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This study presents a novel approach utilizing a Graded SiGe Tunnel Field-Effect Transistor
(Gr.SiGe-TFET) for the development of a high-performance ultrathin biosensor for label-free
biomolecule detection. The study addresses the challenges of hereto-junction TFETs by
achieving reasonably high current through the utilization of graded SiGe in a Ge-SiGe-Si
structure, substantiating its superiority through comparisons with Ge-Ge-Si , Ge-Si-Si , Ge-
SiosGeos-Si structures. The paper includes theoretical analysis to substantiate the simulation
findings for dielectric constant values (k=2,4,6,9,12) corresponding to biomolecules such as
Biotin, Ferro-cytochrome, Bacteriophage T7, Keratin, and Gelatin. We performed
comprehensive analysis of sensitivity and selectivity with various target biomolecules,
characterized by different dielectric constants, using calibrated TCAD simulations. Our
findings show that the proposed SiGe graded channel biosensor (Ge-Gr.SiGe-Si structure) has
optimized sensitivity compared to Ge-Ge-Si , Ge-Si-Si , Ge-Sio.sGeos-Si structures making it
a strong candidate for biosensors.
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INTRODUCTION

In recent years, the demand for high-performance biosensors has grown significantly, driven
by the need for sensitive and reliable detection methods in healthcare, environmental
monitoring, and food safety. Researchers have been exploring innovative device architectures
and materials to enhance sensor performance. Biosensors can be classified based on their
transduction mechanisms, including electrochemical biosensors (e.g., genic sensors),
electronic biosensors (such as various FETs like MOSFETSs, ISFETs, and TFETSs), and
gravimetric biosensors (thermal and acoustic sensors) [1]. Among these, electronic biosensors
stand out for their established fabrication technologies, CMOS compatibility, and integrability
with standard 1Cs. Field-Effect Transistors (FETs) are particularly attractive for label-free
detection due to their scalability, cost-effectiveness, and ability to integrate sensors and
measurement systems on a chip [2-3].

Tunnel Field-Effect Transistors (TFETS) are promising candidates for biosensors, offering
advantages like lower subthreshold swing (SS), reduced ambipolar characteristics, and high
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sensitivity through tunneling mechanisms [4-8]. Scaling to sub-10 nm demands alternative
channel, source, and pocket materials to meet IRDS drive current limits [9]. Germanium (Ge),
with its low bandgap and high hole mobility, is a strong candidate [10-11]. As a pseudo-direct
bandgap material, Ge offers enhanced band-to-band tunneling (BTBT) efficiency compared to
Si [12]. Kim et al. demonstrated that Si-Ge-Si TFETs outperform Si-Si-Si and Ge-Ge-Ge
counterparts due to optimized tunneling resistance and reduced ambipolarity at the Ge/Si
heterojunctions [13]. However, pure Ge-based devices face challenges such as lattice
mismatch with Si and integration complexities [14].

Graded SiGe channels address these challenges by maximizing transconductance and
improving performance [15]. Early SiGe FETs with SiO: insulation and TiSi> Schottky gates
mitigated gate leakage and enhanced hole mobility through spacer layers [16]. Advances like
hybrid SiGe-channel CMOS and SiGe-based FINFETSs achieved high speeds and scalability
for 10 nm nodes [17-18]. Sio.sGeo.2 and Sio.sGeo.s graded channels demonstrated improved ON
currents, reduced OFF currents, and better SS compared to Si-based devices [19-20]. However,
vertical grading faces limitations in scalability and stability, constrained by critical layer
thickness and defect formation [15, 21-22]. Recently, Lee et al. fabricated a CMOS-compatible
gate-all-around SiGe TFET with high Ge content (Sio.2Geo.s) and achieved remarkable SS and
low leakage current [23].

To overcome performance degradation from defects and ambipolarity, this study proposes a
Graded SiGe Tunnel Field-Effect Transistor (Gr.SiGe-TFET) biosensor. By incorporating
graded SiGe layers in a Ge-SiGe-Si configuration, the structure addresses key TFET
challenges, ensuring high sensitivity and stable performance. Shih et al. showed graded Si/Ge
TFETS optimize tunneling barriers for ON/OFF switching and suppress short-channel effects
in sub-10 nm devices, but scaling challenges persist with ambipolarity [24]. This study
proposes an ultrathin biosensor using a Gr.SiGe-TFET highlighting its advantages in label-
free biomolecule detection. The paper is organized as follows: Section Il details the device
architecture and simulation methodologies. Section III analyzes the device’s electrostatic
properties and sensitivity, and Section IV summarizes findings and implications.

I1: DEVICE STRUCTURE , THEORITICAL FOUNDATION , SIMULATION
ASPECTS
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Fig. 1. (a) schematic picture of proposed graded channel TFET biosensor (b) Ge-Si-Si, (c) Ge-
Ge-Si, (d) Ge-Sio.sGeo.s-Si structures for comparative analysis

A schematic presentation of the device structure is given in Figure 1. The Parameters employed
in the proposed device for modeling and simulation purposes are given in Table 1.

Parameters Value
Source Length 10 nm
Intrinsic Channel Length 40 nm
Drain Length 10 nm

Thickness of Channel (sice) 10 nm
Thickness of oxide layer (tox) | 1 nm

Device width (W) 20 nm
Work function of the gate 4.45 eV
metal (om)

Source region Concentration | 10%(p)
Intrinsic Chennel 10%(p)cm-3
Concentration

Drain Pocket Concentration 10*%(p)cm-3
Drain region Concentration 10%¥(n)cm-3

Table 1: Parameters utilized in the proposed device for modeling and simulation
purposes.
For the device shown in figure 1, the 2-D Poisson equation is as follows:

O2o(xy) n ?p(xy) _ an
T 9xz ay? €cn |

)

@ (x.y) is the two dimensional potential, n and g are the carrier density and charge, €., is the
dielectric permittivity .

i=1,2,3,4, 5 as regions depicted in figure 1
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From figure 1, the region i denotes the different region in the channel. By Young’s Parabolic
approximation

@i(x,y) = @5;(x) + yay;(x) + y2az(x) i=1,2,3,4,5
(2)

Where ¢;(x,y) is 2-D potential profile , a;(x) is one dimensional potential along length. To
calculate ay, a,; and a,; we apple the boundary conditions as:-

1) aty=0,9;(x,y) = ¢si(x)
99i(x.y) o
2) Ty e as;(x)
3)
3) d9i(x.y)

ay = ali(x) + ZtSi(l_mﬁ)Ge(mﬁ)aZi(x)

y=t(Sic1-mri)Ge(msi))

@s,i(x) is the surface potential, t(Si(l_mﬁ)Ge(mﬁ)) is the thickness of the graded channel.
‘mfi’ denotes the Germanium mole fraction in Silicon in each region. Solving,

Cox[Vas—V gpi—®s,il —Cox[Vas—Vrpi—®s,il

, aq(x) =
ESic1-myi)Ge(mpi) €Ge/Sica-mri Ge(myri) ESiq1-myi)Gempi) €Ge/Sica-msi) Ge(mi)

(4)

Vs is the gate to source voltage, Vy,,; is the flat-band voltage corresponding to every region,
€ is the permittivity. C,, is the oxide capacitance . Now 1-D equation takes the form,

azi(x) =

92050 _ 95i)=(Ves=Vrpi) _ aN;
0x?2 A2

®)

€Ge/Si—mpi)Ge(mpi)

. L. ] tGe/Sics_fivGerm £y ESicy —m £ivGE m Fi
J; is the characteristics length given by, 4; = \/ (2-m/i) ;’Zf‘) (Aomfh 7 (mfL)
HfO2
(6)

Here, 2/nt is multiplied in the denominator to consider fringing field effects.

The general solution of the above differential equation,

qN;

@si(x) = a;exp (%) + B exp (— %) + a;, Where, 0; = Vgs — Vppi — /112,

i EGe/Si(l—mfi)Ge(mfi)
()

In this study, we have simulated four distinct TFET structures to analyze their performance as
biosensors: Ge-Ge-Si, Ge-SiGe graded-Si (denoted as Ge_Gr.SiGe_Si), Ge-Sio.sGeo.s-Si, and
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Ge-Si-Si as shown in figure 1(c). Each structure represents a unique approach to enhancing
tunneling efficiency and sensitivity to dielectric modulation. The Ge-Ge-Si configuration
utilizes a heterojunction with abrupt transitions, while the Ge-Si-Si structure incorporates a
conventional Si drain. The Ge-Sio.sGeo.s-Si design introduces an intermediate SiGe layer for
smoother bandgap alignment, and the Ge-SiGe graded-Si structure employs a graded
composition to minimize lattice mismatch and optimize band-to-band tunneling. These
structures are modeled to explore their potential for high-sensitivity biosensing, focusing on
their dielectric modulation response and overall electrostatic control. To analysze the device
characteristics, ATLAS Silvaco had been applied in the simulation. Along with local BTBT
model, FD statistics , DD carrier transport, SRH recombination model, bandgap narrowing are
employed. Kane’s mode is used to calculate Band to band tunneling generation rate at uniform
electric field where [13] P is considered 2.5 for indirect tunneling and calibrated [23]. For the
simulation environment, we have considered dielectric constant values (k=2,4,6,9,12)
corresponding to biomolecules such as Biotin, Ferro-cytochrome, Bacteriophage T7, Keratin,
and Gelatin[25].

From fabrication aspect, the arrangement can be grown on a silicon substrate followed by the
layers of graded SiGe and SiO, for gate oxide, respectively. From a fabrication aspect, The
possible fabrication process begins with SOI substrates, where initial characterization using
nano-beam and X-ray diffraction confirms minimal strain. Selective epitaxial growth methods
are generally used for the formation of SiGe and Si layers with specific grading profiles.
Ultrahigh vacuum chemical vapor deposition (UHV-CVD) is employed for selective epitaxial
growth [26]. Subsequently, gate dielectric is generally formed via rapid thermal oxidation.
Dopants at source/drain are implanted followed by activation with rapid thermal annealing
where cavities can be etched out by buffered HF. The development of materials with precise
compositional is achieved such as chemical vapor deposition, metal-assisted vapor-liquid-
solid (VLS) growth techniques, laser ablation with thermal evaporation and dynamic
shadowing deposition [27-32]. Experimentally, the lower heat conductivity of Si/Sii—<Gex
superlattices (SLs) with compositional gradients has been observed both in theory and in
practice [33]. Zhang et al showed through MD simulations that the heat conductivity of
compositionally graded SiGe nanowires (NWs) can decrease by as much as 57% when
contrasted with SiGe NWs featuring sharp interfaces [27]. They introduced a compositional
gradient ranging from 90% to 50% and 10% to 50% in the area near the SiGe interface.

V. RESULT AND DISCUSSION
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Figure 1: Energy band diagram of the proposed Graded SiGe channel Dielectric Modulated
Tunnel FET BioSensor.

In the context of the Graded SiGe channel Dielectric Modulated Tunnel FET BioSensor,
the energy band diagram reveals significant variations in tunneling distance based on different
configurations. The Ge-Ge-Si configuration offers the highest tunneling distance due to the
substantial bandgap difference between the Ge source and the Si drain, which creates a more
substantial potential barrier for electrons to tunnel through. In contrast, configurations such as
Ge_Gr.SiGe_Si, Ge-SigsGeos-Si, and Ge-Si-Si exhibit shorter tunneling distances. This is
because the graded SiGe layers and the intermediate SiosGegs layer in these configurations
provide a more gradual transition in the energy band, reducing the overall potential barrier
height and width. Consequently, the electrons encounter a narrower and less abrupt barrier,
facilitating easier tunneling. The Ge-Si-Si structure, while also having a significant bandgap
difference, presents a relatively moderate tunneling distance compared to Ge-Ge-Si due to the
direct Ge to Si transition without the intermediate graded layer, resulting in a different
tunneling profile. The varied tunneling distances directly impact the device's performance,
affecting the ON-state current and the overall efficiency of the TFET BioSensor.
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Figure 2: BTBT plot comparing the tunneling current at the source side for
configurations using the local tunneling model.
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Figure 3: Potential Energy Curves for Different Semiconductor Structures
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Figure 4: Electric field distribution in TFETs showing the impact of different semiconductor
structures
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Figure 5: Current drain voltage graph illustrating the trade-offs between lon/loff ratio,
ambipolarity, and on-current for various SiGe graded structures
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Figure 6: Comparison of lon sensitivity between Ge-Ge-Si, Ge-Si-Si , Ge- SiosGeos-Si, and
Ge_Gr.SiGe_Si - models as a function of biosensor permittivity.

A comparative analysis in figure 2 shows the rate of increase in BTBT follows the sequence:
Ge-Si-Si, Ge-SipsGeos-Si, Ge-Ge-Si, and Ge_Gr.SiGe_Si. The Ge-Si-Si configuration
exhibits the steepest increase in BTBT due to its abrupt transition, which creates a significant
potential barrier that enhances tunneling rates. In the Ge- Ge-SigsGeos-Si -Si and Ge-Ge-Si
configurations, intermediate SiGe layers smooth the potential transition, reducing the
tunneling barrier and moderating the BTBT rate compared to Ge-Si-Si. The Ge_Gr.SiGe_Si
structure further improves tunneling efficiency due to its gradual potential variation, enhancing
the process more effectively.

The potential energy curves illustrate the variations across different semiconductor interfaces,
highlighting their impact on strain relaxation and defect dynamics. The Ge-Ge-Si structure
shows a smoother potential rise due to similar lattice constants but struggles with managing
strain and defects, affecting performance. In contrast, the Ge-Si-Si and Ge-SiosGeos-Si
structures exhibit sharp potential changes, resulting in high strain, lattice mismatch, and a
greater propensity for threading dislocations (TDs) and other defects. The Ge_Gr.SiGe_Si
structure, with its gradual Ge mole fraction transition, effectively reduces lattice mismatch and
strain, minimizing defects and improving the crystal quality of the Ge-SiosGeos-Si channel
layer.

Figure 4 shows the electric field distribution across different structures, with the sharpest
increase near the source for Ge-Si-Si, enhancing tunneling but increasing defect risks. The
Ge_Gr.SiGe_Si structure displays a smoother electric field profile, reducing lattice mismatch
and strain, thus lowering defect density and improving reliability. This balance makes the
Ge_Gr.SiGe_Si structure particularly advantageous for integrating high-mobility SiGe
channels in advanced devices, enabling better performance and scalability.
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The current drain voltage graph in figure 5 reveals that the Ge-Si-Ge structure has the lowest
lon/loff ratio, indicating poor on-off current differentiation. The Ge-Si-Si structure, while
exhibiting the lowest ambipolarity, fails to produce significant on-current due to less effective
carrier transport. In contrast, the Ge-SiosGeos-Si structure shows higher ambipolarity but also
higher on-current, as the presence of Ge enhances carrier mobility, increasing current. The
Ge_Gr.SiGe_Si structure strikes a balance by optimizing the lon/loff ratio, providing
improved performance with an increase in ambipolarity similar to the Ge-SigsGegs-Si
structure. This optimization is attributed to the graded SiGe layer, which effectively manages
strain and reduces defects, facilitating better tunneling and carrier transport, thereby enhancing
TFET operation.

In figure 6, the lon sensitivity of the proposed biosensor structures was evaluated for dielectric
constants (k=2,4,6,9,12 ), with the results highlighting distinct performance trends. The Ge-
Ge-Si structure exhibited moderate sensitivity, with values of 8.97, 26.58, 42.02, 61.81, and
78.60, respectively. Its sensitivity increases with k due to efficient tunneling at the Ge/Si
heterojunction but is limited by higher ambipolarity and abrupt band transitions. The Ge-Si-Si
configuration showed the lowest sensitivity, with values of 3.85, 8.26, 11.25, 14.70, and 17.49,
resulting from significant tunneling resistance due to abrupt Ge/Si and Si/Si interfaces, which
hinder BTBT efficiency. The Ge-Sio.sGeo.s-Si structure provided significantly higher
sensitivity, with values of 15.31, 42.42, 66.08, 96.91, and 123.63, benefiting from the
intermediate SiGe layer that smoothens the bandgap transition and reduces tunneling
resistance. The highest sensitivity was observed in the Ge_Gr.SiGe_Si structure, with values
of 17.47, 48.70, 76.09, 111.84, and 142.79, due to its graded composition, which creates a
continuous potential barrier, minimizes lattice mismatch, and reduces defect density. This
design ensures enhanced tunneling efficiency and amplifies the device's response to dielectric
variations, making it the most suitable for high-sensitivity biosensing applications

For selectivity of k=2 with respect to other bimolecular dielectricity, Ge-Si-Si achieves the
highest values 46.57, Ge-Gr.SiGe-Si shows slightly lower but comparable values to Ge-
Sio.sGeo.s-Si, indicating its effectiveness in low-dielectric environments. Ge-Ge-Si shows
consistently lower selectivity compared to graded structures, with a steep decline as k
increases. For selectivity of k=4 the Ge-Ge-Si structure demonstrates the highest selectivity
for k=4/2 (296.27), followed by Ge-Sio.sGeo.s-Si (277.13) and Gr.SiGe-Si (278.59)
emphasizing their suitability for intermediate contrasts. For Selectivity of k=6, Gr.SiGe-Si and
Ge-Sio.sGeo.s-Si alternate as the best performers in this range, with near-identical selectivity
values for all k. Ge-Ge-Si and Ge-Si-Si shows weaker performance in this range. For
Selectivity of k=9 and k=12, Graded SiGe-Si and Ge-Sio.sGeo.s-Si consistently outperform
others in high dielectric contrast scenarios. For k=12/2, the Graded SiGe-Si structure achieves
the highest selectivity (815.71), followed closely by Ge-Sio.sGeo.s-Si (807.54). Ge-Ge-Si
performs well in extreme ratios but shows a sharper decline in intermediate ranges. Ge-Si-Si
remains the weakest across all high-dielectric contrast cases due to its abrupt interfaces and
limited electrostatic control. Graded and intermediate SiGe structures show superior
scalability, sensitivity and maintain consistent performance across all k..
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The below mentioned data compares the selectivity values (defined as the ratio of sensitivities)
of four TFET-based biosensor structures—Ge-Ge-Si, Ge-Si-Si, Ge-Sio.sGeo.s-Si, and Graded
SiGe-Si—under various dielectric constant (k) ratios.

Table 2: Selectivity for k=2 with respect to BacteriophageT7,6,9,12.

Table 3: Selectivity for k=4 with respect to k=2, 6,9,12.

Table 4: Selectivity for k=6 with respect to k=2,4,9,12.
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Selectivity with | Selectivity with Selectivity with | Selectivity with
respectto k=2 | respectto k=4 respect to k=6 | respect to k=12

Ge —Ge-

Si 689.1007 232.5907 147.1124 78.64078

Ge -Si -

Si 381.9415 177.8681 130.6058 84.03111

Ge -

Sio.5Geo.s

-Si 633.0572 228.4362 146.6628 78.39334

Ge -Gr.

SiGe -Si | 639.1608 229.4292 146.9143 78.35613

Table 5: Selectivity for k=9 with respect to k=2,4,6,12.
Selectivity Selectivity

Selectivity with | Selectivity with with respect to | with respect to
respect to k=2 respect to k=4 k=6 k=9

Ge —Ge-

Si 876.2639 295.7634 187.0688 127.1605

Ge -Si -

Si 454.5239 211.6694 155.4255 119.0036

Ge -

Sio.sGeo.s

-Si 807.5396 291.3975 187.0858 127.5619

Ge -Gr.

SiGe -Si | 815.7126 292.8031 187.4957 127.6224

Table 6: Selectivity for k=12 with respect to 2, 4,6,9.

V. CONCLUSION

In conclusion, this study examines the impact of different semiconductor structures and
modeling approaches on the performance of advanced tunnel field-effect transistors (TFETS)
and biosensors. The analysis of structures such as Ge-Ge-Si, Ge-graded SiGe-Si
(Ge_Gr.SiGe_Si) , Ge- SiosGeos-Si, and Ge-Si-Si highlights their distinct effects on tunneling
efficiency, defect density, and carrier mobility. Among these, the graded SiGe buffer structure
demonstrates significant advantages by minimizing lattice mismatch, reducing defect
formation, and enhancing carrier transport efficiency. This structural optimization improves
electrical characteristics, making the Ge_Gr.SiGe_Si configuration particularly suitable for
integrating high-mobility channels in future semiconductor technologies. Additionally, the
sensitivity of the SiGe graded channel biosensor can be enhanced by optimizing Ge content,
channel doping, and geometry to suit biomolecules with different dielectric constants (g). The
Graded SiGe-Si and Ge-Sio.sGeo.s-Si structures demonstrate superior selectivity overall,
attributed to their smooth bandgap transitions and enhanced electrostatic control. Among
these, Graded SiGe-Si excels at high dielectric contrasts, due to its continuous composition
and minimized defect density. In contrast, the Ge-Ge-Si and Ge-Si-Si structures perform
weaker, with abrupt transitions and limited adaptability to varying dielectric environments
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hindering their selectivity and overall sensitivity. This research provides practical insights into
optimizing TFETSs and biosensors for next-generation applications.
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