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Here, we report on numerical modelling of AlGaN/GaN HEMT terahertz detectors using a two-dimen-
sional solver based on three Boltzmann transport equation (BTE) moments and the Poisson equation. We 
use the Synopsys TCAD Sentaurus program package, which offers a wide material database and the pos-
sibility to include traps and polarization charges for the  formation of the  channel without any doping. 
The implications of different levels of model simplifications are addressed both analytically and numerically. 
We calculated the current responsivity ℜI to THz radiation on the drain voltage in the  frequency range 
0.01–3.0 THz for three AlGaN layer thicknesses d = 15, 20 and 25 nm and different gate lengths. We dem-
onstrate that only a hydrodynamic model can reproduce the change in the sign in current responsivity at 
the gate voltage UG0 (ℜI = 0 at UG = UG0). The energy flux factor in the energy balance equation determines this 
effect. For the simulated structures, we find that the noise equivalent power may be as low as 0.1 pW/√—Hz—

 
 

at 0.04 THz and 10 pW/√—Hz— at 3.0 THz.
Keywords: power detectors, field effect transistor (FET), gallium-nitride, terahertz (THz), hydrodynamic 
modelling, TCAD

1. Introduction

Since seminal papers of Dyakonov and Shur [1–3] 
were published, a  lot of experimental work was 
done for the  extension of signal generation and 
detection to the  terahertz frequency band. High 
electron mobility transistors (HEMT) and n-type 
metal oxide semiconductor transistors (nMOS) are 
among the most popular THz detectors working at 
room temperature. A large variety of transistor and 
antenna models are used to interpret the  experi-
mental results. Antenna design and modelling is 
a very important part of the THz detector as well as 
the transistor physical model. In some cases, these 
two models (antenna and transistor) may be con-
sidered separately, for example, by replacing the an-
tenna connected to the  transistor electrodes with 
the equivalent AC voltage source. In such a case, we 
can investigate the transistor’s DC current or volt-
age response to the  abovementioned AC voltage 
source. The main goal of this investigation is to find 

the connection between the internal physical pro-
cesses of the transistor and the DC response. What 
physical processes are in consideration depends on 
the model of the transistor.

All models found in the  literature may be di-
vided into several groups. The  models are based 
on the  Boltzmann transport equation (BTE) mo-
ments: two moments in the  drift-diffusion (DD) 
model, three moments in the hydrodynamic (HD) 
model, and even four moments in the  extended 
hydrodynamic (EHD) one. Another group of 
the models is based on the stochastic or determin-
istic direct solving of the BTE. The stochastic mod-
el is known as the Monte Carlo (MC) procedure, in 
which real electrons are replaced with the so-called 
‘macro particles’. The deterministic BTE solvers are 
based on some kind of expansion of the distribu-
tion function in the  Fourier series, spherical har-
monic series (SHE), or Legendre polynomials. All 
the  abovementioned models may be divided into 
one-dimensional (1D) or two-dimensional (2D) 

https://doi.org/10.3952/physics.2023.63.4.4
mailto:alvydas.lisauskas%40ff.vu.lt?subject=


ISSN 1648-8504   eISSN 2424-3647	 	 J. Vyšniauskas et al. / Lith. J. Phys. 63, 218–232 (2023)219

ones with respect to the space dimensions in use. 
To our knowledge, no three-dimensional models of 
THz detectors exist in the literature.

Very popular 1D model [1–8] is based on the two 
first BTE moments: the  continuity equation and 
the momentum balance equation (Euler equation) 
without pressure gradient. The Poisson equation is 
not included in the  model. Further simplification 
of the Euler equation excludes time and convective 
derivatives from the model [4, 9–11]. Nonetheless, 
for the  control of electron density in the  transis-
tor channel on the gate voltage, the unified charge 
control model (UCCM) [12–15] is used in Refs. [4, 
9–11]. The main advantage of these models is their 
simplicity, which allows us to get analytical expres-
sions for DC response to the incoming THz signal. 
In some cases [1–8], continuous or damped plasma 
waves may be observed. The main disadvantage of 
the  models  [1–11] is ignoring totally the  2D na-
ture of the HEMT or nMOS transistor. The UCCM 
model cannot replace correctly the  2D Poisson 
equation, which describes electrostatic potential 
distribution in the  transistor structure. Ignoring 
the diffusion term in the Euler equation may over-
estimate the existence of continuous plasma waves 
in the  transistor channel. In the  models under 
consideration, electron mobility degradation due 
to electron transfer to higher valleys (HEMT) or 
velocity saturation at a high electric field (nMOS) 
is not included. It is not a  problem when detect-
ing weak THz signals, but may lead to substantial 
errors when finding THz generation at high drain 
current densities (Dyakonov–Shur instabilities).

The pseudo-2D model proposed in Refs.  [16, 
17] is based on the continuity equation, the Euler 
equation with diffusion and the  pseudo-2D Pois-
son equation. An additional term in the  Poisson 
equation allows the control of the electron density 
in a gated region with respect to gate voltage. As in 
the UCCM case, this model simplifies the solution 
of equations but cannot correctly describe the two-
dimensional nature of electron transport.

The semi-two-dimensional model [18] includes 
1D transport (continuity and Navier–Stokes equa-
tions with diffusion and viscosity) and 2D Poisson 
equations. In the paper, the importance of includ-
ing time and convective derivatives in the Navier–
Stokes equation for searching Dyakonov–Shur in-
stabilities is shown. Including the  viscosity term, 
the  hyperbolic Euler equation becomes the  para-

bolic Navier–Stokes equation, which allows the use 
of the  efficient Scharfetter–Gummel scheme  [19] 
to stabilize numerical calculations. Unfortunately, 
the effect of viscosity on the calculation results is 
unclear from the paper.

The 2D drift-diffusion model of nMOS was 
used in Ref.  [20]. It includes the continuity equa-
tion, the current density (Euler) equation without 
a  convective derivative, with and without a  time 
derivative, and the Poisson equation. It was shown 
in the paper that the inclusion of the time deriva-
tive in calculations had a very small effect on cur-
rent responsivity up to 10  THz due to the  strong 
over-damping of plasma waves by the low electron 
momentum relaxation time in silicon.

The next step of model improvement is based on 
using three BTE moments. Pseudo-2D models use 
1D electron transport and a more or less simplified 
model of electron density control by gate voltage. 
In one of them, the electron density in the chan-
nel is calculated by iteratively and self-consistently 
solving 1D Schrödinger and Poisson equations in 
the direction perpendicular to the charge transport 
direction  [21]. Poisson equation in the  propaga-
tion direction is also coupled to the transport equa-
tions. In the  paper  [21], the  combined frequen-
cy- and space-domain series-expansion approach 
allows the avoidance of numerical instabilities and 
sufficiently reduces the computer simulation time 
of modelling systems with very long transient pro-
cesses. Another approach uses UCCM for elec-
tron density control in the channel by gate voltage 
without solving Poisson equation in the  charge 
transport direction  [22–25]. The  main feature of 
the  model used in these papers is the  tempera-
ture-dependent viscosity and heat conductivity 
coefficient. The proposed HD model was applied to 
GaAs and GaN channels. It was shown that the qua-
lity factor of plasma wave resonance decreases with 
the  electron flow viscosity and pressure gradi-
ent. In the  large signal case, shock waves may be 
formed in the HEMT channel [24]. InGaAs/GaAs 
HEMT’s response to amplitude-modulated signals 
shows that modulation frequency may be as high 
as 1 THz [25].

Two-dimensional HD models may be divided 
into two groups. One of them consists of the pseu-
do-2D model [22, 23] extended to the direction per-
pendicular to the electron transport direction and 
parallel to the  gate electrode plane  [26–28]. This 
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model allows the investigation of oblique waves in 
wide transistors. Resonance detection depends on 
the transverse wave vector and drain current [27]. 
The response of InGaAs HEMT to the 10 fs pulse 
and the  step function of gate voltage was investi-
gated in Ref. [28]. In the second group of 2D mod-
els, the 2D plane is parallel to the electron transport 
direction and perpendicular to the  gate electrode 
plane. Papers related to the second group [29–34] 
use mainly TCAD (technology computer-aided 
design) program packages in which 2D Pois-
son equation is included. Realistic structures in 
the non-resonant detection mode have been mod-
elled using these packages: Si nMOS [29, 31, 34], 
AlGaN/GaN  [30, 34], Si/SiGe  [32] and AlGaAs/
InGaAs [33, 34]. The absence of time and convec-
tive derivatives in the momentum balance equation 
(the second moment of BTE) in TCAD models 
restricts their usage at relatively low frequencies 
(ωτ < 1), where ω denotes angular frequency and τ 
denotes momentum relaxation time.

The complex 1D model based on four BTE mo-
ments is proposed in Ref. [35]. A small signal case 
was considered in the paper for comparison with 
a  deterministic BTE solution. The  comparison 
shows that for correct modelling of Dyakonov–
Shur instabilities at high frequencies four BTE mo-
ments must be used.

More precise models use the  Monte Carlo 
(MC) procedure  [36–38] or deterministic BTE 
solvers  [39–45]. THz generation  [36] and detec-
tion [37] was obtained using the pseudo-2D MC 
model of GaN channel. A more realistic 2D MC 
model of InGaAs HEMT was used in Ref.  [38], 
and resonant detection at 2.5 THz was obtained. 
Precise MC calculations require a  huge amount 
of computer time. The MC procedure is very use-
ful for calibrating simpler models based on BTE 
moments. Deterministic BTE solvers may be as 
precise as MC and require less computer time. 
Unfortunately, to the best of our knowledge, these 
solvers are developed only for steady state and 
small signal calculations. So, the  investigation of 
THz detection using deterministic BTE solvers is 
now impossible.

This short review of transistor models for THz 
detection shows that for a  more or less correct 
description of physical processes in the  transis-
tor channel the  two-dimensional models, based 
on at least the first three moments of BTE and 2D 

Poisson equation, must be used. Very few papers 
are devoted to real 2D structures of AlGaN/GaN 
HEMTs [30, 34]. It still needs to clarify the role of 
donor levels at the  AlGaN and passivation layer 
interface to the  formation of 2D electron channel 
and current responsivity. Spontaneous and piezo-
electric polarization must be included in the model 
to describe the 2D electron channel formation pro-
cess correctly. The dependence of current respon-
sivity on the thickness of the AlGaN layer may be 
investigated correctly when using the  2D Poisson 
equation in the  model. The  well-established ex-
perimental fact of current responsivity sign change 
with gate voltage [7] is not explained at this time. 
Also, the effect of the energy balance equation in 
the model on current responsivity and NEP (noise 
equivalent power) at different THz frequencies 
needs to be clarified. Our paper is devoted to solv-
ing the  abovementioned problems using the  Syn-
opsys TCAD Sentaurus program package.

The paper is divided into three parts. In Sec-
tion 2, the  analytical approach using simplified 
analytical equations for the  description of high-
frequency transport is discussed. Five different 
assumptions of a  one-dimensional analytical hy-
drodynamic transport model are presented. Sec-
tion 3 presents the AlGaN/GaN HEMT terahertz 
detector model and calculation methodology in 
the TCAD environment. Section 4 is dedicated to 
the modelling results.

2. Simplified hydrodynamic equations

Before proceeding with numerical calculations, we 
would like to give a special analysis related to high-
frequency transport using a one-dimensional ana-
lytical hydrodynamic transport model.

According to the  approach proposed by Dya-
konov and Shur [2], the basis of the model is defined 
by the solution of balance equations. The equation 
of motion with respect to the electron velocity v is

B– – 0,
* * p

kv v q nT vv E
t x m m x τ
∂ ∂ ∂

+ + =
∂ ∂ ∂

	 (1)

where n is the carrier density, q and m∗ are the elec-
tron charge and effective mass, E is the electric field, 
τp is the momentum relaxation time, kB is the Boltz-
mann constant, and T is the  temperature. Here, 
we keep the  so-called pressure term, often omit-
ted when analyzing plasmonic excitations. This 
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equation should be solved together with the charge 
continuity equation

0.n nv
t x

∂ ∂
+ =

∂ ∂
	 (2)

The depth of analysis can be extended by con-
sidering the  inhomogeneous heating of charge 
carriers from the  solution of the  energy balance 
equation

0B

e

–– 0,k nvTv qvE
t x n x

� �� �
�

� � �
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� � �         
(3)

where ξ  =  (m∗v2)/2  +  kBT is the  electron energy 
consisting of kinetic and thermal (here, a pre-fac-
tor 1 in front of the temperature term accounts for 
a  two-dimensional nature of the  transistor chan-
nel) components. τe is the energy relaxation time, 
and ξ0 is the equilibrium electron energy kBT0 cor-
responding to the lattice temperature T0. The ener-
gy conservation equation Eq. 3 assumes a displaced 
Maxwellian distribution, with higher-order mo-
ments of distribution function diminishing. There-
fore, the heat flow due to the electron gas (the third 
moment of the distribution function) is not consid-
ered. One must note that most device-simulating 
methods use an equation set for the current density 
Jn rather than velocity v. There is a straightforward 
way to rewrite the equations by applying the defi-
nition Jn = qnv and invoking the continuity equa-
tion; however, in this section, we will remain with 
the representation originally proposed in Ref. [2].

In order to find analytical solutions, it is accus-
tomed to apply harmonic analysis and, assuming 
that the absolute values of oscillating carrier den-
sity n1e

–iωt and electron temperature T1e
–iωt terms 

are much smaller than the stationary quantities n0 
and T0, to linearize the system of partial differential 
equations. These assumptions simplify the energy 
balance equation to

1 1
1 B 0

e

d–i 0,
d
v TT k T
x

ω
τ

+ + = 	 (4)

where v1 is the oscillating velocity term. Equation 
4 allows us to relate oscillating electronic tempera-
ture with the gradient of oscillating velocity, i.e.

0 e 1
1

e

d .
i –1 d

T vT
x

τ
ωτ

= 	 (5)

The continuity equation under the assumption 
of harmonic excitation is as follows:

1
1 0

d–i 0.
d
vn n
x

ω + = 	 (6)

Similarly, the  equation of motion can be ex-
pressed in the following form:

B 0 1 1 1
1 1 B

0

d d–i – – – 0.
d d p

k T n T vv qE k
n x x

ω
τ

+ = 	 (7)

The simple form of the solution of the system of 
Eqs.  4, 6 and 7 can be obtained by making addi-
tional conveniently used assumptions: by relating 
the local potential ϕ1 and concomitant E1 = –dϕ1/dx 
with the carrier density n1, i.e. setting the function-
al relation n1 = f(ϕ1). Now, having a simple system 
with three equations and three unknowns v1, n1 (or 
rather potential ϕ1) and T1 one can rearrange them 
to obtain a simple expression of the wave equation 
for the velocity,

2
21

12 0,v k v
x

∂
+ =

∂
	 (8)

where k is the wavenumber. Depending on the in-
itial assumptions or the  level of truncation of 
hydrodynamic analysis, k might obtain different 
forms, which are summarized in Table  1. Here s 
is defined as

G
0

d .
d
Vqs n

m n∗= ,	 (9)

with VG being the gate voltage and dn/dVG repre-
senting the change of carrier density on gate volt-
age change.

In order to find an explicit solution of Eq. 8, one 
has to apply appropriate (adequate for the experi-
mental implementation) boundary conditions. 
Often, it is assumed that the  gate-to-source po-
tential oscillations at the beginning of the channel 
oscillate with the amplitude of the applied voltage 
oscillations, i.e. ϕ1(0) = ua and there is no current 
flowing through the drain terminal or v1(L) = 0. 
Under these assumptions, one can easily arrive at 
the impedance of the device which is relevant for 
the antenna:

* 2

2
0

i cot( ) ,km s LkZ
W q nω

= 	 (10)

where L and W are the  gate length and width of 
the transistor. The analytical method can be further 
extended to account for rectification; however, this 
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gets out of the scope of this manuscript. Neverthe-
less, we want to address several important aspects 
which directly emerge from this analysis on the an-
alytical level.

Table 1. A summary of solutions for the wavenumber 
k using different model assumptions.

Conditions Wavenumber k

Distributed RC 2

i

ps
ω
τ

Without energy balance, 
no diffusion 2

(i )p

ps
ω ωτ

τ
+

Without energy balance, 
with diffusion 0 B2

*

(i )

–

p

p
p

T k
s

m

ω ωτ

τ
τ

+

With energy balance, 
no diffusion 0 B2

*

(i )

–
(i )

p

p e
p

e

T k
s

m

ω ωτ

ωτ τ
τ

ωτ

+

+

Full solution
0 B2

*

(i )

(i 2 )
–

(i )

p

p e
p

e

T k
s

m

ω ωτ

τ ωτ
τ

ωτ

+

+

+

Typically, the diffusion and energy terms in bal-
ance equations are treated as negligible and often 
omitted for analytical modelling. While omitting 

these terms does not change the  form of the  solu-
tion, the k and, in turn, Z can change quite drastical-
ly depending on the system parameters. In Fig. 1, we 
show the difference between the real and imaginary 
parts of the impedance spectrum. The operating pa-
rameters are arbitrarily selected but are close to those 
of a realistic GaN transistor (with L = 250 nm and 
W = 1 µm) in the sub-threshold gate bias conditions. 
Hydrodynamic equation solutions are visualized by 
taking all terms or omitting different components. 
The reference case (a red solid line) is the classical 
solution [2] without diffusion or energy terms and 
demonstrates a  gradual transition from stationary 
impedance to the  so-called plasmonic waveguide, 
which shows a characteristic real part of impedance 
with a diminishing imaginary part. The distributed 
RC model equivalent omits the derivative of velocity 
in the equation of motion (a black line). It is followed 
by solutions with these terms added explicitly (green 
and blue lines) and, finally, a solution of all terms in-
cluded (a magenta line).

It should be noted that considering the diffu-
sion near the threshold voltage is also important for 
the stationary conductivity of the channel, which is 
represented by a lower value of the resulting resist-
ance. Furthermore, we observe a  continuous de-
crease in the real part of channel impedance for all 
situations except for the reference case. Implications 
can be elucidated even further by analyzing the im-
aginary part of impedance presented at the  right 
panel of Fig.  1, demonstrating that it saturates at 
a specific value. Therefore, we can summarize that, 
just by adding the  diffusion and/or energy terms 

Fig. 1. Comparison between the real and imaginary parts of transistor impedance vs. frequency when different 
terms of the hydrodynamic charge transfer equation are omitted.
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to the hydrodynamic equation, we expect to ob-
serve a  decrease in the  real part of impedance, 
which becomes closer to a  full solution by omit-
ting the time derivative of velocity but including 
diffusion terms and considering the  energy bal-
ance equation rather than solving only the trans-
port equation with neglected diffusion and energy 
balance. Furthermore, in real structures, the elec-
tronic temperature in the  ungated region is ex-
pected to be different from the gated part, which 
can result in the build-up of an additional poten-
tial that cannot be taken into account by the sim-
plified analytical theory. Therefore, in the follow-
ing sections, we will concentrate on a  thorough 
numerical modelling of THz rectification in real-
istic AlGaN/GaN HEMT structures.

3. AlGaN/GaN HEMT terahertz detector TCAD 
model and calculation methodology

The numerically modelled HEMT structure con-
sists of an undoped Al0.2Ga0.8N layer, an undoped 
500 nm GaN layer, a 25 nm Si3N4 passivation layer 
and a 5 nm SiO2 substrate (the last one not shown 
in Fig. 2). The main part of the results in the 0.01–
3 THz frequency band was obtained using the di-
mensions of gated (LG) and ungated (LSG, LGD) re-
gions shown in Fig. 2 and the first row of Table 2 
for three values of AlGaN layer thickness d = 15, 
20 and 25 nm. For comparison, some calculations 
were made using LG = 100, 300 and 900 nm with 
LSG = LGD = 100 nm at 1 THz. At the Si3N4/Al0.2Ga0.8N 
interface, we included a deep level of donors located 
at 0.4 eV from the middle of the band gap. The do-
nor density was changed from zero to 5 × 1013 cm–2. 

Spontaneous polarization and piezoelectric charges 
were included in the  model for the  formation of 
the 2D electron channel. The carrier mobility de-
pendence on the doping density and carrier tem-
perature was considered. The Shockley–Read–Hall 
(SRH) and Auger recombination were included 
in the  model. All numerical simulations are per-
formed in 2D assuming homogeneous properties 
in the lateral dimension assumed to be 1 µm.

All numerical calculations were made using 
the  Synopsys TCAD Sentaurus program package. 
The  set of 2D differential equations consists of 
three BTE moment equations: the continuity equa-
tion, the current density equation and the energy 
balance equation for electrons and holes, which 
are complemented with the Poisson equation. Let 
us address these equations in detail. The  Poisson 
equation is

▽ ∙ (ε▽ϕ + P) = –q(p – n + ND – NA) – ρtrap,       (11)

where ε is the dielectric permittivity of the mate-
rial, P is the  ferroelectric polarization vector, ρtrap 
is the charge density contributed by traps and fixed 
charges. ϕ is the electrostatic potential, n and p are 
the electron and hole density, ND and NA are the do-
nor and acceptor density, and q is the elementary 
electronic charge.

The continuity equation for electrons is as fol-
lows: 

net,– – ,n n
nq qR
t

∂
∇ ⋅ =

∂
J 	 (12)

where Rnet,n is the electron net recombination rate. 
The electron current density vector equation is

C B B
C

1/2
TD B

–1/2

– ln( exp(– ))

( ) ,
( )

n n n n n

n
n n

n

nn E k T n nk T
N

Ff k n T
F

µ η

η
η


= ∇ + ∇ ∇




+ ∇ 


J

	
(13)Fig. 2. The structure of AlGaN/GaN HEMT employed 

for the numerical simulations of THz detection.

Source Gate Drain

GaN

300 nm      LSG                   LG                             LGD                     300 nm

Si3N4
25 nm

Al0.2Ga0.8N
15, 20, 25 nm

Table 2. Dimensions of gated and ungated regions in 
Fig. 2.

LSG, nm LG, nm LGD, nm

1 300 300 500
2 100 300 100
3 100 100 100
4 100 900 100

12
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F, C

B

–
,n

n

E E
k T

η = 	 (14)

where µn is the electron mobility, EC is the conduc-
tion band energy, kB is the Boltzmann constant, Tn 
is the  electron temperature, T is the  lattice tem-
perature, NC is the effective density of states, EF,n is 
the quasi-Fermi energy for electrons, fTDn is the ther-
mo diffusion factor, F1/2 and F–1/2 are the  Fermi 
integrals of 1/2 and –1/2 order. Due to a possible 
very high electron density in the channel, Fermi–
Dirac statistics were used. Compared with the full 
hydrodynamic description, the  current density 
equation lacks two terms: the  time derivative of 
current density as well as the convective term. How-
ever, as has been addressed earlier in the analytical 
section, the transport description does not deviate 
until about 1.4 THz at which ωτp = 1. The electron 
energy balance equation is as follows:

C 0

en

· –· – – ,n n n n
n n n

W E W WH
t q

ξ
τ

∂ ∇
+∇ =

∂
JS

 
(15)

B3 ,
2

n
n

k TW n= 	 (16)
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q q

η
η

µ
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 
× + ∇ 
 

S

J
	

(17)

where Hn is the energy gain/loss term due to gen-
eration–recombination processes, the parameter ξn 
improves numeric stability – speeds up relaxation 
for small densities and approaches 1 for large den-
sities, Wn0 is the the energy density at Tn = Tp = T, τen 
is the electron energy relaxation time, Sn is the elec-
tron energy flux vector, Rn is the  electron energy 
flux factor, and fHCn is the heat conductivity factor. 
In this approximation, the  electron energy is de-
fined only by the thermal energy which is a good 
assumption when there is no stationary bias ap-
plied between the source and drain terminals.

Similar equations as (12–17) were used for 
holes. It is important to note that the model must 
consider holes to obtain correct calculation results.

Source and drain contacts are assumed to be 
ohmic, whereas the  gate contact is Schottky with 
gold as a metal. Charge neutrality and equilibrium 

are assumed at ohmic contacts. For Fermi–Dirac 
statistics, Synopsys TCAD numerically computes 
the equilibrium solution for electron and hole con-
centration. For the carrier temperatures, Tn and Tp, 
the fast relaxation to the lattice temperature (bound-
ary condition Tn = Tp = T) is assumed at the  ther-
mal contacts. For other boundaries, adiabatic condi-
tions for carrier temperatures are assumed. Dirichlet 
boundary conditions for the  Poisson equation at 
contacts are used. Outer boundaries of the  device 
that are not contacts are treated with ideal Neumann 
boundary conditions.

The parameters of all materials used in the mod-
el are obtained directly from the  Synopsys mate-
rial database. The  electron energy relaxation time 
τe = 0.2 ps. The electron effective mass m∗ = 0.2 m0, 
where m0 denotes the  free electron mass. For 
the  moderate electron mobility µn  =  1000 cm2/Vs, 
the electron momentum relaxation time τp = 0.11 ps. 
From the inequality ωτp < 1, we have the upper fre-
quency of confidence f = 1.4 THz for our model due 
to the absence of time and convective derivatives in 
the current density equation, which will be present-
ed later in the manuscript.

For the investigation of THz detection, we used 
a  simple circuit with DC voltage supply UG con-
nected to the  transistor gate and source, and THz 
AC voltage supply VAC connected to the  transistor 
drain and source. The detected signal equals the DC 
component IDC of drain current. The current respon-
sivity ℜI  =  IDC/PAC, where PAC denotes THz power 
absorbed by the transistor. Therefore, the simulated 
responsivity refers to the electrical performance of 
the  device, whereas for the  estimation of optical 
performance, one has to account for the efficiency 
of the antenna, impedance matching, etc. We used 
the VAC amplitude equal to 50 mV. It is worth to note 
that IDC comprises a very small part of the drain cur-
rent amplitude (0.01 or less). In such a case, special 
requirements must be fulfilled for calculating IDC. 
We integrated exactly over one period of drain cur-
rent oscillations at the end of transient processes, af-
ter which the strong periodicity of oscillations was 
achieved. The time step during calculation is defined 
by the program in order to avoid numerical insta-
bilities. In addition, we limit the time step to some 
maximal value for obtaining at least 100 time points 
during one period of oscillations. The channel im-
pedance and drain current harmonics were calculat-
ed using the standard Fast Fourier Transform (FFT).
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4. The modelling results

This section presents the  numerical modelling re-
sults. Three major aspects of the HEMT-based de-
tector structure and performance are addressed. For 
the first, we will investigate the effect of donor density 
in the AlGaN/SiN interface. Then, the static channel 
resistance and impedance calculation results will be 
presented. In the last part, we will estimate the main 
performance characteristics of the  detector  –  cur-
rent responsivity and noise equivalent power.

4.1. The effect of donor density in the AlGaN/SiN 
interface

We investigated the  dependence of electron den-
sity in the ungated areas of the HEMT channel on 
the  donor density ND in the  AlGaN/SiN interface. 
These areas are passive and create additional losses 
when a transistor works as a terahertz radiation de-
tector. Lowering the ND lowers the electron density in 
the ungated areas of the channel. As a result, the de-
tector sensitivity decreases. Another important fact 
must be taken into consideration. There are always 
negative polarization charges near the  AlGaN/SiN 
interface, and these charges attract holes. It creates 
a  high-density hole channel that distorts the  stat-
ic and dynamic characteristics of the  transistor. 
The electrons from the donor level penetrate the 2D 
channel in the ungated areas, the rest of the ionized 
donors partially or fully compensate for the  nega-
tive polarization charge, and the hole channel is not 

formed. Figure 3(a) presents an electron density dis-
tribution in the 2D channel at different ND densities. 
When ND is changed from 0 to 5 · 1013 cm–2, the elec-
tron density in the ungated areas changes about seven 
times. ND = 5 · 1013 cm–2 is an optimal choice because 
it fully compensates for the polarization charge and 
ensures a high density (4 · 1019 cm–3) in the ungated 
areas. Due to this reason, practically all further cal-
culations were made using ND = 5 · 1013 cm–2.

For comparison, several calculations were per-
formed using ND = 2.3 · 1013 cm–2. Figure 3(b) pre-
sents the distribution of electron density in the chan-
nel versus DC drain voltage UD when UG  =  0 and 
ND = 2.3·1013 cm–2.

By increasing the drain voltage, the electron den-
sity along the  channel starts to decrease enabling 
the so-called resistive mixing which can be utilized 
for detection.

4.2. Static resistance and impedance

Static resistance of the channel and the impedance 
of the transistor were calculated for the three values 
of AlGaN layer thickness: d  =  15, 20 and 25  nm. 
The static resistance (Fig. 4) is one of the main pa-
rameters for calculating the noise equivalent power. 
Threshold voltage strongly depends on the AlGaN 
layer thickness. The  impedance of the  transistor 
(Fig. 5) depends on the gate voltage and frequency. 
The real part of the impedance has the maximum at 
the  gate voltage slightly higher than the  threshold 
voltage. At low frequencies f  ≤  0.1  THz, the  real 

Fig. 3. (a) The electron density distribution in the channel at the equilibrium versus different donor densities 
in the AlGaN/SiN interface. (b) The electron density distribution in the channel versus drain voltage when 
the donor density is lower than optimal.
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part approaches the static resistance with gate volt-
age increase. At higher frequencies, the real part is 
sufficiently lower than the static resistance. The im-
aginary part of the  impedance has a  capacitive 
nature and increases monotonically with the  gate 
voltage. The  knowledge of the  impedance is very 
important when constructing the  antenna for 
the optimum power delivery from the antenna to 
the transistor.

4.3. Current responsivity and noise equivalent 
power

The electrical current responsivity ℜI was calcu-
lated using the hydrodynamic (HD) and drift-dif-
fusion (DD) models for the three abovementioned 
values of parameter d, LG = 300 nm, LSG = 300 nm and 

Fig. 4. Channel static resistance versus gate voltage at 
three values of AlGaN layer thickness.

Fig. 6. Current responsivity versus gate voltage at different frequencies for the device with a 20 nm-thick Al-
GaN layer. The drift diffusion model (DD) case is highlighted.
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LGD = 500 nm. The results for d = 20 nm are shown 
in Fig. 6. Similar results were obtained also for an-
other two values of d. The ℜI maximum is almost 
the same for all three cases of d. The maximum of 
electrical responsivity as a function on the frequency 
at d = 15 and 20 nm is shown in Fig. 7(a). Gate volt-
age at the ℜI maximum differs significantly due to 
the difference of the threshold voltage (Uth = –1.8 V 
at d  =  15  nm, –2.8  V at d  =  20  nm and 3.6  V at 
d = 25 nm). The NEP dependence on the gate volt-
age at different frequencies is shown in Fig. 7(b).

The main features of the  current responsivity 
and NEP curves are the following:

(i) The highest value of current responsivity is at 
the gate voltage slightly higher than the thresh-
old voltage Uth.
(ii) While increasing the  frequency, the  cur-
rent responsivity decreases, but its maximum 
moves to the  higher area of the  gate voltage 
(see Fig. 6).
(iii) The  HD and DD models show almost 
the  same results in the  low-frequency range 
(f  =  0.01–0.1  THz). Thus, there is no need to 
use a  more complex HD model in this fre-
quency range. The mismatch between the HD 
and DD models increases while increasing fre-
quency (Fig. 7(a)). In Figure 6(b), near 1 THz, 
the DD model gives 2.5 times lower current re-
sponsivity maximum at lower gate voltage.
(iv) In the case of the HD model, the current 
responsivity changes its sign at the  gate volt-
age UG0 (ℜI  =  0 at UG  =  UG0). UG0 decreases 
with the frequency increase (Fig. 6(b)). When 

the  coupling direction of the  three-terminal-
based detector is not well defined, one can ob-
tain a reversal of the rectified current sign just 
from the  coupling conditions  [46, 47]. How-
ever, the  change of the  current responsivity 
sign for well-defined boundary conditions an-
tenna-coupled detectors, which is of relevance 
for our modelling, was also experimentally 
demonstrated  [7]. Within the  assumptions of 
the DD model, no changes in the sign can be 
simulated.
(v) As a result, we can say that an HD model 
is necessary for relatively high frequencies. 
The  energy balance equation (15) in the  HD 
model takes into account thermodiffusion and 
electron energy transfer, which plays an impor-
tant role in the detection of THz radiation with 
AlGaN/GaN HEMT transistors.
(vi) The minimum value of the electrical NEP is 
at the gate voltage slightly lower than the thresh-
old voltage Uth. The NEP minimum changes from 
about 0.1 pW/ Hz at 0.04 THz to 10 pW/ Hz at 
3.0 THz (Fig. 7(b)). If one accounts for optical 
coupling loss, these values agree well with recent 
findings [48–50].
There are few control parameters in the  HD 

model, allowing one to make similarity between 
the calculation results and experimental findings. 
These parameters are fTDn that controls the  elec-
tron thermodiffusion coefficient, fTCn that changes 
a value of thermal conductivity in energy flux, and 
Rn that regulates the  total electron energy flux. 
It was established that the  first two coefficients 

Fig.  7. (a) The maximum responsivity dependence on the  frequency at different AlGaN layer thickness. 
(b) The noise equivalent power in the HEMT with d = 20 nm.
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Fig.  8. The current responsivity versus electron en-
ergy flux factor at 0.6 THz and UG = 0.

Fig. 9. (a) The current responsivity versus gate voltage at 1 THz. LSG = LGD = 100 nm, LG = 300 nm. (b) The cur-
rent responsivity versus gate voltage at 1 THz. LSG = LGD = LG = 100 nm, d = 25 nm. (c) The current responsivity 
versus gate voltage at 1 THz and different LG = 100 nm, 300 nm, 900 nm. LSG = LGD = 100 nm, d = 25 nm.

influence the  current responsivity level just by 
a  few percent when changing fTDn and fTCn from 
0 to 1. By changing Rn, we obtain changes not 
only in the  absolute value of current responsiv-
ity, but it controls even the direction of rectified 
current – a phenomenon that appears at high fre-
quencies and for the above threshold gate voltage 
values. Figure 8 shows the  current responsivity 
dependence on the  Rn coefficient when the  fre-
quency is 0.6  THz and UG  =  0. For all our cal-
culations, the following values were used: fTDn = 1, 
fTCn = 1, Rn = 0.28.

As shown above, the current responsivity maxi-
mum does not depend on the AlGaN layer thick-
ness d. This result remains the  same when nar-
rowing the ungated regions to 100 nm (Fig. 9(a)). 
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Nevertheless, the situation changes when narrowing 
the gate length LG to 100 nm (Fig. 9(b)). The current 
responsivity increases with d decrease. The current 
responsivity maximum decreases significantly with 
gate length increase (Fig. 9(c)).

5. Conclusions

Here, we present a  comprehensive review of 
the  numerical modelling of transistor-based THz 
detectors. We use the  analytical analysis of hy-
drodynamic equations and demonstrate that even 
a strong simplification of the transport equation al-
lows us to address the question of collective excita-
tions and, therefore, can be successfully applied in 
numerically-based solvers. We have applied a two-
dimensional model based on three BTE moments, 
and the Poisson equation realized in the Synopsys 
TCAD Sentaurus program package. We find that 
for realistic device implementations in the AlGaN/
GaN material system, the  highest value of cur-
rent responsivity can be obtained in the vicinity of 
the threshold voltage Uth. While increasing the fre-
quency, the current responsivity decreases, but its 
maximum shifts to larger gate voltage values.

We also demonstrate that the  HD and DD 
models show almost the same results in the low-
frequency range (f  =  0.01–0.1  THz). However, 
the  mismatch between the  HD and DD models 
increases while increasing frequency.

In the case of the HD model, the current respon-
sivity changes its sign at the gate voltage UG0 (ℜI = 0 
at UG  =  UG0)  –  this effect cannot be simulated in 
DD. The  change of the  current responsivity sign 
coincides very well with the  experimental results 
published in Ref. [7] and is determined by the en-
ergy flux factor in the energy balance equation.

The simulations result in the  state-of-the-art 
noise equivalent power values, which might be as 
low as 0.1 pW/ Hz  at 0.04 THz and 10 pW/ Hz
at 3.0 THz. The performance of devices improves 
by shortening the  gate length and minimizing 
the gate-to-channel separation.
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Santrauka

Pateikiami AlGaN/GaN didelio judrio lauko tran
zistoriais paremtų terahercų dažnių juostos detektorių 
skaitmeninio modeliavimo rezultatai. Sprendimo bū
das pagrįstas trijų Bolcmano pernašos lygties (BTE) 
momentų bei Puasono lygties sprendimu dvimatėje 
erdvėje. Tam tikslui buvo panaudota „Synopsys TCAD 
Sentaurus“ programinė įranga. Joje įdiegta išsami 
medžiagų duomenų bazė bei suteiktos galimybės 
įskaityti pagavimo būsenas bei poliarizacijos reiškinį, 
ir tai leidžia suformuoti modelyje laidų kanalą 
nenaudojant legiravimo. Dažniausiai naudojamų 
modelių prielaidos buvo nagrinėjamos ir analitiškai, ir 

skaitmeniškai. Pateikiamos apskaičiuotos srovės jautrio 
ℜI verčių priklausomybės nuo santakos įtampos 0,01–
3,0 THz dažnių ruože trims AlGaN sluoksnių storiams 
d = 15, 20, 25 nm ir skirtingiems užtūros ilgiams. Mes 
parodome, kad tik hidrodinaminis modelis gali atkurti 
srovės jautrumo ženklo pasikeitimą ties užtūros 
įtampa UG0 (ℜI = 0 ties UG = UG0). Šį reiškinį nulemia 
energijos srauto koeficientas energijos balanso lygtyje. 
Modeliuotoms struktūroms gaunama ekvivalentinė 
triukšmo galia gali siekti 0,1 pW/ Hz ties 0,04 THz ir 
10 pW/ Hz ties 3,0 THz.
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