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Rectification in lonic Field Effect Transistors Based on Single

Crystal Silicon Nanopore

Hao Hong, Xin Lei, Jiangtao Wei, Yang Zhang, Yulong Zhang, Jianwen Sun, Guoqi Zhang,

Pasqualina M. Sarro,* and Zewen Liu*

lonic FETs have enormous potential for energy conversion, sensing, and ionic
circuits due to their efficient regulation of the nanochannel. Here ionic FETs
based on single-crystal silicon nanopores and the rectification of the fabricated
devices are studied. The electrical characterization results demonstrated that
since the silicon-based nanopores have the advantage of modulating the
surface charge due to their semiconductor nature and benefitting from the
effective 3D gating effect on the nanochannel, the magnitude and polarity of
surface charge can be modulated by the gate voltage. The rectification effect
can be adjusted by applying a certain voltage and fulfilling a transition
between anion selectivity and cation selectivity when the surface charge
polarity is reversed. Moreover, current—voltage characteristics of the reported
ionic FET can be switched between ohmic and diode-like regimes. The
proposed ionic FETs supply a novel platform to study the ionic properties and
have great potential to be applied in large-scale ionic circuits due to their
excellent performance. Finally, simulation results prove the surface charge
modulated by the gate voltage determines the magnitude and direction of
rectification, which is consistent with the reported experiment result.

1. Introduction

Ion channels and nanopores embedded
in cell membranes are essential for
living organisms since they can main-
tain normal physiological processes
because of their smart functions such
as ion selectivity.'*] The first biolog-
ical nanopore used for bio-sensing
was in 1996, it reported an ionic cur-
rent drop when single-stranded DNA
passed through the nanopore.*! Over
the past decades, nanochannels and
nanopores have emerged as important
tools and platforms for various appli-
cations. Solid-state nanopores, which
complemented the limitations of bio-
logical nanopores such as unmodifiable
pore size, mechanical, and chemical
instability,>’! are suggested later. Solid-
state nanopores have widely extended
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applications not only in biotechnol-

ogy, such as DNA identification®10

and protein profiling,'*'2] but also in

other fields, which include molecule

separation, ion-selective,['>1%)  power generation,[’]
nanopatterning,[*®! and nanostencil lithography.[**]

Ionic current rectification (ICR) in nanopores has been exten-
sively explored due to its broad applications including energy
conversion, sensing, and ionic circuits.[?’] This phenomenon is
mainly caused by the asymmetric surface charge distribution
and is commonly observed in nanopores with asymmetric struc-
tures such as conical nanopores.?'"?] These nanopores mani-
fest preferential conduction of the ionic current, that is, diode-
like I-V characteristics.[??°] Many methods used to regulate the
ICR have been reported since the ICR was highly related to
the nanopore structure, surface charge, electrolyte species, and
pH.[2239-32] Daiguji et al first introduced a nanofluidic diode to
achieve a stronger ICR,** and the nanofluidic diode was further
explored by Vlassiouk et al later.3*3°] After that, Nam et al in-
troduced an ionic FET based on multiple nanopores with an em-
bedded electrode, the ionic current of the device can be efficiently
manipulated by the gate voltage. The results suggested that the
ICR in ionic FETs can be regulated by gate voltage.[! Then Ai et
al used a continuum model to comprehensively investigate the
ICR in conical nanofluidic FETs and predicted the gate voltage
can tune the preferential current direction.l*”! Expecting the men-
tioned devices based on nanopores, the researcher also tried to

[13,14]
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utilize other strategies to realize effective regulation of the ICR.
For example, Cao et al regulated the ICR by applying a salt gra-
dient and explained the ICR caused by the ion concentration dif-
ference in asymmetric nanochannels.?®39 Lin et al utilized the
modified surface charge to enable further control of the ICR in
nanopores and realized the ICR in large-size nanopores by highly
charged surfaces.[**! In addition, many efforts were paid to the
controlling pH of the electrolytes and modification of the side-
walls by chemical strategies to implement the regulation of the
surface charge.[*'~*] However, both acidic and alkaline environ-
ments may destroy the structure of the biological molecule to be
detected, and the stability and repeatability of chemical modifica-
tions also need to be addressed. Thanks to the semi-conductivity
of silicon, and benefitting from the effective 3D gating modula-
tion to electrical characteristics of the nanopore channels, 7]
the ionic FETs based on silicon nanopores are an excellent candi-
date for several applications such as energy conversion, sensing,
and ionic circuits.

In this work, we reported ionic FETs based on single-crystal sil-
icon nanopores, which were obtained by the three-step wet etch-
ing (TSWE) method, the gate electrode in the ionic FET was con-
formed to regulate the surface charge on the nanopore sidewalls.
It is worth noting that all the fabrication processes are compati-
ble with the conventional semiconductor and MEMS technology,
which indicates the reported device can be fabricated on a large
scale at a low cost. With applying a certain gate voltage, the mag-
nitude and polarity of the surface charge can be effectively regu-
lated, as a result, not only the corresponding ICR can be adjusted,
but counter-ions enriched in the nanochannel can be switched
between cation (K*) and anion (Cl™), resulting in a transition be-
tween anion selectivity and cation selectivity. Furthermore, the
mentioned effective 3D gating can fulfill a switch between ohmic
and diode-like current—voltage characteristics of the ionic FET.
Finally, the simulation results obtained agree with the measure-
ments of the fabricated devices.

2. Experimental Section

Details of the critical fabrication process steps of ionic FETs based on
single-crystal silicon nanopores are schematically exhibited in Figure 1. At
first, we used photolithography to transfer the patterns of etching windows
on the chip. Then inductively coupled plasma (ICP) was utilized to par-
tially remove Si;N,4 and SiO, mask layers to develop the etching windows
as depicted in Figure 1b. Next, the anisotropic etching was conducted on
both sides of the chip to form the pyramid-shaped pit on the front side
and the back large cavity as shown in Figure Tc. After that removal of the
buried oxide layer (SiO,) was carried out by using buffered hydrofluoric
acid as exhibited in Figure 1d, later silicon nanopores were prepared by
the TSWE method, which is shown in Figure 1e. Finally, a Cr/Au electrode
was deposited on the silicon as a gate electrode as shown in Figure 1f and
the ionic FET based on a single-crystal silicon nanopore was successfully
obtained. To build ohmic contact between the silicon and the Cr/Au elec-
trode, before the deposition of the Cr/Au electrode, the mask layers (both
SisN4 and SiO,) on the electrode were removed by ICP, and the heavy
doping of boron was subsequently carried out on the bared silicon by ion
implantation with an ion implantation density of 2 X 10'> cm=2 and an
energy of 30 keV. In the electrical characterization measurement part, oxy-
gen plasma (50 W 10 min) and piranha etch (H,SO4:H,0, = 3:1 30 min)
were used as the pretreatment to clean the nanochannel and increase its
hydrophilicity. Two source meter units (Keithley 2450) were used in the
measurement, one for recording the ionic current and the other for apply-
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Figure 1. Schematic of the critical fabrication process of the ionic FET
based on silicon nanopores. a) Si3sN4 and SiO, mask layers deposition
on the SOl wafer b) transfer of patterns by photolithography and removal
of mask layers c) formation of pyramid-shaped pit and back etching win-
dow d) removal of buried oxide layer e) fabrication of nanopores by TSWE
method f) Cr/Au electrode deposition on the silicon.

ing the gate voltage. Two Ag/AgCl electrodes were used for the drain and
the source electrodes. Owing to the polarization or trapping/de-trapping
processes, there is a hysteresis in the field effect with the sweep direction
of the voltages, the data for all electrical measurements were collected 30 s
after the start of the measurement.

3. Results and Discussion

Following the above-described process flow, we successfully ob-
tained the ionic FETs based on single-crystal silicon nanopores
for the subsequent electrical characterization measurement. First
of all, Figure 2a shows a cross-sectional-view scanning electron
microscope (SEM) image of a pyramid-shaped pit during the
preparation process, which corresponds to the fabrication pro-
cess stage as exhibited in Figure 1c. This square-based pyramid
pit with sloped sidewalls was developed by the well-established
anisotropic wet etching. Previous reports have demonstrated that
the geometry of nanopores including pore size, membrane thick-
ness, and sidewall angle can influence the rectification effect of
nanopores.[*®] Tt is well known that controllable fabrication of
silicon nanopores of sub-10 nm is challenging on thick silicon
membranes by anisotropic wet etching. Thanks to our proposed
advanced TSWE method,[*’! sub-10 nm nanopores were success-
fully obtained as shown in Figure S1 (Supporting Information)
and Figure 2b where the bottom-view SEM images of nanopores
with a feature size of 6 and 10 nm are reported. The result indi-
cates the tremendous potential of the TSWE method for precise
and diverse nano-machining.

At first, the electrical characteristics of the obtained ionic
FETs without gating were studied. Figure 3 shows the recorded
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Figure 2. a) A cross-sectional-view SEM image of a front side pit. b) A bottom-view SEM image of a nanopore with a feature size of 10 nm.

current—voltage curves of an obtained ionic FET based on the
silicon nanopore with a feature size of 6 nm in different con-
centrations of the KCI solution. The ionic current increased as
the solution concentration increased because higher solution
concentrations have higher conductivity, so the conductance
throughout the nanochannel increased accordingly, ultimately
resulting in the higher ionic current for the same applied bias
voltage. Because the ionic current is negligible at 1 mm KCl
solution due to the low conductivity, the inset figure gives a
separate exhibition of its current-voltage curve. It is worth
noting that in higher-concentration KCl solutions, the electrical
double layer (EDL) effect can be neglected (Debye length < pore
diameter), and the ionic current has a linear relationship with
the conductivity of the solution. As the concentration becomes
sufficiently dilute, the current reaches saturation and remains
virtually constant (Figure S2, Supporting Information). Further-
more, it can be intuitively found that the ionic current recorded
at one applied bias voltage is dramatically different from the
one at the same magnitude but opposite polarity voltage. At
any absolute value of bias voltage, the ionic current is higher at
negative voltages (“on” state) than at positive voltage (“off” state),
which exhibits ion selectivity and rectification effect.

Then, the ICR of the obtained ionic FETs based on silicon
nanopores without gating and factors that affected the ICR of the

40.+1M
40— 100mM

20 4~ 10mM
4= 1mM

Current (nA)
A
o
A

Current (nA)

08 -04 00 04 08
Voltage (V)
v L] v LJ v L] v L] v L] v L] v L]

L]
-08 -06 -04 -02 00 02 04 06 038
Voltage (V)

Figure 3. Typical current-voltage curves of an ionic FET based on silicon
nanopore with a feature size of 6 nm in KCl electrolyte concentration from
0.00Tto 1™ (pH 7.2) and applied bias voltage from —0.8 to 0.8 V.
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device were analyzed and discussed. Figure 4a shows the rectifi-

cation factor (RF, L= V:) of different ionic FETs with a feature size

of 6, 10, 47, and 72 nm, respectively, in a 1 m KCI solution. As
shown in Figure 4a, the stronger ICR was observed in the higher
applied bias voltage. A larger applied bias voltage enhances the
ion enrichment/depletion in the tip of nanopores, thereby in-
creasing the rectification effect. Theoretical studies confirm that
in addition to the cation/anion selectivity decreasing with the in-
creasing ion concentration under a certain voltage, the ion se-
lectivity and ICR are also a function of the applied voltages. !
Concomitantly, RF gradually increased with the decrease of the
pore size. For an applied bias voltage of 0.8 V, the RF of the
four ionic FETs with feature sizes of 72, 47, 10, and 6 nm are
1.7, 1.9, 2.2, and 2.6, respectively. The EDL plays a more criti-
cal role when the nanopore size steadily decreases and becomes

comparable to the Debye length (i, = \/% , n represents

the concentration of the solution), the oppositely charged ions
are dominating in the nanochannel so the preferential conduc-
tion becomes more intensive, as a result, the smaller sizes of
nanopores exhibited a stronger rectification effect. At the same
time, the effect of KCl solution concentration on the ICR was
studied. Figure 4b shows RF in different solution concentrations
of the ionic FET with a feature of 6 nm. Since A is associated
with the concentration of the solution, the lower concentration
solution requires longer A, to counteract the potential caused
by the surface charge. As a result, an accumulation of counter-
ions in the nanochannel leads to stronger ion selectivity and ICR.
With the solution concentration of 10 mwm, RF is 3.8 at an ap-
plied bias voltage of 0.8 V. It is worth noting that the EDL al-
most overlaps the nanochannel under this condition of the solu-
tion of 10 mm (24, & 6 nm). On the one hand, more counter-
ions filling the nanochannel will cause a larger ion selectivity
and stronger rectification effect than in the higher concentra-
tion solution. On the other hand, the ionic current will reach
a surface charge-governed region and cause the saturation of
the ionic current, because the ionic current contributed by the
bulk conductance is negligible after the concentration is <10 mL
(Figure S2, Supporting Information). It can be seen from the
inset figure in Figure 3 that when KCI solution concentration
is 1 mm, the ionic current at positive bias voltage is minimal,
and the experimental results obtained may be inaccurate due to
the noise of the electrical characterization, so the corresponding
rectification results at the lower concentrations are not analyzed
here.

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. a) RF of the ionic FETs based on silicon nanopores with different feature sizes (1 m KCl solution, pH 7.2) b) RF of the ionic FET based on
silicon nanopore with 6 nm feature size in KCl solution (pH 7.2) with different concentrations.

As mentioned before, modulating the surface charge of the
nanopores is thought of as a practical approach to effectively regu-
late the ICR. Here we introduced an ionic FET based on the men-
tioned silicon nanopores and regulated the ICR by the gate volt-
age. Due to the semiconductor nature, the nanopores based on
single-crystal silicon have the advantage of modulating the sur-
face charge, it is unnecessary to deposit an additional conductive
layer. Meanwhile, because the sidewalls of the nanochannel are
readily coated by an oxide layer (SiO,) during the pretreatment
(oxygen plasma and piranha etch),®" the additional insulating
layers such as Al,O;, HfO,, and TiO, are consequently redun-
dant. This concept of the mentioned device is equivalent to the
MOSFET, except that the medium of the nanochannel is replaced
by the electrolyte ions in the ionic FET. The unique structure that

(®) 30
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the ionic nanochannel is surrounded by gate dielectric (SiO,) al-
lows more efficient 3D gating regulation than other partial gat-
ing structures to nanochannel conductivity. Figure 5a shows the
schematic of the electrical characteristic results with the gate volt-
age, the gate voltage is transferred to the silicon through the
gate electrode. Figure 5b—d reports the recorded current-voltage
curves of the ionic FET of 6 nm with different gate voltages in dif-
ferent concentrations of KCI solution (1 M, 100, and 10 mm), re-
spectively. To eliminate the possible current interference caused
by leakage dielectric or breakdown, the gate voltage was con-
stantly kept <1.5 V (Supporting Information, Figure S3). It can
be found that under the effect of negative gate voltage (red line),
the ionic current under the positive bias voltage increases signif-
icantly, which agrees with the published results.**°2] Similarly,

400 4l Vg=-1.5V
-l-Vg=0V
3004~V Vg=+1.5V

2004

T T T T T T T T T
-1.0 -08 -06 -04 -02 00 02 04 06 08 10
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Figure 5. a) lllustration of the ionic FET electric characterization measurement. Typical current-voltage curves of the nanopore-based ionic FET in b)
1M, ¢) 100 mm, and d) 10 mm KCl solution (pH 7.2) at different gate voltages.
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Figure 6. a) Effect of gate voltage on RF of the nanopore-based ionic FET b) Schematic of the majority carrier for the contrary gate voltages (not to scale)
c) Schematic diagram of the current—voltage curves corresponding to different RF d) COMSOL simulation result of variation of RF in different surface

charge density.

under the effect of positive gate voltage (green line), the ionic
current under the negative bias voltage also appears an identical
phenomenon (the ionic current under the negative bias voltage
increases significantly). The reason for this change in ionic cur-
rent is considered a result of the enhancement of concentration
polarization induced by the gate voltage. It is worth noting that
with the gate voltage converted from +1.5 to —1.5'V, a transition
from cation selectivity (higher ionic current at negative voltage)
to anion selectivity (higher ionic current at positive voltage) ap-
pears, and the transition means that the majority carrier in the
nanochannel can be switched between cations and anions.

To study the effect of the gate voltage on the ICR of nanopore-
based ionic FETs in detail (applied bias voltage is 0.8 V), extracted
from Figure 5, the relationship between RF and the gate voltage
is plotted in Figure 6a. When the gate voltage is 1.5 V, RF cor-
responding to the three concentrations of KCI solution (10 mwm,
100 mwm, and 1 M) is 10.5, 8.0, and 2.4, respectively. Obviously, the
ability to modulate ICR at lower concentrations is prominent due
to the thicker EDL. As mentioned above, without the gate voltage,
due to the surface charge present on the nanopore sidewalls, the
nanopores exhibited a slight rectification effect, which is consis-
tent with our previous report.>3! For an intuitive understanding
of the effect of the gate voltage, the effective surface charge den-
sity with gate voltage o7, can be defined as 6}, = 0, + ¢,E,, where

0, € and E, represented the initial surface charge density (with-
out gate voltage) the permittivity of the nanopore-wall, and the
electric field generated by lateral gate voltages at the sidewalls of
the nanopore. Determined by the gate voltage, 67, can be regu-
lated in both polarity and magnitude. It indicated that the limita-
tion of the nanopore size by the rectification effect can be broken
by a sufficiently high gate voltage and ICR could be enhanced and

Adv. Electron. Mater. 2024, 2300782 2300782 (5 of 7)

extended to the larger size nanopores. As shown in Figure 6b,
when a positive gate voltage is applied, the electric field effect
enhances the influence of the surface charge, leading to greater
anion concentration and lower cation concentration. Conversely,
under a negative gate voltage, the anions in the nanochannel
were decreased and the cations increased, resulting in the differ-
ent ion selectivity. It is worth noticing that with the gate voltage
of ~#—0.75 V, the ionic FET lost the rectification effect (RF = 1),
which suggests the nanochannel has no longer ion selectivity, the
concentration of anions and cations in the nanochannel is theo-
retically equal, and the ionic current of the ionic FET followed
the ohmic current—voltage characteristics. However, with the in-
creasing of the negative voltage (gate voltage <—0.75 V), the sur-
face charge converts to negative and results in the cations enrich-
ment therefore RF is <1, which indicates that the ion selectivity
has switched from cation to anion. As a conclusion, depending
on the gate voltage, the ionic current of the prepared ionic FET
can be switched between ohmic (RF = 1) and diode-like regimes
(RF>1 or RF<1). An illustration of the voltage-current curves for
the above three types of RF discussed is schematically shown in
Figure 6c. Finally, to verify the surface charge which is regulated
by the gate voltage can modulate the ICR. Figure 6d shows the
COMSOL simulation result of variation of RF in different surface
charge densities (Supporting Information, Simulation descrip-
tion). It can be found that RF is proportional to the gate voltage,
and the rectification direction simultaneously changes when the
surface charge polarity is reversed, which indicates the ion selec-
tivity changes. Furthermore, when the nanopore sidewalls keep
neutral (no net surface charge) the ionic FET has no longer a recti-
fication effect (RF = 1), which is consistent with the experimental
data reported.
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4. Conclusion

In conclusion, ionic FETs based on single-crystal silicon
nanopores were fabricated and investigated. Due to the conduc-
tivity of the semiconductor, the magnitude and polarity of the sur-
face charge on the nanopore sidewalls can be effectively manip-
ulated by the gate voltage. As a result, the ionic current of the
prepared ionic FET can be switched between ohmic and diode-
like regimes, and the rectification can be also adjusted by a cer-
tain gate voltage. It is worth noting that the transition between
anion selectivity and cation selectivity indicated the switching of
the majority carrier between K* (hole) and CI~ (electron), which
is equivalent to the P/N-type MOSFET. It can be predicted that if
materials with higher permittivity were used as insulating layers,
gate voltage could be further increased so the related ionic FETs
could achieve a stronger ICR, and the ICR could be extended to
nanopores that exceed several hundred times the thickness of
EDL, which complemented the limitation of the pore size for vari-
ous applications. Allin all, the proposed ionic FETs supply a novel
platform to study the ionic properties and have great potential to
be applied in large-scale ionic circuits due to their low-cost fabri-
cation processes and excellent electric performance.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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