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Abstract: The rapid evolution of wireless communication technologies, specifically the deployment of wireless
networks, demands innovative semiconductor devices to meet the stringent requirements for high-frequency
operation, low power consumption, and enhanced data rates. In this context, Double-Gate Metal-Oxide-
Semiconductor High-Electron-Mobility Transistors (MOSHEMTS) have emerged as a promising solution due to
their unique combination of Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) and High-Electron-
Mobility Transistor (HEMT) characteristics. This paper provides a comprehensive review of the design, and
performance characteristics of Double-Gate MOSHEMTS tailored for wireless applications. The inclusion of the
double-gate configuration allows for improved control over the Two-Dimensional Electron Gas (2DEG) formed
at the semiconductor-oxide interface, leading to enhanced electron mobility and high frequency. All simulations

were conducted using the Visual TCAD 2D simulator from Cogenda.
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1. Introduction

Traditional MOSFETs must be constructed with extremely short channel lengths to meet the demands of high
frequency, low noise, and high power density applications[1]. This is done to ensure that most of the carriers
experience the least amount of impurity scattering and that performance degradation is downplayed. These
applications also imply design and performance constraints, demanding great transconductance and high saturation
current, which can be accomplished with extensive doping. To get out of these restrictions, MOSHEMT devices use
hetero-junctions, which are made of two distinct band-gap materials and prevent impurity scattering by confining
electrons in a quantum well[2]. In MOSHEMT, AlGaN, a better alternative for a barrier material, has been used in
high-frequency operation combined with the direct bandgap GaN material. Additionally, AlGaN/GaN MOSHEMT
is a superb device that has undergone recent intensive investigation[3]. It has high breakdown strength, a high electron
velocity in saturation, and can operate at very high frequencies with adequate performance[4]-[7]. Device
performance in these kinds of HEMTs is dependent on the AlGaN layer's doping concentration, type of material layer,
and layer thickness, providing flexibility in the design process.

Various MOSHEMTSs have been analyzed for different applications. The analog/RF performance of AlInN/GaN
underlap double gate MOSHEMT s inspected in [8]. This device is designed using Al203 gate dielectric with

different gate lengths. Here, scaling of gate length leads to an increase in drain current, transconductance, output
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conductance, and frequency but, at the expense of reduced transconductance generation factor. It also represented
that a thinner barrier layer leads to improved TGF, transconductance, cutoff frequency, and maximum frequency. The
DC and RF performance of MOSHEMTs made on AlGaN/GaN metal-oxide semiconductors with different gate
lengths from 90 to 500 nm using MgCaO as gate dielectric[9] showed that due to reducing in short channel effect,
the ON/OFF ratio increases with increasing gate length. This study also proposed that by lowering the gate leakage
current while preserving strong RF performances for high-power applications, MgCaO shows promise as a dielectric
for GaN MOS technology. A small-scale quantitative model based on the density of states at the oxide semiconductor
interface for AlGaN/GaN MOSHEMT is proposed in [10]. They have studied the gate capacitance behavior in terms
of capacitance-voltage characteristics. By varying barrier thickness as well as oxide thickness, the threshold voltage
is also analyzed. The performance of a new 20 nm metal oxide semiconductor high electron mobility transistor
(MOSHEMT) on a silicon substrate in the DC and RF domains [11] designed in T shape with a heavily doped source
and drain region, a multi-layer cap and a very thin layer of HfO2 as gate dielectric. This work gave the most suitable
device that can be used for future sub-millimeter wave applications. A novel enhancement-mode GaN MOS-HEMT
with a high-x TiO2 gate dielectric and a 10 nm T-gate length presented in [12] showed an outstanding performance
at a threshold voltage of 1.07 V at VDS=5 V. As increasing in drain voltage, the RF parameters are also increasing.
This enhancement mode MOSHEMT achieved a high cut-off frequency was about 524 GHz.

A hafnium silicate (HfSiOx) and Al203, are applied in AlGaN/GaN HEMTSs as high K dielectric in [13] following
post-deposition annealing at 800 °C, a plasma-enhanced atomic layer deposition method was used to create the
(HfO2)/(Si02) laminate structure on the AlGaN surface. The HfSiOx-gate HEMT had good transfer properties,
including a subthreshold swing of 71 mV/decade and a strong transconductance as predicted by its dielectric value.
An AlGaN/GaN-based DG MOSHEMT using Al203 gate dielectric in [14] shows that scaling down the gate length
helps achieve a cut-off frequency of about 122.44 GHz. It is also observed that a double hump-like feature in the
transconductance, which is caused by the double 2-DEG leads to improved device linearity.

MOSHEMTSs are of interest in wireless communication applications due to their potential to meet the requirements
for high-frequency and high-speed operations. Current wireless technology aims to deliver increased data rates, lower
latency, and enhanced connectivity compared to previous generations. MOSHEMTS, especially those with advanced
designs such as double-gate structures, can operate efficiently at high frequencies. This is crucial where
communication often occurs in the millimeter-wave frequency range. The "HEMT" part of MOSHEMT stands for
High-Electron-Mobility Transistor. This design allows for fast electron movement, making MOSHEMTs suitable for
high-speed signal processing. In wireless networks, where data transfer rates are significantly higher than in previous
generations, high electron mobility is essential for maintaining efficient communication. The novelty of this work
lies in considering a device of sub 100 nm gate length with a high- « dielectric as the gate oxide.

This paper focuses on presenting a HfO2 gate oxide double-gate MOSHEMT and assessing its suitability for
wireless applications. The subsequent sections cover the structure of the MOSHEMT and its simulation setup in
Section 2, with the model equations in Section 3, followed by the discussions of the results in Section 4, and

concluding remarks in Section 5.

2. The Double Gate MOSHEMT (DG-MOSHEMT)

To enhance the device performance in terms of drain current, maximum transconductance, and maximum
frequency double gate MOSHEMT is designed. Fig. 1 shows the cross-sectional view of AlyGaosN/GaN-
based double gate MOSHEMT using HfO, gate dielectric.
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Fig. 1. Cross section of the. AlyGa;-xN/GaN-based Double Gate MOS-HEMT.

Top and bottom gate structures are adopted for double gate MOSHEMTS to achieve symmetrical device
structure and greater control of the gate over the channel. For investing the impact of HfO,, a device with
a fixed gate length of 80 nm is used at both sides of the device. This is also a 2D gate-all-around structure.
Here, only C-doped gallium nitride material is sandwiched between two barrier layers, which act as a high-

resistive layer.

Table 1. Device parameters.

Parameter Thickness Material Doping
Top Gate Length (Lg) 80 nm nPoly -
Bottom Gate Length (Lg) 80 nm nPoly -
Oxide Thickness (tox) 10 nm HfO, -
Width (W) 1 um -
Channel Thickness (tch) 100 nm GaN  10Ycm?
Barrier Thickness 50 nm AlGaN -
Source/ Drain - Al 10% cm™®

To inject electrons into the channel, the source and drain contacts are extended to the AlGaN barrier.
Regarding the GaN channel, the simulated double-gate MOS-HEMT is symmetric. The top and bottom
interfaces of AlGaN and GaN both display the polarization charge distribution. As a result, the single
channel with two gates increases in 2DEG density. All the device parameters, doping concentrations, and

HfO, oxide thickness are the same as single gate MOSHEMT shown in Table 1.
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Fig. 2. Pre-Simulation model of an AlxGai.xN/GaN-based Double Gate MOS-HEMT.

The pre-simulation device structure implementation in Cogenda Visual TCAD with appropriate doping is presented
in Fig. 2. Circuit simulation is based on the drift-diffusion model and the SRH models have been used for carrier
recombination and modeling the traps.

3. Model Equations

The drain current equation of an n-channel MOS-HEMT in the cut-off region is [15],
|D =0 ,

1)
where, [ Ves< V1]

The drain current equation of a n-channel MOS-HEMT in a linear region is,

Un Ctot W
Ippin = % Z : [Z(VGS - VT)VD.S‘ - VDSZ]

3]
Whel’e, [VGS 2 VTandVDS < VGS - VT ]

The drain current equation of a n-channel MOS-HEMT in saturation region is,

_ UnCtot W 2
IDSat - 2 E . (VGS - VT)

®)
Where, [ Vs = VeandVpg = Vs — Vi |
Here, Ci is the oxide capacitance of the device, Ip is the drain current, W is the device width, L is gate length, pn
is the electron mobility, Vs is the gate to source voltage while Vps is a drain to source voltage and V+ is the

threshold voltage. Oxide Capacitance of the device near the top and the bottom is,

Eox __ Er€Q

C = = —
ox,to ox,bot
,top ) Tox

TO X

4)

Since both the top and bottom oxide capacitance are in series with each other the total oxide capacitance can be
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expressed as

Cax,to Cox,bot
C — 14

ox,tot —
’ Cox,top*Cox,bot

©)
Where ¢, = relative permittivity or dielectric persistent of high-K dielectric material, g, is the constant permittivity
of 8.854x107*? F/m and t. is the thickness of the oxide under the gate. The trans-conductance (gm), and cut-off
frequency (fr) are ultimate crucial factors in terms of high-speed applications.
The fraction of the variation in I, to the change in V¢ with steady Vs is called gate transconductance (gm). The

numerical equations have been used to measure trans-conductance are as follows:

_
gm_aV

gs, Where Vs is constant.
(6)
Cut-off frequency or break frequency (fr) is one of the most significant factors in determining the device's RF

performance. Generally, fr is the frequency of an input signal at which the current gain is unity.

_ 9Im
fT - 2nCqy

()
Where, gate capacitance C; = C,, - W - L.

Equations (1)-(7) have been used for the theoretical calculation of cut-off frequency and other parameters.

4, Results and Discussions

All the simulations have been carried out using the Visual TCAD 2D simulator from Cogenda which is a GUI-based

semiconductor device simulator used to perform prefab simulation of semiconductor devices for various applications.

4.1 Two-dimensional Electron Gas

Fig 3 shows the formation of two 2DEGs in the double gate MOSHEMT that translates to improved mobility. At the
hetero-interface of the MOSHEMT, there is a discontinuity in both the conduction and valence bands. From a highly
doped layer to an undoped layer, electrons diffuse. The electrons are confined in the channel's quantum well, which is
about triangular. Due to the availability of states with lower energy, carriers originating from their parent dopants in
the wide-gap material transfer to the narrow-gap material. Band bending happens because of charge transfer. At the

interface between the two semiconductors, a free electron gas is generated in the narrow-gap material.
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Fig. 3 2DEG of DG-MOSHEMT

The two oxide regions are represented by the potential barrier height. The oxide traps show a dip at the oxide/
semiconductor interface while the two barrier/ channel (AlGaN/ GaN) interface show the formation of two 2DEG
layers.

4.2. Electron mobility of the double gate MOSHEMT
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Fig. 4 Electron mobility of DG-MOSHEMT

As seen in Fig 4, near the source the two gates (top and bottom) provide excellent electrostatic control over the channel.
This reduces short-channel effects and maintains a strong, well-confined 2DEG near the source upto 2000 cm? Vs in
this case. Low electric field near the source ensures minimal scattering and higher mobility for electrons in the 2DEG.
As we move towards the drain side the high drain voltage creates a significant electric field, which reduces the effective
mobility of electrons due to velocity saturation and increased scattering (e.g. interface roughness) downto to 750-500
cm?/ Vs.

4.3. DC and Analog performance of the double gate MOSHEMT

The double-gate structure improves electrostatic control over the channel, leading to efficient 2DEG confinement and

higher electron density in the channel. As a result, the device can achieve higher drain current for a given gate voltage,
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making it suitable for high-power applications. Drain current and output conductance is plotted concerning drain
voltages at gate voltage 3 V. Maximum drain current is observed at 4500 mA/mm and maximum output conductance
is observed at 1150 mS/mm, shown in Fig. 5. Similarly, drain current and transconductance are plotted with respect to
gate voltages at drain voltage 5 V. Maximum drain current is observed at 6000 mA/mm, and maximum
transconductance is observed at 1500 mS/mm, shown in Fig. 6. The simulated threshold voltage is -1.4 V, which
defines that the double gate device is operated in depletion mode. DG-MOSHEMTSs have higher transconductance due
to better control over the channel by the dual gates and high electron mobility in the 2DEG. This enhances the gain of

analog circuits and improves their performance.
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Fig. 5 (Io-Vb) and (g¢-Vb) characteristic curves of HfO, dielectric DG MOSHEMT
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Fig. 6 (Io—Ve) and (gm-Ve) characteristic curves of DG MOSHEMT

The transconductance generation factor is plotted with respect to gate voltages at drain voltage 5 V. Maximum
transconductance generation factor is observed at 50 V1, shown in Fig. 7. Typically, TGF between 10 V' and 5 V!

variations with Vgs from 0.7 V to 2 V will be used for analog/ RF applications.
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Fig. 7 TGF curve with respect to gate voltages of HfO, dielectric DG MOSHEMT
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Fig. 8 Cut-off frequency curve with respect to gate voltages of HfO, dielectric DG MOSHEMT

The cut-off frequency is plotted with respect to gate voltages at drain voltage 5 V. Maximum cut-off frequency is
observed at 0.8 THz, shown in Fig. 8. This is extracted by using the equation (7). The reduced parasitic capacitances
and higher electron velocity in the channel contribute to a higher cut-off frequency, critical for high-frequency

analog/RF applications.

Table 2. Device parameters of DG-MOSHEMT
Parameters This Work [16] [18]
Threshold voltage (V) -1.4 0.3
ID(M?;E;]X]C];S 3V 4500
I (Max.) at Vps=5V 6000 1670 540
[MA/mm]
gd (Max.) [mS/mm] 1150
gm (Max.) [mS/mm] 1500 850 160
TGF, Vos=5V [V1] 50 ~45
Intrinsic gain (Av, [dB]) 25
fr (Max.) 0.8 THz 137 GHz 25 GHz

Double gate MOSHEMTS offer superior gate control, supressed SCE, higher transconductance, higher break down
voltage, lower SS, and higher frequency performance over its single gate counterpart. The high cut-off frequency as
shown in Table 2 and in comparison, with existing literature, suggests that the device can be used in domains based
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on high frequency as well as high-speed communications. This establishes the promise of the dual gate MOSHEMT

device for wireless communication applications.
44. Applications and Limitations

Double-Gate MOSHEMTS are highly suitable for wireless applications like 5G, 10T, and radar systems due to their
exceptional high-frequency and low-noise performance. The dual-gate design ensures superior electrostatic control,
leading to higher transconductance, cutoff frequency, and power gain, essential for efficient RF amplifiers and
transceivers. Additionally, their low output conductance and enhanced linearity improve signal fidelity, critical for
5G and radar. The device's high breakdown voltage and thermal stability enable reliable performance under high-
power conditions, while its low noise figure enhances 10T sensor sensitivity. However, fabrication complexity and

thermal management remain challenges for large-scale deployment.

5. Conclusion

This paper aims to contribute to the understanding of Double-Gate MOSHEMTSs and their role in advancing
semiconductor technology for the next generation of high-performance wireless communication applications. This
paper presents a modified study of the analog/RF characteristics of the AlIGaN/GaN DG MOSHEMT using the Visual
TCAD tool. The dual gates enable precise tuning of the surface potential, influencing the 2DEG formation and overall
device performance. The effects of high — dielectric on device performance have been investigated considering DC,
analog, and wireless applications. With reference to RF and analog applications, the devices need to be operated in
the above threshold regime. The suitable TGF value for RF/ analog performance is 5 V-1 achieved by DG
MOSHEMT devices at lower gate voltage -1 V to 0 V. The double gate device is operated in depletion mode, which
is superior in DC and RF performances when compared to E-mode MOSHEMTSs. It is observed that the DG device
has a maximum frequency of 0.8 THz, which is undoubtedly the most suitable candidate for sub-millimeter and
terahertz wave applications like wireless communication, satellite communication, and 5G communication. Hence,
the present DG MOSHEMT using HfO2 gate dielectric leads to further improvement in TGF and intrinsic gain as it
provides superior transfer characteristics.
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