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Abstract: Based on the enormous application potential of GaN-based high electron mobility transis-
tors (HEMT) in high-frequency and high-power scenarios, this article focuses mainly on the study
of the Gunn oscillation effect of GaN-based HEMT devices. From the perspective of electric field
regulation, a sandwich structure GaN HEMT device model with field plate structure is proposed,
and a hydrodynamic physical model is established. The negative resistance characteristics in the
GaN HEMT are obtained by the finite element method and the influence of the gate field plate on the
Gunn oscillation frequency in the device channel is studied. The numerical simulation results show
that the suitable field plate structure can modulate the distribution of the channel electric field below
the gate, promote the electric field to enter the negative differential mobility region, undergo valley
to valley electron transfer, form electron domains, and generate the Gunn oscillation currents in the
terahertz band. Meanwhile, the length of the field plate regulates the oscillation current frequency of
the device, and the stable and usable terahertz frequency band signal can be realized. This research
opens up the possibility for semiconductor solid-state devices to realize terahertz frequency band
radiation, and provides the basis for realizing new breakthroughs in HEMT for terahertz applications.

Keywords: GaN-based high electron mobility transistors (HEMT); Gunn oscillation effect; hydrodynamic
physical model; oscillation current; field plate structure

1. Introduction

In the 6G era, electromagnetic (EM) waves will enter the terahertz frequency band, and
their special position in the electromagnetic spectrum makes them have great potential for
applications in communication, aerospace, materials, medical, security, and other fields [1–3].
A key factor currently limiting the application of terahertz technology is that terahertz
radiation sources cannot meet application requirements, such as radar and communication
applications, security inspection applications, biomedical applications, etc. However,
with the development of semiconductor materials, terahertz solid-state sources based on
this have the advantages of smaller volume, higher integration, and longer service life,
and have gradually pushed vacuum electronic tubes and optical radiation sources out
of the historical stage. In addition, the emergence of the third-generation semiconductor
material gallium nitride (GaN), with its superior material properties (such as wide band-
gap, breakdown field strength, high temperature resistance, etc.), has now shown great
potential in achieving high-frequency and high-power terahertz radiation sources [4,5].
Also, due to the formation of a heterojunction between GaN material and materials such as
AlGaN, two-dimensional electron gas (2DEG) is formed at the interface, resulting in high
electron mobility [6]. Therefore, high electron mobility transistors (HEMTs) are expected to
achieve usable terahertz radiation.

The semiconductor materials used for preparing Gunn devices generally need to meet
several conditions [7]. First, the bandgap width of semiconductor material should be greater
than the energy band difference between the lowest energy valley and the satellite valley,
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which can avoid direct avalanche breakdown before the negative resistance effect occurs.
Second, the energy band difference between the lowest energy valley and the satellite valley
is significantly greater than the lattice temperature kT. In this case, all electrons are in the
lowest energy valley without bias voltage, otherwise a thermal electron effect may occur.
Finally, after the electrons enter the satellite valley, the effective mass will increase, and then
the mobility and drift speed will decrease, resulting in a negative resistance effect. There has
been extensive research on planar Gunn devices before HEMT devices, such as GaAs-based
planar Gunn diode [8], InAlAs/InGaAs heterojunction diode [9], self-switching diode
(SSD) [10], and Like HEMT device.

To further investigate the Gunn oscillation effect in GaN-based devices, A. Iniguez-
de-la Torre et al. [11] used Monte Carlo simulation to predict the generation of 300 GHz
oscillating current in GaN-based self-switching diodes, with a maximum efficiency between
0.1% and 0.5%. In 2013, Y. Wang et al. [12] reported a HEMT like planar Gunn diode with
an AlGaN/GaN/AlGaN double heterojunction structure. The high concentration of 2DEG
allowed for the simultaneous presence of multiple electronic domains in the channel, which
increased the output harmonic component and brought the device oscillation frequency into
the THz range. In 2018, J. T. Pan et al. [13] proposed a self-switching diode structure with a
gate electrode structure. Monte Carlo simulation showed that Gunn oscillating signals with
the highest output frequency around 1 THz could be generated. At the same time, channel
electric field distribution was changed by adjusting the gate bias, so that the oscillation
frequency could be regulated in the range of 0.35 THz–0.56 THz. H. L. Zhao et al. [14]
proposed a recessed barrier layer (RBL) structure to adjust the peak electric field at the
gate–drain edge and improve the field strength in other parts, allowing the channel electric
field to enter the negative differential resistance region and generate Gunn oscillations. H.
Zhou et al. [15] investigated the effect of notch structure on the DC and RF performance of
AlGaN/GaN HEMT and obtained the Gunn oscillation phenomenon. Due to the limitation
of AlGaN material, the GaN material growth process, and the HEMT device manufacturing
process, the trap effect and self-heating effect are inevitable in HEMT devices, and the
Gunn effect has not yet been directly measured in actual HEMT devices. However, through
computer simulation methods, the Gunn effect has been theoretically discovered in GaN
materials, and a significant negative differential mobility phenomenon of 2DEG with
changes in electric field has also been observed in AlGaN/GaN heterojunctions [14]. In
addition, although significant Gunn oscillation currents were not actually measured in
GaN-based HEMT devices, GaN materials such as resonant tunneling diode (RTD) devices
have already achieved actual negative differential characteristics. Therefore, GaN material
systems with high defect density also have great research potential. Meanwhile, the above
literature reports focus on ordinary sandwich structure models, but the impact of field
plate structures on the Gunn oscillation effect is only small.

Based on the above phenomena, this paper proposes a GaN-based HEMT model with
field plate structure to achieve stable, reliable, and useful terahertz wave output. Based
on the hydrodynamic model, the Gunn oscillation effect and its generation mechanism in
the conductive channel of the field plate HEMT device and the modulation effect of the
field plate structure on the Gunn oscillation were studied. Within a certain range, a shorter
gate field plate length helps to increase the current oscillation frequency of the device. This
study can provide a certain reference value for the study of the Gunn oscillation effect in
practical devices, so as to illustrate the potential of GaN HEMT devices in the application
of terahertz radiation sources.

2. Physical Models

Compared with Si-based and GaAs-based semiconductor devices, GaN-based semi-
conductor devices can withstand higher breakdown electric fields, higher output power,
better switching characteristics, higher operating frequencies, stronger anti-interference
ability, and higher reliability. For the heterojunction between AlGaN and GaN materials,
under the effects of piezoelectric polarization and spontaneous polarization, a high concen-
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tration of 2DEG is formed on the side of the heterojunction interface near GaN, which is
at least 5 times the concentration of AlGaN/GaAs heterojunction formation. In addition,
2DEG is highly separated from impurities in the material, with almost no scattering effect,
and its electron mobility is high. The high concentration of 2DEG is also conducive to
the formation of Gunn oscillation domains. To obtain terahertz oscillations in HEMT,
it is necessary to obtain the nonlinear characteristics generated in HEMT devices. This
nonlinear characteristic comes from the negative differential conductance effect generated
by two-dimensional electron gas under the action of a channel electric field, which can
produce a high frequency oscillation in the channel of HEMT devices [16,17]. Therefore,
the concentration ns(x) of 2DEG can be expressed as follows [18–20]:

ns(x) =
σ(x)

e
− (

ε0ε(x)
de2 ) [eϕb(x) + EF(x)− ∆EC(x)] (1)

where d represents thickness of the AlGaN barrier layer, ε(x) denotes the relative dielectric
constant, eϕb(x) signifies the Schottky barrier height, which varies with the Al composition,
σ(x) refers to the polarization charge at the AlGaN/GaN interface, e represents the electric
charge, EF(x) represents the Fermi level, ∆EC(x) is the discontinuous difference between
AlGaN/GaN conduction bands. Due to the higher bandgap width of AlGaN compared
to GaN, there will be band order differences at the bottom of the conduction band at the
interface. Under the influence of order difference and interface charge aggregation, the
conduction band at the interface bends to form a two-dimensional potential well, and
electrons are confined to the triangular quantum well formed on the GaN side, resulting in
a limited range of longitudinal motion. And because the bottom of the conduction band
on one side of GaN is lower than the Fermi level EF, the electrons in the potential well
can conduct electricity, but can only move in the plane parallel to the channel [21]. For
computational efficiency, the surface density of the polarization charge at the AlGaN/GaN
interface in this study was set to 1 × 1013 cm−2.

For the study of high-frequency characteristics of submicron devices, simplified fluid
dynamic transport models are proposed, which typically include the Poisson equation,
carrier continuity equations, and temperature-dependent drift–diffusion equations [22–25].
Therefore, the models can be expressed as follows:

div(ε∇ψ) = −ρ (2)

∂n
∂t

=
1
q

div
→
Jn + Gn − Rn (3)

∂p
∂t

=
1
q

div
→
Jp + Gp − Rp (4)

→
Jn = qDn∇n − qnµn∇ψ + qnDT

n∇Tn (5)
→
Jp = qDp∇p − qpµp∇ψ + qpDT

p∇Tp (6)

where ε, ψ, ρ, n, p, and q represent dielectric constant of semiconductor materials, elec-
trostatic potential, spatial charge density, electron concentration, hole concentration and

electron charge, respectively.
→
Jn and

→
Jp are the electron current density and hole current

density. Gn and Rn represent the generation rate of electrons and the recombination rate
of electrons. Gp and Rp represent the generation rate of holes and the recombination rate
of holes. Dn, Dp, µn, µp, DT

n , DT
p , Tn, and Tp are electron diffusion coefficient, hole diffu-

sion coefficient, electron mobility, hole mobility, thermal diffusivity of electrons, thermal
diffusivity of holes, electron temperature, and hole temperature, respectively.
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The introduction of impurities and defects is inevitable in the actual device fabrication
process, and the electrical properties of the HEMT will be significantly affected due to the
presence of impurities and defects. The total spatial charge density be written as below:

ρ = q
(

p − n + N+
D − N−

A
)
+ QT (7)

where N+
D and N−

A stand for the ionizing donor impurity concentration and ionizing
acceptor impurity concentration, QT is the trap and defect charge.

The Gunn effect is the basis for generating oscillating currents in HEMT devices.
Compared to GaN material in the buffer layer, the electron mobility in the AlGaN/GaN
heterojunction channel exhibits higher saturation velocity and a larger negative differential
mobility (NDM) region slope. To describe the change of electron mobility caused by the
Gunn effect, the electron mobility under low and high electric fields is redefined here,
which can be expressed as follows [26–28]:

µL = µ1(
T

300
)

α

+
(µ 2− µ1)(T/300)β

1 + ( N
Nre f (T/300)δ )

γ(T/300)η (8)

µH =
µL + vsat

En−1

En
C

1 + a( E
EC

)
m
+ ( E

EC
)

n (9)

where (8) and (9) represent the electron mobility under low and high field effects, respec-
tively. T represents lattice temperature, N is total doping concentration, vsat represents the
saturation velocity of an electron, E is electric field, EC is the conduction band energy level.
The other fitting parameters are shown in Table 1, of which the mentioned parameters are
determined from [27].

Table 1. Parameters of GaN under low and high electric field.

µ1
(cm2/V·s)

µ2
(cm2/V·s) α β

Nref
(cm−3) δ γ η

vsat
(cm/s) a m n Ec

(kV/cm)

295 1460.7 −1.02 −3.84 1.00 × 1017 3.02 0.66 0.81 2.62 × 107 4.057 0.649 9.101 131.069

In the simulation, Shockley–Read–Hall (SRH) recombination and impact ionization
were also considered [29]. The relaxation times of energy and momentum are very impor-
tant because they determine the time constants for energy exchange, which are set to 500 fs
and 4 fs, respectively. The momentum relaxation time is much smaller than the energy
relaxation time, and velocity over shoot and undershoot will play a major role in the elec-
tron transport process, especially when the device becomes smaller or operates at higher
frequencies, which is typical of III-nitride based devices. According to the report of [30],
energy and momentum relaxation times of electron are related to electron temperature,
which cause a change in the drain current. After the transient dynamic characteristics of
electrons in the channel are obtained through modeling and simulation, the fast Fourier
transform (FFT) algorithm can be used to analyze the frequency spectrum of the oscillating
currents.

3. Result and Discussion

To verify the correctness of the simulation method and process, a typical GaN HEMT
device model from [31] was built to simulate drain current characteristics, as shown in
Figure 1. In order to keep up with actual test results, trap models and self heating effects
were introduced. The simulation results are consistent with the test results in [31], which
proves the correctness of our simulation method and process. Figure 1 shows that the drain
current increases with the drain voltage, and when the voltage increases to a certain value,
the current decreases due to the self-heating effect. Due to the presence of self-heating
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effects, small oscillating currents may be obscured, while there is the same trend under
other gate voltages. With the increase of gate voltage, the peak drain current also increases
correspondingly, and the self-heating effect gradually becomes obvious. By changing
the gate voltage in HEMT devices, the depth of the potential well in the AlGaN/GaN
heterojunction can be changed, and the concentration of two-dimensional electron gas
in the channel can be directly controlled, achieving the “on” and “off” changes of the
conductive channel. Ref. [32] reports that when the lattice temperature increase in the
device is taken into account, the oscillation current appears lower and its amplitude is also
smaller due to a degradation of the transport properties. When considering the thermal
effect, the oscillation period is slightly longer due to a higher transit time in the device.
To analyze better and more clearly the Gunn oscillation effect, self-heating effects are
disregarded in the subsequent simulations.
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Figure 1. Comparison of simulated drain currents with experimental drain currents. The experimental
data in the figure comes from Ref. [31].

To study the Gunn oscillation effect in the channel of GaN HEMT devices, a sandwich
structure GaN HEMT device model with field plate structure is proposed in Figure 2a.
This structure is commonly used to suppress the peak electric field in the channel, thereby
improving the breakdown characteristics of HEMT devices. The bottom is a 2-um thick
GaN buffer layer, which forms a heterojunction with a 25-nm thick unintentionally doped
Al0.2Ga0.8N barrier layer, and the top is a 65-nm thick SiN passivation layer. The gate
length (Lg) is 300 nm, and the distances from the gate to the source (Lsg) and drain (Lgd) are
500 nm and 1200 nm, respectively. Compared to the conventional HEMT (Figure 2b), the
field plate HEMT has an additional field plate structure on the right side above the gate,
of which the field plate length is Lr. The gate contact is a Schottky contact with a work
function of 5.1 eV; source contact and drain contact are ohmic contact.
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Figure 2. GaN HEMT structural model: (a) field plate HEMT; (b) conventional HEMT.

For the transient simulations, the applied gate voltage is set to 2 V, and the drain
voltage increases from 0 V to 20 V, while the field plate length of the field plate HEMT
is set to 300 nm. The resulting drain current curve changes as shown in Figure 3. In
the drain current curve of traditional HEMT devices, no significant oscillation current
is observed. However, when the drain bias voltage reaches a certain range, there is a
significant oscillation in the drain current curve of the field plate HEMT device. When the
Vds is small, the electric field does not enter the NDM region. As the Vds increases, the
electric field gradually increases until it exceeds the NDM region. In both cases, electrons
are unable to accumulate to form electron domains, so the oscillations are not observed
when the Vds is too small or too large. This indicates that compared to traditional HEMT
device structures, the field plate structure can promote the generation of Gunn oscillation
current by modulating the channel electric field of HEMT devices. For the GaN HEMT
model with a field plate structure, the field plate, insulation layer and semiconductor
constitute the MIS structure. The gate voltage causes the MIS structure to be in a depleted
state, and the depletion region is connected with the depletion region of the Schottky
junction of the gate electrode. In the AlGaN depletion layer, part of the electric field lines
that originally ended at the gate are changed to end at the field plate. This is equivalent
to introducing an additional fixed negative charge to the depletion layer surface below
the field plate, which generates an electric field parallel to the surface in addition to an
electric field perpendicular to the surface. At the edge of the field plate, the rightward
transverse electric field generated by all negative charges is mutually reinforcing, resulting
in a peak electric field at the edge of the field plate. Therefore, there is a high electric field
intensity in the channel below the field plate. In this region, the electric field enters the
NDM region, and the larger the electric field, the lower is the average drift velocity of
electrons. Due to the difference in the velocity of electrons inside and outside this region,
electrons accumulate to form electron domains, which generate oscillating currents.
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To investigate the modulation effect of the field plate on the channel electric field of
the HEMT device, the channel electric field distribution is recorded as in Figure 4. Here,
the applied gate voltage is set to 2 V, the drain voltage is set to 16 V, and the field plate
length of the field plate HEMT is set to 300 nm. The time interval of extracting the channel
electric field distribution is 0.1 ps. It is found in Figure 4a that the peak electric field
intensity of conventional GaN HEMT is as high as 1.28 × 106 V/cm. It can be seen in
Figure 4b that when the length of the gate field plate Lr is 300 nm, the peak electric field
intensity of the gate near the drain end is 1.15 × 106 V/cm. In Figure 4a, except for the
strong electric field in the channel region corresponding to the gate electrode, the electric
field intensity in other regions of the channel is very low, and the distribution is also very
uniform. When a bias voltage is applied to the drain, a peak electric field is generated near
the drain edge under the gate, but it is too narrow to satisfy the conditions for domain
formation due to the short drift time. The electric field distribution remains unchanged.
Therefore, for conventional HEMT devices, the I–V characteristic curve shows a relatively
smooth curve form, and no current oscillation phenomenon is observed, as shown in
Figure 3. Due to the connection between the field plate and the gate, the field plate has
a potential similar to that of the gate, which can modulate the local electric field under
the gate. In Figure 4b, the field plate weakens the peak of the peak electric field below
the gate, and introduces a new peak electric field at the channel below the edge of the
field plate. The introduction of a new peak electric field broadens the high electric field
region in the channel of the HEMT device, making the area that can enter the NDM region
more extensive, and electrons can accumulate to form electron domains. The length of
the negative differential mobility region is sufficient for the electron domains to grow and
mature until the domain drift reaches a steep drop in field strength after the second peak
value, and the domains are depleted rapidly. This is the termination region of the Gunn
domain for this device, and the dual-field peak structure of the field plate (FP) HEMT can
induce spatial charge disturbances at each peak, potentially serving as nucleation zones for
the electron domains. The oscillation mode of multi-domain oscillations at dual nucleation
points can significantly enhance the oscillation frequency of the current. Moreover, by
varying the gate bias, the two peaks can be controlled to be within or outside the negative
differential mobility (NDM) region, thus regulating the number of nucleation points and
altering the oscillation frequency. Under the same applied voltage, the peak value of the
channel electric field at the gate edge of the HEMT with the field plate decreases, and a
second peak appears near the drain electrode at the edge of the field plate, increasing the
coverage area of the electric field curve. The results are consistent with those of [33]. In
addition, the depletion layer is formed in the AlGaN barrier layer by the field plate, which
alleviates the bending degree of the depletion layer at the gate edge and reduces the peak
electric field at the gate edge, thus affecting the distribution of the channel electron density.

The structure parameters of field plate HEMT devices remain unchanged, and the
influence of changing the field plate length Lr on the Gunn oscillation effect is considered.
The resulting drain current is described in Figure 5. Here, the gate applied voltage is set
to 2 V, and the range of the drain voltage is set to 0~30 V. It can be seen from Figure 5
that within a certain range, with the increase of the Lr, the drain voltage range can make
the current oscillation increase. Figure 6 shows electric field and electron concentration
distributions at the channel of the GaN HEMT with different field plate lengths at 100 ps. At
the position of 0.7 um, corresponding to the edge position of gate electrode near the leakage
electrode of the GaN HEMT device, the channel electric field intensity decreases rapidly
under the action of the gate field plate. The distribution of electric field along the channel
direction also varies significantly depending on the length of the gate field plate. With the
increase of gate field plate length Lr, the peak value of the secondary electric field increases
gradually, but the peak and valley of the channel electric field near the edge of the gate
electrode decrease continuously. In addition, the positions of electron domains generated
in the channel are also different. This is because different gate field plate structures have
different regulatory effects on the channel electric field. This further widens the high electric
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field region where the device can enter the negative differential mobility region, extending
the length of the region where electron accumulation can occur, leading to an increase
in the crossing distance of the electron domains. To illustrate the position of electron
domain formation, the distributions of channel electron concentration at different times
at Lr = 0.2 um are described in Figure 7 which shows the obvious resonance phenomenon
under the Lr = 0.2 um field plate. Therefore, the distribution of electrons along the channel
direction corresponds to the distribution of the electric field. Figure 8a illustrates the
evolution of drain current under the application of drain voltage capable of generating a
stable oscillating current in devices of different field plate lengths. Figure 8b shows the
frequency characteristics of drain current after FFT transformation. As the length of the
gate field plate Lr increases, the length of the transit region increases and the fundamental
frequency and second harmonic frequency generated by the device continuously decrease.
The increase in the length of the gate field plate will lead to an increase in the parasitic
capacitance Cgs and Cgd of GaN HEMT devices, ultimately resulting in a weakening of the
frequency characteristics. However, it is also not possible to use a gate field plate structure
that is too short for regulation. This is because a short field plate forms a narrow region of
high electric field in the channel, and it is too narrow to form electron domains.

Electronics 2024, 13, x FOR PEER REVIEW 8 of 17 
 

 

  
(a) (b) 

 
(c) 

Figure 4. Transient distribution of the electric field in the channel: (a) conventional HEMT; (b) FP 
HEMT; (c) corresponding partial view of (b). 

The structure parameters of field plate HEMT devices remain unchanged, and the 
influence of changing the field plate length Lr on the Gunn oscillation effect is considered. 
The resulting drain current is described in Figure 5. Here, the gate applied voltage is set 
to 2 V, and the range of the drain voltage is set to 0~30 V. It can be seen from Figure 5 that 
within a certain range, with the increase of the Lr, the drain voltage range can make the 
current oscillation increase. Figure 6 shows electric field and electron concentration distri-
butions at the channel of the GaN HEMT with different field plate lengths at 100 ps. At 
the position of 0.7 um, corresponding to the edge position of gate electrode near the leak-
age electrode of the GaN HEMT device, the channel electric field intensity decreases rap-
idly under the action of the gate field plate. The distribution of electric field along the 
channel direction also varies significantly depending on the length of the gate field plate. 
With the increase of gate field plate length Lr, the peak value of the secondary electric field 
increases gradually, but the peak and valley of the channel electric field near the edge of 
the gate electrode decrease continuously. In addition, the positions of electron domains 
generated in the channel are also different. This is because different gate field plate struc-
tures have different regulatory effects on the channel electric field. This further widens the 
high electric field region where the device can enter the negative differential mobility re-
gion, extending the length of the region where electron accumulation can occur, leading 
to an increase in the crossing distance of the electron domains. To illustrate the position 
of electron domain formation, the distributions of channel electron concentration at dif-
ferent times at Lr = 0.2 um are described in Figure 7 which shows the obvious resonance 
phenomenon under the Lr = 0.2 um field plate. Therefore, the distribution of electrons 
along the channel direction corresponds to the distribution of the electric field. Figure 8a 
illustrates the evolution of drain current under the application of drain voltage capable of 
generating a stable oscillating current in devices of different field plate lengths. Figure 8b 

Figure 4. Transient distribution of the electric field in the channel: (a) conventional HEMT; (b) FP
HEMT; (c) corresponding partial view of (b).



Electronics 2024, 13, 2235 9 of 16
Electronics 2024, 13, x FOR PEER REVIEW 9 of 17 
 

 

  
(a) (b) 

Figure 5. Drain current at different Lr. (a) Curve of drain current variation with drain voltage; (b) 
drain current and voltage curve with time. 

  
(a) (b) 

Figure 6. Electric field and electron concentration distribution at the channel: (a) Channel electric 
field distribution; (b) electron concentration distribution at different Lr. 

 
(a) 

Figure 5. Drain current at different Lr. (a) Curve of drain current variation with drain voltage;
(b) drain current and voltage curve with time.

Electronics 2024, 13, x FOR PEER REVIEW 9 of 17 
 

 

  
(a) (b) 

Figure 5. Drain current at different Lr. (a) Curve of drain current variation with drain voltage; (b) 
drain current and voltage curve with time. 

  
(a) (b) 

Figure 6. Electric field and electron concentration distribution at the channel: (a) Channel electric 
field distribution; (b) electron concentration distribution at different Lr. 

 
(a) 

Figure 6. Electric field and electron concentration distribution at the channel: (a) Channel electric
field distribution; (b) electron concentration distribution at different Lr.

By applying voltage at the gate extreme to modulate the electric field distribution in
the channel below the gate, the frequency of the oscillation current can be adjusted. Drain
current characteristics under different gate voltages Vg are shown in Figure 9, where the
field plate length of the field plate HEMT is set to 300 nm. As the gate voltage increases,
drain current also increases. The reason is that the increase of Vg leads to an increase in the
depth of potential wells in the AlGaN/GaN heterojunction, thereby affecting the density of
two-dimensional electron gases and subsequently affecting the current. In addition, as the
gate voltage Vg increases, the drain source voltage Vds required for current oscillation also
increases. This is because the height of the Schottky gate barrier decreases with increasing
Vgs, resulting in a decrease in the electric field in the channel below the gate. Therefore,
a larger drain source voltage Vds is required to elevate the electric field to the negative
differential mobility region, thereby generating electron domains.
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Figure 10 shows the transient distribution of the channel electric field Ex under differ-
ent gate voltages Vg, where the drain-source bias Vds is set to 16 V and the field plate length
of the field plate HEMT is set to 300 nm. With increasing gate voltage, there is a noticeable
change in the electron domain crossover distance. This can be explained by the fact that
as the applied bias increases, more electrons fill the channel, resulting in more electron
transitions. Consequently, the electron domains become larger. When they pass through
the region where the transverse electric field decreases due to the field plate, the electron
domains require a longer time to neutralize. The increase in bias also amplifies the electric
field on the side of the field plate, expanding the negative differential mobility region.
Therefore, the distance covered by the electronic domain has been extended. Figure 11
shows the frequency characteristics of drain current under different gate voltage Vg at
Vds = 16 V and Lr = 300 nm. The increase in the electron domain crossover distance d will
lead to a decrease in frequency.

The related problems caused by defects in GaN-based HEMTs have always been
an important factor limiting their development, and the trap effect caused by defects
has a serious impact on the performance of devices [34–36]. In actual HEMT devices,
the presence of defects can mask the small oscillating currents, making them difficult to
measure. Figure 12 illustrates the impact of trap effects on the oscillating current of HEMT
devices. As the trap concentration Ntrap increases, the oscillation phenomenon begins to
advance accordingly. When the trap concentration increases to a certain extent, the current
oscillation phenomenon will gradually disappear. The acceptor trap in the GaN buffer
layer will trap electrons and reduce the two-dimensional electron gas concentration, so
that the output current is reduced, and the electron domain cannot be formed. Because the
thickness of the buffer layer is large, the trap has the obvious effect of trapping electrons,
so the trap in the buffer layer is also the main cause of the current collapse effect.

Figure 13 illustrates the effect of different SiN passivation layer thicknesses (hSiN) on
the transient drain current for the GaN-based HEMT model with the field plate structure.
Here, Vg is set to 2 V and the field plate length Lr is set to 300 nm. With the passage
of time, with the smaller the thickness of the passivation layer hSiN, the first current
oscillation occurs. When the drain voltage is stabilized, there is a stable current oscillation.
Therefore, the regulatory effect of the field plate structure on the electric field distribution
in the channel below the gate is also greatly influenced by the SiN passivation layer. The
thickness of the passivation layer in the conventional field-plate HEMT structure is usually
more than 500 nm, and it is difficult for electrons to form stable electron domains. Reducing
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the thickness of the passivation layer within a certain range can indeed disperse the electric
field under the gate, reduce the peak value, and improve the breakdown voltage. However,
an excessively thin passivation layer can cause the peak electric field near the drain side
of the channel below the field plate to be greater than the peak electric field strength on
the gate drain side, thereby reducing the voltage resistance performance and making the
device more susceptible to breakdown. Therefore, with the increase of the passivation
layer thickness hSiN, the modulation effect of the field plate on electric field distribution in
the lower channel is also weakened, resulting in the hysteresis of the current oscillation
phenomenon.
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Figure 14 describes the electric field distribution in the channels of HEMT devices and
the current frequency characteristics under different SiN passivation layer thicknesses hSiN.
For the current frequency characteristics, the current values come from drain current values
within the time period of 109 ps–110 ps in Figure 13. It can be seen from the figure that the
modulation ability of the field plate on the channel electric field distribution weakens with
the increase of the passivation layer hSiN. The peak electric field near the edge of the drain
side of the channel below the field plate decreases, the electron domain becomes smaller,
and the transition distance of the electron domain decreases. For Figure 14g, it is obvious
that increasing the thickness of the passivation layer within a certain range can increase
the frequency and amplitude of the current oscillation, but this increase becomes relatively
weak when reaching a certain value. Because the thickness of the passivation layer will
affect the modulation ability of the field plate, it is important to choose a reasonable
thickness.
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4. Conclusions

In this paper, a GaN-based HEMT model with a field plate structure was proposed
to achieve stable, reliable, and useful terahertz wave output. The hydrodynamic physical
model was established and solved by the finite element method. The suitable field plate
structure can modulate the distribution of the channel electric field below the gate, and
promote the electric field to enter the negative differential mobility region. Within a
certain range, a shorter gate field plate length helps to increase the current oscillation
frequency of the device. When the trap concentration increases a certain extent, the current
oscillation phenomenon will gradually disappear. This study provides a theoretical basis
for semiconductor solid-state devices to realize terahertz band radiation.
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