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Peculiarities of the SCLC Effect in Gate-All-Around Silicon
Nanowire Field-Effect Transistor Biosensors

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

Mykhailo Petrychuk, and Svetlana Vitusevich*

High-quality liquid gate-all-around (LGAA) silicon nanowire (NW) field-effect
transistor (FET) biosensors are fabricated and studied their properties in

1 mm phosphate-buffered saline solution with pH = 7.4 using transport and
noise spectroscopy. At small V¢, the conventional current behavior of FET
with a linear dependence on voltage is registered in the output current-voltage
(I-VM) characteristics with M = 1. At drain-source voltage Vs > 0.6 V, the I-V
characteristics with stronger power M are revealed. It is shown that the
current in LGAA NW FETs follows current proportional to voltage in power M
= 4 dependence on small liquid gate voltages. Transport and noise
spectroscopy analyses demonstrate that the obtained results are associated
with the space-charge-limited current (SCLC) effect. Moreover, a strong
two-level random telegraph signal (RTS) is found in the region corresponding
to SCLC at V¢ values exceeding 0.6 V. The RTS related to single trap
phenomena results in a well-resolved Lorentzian component of noise spectra.

preserve human health.['3] To obtain re-
liable detection results, the research com-
munity is developing advanced technol-
ogy for NW FET fabrication and aim-
ing to identify precise parameters for test
data analysis. Indeed, beneficial informa-
tion may come from the dynamic pro-
cesses of ions at the solid/liquid inter-
face at different applied voltages during
the measurements.[®”] To obtain a high-
performance working regime for FET
biosensors, the peculiarities of charge
carrier behavior in physiological liquids
must be studied.®®! The space-charge-
limited current (SCLC) and random tele-
graph signal (RTS) caused by a trap near
the nano-channel must be studied in

The results demonstrate that the SCLC and two-level RTS phenomenon are
correlated effects. They should be taken into account during the development

of single-trap-based devices, including biosensors.

1. Introduction

The applications of nanoscale biosensors in different fields are
increasingly attracting the attention of researchers. The advan-
tages of nanowire (NW) field-effect transistor (FET) sensors are
ultrahigh sensitivity and label-free sensing, which allows the de-
tection of various diseases in the fight to prevent them and to
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detail»1%-13] for several applications. The
characteristic times of RTS are demon-
strated as new parameters, which should
be considered to obtain enhanced sen-
sitivity in biosensing applications.!t1*1]

The SCLC regime plays a very impor-
tant role in the transport of carriers in
NW FET structures, as described in numerous reports. This
regime was found in the nano-channel structure of GaN, InAs,
CdS, ZnO, and GaAs.101116-18] (Jgyally, the SCLC phenomenon
is caused by a change in the concentration of charge carriers in
nanowires, the change in the concentration of active charge traps,
or the reduced density of thermal equilibrium carriers. The SCLC
effect influences the electrical characteristics of FET structures,
leading to the superlinear behavior of the I-V curve, described by
the Mott-Gurney law, proportional to voltage with an exponent
equal to 21619211 in bulk, film, nanoribbon, and nanowire sam-
ples. The SCLC phenomenon does not just influence the static
electrical properties of transistors, but also the dynamic noise
properties of devices.[??]

To analyze the SCLC effect, the slope of the output I-V curve
should be considered in double logarithmic coordinates. Usually,
a slope ~1 is typically indicative of linear ohmic behavior in a low-
bias regime. This is followed by a slope >2 in the nonlinear SCLC
regime. It has been shown('®! that slope ~2 reflects an absence of
active traps in the semiconductor or a single discrete trap level,
and that slope >2 is caused by the distribution of partially occu-
pied trap states in a range of energies. Yu et al. found for the GaSb
nanowire transistor that the slope of the I-V curve changed after
annealing from 3.8 to 1.9. This was due to the SCLC occurring
when the number of injected carriers was larger than thermally

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. A) Schematic presentation of the cross section of LGAA NW FET. B) FIB cut of fabricated GAA nanowires, demonstrating the nanowire cross-
section size. The insets represent schematic GAA FET after fabrication, before introducing volume for a liquid. C) Typical output I-V characteristics,
registered at (|Vpg| < 0.6 V) and Vs > Vy, obtained for a 2 um long and 150 nm wide nanowire in 1 mm PBS solution with pH = 7.4 at V| ranging
from 0 to -1V with a step of 50 mV. D) Calculated I-V characteristics according to equation (1) confirm the conventional behavior of measured output

characteristics. The fitting parameters are listed in the table below.

generated carriers.[?* They showed that thermally generated car-
riers dominate the conduction, thus reducing the SCLC effect.
Pehrsson et al. first reported the conduction mechanism related
to the SCLC in heterostructure nanowires with an output I-V
characteristic slope of 3.1, plotted in logarithmic scales to analyze
the traps of the structure.l?*] Moreover, the results demonstrate
that the traps are distributed in energy and do not accumulate
near a single energy level.

Noise spectroscopy is a powerful method to evaluate the
performance of transistors. Guo et al. analyzed noise spectra to
demonstrate the obvious transformation behavior from 1/f to
1/f'°, which confirms that the SCLC effect occurs in biosensors
and reflects the dynamic process of ions at the solid/liquid
interface.??! In nanoscaled NW FETs, when Lorentzian is
registered in noise characteristics, this may correspond to
the RTS due to single trap phenomena (STP). Kutovyi et al.
indicated that parameters of the RTS found as a result of a
single trap capturing and emitting the charge carrier near the
Si/SiO, interface, can be suggested as a new approach. Since
the capture time to the trap is ultra-sensitive to changes in
surface potential, this allows significant improvement in the
biosensor sensitivity compared to the standard current approach
utilizing change in the threshold voltage.l!! Therefore, studies
of parameters of STP in silicon nanowire-based biosensors
show great potential for single-trap-based devices and their
application in various research fields, including biomedical
applications.
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In this work, liquid gate-all-around FETs were fabricated using
NW channels with a length of 2 um and width of 150 nm. The
Si NW channels are fabricated using silicon-on-insulator (SOI)
wafers with an impurity concentration of 1X10'> cm~3. To obtain
ohmic contacts source and drain regions were implanted with
boron atoms (energy 6 keV, dose 1x10'° cm~2), which resulted in
p-type transistor structures (p++-p-p++). The contact resistance
estimated using the transmission line model!®! was found to be
negligibly small (~4 kQ), corresponding to about 1.2% of the to-
tal resistance of a GAA FET. The NW FETs were studied in 1 mM
PBS at pH = 7.4. According to our experimental results, the tran-
sistor current consists of the typical FET current component (I
~ VM), where M = 1 and the SCLC-induced current components
where M > 1. The SCLC-induced current registered at |V¢| >
0.6 V was systematically analyzed in LGAA NW FETs using mea-
sured I-V curves, noise spectroscopy, and RTS fluctuations as a
result of STP.

2. Results and Discussions

The schematic presentation of LGAA NW FET devices stud-
ied here is shown in Figure 1A. Current-voltage characteristics
and noise spectra of LGAA NW FET were measured at differ-
ent drain-source voltages (V) and different liquid-gate voltages
(V,¢) in 1 mm PBS solution. Using a focused ion beam (FIB) cut
(Figure 1B), the free-standing state of the nanowire is confirmed,
and the diameter of the NW channel was found to be %150 nm.

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. A) Typical output I-V characteristics registered for Vs whole range, including |Vpg| > 0.6 V and V,; > Vyyy obtained for 2 um long and 150 nm
wide nanowire in 1 mm PBS solution with pH = 7.4 at V¢ ranging from 0 to -1V with a step of 50 mV. B) The output I-V curves of Figure 2A show in

the log-log scale two different slopes of 1 and 4.

It should be noted that for FIB cut studies, the nanowires were
covered with a thin platinum, Pt, layer.

2.1. Current-Voltage Characteristics of LGAA NW FET

Typical output characteristics measured for LGAA NW FET at
small voltages (|Vps| < 0.6 V) are shown in Figure 1C. For low
voltages, a conventional I-V characteristic for NW FET was ob-
tained, containing the linear characteristic I ~ V™, where M is
equal to 1 followed by the saturation region. The conventional
drain-source current I as a function of V. and V5 of FET de-
vice was fitted in different operation regions using the following
equation:

0, Vig £ Vs
W 1
Ips =4Cok T [(Vm - VTH) Vps = ;Vég] » Vie> Vi, Vps £ Vie = Vi

%Cox/‘¥(vLG - VTH)Z [1 +4(Vps — VDSsat)] s Vie > Vi, Vps > Vig = Vg
M

where Vi, is the threshold voltage, p is the electron mobility,
C,, is the capacitance of the oxide layer covering NW and sep-
arating the nanowire from direct contact with a liquid, A is the
nano-channel length modulation parameter, V,, is the satu-
ration Vp,, and W and L are the width and length of the nano-
channel, respectively.

Table 1. List of fitting parameters used for the analysis of conventional I-V
output characteristics of LGAA NW FET with a 2 pm long and 150 nm wide
nanowire. Cox = 0.0017 F m=2, u = 50 cm? V-'s™1 extracted directly
from measured transfer characteristics similar as described.[2]

Vic Voo [V] Vi V] 4 Vossat [V]
0.80 0.45 0.35 0.48 0.43
0.90 0.55 0.35 0.48 0.55
1.00 0.65 035 0.48 0.65

Here Vp, is the overdrive voltage, estimated as Vop =V g — V.
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The results of I ¢ behavior are in good agreement with I-V as
described by equation (1). It should be noted that the output I-V
curves are symmetric with respect to a point Vpg =0V, Ipg =0
in the range from —0.1 to 0.1 V, demonstrating high-quality fab-
ricated ohmic contacts. Typical fitted I-V characteristics obtained
for several liquid-gate voltages are shown in Figure 1D. The fit-
ting parameters are listed in Table 1.

Interesting features were registered in the output I-V charac-
teristics at relatively high drain-source voltages (| V5| > 0.6 V), as
shown in Figure 2A. A specific growth trend was registered af-
ter the saturation region. The I-V curves change their shape and
slope with increasing liquid-gate voltage (V,.), as shown by the
data in Figure 2B where the output I-V characteristics are plotted
in a log-log scale. It can be introduced as the critical characteris-
tic voltage (V), i.e., the voltage, at which the I-V curves change
from linear to superlinear behavior. When the V, is below the
V¢, the I-V curve only shows a conventional trend and can be de-
scribed using standard equations for FET devices. At the same
time, when the V. is above V, the I-V curve can be analyzed in
two parts: the conventional FET curve and the second rising part,
which are easy to distinguish. The rising component of current,
obtained at V, = 0 Vis introduced here as I,,. Subsequently, sub-
tracting I, from the remaining curves results in the conventional
output curves.

To analyze the rising part of the output curves, the double loga-
rithmic scale of I-V curves was very useful. When the liquid-gate
voltage was zero, a considerable increase in drain current was
registered at a voltage of —0.4 V. The slope was ~4. Usually, [-V
characteristics with a slope of 2 in the bulk material are related
to the space charge limited current (SCLC) effect. The SCLC ef-
fect can be explained by the injection of carriers from the contact
regions not only in bulk materials but also in nanostructures, in-
cluding nanowires. SCLC can be described by the Mott-Gurney
law!?’] as follows:

I,=¢2 Vs (2)
P 4nL
where ¢ is the coefficient of the order of unity, € is the permittivity,

u is the mobility of free current carriers, and L is the length of the
nanowire.
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However, a considerably strong slope was registered in the
trap-filling limit voltage regime:('®]

I~VY ()

with M considerably exceeding power 2.

A. Rose discussed the SCLC effect using the nonlinear shape
of the I-V curve, which is caused by traps in insulators.[?] He
demonstrated that the I-V curve deviates from an ideal quadratic
law and shows a much higher power dependence on drain-source
voltage. The phenomenon of a higher power (>2) dependence on
voltage can be explained by the peculiarities in the energy distri-
bution of traps.I! Saied et al. employed the device structure of
Al ;Gay,As/In, ;5Ga, gsAs/GaAs to study SCLC. They found ex-
cess conduction under V¢ > 2.5V and a soft pinch-off at a high
Vps range measured at a temperature of 300 K.[?°! It should be
noted that the SCLC phenomenon can be controlled by traps!!!
in the channel of the structures, ensuring the excess output con-
ductance and a specific upward trend of the I-V curve. Usually,
with an increase in Vpq, the traps in the nano-channel can be
filled, leading to an upward shift of the quasi-Fermi level. An ob-
vious rise in I,y when the V¢ reached the trap-filling limit volt-
age regimel'®! was demonstrated.

Our results (Figure 2B) demonstrate well-resolved superlinear
dependence on the applied voltage Vs with a slope of ~4. This
slope is related to the SCLC effect, as confirmed by our other re-
sults discussed below. It should be noted that a slope exceeding 1
in I-V curves can be effectively used to obtain enhanced sensitiv-
ity of LGAA NW FET biosensors(??! in the presence of the SCLC
effect in the nano-channel. At the same time, the slope of the
superlinear part in -V characteristics decreases gradually from
the initial value of &4 as V| increases due to a stronger contri-
bution of the main current in the nanowire channel. When V.
changes, charge states on the surface of the LGAA channel also
control the intensity of the interaction of nano-channel carriers
with traps. Traps in the SiO, layer near the Si/SiO, interface with
a small channel diameter may assist in forming a strong depen-
dence I ~ VM with M > 2 in our NW FETs working with a liquid
gate, i.e in the case then the nano-channel is surrounded by a
liquid.

Noise spectroscopy is a powerful method for analyzing trap
centers in materials and devices.3) Therefore, we used noise
spectroscopy to study the increased section of the I-V character-
istics related to the SCLC effect for sensors working in the liquid
environment.

2.2. Noise Spectra of LGAA NW FET Structures

To investigate the relation between SCLC-induced current and
dynamics due to traps in SiO, (gate oxide contacting with PBS
solution) near the Si/SiO, interface in LGAA NW FETs, we mea-
sured the noise spectra in 1 mm PBS solution at pH = 7.4 at dif-
ferent voltages. Figure 3A illustrates the typical power spectral
density (Sy) of the drain voltage for a FET device with a nanowire
length and width of 2 ym and 150 nm, respectively. The mea-
surements were performed at constant V;; = —0.2 V and differ-
ent ranges of V¢ from —0.1 to —1.2 V. It should be noted that
part of the measured noise spectra corresponds to conventional
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I-V characteristic behavior. However, noise spectra obtained for
the voltage range above 0.6 V demonstrate additional Lorentzian
peaks. This deviation in noise spectra correlates well with devia-
tion in I-V characteristics from the linear dependence to current
proportional I = VM, with M > 1 corresponding to the region re-
flecting the SCLC effect.

The Lorentzian peaks can be described by the following equa-
tion:

Sy (0)
S, (f) = —2 4
) 1+ (Zn'f‘r)z (

-

where S,(f) is the voltage noise spectral density at frequency f,
Sy(0) — the same value at f — 0, r — time constant of generation-
recombination (GR) fluctuations.

By plotting Sy, as a function of frequency, f, (Figure 3B) the
Lorentzian component!!! can be analyzed by finding their charac-
teristic time constant in noise spectra, Sy(f). In our samples, such
Lorentzian peaks are very well resolved at V; values exceeding
—0.6 V in the noise spectra. The time constant of GR fluctuations
was estimated using Equation (4) to be in the order of 40 ps. It
should be noted that in the case of NW FET containing not only a
liquid gate but also a metal back gate the channel position can be
moved far away from the dielectric layer contacting with a liquid.
This considerably reduces noise level due to changes in mecha-
nisms determining noise origin.!?’]

In nanosized device structures, the Lorentzian is closely re-
lated to random telegraph signal (RTS) noise due to the capture
and emission of charge carriers by the single trap located in the
dielectric layer near the Si/SiO, interface. The RTS phenomenon
appears at the same voltages as the SCLC effect registered in the
I-V characteristics, i.e., at high V¢ values.

The time constant of the Lorentzian is related to capture and
emission time constants as follows:

T,

¢ T

- ®)

T, + 7T,

T =

where 7_ is the capture time, 7, is the emission constant in the
channel of the LG NW FET structure.

It is well known that two-level RTS noise represents an impor-
tant method to study charge carrier dynamics in dielectric layers
contacting aliquid and single trap phenomena (STP).['?] The fluc-
tuations of I, recorded at high values of V¢ using an in-house
noise measurement system are shown in Figure 3C. The ampli-
tude of I, increases in a range of Vs from —0.6 to —1.2 V. It
should be noted that the starting voltage was V3 = —0.8 V when
RTS was found in PBS solution with pH = 7.4. This demonstrates
the relation between two-level RTS and the SCLC when most of
the traps are filled by carriers captured from the NW channel.
Thus, the SCLC effect plays a role in the relatively large ampli-
tude of RTS at a higher negative Vg (i.e., Vg < —0.6 V).

The statistical histogram is a very effective method of analyz-
ing two-level RTS noise. Figure 3D displays I,¢ histograms ob-
tained using time traces. Two Gaussian peaks gradually become
more distinguishable as V¢ increases. They very well separate
into two peaks at high voltages. The peaks represent the emis-
sion and capture states of the single trap.

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. A) The voltage spectral density measured for a nanowire with a length of 2 um and width of 150 nm at different V55 with a step of 0.1V and ata
constant Vs of —0.2 in PBS solution. B) Normalized noise spectra density measured at different Vp5 and at V,;; =— 0.6V, Lorentzian noise components
registered at relatively large voltages V5. C) The two-level RTS measured for a nanowire with a length of 2 pm and width of 150 nm in drain current /g
are recorded at different V5 at constant V,; = —0.2 V. D) Histograms, obtained using RTS time traces, demonstrating the current amplitude as very
well separated in Gaussians peaks due to STP.

It should be noted that the ratio between the capture time
constant and emission time constant 7./, represents the di-
mensionless parameter R. Figure 4A shows the R-factor depen-
dence on Vg, which can be recalculated as a function of Ij¢
(Figure 4A,B). The R-factor changes by 30% as the Vg applied

to the LGAA NW FET structure increases. With an increase in
Vps or I, the R-factor tends to decrease. This indicates a possi-
ble accumulation of a larger concentration of charge carriers in
the transistor nano-channel. The accumulation of charge in the
nanowire channel can lead to an increase in the nonuniformity

(A) B)
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Figure 4. A) The ratio of 7./ plotted against V55 at a V| value of —0.2 V, obtained for a nanowire with a length of 2 um and width of 150 nm. B) The

amplitude of RTS current as a function of /5 corresponds to the V55 range from —0.8 to —1.2 V at V,; = 0, obtained for a nanowire with a length of

2 um and width of 150 nm in T mM PBS solution at pH = 7.4.
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Figure 5. Typical time trace obtained by averaging 100 fluctuations of the
RTS signal measured for a nanowire with a length of 2 pm and width of
150 nmat Vs =—-0.2Vand at Vps =-1.1V.

of the redistribution of carriers along the NW channel as a result
of the SCLC effect. With an increase in Vg, significant charge
redistribution in the nano-channel causes an increase in the am-
plitude of the two-level RTS. This result confirms that the RTS
phenomenon and the SCLC observed for V5 = —0.6 V are cor-
related effects.

Figure 4 shows the amplitude of RTS (Alpg) due to the STP,
obtained from recorded time traces, as a function of I ¢ currents,
measured in the V4 range from —0.8 to —1.2 V at various V.
voltages. As the I )¢ current increases, all curves tend to increase.
This can be explained by the following considerations. The local
charge density temporarily changes as a result of the modulation
of channel conductivity by an electron captured by the trap near
the nanowire Si/SiO,.l1>"143132] These variations in the electric
field in the nanowire channel lead to stronger I, fluctuations at
large V¢ values.

It should be noted that the SCLC-induced current appears
at relatively high V. At these voltages, the two-level RTS phe-
nomenon is observed in biosensors. It can be concluded that the
SCLC effect assists in registering the RTS at high V¢ voltages.

The shape details of the STP-related component were ana-
lyzed using the statistical behavior of the RTS signals shown in
Figure 5.

The data allow us to estimate the capacitance related to the
SCLC effect as follows. The relaxation time constant, , can be es-
timated using fronts of the time trace pulses reflection two-level
current fluctuations (Figure 5) at the level 1/e from the starting
voltage of the pulse. It is estimated to be 113 ps. Then, the capaci-
tance of the LGAA NW FET device due to carrier redistribution in
the channel as a result of the SCLC effect can be estimated using
the relaxation time constant as follows:

r = RC (6)

where R is the resistance of the sample, estimated using I-V char-
acteristicat V;; =—-0.2Vandat Vg =-1.1V.
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Figure 6. Voltage spectral density, Sy flicker noise component, as a func-
tion of voltage, obtained at 100 Hz from noise spectra measured for a
nanowire with a length of 2 um and width of 150 nm in PBS solution with
pH = 7.4 at different V, ; values.

The capacitance of the LGAA NW FET was found to be 22 pF.
Here C is the capacitance due to a single trap situated in SiO,
layer near Si/SiO, interface.

In addition, the noise characteristic is a useful tool to inves-
tigate the charge carrier behavior on the surface of a nanowire
in a liquid environment. Therefore, the normalized voltage spec-
tral density S values corresponding to the flicker component of
noise at 100 Hz, determined for different liquid-gate voltages,
were obtained using noise spectra measured in PBS solution.
Figure 6 shows S as a function of V¢ voltage, obtained at a fre-
quency of 100 Hz plotted on a semi-logarithmic scale. It should
be noted that the minimum level of noise (= 1.5 - 10" V2s) cor-
responds to the thermal noise level described as follows:

SThermal (f) = 4KTReq (7)

where R,, is the input resistance of the low-noise amplifier, K is
the Boltzmann constant, and T is the temperature.

As can be seen in Figure 6, the data demonstrate a strong de-
pendence of Sy, on Vg, in the range of small V¢ values (| Vpg| <
0.6 V). At the same time, for voltages above 0.6 V, almost no
changes (within one order of magnitude) were registered. The
data in Figure 5 show a strong redistribution of carriers along
the channel due to injected carriers and the formation of a sharp
step in carrier redistribution. The step defines the capacitance for-
mation, the value of which is determined using the exponential
behavior of fronts of the pulse (Figure 5) as 22 pF.

In addition, when current flows through the device nano-
channel, the charge carrier dynamic process explains the S,
behavior.[3*] These changes can provide valuable information on
the sources of dynamic fluctuations extracted from noise spec-
tra. In our LGAA NW FET samples, two Lorentzian noise com-
ponents were registered in the measured noise spectra. The two-
level RTS fluctuations were found to correspond to Lorentzian
noise components. The RTS was excited in a high electric field
region, where the SCLC is registered. The fact indicates that al-
most all traps are filled except a single trap determining the RTS
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noise signal. The SCLC effect was registered with a slope M ~ 4
in the output I-V curves in a double logarithmic scale at a high
Vps range from —0.6 V to —1.2 V. Thus, the SCLC effect, which
is important for biosensing applications, can be studied using
a new approach represented by the RTS fluctuations and corre-
sponding Lorentzian components in noise spectra to find more
suitable parameters for biosensing detections. The results imply
that further investigation of the SCLC effect is important for the
development of advanced device structures and biosensor tech-
nologies.

3. Conclusion

In summary, we investigated the electrical and noise character-
istics of fabricated LGAA NW FET biosensors in PBS solution.
We found that at small voltages, the current of the LGAA tran-
sistor reflects conventional FET behavior. At drain-source volt-
ages (|Vps|) above 0.6 V, deviation from conventional behavior
was found. We determined the slope of the I-V characteristics
as 4 in double logarithmic scale in the high V¢ voltage range
and for small V, values. Our results on the transport and noise
property measurements of LGAA NW FET biosensors indicate
the formation of a transport regime corresponding to the SCLC
effect. Moreover, the noise measurement revealed the two-level
RTS phenomenon in the same voltage range, where the SCLC ef-
fect is resolved in I-V characteristics. We propose a new approach
for SCLC analysis using RTS characteristic times. Analyzing the
shape of RTS fluctuations allowed the determination of the char-
acteristic capacitance as a result of the SCLC effect as 22 pF. The
RTS related to STP and noise spectroscopy provide valuable infor-
mation on the SCLC effectin LGAA NW FET. The results should
be taken into account for the development of single-trap-based
nanotransistor structures, including biosensors.

4. Experimental Section

The silicon-on-insulator (SOI) wafer (N, = 10'> cm™3) was cleaned by
a full RCA clean. Next, the hard mask of 20 nm SiO, was formed on the
clean Si surface via thermal oxidation at 900 °C. After this, nanowires and
alignment markers were patterned using electron-beam lithography (EBL)
after spin coating of positive photoresists UV-6 on the dielectric layer at
4000 rpm for 45 s, followed by baking at 130 °C for T min. Then, the tetram-
ethylammonium hydroxide (TMAH) solution was applied at 80 °C to a sur-
face. Wet etching was chosen instead of dry etching as it provides a low
surface roughness of the nanowire. To obtain good ohmic contact in the
drain, source, and back gate regions of the devices were implanted with
boron ions (p-type), using an energy of 6 keV and dose of 10" cm~2 at a
tilt angle of 7°. Rapid thermal annealing (RTP) was used to anneal the tran-
sistors at 1000 °C for a short time to get an outstanding ohmic contact.
An additional 8 nm SiO, was deposited to protect the nanowires during
thermal oxidation. The GAA structures were obtained from the SOI sub-
strate by immersing them in buffered oxide etch (BOE 7:1) for 25 s. The
metal feed lines connected the drain and the source contacts to contact
pads at the edges of the chip for electrical and noise characterization. For
metallization of the contacts and feed lines, thermal evaporation was em-
ployed to deposit 5 nm Ti and 200 nm Al on the entire sample surface,
followed by the lift-off process and RTP at 450 °C for 10 min. For the pas-
sivation step, the adhesion promoter, polyimide, and photoresist were ap-
plied to the surface of the devices by spin coating. The opening windows
above the nano-channel were made using photolithography. They provide
access for the test liquid to the nanowire surface during measurements.
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Subsequently, samples were diced to the desired size and then glued with
silver paste to the chip carrier. Then, contact pads on the chip were wired
to contacts on the chip carrier via the bonding system. Finally, two concen-
tric glass rings were attached to the chip surface with polydimethylsiloxane
(PDMS) to form the open container for the test liquid around the location
of the transistors. PDMS, serving also as an encapsulation material, cov-
ered the area on the sample between the glass rings to protect the contacts
and bonds from the liquid.

Characterizations: To avoid the influence of external electromagnetic
radiation on the noise and electrical characteristics, we used a metal Fara-
day cage to cover the sample holder. The Keithley 2400 source measure-
ment unit was employed to investigate the signal of voltage and cur-
rent during the detection. Here, the reference electrode is Ag/AgCl, which
should be submerged in the solution during the measurements and used
as a liquid gate. It should be noted that we used an in-house noise mea-
surement system to test the transistors. A potentiometer and rechargeable
battery supplied biases to Vs and Vg, respectively. The valuable noise
spectra were measured in the range of 1 Hz to 100 kHz using the in-house
measuring system, containing a series of amplifiers, and analyzed as noise
spectra density using Fourier transformation.

Statistical Analysis: For statistical analysis, the useful noise signal
separation should be mentioned due to the various noises that can be
recorded during the measurements. It is critical to avoid the effect of ther-
mal noise on the results before any processing of initial noise data S, (f).
The thermal noise Sryeq(f) @s a function of equivalent resistance R, is
given by:

SV_Thermal = 4KTReq 8)

where the K and T are the Boltzmann constant and non-zero temperature,
respectively. Therefore, by removing the charge carrier thermal excitation
noise, the remaining noise is shown in Equation (9).

Sv,/eal (f) = Sv (f) - 4KTReq (9)

To observe the amplitude of current spectral density under different V,
conditions at a frequency of 10 Hz, Equation (10) was employed.

-1
Sv,real (f) 1

=

S () = (10

The corner frequency, fp comes from the parasitic capacitance of the
preamplifier input. The observation of the time constants 7, and 7, is es-
sential in analyzing the fluctuation of the RTS signal, and the formula is
written as:

L
27

0
7, __ Counts(capture) ('|'|)
7, Counts(emission)
TcTe
T = ——
To+7,

where f, is the noise corner frequency with two-level RTS from the fre-
quency data recorded via the noise system, and the ratio between 7, and
7, can be calculated from time traces and using the two Gaussian peaks
of the current histogram (e. g. Figure 3 (C)).

The shape of the average RTS pulse is obtained by averaging 50 sepa-
rate RTS pulses with the same amplitude. The same number of individual
pulses was used to obtain the relaxation time 7.

The Lorentzian shape of the two-level RTS spectra can be described
using the following equation:

2
S, ) = 14l (12)

s |(2+2) + o]

T Te
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where the Al represents the change in drain-source current due to the
single trap near the Si/SiO, interface capture and emission process.
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