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sensing principle of FETs is the adsorp-
tion of charged analytes on the sensor 
surface, which results in a change of 
electrical potential to induce a detectable 
signal in the form of current change. A 
new approach for enhanced sensitivity is 
suggested based on the single trap phe-
nomena[2] and demonstrated in nanowire 
devices with a liquid gate filled with dif-
ferent biochemical liquids including 
phosphate buffered saline (PBS). The 
actual biochemical detection is often in 
a solution system where the solid–liquid 
interface responds to the complex multi-
ion environment. To expand the sensor 
applications and verify signal reliability, it 
is essential to study the effect of ion con-
centrations in biochemical solutions on 
the sensor–solution interface, especially 
for small analyte concentrations.

To study the composition of the ion effect at the sensor–solu-
tion interface and the electrical signal response of the device to 
different ions is of great significance for the expansion of the 
sensor detection principles and the verification of signal reg-
istration reliability, especially for small concentrations of bio-
chemical solutions.

Nanostructures have already been confirmed to be an ultra-
sensitive platform to study the monovalent ion system (e.g. 
KCl and NaCl) and the divalent ion system in nanofluidic ionic 
transport.[3] Charge inversion phenomena can be observed 
during the sensing measurement, which means that more 
counterions can be found inside the electric double layer than 
are needed to compensate for the surface charge. Though this 
phenomenon was reported a century ago, recent research sug-
gests that the ion–ion correlation is the likely origin of charge 
inversion.[4] The site-binding mode (SBM) mechanism[5] of inor-
ganic salt ions on the oxide surface was previously reported.[6] 
The semiempirical Nikolsky theory is also used to estimate the 
selectivity of sensors against interfering ions.[7]

The FET sensing ability typically requires the assistance of a 
given surface coating to promote the selectivity of ion sensing.[8] 
Sivakumarasamy[9] et al. developed a silicon nanotransistor with 
sizes scaled down to ≈25 nm to exploit ion-specific surface inter-
action without requiring a selective organic layer. They tested this 
method with blood serum containing Na+, K+, Ca2+, and Mg2+. A 
lack of understanding of ion–surface interaction on pure solid 
semiconductor materials gives rise to many inconsistencies in 
the same sensors for different biochemical sensing systems.

High-quality, liquid-gated two-layer (TL) nanowire (NW) field-effect transistor 
(FET) structures are fabricated and studied in different operation regimes and 
with different concentrations of MgCl2 solutions. The space-charge-limited 
current (SCLC) effect is sensitive to surface phenomena and is registered 
at the drain-source voltage (VDS) above 0.14 V, and analyzed using sev-
eral methods including noise spectroscopy. Noise spectra reflect the clear 
transformation from 1/f to 1/ (f in power 1.5) behavior, confirming the SCLC 
effect, which is sensitive to ion processes at the NW FET surface. Moreover, 
the dimensionless Hooge parameters, measured at a level of 10−3, reflect the 
high quality of the fabricated devices and demonstrate the suppression of 
noise with VDS increasing up to 0.48 V. Such behavior additionally confirms 
the SCLC effect in the NW channel. The effect of suppression is stronger for 
small concentrations of MgCl2 solutions. The results should be taken into 
account for the detection of very small signals in biochemical solutions.
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1. Introduction

Nanoelectronic biosensing technology has developed signifi-
cantly in recent decades. A variety of biosensors based on field-
effect transistor (FET) device platforms have been suggested 
and applied in biochemical sensing applications.[1] The basic 
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VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which  
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
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Kobab et al. studied the buffer capacity effect of electrolyte 
solutions on ion sensitive FET (ISFET) sensitivity, and found 
that by increasing a certain counterion size, ISFET sensitivity 
can be greatly enhanced.[10] Therefore, the charge formed at 
the nanowire surface can be effectively used to influence bio-
sensor transport phenomena and to improve the detection 
limit of such devices. The space-charge-limited current (SCLC) 
effect[11] is known to be very sensitive to trapping processes on 
the surface of solids. Several reports confirmed the importance 
of the SCLC effect for carrier redistribution studies in nanowire 
structures of GaN, InAs, CdS, GaAs, and ZnO.[12] However, the 
SCLC effect in liquid-gated nanowire FET sensors has not been 
addressed in the literature.

In this work, we developed single silicon nanowire (NW) 
FETs with a SiO2 layer to study the Mg2+ ion sensing process 
in a range from 10−6 to 10−1 m. It should be noted that MgCl2 
solutions play an important role in many enzymatic reactions, 
DNA folding, and its concentration in human body solutions: 
blood, serum, saliva may reflect gastrointestinal disorder the 
disease or syndrome.[13] We registered superlinear behavior in 
I–V characteristics with a characteristic power equal to 2 due 
to the SCLC effect after the linear transport regime. The SCLC 
regime is very sensitive to the ion processes on the surface of 
NW FETs. Moreover, we used noise spectroscopy to study the 
contribution of surface properties determined by ions on the 
nanowire surface and resulting fluctuation phenomena with a 
characteristic power (1.5) noise spectra. Such behavior is char-
acteristic of diffusion noise and is in good agreement with the 
transport mechanisms in nanowire FET sensors.

2. Results and Discussion

Silicon NW FET structures with a liquid gate (LG) are ultra-
sensitive key devices for biochemical studies. In this work, we 
study the transport and noise properties of unique two-layer 
(TL) LG NW FET devices with different concentrations of 
MgCl2 solutions in a wide range of LG voltages, VLG, and drain-
source voltages, VDS, using the I–V characterization technique, 
and noise spectroscopy. TL NW FET structures have several 
advantages, including the additional doping layer improves the 
device stability when working in direct contact with liquids,[2] 

moreover, the higher the doping, the smaller the influence of 
impurities introduced by the liquid environment, as was shown 
in single doped structures.[14] Also, an almost undoped silicon 
layer followed by an additional doping layer[2] is preferential to 
reach desired low level of noise in silicon-based nanostructures. 
This is important for liquid-gated sensors device structures, 
where the level of useful signal from molecules is usually very 
small. In addition, the noise level can be considerably reduced 
in the case of operation of the structure in the SCLC regime, as 
is shown below.

Current–voltage (I–V) characteristics of TL LG NW FET 
structures are studied in different concentrations of MgCl2 
solutions ranging from 10−6 to 10−1 m. Several nanowire transis-
tors were studied with widths, W, ranging from 150 to 90 nm 
and lengths, L, ranging from 200 to 2000 nm. The TL channel 
is formed by epitaxial growth of a 25 nm moderately doped 
(1016 cm−3) layer on 50 nm of low-doped (1015 cm−3) silicon on 
insulator wafer (SOI). Schematic representation of the structure 
is shown in the left inset in Figure 1A. All NW devices dem-
onstrate similar behavior. Typical I–V characteristics measured 
for liquid-gated NW FETs of channel width W  = 100 nm and 
L = 800 nm are shown in Figure 1A. The transfer characteristics 
of the drain current as a function of liquid-gate voltage ID(VLG) 
demonstrate behavior usually observed for field-effect transis-
tors and good control of current in the channel with applied 
liquid-gate voltage. As the concentration of MgCl2 increases, 
the current decreases due to the charge introduced by the Mg2+ 
ions attached to the nanowire sensor. Mg2+ ion-sensitive devices 
show a threshold voltage change of about 44mV/decade molar 
ion concentration (Figure 1B).

Current–voltage output characteristics ID (VDS) are linear 
up to a voltage of VDS =  0.14 − 0.25 V. However, at certain volt-
ages (above 0.14 V), they demonstrate behavior approaching 
quadratic dependence (Figure 2). To demonstrate the transfor-
mation region to the quadratic dependence most clearly, we 
calculated the differential conductances and plotted their value 
as a function of drain-source voltage applied to the channel 
(Figure 2C). Section Gdiff =  Const (horizontal dashed line) cor-
responds to the linear dependence: IDS  ∼  VDS. Section with the 
linear dependence of Gdiff(VDS) corresponds to the quadratic 
dependence: D DS

2I V . The characteristic voltage at which linear 
behavior changes to quadratic one is increased with change of 

Figure 1.  A) Typical transfer characteristics of ID(VLG), measured for a liquid-gated two-layer (TL) nanowire (NW) field-effect transistor (FET) with W = 100 nm 
and L = 800 nm at VDS =  100 mV in six MgCl2 solutions ranging from 10−6 to 10−1 m. The right inset shows I–V characteristics in semi logarithmic scale, 
the left inset left shows schematic presentation of two-layer nanowire structure, where red color corresponds to p+-type of 1016 cm−3 doping, pink color 
corresponding to p-type of 1015 cm−3 doping. B) Extracted threshold voltage, Vth, dependence as a function of the concentration of MgCl2 solutions.
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concentration of MgCl2 solution and is equal to 0.145, 0.165, and 
0.220 V for 10−6, 10− 3, and 10−1 m concentration, respectively.

Such behavior is characteristic of the SCLC effect in the 
nanowire channel.[12,15] Moreover noise spectra show features 
confirming SCLC regime formation as shown below. SCLC is 
characterized by its super linear dependence on the applied 
voltage VDS independent of the width of the sample, in accord-
ance with the Mott–Gurney law:[16]

ζ ε
π

= µ
4

D
DS
2

I
V

L
	 (1)

where ζ is a coefficient of the order of unity, ε is the permit-
tivity, μ is the mobility of free current carriers, and L is the 
length of the nanowire.

In this case, at a definite VDS, transport in the channel starts 
to exceed the ohmic current behavior due to the contribution of 
the surface states of a nanowire with a small width. The distri-
bution of free carriers in the channel is strongly regulated by 
the adsorption of ions on the surface of p-type-doped NW FET 
sensors. Holes injected from an implanted region of the source 
(heavily doped by boron) to the nanowire FET determine the 
transport properties in the NW channel. SCLC studies reflect 
the density of the trap states and their energy depth.[13] Thus, 
the SCLC effect provides important information about the 
charge transfer mechanisms in NW FET sensors. The attach-

ment of ions to the surface of the NW FET device results in the 
modification of the carrier profile inside the NW channel. Ions 
on the NW surface significantly influence the carrier transport 
and the noise properties of NW FET sensors as a result of the 
large surface-to-volume ratio of the NW channel.

It should be noted, that previously we studied NW FET sam-
ples in 10 × 10−3 m PBS solutions,[2] where the main salt was 
140 × 10−3 m NaCl in the solution[17] In this case single Na+ ions 
compete with counterions at the solid–liquid interface. In the 
present work, MgCl2 solutions contain divalent charged Mg2+ 
ions, which make a stronger contribution to the change of sur-
face charge density at the solid–liquid interface than Na+ ions. 
In the case of NW FET structures operating with MgCl2 solu-
tions, we registered and studied the SCLC effect using I–V 
characteristics and noise spectroscopy. The transport properties 
of NW FET sensors are determined by the density of surface 
states and NW doping levels.[18] The voltage at which the con-
ductivity transforms from ohmic to SCLC behavior reflects the 
transition region corresponding to transport where the injected 
carriers from a contact exceed the free carriers in the channel, 
which responds more effectively to surface states. Noise spec-
troscopy is known to be a powerful method to study the per-
formance of nanodevice structures and their transport prop-
erties.[15,19] We therefore applied noise spectroscopy to obtain 
detailed information about the ion processes taking place in the 
liquid-gated nanowire sensors.

Figure 2.  Output characteristics ID (VDS) of a liquid-gated two-layer (TL) nanowire (NW) field-effect transistor (FET) sensor with W = 100 nm and 
L = 800 nm, measured at VLG =   − 1.2 V. A) The dashed lines show the corresponding linear dependencies obtained at voltages below 0.2 V, which 
changes to B) quadratic behavior at voltages above 0.14 V, shown in double logarithmic scale. C) The differential conductance dependence on drain-
source voltage, Gdiff(VDS), obtained for different MgCl2 solutions, shown in double logarithmic scale. The characteristic voltage at which linear behavior 
changes to quadratic one is equal to 0.145, 0.165, and 0.220 V for 10 −6, 10−3, 10−1 m solution concentration, respectively.
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3. Noise Spectroscopy of Liquid-Gated NW FET 
Sensors

The noise spectra of the samples were measured in the fre-
quency range of 1 Hz–10 kHz. Noise spectra follow the law 
1/fγ, where γ  ≥ 1 with some small deviation from this law. To 
determine the fine structure, the voltage noise spectra Sv(f) are 
replotted to obtain the frequency dependencies of the dimen-
sionless Hooge parameter αH(f):[20]

α ( ) ( )
=

µH
I

DS
2

2

p

f
S f

V

fL R

q
	 (2)

Here, αH is the dimensionless Hooge parameter character-
izing the noise level of the sample being tested; µp is the major 
carrier mobility; L is the sample length; R is the resistance of 
the sample; SI is the current noise spectral density; and q is the 
elementary charge.

With these coordinates, the 1/f spectrum is transformed 
into a horizontal line, and deviations from the 1/f form 
become more accessible for analysis. This representation was 
chosen because in this case, the spectra are normalized over 
all parameters and the αH parameter is dimensionless. The 
obtained spectra plotted in such coordinates reveal the fea-
tures associated with the state of the electrolyte ions at the 
interface with the SiO2 dielectric layer. About 100 spectra were 
measured to present the average behavior in a smoothed form. 
See more detailed information in the “Statistical Analysis” 
section below. Typical noise spectra are shown in Figure 3. All 
spectra feature at least two frequency regions: the first with 
a unit slope (γ  = 1), the second region with γ  = 1.5. Several 
features of interest can be identified and the spectra as a 
whole can be described as follows. For all concentrations of 
MgCl2 solutions, there is a low-frequency component of the 
spectrum 1/fγ where γ  =  1, which changes to γ  = 1.5 with 
increasing frequency. In different operation regimes of the 
NW sensor (VDS, VLG), even two slopes can be resolved in the 

noise spectra. However, the characteristic features described 
above reflect a common behavior in the device structures. 
Typical spectra are shown below in Figure 3.

The transition frequency of γ =  1 −1.5 varies within a range 
of ≈1–10 Hz for all measured sensors. The most interesting 
feature in the noise spectra is the registration of not only the 
first step with a slope of 1.5, but of an additional region with a 
slope of 1.5 after the horizontal transition region with the char-
acteristic slope described above in the high-frequency region of 
the spectra. In this case, two “steps” are clearly observed. Typ-
ical spectra with two steps are shown in Figure 4. The second 
step may have a transition frequency at another frequency (see 
Figure 5).

Moreover, at a very low concentration of MgCl2, a Lorent-
zian-type spectrum (see Figure 6) can be registered instead of 
the first and/or the second step. The frequencies at which the 

Figure 3.  Typical noise spectra αH(f) obtained for a liquid-gated two-layer 
(TL) nanowire (NW) field-effect transistor (FET) sensor with W = 100 nm 
and L = 800 nm in two operation regimes: near the threshold (VLG = − 1.2 V) 
and well above the threshold (VLG = − 1.5 V) demonstrating characteristic 
slope 1.5 for 10−5 m MgCl2 liquid solution.

Figure 4.  Noise spectrum αH(f) obtained for a liquid-gated two-layer (TL) 
nanowire (NW) field-effect transistor (FET) sensor with W = 100 nm and 
L = 800 nm demonstrating the formation of two steps in 10−4 m MgCl2 
solutions.

Figure 5.  Noise spectrum αH(f) obtained for a liquid-gated two-layer (TL) 
nanowire (NW) field-effect transistor (FET) sensor with W = 100 nm and 
L = 800 nm for the case of high-frequency step dominance in a 10−5 m 
MgCl2 liquid solution.
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Lorentzians are observed coincide with the frequencies of tran-
sitions of the spectrum curves from γ  =  1 − 1.5.

The behavior of the noise spectra described above is similar 
to that of the nonequilibrium noise spectra in AlGaN/GaN 
gateless structures measured without liquids.[15] The spectra 
with characteristic behavior corresponding to the SCLC effect 
arise due to the strong electrostatic coupling of mobile carrier 
charges in the channel with weakly mobile charges on the sur-
face. However, the conditions are different in the liquid-gated 
structures studied here, in which electrolyte ions play the role of 
weakly mobile charges. The registered transformation of noise 
spectra from 1/f to 1/f 1.5 confirms the SCLC effect. For the case 
of SCLC free carrier concentration and their part that is cap-
tured on surface states are in the nonequilibrium state.[12a,16,21] 
At large drain-source voltages, nonuniformly distributed noise 
sources due to ions on the surface result in diffusion processes 

with a characteristic (1.5) slope in 1/f1.5 behavior.[19] The fre-
quency of the transition from γ  =  1 to 1.5 in this case depends 
on the ion mobility, i.e. the nature and state of the ions near 
the Si/SiO2 interface. Thus, it becomes possible to study the 
characteristics of the transition layer due to the ion processes 
near the gate insulator of the LG TL NW FET structure. At 
the silica surface, SiO− charges are screened by Mg2+ counte-
rions in the Stern layer.[8] Other ions lead to an overscreening 
effect due to interaction with silanol groups via non-Coulombic 
hydrophilic forces causing a hydration effect within the Stern 
layer. The presence of two or more steps in this case may indi-
cate the presence of two or more populations of ions with dif-
ferent properties that determine their mobility. The noise level 
reflects processes related to ions moving on the surface of the 
LG TL NW FET and corresponds to the mobility of ions on the 
channel surface.

It should be noted that the conditions for the electrostatic 
interaction between the main and surface conduction channels 
in the structures studied differ from the conditions in AlGaN/
GaN structures. In our liquid-gated structures, ion drift occurs 
predominantly as a result of a change in the surface charge 
influencing the charge of the main channel. The presence of 
Lorentzians in the noise spectra can be explained by recombi-
nation of injected carriers in the SCLC region[15] and a diffusion 
noise component sensitive to the electrolyte charge due to elec-
trostatic coupling between two parallel channels: silicon and 
surface ionic channels. Dimensionless Hooge parameters esti-
mated for different drain-source voltages, also corresponding 
to the SCLC regime, are on the order of 10−3, reflecting the 
good quality of liquid-gated NW FET structures. Families of 
frequency dependencies of Hooge parameters obtained for 
two electrolyte concentrations: 10−5 m (Figure 7A) and 10−1 m 
(Figure 7B) are shown below.

The important noise behavior should be particularly empha-
sized. The level of noise, i.e. the value of αH, decreases mono-
tonically with an increase in VDS. In the case of low electrolyte 
concentrations, this drop is twice as large as the drop in the 
case of high concentrations. This additionally confirms the 
contribution of the SCLC effect to the formation of transport 

Figure 6.  Noise spectrum αH(f) obtained for a liquid-gated two-layer (TL) 
nanowire (NW) field-effect transistor (FET) sensor with W = 100 nm and 
L  = 800 nm demonstrating a well-resolved Lorentzian component in a 
10−6 m MgCl2 solution.

Figure 7.  Frequency dependence of Hooge parameter αH(f) obtained for a liquid-gated two-layer (TL) nanowire (NW) field-effect transistor (FET) 
sensor with W = 100 nm and L = 800 nm at VLG = − 1.2 V and drain-source voltages, VDS, ranging from VDS = 0.10 to 0.48 V in MgCl2 solutions with 
concentrations of A) 10−5 m and B) 10 −1 m.
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in LG TL NW FET devices. Several slopes can be registered in 
the noise spectra. In addition, a number of local maxima are 
observed in αH vs. VDS dependencies (Figure 8). Such behavior 
is characteristic of the SCLC effect.[15] The fact also confirms the 
nature of the transport phenomenon in the nanowire channel 
corresponds to the SCLC regime.

It should be emphasized that the advantages of the SCLC 
effect in LG TL NW FET sensors operating in MgCl2 solutions 
are increased sensitivity and reduced noise level. The increased 
sensitivity is due to the increase in I–V slope to a quadratic 
behavior at large drain-source voltages. At VDS  = 0.48 V, this 
nearly triple the sensitivity compared to the linear region at 
VDS  < 0.2 V (Figure  2C). The reduced noise level (shown in 
Figures 7 and 8) is due to SCLC regime. Together these effects 
represent strong potential of improving the signal-to-noise ratio 
of NW FET sensors.

4. Conclusions

Transport and noise properties of fabricated liquid-gated TL NW 
FET sensors were investigated in a wide range of voltages and 
concentrations of MgCl2 solutions. Noise spectra demonstrate 
a clear transition from flicker noise to 1/f 1.5 behavior, reflecting 
processes on the surface of NW FET sensors with characteris-
tics of diffusion transport. The SCLC effect is revealed and con-
firmed by the suppression of Hooge parameters with increasing 
VDS up to 0.48 V. The suppression effect is stronger for small 
concentrations of ions in solution compared to larger concen-
trations. These results open perspectives to increase signal-to-
noise-ratio in NW FET sensors.

5. Experimental Section
The devices being studied are the unique two-layer liquid-gated silicon 
nanowire FET sensors fabricated using CMOS-compatible technology. 

The fabrication started from <1 0 0>-oriented SOI wafers, in which the 
thickness of the buried oxide layer was 145 nm and the thickness of 
the top silicon layer was 50 nm. The top silicon layer was low p-type 
doped and the doping concentration was 1015 cm−3. Based on the top 
silicon layer, a roughly 25 nm moderate doped silicon layer is first 
epitaxially grown using chemical vapor deposition. This new silicon 
layer was moderate boron-doped with a concentration of 1016 cm−3. To 
obtain the hard mask layer, dry thermal oxidation was used to form a 
20 nm thick thermal silicon oxide layer. Electron-beam lithography 
and reactive ion etching methods were used to define the nanowire 
structure on the hard mask layer. To transfer the nanowire structures 
into the silicon layer, tetramethylammonium hydroxide (TMAH) solution 
below 80 °C was chosen to etch the silicon layer. This anisotropic wet 
etching method could reduce the number of the defects and improve 
the surface quality of silicon nanowires. The boron ion implantation 
process was then performed on the source and drain regions followed 
by the rapid thermal annealing process at a temperature of 1000 °C for 
5 s to produce a better quality of ohmic contact. The gate dielectric layer 
was then grown by means of dry thermal oxidation to a thickness of  
8 nm. After the back gate was fabricated by etching through the buried 
oxide layer, the ohmic contact was performed by thermal evaporation of 
100 nm chromium and 200 nm gold, the lift-off process, and annealing. 
To protect the contact pads during the measurement, the passivation 
layer was formed by spin coating the polyimide waterproof layer in which 
the liquid exposure windows over the nanowire regions were opened by 
lithography. Finally, after cutting the wafers into small chips, the samples 
were then wire-bonded, encapsulated using two glass rings as well as 
polydimethylsiloxane (PDMS), and ready for measurement.

The samples were placed in the custom-built Faraday cage, to 
protect the signal from external electromagnetic radiation. The 
current–voltage characteristics of nanowire sensor with Ag/AgCl2 
reference electrode immersed into a liquid were measured using a 
Keithley 2400 measurement device. For the noise measurement, the 
low noise measurement setup was used in the laboratory. In the low 
noise measurement setup, the two rechargeable batteries combined 
with the variable resistors were chosen as the source biases and the 
gate-source applied voltage to the sample. To stabilize the voltage, 
the capacitance was also connected to the voltage supply system. 
The signals from the transistor were first pre-amplified by an ultra-low 
internal noise preamplifier. The ITHACO 1201 amplifier was then used 
to further amplify the signal. Using the Agilent U2542A simultaneous 
data acquisition module and a high-speed USB 2.0, the signal data were 
transferred to the PC, where the voltage noise power spectral density 
(SV) was extracted from 1 Hz to 100 kHz by a fast Fourier transform.

Statistical Analysis: Noise properties of several identical NW FET 
samples are investigated. Samples are fabricated using SOI wafer with 
50 nm <100>-oriented silicon low-doped layer with doping concentration 
of 1015 cm−3. A 25 nm moderately doping (1016 cm−3) silicon layer was 
epitaxial overgrown on top of 50 nm silicon layer with B-dopants to 
obtain p-type conductivity TL channel after the processing of nanowire 
FETs. A 100 nm wide and 800 nm long liquid-gated TL NW FETs are 
studied using I–V characteristics and noise spectroscopy. Initially 
obtained data represent the voltage spectral density of noise, Sv (f ) 
measured as a function of frequency

( )
( ) =

−

∆∆ →
limV

0

2

S f
V V

ff

� (3)

where −( )2V V  is the root mean square voltage fluctuation in the 
frequency band Δf.

The 100 noise spectra, from the same NW FET, operating in a 
definite regime, have been measured using a homemade measurement 
program using Fourier transformation of the data from time domain to 
frequency domain. After averaging of 100 noise spectra, one resulting 
spectrum is plotted and used for further analysis. The measurement 
error is estimated to be below 10%. The measured spectra also contains 
a contribution from the thermal noise of the equivalent resistance, 

Figure 8.  Hooge parameter αH as a function of drain voltage, VDS, 
obtained for a liquid-gated two-layer (TL) nanowire (NW) field-effect 
transistor (FET) sensor with W = 100 nm and L = 800 nm at VLG = −1.2 V 
and frequency f = 1 kHz in MgCl2 solutions with different concentrations 
from 10−6 to 10−1 m.

Adv. Mater. Interfaces 2022, 9, 2201142

 21967350, 2022, 32, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201142 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [18/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2201142  (7 of 8) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

consisting of the resistances connected in parallel, the sample 
resistance, the load resistance, and the input resistance of the low-noise 
amplifier.

Therefore, the noise equivalent resistance SV,therm (f) =  4kTReq has to 
be subtracted from measured noise:

( ) ( )= − 4V,real V eqS f S f kTR � (4)

For further calculations, it is convenient to use the spectral density of 
current fluctuations

( ) ( )= /I V,real eq
2S f S f R � (5)

The noise properties of different samples measured at different 
voltages can be compared using the dimensionless Hooge parameter, 
which is characteristic of the noise level of a measured sample with 
respect to other samples studied in different conditions. To estimate the 
Hooge parameter, we used Equation (2) (see the text of the article):

α µ( ) ( )=H
I

D
2

2

p
f

S f
V

fL R
q � (6)

This representation allows clear identification of the spectral 
deviations from the dependence 1/f, which corresponds to flicker noise 
and represents the main component of noise spectra in metal oxygen 
semiconductor (MOS) FET devices. In this representation, the frequency 
slopes in the spectrum are reduced by 1, and the 1⁄f component of the 
noise spectrum is represented by a horizontal line, and the generation-
recombination (GR) component can be analyzed as a bump (see, for 
example, Figure 6 of the article).

Since the deviations of the spectra from 1⁄f are small in many cases, 
smoothing of the spectral curves was applied to better analyze them. 
At the same time, in order to avoid the loss of information about the 
appearance of artifacts, it was taken into account that in the equilibrium 
state, the slope of the spectra cannot exceed 2 in absolute value (in this 
representation of the spectra, it is about 1). Smoothing was performed 
using the OriginPro. An example of smoothing is shown in the Figure S1, 
Supporting Information (see an example of the smoothing procedure):

The smoothing procedure does not distort the spectrum and satisfies 
the abovementioned requirements.

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