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1 Introduction

Lately, the Terahertz (THz) sources are gaining attention due to their possible applica-
tions in spectroscopy, bio-medical imaging, and high-speed communication. Tradi-
tionally accessible terahertz suppliers included vacuum devices and cryogenic QCLs
[1]. However, these devices were bulky, besides being unstable at room temperature
THz signal generation.

Dyakonov and Shur theoretically envisaged that solid-state field-effect transistors
could find applications as THz detectors for both resonant and non-resonant THz
waves [2]. Their theory paved way for wide research on the new concept of traveling
wave transistor. Various kinds of THz detectors based on solid-state devices viz. the
Si metal-oxide—semiconductor field-effect transistors (MOSFETSs), high electron
mobility transistors (HEMTs)), and graphene FETs have been widely researched
[3, 4].

As compared to the Si MOSFET, wurtzite AlIGaN/GaN MODFET has superior
carrier mobility and higher two-dimensional electron gas (2DEG) density, owing to
the spontaneous and piezoelectric polarization effects. These effects lead to elevated
responsivity and low noise equivalent power (NEP) at ambient temperature. Addi-
tionally, the manufacturing procedure is less complex as the 2DEG heterointerface
is formed by spontaneous polarization without any deliberate doping. Because of
these advantages, the AlGaN/GaN heterostructures are considered promising as THz
detectors. Knap et al. reported an AlIGaN/GaN HEMT-based THz detector with the
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detectable frequency in the 100—-600 GHz range [5]. Sun et al. demonstrated THz
detection by a floating antenna-based AIGaN/GaN HEMT with elevated responsivity
R, of (3.6 kV/W) and a small NEP (40 pW/Hz">) at room temperature [6]. Hou et al.
also proposed a GaN HEMT with the highest R, of 15 kV/W and the smallest value of
0.58 pW/Hz"> as NEP with 0.25 pum gate length [7]. Traditionally, the AlGaN barrier
layer has a constraint of the critical thickness of at least 10 nm to supply adequate
2DEG concentration. This limit blocks the frequency performance enhancement. To
facilitate the increase in device frequency and to have a higher charge concentration,
a thinner barrier layer is required.

The quaternary alloy semiconductor Al,In,Ga;..,N has clear advantages over the
ternary AlGaN material. Firstly, the bandgap and lattice constants can be engineered
individually, resulting in reduced defects, misfit locations, cracks, and piezoelectric
field. This also allows the development of a skeletal Schottky barrier layer without
significant immiscibility-associated problems in AIN, In, and GaN [8]. Secondly,
with higher A/ content, larger polarization strength can be realized because of
increased spontaneous polarization in AlInyGa;_.yN. By using proper In and Al
compositions, high 2DEG concentration in AlInyGa, .y N structures can be attained
even using a thin barrier layer with better controllability by the gate voltage. There-
fore, the solid-state heterostructures, consisting of a GaN channel and an AllnGaN
barrier layer, are considered promising for high-power THz applications.

We propose a THz device based on AllnGaN/AIN/GaN HEMT in the present
work. We present a unified analytical model for sheet charge density and plasmonic
waves in quaternary AllnGaN/AIN/GaN HEMTs. This sheet charge density is used in
expressions to calculate the directly proportional Plasmon frequency. Section 2 below
describes our 2DEG charge density () model. Expressions for Plasmon frequency
and other parameters used are given in the Sect. 2 too. Results are discussed in Sect. 3,
and the present work is concluded in Sect. 4 (Figs. 1 and 2).

Fig. 1 Cross-sectional _ Gl
diagram of quaternary Dl;:un .
AllnGaN/GaN HEMT
structure

Source

Substrate




Unified Analytical Model for Charge Density and Plasmonic Waves ... 169

-
AIN
b, AllnGaN
GaN
A( . O NN e e e e e e Deee T S S S . . . .
2DEG <—]

Fig. 2 Energy band diagram of the device
2 Calculations for 2DEG Charge Model

2.1 Polarization Calculations for the AllInGaN/AIN/GaN
HEMT

Configuration of the 2DEG is a pertinent use of the polarization characteristics of the
nitride alloy. In the literature, a good amount of valuable predictions on the polar-
ization property of the ternary alloys is available. However, little work in literature
is available with a special focus on the polarization property of quaternary AllnGaN
alloy.

Structural and electronics properties can be attained by linearly interpolating the
formulae based on Vegard’s law. On the other hand, many structural parameters
and the energy bandgap are non-linear. Therefore, in our model, we use bowing-
based interpolation formulae. The bowing model requires non-linear data of appli-
cable quantities only at the same portions of compositions [9]. In the case of the
AllnGaN/GaN HEMTs, the polarization-dependent threshold voltage is given as

Vth = I — AE( — qudj/ZS - Uint(dd)/g (1)

where @), is the Schottky barrier height, A E . is the conduction band discontinuity, N,
is the doping concentration, ¢ is the permittivity of AlInGaN, and d; is the thickness
of the AllnGaN layer,

Oint = Poan — PaiinGan (2)

and
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PAlInGaN = ng(AlInGaN) + P,,Z(AlInGaN) (3)

i.e., Sum of spontaneous and piezoelectric polarization.

For a practical AlInGaN/GaN heterostructure, a thin AIN layer, usually of 1 nm
width, is introduced at the heterojunction to reduce the alloy disorder scattering from
the AllnGaN barrier layer and to increase the charge density. We estimate its outcome
by substituting the conduction band offset AE, in Eq. (1) by our modified conduction
band offset as

AE; moa = AE. aiN/Gan — AE:_atinGanyaiN + AEc_ain 4)

Here, we have taken

2

q-dan (o

AE, py = 21 <ﬂ - n) (5)
EAIN q

Various other terms are as defined in Table 1.

2.2 Carrier Density Model

The sheet charge density n; can be obtained by solving the 1D Poisson’s equation
and can be represented as

ng =¢e(Vy — Vin — Vi — Er/q)/qd (6)

where d is the sum of d; and the length of the AIN layer, V is the channel voltage
at distance k, and EF is the Fermi level.
An analytical expression for 7 as a function of V, can be expressed as [10]

ng = [AVeo/ (1 + B][(1 = AP y0) /(1 + BYPV,[] M

A =¢/qd and B = A/qD, and D is the two-dimensional density of states inside the
quantum well at the heterointerface.

The unified expression for n, including the contribution of charge carriers in the
barrier layer is given as [11]

2kp TAln<1 + exp<gkL;;>)

N unified = Ay ] <ng,,> ®)
e

Ny, AboveVth

here Vg, = V,— V.
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Table 1 Material specific parameters for the calculations

Parameters Values/Details
Polarization charge across the AIN/GaN | /N

interface

Thickness of the AIN layer dain

Conduction band offset at the AIN/GaN
interface

AE:_AIN/GaN

Conduction band offset at the
AlInGaN/GaN interface

AE:_AlInGaN/AIN

Permittivity of the AIN layer

EAIN

Spontaneous polarization

P, (AlInGaN) =
X'Pxp(AlN)+y'PYp(I”N)+Z'PYp(GaN)+bAlGaN'
Z2-+bimGaN -y -2 +baiiaN XY +DAlnGaN - XY 2Z

baiGaN . binGan, barinn are bowing
parameters of ternary alloy

baiinGan = 27Psp(Alo33In033Gaps3N) —
9(baiGaN + brnGan + bairan) — 3(Psp(AIN) +
Pysp(InN) + Psp(GaN))

Basal strain defined after Vegard’s _ [x(@%N —aUN)4y(@GeN —qV V)]

g n(UxVyGa;N) = - =
interpolation of lattice parameter ( D ) [xaN+yaVNtza®eN]
Piezoelectric polarization parameters P,.(AlInGaN) =

x-Pp;(AIN, ) +y- Pp,(InN,n)+2z- Pp;(GaN, 1)
Py (AIN, 1) = —1.8087 + 5.624n° forn < 0

Py (AIN, ) = —1.8087 — 7.888n% forn > 0
Py:(GaN, n) = —0.918n + 9.541n>

Py (InN, ) = —1.373n + 7.559?

Energy bandgap

Eg(GaN) = 3.4eV, E4(AIN) =
6.2eV, E¢(InN) = 0.7¢V

2.3 Model for Drain Current

The model for drain current may be formulated by calculating the current along the

channel.

Iy =quo Wns,unified Us

©))

where 1 is the low vertical field mobility, W is the width of the device, and v; is the

drift velocity.

Integrating from source to drain gives a simple analytical model of the drain

current as
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A+ D)(n% —n? ) _
_ (atetrW ( ( s D 2 5/3 _ 5/3 kpT(ns —np) 1
Id_( Lg )H 2AD + 5”’(”“ "D ) + 7 (10)

where ng and np are the electron charge densities at the source and drain ends,
respectively, L, is the gate length, and the rest of the symbols are defined as done
conventionally. The calculations of np and saturation voltage V,, are given in our
previous work [10].

The second-order effects such as drain-induced barrier lowering (DIBL), channel
length modulation, and self-heating effects (SHE) are neglected here but can be
included in 1,~V 4 characteristics by modifying the Eq. (4), in a procedure similar to
our earlier work [12].

2.4 Dispersion Relations for Plasma Waves in 2D Gated
Devices

In two- or one-dimensional plasma, the frequency of plasma oscillations, »,, depends
on the plasma wave vector k. Theoretical modeling of a 2D plasma leads to the
following dispersion relationship [13]:

2n,k v
wp = | L0 k= [T forkd « 1
2m*e0EGan m*

2n —1
(kn)gated = (n[J—)T[9 Wheren = 1, 2, 3 .
8

The plasma waves propagate with much greater velocities than the electron drift
velocities. Hence, the plasma wave frequency for the fundamental harmonic for
short-channel solid-state devices is in the THz range. Other relations used for various
parameters related to plasmon oscillations are listed in Table 2.

Table 2 Relationship used for various parameters related to plasmon oscillations

Parameter with units Relationship

Characteristic length for the ac voltage decay from the source | L, = s/7/m
[15]

Electron effective mass in AllnGaN layer m* = (0.35x + 0.1y + 0.2z)my
Fermi velocity [16] vF = % %m
Electron plasma velocity [16] §— qzn_;d
€em
Fundamental plasma frequency [16] f= %g
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Plasma wave electronic devices have a major benefit that they can be tuned by
applying bias voltage and are able to modulate at very high frequencies viz. 200 GHz
and more [14]. This makes quaternary GaN heterostructures interesting devices
for probable employability in high-power, ultrahigh-speed wireless communications
used in the ultrahigh-resolution broadcast.

3 Results and Discussion

Figure 3 shows the comparison of our calculated output characteristics and exper-
imental data published by Hwang et al. [8]. Values of various parameters used are
given in Table 3. High drain currents of 1589 A/mm, 1278 A/mm, 865 A/mm, and

Fig. 3 1,-V; characteristics A B B ES S S ——
of heterostructure at different 2000 | Solid lines - Calculated (our model) J
gate voltages V, Symbols - Experimental [8]
1500 -
V=0V
9
1000 V=V 2

500

Drain Current Density (A/mm)

4 6 8 10 12
Drain Voltage (V)

Table 3 Model and device

di Parameter with units Values employed in our
parameters used in . computations
calculations for comparison
in figure Lg (jum) 400 nm

W (pm) 1 pm

Ro (cm2/V-s) 1621

Fitting parameters | aj (1/V) —40 x 1073
a (1/V?) 0.32
a3(1/V) 5% 107

Transition width o, (unit less) 1.2

parameter

R (82) 0.6

Rq (£2) 0.6
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Fig. 4 Plasma frequency o),
versus Al mole fraction x
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337 A/mm are obtained at gate voltages 1 V,0V, —1V, and —2 V, respectively. By
choosing suitable fitting parameters, we obtained a good match with the experimental

result.

The relationship of plasma frequency @, with x, the Al mole fraction, is depicted
in Fig. 4 for L, = 100 nm. A higher frequency range is observed for higher values
of d. The frequencies observed are higher by an order as compared to calculations
done for AIGaN/GaN HEMTs by Rabbaa et al. [17]. @, achieved values more than
40 THz for d = 15 nm and L, = 100 nm.

Figure 5 illustrates the variation of plasma frequency , with doping density at
different gate voltages applied. A linear relationship of @, is seen with the doping

Fig. 5 Plasma frequency
versus doping density for
different gate voltages Vg
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density N, and the V,. The relationship of Plasma and Fermi velocities with 2DEG
is shown in Fig. 6. We infer that the plasma wave velocity reaches a much higher
value of 27.6 x 10° m/s as compared to the Fermi velocity of 9.4 x 10> m/s for a
sheet charge concentration of 10'” cm™.

Change in calculated plasma frequency «, versus V, for different /n mole fractions
yisillustrated in Fig. 7 with Al mole fraction x fixed at 0.3. It is observed that the lower
y values give higher plasma frequencies. Figure 8 depicts the variation of fundamental
plasma frequency f with the gate length L, at a drain voltage of 4 V for gate voltages
from 2 to 5 V. We see that f rises exponentially with a decrease in L,. Although we
attain great THz plasmon frequencies by lessening the L, there are certain limitations

Fig. 6 Plasma velocity S 30 T T T T T
and Fermi velocity vg versus | —=— Fermi Velocity ) =
2DEG sheet concentration - *— Plasma Wave Velocity o’
» L
a7
i L
% 204 - i
£ "
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2 10
o 10 ) 4
> ke ...----"'." »
-
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0 L T L L o T
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2DEG Sheet Concentration {10" cm“‘}
Fig. 7 Calculated plasma 30 . T v T - T - T
frequency w, versus gate
voltage for different Indium
mole fractions y 25
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e
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10 ¢+
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Fig. 8 Fundamental plasma = 5 T T T T T
frequency f versus gate I
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with very short gate lengths while designing the HEMTs. Therefore, one has to
ascertain the minimum critical gate length for optimized operation.

4 Conclusion

A unified analytical model for calculating sheet charge density and plasma frequency
of Terahertz waves in quaternary AllnGaN/AIN/GaN HEMTs is presented. Calcu-
lated results using our model matched well for /;,—V; characteristics of experimental
data given in Ref. [8]. We observed that due to higher electron concentration accumu-
lation in quaternary alloys as compared to ternary alloys such as AlGaN, the plasmon
oscillations introduced have higher frequency by almost an order. Our unified analyt-
ical model gives an overview of different parameter relationships for exploring the
quaternary alloy-based HEMTs for THz device applications.
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