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Abstract In this work, we have reported the simu-

lation study and electrical properties of MOS-HEMT

with a cavity on the source side for bio-sensing applica-

tions. The effect of the neutral and charged biomolecules

on the sensitivity and concentration of electrons is an-

alyzed. The increase of dielectric observed drain cur-

rent decreases and increases due to the rise of the pos-

itive charge of the biomolecules. The different cavity

lengths are taken into consideration to analyze the per-

formance of the device. The maximum threshold volt-

age sensitivity obtained for keratin is 26% and 51% for

charged biomolecules at 500mm cavity length. The ef-

fect of the AlGaN barrier mole fraction on sensitivity

was also studied and optimized. The maximum sen-

sitivity obtained is 74.04% for charged biomolecules.

The device shows high stability under high-temperature

conditions. The MOS-HEMT structure is optimized and

analyzed using the ATLAS Silvaco device simulation

tool.

Keywords AlGaN/GaN High electron mobility

transistor (HEMT) · Dielectric modulation · Interface

charge · Threshold voltage sensitivtiy · Drain current

sensitivity

1 Introduction

In recent years HEMT based biosensors have attracted

researchers due to their quick response, simple detec-

tion, and bio compatibility [1]. High scalability, less

area, higher sensitivity, low cost, and user-friendly make
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field-effect transistors prominent for bio-sensing appli-

cations. GaN-based materials have unique features which

make them attractive for high RF applications. The di-

electric modulated approach enables sensing of biomolecules

in a Nano-gap/Nano-cavity region. Silicon-based de-

vices are not chemically stable. They showed very low

sensitivity towards biomolecules and are not compati-

ble with high-temperature conditions due to their small

band-gap compared to GaN. The polarization of Al-

GaN/AlN/GaN HEMT generates the electric field that

pulls the surface state electrons to the empty conduc-

tion band (CB) states at the heterojunction, result-

ing in 2DEG formation [2]. The presence of high sheet

charge density and mobility increases the sensitivity [3].

Various research has been done on HEMT based biosen-

sor for pH detection [4][5][6][7], Immuno-detection using

floating gate AlGaN HEMT[8],deoxyribonucleic

acid (DNA)[9], Urea testing[10], Prostate-specific anti-

gen testing[11][12], Monokine induced by interferon

gamma[13], CerbB2 detection[14], CO and H2 detec-

tion[3][15], C-reactive protein detection[16], troponin I

testing[17][18] and carcinoembryonic antigen (CEA) de-

tection respectively. To enhance the sensitivity of the

proposed HEMTs device, various structures are also op-

timized like Circular gate HEMT, Double gate, Gate-

less devices, Nano-cavity under the gate region towards

the drain side, and Nano-cavity at the source and drain

both sides, respectively. The effect of half and fully filled

cavity on sensitivity was also reported. In the previous

reports, the effect of mole fraction on biomolecule sen-

sitivity is not reported [19]. In this work, Gated MOS-

HEMT is proposed to sense biological agents. The cav-

ity on the source side is embedded for the first time

using HEMT. The performance metrics of the device

depends on threshold voltage sensitivity, drain current

variation, and channel conductance variation. The de-

https://www.editorialmanager.com/scon/download.aspx?id=130740&guid=c9ec998f-4daa-451f-a0b5-ad262210226c&scheme=1
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vice is capable of detecting both neutral and charged

biomolecules. This paper presents a HEMT with a Nano-

cavity that can be used for various bio sensing applica-

tions. The rest of the paper is organized as Section 2

presenting the HEMT device architecture and simula-

tion parameters procedure. The results and discussions

are reported in Section 3, which is later summarized as

the conclusion.

2 Device Architecture and Simulation

Parameters

The proposed device structure and enlarged cavity view

in MOS-HEMT are shown in Fig.1(a) and (b), respec-

tively. The device consists gate length = 1µm ,Oxide
thickness (tox) = 10nm , source to gate length(LSG)

and gate to drain length(LGD) is 1µm and 2µm respec-
tively. The space between gate to drain (LGD) is kept

larger than the space between source to gate (LSG) to
increases the breakdown voltage of the device [20].

The cavity is designed towards the source side to

improve the device on current (ION). AlxGa1−xN thick-

ness is kept as 25nm, the Buffer layer thickness is 3µm,

AlN spacer layer thickness is 3nm and AlN nucleation

layer thickness is 100nm. The AlN spacer reduces the

Coulomb scattering of charge carriers at the interface

and enhances the channel’s carrier concentration. The

nucleation layer is used to reduce lattice mismatch of

GaN and the Substrate layer [21]. According to the

proposed design cavity is considered here as a sens-

ing area for biomolecules. The cavity length and height

of the proposed devices are 500nm and 7nm, respec-

tively. The mole fraction of the barrier layer considered

is x=0.30. When we fill the cavity with biomolecules, a

stern is formed, represented by SiO2 over the gate ox-

ide. Ti/Al/Ni/Au is used to make source/drain ohmic

contact, and Ni/Au is used as a gate material [19]. Af-

terward, SiO2 oxide is then etched to create the cavity

of 500nm length and 7nm height on the source side

below the gate region. Si3N4 will be used as a pas-

sivation layer over the exposed area of the device to

prevent the device from other environmental effects.

Sensing for both neutral and charged biomolecules is

achieved with the proposed architecture. Only permit-

tivity is associated with neutral biomolecules, whereas

charged biomolecules are associated with both permit-
tivity and charge. The AlGaN/GaN HEMT has high
electron mobility and is then etched to create the cav-

ity of 500nm length high saturation velocity due to high

electron confinement at the heterojunction. The basic

working principle of the GaN/AlGaN MOS-HEMT de-

vice is the modulation of polarization charge density at

the heterojunction, as given in Equation (1) [22].

(a)

(b)

Fig. 1 (a) Schematic cross-sectional view of the Al-
Gan/AlN/GaN based MOS-HEMT for Biosensing applica-
tions ,(b)Schematic cross-sectional view of Nano-cavity under
the gate region.
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where ⇢ is the charge density at the interface, �EC

is the conduction band offset ,�f Fermi level separation
from conduction band of buffer layer and noxide is the

average charge density of oxide. QPolar is the polariza-

tion charge density at hetero junction. Models used in

the simulation analysis are Field-dependent drift ve-

locity (FLDMOB), concentration-dependent mobility

(CONMOB), Albrct.n, Shockley–Read–Hall (SRH), Po-
larization, and Calc. strain. The recombination effect

is accounted for SRH, while the low field mobility ef-

fects accounted for albrct. n. The simulation models

Fig. 2 Validation of methods and models with experimental
results

and methods depict a good agreement with the experi-
mentally measured response of [23], as shown in figure
2. The dimensions used for simulation are the same as
experimental.

3 Results and Discussion

The sensitivity analysis is carried out for Neutral, neg-
atively charged, and positively charged bio-molecules.

The neutral biomolecules given in Table 1 are analyzed.
The charged biomolecules are analyzed range from 3×

1012/cm2 to −5× 1012/cm2 , which includes the DNA

charge ranges from −1×1012/cm2 to −1×1011/cm2[9].

The dielectric of air(K=1) is considered as reference to
differentiate the change in device performance parame-

ters after exposure to different biomolecules. To obtain

the sensitivity of the devices for various biomolecule
drain currents and the threshold voltage has been con-
sidered. The AlGaN/AlN/GaN MOS- HEMT shows a

sheet charge density of 1.39× 1013/cm2.

As depicted in Fig.(3), the channel potential drops

as on the increase of dielectric of the cavity. The highest

obtained channel potential is for urease. In the case of

the charged biomolecules cavity is filled with dielectric

Table 1 Neutral biomolecules and their dielectric.

Bio molecule Dielectric constant(K)
Air(ref) 1
Urease[24] 1.64
Streptavidin[10] 2.1
Biotin[25] 2.63
Glucose-Oxidase (Gox)[26] 3.46
Zein[27] 5
kertain[27][28][29] 8

Fig. 3 Channel potenial of different neutral biomolecules in
the gate region

constant K=2. The total capacitance of the device is

the sum of the capacitance of four regions under the
gate area. Capacitance for oxide and cavity gave by
equations (1) and (2)

COxide =
✏Oxide

tOxide
(3)

CBio =
✏Bio

tBio
(4)

CAl2O3
=

✏Al2O3

tAl2O3

(5)

Cstern =
✏stern

tstern
(6)

The capacitance of the cavity is defined by ,

Ccavity = (Cbio||CAl2O3
||Cstern) (7)

The total effective capacitance is defined by,

Ceffect. = CSiO2
+Ccavity (8)

Now the device total capacitance is defined as follows:

1

Ctotal
=

1

Ceffect.
+

1

CAlGaN
(9)

Where CAlGaN is the capacitance of barrier layer that

is defined as follows:

CAlGaN =
✏AlGaN

tAlGaN
(10)
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Fig. 4 Transfer characteristics for neutral biomolecules at
VDS = 5V for (a) all neutral biomolecules, (b) Strepta-
vidin(k=2.1), (c) Zein(k=5) and (d) Kertain(k=8)

Fig. 5 Transfer characteristics for charged biomolecules at
VDS = 5V

Where the permittivity of AlGaN is calculated using

the following equation;

✏AlGaN = −0.3×m+ 10.4 (11)

Where m(0.22,0.25,0.30) is the mole fraction of the
barrier layer. tAlGaN is the thickness of the AlGaN layer.

To obtain the electrical characteristics in the presence of

neutral biomolecules, we considered the dielectric con-

stant of the cavity. The effect on the electrical charac-

teristics of charged biomolecules is also analyzed.

Fig.4 (a) presents the transfer characteristics of the
device for different neutral biomolecules with differ-

ent dielectric values. Fig.4 (b-d) illustrates the varia-

tion in threshold voltage for Streptavidin, Zein, Keratin

molecules w.r.t K=1. The maximum shift obtained is

-3.67V for Keratin. The Threshold voltage shifts to-

wards less negative value due to an increase in the di-

electric of a biomolecule in the cavity. The effect of

Fig. 6 Output characteristics of the device for neutral
biomolecules

Fig. 7 Output characteristics of the device for charged
biomolecules at (a) VGS = 0V and (b) VGS = −1V

charge biomolecules on device characteristics are also

analyzed in this work. Fig.5 represents the IDS − VGS

for charged molecules. The figure depicts that the in-

crement of negative charge of the biomolecule decreases

the drain current and increment of positive charge in-

creases the drain current due to the depletion or en-

hancement of the channel carriers, respectively. The de-

vice output characteristics are shown in Fig.6 and 7, re-

spectively for neutral and charged species. The device

is biased at VGS = 0V and VGS = −1V. The device

is biased at VGS = −1V because of maximum trans-

conductance at this gate voltage. As depicted in Fig.6

(a) and (b) the drain current will start decreasing on

increasing of the dielectric. The more relative change

in current, the more sensitivity will be. The maximum

current observed for neutral molecules is 656mA/mm

for urease. Fig.7 (a) and (b) presents the charged bio-

molecules output characteristics. The drain current in-

creases when the biomolecule carries a positive charge.

Applying positive charge on the interface will attract

more electrons to the channel, whereas the increment

of charge carriers will increase the current in the device.

In the case of a negative charge, the current will de-

crease due to the charge carriers’ depletion. Fig.8 and
9 show the drain current variation induced by different

biomolecules. In the case of neutral biomolecules, the

maximum drain current variation obtained for keratin is

86.2mA/mm, whereas the minimum current variation is

12.4mA/mm for urease at VGS = −1V. The maximum

current obtained at VGS = 0V is 50.5mA/mm for ker-

atin, whereas the minimum is 8.6mA/mm for urease. In
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(a) (b)

Fig. 8 Drain current variation for neutral biomolecules at
(a) VGS = 0V and (b) VGS = −1V

(a) (b)

Fig. 9 Drain current variation for charged biomolecules at
(a) VGS = 0V and (b) VGS = −1V

the case of charged biomolecules, the more negative the

charge more the relative change in current w.r.t ⇢ = 0.
When the negative charge of the biomolecule increases

at the interface the drain current reduces. The more

positive charge means more current due to the enhance-

ment of the carriers. The device is sensible for charge

ranges from 3×1012/cm2 to −5×1012/cm2. The maxi-

mum current measured is 710(mA/mm) at 3×1012/cm2

due to an increase in positive charge will increase the

charge carrier concentration in the channel. The de-

vice is biased at VGS = 0V. to observe the pure effect
of neutral and charged species on the device. When a

molecule consists of charges and dielectric, the device

parameters are affected by both dielectric and charge

density. To analyze the effect of DNA charge, varying
its charge from −1× 1012/cm2[9] to −1× 1011/cm2[9].

As shown in Fig.9, the maximum current variation

measured at VGS = −1V for VGS = −1V is 375.5mA/mm,

whereas the minimum is 3.55mA/mm at VGS = −1V
for−1× 1011/cm2.

As observed that increases of the dielectric constant,

the channel conductance decrease due to the reduction

of drain current. It decreases with an increase in drain

voltage. Using the following formula the channel con-

ductance can be calculated;

(a) (b)

Fig. 10 Channel conductance at VGS=0V for (a) neutral
and (b) charged biomolecules

(a) (b)

Fig. 11 Channel conductance variation at VGS=0V for dif-
ferent (a) neutral and (b) charged biomolecules

gd =
∆IDS

∆VDS
(12)

The channel conductance variation can be calcu-

lated by using the following formula;

∆gd = gd(Ref.) − gd(Bio) (13)

gd Should be higher to achieve high biomolecule

sensitivity. Fig.10(a) and (b) show the channel conduc-

tance for neutral and charged biomolecules. The chan-

nel conductance decreases with the increase in nega-

tive charge associated with a biomolecule. Reduction

in gd Indicate the enhancement of device resistance

due to capacitive coupling of higher negative charge in

the cavity. The relative change in the channel conduc-

tance ∆gd is shown in Fig.11 (a) and Fig.11(b) for neu-

tral and charged biomolecules, respectively. The chan-

nel conductance variation increases on increasing di-

electric of neutral bio-molecule. In the case of charged

biomolecules, the negatively charged biomolecules will

have high channel conductance variation.

3.1 Threshold voltage variation

The threshold voltage decreases on increasing the per-

mittivity of the neutral biomolecules in the cavity. Thresh-

old voltage generally is a sensing parameter. Fig.12(a)
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depicts the effect of neutral bio-molecules on the thresh-

old voltage. The threshold voltage shows a positive shift
with the increase of dielectric of neutral biomolecules,
as shown in Fig.12(a).

Fig. 12 (a) Threshold voltage and (b) shift in threshold volt-
age Vth for different neutral biomolecules.

The greater the variation, therefore greater the thresh-

old sensitivity. The variation in Vth is depicted in Fig.12(b).
The variation is higher for high k biomolecules. The

threshold voltage variation can be calculated by using

the following equations

∆Vth = Vth(Ref.) −Vth(Bio) (14)

∆Vth = Vth(Neutral) −Vth(charged Bio) (15)

Where, Vth(Ref.) is the threshold voltage when the cav-

ity is empty, Vth(Bio)is when the cavity is filled with a

biomolecule, Vth(Neutral)is when no interface charge is

applied and Vth(charged Bio) is when the cavity is filled

with charged biomolecules.

Figure 13(a) indicates that the threshold voltage de-

creases as the negative charge of biomolecules in the
cavity region of the device increases, whereas threshold
voltage increases when the positive charge of biomolecules

in the cavity region of the device increases. Fig.13(b)

indicates that the threshold variation will have a high

positive value of variation when increases the positive

charge of the biomolecule whereas a high negative value
of threshold variation with an increase in the negative
charge of the biomolecule. The dielectric of neutral and

Fig. 13 (a) Threshold voltage and (b) shift in threshold volt-
age Vth for different charged biomolecules.

Fig. 14 Threshold voltage sensitivity for (a) neutral and (b)
charged biomolecules at LCavity = 500nm

charged biomolecules influences the change in thresh-

old voltage. The sensitivity was calculated using the
following formula;

The VTH sensitivity was calculated using the follow-
ing formula;

Svth
=

Vth(Ref.) −Vth(Bio)

Vth(Ref.)
× 100 (16)

In the case of neutral biomolecules, increasing the di-

electric would increase sensitivity due to an increase in

the threshold voltage variation, as seen in Fig.14(a).

Fig.14(b) depicts the threshold voltage sensitivity due

to the charge of biomolecules. Higher sensitivity is cor-

related with a higher negative charge, as shown in the

figure. The highest sensitivity observed is for−5×1012/cm2

in case of the charged biomolecule.

3.2 Impact of cavity length on device sensitivity

The effect of different cavity lengths on sensing is plot-
ted and explained in this section. The cavity lengths

considered in this analysis are 100nm, 300nm, and 500nm.
To measure the sensitivity, the shift in threshold volt-
age and drain current variation are used. The change in
threshold voltage for different cavity lengths is plotted

for charged and neutral biomolecules.

3.2.1 Effect of cavity lengths on drain current

variation for neutral and charged bio-molecules

Figures 15(a) and (b) demonstrate the effect of cavity

lengths on the drain current of neutral biomolecules.
The maximum current variation was for K=8 obtained

at 300nm cavity length for K=8 at VGS=0V is 22.9mA/mm.
To measure the drain current variation, the following
formula is used ;

∆IDS = IDS(Ref.) − IDS(Bio)(A/mm) (17)

where IDS(Ref.) is the current at K=1 when cav-

ity is not occupied with neutral/charged biomolecule.
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(a) (b)

Fig. 15 The drain current variation at VGS=0V for (a)
100nm and (b) 300nm cavity lengths for neutral biomolecules

(a) (b)

Fig. 16 The drain current variation at VGS = 0V for (a)
100nm and (b) 300nm cavity lengths for charged biomolecules

IDS(Bio) is the current when cavity is filled with neu-

tral/charged biomolecules. The impact of cavity length

on sensitivity for charged biomolecules is plotted in

Fig.16 (a) and (b). The variation is high for 500nm

cavity length due to the higher surface-to-volume ratio.

3.2.2 Impact of cavity length on Drain current

sensitivity

For various cavity lengths, the drain current sensitivity

is calculated at VDS=1V. The plots of sensitivity for
The plots of sensitivity for 100nm, 300nm, and 500nm

cavity lengths are shown in Fig.17 (a) and (b), respec-

tively.

The drain current sensitivity for neutral and charged

biomolecules is calculated using the following equation;

;

SIDS
=

IDS(Ref.) − IDS(Bio)

IDS(Ref.)
× 100 (18)

Where IDS(Ref.) is the current value when the cavity

is empty, IDS(Bio) is when the cavity has some biomolecule.

As on increasing dielectric and cavity length of neutral

and charged biomolecules, the sensitivity also increases.

By increasing cavity length, the sensitivity will increase

due to the increases in surface area for biomolecule.

Fig. 17 Drain current sensitivity for (a) neutral and (b)
charged biomolecules

More negative charged biomolecule indicate more vari-

ation in drain current that will lead to higher sensitiv-

ity. These plots show the pure effect of biomolecules on

device sensitivity at VGS = 0V.

3.2.3 Impact of cavity length on threshold

voltage sensitivity

Fig. 18 Threshold voltage sensitivity of (a) neutral and
(b)charged biomolecule at different cavity lengths

The device’s sensitivity for neutral and charged biomolecules
is calculated due to threshold voltage variation using

Eq.16. The change in sensitivity is due to the shift of

threshold voltage for different neutral/charged biomolecules.

Fig.18 (a) and (b) show the sensitivity for neutral and

charged biomolecules, respectively. For neutral biomolecules,

the maximum sensitivity for K=8 is 26%, whereas, for
charged biomolecules, 51% for -5× 1012/cm2. The sen-

sitivity will increase as the cavity length increases. The

sensitivity for high k biomolecule will be higher. In the

case of charged biomolecules, the sensitivity is affected

by both charge and dielectric. Fig.18 (b) shows the sen-

sitivity plot for charged biomolecule at the constant

value of dielectric (K=2). The graph depicts that the
sensitivity of a particular biomolecule increase as the
negative charge associated with it increases.

3.3 Impact of mole fraction of barrier layer

The polarization field in the device increases as the mole

fraction increases. The polarization is caused by a lat-

tice mismatch between the GaN and the barrier layer.
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(a) (b)

Fig. 19 The drain current variation at VGS = 0V for neu-
tral biomolecule at (a) x=0.22 and (b) x=0.25 value of mole
fraction.

(a) (b)

Fig. 20 The drain current variation at VGS = 0V for
charged biomolecules at (a) x=0.22 and (b) x=0.25 value of
mole fraction.

With an increase in Al content in the barrier layer,

the polarization fields increase. Due to the control on

the conduction band discontinuity at heterojunction in-

crease of mole fraction of barrier increases the drain cur-

rent, which will allow high electron confinement in the

channel. Different mole fraction values are considered
here (x=0.22,0.25,0.30) to evaluate the mole fraction

effect.
As an increase of mole fraction, the band-gap also

increases. The higher the band gap exhibits higher sta-

bility of the device at high-temperature conditions. The

higher band-gap was obtained at x=0.30. The band-gap

can be calculated using the following equation for dif-

ferent mole fractions;

Eg(x) = x6.13 + (1− x)3.42− x(1− x)eV (19)

Where x is the value of mole fraction(x = 0.22, 0.25,

0.30). Where x is the value of mole fraction(x = 0.22,

0.25,0.30). The effect of mole fraction on drain current
and the threshold voltage is reported in this section.

Fig.19 (a) and (b) show the drain current variation due

to mole fraction. The minimum current change is ob-

served for Keratin at x = 0.22 is 36.59mA/mm VGS=0V

and maximum is 43.14mA/mm at VGS=0V for Keratin

at x=0.25. Increasing the biomolecule species also in-

creases the variation in drain current. Fig.20 (a) and

(b) depict the absolute variation in drain current for

charged biomolecules. The higher the negative charge
higher the variations in current.

3.3.1 Impact of mole fraction on Drain current

and threshold voltage sensing

Fig. 21 Mole fraction effect on drain current sensitivity of
(a) neutral biomolecules and (b) charged biomolecules.

Fig.21 (a) and (b) depict the sensitivity analysis of

drain current for charged and neutral biomolecules, re-

spectively. The variation of drain current is high for the

mole fraction value of x=0.22. The maximum drain cur-

rent sensitivity for charged biomolecules is 74.03% for

−5 × 1012/cm2 at x=0.22 and minimum is 28.24% at

x=0.30. The threshold voltage sensitivity is depicted in

fig.22 (a) and (b), respectively. The maximum threshold

sensitivity obtained is 68% for −5×1012/cm2at x=0.22

and minimum is 50% at x=0.30.

Fig. 22 Threshold voltage sensing due to different mole
fraction for (a) neutral biomolecules and (b) charged
biomolecules.

3.4 Comparative analysis

Table (2) presents the comparison between the previ-
ously reported work and the present study. The drain
current variation obtained in the present work is higher
than the previous for neutral bio-molecules, indicating

higher sensitivity. The present study reports that the

drain current sensitivity for Keratin is 99.9, which is
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57.8% greater than reported [27]. The threshold volt-

age sensitivity is reported in this work is 26% which is

4% higher than reported [27].

Table 2 Comparison of drain current and threshold voltage
variation for neutral Bio-molecules

Dielectric ∆IDS(mA/mm) ∆IDS ∆Vth(V) ∆Vth

1.64 8.90 374.70µA/mm[19] 0.06 47-160mV[19]
2.10 14.90 0.0538mA/mm[30] 0.20 0.11V[30]
2.63 19.90 0.39
3.46 27.20 0.69
5.00 37.40 0.99 0.45V[30]
8.00 50.70 1.29

The maximum threshold voltage variation observed

for charged biomolecules is 2.40V, more elevated than
the previously reported work (0.1-0.5)[27].

4 CONCLUSIONS

With a Nano-cavity under the gate area, AlGaN/AlN/GaN
MOS-HEMT is proposed. The threshold voltage and
drain current sensitivity were obtained for neutral bio-

molecules in the range of 0.06-1.29mv and 8.9-50.7mA/mm.

The analyzed voltage shift for DNA charge is up to

0.38V, and the current variation is 43.02mA/mm. The

maximum threshold sensitivity obtained is 26% for ker-

atin and 50.10% for charged biomolecules, respectively.

The influence of cavity length and mole fraction is con-

figured to determine the device’s efficiency. Threshold
voltage sensing, change in drain current, and channel

conductance is the sensor performance parameters. The

study indicates that MOS-HEMT derived on the cav-

ity makes it suitable for applications of bio-sensing. It
demonstrates a high sensitivity to neutral and charged
biomolecules of all kinds.
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