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Noise Spectroscopy Analysis of lon Behavior in Liquid
Gate-All-Around Silicon Nanowire Field-Effect Transistor

Biosensors

Yonggiang Zhang, Nazarii Boichuk, Denys Pustovyi, Valeriia Chekubasheva, Hanlin Long,

Mykhailo Petrychuk, and Svetlana Vitusevich*

The transport and noise properties of fabricated, high-performance,
gate-all-around silicon liquid-gated nanowire field-effect transistor devices are
investigated in different concentrations of MgCl, solutions. The critical
concentration of MgCl, solution for charge inversion at the solid-liquid
interface is verified using noise spectroscopy and confirmed using the
capacitance-voltage measurement technique. In this study, it is found that the
Hooge parameter () and the equivalent input noise (S) can effectively
reflect the ion behavior on the surface of the nanowire. Moreover, the noise
curves for ar, and S indicate two turning points at concentrations of 10~*
and 10" ™ for a peak and a valley, respectively. The noise transformation is
related to the behavior of ions near the solid-liquid interface in solutions with
different MgCl, concentrations is revealed. The results show that noise
spectroscopy is a powerful method for monitoring charge dynamic processes

binding charged biomolecules on the sur-
face of the nanochannel. This results in
detectable signals in the form of a thresh-
old voltage shift, which is induced by a
change in the electrical potential of the
nanochannel surface. A novel approach
was recently reported in which a single-
trap phenomenon found in a dielectric
layer enables an improvement in biosen-
sor performance and enhances device
sensitivity.[®’] The device may employ
different bioliquids, such as phosphate-
buffered saline (PBS) solution with a
main contribution of monovalent ions
and MgCl, solutions with divalent ions as
a liquid gate to adjust the surface charge

in the research field of biosensors.

1. Introduction

Field-effect transistors (FETs) have attracted widespread atten-
tion due to their ultrahigh sensitivity, low detection limit, and
low-cost fabrication process.!'! Different kinds of FET biosen-
sors have been used to detect a variety of diseases (e.g., heart,
neurodegenerative, etc.) to protect the health of the human body.
The detecting principle of nanowire FET biosensors is based on
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density of the nanowires.[®®¥! In order to

consider fabricating high-performance,

stable FETS, there needs to be a focus on
the solid-liquid interface, especially on the charge effect and the
dynamic process at the solid-liquid interface.

To date, the detection mechanism of FET biosensors has been
considered to be generally similar to the metal oxide semicon-
ductor field-effect transistor, which consists of a drain, a source,
a nanowire channel, a dielectric layer, and a liquid gate instead
of a metal gate. Close-to-physiological liquids were typically em-
ployed for dissolving target-charged biomolecules in order to ob-
tain liquid gates for molecular detections. To analyze the useful
signal recorded as a change of potential at the solid-liquid inter-
face, the different concentrations of ions need to be studied. Typ-
ically, the positive and negative charges near the solid-liquid in-
terface depend on the pH and the ionic strength of the solution
being tested. Kutovyi et al. reported that charged molecules inter-
act with various ions in the electrolyte condition.l”! This causes
the oppositely charged ions to attract and similarly charged ions
to repel via Coulombic forces. To further investigate the influ-
ence of ion composition at the solid-liquid interface in very small
concentrations of solutions, it is crucially important to develop
recognition transducers for useful electrical signal recording due
to the different ions and molecules in biosensor solutions. There-
fore, the expansion of biosensor detection principles and the ver-
ification of signal registration reliability are issues that are crucial
to obtaining high-performance devices.

Charge inversion has recently attracted widespread attention
due to its important role in various sensing measurements.
Li et al. compared the monovalent ionic and MgCl, divalent ionic
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liquids at the solid-liquid interface in a microfluidic channel and
reported charge inversion in a microfluidic channel with a small
diameter.l°! Moreover, the contribution of counter ions!*®! should
be considered with respect to influencing the compensation of
surface charge at the solid-liquid interface. Although the charge
inversion phenomenon was observed in previous experiments,
numerous discussions concerning its origin can be found in the
literature. Authors of works!!1?] suggest that the ion—ion corre-
lation likely explains the inversion effect. It is also suggested that
the site-binding model, which is useful for calculating theoret-
ical surface charge densities, might explain the mechanism of
ion binding to surface groups of the dielectric layer.'3] Several
capacitors connected in series are considered, including the for-
mation of a double-layer capacitance and the Helmholtz planes at
the solid-liquid interface during ion detection. It includes a dou-
ble layer where negative (positive) ions reach the surface as the
firstlayer, and the positive (negative) ions form a separate second
layer. With increasing distance from the solid-liquid interface, the
potential decreases due to the diffusion process and the change
in ion concentration.

The sensing ability was typically a critical factor in evaluating
the performance of the device. To obtain high-sensitivity FETs for
pH detection, an additional coating layer covering the gate oxide
layer can be applied to reduce the interference of other ions in
high-concentration electrolytes. Wipf et al. employed a thin gold
film to modify nanowires in order to functionalize the surface
for the detection of specific analytes, in which a response to Na*
ions reached ~—44 mV per decade in NaCl solution."¥! Sivaku-
marasamy et al. fabricated a special 25 nm silicon nanostructure
without implementing a selective layer onto the SiO, layer in or-
der to study the ion-surface interaction.[’] They analyzed Na*,
K*, Ca?", and Mg?* ions originating from blood serum using
these transistors and suggested that strain was a possible mech-
anism responsible for the selectivity. Therefore, the effect of ion
interactions with the substrate of semiconductor transistor struc-
tures still needs to be investigated for different biochemical sen-
sor applications.

In previous studies, it was reported that the charge states
formed near the nanowire surface can significantly influence
the transport properties and effectively enhance the sensitivity of
the device. Guo et al. considered the ion-related phenomena in
two-layer silicon nanowire FETs and reported the space-charge-
limited current (SCLC) effectin liquid-gated nanochannels.['] As
it is known, the SCLC is a very useful method for the analysis of
solid surface trapping processes. Numerous studies found that
the SCLC plays a very important role in the redistribution of car-
riers in nanochannels, especially in the nanowire structures of
GaAs, CdS, GaN, InAs, and ZnO.[V-22]

In addition, the systematic study of charge inversion with
multivalent ions was reported by Lemay et al. in 2005.123 They
adopted the atomic force spectroscopy (AFM) technique to di-
rectly test charge inversion via the dielectric constant and density
of surface charge of different liquids, which demonstrated the
changes of critical concentration in several conditions with dif-
ferent complex permittivities. The authors underlined that not
only physical effects, but also biochemical phenomena should be
considered at the solid-liquid interface. In short, research on the
double-layer capacitance close to the nanochannel surface is ur-
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gently required, especially since the FET devices have potential
applications in medical diagnostics.

It is important to note that the capacitance-voltage (C-V) char-
acterization represents a good way of analyzing what occurs with
the diffuse double-layer capacitance in the solid/solution inter-
face region. Furthermore, numerous studies have confirmed that
the potential decreases as the distance from the surface increases
in the double-layer capacitance. Meanwhile, Christensen et al.
highlighted the different shapes of C-V curves in various con-
centrations of KCl solutions, revealing a definite relationship be-
tween the double-layer capacitance and ion behavior near this
interface.?*! Moreover, Hlukhova et al. utilized the electrolyte—
insulator-semiconductor (EIS) structure covered with a func-
tional layer to enhance the selectivity and sensitivity of testing
different concentrations of antigen by employing the C-V char-
acteristic as an effective method.!?”! The C-V measurement thus
has the potential to be used for studying the behavior of various
ions at the solid/liquid interface of a nanochannel.

Despite the progress in the presentations of models proposed
to explain the effect of inversion at the solid-liquid interface, the
development of methods for the direct monitoring of processes
at the interface is an important aspect. It was recently shown that
noise spectroscopy is a highly sensitive method for studying dy-
namic processes in nanodevices and hybrid materials. It should
be noted that fluctuation processes and the dimensionless Hooge
parameter!2-28] allow a quantitative comparison of the intensity
of dynamic processes that can take place in different materials
and devices. At the same time, the studies of the Hooge param-
eters in cases involving the participation of divalent ions in the
dynamic processes occurring on the solid-liquid interface with
the possible involvement of the inversion effect at the interface
have not been reported in the literature.

In this work, we fabricated and studied properties of gate-all-
around (GAA) nanowire FETs with a 20 nm SiO, dielectric layer
to analyze Mg?* ion behavior at a solid-liquid interface in a con-
centration range from 107° M to 1 M. It should be emphasized
that the MgCl, solutions play an important role in the human
body. They participate in many enzymatic reactions, DNA fold-
ing, and its concentration reflects the health state of the gas-
trointestinal tract. We demonstrated a small threshold voltage
(V) value range between —0.2 and —0.3 V of the transistors
with several [-V curves in different concentrations of MgCl,.
Moreover, noise spectroscopy was applied to analyze ion behav-
ior at the solid/liquid interface. The important Hooge parameter
(ay) and the equivalent input noise (S;) were analyzed to study
the contribution of surface properties. Initially, both a}; and the
spectral density of S, decrease with an increasing concentration
of MgCl,, reaching their minimum values at 10™* M and con-
sequently obtaining their maximum values at ~#107! M. It was
demonstrated that the fluctuation of noise originates from ion
behavior on the nanowire surface and is consistent with the re-
sults obtained using the C-V measurement technique.

2. Results and Discussion

The schematic design of the LG GAA FET with Si sub-
strate/buried SiO,/Si nanowire channel/gate SiO, is shown in
Figure 1A. Atomically flat 2 pm long nanowire channels were
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Si substrate

Figure 1. A) Schematic illustration of the gate-all-around Si nanowire FET. B) SEM image of a nanowire cross-section, obtained using the focused ion
beam (FIB) cut technique (with the Pt protection layer deposited on the nanowire).

fabricated from low doping concentration (210" cm™) silicon
layer of silicon on insulator wafer (SOI). The SEM image of
nanowire cross-section was obtained after a nanowire cut us-
ing focused ion beam (FIB) cut technology Figure 1B. One can
see that the nanowire has trapezoidal cross-section with a top-
and bottom-base widths of 100 and 200 nm, respectively. The
silicon nanowire is protected by 20 nm thin SiO, layer from
direct contacting with a liquid. We focus on the transport and
noise properties of fabricated devices in different MgCl, solu-
tions under different liquid gate voltage (V) and drain-source
voltage (Vps) values. Here, the GAA structures were fabricated
by wet etching instead of reactive ion etching (RIE) to form a
planar nanowire structure. The electrical properties of four de-
vices demonstrate the same behavior. As expected, the transistor
with the GAA shows a better pH response value of #61 mV pH~!
than our previous report of ~54 mV pH!,l”l and the correspond-
ing shift of transfer current-voltage (I-V) curves is shown in
Figure S1A,B (Supporting Information). The increased sensi-
tivity indicates that the surface-volume ratio of the GAA tran-
sistor was larger than that of the planar structure device. This
means that more proton charges reach the surface and change
the potential.l?’]

The I-V curves for the GAA structure sensor with different
concentrations of MgCl, solutions in a range from 10™° to 1 m
were measured using in house-developed system. It should be
noted, that the leakage current was negligibly small at the level of
nA currents. Series of transistors with a length of 2 um and with
different widths (100, 150, 200, and 300 nm) were studied. The

results of studying several transistors with differently sized chan-
nels demonstrate the same trend. Transfer characteristics Ipg—
V¢ of liquid-gated NW FET measured in MgCl, solutions at Vp
= —100 mV for the nanowire channel with a width of 100 nm and
a length of 2 um are shown in Figure 2A. It should be noted that
the behavior of transfer characteristics is typical for high-quality
NW FET structures and is in a good agreement with common de-
scription of Iy¢ as a function of V| using the following relations:

0, Vig < Vs
w 1
Ins =4 CoH T (Vig = Vru) Vps — gvég » Vic > Viu, Vbs < Vig = Viws
w 1
Coxtt T (Vic = Viu) Vps = ;V[Z)S » Vic > Vo, Vbs > Vig = Vi

1)

where Vyy, is the threshold voltage, u is the hole mobility, C,, is
the capacitance of gate oxide layer, 4 is the nanochannel length
modulation parameter, Vi, is the saturation Vg, and Wand L
are the width and length of the nanowire, respectively.

It can be seen that the I,q decreases with an increase in the
concentration of MgCl, . In fact, the solid-liquid interface changes
when positive Mg?* arrives on the nanowire surface. As the con-
centration of MgCl, solutions increases, the density of ions in
the solution also increases. This results in change of interac-
tion processes of solution ions with the gate oxide surface, lead-
ing to the changes in the surface charge density and the elec-
trical potential at the Si/SiO, interface. In turn, this affects the
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Figure 2. A) Typical transfer characteristics of Ips—V| for a GAA nanowire FET with a length of 2 um and a width of 100 nm, measured in different
concentrations of MgCl, solutions at Vg = —100 mV. B) The transfer Ips—V, ¢ curves from (A), shown in semilogarithmic scale. C) The Vqy extracted

from (A) as a function of concentration in MgCl, solutions.
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channel conductance and the flow of drain current. Figure 2B
shows transfer characteristics in semi logarithmic scale typical
for field effect transistors, demonstrating effective control of cur-
rent in the nano-channel through the application of a liquid gate
voltage. The subthreshold slope is estimated to be ~#72 mV dec™
for all I-V curves of the transistor. Mobility of holes in GAA NW
FET was estimated to be 1, = 150 cm? V™' s™! using equation for
long-channel FETs at low drain-source voltage.**! This value re-
flects the high-quality of liquid-gated nanowire devices. It should
be noted, that the contact resistance, estimated by using trans-
mission line model,*!) has a negligibly small value (~4 kQ, after
the rapid thermal annealing), corresponding to ~1.2% of the total
resistance of a GAA FET.

Figure 2C shows the threshold voltage (V) values, reflecting
surface potential change of the sensor as a function of molar ion
concentration measured in the range of 107° M~10° M, which is
in the same range as the prior publication.['] The dependence
reflects small variations from the linearly approximated part in
the range of 10-° M—10~! M, demonstrating V4 sensor sensitivity
~41mV decade™ with a tendency for saturation when the MgCl,
concentration reaches ~0.1 M.

In general, the concentration of ions in the MgCl, solution
determines the number of ions that can be absorbed on the
gate oxide surface. Higher concentrations of ions will lead to
a stronger modulation of the surface charge and thus a more
significant shift in the V. The dependence Vi as a function
of MgCl, concentration can be described using the following
equation:

Wsi Qox + Q.s‘s

q C

ox

Vin = Vos — ¥ (CMgC12) +x9- ()

where y(cygcip) is the surface potential modulated by charge
state change in MgCl, solutions of different concentrations, ;'
is the surface dipole potential of the solution, W is the width of
nanowire, q is the elementary charge, Q,, is the fixed charges in
the oxide, Q,, is the fixed charges at the oxide-Si interface, and
C,, is the capacitance of gate oxide layer.

As the size of the nanowire scales down, conventional elec-
trical characterization is subject to non-negligible signal fluctu-
ations originating not only from inside the transistor (built-in
potential, mobility degradation, hot-carrier effect, etc.), but also
outside, that is from the media surrounding the transistor. At
the same time, on the nanoscale, measurements of electrical
noise and fluctuations become powerful and a useful way of ac-
curately extracting valuable signals from the nanodevice being
tested.l”#3233] The most common component of the main noise
spectrum of any device structure is known to be 1/fflicker noise.
In the case of structures containing semiconductor and dielec-
tric materials, the flicker noise is usually caused by the interac-
tion between charge carriers and traps at the Si/SiO, interface.
It should be noted that carrier exchanges between the nanowire
channel and the dielectric layer result in surface potential fluc-
tuations, which influence the I current flowing through the
nanowire channel. Meanwhile, other noise signals also appear in
GAA FET;, especially when the sensor is measured with an ap-
plied liquid-gate voltage, V;, in different chemical solutions. In
the liquid environment, the noise signals result from the charge
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Figure 3. Hooge parameter at 10 Hz extracted from the noise spectrum
measured for a GAA NW FET with a length of 2 um and a width of 100 nm
at VLG =-0.4V, VDS = —20 mV, frequency of 10 Hz in different concentra-
tions of MgCl, solution. The solid red curve is used as a visual guideline.

carrier exchange at the solid-liquid interface.3* Therefore, the ay;
and S, were used to analyze the noise properties of the FET.

The dimensionless Hooge parameter ay, is an important indi-
cator for assessing the performance of the transistor. Its value
may usually change between 1072 and 107°. All data points
shown in Figure 3 are below 1073, which demonstrates a high-
quality device and is in good agreement with previously reported
values.!1%3135] Here, we used a; parameters obtained for differ-
ent MgCl, concentrations at constant voltages: Vg = —20 mV
and Vo = —0.4 V to further study the noise properties of GAA
FETs as a function of the concentration. It can be seen that ay,
decreases as the concentration increases, reaching its minimum
value at a concentration of 10~* M MgCl,. After this level of con-
centration, ay; starts to increase whereas the maximum value of
9.7 x 10~* was obtained at a solution concentration of 107! m fol-
lowed by a decrease of ay;. In contrast to monovalent ions (e.g.,
K* and Na*), the divalent ions of Mg?" may exhibit a charge in-
version phenomenon at the solid-liquid interfacel?®] in the mi-
crofluid filled with a solution. We registered this effect for GAA
FET devices filled with the MgCl, solutions of medium concen-
trations, revealed as a transformation region (Figure 3) between
low and high-concentration solutions.

Two distinct parts were identified in solutions of MgCl, with
varying concentrations: the conductivity changes slightly at low
concentrations. It increases proportionally at higher concentra-
tions. The critical concentration found in the 10~* m MgCl, so-
lution can be explained by considering the ion composition in
the liquid near the solid-liquid interface. The surface charge pro-
cesses clearly have a major influence on the noise fluctuation of
GAA FETs when the concentration of MgCl, is smaller than the
critical concentration, which is the case with almost no charge in-
version phenomenon occurring on the surface of the solid. After
the critical concentration, which also corresponds with the case
of the concentration-dependent conductivity, the conductivity of
divalent Mg?* increases. This can explain the valley at a solution
concentration of 10~ M in Figure 3. We observed an interesting
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function of MgCl, concentration.

phenomenon, which was that the a}; reaches its peak value in
107" M MgCl, due to the decrease in MgCl, conductivity at a high
concentration range.

We performed the corresponding capacitance measurements
of MgCl,, which are in good agreement with this trend. To further
understand what occurs in the double-layer capacitance, the flat
structure sample Al/Si/20 nm SiO, was investigated using capac-
itance measurements (C-V) in different concentrations of MgCl,
solutions with a frequency of 1000 Hz, as shown in Figure 4A.
The shift was observed in all C-V curves as a function of MgCl,
concentration. Moreover, the minimum value of the capacitance
(revealed as a valley in a C-V curve) was analyzed to be found at
a voltage range of 0-1V, as presented in Figure 4B. The depen-
dence demonstrates the same trend as the dimensionless Hooge
parameter Figure 3. The results effectively confirm the charge in-
version phenomenon at the solid-liquid interface and support the
mechanism of correlations in solutions with charged ions. Sub-
sequently, Figure 4C shows the flat-band voltage (V) variating
between 0 and —200 mV, extracted from the corresponding C-V
curves using the Mott-Schottky plot, that is by finding the inter-
section of the linear part of (1/C?) dependence with the voltage
axis. The figure clearly exhibited two characteristic points at con-
centrations of 10~ and 107 M. It should be emphasized that at
a concentration of 10~* M, the flat-band voltage is almost at zero
voltage. This also reflects the strong correlation between positive
and negative contributors near the interface, resulting in the low
value of the dimensionless Hooge parameter. It should be un-
derlined that registered behavior in threshold voltage (Figure 4C)
demonstrates good correlation with data obtained for dimension-
less Hooge parameter (Figure 3).

To further investigate the charge inversion phenomenon that
occurs at the nanowire channel-fluid interface, we considered the
behavior of Mg and Cl ions in the electrolyte. In general, when
a charged molecule is exposed to a liquid environment with dif-
ferent ions, then the Coulombic force has an effect on the in-
teraction between the charged ion and oppositely charged ions
(counterions) from the electrolyte.l’! Initially, adsorbed ions are
repelled when a divalent ion reaches the neutral surface, result-
ing in a correlation hole effect.'!l Therefore, the behavior of the
ions at the surface causes a negative chemical potential due to
attracting additional counterions to the surface. This proves that
charge inversion behavior takes place at a critical concentration
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of 10™* M. Different stages of the change in charge states are
schematically shown in Figure 5A-D.

For low concentration of MgCl, solution the potential de-
creases monotonously (Figure 5B) similar as in the case of mono-
valent ionic solutions. However, with increase of concentration
the contribution of counter ions(!% results in neutralization of
surface charge (Figure 5C) followed by inversion of surface po-
tential (Figure 5D) with reversible charge change on the surface
of NW channel. Such charge inversion was reported for MgCl,
solutions studied in microfluidic channels®! of small diameter.
The potential redistribution is not monotonous with increase of
distance from solid-liquid interface of GAA FET followed by de-
creasing tail due to the diffusion of ions.

To analyze the dielectric layer-liquid interface, the equivalent
input noise S, was calculated. The presence of ions causes a sig-
nificant increase in input-referred noise. There are some subtle
differences compared to the McWhorter model(*?! caused by the
ion dynamic process from the solution side to reach the tran-
sistor surface. It should be noted that the influence of V5 on
input-referred noise was negligible during this process. Typically,
measurable fluctuations of current in the biosensor channel are
caused by the small flow of ions. In our prior experiments, the
amplitude and behavior of the input-referred noise increased in
the bioliquid of troponin molecules, further validating ion kinetic
change.l”l Meanwhile, we found that the level of noise slightly
relates to the concentration of ions in a liquid environment.*¢!
Figure 6 shows that the S; decreases with an increase of V| in
10~ M MgCl, at a measurement condition of Vg = —20 mV.
The decreasing trend of S, reflects the fact that the additional
V| can effectively control the behavior of ions in the vicinity of
the nanochannel surface. It means that charged ions attaching to
the surface of the nanowire not only influence surface potential
but also change the kinetics of ions at the solid-liquid interface.
Therefore, it can be concluded that the sensitivity of noise char-
acteristics can be used to analyze the dynamic process of ions in
the measured solution, promoting the amplification of the useful
signal in the nanochannel with respect to the pure current char-
acterization method. Detailed information on equations can be
found in the statistical analysis section below.

The charge inversion phenomenon in the critical concentra-
tion at the solid-liquid interface discussed above can also be con-
firmed in the noise spectra presented in Figure 7. The similar
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Figure 5. A) Schematic presentation of potential distribution at solid-liquid interface for Si/SiO,/liquid structures, presented in both Si NW FETs and
liquid-gated capacitance-voltage flat structures according to the formation of the electric double layer and the diffusion layer in the liquid being studied.
In the case of divalent MgCl, solutions, three different cases should be considered: B) no inversion, C) neutralization, and D) inversion of the charge

state at the solid-liquid interface.

tendency is obtained for frequency dependencies of S;; measured
in the same condition V;; = —0.4 V and the range of MgCl, con-
centration for two values of Vg: A) —20 mV and B) —50 mV. It
can be easily seen that in both Figure 7A,B, the noise level of S,
is about the same magnitude between 10 and 1077 V2 Hz™! at
frequencies <10 Hz. Furthermore, with an increase in the con-
centration of MgCl,, the intensity of S, first decreases in a range
from 107° to 10~* M and then increases from 10~ to 107! m, fol-
lowed by another subsequent decrease. As expected, the mini-
mum and maximum values of S;; occur in MgCl, concentrations
of 10~* and 107! m, respectively. This can be reasonably explained
by the charge inversion in the critical concentration at the inter-
face mentioned before. We also compared the fluctuation of S, at
different values of V5 and found that at small voltages, the noise

10® T T T
107

—~ 10-8

N

L 10°

~~

N g0

- 107

-] 10712
10-13

1071

10-15 I 1 1

10° 10’ 102 10°
Frequency f ( Hz)

Figure 6. The spectra of the equivalent input noise Sy in the 1073 m con-

centration of MgCl, solutions with different V5 at a measurement condi-
tion of Vpg = =20 mV.
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spectra are more prone to external signal interference, especially
in the frequency range of 100-1000 Hz. The valuable signal at
small V¢ can be extracted by subtracting the thermal noise val-
ues, which dominate at high frequencies (Equation (3) in Section
“Statistical Analysis” below: S,(f> 1kHz) ~ 4KTR,,).

To study the behavior of the ions at the solid-liquid interface,
the level of noise at 10 Hz points was extracted from the spectra
of S. Figure 8A presents the curves of S at 10 Hz with differ-
ent V| voltages, labeled as —0.3, —0.4, and —0.5 V, respectively.
All curves have two turning points at concentrations of 10~ and
107! M, revealing the conductivity change of the divalent Mg?*
ion at critical concentration, as discussed above. However, the S,
changes significantly with the increase of the V| voltage. This
can be reasonably explained by the ion mobility decreasing due
to Coulombic forces pushing ions to the solid-liquid interface by
an applied gate voltage on the surface of the nanowire. An inter-
esting phenomenon is shown in Figure 8B (dependence of S,
values on V,, in all concentrations of MgCl, solutions). It con-
vincingly demonstrates that S;; decreases with increasing Vi,
which reflects the fact that the interaction processes can be con-
trolled by surface Coulombic forces.

The equivalent input noise S, recalculated from the originally
measured noise spectra is dependent on the overdrive voltage
V=V in different MgCl, solutions (Figure 9).

One can see that S;; intensities demonstrate a strong depen-
dence and follow the decreasing trend with increasing overdrive
voltage. It cannot be explained by fluctuations due to traps in
SiO, layer, because in case the channel noise is determined
by charge fluctuations at the Si-SiO, interface, the value of Sy
does not change.’”] Changes in the capacitance of the structure
(Figure 4B) also cannot be the reason for the change in S by
considering the fact that the value of S;; changes by a factor of
six, however the capacitance of the structure varies within +15%.
Therefore such Sy (V,c—Vqy) dependence is related to charge
fluctuations at the Si/electrolyte interface, that is ion concentra-
tion fluctuations near the surface of the sub-gate dielectric. As
the electric field in the interface layer of the electrolyte increases,
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Figure 7. The input-referred noise, S, spectra obtained from noise spectra of NW FETs with a nanowire channel of 2 um in length and 100 nm in width,
measured in different MgCl, solutions: 1076, 107>, 1074, 1073, 1072, 107", and 1 M at V| = —0.4 V for different drain source voltages: A) Vps = —20 mV.

B) Vps = —50 mV.

the mobility of the ions decreases due to increased interactions in
parallel channels, represented by ions and charged channel car-
riers and, accordingly, the noise caused by the mobile ions also
decreases. This behavior is in good agreement with S;; results of
the decreasing trend as a function of overdrive voltage when tro-
ponin antigen molecules binding on the surface were published
in our previous publication.”! This result indicates that the fluc-
tuations and behavior of S in the liquid of charged ions further
validates changes in ion kinetics. This noise origin is also con-
firmed by the strong dependence of the S;; value on the MgCl,
concentration (Figure 8). The noise characteristic is a promis-
ing method for investigating ion dynamics and ion—ion corre-
lation on the surface of the dielectric membrane in a bioliquid
environment.

3. Conclusion

In summary, the liquid gate-all-around nanowire FET sensors
were fabricated to study ion behavior at the interface between
a dielectric layer covering a nanowire channel and MgCl, solu-
tions using electrical and noise characterization methods. A se-
ries of noise characteristics demonstrate charge inversion with

(A)

-9

8x10 =V R
—e—V, 5 =-04V

6x10 - —A—V,g=-05V| = 1

4x10° .

2x107°

Sy(V2/Hz)at10 Hz

O 1 1 1 1 1 1 1
107 10° 10% 10* 10° 102 10" 10° 10
MgCl, Concentration (M)

divalent Mg?* ions in a critical concentration of 10~* M. Both the
Hooge parameter ay; and the equivalent input noise S, revealed
a conductivity increase in the solution concentration range from
10~* M—10"! M. The results are in good agreement with char-
acteristics obtained using the C-V technique. The implemen-
tation of noise spectroscopy opens up perspectives for analyz-
ing the divalent and multivalent ion dynamic processes and ion—
ion correlation effects at the solid-liquid interface for biosensing
applications.

4. Experimental Section

The fabrication process for GAA nanowire FET sensors was de-
veloped by modifying the technology for complementary metal-oxide-
semiconductor (CMOS) devices. The steps involved in the fabrication of
nanostructure devices were shown in Figure S2.(Supporting Information)
More detailed information is presented below.

We started the clean room (ISO1 standard, stable room temperature
[21°C] and humidity [50%-60%)]) processing with a 100-orientation SOI
substrate (buried oxide layer: ~#150 nm SiO,, top silicon layer: 110 nm
Si), the full RCA cleaning had to be performed with a piranha solution
(H,0,:H,S0, = 2:1) for 10 min, SC-1(NH,OH:H,0,:H,0 = 1:4:20) at
60°C for 10 min, and SC-2(HCl:H,0:H,0, = 1:20:1) at 60°C for 10 min.

B
ax109 B . _
[=—MgCl, 10° M
N (—e— MgCl, 10° M
T . < (~A— MgCl, 10 M
2 6x107 1 3 I-v— MgCl, 103 M| ]
© {—e— MgCl, 102 M
~ T |<—MgCl, 10" M
E 4x107°} . P MgClL, 1M |
o 3.
Z 2 >
9 V.
o 2x107F : T 1
————}
-0.3 -0.4 -0.5

Liquid-Gate Voltage, V\5 (V)

Figure 8. A) The input-referred noise Sy at 10 Hz of NW FETs with a nanowire channel of 2 um in length and 100 nm in width obtained for different

MgCl, solutions in Vpg = —20 mV and B) its dependence on V.
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Figure 9. A plot of the input-referred noise Sy at 10 Hz, obtained at dif-
ferent V¢ for different MgCl, concentrations versus the overdrive voltage
(Vic_Vrn), at Vps = —20 mV.

We then typically had to perform dry thermal oxidation of a 20 nm SiO,
layer at 900°C on the clean SOl surface to form a hard mask. The nanowires
and alignment markers were then defined through the SiO, surface by
spin-coating resists (PMMA and UV-6), soft baking (180°C for 5 min and
130°C for 1 min), electron-beam lithography, and dry etching. To obtain
a near-atomic flat nanowire structure on the Si layer, the tetramethylam-
monium hydroxide (TMAH) solution was applied for wet etching of the Si
layer at 80°C. The boron ion implantation was utilized for P-type FET sen-
sors, resulting in ohmic contacts: source and drain regions (each region
size ~50 X 100 um?). The implemented parameters for energy, dose, and
the tilt angle, were 6 keV, 10" cm™2, and 7°, respectively. Moreover, further
treatment with rapid thermal annealing (RTA) was performed at 1000°C for
5 s to ensure high-quality ohmic contacts. The 5 nm SiO, dielectric layer
was obtained using thermal oxidation to cover all nanowire structures. We
chose buffered oxide etch (BOE) to open access to the back gate and to
create a GAA nanostructure for the convenient measuring of the I-V char-
acteristics. For the metallization process, 5 nm of Ti and 200 nm of Al
were deposited on ohmic contact pads by thermal evaporation, followed
by lift-off, and RTP at 450°C for 10 min. Additionally, to protect the de-
vice contacts during the measurement, we used a polyimide waterproof
layer as the passivation layer via spin coating at 4000 rpm for 60 s (first
baking at 110°C for 1 min, then 140°C for 6 min). We subsequently used
photolithography to open the windows for nanowires to ensure the access
of bioliquids during the -V measurements. The samples were then diced
to a suitable size and the devices were connected with the chip carrier by
Al wire bonds. Finally, we used polydimethylsiloxane (PDMS) to capture
sample surfaces with two differently sized rings.

Characterizations: A metal Faraday cage box was used to protect the
samples from external electromagnetic radiation during measurements.
The Keithley 2400 test system was used to measure the electrical proper-
ties of the transistor using I-V characteristics, with Ag/AgCl as the refer-
ence electrode immersed in a bioliquid. For the noise measurements, in-
house-developed measurement system with ultralow internal noise was
used. As voltage biases were applied to gate-source and drain-source con-
tact during the noise characterization, rechargeable batteries, and poten-
tiometers were used. To ensure voltage stability during measurements, the
voltage supply setup needs to be equipped with additional capacitance.
The signals of the biosensor were first pre-amplified via an ultra-low in-
house-developed noise preamplifier. To further amplify the signal of the
sample, the ITHACO 1201 amplifier was used. The signal data were trans-
ferred to the computer via the Agilent U2542A simultaneous data acquisi-
tion module and a high-speed USB 2.0 interface. The time domain signal
was also changed to the frequency domain by a fast Fourier transform.
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The voltage noise power spectral density (Sy) was recorded in the range
of 1 Hz-100 kHz.

Statistical Analysis: A series of FETs were investigated for electrical and
noise properties. For electrical properties, the transfer and output curves
were studied using the |-V system. Several nanowire biosensors measur-
ing 100 nm in width and 2 um in length were used to analyze noise spectra.
The original noise data were voltage spectral density, S, (f), measured as
a function of frequency

N s
Sy (f) _Aljlfr—rjo Af

@)

where the mean square voltage fluctuation is (v-9)2 in Af of the frequency
band.

The thermal noise due to the charge carrier thermal excitation with ther-
modynamic fluctuations was taken into account. The voltage variance per
hertz of bandwidth of thermal noise is given by:

SThermaI (f) = 4KTReq (4)

where K is the Boltzmann constant, T is the non-zero temperature, and
Req is the equivalent resistance.

The spectrum of thermal noise was subtracted from the measured
noise spectral, and the formula for the analyzed part of noise is as follows:

Sv,real NH=s, (- 4KTReq ()

For further analysis, the spectral density of current fluctuation was cor-
rected by the formula:

-1

SV rea
s, (f) = 2| ) 1

"

where f; is the corner frequency which results from the presence of para-
sitic capacitance shunting the input of the preamplifier.

Typically, the dimensionless Hooge parameter was used to analyze the
noise level for evaluating the performance of the sample using the formula:

(6)

2
Vos Hp

ay (f) = )

where L is the length of the nanochannel, R is the resistance of the device,
q is the elementary charge, and y;, is the mobility of the major carrier (i.e.,
hole).

For further discussion, the input-referred noise S, was calculated to
describe the ion correlation at the solid/liquid interface at different V| as
follows:

S ()

Su ()= )

@)

where g, is the transconductance of a sample extracted from the mea-
sured transfer characteristics (I-V).
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