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Abstract: GaN high-electron-mobility transistor (HEMT) terahertz (THz) detectors have been widely
studied and applied in the past few decades. However, there are few reports about the influence of
GaN/AlGaN heterostructure material properties on the detection model at present. In this paper,
a response voltage model for a GaN HEMT THz detector that considers the carrier scattering in a
GaN/AlGaN heterostructure is proposed. The phonon scattering, dislocation scattering, and interface
roughness scattering mechanisms are taken into account in the classic THz response voltage model;
furthermore, the influence of various material parameters on the response voltage is studied. In a
low-temperature region, acoustic scattering plays an important role, and the response voltage drops
with an increase in temperature. In a high temperature range, optical phonon scattering is the main
scattering mechanism, and the detector operates in a non-resonant detection mode. With an increase
in carrier surface density, the response voltage decreases and then increases due to piezoelectric
scattering and optical phonon scattering. For dislocation and interface roughness scattering, the
response voltage is inversely proportional to the dislocation density and root mean square roughness
(RMS) but is positively related to lateral correlation length. Finally, a comparison between our model
and the reported models shows that our proposed model is more accurate.

Keywords: terahertz detector; detection model; response voltage; scattering mechanism; material
property

1. Introduction

Terahertz (THz) detection technology has attracted a lot of attention for its applications
in the areas of noninvasive imaging [1–3], biomolecular detection [4–6], material composi-
tion detection [7,8], etc. Among various types of THz detectors, GaN high-electron-mobility
transistor (HEMT) THz detectors have been widely studied [9–14] in the past few decades
due to their advantages of high sensitivity, fast response time, and micro–nano size. For the
design and the evaluation of detectors’ performance, it is necessary to establish an accurate
THz detection model.

The first THz detection model for an HEMT detector was proposed by M. Dyakonov
and M. Shur [9,10], who theoretically predicted that an HEMT could be used as a THz
detector. It is demonstrated that the THz wave is coupled into the conductive channel,
which inspires the plasmons to generate a rectification signal between the source and
drain electrodes. This classic model details the detection mechanisms of resonant and
non-resonant modes for field-effect transistor (FET) THz detectors, including GaN or
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GaAs-based HEMTs, revealing the relationship between the response voltage and gate
length, operating temperature, or oscillation frequency. Additionally, many researchers
have studied this model in depth during the past few decades, e.g., the developed THz
detection model taking into account the electron transport and gate leakage current [15],
the non-resonant detection model that includes dc conductivity [16], the detection model
considering the circuit and parasitic effects [17], the electrodynamic model for FET THz
detectors containing the influence of electromagnetic wave propagation [18], etc. However,
the present models mainly focus on the aspects of external circuits and the electrical
performance of an FET to improve the precision, and the influence of epitaxial-layer material
properties on a THz detection model has seldom been studied. For GaN HEMT THz
detectors, the quality of the GaN/AlGaN epitaxial layer determines the intrinsic properties
of devices, possibly even the upper limitation of the device performance. Therefore,
if the relationship between the GaN/AlGaN epitaxial-layer material parameters (e.g.,
dislocation density, interface roughness) and two-dimensional electron gas (2DEG) plasma
characteristics can be established, it will be beneficial for the design of GaN HEMT and
other similar types of THz detectors.

In this paper, we propose a response model for a GaN/AlGaN HEMT THz detec-
tor, considering the carrier scattering mechanisms. We investigated the average freedom
time under the action of phonon scattering, dislocation scattering, and interface rough-
ness scattering mechanisms. The effects of temperature, 2DEG and dislocation density,
and interface roughness on the response voltage of GaN HEMT THz detector are nu-
merically calculated. Finally, the accuracy of the proposed model is validated by com-
paring the theoretical calculation results with our previous experimental results and the
reported models.

2. Model Derivation
2.1. Basic Equation

According to FET THz detection theory, THz wave is collected by an antenna and
coupled into the FET channel, which excites the 2DEG plasma oscillation in channel,
resulting in a voltage difference ∆U between the source and drain electrodes. A typical
GaN/AlGaN HEMT THz detector structure and its equivalent circuit diagram is shown in
Figure 1. The voltage between the gate and source is composed of a DC bias Vgs and an AC
signal Ua cos(ωt) induced by THz wave, and the source is grounded. Ua is the amplitude
related to the intensity of the THz electromagnetic field and ω is the angular frequency of
the incident THz wave.
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Assuming that GaN HEMT is a gradual channel approximation, the surface density of
2DEG ns is

ns = CU/e (1)

where C is the capacitance per unit area between gate and channel, U is the local potential
between the gate and channel, and e is electron charge.

The 2DEG motion in the channel is described by a hydrodynamic Euler equation and
current continuity equation [10]

∂v
∂t

+ v
∂v
∂x

+
e

m∗
∂U
∂x

+
v
τ
= 0 (2)

∂n
∂t
− 1

q
∂jn
∂x

= 0 (3)

where v is the velocity of local electron, x is the direction parallel to the channel, m* is the
electron effective mass, τ is the average freedom time, and j is the current density. The
boundary conditions of Equations (2) and (3) are

U(0, t) = U0 + Ua cos(ωt) x = 0 (4)

j(L, t) = 0 x = L (5)

where Uacos(ωt) represents the AC signal induced by the THz wave, and U0 = Ugs − Uth
and L are the gate length. By solving Equations (2) and (3) through the boundary conditions,
the expression of the response voltage ∆U is obtained as [10]

∆U
U0

=
1
4

(
Ua

U0

)2
f (ω) (6)

where f (ω) is expressed as

f (ω) = 1 + β−
1 + βcos(2k′0L)

sin h2(k′′0 L) + cos2(k′0L)
(7)

where β, k′0, and k′′0 are

β =
2ωτ√

1 + (ωτ)2
(8)

k′0 =
ω

s

(
(1 + ω−2τ−2) + 1

2

)1/2

(9)

k′′0 =
ω

s

(
(1 + ω−2τ−2)− 1

2

)1/2

(10)

where s = (eU0/m)1/2 is the plasma wave velocity. Equations (6)–(10) are a general response
model for both resonant and non-resonant modes. The parameters Ua and ω are related to
the incident THz radiation, and τ is determined by the inherent material characteristics of
the GaN/AlGaN epitaxial layer. In previous works [15–18], τ is set as a constant value for
the calculation of the response model. However, τ is actually a parameter closely related
to material parameters and carrier scattering in the channel. Therefore, investigating the
influence of scattering mechanisms in GaN/AlGaN heterostructures on the response model
is indispensable.

2.2. Scattering Mechanisms
2.2.1. General Equation

For semiconductor materials, carrier scattering can be divided into two categories: the
intrinsic scattering mechanism that all types of crystals are comprised, such as acoustic
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or optical phonon scattering, and the scattering mechanism resulting from the lattice mis-
match during crystal growth or intentional doping, such as dislocation scattering, interface
roughness scattering, or ionized impurity scattering. For GaN/AlGaN HEMT, 2DEG is
formed in the triangular barrier of GaN/AlGaN heterostructure due to the piezoelectric
polarization effect. In the electron phonon scattering mechanism, the deformation potential
scattering, piezoelectric potential scattering, and optical phonon scattering must be consid-
ered. Furthermore, as the dislocation penetrates through the GaN/AlGaN heterostructure
and the height fluctuation at the GaN/AlGaN interface, the dislocation scattering and
interface roughness scattering should also be calculated. To simplify the model, we assume
that the 2DEG in GaN/AlGaN HEMT is completely formed by spontaneous polarization
without any intentional doping, and that the Al component is supposed to be uniformly
distributed. Consequently, the ionized impurity and alloy scattering is ignored.

The general equation describing the carrier scattering rate 1/τj, the reciprocal of the
average freedom time, is given as [19,20]

1
τj

= Aj ×
x

θ,E

( Mj

S(q, T, E)

)2

(1− cos θ)dθdE (11)

where θ is the scattering angle, E is the carrier energy, Aj is a coefficient related to the
scattering mechanism, q = 2

√
2m∗}−2E sin(θ/2) is the variation in wave vector during the

scattering, T is the temperature, and Mj is a matrix element that depends on the types of
scattering mechanisms. S(q,T,E) is the screening function describing the 2D screening effect

S(q, T, E) = 1 +
e2F(q)Π(q, T, E)

2εq
(12)

Here, the form factor F(q) is expressed as

F(q) =
∫ ∞

0

∫ ∞

0
ψ2(z)ψ2(z′) exp(−q

∣∣z− z′
∣∣)dzdz′ (13)

Here, ψ(z) = (b3z2/2)1/2exp(−bz/2) is the Fang–Howard variational wave function
and b = (12m*e2n/ε}2)1/3 is a variational parameter, where n = Ndepl + 11/32 × n2D, and
Ndepl and n2D are the depleted electron concentration and the 2DEG density, respectively.
The polarizability function Π(q,T,E) is given by

Π(q, T, E) =
m∗

4π}2kBT

∫ ∞

0

1− u(q− 2kF)
[
1− (2kF/q)2]1/2

cosh2[(EF − E)/2kBT]
dE (14)

where kB is the Boltzmann constant, kF=
√

2m∗EF/}2 is the Fermi wave vector, EF = }2/(2m*)
(3π2N)2/3 is the Fermi potential, and N is carrier concentration. u(q − 2kF) is a step function.

Equations (11)–(14) are expressions applicable for all types of scattering mechanisms.
For individual scattering mechanisms, the matrix element Mj and coefficient Aj are different.
If there are multiple scattering mechanisms in a system, the total average freedom time is
calculated by the harmonic and Fermi statistical mean method, which is given by

τtot = (Σ
j
τ−1

j )
−1

(15)

τtot =
∫

τtotE
∂ f0(E)

∂E
dE/

∫
E

∂ f0(E)
∂E

dE (16)

where f 0(E) is the Fermi–Dirac distribution function.
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2.2.2. Phonon Scattering

Phonon scattering originates from the vibration of atoms in the lattice, which is a
scattering mechanism that exists in any type of material system. The phonon scattering
contains acoustic phonon scattering and optical phonon scattering. The acoustic phonon
scattering consists of deformation potential scattering and piezoelectric scattering. The
deformation potential scattering rate 1/τdp is expressed as [19,20]

1
τdp(θ, E)

=
3bE2

dpm∗kBT

32π}3CL

x

θ,E

(1− cos θ)

S2(q, T)
dEdθ (17)

where Edp is the deformation potential and CL is the longitudinal elastic constant. The
scattering rate of the piezoelectric scattering 1/τpe is

1
τpe(θ, E)

=
(eh14)

2m∗kBT
4π}3

x

θ,E

(1− cos θ)

qS2(q, T)

[
9

32CL
fL(y) +

13
32CT

fL(y)
]

dEdθ (18)

where h14 is the piezoelectric constant and CT is the transverse elastic constant. The
longitudinal phonons factor is fL(y) = (1 + 6y + 12y2 + 2y3)/(1 + y)6, and the transverse
phonon factor is fT(y)= (13 + 78y + 72y2 + 82y3 + 36y4 + 6y5)/[13(1 + y)6], where y = q/b.

In a GaN/AlGaN system, covalent bonds exist alone with ionic bond components, so
the optical phonon scattering plays a considerable role. The expression of the polar optical
phonon scattering rate 1/τop is given by [19,20]

1
τop(θ,E) =

e2m∗}ωLO(ε−1
∞ −ε−1)

8π2}3[1− f (E)] ×
s

θ,E
(1− cos θ)

{
[1− f (E)]Nq I(q+) + [1− f (E− }ωLO)]

×u(E− }ωLO)(Nq + 1)I(q−)

}
dEdθ

(19)

Here, }ωLO is the longitudinal optical phonon energy, ε∞ is the optical dielectric
constant, and q+ and q− are the wave vectors of the absorption and emission for the
phonon, respectively. Nq and f (E) are the phonon occupation number and Fermi–Dirac
distribution function, respectively, given by

Nq =
1

exp(}ωLO/kBT)− 1
(20)

f (E) =
1

exp[(E− EF)/kBT] + 1
(21)

The quantity I(q±) and the Fang–Howard wave function I(qz)2 are defined as

I(q±) =
∫

(q2
±+q2

z)
−1|I(qz)|2dqz (22)

I(qz)
2 = b6/(b2 + q2

z)
3

(23)

2.2.3. Dislocation Scattering

In typical GaN HMET devices, because a GaN/AlGaN heterojunction can generate
numbers of dislocations and even penetrate through a GaN/AlGaN heterostructure, the
dislocation scattering is a considerable scattering mechanism. Figure 2 shows if a thread-
ing dislocation captures electrons, an electron line will be formed around this threading
dislocation and generate additional scattering potential Vdis(r).
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The analytical formula of dislocation scattering is given by [20]

1
τdis(θ, E)

=

(
m∗e4Ndis f 2

8πε2c2}3

)x
θ,E

{∫
z

ψ∗(z)
[∫

zi

e−q|zi−z|dzi

]
ψ(z)dz

}2 (1− cos θ)

[qS(q, T)]2
dEdθ (24)

Here, Ndis is the dislocation density, f is the filling factor (usually taken as 1 [21]), and
c is the lattice constant.

2.2.4. Interface Roughness Scattering

The interface roughness of the GaN/AlGaN heterojunction mainly comes from non-
uniformity during film growth. This nonuniformity will lead to slight height fluctu-
ations at the GaN/AlGaN heterojunction (Figure 3) and generate the local potential
Vir(r), which will affect the transmission of carriers along the channel and cause interface
roughness scattering.
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Figure 3. Schematic diagram of interface roughness scattering mechanism. Fluctuation at
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It is difficult to directly measure or observe roughness at the GaN/AlGaN interface.
However, because the AlGaN surface roughness can also reflect the interface roughness [20],
we treated the root mean square (RMS) value as the interface roughness in our calculation.
Generally, the height fluctuations on the crystal surface result from grain structures [22].
We assumed that the relationship of the height and the lateral extension on the grain is
Gaussian distribution, and the correlation function is expressed as [20,23–25]

〈
∆(r)∆(r′)

〉
= ∆2 exp

[
− (r− r′)2

Λ2

]
(25)
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Here, ∆ is the RMS measured by atomic force microscopy (AFM), r and r′ are the
position coordinates of two adjacent points, and Λ is a characteristic length describing the
lateral extension of the height correlation. The scattering rate of the interface roughness is
given by

1
τir(θ, E)

=
m∗(∆Λ)2

2}3

x

θ,E

exp

(
− q2Λ2

4

)[
(e2/ε)(ns/2 + Ndepl)

S(q, T)

]2

(1− cos θ)dθdE (26)

The total average scattering time is calculated as

1
τtot

=
1

τdp
+

1
τpe

+
1

τop
+

1
τdis

+
1

τir
(27)

τtot =
∫

τtotE
∂ f0(E)

∂E
dE/

∫
E

∂ f0(E)
∂E

dE (28)

Finally, by introducing Equation (28) into Equations (6)–(10), the terahertz response
voltage model considering multiple scattering mechanisms can be obtained. Table 1 shows
the main parameters for the model calculation.

Table 1. Parameters used in calculation.

Parameters Value

Gate length L = 2 µm
Effective electron mass m* = 0.22m0

Electron charge e = 1.6 × 10−19 C
Boltzmann constant kB = 1.38 × 10−23 J/K
Dielectric constant

(low frequency) ε = 10.4ε0

Deformation potential Edp = 8.5 eV
Piezoelectric constant h14 = 4.3 × 109 V/m

Longitudinal elastic constant CL = 2.65 × 1011 N/m2

Transverse elastic constant CT = 4.42 × 1010 N/m2

LO-phonon energy }ωLO = 91.2 meV
Dielectric constant
(high frequency) ε∞ = 5.47ε0

Filling factor f = 1
Lattice parameter c = 5.185 Å

3. Results and Discussion
3.1. Model Solution

Here, we numerically solve the response voltage model and investigate the influence
of multiple scattering mechanisms on the GaN/AlGaN HEMT THz response model using
MATLAB software. From Equations (6)–(10), we found that when the overdrive voltage U0
is fixed, the material-related parameters can only affect the f (ω) function. In this section,
we mainly study the influence of the scattering mechanism on f (ω) function. For the
five previously discussed scattering mechanisms, the deformation potential scattering,
piezoelectric scattering, and polar optical phonon scattering result from the lattice vibration
and polarization effects in the GaN/AlGaN heterojunction, which are distinctly influenced
by temperature. However, the dislocation density scattering and interface roughness
scattering are nearly independent of temperature. Therefore, we firstly investigated the
influence of temperature on the intrinsic scattering in the GaN/AlGaN HEMT THz detector.
When calculating the scattering rate 1/τj and total average freedom time τtot, the scattering
angle θ and carrier energy E need to be integrated. Theoretically, carriers can possibly
scatter to any direction after elastically colliding and distributing at any energy state,
and the integration boundaries should be 0 to 2π for θ and 0 to ∞ for E. However, when
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θ = 0 or 2π, Equation (11) will have infinite value, so the integral range of θ is from π/90 to
179π/90, which is within the tolerable solution range. When E is larger than 8 × 10−19 J
(5 eV), the solution will not change with the increase in E, so the region of E is taken as 0 to
8 × 10−19 J. The dislocations, interface roughness, and lateral scale are taken as the typical
value of Ndis = 1010/cm2, ∆ = 1 nm, and Λ = 10 nm, respectively.

Figure 4 shows the f (ω) function with the change in the incident THz frequency from
0.1 to 10 THz at several typical temperatures. At a low-temperature range (T < 150 K),
an obvious resonance state can be observed. The resonant fundamental frequency is
ωF =πs/(2L), and s is taken as a typical value of 3 × 107 cm/s. From a relatively high
temperature to room temperature (150 K < T < 300 K), the resonant phenomenon gradually
weakens until it totally disappears. In a low-temperature region, atoms are at a low-
energy state, the lattice vibrational frequency is relatively low, and the acoustic phonon
scattering (deformation potential scattering and piezoelectric scattering) plays a dominant
role without optical phonon scattering. At this condition, the plasmon loss in the channel is
small, so the plasmon resonance is considerable. At high temperature, the lattice vibrational
frequency is higher, and the optical phonon scattering is not negligible and even increases
sharply when the temperature is close to room temperature. Therefore, the total scattering
and plasmon-loss rates increase, and the detection mode transforms from a resonant to
non-resonant state.

Nanomaterials 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

3.1. Model Solution 
Here, we numerically solve the response voltage model and investigate the influence 

of multiple scattering mechanisms on the GaN/AlGaN HEMT THz response model using 
MATLAB software. From Equations (6)–(10), we found that when the overdrive voltage 
U0 is fixed, the material-related parameters can only affect the f(ω) function. In this section, 
we mainly study the influence of the scattering mechanism on f(ω) function. For the five 
previously discussed scattering mechanisms, the deformation potential scattering, piezo-
electric scattering, and polar optical phonon scattering result from the lattice vibration and 
polarization effects in the GaN/AlGaN heterojunction, which are distinctly influenced by 
temperature. However, the dislocation density scattering and interface roughness scatter-
ing are nearly independent of temperature. Therefore, we firstly investigated the influence 
of temperature on the intrinsic scattering in the GaN/AlGaN HEMT THz detector. When 
calculating the scattering rate 1/τj and total average freedom time 𝜏̅tot, the scattering angle 
θ and carrier energy E need to be integrated. Theoretically, carriers can possibly scatter to 
any direction after elastically colliding and distributing at any energy state, and the inte-
gration boundaries should be 0 to 2π for θ and 0 to ∞ for E. However, when θ = 0 or 2π, 
Equation (11) will have infinite value, so the integral range of θ is from π/90 to 179π/90, 
which is within the tolerable solution range. When E is larger than 8 × 10−19 J (5 eV), the 
solution will not change with the increase in E, so the region of E is taken as 0 to 8 × 10−19 

J. The dislocations, interface roughness, and lateral scale are taken as the typical value of 
Ndis = 1010/cm2, Δ = 1 nm, and Λ = 10 nm, respectively. 

Figure 4 shows the f(ω) function with the change in the incident THz frequency from 
0.1 to 10 THz at several typical temperatures. At a low-temperature range (T < 150 K), an 
obvious resonance state can be observed. The resonant fundamental frequency is ωF 

=πs/(2L), and s is taken as a typical value of 3 × 107 cm/s. From a relatively high tempera-
ture to room temperature (150 K < T < 300 K), the resonant phenomenon gradually weak-
ens until it totally disappears. In a low-temperature region, atoms are at a low-energy 
state, the lattice vibrational frequency is relatively low, and the acoustic phonon scattering 
(deformation potential scattering and piezoelectric scattering) plays a dominant role with-
out optical phonon scattering. At this condition, the plasmon loss in the channel is small, 
so the plasmon resonance is considerable. At high temperature, the lattice vibrational fre-
quency is higher, and the optical phonon scattering is not negligible and even increases 
sharply when the temperature is close to room temperature. Therefore, the total scattering 
and plasmon-loss rates increase, and the detection mode transforms from a resonant to 
non-resonant state. 

 
Figure 4. Variations in f(ω) with temperature in frequency range of 0.1–10 THz. Other parameters 
are taken as ns = 1 × 1013/cm2 Ndis = 1010/cm2, Δ = 1 nm, and Λ = 10 nm. 
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Figure 5 displays the value of the f (ω) function versus 2DEG surface density ns
when the detector operates in resonant detection mode (at liquid-nitrogen temperature
T = 77 K). The peak value of the f (ω) function at the fundamental frequency and its
harmonics first decreases and then increases with the 2DEG surface density. At low
temperature, deformation scattering, especially piezoelectric scattering, dominates. With
the increase in ns, the piezoelectric scattering is enhanced and the loss of plasmon increases.
However, when the ns reaches 5 × 1013/cm2, the f (ω)peak starts to increase. This is because
the number of plasmons will increase with ns, which will aggravate the resonance in the
channel. Figure 6 depicts the change in f (ω) function with ns when the detector operates
as a non-resonant mode. At room temperature, optical phonon scattering is the dominant
mechanism. We observe that the f (ω) function shows similar phenomena with the resonant
mode. At a specific frequency, such as 1 THz, f (ω) first decreases and then increases with
the increase in ns. Notably, ns is related to various factors, such as Al component, barrier-
layer thickness, gate-to-source voltage, etc. To simplify the model, we give the value of ns
directly instead of specifying its source. In practical experiments, ns can hardly achieve
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above 5 × 1013/cm2, so the gate voltage is usually set close to the threshold voltage Vth to
reduce ns and maximize the detector’s response voltage.
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Figure 6. (a) Variation in f (ω) with 2DEG density ns in frequency range of 0.1–10 THz at temperature
of 300 K. (b) Value of f (ω) at 1 THz incident frequency with change in ns. Other parameters are taken
as Ndis = 1010/cm2, ∆ = 1 nm, and Λ = 10 nm.

Figure 7 describes the effect of dislocation density on f (ω) at room temperature. Appar-
ently, the smaller the dislocation density is, the better the detector’s response performance.
Generally, the threading dislocation in a GaN/AlGaN film system includes screw, edge,
and mixed dislocations. The literature [22,26,27] and our previous experimental results [28]
prove that different types of dislocations can induce different scattering potentials, which
also have different effects on carrier transport capacity. In this model, we consider the
total number of dislocations to calculate the response voltage. Our results can evaluate the
overall effect of dislocation density on response performance. If the dislocation density
is smaller than 107/cm2, the dislocation scattering mechanism can be ignored; however,
if the dislocation density is above 1010/cm2, the influence of the dislocation scattering
mechanism will be considerable.
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The effect of interface scattering on f (ω) function is demonstrated in Figures 8 and 9.
As discussed in Section 2, there are two parameters that describe the interface roughness,
the roughness height ∆, and the lateral correlation length Λ. Figure 8 shows that at a
certain Λ, the value of f (ω) gently decreases with the increase in ∆. Figure 9 shows that f (ω)
dramatically increases with the increase in Λ, especially when Λ is above 30 nm. When Λ
is above 40 nm, the influence of the interface scattering mechanism is negligible. In reality,
the measured RMS value is related to the scanning area. Generally, the smaller the scanning
area, the smaller RMS will be, so the measured RMS can only reflect a morphology of the
local area instead of the whole surface morphology. However, Figure 8 shows that when ∆
changes from 0.5 nm to 5 nm, the value of f (ω) only varies in a small range. The interface
roughness scattering is mainly related to the crystal’s grain size, which depends on the
growing process of the GaN/AlGaN epitaxial layer.
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Figure 8. (a) Change in f (ω) with interface roughness ∆ in frequency range of 0.1–10 THz. (b) Value
of f (ω) at 1 THz incident frequency with change in ∆. Other parameters are taken as ns = 1013/cm2,
Ndis = 1010/cm2, and Λ = 10 nm.
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3.2. Model Validation

Next, we use the experimental results [14,28] of our two prepared GaN/AlGaN HEMT
terahertz detector samples to verify the accuracy of our proposed model. It should be
clarified that our model can only predict the response voltage instead of the responsivity
and noise equivalent power (NEP) of the detector. This is because the power and effective
area of the incident THz radiation have to be calibrated in the experiment, and the minimum
background noise is estimated by the standard quantum limit (SQL), which is out of the
scope of this work. Here, we compared the measured response voltage of the samples
with the solution of the model. The response voltage with the change in gate–source
voltage Vgs for two samples was measured at the incident THz frequencies of 0.1 THz and
0.315 THz. To compare the experimental and calculation results of our proposed model
under the same conditions, the variable s related to Vgs is replaced by s = (eU0/m)1/2

in Equations (6)–(10). The samples’ material parameters are listed in Table 2. Figure 10
shows a comparison between the experimental and calculated results of the response
voltage for the two samples. When the overdrive voltage U0 is close to zero, the calculated
response voltage is extremely high since the model has a singular point with infinite value at
U0 = 0 (in Equation (6)). However, due to the thermal motion of the carriers, U0 will never
be zero in reality. When U0 is larger, the calculated results are basically consistent with
the experimental results. Figure 10 shows that the response voltage of Sample 2 is larger
than 1, regardless of the incident frequency at 0.1 THz or 0.315 THz. Table 2 shows that
the 2DEG densities of Sample 1 and 2 are almost equal, and the dislocation density of 1 is
about twice that of 2, while the RMS and lateral correlation length are both smaller than
that of 1. As previously analyzed in Section 3.1, the smaller the dislocation density and
the larger the lateral correlation length are, the better the response voltage will be, while
the effect of RMS on the response voltage is weak. Consequently, Sample 2 shows better
detection performance than 1. The overall results demonstrate that our proposed model
obtains similar trends with the experimental results. The small discrepancy between the
calculated and experimental results is due to the coupling efficiency of the THz antenna and
the difference of dislocation types. The assumption for the proposed THz response voltage
model is that the incident THz wave is completely absorbed and coupled into the channel
of the GaN HEMT THz detector. The incident THz radiation is absorbed by a THz antenna
and then coupled into the channel. In this process, the return loss of the antenna makes a
portion of THz radiation power not fully coupled. For dislocation scattering, we used the
total dislocation density to calculate the scattering rate and simplify the model. In reality,
the location distribution of the dislocations and their different types do not contribute to
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dislocation scattering. These two factors overestimate the calculated THz response voltage,
so the experimental results are a little lower than the calculated results.

Table 2. Main material parameters of prepared samples.

2DEG Density
(cm−2)

Dislocation
Density
(cm−2)

RMS
(nm)

Lateral
Correlation
Length (nm)

Sample 1 1.019 × 1013 4 × 109 0.402 28.72
Sample 2 9.247 × 1012 1.8 × 109 0.538 38.67
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To further investigate the accuracy of our proposed model, we compared the model
error with the current FET THz detection models. The model error is defined as the
percentage error between the calculated and experimental results. The main parameters
used in the calculation are shown in Table 3. Because there are hardly any FET THz
detection models that contain the appropriate material parameters, such as dislocation
density or surface roughness, the material parameters are represented by τ. To compare
model errors under the same conditions, we substitute the parameters of other models
into our model for error calculation. Compared with the reported models, our proposed
model has a smaller error rate. At room temperature and low-incident THz frequency, τ
decreases with the increase in gate length L, and our proposed model has smaller τ. This
is because the carrier scattering mechanism is considered in the model, which is closer to
the experimental results. In the low-temperature range, due to the dominant deformation
potential scattering, the dislocation scattering and interface roughness scattering have little
influence, so the error rate of the model is relatively small. In general, our proposed model
has high accuracy and can be used to predict the performance of GaN HEMT THz detectors.
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Table 3. Main material parameters and model error.

Model Type L (µm) ω (THz) τ (ps) T (K) Ref.
Error for
Other’s
Model

Error for
This Model

Model considering
leakage current 0.1 0.674 0.0741 300 [15] 9.7% 7.3%

Classic
drift-diffusion model 0.3 0.7 0.0377 300 [29] 6.4% 5.1%

Classic
drift-diffusion model 2 0.2 ~0.02 300 [30] 8.3% 7%

Model considering
loading effect 0.25 0.23 ~0.1

~0.3
250
150 [16] 5%

5.5%
4.1%
4.4%

Model in
sub-threshold region 5 0.2 ~0.15 200 [31] 5.8% 4.5%

Model considering
scattering

mechanisms
2 0.1

0.315 0.0134 300 This work 4.8%
4.7%

4. Conclusions

This paper proposed a THz response voltage model for a GaN HEMT THz detector
affected by the influence of carrier scattering mechanisms. The effect of material parameters
on the detection model, including temperature, 2DEG density, dislocation density, and
interface roughness, were numerically investigated, and the accuracy of the proposed
model was verified by the experimental results of our prepared GaN HEMT THz detector
samples. Our comparison of the experimental and calculation results indicated that our
proposed model obtained similar trends to the experimental results, which were basically
consistent with each other. In addition, our proposed model has a smaller error rate than
the current reported models. Generally, our proposed model is accurate enough to evaluate
the effect of carrier scattering on the response voltage for GaN HEMT THz detectors.

Author Contributions: Conceptualization, Q.M. and Q.L.; methodology, Q.M., Q.L., Z.W., Y.W. and
W.J.; software, Y.W., D.X. and B.T.; validation, D.X., N.Z., K.Y. and F.Z.; data curation, Q.L.; writing—
original draft preparation, Q.M.; writing—review and editing, Q.M., Q.L. and Z.J.; supervision, Z.J.;
project administration, Q.M. and Q.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key Research and Development Program (Grant
No. 2021YFB3201800, 2022YFB3200003) and Natural Science Basic Research Program of Shaanxi
(Grant No. 2023-JC-QN-0536).

Data Availability Statement: All data are contained within this article.

Acknowledgments: The authors would like to acknowledge support from the Natural Science Basic
Research Program of Shaanxi and the National Key Research and Development Program.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xie, J.; Ye, W.; Zhou, L.; Guo, X.; Zang, X.; Chen, L.; Zhu, Y. A Review on Terahertz Technologies Accelerated by Silicon Photonics.

Nanomaterials 2021, 11, 1646. [CrossRef] [PubMed]
2. Stantchey, R.L.; Yu, X.; Blu, T.; Pickwell-MacPherson, E. Real-time terahertz imaging with a single-pixel detector. Nat. Commun.

2020, 11, 2535. [CrossRef]
3. Ibirait, D.; Wan, M.; Lisauskas, A.; Ramer, A.; Chevtchenko, S.; Heinrich, W.; Roskos, H.G.; Sheridan, J.T.; Krozer, V. TeraFET

multi-pixel THz array for a confocal imaging system. In Proceedings of the 2019 44th International Conference on Infrared,
Millimeter, and Terahertz Waves (IRMMW-THz), Paris, France, 1–6 September 2019.

http://doi.org/10.3390/nano11071646
http://www.ncbi.nlm.nih.gov/pubmed/34201551
http://doi.org/10.1038/s41467-020-16370-x


Nanomaterials 2023, 13, 632 14 of 15

4. Adak, S.; Tripathi, L. Nanoantenna enhanced terahertz interaction of biomolecules. Analyst 2019, 144, 6172–6192. [CrossRef]
[PubMed]

5. Shen, J.; Zhu, Z.; Zhang, Z.; Guo, C.; Zhao, H. Ultra-broadband terahertz fingerprint spectrum of melatonin with vibrational
mode analysis. Spectrochim. Acta A 2021, 247, 119141. [CrossRef] [PubMed]

6. Weisenstein, C.; Richter, M.; Wigger, A.K.; Bosserhoff, A.K.; Bolivar, P.H. Multifrequency Investigation of Single- and Double-
Stranded DNA with Scalable Metamaterial-Based THz Biosensors. Biosensors 2022, 12, 483. [CrossRef]

7. Vinh, N.; Sherwin, M.; Allen, S.; George, D.; Plaxco, W. High precision gigahertz to terahertz spectroscopy of aqueous salt
solutions as a probe of the femtosecond-to-picosecond. J. Chem. Phys. 2015, 142, 164502. [CrossRef] [PubMed]

8. Hishida, M.; Tanaka, K. Long-range hydration effect of lipid membrane studied by terahertz time-domain spectroscopy. In Pro-
ceedings of the 2011 International Conference on Infrared, Millimeter, and Terahertz Waves, Houston, TX, USA, 2–7 October 2011.

9. Dyakonov, M.; Shur, M. Shallow water analogy for a ballistic field effect transistor: New mechanism of plasma wave generation
by dc current. Phys. Rev. Lett. 1993, 71, 2465–2468. [CrossRef] [PubMed]

10. Dyakonov, M.; Shur, M. Detection, mixing, and frequency multiplication of terahertz radiation by two-dimensional electronic
fluid. IEEE Trans. Electron. Dev. 1996, 43, 380–387. [CrossRef]

11. Sakowicz, M.; Lifshits, M.B.; Klimenko, O.A.; Coquillat, D.; Dyakonova, N.; Teppe, F.; Gaquiere, C.; Poisson, M.A.; Delage, S.;
Knap, W. AlGaN/GaN based field effect transistors for terahertz detection and imaging. In Proceedings of the Conference on
Gallium Nitride Materials and Devices VII, San Francisco, CA, USA, 23–26 January 2012.

12. Bauer, M.; Ramer, A.; Chevtchenko, S.A.; Osipov, K.; Roskos, H.G. A High-Sensitivity AlGaN/GaN HEMT Terahertz DetectorWith
Integrated Broadband Bow-Tie Antenna. IEEE Trans. Terahertz Sci. Technol. 2019, 9, 430–444. [CrossRef]

13. Hou, H.; Liu, Z.; Teng, J.; Palacios, T.; Chua, S.J. A sub-terahertz broadband detector based on a GaN high-electron-mobility
transistor with nanoantennas. Appl. Phys. Express 2017, 10, 014101. [CrossRef]

14. Meng, Q.; Lin, Q.; Han, F.; Jing, W.; Wang, Y.; Jiang, Z. A Terahertz Detector Based on Double-Channel GaN/AlGaN High
Electronic Mobility Transistor. Materials 2021, 14, 6193. [CrossRef] [PubMed]

15. Wang, Y.; Yan, R.; Zhu, J.; Zhang, L.; Lin, X.; He, J.; Cao, J.; Chan, M. A generic numerical model for detection of terahertz
radiation in MOS field-effect transistors. Solid. State Electron. 2010, 54, 791–795. [CrossRef]

16. Sakowicz, M.; Lifshits, M.B.; Klimenko, O.A.; Schuster, F.; Coquillat, D.; Teppe, F.; Knap, W. Terahertz responsivity of field effect
transistors versus their static channel conductivity and loading effects. J. Appl. Phys. 2011, 110, 373. [CrossRef]

17. Preu, S.; Kim, S.; Verma, R.; Burke, P.G.; Sherwin, M.S.; Gossard, C. An improved model for non-resonant terahertz detection in
field-effect transistors. J. Appl. Phys. 2012, 111, 024502. [CrossRef]

18. Dobrovolsky, V. Electrodynamic model of the field effect transistor application for THz/subTHz radiation detection: Subthreshold
and above threshold operation. J. Appl. Phys. 2014, 116, 154503. [CrossRef]

19. Hirakawa, K.; Sakaki, H. Mobility of the two-dimensional electron gas at selectively doped n-type AlxGa1-xAs/GaAs heterojunc-
tions with controlled electron concentrations. Phys. Rev. B 1986, 33, 8291–8303. [CrossRef]

20. Gurusinghe, M.N.; Davidsson, S.K.; Andersson, T.G. Two-dimensional electron mobility limitation mechanisms in
AlxGa1-xN/GaN heterostructures. Phys. Rev. B 2005, 72, 045316. [CrossRef]

21. Gurusinghe, M.N.; Andersson, T.G. Mobility in epitaxial GaN: Limitations of free-electron concentration due to dislocations and
compensation. Phys. Rev. B 2003, 67, 102–105. [CrossRef]

22. Song, T.L. Strain relaxation due to V-pit formation in InxGa1-xN/GaN epilayers grown on sapphire. J. Appl. Phys. 2005, 98, 084906.
[CrossRef]

23. Wang, L.; Xu, J.; Liu, L.; Huang, Y.; Lu, H.; Lai, P.; Tang, W. Influences of Remote Coulomb and Interface-Roughness Scatterings
on Electron Mobility of InGaAs nMOSFET With High-k Stacked Gate Dielectric. IEEE Trans. Nanotechnol. 2015, 14, 854–861.
[CrossRef]

24. Feng, Y.; Liu, G.; Yang, S.; Wei, H.; Liu, X.; Zhu, Q.; Wang, Z. Interface roughness scattering considering the electrical field
fluctuation in undoped AlxGa1-xN/GaN heterostructures. Semicond. Sci. Technol. 2014, 29, 045015. [CrossRef]

25. GoKden, S.; Baran, R.; Balkan, N.; Mazzucato, S. The effect of interface roughness scattering on low field mobility of 2D electron
gas in GaN/AlGaN heterostructure. Phys. E 2004, 24, 249–256. [CrossRef]

26. Sun, H.; Guo, F.; Li, D.; Wang, L.; Wang, D.; Zhao, L. Intersubband absorption properties of high Al content AlxGa1-xN/GaN
multiple quantum wells grown with different interlayers by metal organic chemical vapor deposition. Nanoscale Res. Lett. 2012, 7,
649. [CrossRef] [PubMed]

27. Meng, F.; Zhang, J.; Zhou, H.; Ma, J.; Xue, J.; Dang, L.; Zhang, L.; Lu, M.; Ai, S.; Li, X.; et al. Transport characteristics of
AlGaN/GaN/AlGaN double heterostructures with high electron mobility. J. Appl. Phys. 2012, 112, 023707. [CrossRef]

28. Meng, Q.; Lin, Q.; Jing, W.; Mao, Q.; Zhao, L.; Fang, X.; Dong, T.; Jiang, Z. Characterization of the Electrical Properties of a Double
Heterostructure GaN/AlGaN Epitaxial Layer with an AlGaN Interlayer. J. Electron. Mater. 2021, 50, 2521–2529. [CrossRef]

29. Hwang, H.C.; Park, K.; Park, W.K.; Han, S.T.; Kim, K.R. Design and characterization of plasmonic terahertz wave detectors based
on silicon field-effect transistors. Jpn. J. Appl. Phys. 2012, 51, 501–504. [CrossRef]

http://doi.org/10.1039/C9AN00798A
http://www.ncbi.nlm.nih.gov/pubmed/31584044
http://doi.org/10.1016/j.saa.2020.119141
http://www.ncbi.nlm.nih.gov/pubmed/33188973
http://doi.org/10.3390/bios12070483
http://doi.org/10.1063/1.4918708
http://www.ncbi.nlm.nih.gov/pubmed/25933769
http://doi.org/10.1103/PhysRevLett.71.2465
http://www.ncbi.nlm.nih.gov/pubmed/10054687
http://doi.org/10.1109/16.485650
http://doi.org/10.1109/TTHZ.2019.2917782
http://doi.org/10.7567/APEX.10.014101
http://doi.org/10.3390/ma14206193
http://www.ncbi.nlm.nih.gov/pubmed/34683785
http://doi.org/10.1016/j.sse.2010.03.009
http://doi.org/10.1063/1.3632058
http://doi.org/10.1063/1.3676211
http://doi.org/10.1063/1.4897929
http://doi.org/10.1103/PhysRevB.33.8291
http://doi.org/10.1103/PhysRevB.72.045316
http://doi.org/10.1103/PhysRevB.67.235208
http://doi.org/10.1063/1.2108148
http://doi.org/10.1109/TNANO.2015.2451134
http://doi.org/10.1088/0268-1242/29/4/045015
http://doi.org/10.1016/j.physe.2004.04.042
http://doi.org/10.1186/1556-276X-7-649
http://www.ncbi.nlm.nih.gov/pubmed/23181766
http://doi.org/10.1063/1.4739408
http://doi.org/10.1007/s11664-020-08733-3
http://doi.org/10.1143/JJAP.51.06FE17


Nanomaterials 2023, 13, 632 15 of 15

30. Ryu, M.W.; Lee, J.S.; Park, K.; Kim, K.R.; Park, W.K.; Han, S.T. TCAD modeling and simulation of non-resonant plasmonic
THz detector based on asymmetric silicon MOSFETs. In Proceedings of the 2013 International Conference on Simulation of
Semiconductor Processes and Devices (SISPAD), Glasgow, Scotland, 31 October 2013.

31. Knap, W.; Kachorovskii, V.; Deng, Y.; Rumyantsev, S.; Lu, J.Q.; Gaska, R.; Shur, M.S.; Simin, G.; Hu, X.; Khan, M.A.; et al.
Nonresonant detection of terahertz radiation in field effect transistors. J. Appl. Phys. 2002, 91, 9346–9353. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1063/1.1468257

	Introduction 
	Model Derivation 
	Basic Equation 
	Scattering Mechanisms 
	General Equation 
	Phonon Scattering 
	Dislocation Scattering 
	Interface Roughness Scattering 


	Results and Discussion 
	Model Solution 
	Model Validation 

	Conclusions 
	References

