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Abstract
The mortality of people worldwide caused by COVID-19 has enhanced the research interest to design and develop power-
efficient, low-cost, and sensitive biosensors to detect a wide range of biomolecules or foreign particles that can cause severe 
negative impact on humans. A novel Bio-RFET biosensor with hetero-material (HM) for source/channel and drain regions 
and hetero-dielectric (HD) is proposed, which acts as an n-MOSFET or a p-MOSFET and n-TFET or p-TFET. This HM-HD-
RFET biosensor senses the biomolecules by the label-free dielectric modulation (DM) technique. When the biomolecules 
are present in the nanocavity, the biosensor can detect the biomolecules without labeling costs. It also changes the dielectric 
polarization within the nanocavities, and causes a drain current variation in the presence of an electric field. In this research 
article, (SiO2 + TiO2) and an AlGaAs/Ge-based HD-HM-RFET have been analyzed for their use in biosensing. We found that 
the proposed device exhibits higher sensitivity as compared to a SiO2 + HfO2-HM-RFET and a Si-based SiO2 + TiO2-RFET 
for varying dielectric constants (K) from K = 20–80 and charge densities in the range − 5 × 1011 to 1 × 1013 C/cm2. Further, 
it can be noticed that n-SiO2 + TiO2-HM-TFET possesses the highest Id-Vgs sensitivity of 5.09 × 1013, ION/IOFF ratio of 
1.23 × 109, lowest SS of 20.3 mV/dec, and Vth of 1.48 V.
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Introduction

Infection-specific biosensors need detailed analysis and 
research, which increases the time for disease detection 
and recovery rate. Labeling is another major limitation of 
biosensors, as marking them with defect-specific materi-
als is a cost-consuming procedure.1 These limitations are 
mostly suppressed in dielectric modulated (DM) label-free 
FET-based biosensors that efficiently detect a wide variety 
of biomolecules, and, hence, are extremely helpful for the 

biomedical industry.2 Therefore, in this work, we have inves-
tigated a novel hetero-material (HM) hetero-dielectric (HD) 
reconfigurable FET (RFET) biosensor, which detects a wide 
variety of neutral and charged biomolecules by label-free 
detection methods.3–5

RFET is an electrically doped (ED) junctionless device, 
such that an oversource and drain electrodes attract elec-
trons/holes depending on the polarity (positive/negative) of 
the applied potential.6  Further, RFET behaves as either a 
MOSFET or a TFET as compared to a physically doped 
(PD) device.7,8 However, a Si-RFET has some limitations, 
like high ambipolarity and low ON current of the TFET 
and high OFF current of the MOSFET.9–11  MOSFET-based 
biosensors are inferior in terms of biomolecule detection and 
power consumption, as compared to TFET-based biosensors 
exhibiting lower OFF current and lower subthreshold swing 
(< 60 mV/dec).12–15 However, MOSFET-based biosensors 
produce more ON current and are useful in the circuitry. 
Here, using the HD oxide layer (SiO2 + TiO2) and the HM 
AlGaAs/Ge, we upgrade the characteristics of both MOS-
FET and TFET-based biosensors. Further, on comparing 
the proposed biosensor with a Si-HD-RFET biosensor, we 

 *	 Dip Prakash Samajdar 
	 dipprakash010@gmail.com

	 Arpita Biswas 
	 arpitabiswas18919@gmail.com

	 Chithraja Rajan 
	 rajan.chithraja@gmail.com

1	 Department of Electrical Engineering, Indian Institute 
of Technology Jodhpur, Jodhpur, Rajasthan, India

2	 Shri Ramdeobaba College of Engineering and Management, 
Nagpur, Maharashtra, India

3	 PDPM Indian Institute of Information Technology, Design 
and Manufacturing, Jabalpur, Madhya Pradesh, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09872-5&domain=pdf


6389A Novel HM‑HD‑RFET Biosensor for Label‑Free Biomolecule Detection﻿	

1 3

found that the new device excels in its sensing ability and 
reconfigurability.

Some typical examples of biomolecules, with the range 
of their K values given in parentheses, include SARS-CoV-2 
(1–4), Uriease (1.64), Streptavidin (2.1), GOx (3.46), 3-ami-
nopropyltriethoxysilane (APTES) (3.57), Ferro-cytochrome 
c (4.7), RNA converted to C-DNA (1—64), etc.16,17.

HD‑HM‑RFET‑Based Biosensor

Device Configuration and Simulation Details

The structures of HM-HD-RFET- and Si-HD-RFET-based 
biosensors are depicted in Figs. 1 and 2, respectively. The 
heterostructure combination of high band gap AlGaAs in the 
source/channel region and the low band gap Ge in the drain 
improves the ON current of the proposed device. While 
high-K dielectric TiO2 near the source/channel junction is 
used to further boost the ON current, low-K dielectric SiO2 
reduces the ambipolarity.18 The substrate doping concentra-
tion is taken to be 1015 cm−3.

Here, the ED mechanism is used to permit a reconfigur-
able nature of the biosensor, and is used to overcome the 
limitation of the PD mechanism, like random dopant fluc-
tuation.19,20 Potentials ± 1.2 V are applied to the overdrain 
(VODS) and the oversource (VOSS) electrodes to allow the 
reconfigurable nature of the device, and it behaves as n- or 
p-type MOSFET or TFET-based biosensor.21–23 The n-MOS-
FET-based biosensor (Voss = 1.2 V and VODS = 1.2 V), 
p-MOSFET-based biosensor (VOSS  =    −  1.2  V and 
VODS =  − 1.2 V), n-TFET-based biosensor (VOSS =  − 1.2 V 
and VODS  =  1.2  V) and p-TFET-based biosensor 

(VOSS = 1.2 V and VODS =  − 1.2 V) are four different con-
figurations discussed here. Two nanocavities are built below 
the gate electrode where the biosensor introduces the bio-
molecules. Dimensions of the devices are listed in Table I.

In this work, we have used one of the powerful physically 
based simulation through the Silvaco Atlas tool that provides 
insight physics of two- and three-dimensional semiconduc-
tor devices by accommodating various physical and math-
ematical models.24 Atlas simulations use two types of input 
file, a structure file and a command file. The structure and 
command files refer to the structure to be simulated, and 
the list of instructions needed to simulate it. In addition, 
there are three types of output files, runtime, log file, and 
solution file. The runtime file demonstrate errors alarming 
comments during the live simulation. The log file contains 
voltages and the current defined at all the nodes, while the 

Fig. 1   HM-HD-RFET biosensor structure.

Fig. 2   Si-HD-RFET biosensor structure.

Table I   Design parameters HM-HD-RFET-based biosensor

Parameter name and unit Symbol HM-HD-RFET

Overdrive source length (nm) LOS 50
Overdrive drain length (nm) LOD 50
Gate to source/drain spacer length (nm) LGS/LGD 5
Source/drain length (nm) LS/LD 55
Gate length (nm) LG 50
Work function of overdrive source/drain 

(eV)
 ϕOS/ ϕOD 4.5

Gate metal work function (eV)  ϕG 4.7
Thickness of Si substrate (nm) tsi 10
Gate oxide (SiO2/TiO2) thickness (nm) tox 2
Length of cavity (nm) LCavity 27.5
Thickness of cavity (nm) tCavity 5.5
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complete set data of all the solution variables are collec-
tively presented in the solution file. The models used for the 
simulation of our proposed device are the Auger model, the 
Shockley–Read–Hall model Universal Schottky Tunneling 
model, Fermi Dirac Statistics and Klaassen's Unified Low 
Field Mobility models, bandgap narrowing model, non-local 
band-to-band tunneling model. All the models are calibrated 
with the experimental data for validation. Figure 3 shows the 
close matching of the experimental10 and simulated data.

Operation of HM‑HD‑RFET‑Based Biosensor 
for Different Values of K

In the four different configurations, the drain current varia-
tion of the HM-HD-RFET biosensor is shown in Fig. 4 for 
different K values (1, 20, 40, 60, and 80) of neutral biomol-
ecules. Figure 4a shows that, with the increase in K value, 
the driving current of the p-HM-HD-MOSFET biosensor 
also increases while there is little improvement in the case 
of n-HM-HD-MOSFET. In Fig. 4b, the drain current (Id) of 
the p-HM-HD-TFET and n-HM-HD TFET biosensors also 
increases with K.

The variation of energy band diagram (EBD) and sur-
face potential is shown in Fig. 4c, d for n-HM-HD-RFET 
and the explanation of EBD and surface potential for the 
p-type device is skipped to avoid redundancy. In the n-HM-
HD-MOSFET, the energy band in the channel region bends 
downwards further as the K value increases (Fig.  4c). 
Because of the band bending, the drain current and the 
surface potential are enhanced (Fig. 4d). Thus, all the four 
FETs-based biosensors offer better sensing ability for differ-
ent types of biomolecules.

Operation of HM‑HD‑RFET‑Based Biosensor 
for Biomolecules with Different Charge Densities

Figure 5 shows the Id variation of the HM-HD-RFET-based 
biosensor in four different configurations for positively 
and negatively charged biomolecules, keeping K fixed at 
80. Figure 5a shows that, with the increase in the positive 
charge density, Id increases for the n-HM-HD-MOSFET 
but decreases for the p-HM-HD-MOSFET in the linear 
region. Note that the threshold voltage (Vth) decreases for 
the n-HM-HD-MOSFET, while it increases for the p-HM-
HD-MOSFET. Figure 5b shows a similar effect on the HM-
HD-TFET-based biosensor. Exactly opposite characteristics 
can be observed with the rise in negative charge densities, as 
shown in Fig. 5c, d, where, with the increase in the negative 
charge of the biomolecules, Id decreases for the n-type and 
increases for the p-type devices in the linear region, while 
the reverse scenario is observed for Vth.

HM‑HD‑RFET and Si‑HD‑RFET Based 
Biosensors

This section compares the HM-HD-RFET-based biosen-
sor with the Si-HD-RFET-based biosensor to evaluate the 
importance of using III–V semiconductors in label-free bio-
sensing applications. We compared the variation of Id of the 
HM-HD-RFET- and Si-HD-RFET-based biosensors for the 
idle situation (K = 1) and for the charge 1 × 1013 C/cm2 and 
K = 80. Figure 6a shows that the Id of the Si-HD-MOSFET-
based biosensor is higher than that of the HM-HD-MOS-
FET-based biosensor, both in the absence and presence of 
the biomolecules. However, our device gives a lower Id as 
compared to the Si-based biosensor, which indicates that the 
HM-HD-MOSFET is less sensitive towards (K = 1) air, and 
that it consumes less power for the idle situation.

Figure 6b shows that the EBD of Si-HD-MOSFET-based 
biosensor is flatter for the absence and presence of the bio-
molecules when compared to the HM-HD-MOSFET-based 
biosensor, because high band gap material is present in the 
channel region. Therefore, the Si-HD-MOSFET-based bio-
sensor provides better Id than the HM-HD-MOSFET-based 
biosensor. Similarly, Id of the proposed and Si TFET-based 
biosensors are compared at K = 80 and charge = 1 × 1013 
C/cm2, and K = 1 in Fig. 6c. Here, we noticed that the Id 
of the HM-HD-TFET-based biosensor is lower than that 
of the Si-HD-TFET-based biosensor, which indicates that 
the HM-HD-TFET is less sensitive towards the (K = 1) air 
when compared to the Si-HD-TFET, and, hence, a lower 
power consumption and better sensitivity can be observed 
for this device. Again, the EBD of the proposed and Si-based 
devices in Fig. 6d shows that the band bending of the HM-
HD-TFET device is less steep than for the Si device due to 
the band gap difference at the tunneling junction.

Sensitivity Comparison

Id−Vgs sensitivity of the bio-FET-based biosensor has been 
obtained from Eq. 1, showing that the Id−Vgs sensitivity is 
the ratio of the difference in Id in the absence (K = 1) and 
the presence of the biomolecules (K > 1) to that of Id in the 
idle condition (K = 1):

where, SId is the Id-Vgs sensitivity of the bio-FET-based bio-
sensor, Id

Air is the drain current obtained in the absence of 
the biomolecules, and Id

Bio is the drain current when the 
biomolecules are present in the nanocavity.

Figure 7 compares the maximum Id−Vgs sensitivity of the 
two devices for different K of the biomolecules. Note that 

(1)S
Id
=

(

I
Bio

d
− I

Air

d

)

∕ IAir
d



6391A Novel HM‑HD‑RFET Biosensor for Label‑Free Biomolecule Detection﻿	

1 3

the proposed device behaves as a better bio-RFET-based 
biosensor as compared to the Si-HD-RFET-based biosensor 
for different K. Also, for both the HM-HD-RFET and Si-
HD-RFET devices, TFET-based biosensors provide better 
Id−Vgs sensitivity than MOSFET-based biosensors when K 
is varied in the range from 20 to 80. p-MOSFET-based bio-
sensors outperforms n-MOSFET-based biosensors for both 
cases. However, both n-TFETs and p-TFETs are superior to 
n-MOSFETs and p-MOSFETs, and offer the same sensing 
capability. The introduction of the high band gap AlGaAs 
in the channel and source regions is the prime factor for the 
improvement of the Id-Vgs sensitivity of all the four FET 
characteristics.

Similarly, Figs. 8 and 9 compare the maximum Id−Vgs 
sensitivity of the HM-HD-RFET and Si-HD-RFET-based 
biosensor for the different positively and negatively charged 
biomolecules. From the different charge values, it is clear 
that the HM-HD-RFET-based device is a better bio-RFET 
biosensor as compared to the Si-HD-RFET-based device. 
Also, it can be seen that TFET-based devices provide better 
Id−Vgs sensitivity as compared to MOSFET-based devices 
when charge values are increased, irrespective of sign. In 
other words, the device sensitivity Id−Vgs increases as the 
negative charge value decreases or the positive charge value 
increases. The p-MOSFET-based biosensors sense charged 
biomolecules better than the n-MOSFET-based biosensor 
for both the two cases.

However, both n-TFET and p-TFET devices are supe-
rior to n-MOSFET and p-MOSFET devices and offer the 
same sensing capability. Here, we observed that the HM 

combination and the oxide layer with higher dielectric con-
stant are favorable for biosensing applications.

Table II compares the sensitivity of the proposed RFET 
biosensor with the others available in the literature and it is 
found that n-HM-HD-TFET provides better sensitivity. Fur-
ther, Fig. 10 shows that as the biomolecule occupancy in the 
cavity reduces from full (100%) to one-quarter (25%) of total 
area, the sensing capability decreases to 38.4% for half of 
the occupancy and 85.1% for one-quarter of the occupancy. 
Therefore, we found that steric hindrance34 is a major issue 
in nanoscale biosensors as it reduces the biosensor perfor-
mance to a considerable extent. The phenomenon of steric 
hindrance is analyzed in details in Ref. 35 and 36.

Table II   Comparison between 
various biosensors available in 
the literature with the proposed 
work

Biosensors Lcavity (nm) tcavity (nm) k Current sensitivity

JL-DM-ED-TFET25 10 5 10 6.89 × 105

CP-DM-JL-TFET17 23 5.5 10 1.08 × 108

CP-DM-GU-JLTFET25 23 5.5 10 1.16 × 104

CG-TFET26 25 11 10 2.32 × 107

DMDG TFET27 150 9 10 4.82 × 107

HM-SE-TFET14 30 5.5 5 4.1 × 104

DG-TFET28 23 5.5 5 0.66 × 103

DM-LTFET29 45 5 17 2150
SG-Si-NT-FET30 15 10 20 2
DMG-DC-CP-TFET16 20 5.5 12 8.7 × 1010

SC-DM-EG HTFET11 30 5 12 1.7 × 108

DM-DSTGTFET31 37 5 23 1.38 × 105

JL-TFET32 20 – 9 16.85
Bio-NT-TFET33 10 2 20 100
HM-HD-n-MOSFET (this work) 27.5 5.5 20 9113.06
HM-HD-p-MOSFET (this work) 27.5 5.5 20 1.74 × 107

HM-HD-n-TFET (this work) 27.5 5.5 20 1.32 × 1013

HM-HD-p-TFET (this work) 27.5 5.5 20 8.42 × 1010

Fig. 3   Calibration with experimental results.
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Conclusions

A unique HM-HD-RFET-based biosensor is proposed and 
investigated to evaluate its potential to sense the biomol-
ecules through the use of HD (SiO2 + TiO2) beneath the 
gate and HM (AlGaAs/Ge) in the source/channel and drain 
regions. RFET-based devices function either as n-MOSFET 
or p-MOSFET and n-TFET or p-TFET. Hence, four different 
configurations of FET-based biosensors are possible with 

a single device. Here, we explored the four configurations 
to produce a biosensor that can detect a wide range of bio-
molecules by introducing a cavity in the device. However, 
the Si-HD-TFET biosensor does not provide enough ON 
current. The designed bio-RFET sensor is compared with 
its Si-HD-RFET counterpart for the detection of biomol-
ecules with different K values (0–80) and charge densities 
(− 5 × 1011 to 1 × 1013 C/cm2). It can be concluded from the 
results that the HM-HD-RFET exhibits a better sensitivity 
than the Si-HD-RFET-based biosensor.

Fig. 4   Id-Vgs characteristics of (a) HM-HD-MOSFET, (b) HM-HD-TFET, and (c) energy band diagram (EBD), (d) surface potential of the HM-
HD-RFET biosensor for different K.
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Fig. 5   Id-Vgs characteristics of (a) HM-HD-MOSFET, (b) HM-HD-TFET for positive charge density, and (c) HM-HD-MOSFET, and (d) HM-
HD-TFET biosensors for different negative charge densities.
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Fig. 6   (a) Id-Vgs plots and (b) EBD in between HM-HD-MOSFET abdSi-HD-MOSFET and (c) Id-Vgs plots (d) EBD in between HM-HD-TFET 
and Si-HD-TFET biosensors.

Fig. 7   Id-Vgs sensitivity of HM-HD-RFET and Si-HD-RFET biosen-
sors for different K.

Fig. 8   Id-Vgs sensitivity of HM-HD-RFET and Si-HD-RFET-based 
biosensors for positive charge densities.
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