide layer covering the silicon surface and lead to a
sudden current drop at the PP. A stable oxide layer forms
at the Flade potential, where the current stabilizes at a
minimal but nearly constant value due to the insulating
effect of the passivation layer. The established oxide layer
provides a practical approach to realize the etch-stop for
silicon. Additionally, the formation process of the oxide/
passivation layer once the potential beyond the FP is
defined as a passivation process. It can be predicted that
the silicon etching rate can be regulated by the variation
in the oxide growth during the etching process.
To ascertain the effect of applied electrochemical

potentials on the silicon etching rate. Figure 2b illustrates
the silicon etching rates under different applied potentials.
While the silicon etching rates remained approximately
equal (~0.90 μm/h) at potentials of −1.35 and −1.25 V
(OCP), as well as in float condition (no applied potential),
the cathodic current was only observed at −1.35 V. This
cathodic current regarding −1.35 V will be served as a
basis for determining whether the oxide was being etched
off in the subsequent experiment. As the potential further
increased, the growth of the oxide was gradually dominant

and resulted in a reduction in the silicon etching rate
(both at −1.10 V and the PP). It’s worth noting that the
decreasing silicon etching rate culminated in an etch-stop
at Flade potential and the same phenomena can be
observed at a more anodic potential (−0.10 V). It can be
concluded that when the applied potential exceeds the
Flade potential, the etch-stop will invariably remain due to
the oxide layer formed during the passivation process.
To confirm the nature of the oxide formed during the

passivation process, an in-situ characterization of
the oxide layer was carried out. Figure 3a, b, and c show
the cross-sectional TEM images of the oxide layer fol-
lowing 1 h passivation at potentials of 1.5, 2.5, and 3.5 V,
respectively. Uniform oxide layers were observed to fully
cover the silicon surface, with thicknesses of 2.5, 3.6, and
5.2 nm corresponding to passivation potentials of 1.5, 2.5,
and 3.5 V, respectively. The elevated passivation potential
notably promoted the formation of a thicker oxide layer.
It’s worth noting that the slight divergence (less than
2 nm) in oxide thickness caused by 1 V highlights the
capability of realizing precise control over the passivation
layer thickness, which enables precise regulating of the
nanopore size through the oxide layer.
Figure 3d–f depicts the atomic resolution high-angle

annular dark-field scanning transmission electron
microscope (HAADF-STEM) image of the formed oxide,
along with the corresponding EDS elemental mappings.
The two-layer structure visible in Fig. 3d aligns with the
TEM findings, and the white granule is Pt which was
deposited to cover the formed oxide as a protective layer.
The elements of silicon (shown in blue) and oxygen
(shown in red) are distributed homogeneously in the

5 nm 5 nm

Oxide

5 nm

Si

5 nm Si O

a b c

e fd

Fig. 3 Characterization of the oxide layer formed during the passivation process. Cross-sectional TEM image of the formed oxide after 1 h
passivation with a potential of (a) 1.5 V, (b) 2.5 V, and c 3.5 V. d STEM images of the formed oxide and corresponding EDS elemental mapping of (e) Si
and (f) O
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lower and upper layers, respectively. It can be evidenced
that the oxide formed by electrochemical passivation
primarily consists of SiOx.
Given that silicon oxide exhibits a significantly lower

etching rate in KOH solution compared to silicon, even a
thin oxide layer effectively delays etching, thereby pro-
viding a reliable etch-stop mechanism. Furthermore,
atomic force microscopy (AFM) images of oxide layers
formed by electrochemical passivation and thermal oxi-
dation (Supplementary Fig. S2, Supporting Information)
suggest that the oxide formed through electrochemical
passivation has a less dense structure. This observation
indicates that the chemical stability of the passivated
oxide layer is inferior to that of thermally grown oxide.
In-situ characterization of the formed oxide confirmed

that a stronger passivation potential leads to a thicker
oxide layer. To elucidate the relationship between passi-
vation and oxide formation, etch-back measurements
were performed. Figure 4a–c illustrates the scanning
current-potential curves (red lines) during passivation
from −1.4 V to final potentials of 1.5, 2.5, and 3.5 V
(scanning rate: 1 mV/s) alongside the corresponding etch-
back time-current curves (green lines). The current-
potential profiles exhibit similar trends of the current,
with characteristic potentials (OCP, PP, and FP) aligning
with those in Fig. 2a. Notably, a sharp current increase
occurs beyond ~2.1 V. It can be speculated that after the
establishment of a certain oxide layer thickness, the

growth rate of the oxide no longer increases proportion-
ally with the gradually increasing potential due to the
insulating effect of the existing oxide layer. This leads to
only a marginal increase in oxide thickness even as the
potential continues to rise. Eventually, the continuously
increasing potential may exceed the dielectric strength of
the oxide, resulting in local dielectric breakdown and a
sudden rise in leakage current, without a corresponding
increase in oxide thickness.
After passivation, etch-back measurements were con-

ducted by applying a fixed potential of −1.35 V to etch the
formed oxide. During the initial etching stage, the current
remains low induced by the insulating nature of the oxide.
The slow etching of the oxide continues until the deple-
tion, at which point the current transitions to a cathodic
regime. This point was identified as a symbol of the
depletion of the oxide, and the cathodic current corre-
sponding to −1.35 V also ascertained the switch from
oxide etching to silicon etching. The etch-back time,
defined as the duration to deplete the oxide layer, was
measured as 2317, 3541, and 4374 s for oxides formed at
1.5, 2.5, and 3.5 V, respectively. This trend can be verified
as a consequence of cooperation of higher potential and
longer passivation time.
To compare oxide formation under different passivation

modes, etch-back times for oxides formed by scanning-
potential and fixed-potential models were evaluated, as
presented in Fig. 4d. For the scanning-potential model,
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scanning starts at −1.35 V while for the fixing-potential
model the passivation times are all 1 h. It can be con-
cluded that the etch-back time increased with the
increasing potential, which means that the higher passi-
vation potential contributed to a thicker oxide layer.
While both modes demonstrate increased oxide thickness
with higher potentials, for potential with the same value,
the fixed-potential model results in longer etch-back time
due to prolonged exposure to high potentials. However,
this difference in the etch-back time degenerates with
increasing potential, as the scanning mode extends the
passivation duration, reducing the disparity.
For subsequent investigations aimed at realizing the

etch-stop in a short time to improve nanopore fabrication
controllability, the fixed-potential model was adopted.
Based on the measured etch-back time and the thickness
of the oxide characterized by TEM, the etching rates for
the oxide formed by different potentials are calculated and
shown in Fig. 4e. No significant difference was observed in
the etching rate of the formed oxide, indicating oxides
formed at different potentials have the same properties.
It’s worth noting that the average etching rate is about
0.5 Å/min, which is higher than the oxide formed by
thermal oxidation (~0.1 Å/min). This indirectly leads to
the same conclusion as indicated by the AFM images
(Supplementary Fig. S2, Supporting Information) that the
oxide formed by the passivation process possesses a less
dense structure than the oxide formed by thermal oxi-
dation, resulting in a higher etching rate.
The above investigations primarily focus on the influ-

ence of passivation potential on oxide formation. Subse-
quently, the effect of passivation time on oxide growth
was examined, as shown in Fig. 4f. It was observed that
passivation for just 4 s yielded oxide layers with 61.8%,
73.5%, 77.8%, 84.2%, and 87.3% of the etch-back times
corresponding to 1 h passivation at potentials of −0.5, 0.5,
1.5, 2.5, and 3.5 V, respectively. These findings confirm
that oxide formation is rapid upon applying a passivation
potential, achieving an etch-stop within seconds. As illu-
strated in Fig. 2b, the silicon etching rate without any
applied electrochemical potential is approximately
0.9 μm/h, indicating that silicon is theoretically etched by
no more than 1 nm during the 4 s passivation process.
This demonstrates that the deviation in nanopore size
caused by over-etching during passivation is negligible,
and the etching is effectively stopped immediately upon
initiating passivation.
Moreover, the inset figure shows the corresponding etch-

back times after passivation for different times (4, 60, 600,
1800, and 3600 s) at 3.5 V. Oxides formed by passivation for
4, 60, 600, and 1800 s required 87.3, 88.1, 93.8, and 96.7% of
the etch-back time for 1 h passivation, respectively. The
results demonstrate that the oxide layer forms rapidly, and
the growth rate diminishes over time after the formation of

a certain thickness oxide layer. Once an appropriate passi-
vation potential was applied, a protective oxide layer was
quickly established, with subsequent growth plateauing. So
far, these findings establish that silicon surfaces can be
rapidly passivated during the initial stages of passivation,
effectively achieving etch-stop without significant over-
etching. This approach leverages silicon’s conductive
properties to enable precise, controllable etching, paving the
way for high-precision nanopore fabrication.

Controllable fabrication of silicon nanopores using
electrochemical passivation
Finally, the controllable fabrication of silicon nanopores

was achieved using the TSWE method combined with the
developed electrochemical passivation-based etch-stop
strategy. The principle of silicon nanopores fabrication
using the electrochemical passivation method is illustrated
in Fig. 5. A schematical illustration of the third step of the
controllable nanopore fabrication process, which involves
electrochemical passivation is depicted in Supplementary
Fig. S3 (Supporting Information). During the pore-opening
process, a measuring unit continuously monitors the ionic
current across the silicon chip in real time, as depicted on
the left side of Fig. 5 and Supplementary Fig. S3. This ionic
current signal effectively detects the occurrence of the pore-
opening event and provides an estimation of the nanopore
size. Simultaneously, an electrochemical workstation con-
trols the electrochemical passivation process, where the
counter electrode is connected to the silicon chip to form a
circuit. The applied potential enables precise control over
the silicon etching and passivation processes. Additionally, a
reference electrode is connected to the silicon chip to
provide a stable potential reference, ensuring accurate
measurement and regulation of the working electrode’s
potential. Once either the ionic current or the over-etching

A V A

Si3N4 Ni/AuSiOx

Etchant

Current
monitoring

Electrochemical
passivation

Si

Fig. 5 Principle of the nanopore fabrication. Illustration of
controllable fabrication of silicon nanopores using electrochemical
passivation
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time reaches a predefined threshold, the feedback system
promptly triggers the electrochemical passivation process.
Upon applying an appropriate passivation potential, the
growth rate of the silicon oxide rapidly exceeds the etching
rate of silicon in the KOH solution, leading to the quick

formation of a passivation layer (depicted in red) on the
sidewalls, specifically on the (100) and (111) crystal planes
of the nanopore, thereby effectively achieving an etch-stop.
Figure 6a shows a representative current-time curve

during the pore-opening process. As the silicon chip was
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Fig. 6 Controllable fabrication of silicon nanopores based on electrochemical passivation and the characterization of the obtained
nanopores. Current-time curve of the (a) pore-opening process, (b) passivation process and c fabricated nanopore. d–f SEM image of the fabricated
nanopores based on passivation with different potentials. g Deviation of nanopores fabricated using different passivation potentials. h Cross-sectional
TEM image a nanopore fabricated with a passivation process and corresponding, i EDS elemental mapping
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progressively thinned by KOH-based wet etching at room
temperature, a steady and minor increase in current was
observed (green dots), corresponding to the gradual
reduction in silicon thickness. Upon the pore-opening, the
etchant on either side of the silicon chip becomes con-
nected through the newly formed nanochannel, leading to
a pronounced increase in ionic current (red dots) due to
the nanopore expansion. To effectively stop the silicon
etching, a predefined passivation potential (0.5 V) was
automatically applied by the electrochemical workstation
following the pore-opening, initiating the etch-stop pro-
cess. The current-time curve corresponding to this pas-
sivation process is shown in Fig. 6b. It’s worth noting that
the nanopores size can be estimated by the corresponding
ionic current as reported in our previous work42, or by
controlling the over-etching time at a low silicon etching
rate. To ascertain the effectiveness of the etch-stop pro-
cess, the ionic current of the fabricated nanopore was
measured following the completion of the passivation
process, and the results are presented in Fig. 6c. It can be
observed that the ionic current of the nanopore before
and after the passivation process is nearly identical,
indicating that the nanopore size does not notably change.
This can be attributed to the negligible over-etching and
accurate control of the oxide layer. Following the passi-
vation, the ionic current corresponding to the fabricated
nanopore did not increase sharply with the continuous
etching compared with the pore-opening process. It
turned out that applying the appropriate passivation
potential quickly formed the oxide layer and effectively
realized the etch-stop while the size of the nanopore
remained approximately constant due to the slow etching
rate of the oxide after passivation. Following the above-
described process flow, by conducting passivation with
distinct potentials, nanopores with sizes of 11.9, 10.8, and
8.9 nm were obtained and the corresponding SEM images
are exhibited in Fig. 6d, e, and f, respectively. The fabri-
cation process used an identical over-etching time (~10 s)
after the pore-opening event to ensure the nanopores had
approximately the same size before passivation. Different
passivation potentials of 0.5, 1.5, and 2.5 V were employed
to induce oxide layer formation of varying thicknesses and
etch-stop rapidly. It can be found that a higher passivation
potential results in a smaller final nanopore size. This
phenomenon can be attributed to the forming of an oxide
layer on the silicon, which causes a shrinkage of the
nanopore, and a higher potential leads to a thicker oxide
layer. Furthermore, an increase in the potential of 1 V
induced a slight alteration (less than 2 nm) of the nano-
pore size, which allows nanopore size shrinkage with a
precision better than 2 nm. Moreover, the size deviation
of the nanopores fabricated using the proposed method is
presented in Fig. 6g. Consistent with the earlier proce-
dures, the over-etching time was maintained at

approximately 10 s to minimize variability. Due to the
thicker passivation layer induced by increasing passivation
potentials, smaller nanopore sizes were achieved under
the same over-etching conditions. Across the range of
passivation potentials from 0.5 V to 2.5 V, the size devia-
tion of the fabricated nanopores remained within 3 nm,
demonstrating the excellent controllability and reprodu-
cibility of the electrochemical passivation-based etch-stop
strategy proposed in this study. Additionally, it can be
observed that the size deviation tends to increase with
higher passivation potentials. This phenomenon is
attributed to the greater variation in oxide layer thickness
formed at elevated potentials. Moreover, the initial shape
variations resulting from the limitations in photo-
lithography and mask precision also contribute to the
final size deviations of the nanopores. To further validate
that the etch-stop mechanism relies on oxide layer for-
mation, the in-situ characterization of the nanopore fab-
ricated with passivation of 5.0 V is shown in Fig. 6h. The
cross-sectional TEM image of the nanopore shows that an
oxide layer with a thickness of approximately 8 nm,
formed by the passivation process, completely covered the
silicon surface including (100) and (111) crystal planes,
which can effectively realize the reliable etch-stop. This
presented structure of a sloped sidewall with an angle of
54.7° was developed by the well-established anisotropic
wet etching. Besides, the corresponding EDS analysis of
the circled area (white dashed line) in Fig. 6i was con-
ducted. The distribution of the three elements (silicon,
oxygen, and platinum), as well as the total elemental
mapping, are in perfect agreement with the TEM image.
These results underscore the ability to regulate oxide
growth and thickness by tuning the applied electro-
chemical potential during the etching process. This
enhanced control over oxide layer formation enables
precise manipulation of nanopore size and geometry,
making the etch-stop strategy based on electrochemical
passivation a controllable and scalable method for nano-
pore fabrication. Finally, the fabricated silicon nanopores
have demonstrated their potential for biosensing
applications42.

Conclusion
In this study, we demonstrated the successful fabrica-

tion of silicon nanopores using a novel etch-stop strategy
based on electrochemical passivation in the TSWE
method. The proposed strategy effectively regulated the
silicon etching process by dynamically forming an oxide
layer, which enabled precise control over nanopore size.
The electrochemical analysis confirmed that the applica-
tion of a passivation potential induced the formation of a
stable oxide layer, which significantly suppressed silicon
etching, achieving a rapid and reliable etch-stop. This
mechanism was validated by cross-sectional TEM
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imaging, which revealed the formation of a uniform pas-
sivation layer across the nanopore surface. This reported
approach, with a high precision size shrinkage of silicon
nanopore achieved by adjusting the passivation potential,
enables the controllable fabrication of sub-10 nm silicon
nanopores. The integration of electrochemical passivation
into the TSWE method offers a scalable, and precise
approach for producing nanoscale structures. This
method holds substantial potential for applications in
nanofluidic, biosensing, and other fields requiring precise
nanopore engineering. Future work will focus on opti-
mizing the process for more complex geometries and
exploring its applicability to other materials and device
architectures.

Experimental section
Fabrication of different boron doping samples
A 4-inch silicon (100) wafer with a resistance of

1–10Ω·cm was used as the substrate to prepare experi-
mental samples with varying boron concentrations. Ion
implantation was employed to achieve different boron
doping levels, with implantation parameters optimized
using SRIM simulations. The boron concentration in the
fabricated samples was subsequently characterized using
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-
SIMS).

Measurement of silicon etching rate
To measure the silicon etching rate, samples with dif-

ferent boron concentrations were cleaned using the
standard HNO3-based cleaning process before the
deposition of a nitride layer. Photolithography and dry
etching were used to create etching windows measuring
100 × 100 μm2. Silicon etching was then performed in a
33 wt% KOH aqueous solution with different tempera-
tures, and the etch depth was determined using a step
profiler. To ensure accuracy, the native oxide layer was
removed using buffered hydrofluoric acid before the
etching process.

Fabrication of silicon nanopores
The substrate used for the controllable nanopore fab-

rication was a boron-doped 4-inch SOI silicon (100) wafer
with a resistance of 0.002–0.004Ω·cm. The detailed fab-
rication process and corresponding chip images are pro-
vided in Supplementary Figs. S4, S5 (Supporting
Information), respectively. During the final fabrication
step, a measuring unit was used to monitor the current
across the silicon chip in real time under a bias voltage of
0.8 V. As silicon etching progressed in the 33 wt% KOH
solution at room temperature with an etching rate of
~0.90 μm/h, the pore-opening event was indicated by a
simultaneous increase in ionic current. A second mea-
suring unit, functioning as an electrochemical

workstation, was used to apply electrochemical potentials
(all potentials are with respect to a reference electrode).
Silicon chip, platinum electrode, and Hg/HgO electrodes
served as the working, counter, and reference electrodes,
respectively. A predefined passivation potential (≥0.5 V)
was automatically applied to realize an etch-stop of the
silicon etching once the nanopore reached the desired
size. Once the passivation current stabilized, the passiva-
tion process was considered complete, marking the suc-
cessful fabrication of the nanopores. It’s worth noting that
to minimize possible current interference, the two mea-
suring units operated alternately. The switching time
between the current measurement and the potential
application was less than 30ms. This setup ensured pre-
cise etch-stop and reproducible nanopore fabrication.

Acknowledgements
This work was financially supported by The National Key R&D Program
(2019YFA0707002), the Beijing Innovation Center for Future Chips and Beijing
National Research Center for Information. The authors would like to thank
Wuhan Zeal Young Technology Co., Ltd. for their support in developing
software used in this work to control the Keithley 2450 source meter.

Author details
1Department of Microelectronics, Delft University of Technology, 2628 CD
Delft, The Netherlands. 2School of Integrated Circuits, Tsinghua University,
100084 Beijing, China. 3School of Chemistry, Beihang University, 100084
Beijing, China. 4School of Materials and Energy, University of Electronic Science
and Technology of China, Chengdu 610054, China

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41378-025-00973-9.

Received: 20 March 2025 Revised: 8 May 2025 Accepted: 9 May 2025

References
1. Kasianowicz, J. J., Brandin, E., Branton, D. & Deamer, D. W. Characterization of

individual polynucleotide molecules using a membrane channel. Proc. Natl
Acad. Sci. USA 93, 13770–13773 (1996).

2. Wanunu, M. & Meller, A. Chemically modified solid-state nanopores. Nano Lett.
7, 1580–1585 (2007).

3. Yusko, E. C. Real-time shape approximation and fingerprinting of single pro-
teins using a nanopore. Nat. Nanotechnol. 12, 360–367 (2017).

4. Xing, Y., Dorey, A., Jayasinghe, L. & Howorka, S. Highly shape- and size-tunable
membrane nanopores made with DNA. Nat. Nanotechnol. 17, 708–713 (2022).

5. Chuah, K. Nanopore blockade sensors for ultrasensitive detection of proteins
in complex biological samples. Nat. Commun. 10, 2109 (2019).

6. Brinkerhoff, H., Kang, A. S., Liu, J., Aksimentiev, A. & Dekker, C. Multiple rereads
of single proteins at single–amino acid resolution using nanopores. Science
374, 1509–1513 (2021).

7. Feng, J. et al. Identification of single nucleotides in MoS2 nanopores. Nat.
Nanotechnol. 10, 1070–1076 (2015).

8. Yamazaki, H., Hu, R., Zhao, Q. & Wanunu, M. Photothermally assisted thinning
of silicon nitride membranes for ultrathin asymmetric nanopores. ACS Nano
12, 12472–12481 (2018).

9. Wang, R., Gilboa, J., Huttner, D., Grinstaff, M. W. & Meller, A. Single-molecule
discrimination of labeled DNAs and polypeptides using photoluminescent-
free TiO2Nanopores. ACS Nano 12, 11648–11656 (2018).

Hong et al. Microsystems & Nanoengineering          (2025) 11:128 Page 9 of 10

https://doi.org/10.1038/s41378-025-00973-9


10. Kaikai, C., Jinbo, Z. & Keyser, U. F. Nanopore-Based DNA Hard Drives for
Rewritable and Secure Data Storage. Nano Lett 20, 3754–3760 (2020).

11. Liu, C., Gillette, E. & Chen, X. An all-in-one nanopore battery array. Nat.
Nanotech 9, 1031–1039 (2014).

12. Feng, J. D. et al. Single-layer MoS2 nanopores as nanopower generators.
Nature 536, 197–200 (2016).

13. Tsutsui, M. et al. Gate-all-around nanopore osmotic power generators. ACS
Nano 18, 15046–15054 (2024).

14. Siwy, Z. Ion-current rectification in nanopores and nanotubes with broken
symmetry. Adv. Funct. Mater. 16, 735–746 (2006).

15. Hong, H. et al. Rectification in ionic field effect transistors based on single
crystal silicon nanopore. Adv. Electron. Mater. 10, 2300782 (2024).

16. Deng, T., Wang, Y. F., Chen, Q., Chen, H. J. & Liu, Z. W. Massive fabrication of
silicon nanopore arrays with tunable shapes. Appl. Surf. Sci. 390, 681–688
(2016).

17. Chen, Q. & Liu, Z. Fabrication and applications of solid-state nanopores. Sensors
19, 1886 (2019).

18. Zeng, S. S., Wen, C. Y., Solomon, P., Zhang, S. L. & Zhang, Z. Rectification of
protein translocation in truncated pyramidal nanopores. Nat. Nanotechnol. 14,
1056–1062 (2019).

19. Chang, H., Kosari, F. G., Alam, A., Vasmatzis, M. A. & Bashir, G. Polymorphism in
heme oxygenase-1 (HO-1) promoter is related to the risk of oral squamous cell
carcinoma occurring on male areca chewers. Nano Lett. 4, 1551–1555 (2004).

20. Wang, Y., Chen, Q., Deng, T. & Liu, Z. Self-aligned nanopore formed on a
SiO2Pyramidal membrane by a multipulse dielectric breakdown method. J.
Phys. Chem. C. 122, 11516–11523 (2018).

21. Waugh, M., Briggs, K. & Gunn, D. Solid-state nanopore fabrication by auto-
mated controlled breakdown. Nat. Protoc. 15, 122–143 (2020).

22. Lei, X. et al. Controllable fabrication and rectification of bipolar nanofluid
diodes in funnel‐shaped Si3N4Nanopores. Small 19, 2303370 (2023).

23. Cao, E., Cain, D., Silva, S. & Siwy, Z. S. Ion concentration polarization tunes
interpore interactions and transport properties of nanopore arrays. Adv. Funct.
Mater. 34, 2312646 (2024).

24. Su, S., Zhang, Y. & Peng, S. Multifunctional graphene heterogeneous nano-
channel with voltage-tunable ion selectivity. Nat. Commun. 13, 4894 (2022).

25. Wang, J. et al. Cascaded compression of size distribution of nanopores in
monolayer graphene. Nature 623, 956–963 (2023).

26. Park, H. et al. Ultrasensitive and selective field-effect transistor-based biosensor
created by rings of MoS2Nanopores. ACS Nano 16, 1826–1835 (2022).

27. Wang, F. et al. MoS2 nanopore identifies single amino acids with sub-1 Dalton
resolution. Nat. Commun. 14, 2895 (2023).

28. Tunuguntla, R. H. et al. Enhanced water permeability and tunable ion
selectivity in subnanometer carbon nanotube porins. Science 357, 792–796
(2017).

29. Peng, W. et al. High-resolution discrimination of homologous and isomeric
proteinogenic amino acids in nanopore sensors with ultrashort single-walled
carbon nanotubes. Nat. Commun. 14, 2662 (2023).

30. Lanyon, Y. H. et al. Fabrication of nanopore array electrodes by focused ion
beam milling. Anal. Chem. 79, 3048–3055 (2007).

31. Kwok, H., Briggs, K. & Tabard-Cossa, V. Nanopore fabrication by controlled
dielectric breakdown. PLoS ONE 9, e92880 (2014).

32. Arcadia, C. E., Reyes, C. C. & Rosenstein, J. K. In situnanopore fabrication and
single-molecule sensing with microscale liquid contacts. ACS Nano 11,
4907–4915 (2017).

33. Fried, J. P., Swett, J. L. & Nadappuram, B. P. Localised solid-statenanopore
fabrication via controlled breakdown using on-chip electrodes. Nano Res. 15,
9881 (2022).

34. Zhong, P., Que, W. & Hu, X. Direct imprinting of ordered and denseTiO2
nanopore arrays by using a soft template for photovoltaic applications. App.
Surface Sci. 257, 9872 (2011).

35. Choi, J., Lee, C. C. & Park, S. Scalable fabrication of sub-10 nm polymer
nanopores for DNA analysis. Nanoeng 5, 12 (2019).

36. Wang, Y. et al. Fabrication of multiple nanopores in a SiNx membrane via
controlled breakdown. Sci. Rep. 8, 1234 (2018).

37. Ying, C. et al. Formation of single nanopores with diameters of 20–50 nm in
silicon nitride membranes using laser-assisted controlled breakdown. ACS
Nano 12, 11458–11470 (2018).

38. Ai, Y., Liu, J., Zhang, B. & Qian, S. Ionic current rectification in a conical
nanofluidic field effect transistor. Sens. Actuators B Chem. 157, 742–751 (2011).

39. Van Toan, N. Ion transport by gating voltage to nanopores produced via
metal-assisted chemical etching method. Nanotechnology 29, 195301 (2018).

40. Yang, J., Pan, T. & Xie, Z. In-tube micro-pyramidal silicon nanopore for inertial-
kinetic sensing of single molecules. Nat. Commun. 15, 5132 (2024).

41. Park, S. R., Hongbo, P., Xinsheng, S. & Xinsheng, L. S. Fabrication of nanopores
in silicon chips using feedback chemical etching. Small 3, 116–119 (2007).

42. Hong, H., Wei, J. & Lei, X. Study on the controllability of the fabrication of
single-crystal silicon nanopores/nanoslits with a fast-stop ionic current-
monitored TSWE method. Microsyst. Nanoeng. 9, 63 (2023).

43. Siwy, Z., Dobrev, D. & Neumann, R. Electro-responsive asymmetric nanopores
in polyimide with stable ion-current signal. Appl. Phys. A 76, 781–785 (2003).

44. Seidel, H. Anisotropic etching of crystalline silicon in alkaline solutions: II.
Influence of dopants. J. Electrochem. Soc. 137, 3626–3632 (1990).

45. Williams, K. R. & Muller, R. S. Etch rates for micromachining processing. J.
MicroElectromech. Syst. 5, 256–269 (1996).

46. Raley, N. F. et al. (100) Silicon etch‐rate dependence on boron concentration in
ethylenediamine‐pyrocatechol‐water solutions. J. Electrochem. Soc. 131,
161–171 (1984).

47. Tatic-Lucic, S., Zhang, W.-Y. & Navneet, N. Etch-stop characteristics of heavily B/
Ge-doped silicon epilayer in KOH and TMAH. Sens. Actuators A Phys. 123,
640–645 (2005).

48. Palik, E. D. Study of the etch-stop mechanism in silicon. J. Electrochem. Soc.
129, 2051–2059 (1982).

49. Faust, J. W. & Palik, E. D. Study of the orientation dependent etching and initial
anodization of Si in aqueous KOH. J. Electrochem. Soc. 130, 1413–1420 (1983).

Hong et al. Microsystems & Nanoengineering          (2025) 11:128 Page 10 of 10


	Investigation on fabrication of silicon nanopores using an electrochemical passivation etch-stop strategy
	Introduction
	Result and discussion
	Effect of boron doping on silicon etching
	Effect of electrochemical potential on silicon etching
	Controllable fabrication of silicon nanopores using electrochemical passivation

	Conclusion
	Experimental section
	Fabrication of different boron doping samples
	Measurement of silicon etching rate
	Fabrication of silicon nanopores

	Acknowledgements




