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Abstract

This manuscript investigates a biosensor based on a gadolinium (Gd)-doped hafnium oxide
(HfO2) ferroelectric–dielectric (FE-DE) heterostructure for high-sensitivity, low-power
biomolecule detection. The sensing cavity consists of a dielectric layer and a biomolecule-
filled region, where different filling conditions (0%, 50%, 75%, and 100%) emulate realistic
sensing environments. The dielectric properties of the biomolecule changes, which results
in changes of the dielectric capacitance, thus improving capacitance matching with the
ferroelectric layer and stabilizing the negative-capacitance effect. This intrinsic voltage
amplification enhances the electrical response of the biosensor. Electrical characteristics,
including charge–voltage, energy–charge, capacitance–voltage, and voltage amplification,
were analyzed for biomolecules with dielectric constants ranging from 1 to 12. Higher-
dielectric-constant biomolecules exhibited superior sensing performance; for example,
gelatin (K = 12) achieved the highest sensitivity of 1.9632 at 100% cavity filling, along with
the maximum voltage amplification. To evaluate the impact of amplification, the amplified
dielectric voltage was applied to the gate of a 50 nm NMOS transistor. The enhanced gate
voltage improved the drain current and transconductance and enabled a subthreshold
swing below the conventional thermal limit of 60 mV/dec. A feasible fabrication plan
is demonstrated to show the possible realization of the sensor system. These outcomes
indicate that the proposed Gd-doped HfO2-based FE-DE heterostructure is capable of
efficiently magnifying the dielectric changes caused by biomolecules, thus offering an
encouraging framework for future low-power and high-sensitivity biosensing applications.

Keywords: ferroelectric; Gadolinium (Gd)-doped HfO2; heterostructure; negative
capacitance effect; biosensors

1. Introduction
The increasing need for fast and highly sensitive detection systems in biomedical diag-

nostics has led to a tremendous amount of research into advanced biosensor architectures.
Conventional dielectric-based sensors tend to have poor electrical response in detecting
small changes in the surface charge or dielectric environment. Ferroelectric materials are
a suitable alternative due to their unique polarization properties and the potential for
negative-capacitance characteristics [1–3]. However, the negative-capacitance region of a
standalone ferroelectric capacitor is energetically unstable because it corresponds to the
negative-curvature region between the two stable minima of the characteristic double-
well energy landscape [4–6]. The system naturally relaxes one of the stable polarization
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states, causing the negative-capacitance state to disappear. To stabilize this region and
utilize its voltage amplification capability, the ferroelectric is combined with a dielectric
layer in an FE-DE heterostructure. A dielectric capacitor is connected in series with the
ferroelectric material, which forms an FE-DE (ferroelectric–dielectric) heterostructure. This
configuration alters the total energy profile of the system and stabilizes the negative-
capacitance region.

A heterostructure can achieve capacitance improvement and passive voltage gain
without any need for external power source [7,8]. In applications to biosensing, where
biomolecules change the dielectric constant of a sensing cavity, this intrinsic amplifica-
tion mechanism is especially advantageous [1,2]. Among the existing ferroelectric ma-
terials, hafnium oxide (HfO2)-based thin films have been widely accepted due to their
CMOS compatibility, scalability, high endurance and capability to retain ferroelectric-
ity, even at nanometer thicknesses [9,10]. Doping with suitable elements, such as zirco-
nium, silicon, aluminum, yttrium and gadolinium, can induce ferroelectricity in HfO2 by
stabilizing the non-centrosymmetric orthorhombic phase responsible for spontaneous
polarization [11,12]. Gd-doped HfO2 especially shows better ferroelectric properties,
higher polarization stability and dependable switching characteristics, which makes it
a promising candidate for low-power electronics [13,14]. Although previous studies have
investigated stabilized negative capacitance and passive voltage amplification in FE-DE het-
erostructures, their primary focus has largely been on low-power switching and transistor
applications [4,7,8].

Recently, negative capacitance has been used for biosensing, which is a promising direc-
tion for research. The presence of biomolecules within a nanocavity in dielectric-modulated
biosensors alters the dielectric constant of the sensing region and results in changes of
the electric field distribution and the electrical characteristics of the device [15,16]. An
FE-DE heterostructure further enhances this dielectric modulation through intrinsic voltage
amplification, which allows for better sensitivity and signal-to-noise ratios compared to
that of conventional dielectric-modulated sensors [17]. Several studies have demonstrated
that negative-capacitance-assisted biosensors compatible with CMOS can provide bet-
ter threshold voltage modulation, better drain-current sensitivity and a lower operating
voltage [18].

However, most reported studies still focus on conventional HfO2- or HfZrO2-based
ferroelectrics, and the potential of Gd-doped HfO2 for dielectric-modulated FE-DE biosens-
ing has not been explored yet. Moreover, the influence of the dielectric properties of
biomolecules on capacitance matching, voltage amplification and hence the switching
characteristics of the transistor under different cavity-filling conditions has not received
much attention. A systematic investigation of these factors is necessary for the optimization
of sensor performance and the realization of practical low-power biosensing platforms.

The present work explores a Gd-doped HfO2-based FE-DE heterostructure for
biomolecule sensing applications under different cavity-filling conditions. The highlights
of this research are as follows: (a) it develops a Gd-doped HfO2-based FE–DE biosensor
analytical model, (b) it investigates biomolecule sensing under realistic cavity-filling condi-
tions, (c) it analyzes capacitance matching-induced voltage amplification and sensitivity
enhancement, and (d) it integrates an FE–DE biosensor with a 50 nm NMOS transistor
for subthreshold swing improvement and low-power biosensing applications. The am-
plified dielectric voltage obtained from the FE-DE biosensor is interfaced with a 50 nm
NMOS transistor to analyze its effect on switching characteristics, transconductance, and
subthreshold swing performance for next-generation low-power biosensing systems.
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2. Theoretical Background
The proposed structure is made up of a 10 nm-thick layer of Gd-doped HfO2-based

ferroelectric connected in series with a 5.5 nm dielectric cavity region. The width of all the
structures is 1 µm. The cavity region can be filled with air, partially filled with biomolecules
or completely filled with biomolecules, depending on the sensing condition. The effective
capacitance of the dielectric region is given by the permittivity of free space, the dielectric
constant of the medium, the area of the device and the thickness of the cavity. The dielectric
capacitance is given by

CDE =
ε0KA

d
(1)

where ε0 is the permittivity of free space, K is the dielectric constant of the medium, A is the
cross-sectional area, and d is the thickness. For the partial filling of biomolecules, the cavity
behaves as two dielectric layers in series. In such cases the effective cavity capacitance is
calculated using the series capacitance relation [9],

1
Ccavity

=
1

Cair
+

1
Cbio

(2)

This type of modeling enables precise evaluation of capacitance change for various
biomolecule concentrations.

2.1. Behavior of an Isolated Gd-Doped HfO2 Ferroelectric Capacitor

An isolated capacitor with Gd-doped HfO2 ferroelectric is shown in Figure 1a. Alu-
minum acts as a metal electrode. Gd-doped HfO2 was selected because its reported ferro-
electric parameters provide suitable polarization characteristics and capacitance matching.
The voltage-charge relation of an isolated (standalone) ferroelectric capacitor is given by
Landau theory [8],

VFE = αQFE + βQ3
FE (3)

where QFE and VFE denote the charge and voltage associated with the ferroelectric capacitor,
respectively. The parameters α and β correspond to the anisotropy coefficients of the
ferroelectric layer (Table 1). The charge voltage curve has an S-shaped characteristic. The
negative-slope region is the region of negative capacitance, which confirms instability [4–6].
However, it is a state of instability because of the double-well energy profile [4,8]. This
energy landscape is that of a double-well potential,

UFE =
α

2
Q2

FE +
β

4
Q4

FE (4)

Figure 1. (a) Isolated FE capacitor; (b) charge vs. voltage characteristic of isolated Gd-doped
HfO2 ferroelectric capacitor; (c) energy vs. charge characteristic of isolated Gd-doped HfO2

ferroelectric capacitor.
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Table 1. Anisotropy constants for ferroelectric material (Gd—gadolinium).

Thickness α (1/F) β (1/FC2)

tFE = 10 nm −1.52 × 1015 4.21 × 1043

A distinct S-shaped charge-versus-voltage curve is shown in Figure 1b. The negative-
slope region observed near its origin shows negative differential capacitance. This region
corresponds to a condition where an increase in voltage gives a decrease in charge, which
is physically unstable when the ferroelectric is isolated. The energy-charge characteristic is
shown in Figure 1c. The double-well energy landscape is confirmation that the system has
two stable minima separated by an unstable region. The concave region between the wells
is the negative-capacitance state. Since the system has a natural tendency to enter one of the
minima, the isolated ferroelectric cannot operate in a stable way in the negative-capacitance
zone. These two figures put together determine that although there is an intrinsic negative
capacitance in the ferroelectric material, it cannot be used directly without stabilization.

2.2. Dielectric-Only Structure (SiO2)

In Figure 2, the capacitance due to the cavity and the capacitance due to SiO2 are
added in parallel to form an equivalent dielectric capacitance,

CDE = CCavity + CSiO2 (5)

For the dielectric-only structure shown in Figure 2, the applied voltage is developed across
the equivalent dielectric capacitance formed by the parallel combination of the SiO2 layer
and the cavity. Therefore, the voltage can be expressed as follows:

VS =
Q

CDE
(6)

Figure 2. (a) Dielectric-only structure; (b) charge vs. voltage characteristic of dielectric-only structure;
(c) energy vs. charge characteristic of dielectric-only structure.

Similar dielectric-modulation mechanisms have been widely employed in capacitive
biosensors and ferroelectric sensing platforms, whose electrical properties are directly
related to the material filling it [1,2]. In the absence of biomolecules, the cavity is filled with
air, which has a low dielectric constant. When biomolecules such as Keratin, gelatin, T7 or
other analytes are present in the cavity, the effective dielectric constant increases and thus
changes the electrical response of the structure. The dielectric capacitance of the cavity is
thus given by

CCavity =
ε0kA

d
(7)
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where k is the dielectric constant of the filling material. The dielectric constants of the
biomolecules are given in Table 2. Since capacitance is directly proportional to k, any
biomolecule that is introduced into the cavity creates a higher dielectric capacitance than
the air-filled case [18]. Figure 2b displays a linear charge–voltage relationship for various
cavity fillings. The slope increases systematically from air to higher-dielectric-constant
biomolecules, indicating increased charge storage capabilities. This validates that the elec-
trical response of the cavity is highly dependent on the biomolecular dielectric properties.
The energy-charge profile of the dielectric region is shown in Figure 2c. All curves have a
single parabolic shape, which confirms stable electrostatic behavior. However, the curva-
ture differs depending on the dielectric constant, so that biomolecules with a higher k give
a lower curvature, which corresponds to higher capacitance. These results establish that
the cavity region is the sensing element, in which biomolecule presence directly modulates
the dielectric capacitance.

Table 2. Dielectric constants (K values).

Dielectric Air Uricase Biotin
APTES

((3-Aminopropyl)
Triethoxysilane)

T7
(Bacteriophage) Keratin Gelatin

K 1 1.54 2.63 3.57 6.3 8 12

2.3. FE–DE Heterostructure (Ferroelectric + Biomolecule-Filled Cavity)

The proposed cavity is intended for biomolecules dispersed in low-viscosity aqueous
solutions rather than highly viscous bulk materials. Previous experimental studies have
demonstrated the feasibility of detecting biomolecules in solution using nanogap capacitive
sensors [18,19]. The present theoretical model considers the effective dielectric constant of
the cavity, while viscosity, molecular transport, buffer effects, and electrical-double-layer
screening require further experimental investigation. When the ferroelectric layer made
of gadolinium is placed in series with the dielectric cavity, the system is the FE-DE het-
erostructure. In this configuration, the dielectric layer is not only a passive insulator but an
active sensing region with a dielectric constant which varies with biomolecule occupancy.
The choice of gadolinium (Gd)-doped HfO2 and SiO2 was motivated by the capacitance-
matching requirement of the FE-DE heterostructure. Since the sensitivity of the proposed
biosensor is determined by the voltage developed across the dielectric region, achieving a
close match between the ferroelectric capacitance and dielectric capacitance is essential for
obtaining strong voltage amplification. For the selected layer thicknesses and device di-
mensions, the Gd/SiO2 combination provides a favorable capacitance-matching condition,
resulting in enhanced voltage amplification and improved sensitivity to biomolecule-
induced dielectric changes. Although other material combinations may be suitable for
different geometries or thicknesses, the present combination was found to be optimal
for the device configuration considered in this work [3,7]. The applied voltage is shared
between the ferroelectric and the cavity as

VS = VFE + VDE (8)

and the equivalent capacitance of the heterostructure is given by

CT =
CFECDE

CFE + CDE
(9)

Here, dielectric capacitance, CDE, is directly dependent on the biomolecule in the cavity.
Therefore, any biomolecule-induced variation in dielectric constant alters the total capaci-
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tance of the FE-DE structure. Since both capacitors are connected in series, therefore, the
charge across the ferroelectric layer remains identical to the charge in the dielectric. Using
Kirchhoff’s voltage law, the relation can be written as (VS = VFE + VDE)

VS = αQFE + βQ3
FE +

QFE
CDE

(10)

So, the total energy of the heterostructure can be expressed as the combined energy of the
FE and DE capacitors (UT = UFE + UDE)

UT =
α

2
Q2

FE +
β

4
Q4

FE +
Q2

FE
2CDE

(11)

Figure 3b (Q-VS) shows that the unstable negative-slope region found for the iso-
lated ferroelectric is eliminated with the introduction of the cavity. The dielectric cavity
stabilizes the negative-capacitance behavior by contributing positive electrostatic energy
into the circuit. The degree of stabilization is increased as the dielectric constant of the
cavity is increased [4,6,8]. Figure 3c (UT-Q) shows the total energy profile of the coupled
system. Compared to the double-well energy curve of the isolated ferroelectric, the energy
landscape of the heterostructure is smoother and more flattened. This flattening happens
because the cavity adds positive curvature, suppressing the unstable region of the fer-
roelectric. Figure 3d (CFE-Q) shows a capacitance enhancement when the biomolecules
fill the cavity. As the dielectric constant goes from air to gelatin or Keratin, the dielectric
capacitance is increased to nearly the magnitude of the ferroelectric capacitance. This
improved condition of capacitance matching leads to a higher total equivalent capacitance.
Figure 3e (CT-VS) further points out that the total capacitance of the heterostructure can
exceed the dielectric capacitance alone near the matching region. This enhancement is
because the ferroelectric is operating in a stabilized negative-capacitance regime. The
higher the dielectric constant of the fillings, the higher the voltage redistribution, which
is one of the reasons for sensing amplification. Overall, the FE-DE heterostructure can be
physically viewed as a combination of a ferroelectric layer coupled with a dielectric cavity
sensitive to biomolecules. The cavity filling determines the dielectric capacitance that in
turn controls capacitance matching and energy stabilization. Therefore, the presence of
biomolecules does not simply change the capacitance. It is actively controlling stabilization
and amplification. The asymmetric half–half dielectric–cavity configuration was adopted
considering fabrication simplicity and ease of cavity formation. In this biosensor, the
sensing response is primarily determined by the effective biomolecule-filled cavity area
and the resulting dielectric modulation rather than the exact cavity position within the
dielectric region. Therefore, for a fixed cavity fraction, the sensor performance is expected
to depend mainly on the capacitance variation introduced by the biomolecules. Although
symmetric dielectric–cavity–dielectric configurations may also be considered, their per-
formance would require separate optimization of cavity dimensions and capacitance-
matching conditions.

A feasible fabrication-integration plan is presented here to show the sensor real-
ization processes. The initial wafer can be a silicon substrate Figure 4a. The metal
can be deposited over the substrate, followed by 50 nm SiO2 deposition, as shown in
Figure 4b,c. The SiO2 layer can be etched from half of the device to provide space for the
cavity (Figure 4d), and the length of the SiO2 will become 25 nm. Anisotropic etching
can be used for precise etching, followed by deposition and patterning of S1813 positive
photoresist, as shown in Figure 4e,f. Furthermore, high-k gadolinium with a thickness of
50 nm can be deposited using the Sputtering technique [3,20], followed by metal deposition,
as shown in Figure 4g,h. Finally, the device can be kept in acetone for few seconds to sacrifi-
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cially remove the S1813 and create the cavity for biomolecule sensing, as shown in Figure 4i.
The proposed fabrication-integration plan demonstrates the potential physical realization
of the FE–DE biosensor. However, the present work is limited to a theoretical and physics-
based evaluation.

Figure 3. (a) FE–DE heterostructure; (b) Q-VS; (c) UT-Q; (d) CFE-Q; (e) CT-VS.

Figure 4. Proposed fabrication-process flow of the Gd-doped HfO2-based FE–DE heterostructure
biosensor: (a) silicon substrate, (b) bottom metal deposition, (c) SiO2 deposition, (d) partial SiO2

etching for cavity formation, (e,f) S1813 photoresist deposition and patterning, (g) Gd-doped HfO2

ferroelectric layer deposition, (h) top metal deposition, and (i) sacrificial removal of S1813 to create
the biomolecule sensing cavity.

2.4. Voltage Amplification Behavior

The voltage amplification factor is given as

AV =
dVD
dVS

(12)
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Voltage amplification takes place when the ferroelectric capacitance becomes compa-
rable to the dielectric capacitance [7,21,22]. The biomolecules with high dielectric constants
result in enhanced voltage amplification because of the better capacitance matching of
the ferroelectric capacitance, CFE, and effective dielectric capacitance, CDE. Figure 5a on
voltage amplification (VD vs. VS) shows the variation in the dielectric voltage, VD, with
respect to the applied voltage, VS, for different biomolecules present in the cavity region.
In the amplification region, the voltage across the dielectric layer rises more quickly than
the applied supply voltage, which is an indication of intrinsic voltage gain in the FE-DE
heterostructure. Materials such as Keratin and gelatin have a higher slope when compared
to air and low-k biomolecules, which confirms that materials with high dielectric constants
result in higher voltage amplification. Similar amplification behavior has been experimen-
tally and theoretically reported in FE-DE heterostructures [5,7,23]. This is a result of the
better matching of CFE and CDE allowing the system to operate closer to the stabilized
negative-capacitance region and hence increasing the voltage transfer. Figure 5b shows
the differential voltage amplification (dVD/dVS vs. VS), which is the instantaneous gain
of the heterostructure. A gain value greater than one confirms the enhancement of the
dielectric voltage in comparison to the applied voltage, demonstrating the amplification
capability of the FE-DE system. The maximum gain occurs at lower voltages, where the
capacitance-matching condition is the strongest. Biomolecules having a higher dielectric
constant have a higher peak gain since they increase the dielectric capacitance, approach-
ing the magnitude of the ferroelectric capacitance. As the applied voltage is increased,
the gain gradually decreases, which indicates that the system is moved away from the
optimum matching condition. This behavior confirms that the FE-DE heterostructure
has the ability to translate small dielectric changes due to the presence of biomolecules
into enhanced electrical response and is therefore very suitable for sensitive biosensing
applications [24,25]. All results presented in Figures 2, 3 and 5 were obtained through
MATLAB 2026a-based numerical simulations using the analytical FE-DE model described
in Section 2. No experimental measurements were performed in the present work.

Figure 5. (a) Voltage amplification; (b) differential voltage amplification.

2.5. Analysis for Different Biomolecule-Filling Percentages

Different filling conditions were considered to analyze the sensing capability of the
proposed FE-DE structure. The cavity region was modeled with different percentages of
biomolecule filling. In addition to the case of an air-filled cavity discussed in Section 2.2
(0% biomolecule), intermediate filling conditions were introduced to represent realistic
sensing scenarios. Specifically, the cavity was assumed to have 50% biomolecule and 50%
air, 75% biomolecule and 25% air, and finally a fully occupied cavity corresponding to
100% biomolecule filling, which is discussed in Section 2.3. In these intermediate cases, the
cavity capacitance is a function of the sum of the contributions of the air and biomolecule
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layers in the cavity region. The partial-filling configurations (50% and 75%) were consid-
ered to model intermediate biomolecule occupancy levels inside the sensing cavity. In
practical biosensing applications, biomolecule immobilization is often incomplete due to
finite analyte concentrations, non-uniform adsorption, and binding efficiency limitations.
Therefore, partial cavity filling provides a useful framework for evaluating sensor response
under realistic sensing conditions rather than assuming ideal full occupancy. Below are
the models for 50% biomolecule and 75% biomolecule filling, respectively, and based on
these partial-filling configurations, the dielectric region is represented by an equivalent
capacitance network based on the physical structure of Figure 6a,b. When biomolecules
partially fill the cavity, the remaining space in the cavity is filled with air. Since the air layer
and the biomolecule layer are stacked vertically in the cavity region, they form a series
capacitance combination, as mentioned in Equation (2).

Figure 6. FE–DE heterostructure with partial biomolecule filling inside the cavity: (a) 50% biomolecule
filling and (b) 75% biomolecule filling.

The SiO2 layer and the cavity are placed side-by-side in the device structure. They have
the same voltage applied to them and thus constitute a parallel capacitance combination.
The effective dielectric capacitance becomes

CDE = CSiO2 + Ccavity (13)

This equivalent dielectric capacitance is series-connected with the ferroelectric layer to
form the FE-DE heterostructure. The total capacitance of the device can therefore be
represented as

Ctotal =
CFECDE

CFE + CDE
(14)

where CFE is the capacitance of the ferroelectric layer. This modeling approach enables
us to incorporate the effect of various biomolecule-filling percentages within the cavity
to the electrical behavior of the FE-DE heterostructure. As the content of biomolecules
increases, the dielectric constant of the cavity region increases, which will modify the
effective dielectric capacitance and thus will alter the voltage distribution in the device.
Voltage amplification occurs when the magnitude of the negative ferroelectric capacitance
approaches the dielectric capacitance,

VD = VS
|C FE|

|C FE|−CDE
(15)

Under this capacitance-matching condition (| CFE ||≈ CDE), the denominator becomes
small, resulting in a larger voltage drop across the dielectric layer. Small variations in
dielectric capacitance caused by biomolecule binding produce amplified voltage changes
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at the output. This phenomenon forms the basis of the enhanced sensing response in the
proposed FE-DE biosensor [7,8].

Figure 7 shows the voltage amplification characteristics for 50% and 75% cavity fill-
ing. In both cases, the output voltage increases linearly with the applied source voltage,
confirming stable FE-DE operation. The amplification effect becomes more pronounced
as the filling percentage increases from 50% to 75%, indicating that larger biomolecule
occupancy strengthens the dielectric modulation and improves the electrical response
of the FE-DE biosensor. The series-layer model approximates partial cavity occupancy.
Actual biomolecule adsorption may be lateral and non-uniform, potentially producing
higher capacitance and sensitivity. Realistic adsorption patterns require spatial analysis
incorporating surface chemistry and fringing fields.

Figure 7. (a) Voltage amplification with 50% biomolecule filling; (b) voltage amplification with 75%
biomolecule filling.

2.6. Biosensor Sensitivity Analysis

The sensing ability of the proposed FE-DE heterostructure was evaluated by calculat-
ing the sensitivity of the device for various biomolecules in the cavity region. Sensitivity
is the degree of change in the electrical response of the device due to the presence of
biomolecules. Here, sensitivity is determined by measuring the variation in the dielectric
voltage response when the percentage of biomolecule filling inside the cavity is increased.
Sensitivity is calculated as the relative change in dielectric voltage with respect to the
air-filled cavity condition, given by

S =
VD,biomolecule − VD,air

VD,air
(16)

Figure 8 summarizes the values of the sensitivity obtained for different biomolecules
at three cavity-filling conditions: 50%, 75% and 100% biomolecule occupancy. The dielec-
tric constant K of each biomolecule significantly influences the total sensitivity for the
structure. Materials having greater dielectric constants yield greater modulation in the
effective dielectric capacitance of the cavity and hence yield a greater change in voltage
response [1,26]. From the figure it is observed that the sensitivity consistently increases
as the dielectric constant of the biomolecule increases. For example, air with a dielectric
constant of K = 1 produces almost no change in sensitivity with different filling per-
centages. In contrast, biomolecules like Keratin and gelatin, which have much higher
dielectric constants, result in much larger values of sensitivity. This trend shows that
the coupling between the ferroelectric and the dielectric layers is increased by higher-
dielectric-constant biomolecules, thus increasing the electrical response. Another important
observation is that the sensitivity is enhanced by an increase in the biomolecule occupancy
within the cavity. For most biomolecules, the values at 100% filling are much higher than
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the values at 50% or 75% filling. This behavior confirms that the sensing mechanism
is directly related to the dielectric modulation introduced by the biomolecules. As the
cavity is filled with more biomolecules, the effective dielectric constant of the sensing
region is enhanced, which results in better capacitance matching and a higher voltage
response of the FE-DE heterostructure. Overall, the results obtained from the sensitivity
tests prove that the structure being proposed is capable of being used for distinguishing
biomolecules by their dielectric properties [2,27]. The high sensitivity dependence both on
the dielectric constant and the cavity occupancy underscores the potential of the FE-DE
heterostructure for highly sensitive biosensing applications.

Figure 8. Sensitivity variation of the FE-DE biosensor with dielectric constant for different cavity
filling percentages.

2.7. Integration of FE–DE Biosensor with NMOS for Subthreshold Swing Improvement

The practical applicability of the proposed FE–DE biosensor structure is evaluated
by applying the dielectric voltage response obtained from the VD–VS characteristics as
the gate input of an NMOS transistor. The goal of this integration is to examine the
possibility of reaching subthreshold swing values lower than the conventional thermal
limit of 60 mV/decade [4,12]. The circuit configuration used for this analysis is shown in
the simulation setup where the amplified dielectric voltage generated by the ferroelectric–
dielectric heterostructure drives the gate terminal of an NMOS transistor implemented
in 50 nm CMOS technology [9,28,29]. In a conventional MOS transistor, the subthreshold
swing is fundamentally limited by thermal voltage and is given by

SS =

(︃
dVGS

dlogIDS

)︃
≥ 60 mV/dec (17)

at room temperature. However, if a stabilized negative-capacitance ferroelectric capacitor
is connected to the gate of the transistor, the effective gate voltage amplification alters this
relation [4,8]. The ferroelectric–dielectric heterostructure enhances the internal voltage
applied on the MOS gate so that the potential in the channel can rise faster than the external
supply voltage. In this work, the voltage amplification behavior obtained from the VD

vs. VS characteristics (Section 2.4, Figure 5a) of the FE–DE biosensor was used as input
data of the NMOS gate. The data set obtained from the voltage amplification curves is for
different cases of biomolecules in the cavity region. A 50 nm NMOS transistor was used to
investigate the practical effect of the proposed FE–DE biosensor structure [9,30,31]. As the
amplified dielectric voltage is applied to the NMOS gate, the channel potential rises faster
than the applied supply voltage. This has the effect of lowering the gate voltage needed to
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control the drain current in the subthreshold region. As a result, the drain current has a
steeper exponential increase, and, therefore, the effective subthreshold swing is less than
the conventional limit of 60 mV/decade [18,32,33].

The voltage data extracted from the VD–VS curves for various biomolecules were taken
and used as input data sets in the NMOS simulation, as illustrated in Figure 9. Using these
data sets, the corresponding drain current (ID) and transconductance (gm) characteristics
were obtained and plotted. Figure 10a shows the variation in drain current, ID, with
supply voltage, VS. These curves show that biomolecules with higher dielectric constants
generate stronger gate voltage amplification and, hence, earlier turn-on of the transistor
and a steeper increase in drain current. Biomolecules like gelatin and Keratin produce
much higher current levels compared to air-filled cavities because of the increased dielectric
capacitance and better voltage coupling in the FE–DE structure. The transconductance
gm versus VS characteristics are shown in Figure 10b for the same biomolecule conditions.
Transconductance represents the variation in drain current with respect to gate voltage and
is given by

gm =
dID

dVGS
(18)

These results show that when biomolecules have a higher dielectric constant, the transcon-
ductance values are larger in the lower voltage region. This is a consequence of the fact
that the combination of the FE and DE heterostructures enhances the gate voltage applied
to the transistor, and so the channel conductance increases faster. Therefore, the device has
better switching behavior and higher electrical response. To assess the switching behavior
of the NMOS device controlled by the output of the FE-DE biosensor, the subthreshold
switch (SS) was extracted from the simulated drain-current characteristics. Subthreshold
swing represents the gate voltage required to vary the drain current by one decade and is
defined as

SS =
dVGS

d(logID)
(19)

Figure 9. Simulation setup for evaluating the effect of FE–DE biosensor voltage amplification on
NMOS transistor characteristics using a 50 nm NMOS.
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Figure 10. (a) Variation in drain current, ID, with supply voltage, VS, and (b) transconductance, gm,
versus supply voltage, VS, for different biomolecules when the FE–DE biosensor output drives a
50 nm NMOS transistor. (c) Subthreshold swing (SS) versus gate voltage, VS, for different
biomolecules when the FE–DE biosensor output drives a 50 nm NMOS transistor.

In conventional low-temperature (room-temperature)-operating conventional MOS
transistors, the theoretical limit to the subthreshold swing is 60 mV/decade, which is
due to the thermionic emission of carriers across the channel barrier. Figure 10c presents
the variation in subthreshold swing with gate voltage, VGS, for different biomolecules
present inside the cavity of the FE–DE biosensor. The results show that the combination
of the ferroelectric–dielectric heterostructure and NMOS transistor greatly enhances the
switching characteristics of the device. In the lower voltage region, several biomolecule
cases have subthreshold swing values lower than the conventional 60 mV/decade limit,
demonstrating the effect of voltage gain produced by the stabilized negative-capacitance
effect of the ferroelectric layer. Among the biomolecules, materials with higher dielectric
constants yield higher voltage amplification in the FE–DE heterostructure [4,8,18]. This
amplification amplifies the effective gate control over the channel potential, so that the
drain current rises faster with a smaller variation in the applied gate voltage. As a result,
the device has low subthreshold swing and better switching efficiency. In contrast, the air-
filled cavity case exhibits larger SS values because of the small dielectric constant and low
voltage amplification. Biomolecules such as Keratin, T7 and APTES exhibit better switching
behavior with SS values close to or below the thermal limit in certain operating regions.
These results validate that the presence of biomolecules not only changes the dielectric
properties of the sensing cavity but also improves the transistor switching behavior by the
negative-capacitance effect. Hence, the SS characteristics prove that the FE-DE biosensor
integrated with an MOS transistor can realize steeper switching slopes and higher energy
efficiency, which makes the proposed structure promising for low-power biosensing and
next-generation electronic devices. Various advanced transistor architectures, including
double-gate, FinFET, SOI and gate-all-around devices, have been explored to improve
electrostatic control and switching performance [31–35]. The present work is compared
with other reported biosensors in Table 3. Since the reported studies quantify sensing
responses using different electrical parameters, their numerical sensitivity values are not
directly comparable. The present theoretical analysis demonstrates a maximum dielectric-
voltage sensitivity of 1.9632 (196.32%) for gelatin at 100% cavity filling.
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Table 3. Comparison of the present work with representative biosensors reported in the literature.

Work Sensing Structure/
Material Sensitivity/Response Type of Work

Narang et al. [15]

Symmetric split-gate
junctionless FET with a
dielectric-modulated
nanocavity

Sensitivity analyzed for
different biomolecule
dielectric constants and
charges; no directly
comparable value used

Modeling and simulation

Yi et al. [19]

Silicon/polysilicon-
electrode nanogap
capacitor containing
ssDNA solution

Capacitance increased
from 3.5 to 4.1 nF,
corresponding to
approximately 17.14%, for
100 nM ssDNA at 200 Hz

Theoretical and
experimental

Ghobaei Namhil et al. [20]

Aptamer-functionalized
gold electrodes separated
by a 40 nm nanogap with
SiO2 support

A substantial
relative-permittivity
decrease was observed
after binding 1 µM of
human α-thrombin; no
numerical sensitivity was
reported

Experimental with
supporting theoretical
calculations

Present work

Gd-doped HfO2/SiO2
FE–DE heterostructure
with a biomolecule-filled
cavity

Maximum
dielectric-voltage
sensitivity of 1.9632
(196.32%) for gelatin at
100% cavity filling

Theoretical and design
analysis

3. Conclusions
This work studies a gadolinium (Gd)-doped HfO2-based FE–DE heterostructure for

biosensing applications. Interaction between the ferroelectric and dielectric layers stabi-
lizes the negative-capacitance behavior and results in capacitance enhancement together
with intrinsic voltage amplification. The sensing mechanism is based on the changes in
the dielectric constant of the cavity region upon the addition of biomolecules. Different
biomolecules having different dielectric constants were investigated under various cavity-
filling conditions (0%, 50%, 75% and 100%). The results indicate that an alteration of the
dielectric environment alters the effective capacitance of the heterostructure, hence causing
measurable changes in voltage amplification. Sensitivity analysis verifies that biomolecules
with higher dielectric constants generate higher electrical responses. To further test the
effect of this amplification, the output voltage of the FE–DE biosensor was used on the
gate of a 50 nm NMOS transistor. The resulting transistor characteristics exhibit improved
switching behavior and the potential to obtain subthreshold swing values lower than the
conventional 60 mV/decade limit. These results show that the proposed FE-DE heterostruc-
ture is a promising method for fabricating high-sensitivity and low-power biosensing
devices. The proposed FE–DE heterostructure biosensor can be used in biomedical diagnos-
tics for the detection of biomolecules such as proteins, enzymes and DNA due to dielectric
variations in the sensing cavity. Due to the intrinsic voltage amplification capability of the
device, it is suitable for low-power and portable diagnostic systems. The integration of the
biosensor with complementary metal-oxide-semiconductor (CMOS) technology also allows
for the development of small bioelectronic sensing platforms. Such systems can be applied
in wearable health-monitoring devices, environmental sensing and lab-on-chip diagnostic
applications. Additionally, the voltage amplification behavior of the FE-DE structure can
support the development of steep-slope, energy-efficient electronic devices. The present
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work is a simulation-based proof-of-concept study. Experimental validation, including
transistor subthreshold characteristics and fabrication-level verification, remains part of
future work. It should be noted that the present analysis is based on an ideal parallel-plate
capacitance model and does not explicitly account for fringing fields, edge effects, or other
finite-dimension electrostatic phenomena. For practical nanoscale implementations, such
non-ideal effects may contribute to the overall capacitance and slightly alter the quantitative
sensor response. Nevertheless, the present model provides a useful first-order framework
for understanding the FE-DE voltage amplification mechanism and biomolecule-induced
dielectric modulation. A more comprehensive analysis incorporating fringing-field effects
will be considered in future work.
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