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Abstract. This paper presents biomolecule identification process using a novel
biosensing technique with high-K metal-oxide-semiconductor high electron
mobility transistor (MOSHEMT). The authors have simulated a MOSHEMT
device with high-K dielectric material to improve the sensitivity of biosensors.
High-K dielectric material is utilized to examine the electrical efficacy of
MOSHEMT-based biosensors. When high-K materials are used, Two-
Dimensional Electron Gas (2DEG) benefits from carrier confinement and leakage
current reduction. Therefore, the on-current of the device has been increased. For
numerical modeling, TCAD Silvaco Atlas is used. For label-free identification of
biomolecules, simulator is used to investigate and compare various performance
parameters with SiO2 MOSHEMT. Experimental evidence verifies the accuracy
of the model. According to the authors' knowledge, this is the first investigation
on high-K dielectric AlGaN/GaN MOSHEMT biosensors for efficient label-free
biomolecule detection. AlGaN/GaN MOSHEMTs, which use a high-K material,
are found to be promising for use in biosensors.
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1 Introduction

Using contemporary biosensor technology, viruses, nucleic acids, proteins etc can
be detected. There are numerous applications for biosensors based on field-effect
transistors (FETs), such as food analysis, criminal investigation, medical diagnosis, and
the study of biomolecule interactions [1].

Researchers from around the world have devoted a great deal of time and energy
for the development of FET-based biosensors for recognizing various categories of
biomolecules. According to research by K.H. Chen et al., 2DEG concentration changes
caused by differences in surface charge are used to identify breast cancer through the c-
erbB-2 antigen [7]. Choi et al. proposed a biosensor based on high-K gate dielectric
DMEFET in order to prevent short-channel effects (SCEs) [8]. D.S. Kim et al. exhibited
a charge sensor based on MOSFET for the identification of DNA [9]. C.H. Kim et al.
reported about NeCMOS for the detection of DNA sequence [10]. As demonstrated by
Lee et al., the highly pathogenic Avian Influenza (AI) virus was detected using a
nanogap field-effect transistor (FET) [11]. Maesoon et al. proposed nanogap-DGFETs



for the identification of Al virus [12]. Sarkar et al. reported a sensitivity comparison
between impact ionization field-effect-transistor (IFET) [13] and tunnel field-effect-
transistor (TFET) with conventional FET (CFET) biosensors for pH sensing.

Kenzo Maehashi et al. fabricated a biosensor based on CNT-FETs for label-free
detection of IgE [15]. Kannan et al. introduced an UI-MOS based sensor for
identification of charged nano-biomolecules [16]. G. Seo et al. constructed graphene-
based FET biosensor to identify the SARS-CoV-2 virus [17]. Pratap et al. developed a
GAAIJLT with an integrated nanogap for identification of neutral biomolecules such as
Uricase, Streptavidin, Protein, ChOx, and APTES [18].

In HEMT device the consequence of band bending causes the alignment of the
Fermi level. The direction perpendicular to the heterointerface has been chosen as
quantized direction (z-direction). The x-direction and the y-direction are selected along
the length and width of the device, respectively. Due to the high electron mobility of
2DEG, AlGaN/GaN MOSHEMTs are predicted to exhibit lower device on-resistance
and faster switching speed than SiC devices. Because of the existence of 2DEG at the
AlGaN/GaN heterointerface [6], AlIGaN/GaN demonstrates biosensing applications. In
this paper authors have made an extensive comparative analysis with the existing
literature [1]. Maximum sensitivity that has been achieved so far is 0.19734 using dual
cavity of 2 um cavity length for detection of Unicase [2]. Researchers are trying hard to
develop highly sensitive biosensors for accurate detection of biomolecules. The authors
have made an attempt to address this issue of low sensitivity by introducing high-K
dielectric in this present paper. To demonstrate the excellence of the structure proposed
in this paper, a thorough comparative analysis [1] of existing studies has been performed.
Different biomolecules can readily adhere to the AlGaN barrier, resulting in surface
charges at the AlGaN/GaN heterointerface. For label-free detection of biomolecules, a
design-optimized structure of AlGaN/GaN MOSHEMT-based biosensors has been
proposed in this work. The second section contains the device design (in-silico). The
simulated device in the present model is discussed in Section 3. In Section 4, we present
simulated results for the detection of various biomolecules, the proposed fabrication
method is described in Section 5, and in Section 6, we conclude our research.

2 Device Design (In-Silico Study)

Figure 1(a) depicts the schematic cross-section of designed biosensor based on
AlGaN/GaN MOSHEMT, for which the authors have incorporated HfO, as a high-K
dielectric material. The function of SiO; is also studied in order to make a comparative
analysis. The structure is made up of a barrier layer of taican=18 nm Alp.GagsN on above
a buffer layer of 2.0 pm GaN, both of which were produced on a Sapphire substrate. To
mimimize the lattice mismatch caused by the GaN buffer and the Sapphire substrate, a 10
nm AIN spacer layer is being introduced. The authors have carried out device structure
optimization in order to achieve highest level of device performance in terms of different
electrical parameters such as drain current, sensitivity and threshold voltage. The barrier,
buffer and spacer layer widths have been varied in between 25 nm to 15 nm, 1 pm to 3
pum and 5 nm to 25 nm respectively. In addition to this role of gate metal on electrical
characteristics of the device are considered for performance optimization study. To do so,
authors have considered the role of Ni/Au and Pt as Schottky gate metal in achieving
optimal performance where Pt gives better performance. Aluminium is utilized in the
formation of source and drain ohmic contacts. The distance between source and gate is
2.5 um, the distance between the gate and the drain is 1 um, and the distance between the
drain and the source is 4.5 um. Figure 1(b) demonstrates that the region beneath the gate
electrode was filled with HfO,, a nano-cavity measuring 400 to 600 nm in length and 20
nm in width was created. On top of an AlGaN barrier layer, a nano-cavity is fabricated for
biomolecule detection. For optimal device efficacy, the gate should be positioned near the
source [3-4].

Each of the simulations are done using Silvaco Atlas. Calibration is essential for validating
the suggested model and methodologies used in TCAD simulation. Figure 2 shows output



characteristics (In-Vp) for simulated device with gate voltage, Vg=-4 V with Lg=1.5 um and
corresponding experimental results are shown under similar electrical operating conditions.

This has clearly established the validity of the simulated model and based on high-K
biosensor, MOSHEMT structure is designed and analysed. The models used are FLDMOB
model, albrct.n, cal.strain, srh model, polarization model, and conmob model. AlIGaN/GaN
heterointerface is assumed to have an interface charge of 8.8x10'? cm™.

(a)

Lsc=2.5pm_ Le=1 pm Lep=4.5 um

I 10 nm

Fig. 1. Nano-cavity beneath the gate electrode of an AlIGaN/GaN high-K MOSHEMT (b) Magnified image of
nano-cavity under gate.
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Fig. 2. Ip vs Vp with V=-4 V and Lg=1.5 um, as shown in simulations and experiments [19]. Current
Model

The gate-to-drain distance (Lgp) and oxide layer thickness (tox) are essential parameters that influence the
usefulness of the device. In figure 1(b) capacitance for region-I and region-II are Cy¢g, and Cg;, respectively.
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Where €, , &g, > Lo, and tg, are permittivity and thickness of HfO2 and biomolecule respectively. For
simplicity
Lox = Ui (3)
The effective capacitance of region-I and II is given by
Cr = Chor +Coio 4)
Effective capacitance of MOSHEMT biosensor [20] is given by
1 1 1
= +—
CMOSHEMT CHEMT CT (5)
where C,,.; is the capacitance of HEMT and given by
Chpnr = Enca
aiGan (6)

tycay aNd €4, are the thickness and dielectric constant of AlGaN, barrier layer respectively. As dielectric

constant of AlGaN, barrier layer depends on the mole fraction, x [21] and is given by

€qcy = —0.3x+104 )
Total capacitance of MOSHEMT biosensor is given by

Lot 1 ®

CMOSHEMT CHEMT CH[OZ +C Bio

The quantum well (QW) is formed at AIGaN/GaN heterointerface and charge concentration in QW is
calculated [22] using triangular well approximation and considering only two subbands

(; ~Ey) (E;—Ey)
n, =DV, [In(I1+e Yoo Y+In(l+e )] (&)
D =3.24x10" m™V™" is the density of states, The energy of these subbands are given by [23]
2,
E,, = ’YO,IHSA (10)

¥, =2.26x107" V.m% and y, =4x107" V.m% are the adjustable parameters [24] Vi, is thermal voltage
and equal to — where q represents the charge of an electron, T represents the operating temperature,

and k is the Boltzmann constant. At the AlGaN/GaN heterointerface, a triangular quantum well is
formed, and the second energy level, E,is considerably greater compared to the first energy level, E,

and the Fermi level, E; for the total operating range of the applied gate voltage, Vg and V,, =V, =V,

where V_; is the cutoff voltage.

(B;—Ey)
n, =DV, [In(l+e ** )] as E >>EE, (1)
2 -
E, =y, +V,, In[e™ ] (12)
t
V, =E, + QL aican g (13)
8AlGaN
The drain current is given as,
quw f
I, =ijs n.dv (14)

where W is the width of the channel and L is the length of the channel. Vp and Vs are the drain and
source voltage respectively.



The drain current is given by [22]

L= W
P L

2 5

d (nDz—n§2)+fy0(nD%—ng%)-leh(nD—ng) 15)
2CHEMT ) 5 ) ;

where njandngare the charge concentration of charge carrier at drain and source terminals

respectively.

3 Results and Discussions

At Lcaviy=500 nm, Weaiy=20 nm, and Vp=5 V, various biomolecules are incorporated into the nano-
cavity to produce the Ip-Vg curves shown in figure 3. The on-current, Ion increases with decrease in
permittivity of biomolecules.

Since sheet charge density is predominantly influenced by the polarization charge in the channel,
both lattice mismatch and sheet charge density increase as the mole fraction increases. More drain
current is obtained in the AlGaN/GaN HEMT due to the polarization effect than in the case when
the polarization effect is ignored at a lower mole fraction, x=0.2 and taigan=18 nm.
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Fig.3. Ip-VG curve for without cavity with Vp=5 V and different biomolecules using high-K MOSHEMT
with taican=18 nm and x=0.2.

The In-V¢ curves in Figure 4 (a)-(e) are produced for three distinct MOSHEMT structures,
including MOSHEMT-1 with taigan=25 nm, x=0.3, MOSHEMT-2 with taijgan=18 nm,
x=0.3, and MOSHEMT-3 with taican=18 nm, x=0.2, all with HfO, as the dielectric. The
decreasing dielectric constant of sensitive biomolecules increases the on-current, Ion. The
variations in drain current for the different nano-biomolecules such as Uricase,
Streptavidin, Protein, and ChOx, are shown in Figure 4 (a)—(e). While the drain current
variation for ChOx is lower 0.0105 A, 0.132 A, and 0.178 A respectively for the three
different structures of HfO, MOSHEMT biosensors, the drain current variation for
Uricase, a biomolecule with a smaller dielectric constant is larger 0.0138 A, 0.195 A, and
0.232 A respectively for the three different structures of HfO, MOSHEMT biosensors.
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Fig.4. Ip-Vg curve for without cavity with Vp=5 V and different biomolecules using high-K
MOSHEMT. Here MOSHEMT-1: taian=25 nm, x=0.3, MOSHEMT-2: taican=18 nm, x=0.3,
MOSHEMT-3: taican=18 nm, x=0.2.

Figure 5 depicts the effect of varying Vg=-4 V and tAlGaN=18 nm and x=0.2 on Ip- Vp for various
biomolecules and without a cavity.
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Fig.5. Ip- Vp curve for different biomolecules and without cavity with Vg= -4 V using MOSHEMT
based on high-K material with taican=18 nm and x=0.2.

By adding various nano-biomolecules into the nano-cavity, the Ip-Vp curves depicted in
Figures 6(a)-(e) are obtained at Vg= -4 V for Lcaviy=500 nm and Wcaviy=20 nm. The
2DEG confinements at the AlGaN/GaN heterointerface increases due to the



incorporation of high-K materials. Results demonstrate that MOSHEMT-3 structures
with smaller lattice mismatch have higher drain currents.
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Fig. 6. Ip-Vp curve for without cavity with Vg=-4 V and different biomolecules using high-K
MOSHEMT. MOSHEMT-1: taigan=25 nm, x=0.3, MOSHEMT-2: taicax=18 nm, x=0.3, MOSHEMT-
3: taican=18 nm, x=0.2.

Figure 7(a)-(b) depicts the Ip-Vp and Ip-Vg profiles generated by adding various nano-
biomolecules into an embedded nano-cavity with the parameters Lcaviy=500 nm, W cayiy=20
nm, taigan=25 nm, and x=0.3. Figure 7(a) demonstrates that the maximum drain current for
ChOx is 0.115 A for SiO, MOSHEMTs and 0.164 A for HfO, MOSHEMTs at a drain
voltage of 15 V, whereas the maximum drain current for Uricase, a biomolecule with a
smaller dielectric constant, varies more widely between 0.14 A for SiO, MOSHEMTsSs and
0.214 A for HfO, MOSHEMTs at the same drain voltage. Figure 7 (b) shows that the drain
current varies by a smaller amount for ChOx (6.4 mA for HfO, MOSHEMT and 4.2 mA for
SiO, MOSHEMT at Vg=-6 V) than it does for Uricase (24.4 mA for HfO, MOSHEMT and
15.4 mA for SiO, MOSHEMT at Vg=-6 V).
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and HfFO2 MOSHEMT with taigan=25 nm, x=0.3.

Figure 8 (a)—(e) shows the electron concentration variations using high-K MOSHEMT with
taican=18 nm and x=0.2.

Figure 8(a) depicts the negligible change in electron concentration in the absence of
biomolecules. When nano-cavity is filled up with biomolecules figure 8 (b)—(e) then more
mobile charges will be induced due to capacitive action depending on the permittivity of
biomolecule. ChOx with high dielectric constant produces a negligible number of induced
charges in the channel, whereas Unicase with low dielectric constant introduces a significant
number of induced charges. The electron concentration increases at AlGaN/GaN
heterointerface by forming 2DEG. Polarization effect of GaN based HEMT exhibit when it
is strained.



(b)




@)

Fig. 8 Electron density distribution (a)Without biomolecule (b) ChOx (c) Protein (d) Streptavidin (e) Uricase
using MOSHEMT based on high-K dielectric with taican=18 nm and x=0.2.

Due to the existence of more charge carriers, polarization reduces resistivity, allowing for a
higher flow of current and a correspondingly larger output of power [5]. The polarization
effect might be improved by subjecting the device to mechanical strain. The amount of
lattice mismatch between the AlGaN and GaN layers is represented by the pseudomorphic
strain.

Ion(With Biomolecule) — Ioy(Without Biomolecule)
Ioy (Without Biomolecule)

Sion =

Ion (With Biomolecule) and Igy(Without Biomolecule) are is the ON current with
biomolecule and without biomolecules respectively. For the measurement of SION, Vg is a
constant.

Difference in threshold voltage,

AV, = Vi (With Biomolecule) - Vi (Without Biomolecule) in V



TABLE I
PERMITTIVITY OF DIFFERENT BIOMOLECULES

Biomolecule Dielectric Constant
Uricase 1.54
Streptavidin 2.1
Protein 2.5
ChOx 3.3

From this above table 2 (a) MOSHEMT-3 structure using HfO, is showing variation in drain
current, Alp 45% larger than MOSHEMT-2 while 86% and 90% more in comparison to
MOSHEMT-1 and MOSHEMT with SiO; [1] respectively. We noticed large change in Sion
in MOSHEMT-1 in comparison to other structures in 35% and 56% for MOSHEMT-2 and
MOSHEMT-3 respectively. MOSHEMT-1 exhibits better Sion than the latest reported
structure by Pal et al. [1].

TABLE II

COMPARATIVE STUDY TABLE OF DIFFERENT ELECTRICAL PARAMETERS

»)
Electrical For ChOx with Vgs=-6 V, Vps=5 V
parameters MOSHEMT | Different Structure of MOSHEMT with HfO,:
with SiO, [1] MOS MOS MOS
HEMT-1 HEMT-2 HEMT-3
Alp(mA) 4.3 6.1 24.0 44.0
AVi(V) 0.337243 0.4982 0.5235 0.5648
Sion 0.03163 0.5812 0.376 0.2581
(600 nm)
Cos(pF) 0.115 0.05 0.05 0.05
B)
Electrical For Protein with Vgs=-6 V, Vps=5 V
parameters MOSHEMT | Different Structure of MOSHEMT with HfO,:
with SiO, [1] MOS MOS MOS
HEMT-1 HEMT-2 HEMT-3
Alp(mA) 11.3 20.1 62.0 55.0
AVi(V) 0.733138 0.9448 1.03521 1.0527
Sion 0.06288 0.6396 0.528 0.403
(600 nm)
Cos(pF) 0.105 0.038 0.038 0.038
©
Electrical For Streptavidin with Vgs=-6 V, Vps=5 V
parameters MOSHEMT | Different Structure of MOSHEMT with HfO,:
with SiO, [1] MOS MOS MOS
HEMT-1 HEMT-2 HEMT-3
Alp(mA) 13.9 17.1 71.0 79.0
AVi(V) 0.879765 1.0498 1.1324 1.2561
Sion 0.07498 0.69112 0.6731 0.6613
(600 nm)
Cos(pF) 0.10 0.03 0.03 0.03
()]
Electrical For Uricase with Vgs=-6 V, Vps=5 V
parameters MOSHEMT | Different Structure of MOSHEMT with HfO,:
with SiO, [1] MOS MOS MOS
HEMT-1 HEMT-2 HEMT-3
Alp(mA) 15.9 39.1 87.0 98.0
AVi(V) 1.055718 1.3938 1.4128 1.4362
Sion 0.08535 0.73997 0.7489 0.7944
(600 nm)
Cos(pF) 0.095 0.027 0.027 0.027

From this above table 2 (d) MOSHEMT-3 is showing variation in drain current, Alp 11%
larger than MOSHEMT-2 while 60% and 84% more in comparison to MOSHEMT-1 and
MOSHEMT with SiO; [1] respectively. We observed a significant change in Sion in
MOSHEMT-3 in comparison to other structures in 5% and 7% for MOSHEMT-2 and
MOSHEMT-1 respectively. Moreover MOSHEMT-3 is shown better Sion than the latest
reported structure by Pal et al. [1].



Figure 9 depicts capacitance from gate to source (Cgs) as a function of gate voltage (Vg).
Cgs is demonstrated to peak at approximately 0.95 pF close to -5.5 V for no cavity, decrease
with increasing gate voltage, and reach a minimum of 0.86 pF close to 1 V. For gate voltages
ranging from -4.5 V to 1 V, the capacitance of each biomolecule is found to be unaffected.

In Pt Schottky contacts, the capacitance between the gate and the source changes
dramatically.
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Fig. 9 Cos- Vg curves for without cavity and different biomolecules using high-K MOSHEMT.

As shown in Figure 10, the drain-on sensitivity (Sion) varies between biomolecules.
Increasing the nano-cavity length varies from 400 nm to 600 nm which enhances the
quantity of biomolecules that interact with the AlGaN layer, resulting in a maximal variation
in sensitivity of 0.7944 for Uricase. Changes in charge density in response to a drain current
are caused by biomolecular interaction. As shown in Figure 10, biomolecules with a reduced
dielectric constant are more sensitive.
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Fig. 10 Variation of Sion for different biomolecules.



Figure 11 demonstrates that, in comparison to the structure described by Pal et al. [1], the
proposed structure is approximately nine times more sensitive.
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Fig. 11 Drain-on-sensitivity (SION) for ChOx and Unicase biomolecules for taican=25 nm, x=0.3, using SiO2
and HfOz respectively.

5. Proposed Fabrication Method

Superlattice nano-scale AlIGaN/GaN high-k MOSHEMTs could be fabricated using a multi-
step process comprising of several deposition and patterning processes. following is a
summary of a method given for creating such a device:

Substrate Preparation: could be started with a suitable substrate with a high-quality surface,
such as Sapphire. Standard cleaning step would be adopted to get rid of any impurities.
Buffer Layer Growth: To solve the problem of lattice mismatch between the Sapphire
substrate and succeeding layers, a buffer layer should be deposited on the substrate. This is
often accomplished via the use of MBE or MOCVD. AIN is often used for the buffer layer
because it provides a high-quality, uniform base upon which succeeding layers may be built.
AlGaN/GaN Superlattice Growth: Growth of a superlattice structure of AlGaN and GaN
layers would be done using MOCVD or MBE route. Al mole fraction will be adjusted
suitably for the optimized growth of AlGaN/GaN layer for regulation of the electrical
characteristics. Device performance may be adjusted by changing the thickness of the
superlattice layer.

High-K Dielectric Deposition: On top of the AlGaN/GaN superlattice, high-k dielectric
layer such as Hafnium oxide (HfO;) would be deposited. To effectively regulate the
transistor channel, the high-k dielectric is used as a gate insulator.

Gate Electrode Formation: To create the gate electrode, a layer of metal such as platinum
(Pt) or nickel gold (Ni/Au) would be deposited on top of the high-k dielectric. The size and
form of the gate electrode may be customized using photolithography and etching.

Ohmic Contact Formation: An aluminium layer of appropriate thickness may be
incorporated to form the ohmic contacts for the source and drain regions. The
photolithography and mesa- etching would be done for formation of the source and drain
contacts on the metal layer.

Junction Passivation and Interconnects: A passivation layer, such as silicon nitride (Si3N4)
would be introduced to protect and enhance the stability of the device. Create contact
windows through the passivation layer for wire bonding and other interconnections using
additional photolithography and etching steps.



Backside Processing: Backside processing such as thinning the substrate or adding would
be done for specific device requirements for backside contact layer formation.

Testing and Characterization: The electrical testing and characterization of the fabricated
devices would be performed in order to evaluate the performance parameters, including
current-voltage characteristics, gate-source capacitance characteristics, and sensitivity. It is
essential to observe that the proposed fabrication method may vary based on specific
research or industry needs. To accomplish the desired device performance, the
microelectronics fabrication stages, including material selection, growth conditions, and
process parameters, must be optimized.

6 Conclusions

The sensitivity of biosensors based on High-K MOSHEMTs has been enhanced in
comparison to biosensors based on SiO, MOSHEMTs. Increased capacitance due to high-
K material may be provided by the surface biomolecules. Capacitance and surface potential
are found to be related to sensitivity. The suggested structure incorporates high-K material
for label-free biosensing, increasing its sensitivity in comparison to biosensors based on
Si0, MOSHEMTs. Changes have been observed in both Vi, and Cgs. The reliability of the
model is confirmed by the results of the experiments. Our simulated results are suitable for
the device structural optimization with high-K dielectric for efficient label free detection of
biomolecules.
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