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Noise Spectroscopy of Liquid—Solid Interface Processes in
Adjusted Physiological Solutions Using GAA Si Nanowire

FET Biosensors

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

Mykhailo Petrychuk, and Svetlana Vitusevich*

Liquid gate-all-around (LGAA) field-effect transistor (FET) biosensors
represent advanced material device structures responding electrically to
surface potential change and allowing ultra-high sensitivity to biochemical
liquids and human bodily fluids. However, the origin and physical working
mechanisms for such a type of signals in different complex biochemical
solutions remain still many opened questions. Here, noise spectroscopy and
impedance methods are applied to study liquid—solid interface properties in
LGAA FETs working in adjusted physiological solutions of different pH values.
High-quality liquid LGAA Si nanowire (NW) FET biosensors demonstrate the
high electronic performance of I-V characteristics in good agreement with
modeling data. Impedance spectroscopy measurements allow for analyzing
the double-layer capacitances and ion behavior under different pH conditions.
Moreover, the noise spectra of the current fluctuations in the biosensors for
several solutions are analyzed at different applied liquid-gate and drain-source
voltages. The results demonstrate accurate detection of the dynamic ion
processes on the nanowire surface. Charge inversion effect is revealed in
single-valent ion solutions. Tiny signal characterization results obtained using
the LGAA NW FET biosensors provide broader insights into the optimization

1. Introduction

With increasing demand for biomed-
ical technology, biosensors with fast
and sensitive signal responses are ur-
gently required for various biological
and medical applications. Liquid gate-
all-around (LGAA) Si nanowire (NW)
field-effect transistor (FET) biosensors
have attracted considerable research at-
tention due to their low cost, fast re-
sponse, and high-speed sampling in addi-
tion to their low power consumption and
label-free detection.!! With the shrink-
ing of the NW dimension and the en-
largement of the surface-to-volume ra-
tio, changes of charge carriers become
significant and can be utilized as a
detected electronic signal,?l which is
important for the precise detection of
biomolecules. With surface functional-
ization using different biomolecular pro-

of sensor parameters for biomedical molecular detection.
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tocols, the detection of complex diseases
can be achieved by analyzing small elec-
tronic signals.>] However, it is difficult
to assess the origin of dynamic processes
at the liquid—solid interface for a device
structure in contact with liquids of differ-
ent properties to shed light on the real
dynamics at the liquid—solid interface. Many efforts have been
made to enhance the sensitivity of Si NW FETs, such as
biomolecule immobilization,[®! surface modification,’! and op-
timization of the NW FET structure.l’) Low-frequency noise was
previously considered to be a hindrance caused by the carrier-
trapping behavior in the dielectric layer covering the NW FET.[8?]
However, when the size of the NW decreases to the nano level,
low-frequency noise can be used as a signal, since the electronic
signal is determined by the single-trap phenomena (STP),!1%11]
which are very sensitive to molecular concentrations at the
liquid—solid interface.

Moreover, low-frequency noise can be applied as a powerful
method for precise biomolecule signal detection and analysis.
Noise spectroscopy data can be extracted from the measured
power spectral density of the current fluctuations in the NW FET
devices. In the case of the metal gate, the flicker noise can be
analyzed for the trap density due to the contribution of numer-
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ous traps near the NW interface. The appearance of flicker noise
in the case of liquid-gated structures represents charge carrier
trapping and emission processes influenced by the biological lig-
uid in contact with the NW channel of the FET.['?] For the LGAA
Si NW FET devices, the flicker noise behavior can thus reflect
ion diffusion and transport processes, which can be regarded
as useful information for the analysis of carrier behavior. Guo
etal. revealed a space-charged-limited current effect and analyzed
liquid—solid interface processes using 1/f noise transformation
to 1/f1% in an LG Si NW FET biosensor. The noise spectra char-
acteristics in the low-frequency region reflect the ion process at
the Si NW FET surface, which was demonstrated by the MgCl,
ion response.[’®] In addition, dimensionless Hooge parameters
can be extracted from the noise spectrum, which are used for the
quantitative analysis of noise performance in NW devices. Hooge
parameters representing FET device performance and detection
limits!'*! provide useful information for biosensor characteriza-
tion.

Noise spectroscopy can be used to analyze liquid-gated biosen-
sors due to its enhanced molecular sensitivity.['2] As the NW
scale decreases, the trap quantity is severely reduced to a
single-trap level. For a liquid-gated NW FET, the benefit of
a nanoscale NW and a high surface-to-volume ratio enables
rapid single-carrier trapping-emission activity and the easy de-
tection of tiny variations. The noise spectroscopy method en-
ables selective biomolecule and chemical signal detection.[!>%7]
It also allows enhanced sensitivity to various biochemical envi-
ronments for Si NW FET devices.['2¥191 opening prospects for
predictable biomedical diagnostics of different diseases, includ-
ing Alzheimer’s one. Noise spectroscopy can be regarded as a
powerful tool for carrier behavior analysis and transport process
studies, as this method allows for extracting small signals demon-
strating the dynamics of ions and molecules at the liquid-solid
interface. This method provides advantages for understanding
the nanoelectric transformation of small molecular signals in so-
lutions of different pH. For example, when pH of body fluid de-
creases from 6.9 to 6.5, living cells are destroyed and a tumor
is formed.[?%] In this respect, noise spectroscopy characterization
of LGAA NW FETs in different liquid environments may pro-
vide in-depth insights into useful signal extraction in complex
biomedical biosensor applications by selecting the optimal pH
values of solutions or monitoring change of pH correlationg with
impairing of human health.?!] It should be noted that noise spec-
troscopy and Hooge parameter analysis for physiological-like so-
lutions of different pH values to find optimal regimes and sensor
parameters for small biomedical signal detection are missing in
the literature.

In this work, we applied noise spectroscopy to study LGAA NW
FETs at different voltages in adjusted physiological solutions pre-
pared based on phosphate-buffered saline (PBS) solutions of sev-
eral pH values selected in the range close to that of the human
body (pH 7.4). Low-frequency noise spectroscopy and impedance
method measurements were used to study ion behavior in PBS
with different pH strengths. We analyzed the noise signal be-
havior in liquid solutions by studying the spectral density of the
current fluctuations and variation of double-layer capacitance at
the liquid—solid interface. Our results demonstrate the good pH
sensitivity of the LGAA Si NW FET device and the accurate de-
tection of the dynamic processes, including the inversion effect
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of ions near the liquid-solid interface, promising for optimiza-
tion of sensor parameters for small biological signal detection
and analysis.

2. Results and Discussion

The LGAA Si NW FET structures were fabricated using a top-
down approach over a low doping (10* cm~3 doping concentra-
tion) silicon-on-insulator (SOI) wafer. A schematic presentation
of the device structure in contact with a gate-all-around liquid
and its influence on the NW channel is demonstrated in Figure
1A. We developed optimized technology to obtain high-quality
liquid gate-all-around (LGAA) silicon nanowire (NW) field-effect
transistors (FETs) with a nanowire length of 2 ym and a width
of 150 nm. The doping concentration of the SOI wafer is 1
x 10 cm~.The scanning electron microscope (SEM) image
of the Si NW top view is shown in Figure 1B. The nanowires
were formed by wet etching in a tetramethylammonium hy-
droxide (TMAH) solution, enabling an almost atomic-flat rough-
ness of the NW surface. After the wet etching process, a 2-um-
long nanowire was formed. A cross-section of the GAA struc-
ture prepared for contact with a liquid gate environment dur-
ing the measurement is shown in the SEM image in Figure 1C.
From the cross-sectional view of the NW structure, a trapezoid
nanowire with a top width of 100 nm and a bottom width of
200 nm can be characterized, and the nanowire cross-sectional
image was obtained after using the focused ion beam cutting
method. Good FET device performance can be demonstrated by
measurements of transport and noise properties of the struc-
tures in different liquid solutions. Electrical measurements were
performed in a 10 mm PBS of different pH values, while Si
nanowires were covered by a 20-nm-thin SiO, protection layer
to avoid direct contact with a liquid. PBS solutions were pre-
pared using the Merck p4417 PBS tablet.”?] The gate voltage
(Vic) was controlled using an Ag/AgCl electrode in the liquid
gate. Noise spectra were obtained for LGAA NW FETs in different
solutions by applying the drain-source, V¢ and gate-source, Vi,
voltages.

First of all the I-V characteristics were studied in 10 mm PBS
solutions of different pH values, ranging from 6.0 to 8.0 with an
incremental increase of 0.2. Typical transfer characteristics (Ips-
V,c) of LGAA NW FETs in different pH environments are shown
in Figure 2A. Transfer curves reflect classic behavior for p*-p-
p+ FET device performance with a threshold voltage of ~—0.4
V, which demonstrated the high quality of the NW FET struc-
tures obtained by the successful fabrication process. The pH-
sensing property was also clearly demonstrated by the obvious
shift (Figure 2B) in the transfer curve. To confirm good repro-
ducibility to changes in pH values, measurements of transfer
characteristics were performed several times in pH solutions
with increased pH concentrations followed by the measurements
in decreased pH concentrations. The results of repeated mea-
surements in different pH sequences are shown in Figure S1
(Supporting Information). Using data from Figure 2B, the liquid
gate voltage shift in solutions with a different pH can be studied.
The change of liquid gate voltage revealed a linear dependence
between the liquid gate voltage and the pH value at I,; = —200
nA, with a resproducible response sensitivity of ~#17 mV/pH. The
device also shows an obvious threshold voltage (V) dependence
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Figure 1. A) Schematic presentation of the LGAA Si NW FET device structure, where liquid surrounds the NW channel along the NW; B) scanning
electron microscopy (SEM) image of the Si NW top view; C) SEM image of the cross-sectional view of the investigated GAA FET structure. Platinum, Pt,
is the metallization layer utilized to perform the focused ion beam (FIB) cutting technique on one of the NW structures being tested.

(A)
450 F

400 |

350

300

250

200 -

SjO
150 |

100

Drain Source Current, I55 ( nA )

50

0— 1 1 1 1 1
-12 -10 -08 -06 -04 -02 00 02

Liquid Gate Voltage, V|5 (V)

(B)

215 1

210

205 E
200 pH=6.0 : pH=8.0 4
195 .
190 .

185 .

Drain Source Current, I55 ( nA )

180 | .

-O.I84 -0.80 -0.76 0.72 -0.I68
Liquid Gate Voltage, V|5 (V)

Figure 2. A) Typical transfer characteristics (Ips_ V| ) of the LGAA NW FET at different pH values, with an incremental increase of pH in 0.2 pH step,
reflecting 17mV/pH response at g = 200 nA, obtained at Vpg = —0.1V, Inset shows Vy shift and linear fitting in solutions of different pH values; B)
Enlarged region of I-V characteristic shown in Figure 1A, at |5 = 200 nA, obtained at Vpg = —0.1 V.

on the pH change. Inset to Figure 2A shows the results of the Vi,
changes as a function of different pH values. As illustrated in the
inset, V., also appears to have a linear dependence on the pH
value and shows a voltage sensitivity of 17 mV/pH. In general, the
characteristics of the I-V curves indicate that our LGAA Si NW
FET device exhibits stable FET properties, taking into account the
very reproducible and stable pH response of devices covered by
20 nm SiO, contacting with a liquid. This is particularly crucial
for biosensing applications.

Modeling results support experimentally obtained data using
the I-V characterization method of liquid—solid interface prop-
erties in different pH solutions. Figure 3A shows the results of
calculations of the potential energy redistribution in a Si/SiO,/
liquid structure at a value of —1 V, obtained using Next Nano
software.?)] In Figure 3B, a surface potential drop is shown as a
function of the distance calculated using Next Nano software for
different pH values (6.0, 6.5, 7.0, 7.5, and 8.0) of PBS solutions.
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The higher the pH value is, the stronger the value of the electric
field near the liquid—solid interface. Such electric fields influence
the mobility of ions in the solution near the interface by restrict-
ing their transport to the small region close to the SiO, layer.

To gain a better understanding of the ionic behavior at the
liquid-solid interface in our LGAA device, capacitance-voltage
(C-V) measurements were performed using flat SiO, /Si/Al sam-
ples. A 20 nm SiO, flat layer was fabricated with the same thick-
ness as the 20 nm SiO, layer, covering NW in the GAA FET
structures. C-V characteristics were measured in 10mwm PBS so-
lutions with a different pH values (Figure 4A) at a frequency of
1kHz. The capacitance shifted to higher voltages with increasing
pH values. To confirm the accuracy and repeatability of the re-
sults, the C-V measurements were repeated with increased and
decreased pH solutions. The shifts due to the change in pH are
characterized by voltage variations at a constant value of capaci-
tance of C = 40 nF. A voltage shift at C = 40 nF was obtained at
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Figure 3. A) Potential energy redistribution is a Si/SiO,/ liquid structure at the value of —1V, calculated using Next Nano software for a 10 mm PBS
solution with a content of 140 mm NaCl for different pH solutions: 6.0, 6.5, 7.0, 7.5, and 8.0. B) Enlarged part of the valence band potential redistribution
at the solid-liquid interface, reflecting surface potential drop as a function of distance calculated using Next Nano software for different pH solutions:

6.0, 6.5, 7.0, 7.5, and 8.0.

~16 mV/pH in 10 mm PBS solutions. The sensitivity of the ca-
pacitance curve to the pH change can be explained by the change
in surface charge in the different pH solutions when increasing
the pH value and the change in energy barrier at the liquid—solid
interface.[?* The flat-band voltage V; variation in different pH
solutions is illustrated in Figure 4B, which was calculated from
the Mott-Schottky plot obtained using the C-V data.[?’! The flat-
band voltage shows a linear dependence on pH and demonstrates
a sensitivity of #16 mV/pH, which is in agreement with the volt-
age shift result shown in Figure 2A. The stable shift of the flat-
band voltage demonstrated the sensitive response of the sample
to the change in pH values. It should be noted that previously in
MgCl, solutions of different concentrations, a non-monotonous
dependence on the concentration was obtained due to the in-
version charge effect near the nanowire surface.[l This was ex-
plained by the competitive mechanism for the attachment of ions
at the liquid-solid interface, which is critical in biomolecule sig-
nal detection and analysis. In the case of PBS solutions of differ-
ent pH values, very well-resolved non-monotonous behavior near
the minimum capacitance was registered (Figure 4C). The min-
imum capacitance point determined from these data decreases
with an increase in pH and subsequently grows after a value of
pH 6.8 (Figure 4D). Models developed previously consider that
inversion charge at liquid-solid interface can be registered in di-
valent and higher changed states ion solutions.l2°1 However,
our results demonstrated that in the case of monovalent solu-
tions, including NaCl as a main component in water solution,
there is also a competitive mechanism resulting in the charge in-
version at the liquid/solid interface.

To further analyze the ion response and carrier transport be-
havior around the nanowire, low-frequency noise spectroscopy
was applied to study dynamic properties in different pH solu-
tions. Figure 5A shows noise spectra measured at a small drain
voltage of Vs = —0.1 V and at an open channel condition of V.
= —0.5 V. In our LGAA Si NW FET device, the majority of the
noise spectrum within the 1 Hz to 10* Hz low-frequency region

Adv. Sensor Res. 2025, 4, 00101 e00101 (4 of 9)

is represented by the 1/fflicker noise, which is shown as a linear
dependence in the low-frequency region in Figure 5A. The nor-
malized spectral density of the current fluctuation value S, (f)/I?
at a frequency of 10 Hz is shown in Figure 5B for 10 mm PBS of
different pH solutions, revealing a clear decrease in noise power
density as the pH increases. As shown in Figure 5B, S, (f)/I? lin-
early decreased from 1.5 X 1077 Hz™* to 9 X 1078 Hz™! as the pH
changed from 6.0 to 8.0. The results indicate that a lower noise
level can be reached in the high pH solution (~7.4 pH) compared
to pH 6.0, which is a consequence of the ion transport behavior
change at the liquid-solid surface.

To gain a better understanding of the liquid—solid interface in-
teractions, the equivalent input-referred noise, S, in different
solutions was calculated and plotted in Figure 5C, which shows
the equivalent input noise at a low frequency of 10 Hz in the solu-
tion pH range from 6.0 to 8.0. The input-referred noise in the so-
lutions of different pH values indicated that ion transport caused
current fluctuation around the NW (Figure 5C). For the case of
insensitivity to the surface phenomena in liquid the behavior
should be independent of pH value, i.e. horizontal line. How-
ever, our LGAA FETs demonstrate a decreasing S, until pH 6.6,
followed by a transformation region including the charge inver-
sion point pH 6.8 obtained from C-V characteristics (Figure 4C)
and again a decreased slope starting from pH 7.0. An increase in
pH results in a decrease in positively charged hydrogen ions and
their interaction with the surface, followed by increased values of
negatively charged OH™ ions of large size. The Hooge parameter
is usually used to compare the quality of different materials and
device structures, operating in different environments, including
liquids.[?63% The dimensionless Hooge parameter, a;, obtained
using the flicker component of noise spectra measured in differ-
ent pH solutions (Figure 5D) is calculated as follows:

S (f) fL2R

ay (f) =
Vis Hp

1)

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

85UB01 SUOWLWOD aAIEe.D) 8|ded!(dde sy Aq peusenob ae sejoiie VO ‘8SN JO S3|NJ J0j AkeiqiT Ul UQ /8|1 UO (SUONIPUCD-PUR-SWS)A0 A | Im Aleid 1 Ul |uo//Sdny) SUONIPUOD pue swie | 8y 8es *[5202/60/2Z] Uo AkiqiauliuO A8|iM ‘Jelued Yosesssy HWD Yol ine wniuezsbunyasiod Aq TOTO0SZO0Z sSPe/Z00T 0T/I0p/u0d A8 1M Aelq 1 jeul|Uo"peoueApe;/:Sdny oy papeojumod ‘6 ‘SZ0Z ‘6TZTTSLE


http://www.advancedsciencenews.com
http://www.advsensorres.com

ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARCH

www.advancedsciencenews.com

(A)

2]
o

—

[ NN
o O

)]
o

w
o

Capacitance, C ( nF )
S S

RN
o

o

-1.0 -0.5 0.0 0.5 1.0
©) Voltage (V)

)

nF

o
~

Capacitance, C (

0.55 0.60 0.65
Voltage (V)

www.advsensorres.com

=

&
o

o

\
.

Flat Band Voltage, Vg (MV)

6.0 6.4 6.8 7.2 7.6 8.0
pH

Figure 4. A) C-V characteristics measured in different pH values, with an incremental increase of 0.2 in 10 mm PBS solutions; B) Vg variations in
different pH solutions; C) characteristics obtained near minimum capacitance in different pH solutions; D) minimum capacitance plotted as a function

of pH value.

where L is the nanochannel length, R is the resistance of the de-
vice, q is the elementary charge, and u, is the hole mobility.

It should be emphasized, that a; values at the level of 1 x 1073
obtained for our liquid-gated devices reflect the high-quality per-
formance of FETs.30311

Moreover, the low-frequency noise in our device is strongly
controlled by liquid-gate voltage. To shed light on the influence
of V. control on low-frequency noise, the S, spectra at differ-
ent gate voltages were measured. Figure 6A shows the noise
response measured at different V, voltages in a pH 7.4 PBS
solution under V5 = —0.1 V, with gate voltage ranging from
—0.30 to —0.58 V, which was measured with an incremental
increase of 0.02 V. In the low-frequency range, the linear part
typical for flicker noise in 1/f 7 behavior is resolved in the
noise spectra. In addition, the generation-recombination (GR)
noise component is recorded with a clear maximum in all noise
spectra.

The GR shifts to a lower frequency range with an increase in
liquid gate voltage. The maximum frequency, f,,,,, correspond-

Adv. Sensor Res. 2025, 4, 00101 e00101 (5 of 9)

ing to GR maximum can be used to determine the characteristic
time, 7, by the following relation:

fu = 5= @)

T

The characteristic time constant increases with liquid-gate
voltage (Figure 6B). The results of Figure 6B confirm that the
variation of the noise determined by ion dynamic processes can
be gate-controlled in the FET. Furthermore, Figure 6C shows that
the normalized current spectral density, S,(f)/ I, obtained at a fre-
quency of 10 Hz demonstrates a decreasing dependence on V..

Moreover, input-referred noise, Sy; (Figure 6D), demonstrates
that fluctuations at the liquid—solid interface can be controlled
by V,. voltage. In contrast to the constant Sy values typically
not dependent V| obtained for large areas of Si NW FETs, S
decreases with increasing liquid-gate voltage in small area GAA
liquid-gated devices in the subthreshold and above-threshold re-
gions. This confirms that the noise level is determined by fluctu-
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Figure 5. A) Low-frequency noise spectra multiplied by the frequency for a GAA NW FET in 10 mm PBS solutions with different pH values, with an
incremental increase of 0.2, obtained at Vps = —0.1V and Vg = —0.5 V; B) normalized spectral density of the current fluctuation value S;(f)/I? at 10
Hz frequency for different pH solutions; C) equivalent input noise, S, at 10 Hz in solutions of different pH values; D) dimensionless Hooge parameter,

@y, in solutions with different pH values.

ation processes at the surface contacting with a liquid and corre-
sponds to specific ion fluctuation processes at the liquid—solid
interface.[1*2%) Thus, the results demonstrate that ion-related
fluctuations can be controlled by voltage on the gate and con-
siderably suppressed in FETs with nano-channel in contrast to
large-area FET devices. Actually, choosing the correct NW FETS’
working point in with the physiologically-relevant solutions with
pH value of 7.4 allows us for ultrasensitive detection of amyloid-
beta biomarkers.['® Obtained in this work sensitivity at the con-
centration of 20 fM is very promising for the predictable di-
agnostics and detection of Alzheimer’s disease at the earliest
stage.

It is also important to gain a deep understanding of the origin
of noise and the contribution of generated components at zero
drain-source voltages. In liquid systems, liquid noise can also be
an informative parameter that reflects valuable data about the
characteristics of ion layer formation around the nanowire and
processes at the liquid—electrode interface. To further analyze the
liquid system noise, the voltage noise spectral densities with dif-
ferent drain voltages are shown in Figure 7A at V, = —0.5 V.

Adv. Sensor Res. 2025, 4, 00101 00101 (6 of 9)

The results indicate that in the low-frequency region, the S, level
decreases as V¢ decreases.

Furthermore, the decreasing tendency is obtained in the nor-
malized noise spectral density of the current fluctuation S,/I?
value at 10 Hz, as shown in Figure 7B. Figure 7B shows that
the S;/I* value significantly depends on V¢ even in linear
mode operation. For the case of noise determined mainly by dy-
namic processes in the channel, there is no such dependence
and the S;/I? value does not change. The strong dependence
of S;/I2 on Vp4 confirms that the noise presented here is gen-
erated by fluctuations at the SiO,/electrolyte interface, i.e. ion
charge fluctuations near this interface in liquid environments.
Figure 7B also shows the relationship between Vg and S,/I
at 10 Hz for solutions with different pH values. In addition,
linear behavior is obtained, as shown in Figure 7B, indicating
that the liquid noise for the ion layer at the liquid-solid inter-
face can be presented as an S,/I? linear fitting value at Vs = 0
V. In general, the voltage power spectral density decreased lin-
early with pH, which is consistent with the results shown in
Figure 5. In Figure 7B, extrapolation lines to V5 = OV voltage
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Figure 6. A) Typical noise spectra multiplied by the frequency measured for LG NW FET at different V,; in a pH = 7.4 10 mm PBS solution under V5
= —0.1V; B) characteristic time constant corresponding to GR noise component of spectra shown in Figure 6A, extracted as a function of liquid-gate
voltage; C) normalized noise spectral density of current fluctuation S,//? obtained at a frequency of 10 Hz; D) input-referred noise, S, obtained at a
frequency of 10 Hz.
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Figure 7. A) Voltage noise spectral densities of LG NW FETs at V| = —0.5V and different Vg voltages(mV): = 10, 20, 30, 40, and 60; B) normalized
noise spectral density of the current fluctuation S,/I? value at 10 Hz and V| = —0.5 V as a function of drain-source voltage in solutions of different pH
values: 6.0; 6.4; 7.0; 7.4; 8.0; C) dependence of the extrapolated S, /I value to 0 Vs value shown for different pH values.
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enable the ion behavior to be analyzed for the ideal case, i.e.,
without the influence of V¢ voltage. The obtained results are
shown in Figure 7C, for the S,/I2 values plotted for different pH
values.

The Lorentzian component in the noise spectra demonstrates
high-frequency decay with a slope close to 1.5 (Figures 5A
and 7A), which is characteristic of diffusion processes in the
structure. The time constant of generation-recombination (GR)
noise is determined by the diffusion time charges from the point
of their appearance to the point of neutralization. Thus, the na-
ture of such noise is related to the diffusion processes in the
double-layer capacitance of the electrolyte in the LGAA FETs. It
should be noted that the presence of diffusion noise confirms
that the main noise source is related to fluctuating processes in
liquids near SiO, layer covering NW. The dependence of the time
constant GR of the noise component on the gate voltage V,, pre-
sented in Figure 6B, characterizes the mobility of charge carri-
ers in the transient liquid layer. i.e., the diffusion time of charge
carriers in this layer. The mobility of carriers in the transient
layer decreases with increasing |V,| voltage as a result of po-
tential redistribution across the structure. This is confirmed by
Figure 3B, where one can see that the interface layer becomes
thinner and denser. As a result, the mobility of charge carriers in
the interface layer decreases, and, accordingly, the diffusion time
increases.

A specific tiny noise signal variation can also effectively re-
flect the ion transport behavior at the liquid-solid interface. The
dependence of the liquid noise as a function of the pH value
(Figure 5C) is in good agreement with the inversion (Figure 4D)
of minimum capacitance registered in monovalent solutions in
C-V characteristics, which strongly supports the noise results ob-
tained. Results of the study of charge fluctuations due to ion
transport provide useful signal information, which should be
used to detect very small signals from biological molecules. In
general, liquid noise can be regarded as a reflection method of
the ion behavior in our LGAA Si NW FET device, which is criti-
cal for further signal analysis of ions, biomolecules, and changes
of pH imparing human health.

3. Conclusion

In summary, we fabricated high-quality LGAA NW FET sen-
sors and performed in-depth research on the analysis of noise
spectroscopy in liquid—solid interfaces for adjusted physiologi-
cal solutions with different pH values. I-V characteristics of the
LGAA NW FET devices are in good agreement with modeling
results and demonstrate reproducible pH sensitivity and high-
quality device performance. Capacitance—voltage features reflect
the competitive mechanisms of ions approaching the LGAA
NW FET structure and the inversion effect in monovalent so-
lutions. More detailed information was provided using the data
of low-frequency noise spectroscopy characterization, which was
performed under different voltage regimes and pH conditions.
The results of the noise measurements demonstrate a powerful
method for obtaining an in-depth understanding of ion trans-
port behavior in liquids using NW FETs as advanced transduc-
ers. Dimensionless Hooge parameter values at the level of 1073
reflect the high quality of LGAA NW FETs. The characterization
of low-frequency noise properties of FETs in ion solutions at dif-
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ferent applied gate voltages proved that the device regimes can be
effectively controlled for biosensing applications. Furthermore,
the ion transport behavior in our LGAA NW FETs is analyzed
using normalized S;/1? and input-referred noise data, reflecting
the physical origin of noise in the device structures to be deter-
mined by liquid fluctuations. Analysis of input-referred noise, S;
of LGAA FETs demonstrates that the main source of noise is not
related to nanotransistor device structure, but is determined by
ion processes and thickness of the transformation layer in pH lig-
uids. With the increase of liquid gate voltage, V| and increase
of pH from 6.0 to 8.0 value S decreases. The fact reflects im-
proved optimal conditions for the detection of very small biologi-
cal signals. However, V,; should be selected taking into account
the thin-film dielectric layer protecting NW from direct contact
with a liquid and conditions to prevent leakage current. There-
fore V| should be selected just above the threshold voltage for
the NW FET sensor. The results obtained should be taken into
account when analyzing biological liquids and the selection of
optimal parameters and working regimes for monitoring pH of
bodily fluids and biomedical diagnostics as well as post-treatment
stages toward restoring the healthy state.

4. Experimental Section

High-quality LGAA Si NW FET devices were fabricated using silicon-on-
insulator (SOI) wafers, with N5 = 101> cm~3 doping of 50 nm Si on 150
nm SiO, box layer. Fabrication was based on a top-down approach. For
the fabrication process, a full RCA cleaning process was first performed to
guarantee SOI wafers with a high-quality surface. The top SiO, layer was
then grown at a temperature of 900 °C to form a SiO, hard mask for pat-
terning of the Si layer of SOl wafers to nanowire structures. After alignment
markers were formed by reactive-ion etching (RIE), the nanowire struc-
tures were transformed from a hard mask to a Si layer using electron-beam
lithography (EBL) and wet etching with a tetramethylammonium hydrox-
ide (TMAH) solution at 80 °C. Boron ion implantation was introduced to
form the drain and source ohmic contacts using a source with power en-
ergy of 6 keV and a dose of 10" cm~2, followed by rapid thermal process-
ing (RTP) for 5 s at 1000 °C. A gate dielectric layer was grown by thermal
oxidation with a thickness of 20 nm. The LGAA structure was etched us-
ing a buffered oxide etching solution for box-layer etching. To obtain ohmic
contact, 5 nm Ti and 200 nm Al were thermally evaporated and lift-off was
performed in acetone for 1 h to form the feedline and contact pad. RTP
was then performed for 10 min at 450 °C for metal annealing. The passi-
vation protection process was performed using a two-layer resist structure:
PI 2545 and AZ-nlof 2020 by spin coating. After photolithographically pat-
terned AZ-nlof 2020 layer, a 2 x10 um? window was formed over the NW
for contacting with a solution. Finally, the encapsulation process was per-
formed using polydimethylsiloxane (PDMS) after wire bonding, and the
device was fully prepared for further experiments in a physiological-like
solution containing 10 mm PBS, 138 mm NaCl, and 2.7 mm KCl with a
total ionic strength of 150 mm.

Characterizations: All the measurements were performed in a Fara-
day cage using a specially designed measurement system. The typical |-
V characteristics were measured using a Keithley 2400 and Keithley 2430
combination system, where the Ag/AgCl (diameter ~1 mm and length ~2
mm) reference electrode was immersed in the chosen solutions (2100 uL),
and the liquid gate was created over the sample nanowire opened win-
dow. Capacitance-voltage measurements were performed with a HIOKI
3532-50 LCR impedance meter, while 1k Hz AC voltage was applied by
the Ag/AgCl electrode in the liquid gate. Noise spectroscopy was per-
formed using an in-house-developed ultralow-noise measurement setup
(PyFANS), combined with a power supply system comprising a recharge-
able battery, amplifier system, a data analysis system, and a low-frequency
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noise amplification cascade system, which enabled high-quality noise
spectrum recording.

Statistical Analysis:  For objective and effective statistical analysis, it is
crucial to address the separation of valuable noise signals from various
noises that may be recorded during the measurements. It is essential to
avoid the impact of thermal noise on the results before processing any
initial noise data S, (f). Attention should therefore be paid to the thermal
noise Sthermal (f), With the equation given by:

SV_Thermal (f) = 4kTReq 3)

where k represents the Boltzmann constant, and T is the non-zero tem-
perature. To eliminate the noise arising from the thermal excitation of the
charge carriers, the residual noise is expressed in the Equation (4).

Sv,real (f) = Sv (f) - 4KTReq (4)

To investigate the fluctuation of current spectral density under various
conditions at a frequency of 10 Hz, Equation (5) was used:

-1
Sv,real (f) 1

2 2
R
0

where f, represents the corner frequency, originating from the parasitic
capacitance of the preamplifier input.

The Lorentzian shape, closely related to the two-level RTS spectra, can
be expressed using the following equation:

S (f) = ()

_ 4A1?
(e +75) [(l + l)z + (an)z]

Tc Te

where the Al represents the change in Ipg arising from the capture and
emission processes of carriers by a single trap near the Si/SiO, interface.
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