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ABSTRACT This paper presents a GaN-based High Electron Mobility Transistor (HEMT) with a connected
dual-channel structure (CDC-HEMT). Specifically, the Al0.05Ga0.95N layer beneath the first channel enables
the second channel to be in a non-conducting state while simultaneously increasing the number of electrons
available in the conducting state. In contrast to conventional normally-off devices, the CDC-HEMT exhibits
excellent DC performance, with a saturation current density increase from 0.67 A/mm to 1.52 A/mm at
Vds = 10 V and a maximum transconductance increase from 0.30 S to 0.62 S, which is twice as much.
Furthermore, the optimal transconductance interval is widened by 1 V. The RF performance of the devices
also demonstrates remarkable performance, with a current gain cut-off frequency of 31.8 GHz and a
maximum oscillation frequency of 77 GHz. Under square wave testing, the transistors exhibit extremely low
delay. The exceptional findings showcased in this study provide compelling evidence that the CDC-HEMT
structure is a highly promising technique for utilizing GaN-based HEMTs with superior performance in
power switching and microwave applications.

INDEX TERMS Connect-dual-channel, double heterojunction, GaN normally-off HEMT, trap offset, P-GaN
gate.

I. INTRODUCTION
Gallium Nitride (GaN) is a well-established material sys-
tem with wide-ranging applications in power switching and
microwave technology. Its remarkable properties, such as
a wide bandgap, high breakdown voltage, and exceptional
electron mobility, have made it a material of choice for
various technological applications [1], [2], [3], [4]. The
AlGaN/GaN heterojunction, in particular, exhibits piezo-
electric and spontaneous polarization effects, leading to a
significantly elevated two-dimensional electron gas (2DEG)
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density, which further enhances its suitability for diverse
applications.

Conventional HEMTs are typically normally-on devices,
which can pose challenges in practical applications. These
devices require a negative voltage power supply to turn
them off, introducing the risk of unintended activation in
the circuit. To address this issue, normally-off HEMTs have
been developed. These devices remain non-conductive at
zero bias, eliminating the need for a negative voltage power
supply during non-operational states. This approach not
only reduces power loss in the circuit but also simplifies
overall circuit design, all while preserving the device’s RF
capabilities [5]. Recent advancements in GaN-on-Si(111)
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MOSHEMT technology have showcased its potential for
advanced RF applications, with a record-breaking fmax
of 700 GHz, highlighting its integration with Si CMOS [6].

Various methods have been explored to realize normally-
off devices, including the use of P-GaN caps [7], [8], [9], [10],
recessed gates [11], [12], [13], fluorine ion injec-
tion [14], [15], and cascode structures [16]. However,
enhanced HEMTs often suffer from significant parasitic
capacitance, adversely affecting their frequency character-
istics [17]. Additionally, their low saturation current limits
their utility in RF applications, hampering their widespread
adoption. These limitations are partly attributed to traps
present in the buffer layer [18], [19], [20].

While the literature on GaN HEMTs has primarily focused
on traditional AlGaN/GaN single-heterostructure HEMTs,
double-channel HEMTs have gained attention due to their
potential for high current drive, rapid frequency response,
and lower barrier carrier channels without experiencing cur-
rent collapse [21]. Researchers like R. Mohapatra et al. [22]
have made significant advancements by enhancing transcon-
ductance and DC characteristics through the utilization of
a double-channel structure, offering innovative solutions
for HEMTs. Wenjie Song et al. [23] have significantly
improved the RF characteristics of HEMTs by employing a
double-heterostructure with a T-gate structure.

In this paper, we introduce a novel approach, com-
bining AlGaN/GaN double-channel HEMTs with P-GaN,
to achieve a HEMTwith favorable DC and RF characteristics
while also realizing normally-off functionality. Conventional
normally-off devices often suffer from drawbacks such as
small opening current, low transconductance, and low oper-
ating frequency. Our focus is on harnessing the potential
of the connected dual-channel structure to overcome these
limitations and achieve normally-off HEMTs. To evaluate
the performance and characteristics of the proposed device,
we conducted Technology Computer Aided Design (TCAD)
simulations.

II. DEVICE STRUCTURE AND PHYSICAL MODEL
The proposed GaN epitaxial structure consists of two 35 nm
UID-GaN channel layers, two 25−nmAl0.23Ga0.77 N barrier
layers, a concentration of 3 × 1017 cm−3 of P − GaN under
the gate, and an Al0.05Ga0.95 N composition as a connect
channel and buffer as shown in Fig.1(a). The lower channel
and barrier under the gate-source edge have anAl0.05Ga0.95 N
composition as a connect channel and a length of 100 − nm,
which is represented in Fig.1(a) by the term ‘‘connect’’. The
gate length (LG), source to gate distance (LSG), and gate
to drain distance (LGD) are 0.3 (Utilizing a commonly used
gate length dimension for RF applications), 1, and 2.5µm,
respectively (see Table 1).To ensure a realistic reflection of
real-world conditions, we have introduced some traps during
the simulation process. Both upper and lower channel layers
have been furnished with identical donor and acceptor traps.
The donor traps have a density of 1.27×1018 cm−3 and their
energy levels are situated 3.2eV above the valence band. The

TABLE 1. Key parameters for the simulation.

FIGURE 1. (a) Structure of normally-off GaN-based HEMT with CDC
structure. (b) Conventional structure.

acceptor traps have a density of 7 × 1017 cm−3, with energy
levels positioned 0.36eV below the conduction band.

The purpose of the P-GaN cap layer is to deplete the upper
channel and allow the gate to control the device. An air gap is
introduced to reduce unwanted capacitance. The connected
dual-channel (CDC) structure is added to deplete the local
2DEG in lower channel and make it non-conductive under
Vds = 0 V. The conventional structure is shown in Fig. 1. (b).
To improve the accuracy of the simulation, TCAD was

utilized with several models. Specifically, the Fermi-Dirac
distribution model was used to simulate degenerate semicon-
ductor, while the SRH(Shockley-Read-Hall) concentration-
dependent lifetime model was employed to account for
the concentration-dependent carrier generation and recom-
bination effects in the GaN channel. In addition, the
PCH.INS model was utilized to include polarization charges
along interfaces with insulators or the outside domain. The
GANSAT.N model was also employed to describe the GaN
high field mobility based on a fit to Monte Carlo data for
nitride materials. Through these models, the simulation was
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FIGURE 2. Measured and simulated I-V characteristics for a conventional
HEMT with Lds = 10.4µm in logarithmic coordinates [24].

TABLE 2. Material property used in silvaco atlas TCAD.

able to accurately simulate the behavior of the proposed
GaN HEMT device. Table 2 presents the intrinsic material
properties that were incorporated into the ATLAS TCAD
simulation.These properties reflect the fundamental charac-
teristics of the materials employed in the simulation and are
vital for ensuring an accurate representation of the device’s
behavior.

Themeasured transfer characteristics, as depicted in Fig. 2,
exhibit a close agreement between the simulated and exper-
imental results. This strong correlation demonstrates the
validity and accuracy of the proposed model. It should be
noted that this study is primarily based on simulation work
and does not directly involvemeasurements on actual devices.
Furthermore, we acknowledge that there are notable dif-
ferences in dimensions between the devices fabricated by
Hilt et al. and the focus of our research. This difference
arises because our work is grounded in theoretical modeling
and simulations. Therefore, in terms of comparisons, we will
ensure that they are conducted under the same physical con-
ditions to effectively assess performance differences among
various devices

III. RESULT AND DISCUSSION
A. ANALYSIS OF DC PERFORMANCE
We performed DC analysis to extract the transconductance
and ID-VD families of curves, which are indicative of the

FIGURE 3. (a) Transfer characteristics and (b) transconductance (gm)
characteristics of AlGaN/GaN HEMT at Vds = 10V.

gate of the device controllability and linearity. The transfer
characteristics of the GaN HEMT at a bias voltage of 10V
are shown in Fig.3.

The proposed device with the new P-GaN Cap with CDC
structure was simulated, and the resulting drain current was
1.45A/mm, which is significantly higher compared to the
traditional structure in the same simulation environment. The
connect-dual-channel structure has greatly enhanced the cur-
rent density, resulting in 1.2 times increase and a stronger
device capability. Additionally, the maximum transconduc-
tance has doubled and the best width of transconductance has
increased by 1V.

As shown in Fig.4, by means of the Ids-Vds measurement,
it demonstrates that the CDC structure significantly enhances
the DC characteristics.

B. RF PERFORMANCE
For millimeter-wave applications, the current gain is a crit-
ical parameter because it determines the unity current gain
cut-off frequency (ft). Therefore, small-signal simulation of
the AlGaN/GaN HEMT with CDC structure was performed
in ATLAS to extract and analyze the cut-off frequency (fmax),
as shown in Fig.5.
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FIGURE 4. ID-VD Families of curves. (a). Proposed HEMT and (b).
Conventional HEMT.

The proposed CDC-HEMT shows significant improve-
ment in both current gain cut-off frequency (ft) and unilateral
power gain frequency (fmax) compared to the conventional
HEMT. The ft value increased from 26.3 GHz to 31.8 GHz,
fmax value increased from 53.9 GHz to 77GHz, while the fmax
value increased by 20.9% and 42.8% for the proposed HEMT,
respectively. The increase in transconductance and reduction
in buffer-traps contribute to the improvement in frequency
performance.

C. TRANSIENT RESPONSE
Fig.6(a) illustrates the initial biasing of the device with a
gate voltage of 0 volt and a drain voltage of 5 volts. After
10 nanoseconds under this bias, the device undergoes a
field-stressing phase for an additional 30 nanoseconds. Dur-
ing this field-stressing period, the drain voltage is raised to
25 volts, while the gate voltage is adjusted to 3 volts. Follow-
ing this brief period of biased stress, the device is restored to
its original biasing state, where in the gate voltage remains
at 0 volts and the drain voltage at 5 volts. After only one
millisecond of such biased stress, a significant reduction in
the drain current is observed, thereby indicating the pres-
ence of the current collapse phenomenon. The definition of
‘‘delay’’ refers to the time it takes for the current to recover
from its lowest point to a near-steady state after applying

FIGURE 5. Current gain and unilateral power gain versus frequency under
Vds = 10V and Vg = 3V.

a voltage pulse. The conventional device exhibits strong
current collapse effect, almost 100%, as shown in Fig.6(b),
at the same time, the turn-on delay reached 1350 ps, while
the turn-off delay was 300 ps. This effect seriously affects
the normal use of the device under high-frequency signals.
Although the HEMT with the new structure also exhibits
serious current collapse, it can still be used normally. At the
same time, it has an extremely low delay, as shown in Fig.6(c)
at the same time, the turn-on delay reached 1150 ps, while the
turn-off delay was 112 ps. It can be observed from Fig.6(c)
that the proposed HEMT has better transient characteristics
and output current swing, and has a faster recovery time from
current collapse. These results illustrate that the dual-channel
structure offsets traps and provides electrons.

IV. PHYSICAL INSIGHT
Fig.7 presents a comparison of the conductive band energy
and electron concentration with and without the CDC struc-
ture in the proposed GaN HEMT where the position is as
shown in Fig.7(a). The energy band diagrams illustrate the
energy levels of electrons within the device and provide
valuable insights into its performance.Fig.7(b) can be seen
that the CDC structure elevates the local energy band, so that
it can effectively prevent the second channel from conducting
in the case of no bias, which is key for the device to become
normally-off device. Fig.7 (c) shows the energy band and
electron concentration of a common double heterojunction
without CDC structured HEMT. The second channel has
2DEG, which is not controlled by the gate, due to the second
barrier layer pulling down the energy band diagram, making
the device not work properly at Vgs = 0. Fig.7(d) shows the
band diagram and electron concentration in the conducting
state of an HEMT with CDC structure. It can be seen that
in the connection layer, after the gate and source-drain volt-
age rise, the 2DEG originally depleted due to the presence
of the connection layer begins to form again and becomes
involved in conducting electricity. In summary, Fig.8 pro-
vides essential visual evidence of how the CDC structure
positively influences the device’s band diagram and enhances
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FIGURE 6. Transient response (a).test signal (b). conventional HEMT.
(c). Proposed HEMT.

its performance by achieving enhancement-mode functional-
ity and enabling gate control of both heterostructures. This
validates the effectiveness of the proposed CDC structure in
the GaN HEMT design.

One reason for the increase in current and transconduc-
tance is the participation of the second channel in conduction
during the on-state, as described in the band diagram above.
The participation of the second channel in conduction dur-
ing the on-state, due to the presence of coupling effects
between the two channels. Around 4V, these effects are
maximized, leading to the greatest variation in current and

FIGURE 7. (a). Schematic of the Proposed HEMT with Noted Cutline.
(b) Conduction band energy and electron concentration with connected
channel (from top to bottom of the cutline). (c) Conduction band energy
and electron concentration without connected channel (from top to
bottom of the cutline). (d) Conduction band energy and electron
concentration with connected channel in the on state (from top to bottom
of the cutline).
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FIGURE 8. (a).Schematic of the Proposed HEMT with Noted
Boxes(b).Electron Concentration in Connect Channel at Off-State (Noted
Box 1).(c).Electron Concentration in Connect Channel at On-State
(Noted Box 1).(d) Electron Concentration in Gate-to-Drain at On-State
(Noted Box 2).(e).Electron Concentration in Gate-to-Source at
Off-State (Noted Box 3).

FIGURE 9. Parasitic Parameter (a) and Drain-Source Resistance (b) with
Capacitance. (Vd = 10 V, Small-Signal Analysis, 3.6 GHz).

consequently resulting in the peak of transconductance.
As shown in Fig. 8(b) and (c), the electron concentration in
the connect channel differs by nearly seven orders of magni-
tude between on and off states. Fig. 8(d) and (e) indicate that
the two channels are in parallel during the conducting state.

In summary, the CDC structure enables the gate to control
two conductive channels simultaneously enhancing the gate’s
control effect. This enhancement is the main reason for the
improvement in transconductance and current. According to
the former reports, under short channel limit, the Idsat/ft/fmax
can be expressed as follows:

IDSAT ≈ βVds(VG − RdsIDsat ) (1)

fT =
gm/2π

[Cgs+Cgd ]·[1+(Rs+Rd )/Rds]+Cgd ·gm ·(RS+RD)

(2)

fmax ≈
ft

2
√

(Ri+Rs+Rg)
Rds

+ (2π ft )RGCgd
(3)

The parameter β is determined solely by the dimen-
sions (length and width) of the device, and it indicates
the device’s intrinsic characteristics. On the other hand,
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FIGURE 10. Main trapping behaviors in the GaN/AlGaN HEMT.

gm (transconductance) represents the ability of the device to
convert input voltage variations into output current variations,
while Rds (drain-to-source resistance) represents the resis-
tance experienced by the current flowing from the drain to
the source. In addition, the capacitances Cgd (gate-to-drain
capacitance) and Cgs (gate-to-source capacitance) represent
the inherent capacitive coupling between the gate and the
drain, and the gate and the source, respectively. These capac-
itances play a crucial role in determining the high-frequency
performance and dynamic behavior of the device. Equation 1
indicates that an increase in current can be achieved by
decreasing the drain-to-source resistance and enhancing the
transconductance, as illustrated in Fig. 9(a). At the same
time the effect of stray capacitance cannot be disregarded,
as shown in Fig. 9(b). During the on-state operation at the
3.6 GHz test, When the gate voltage is below 2V, our newly
proposed device exhibits relatively small capacitance levels,
except for Cgd. However, as the gate voltage increases, the
device’s capacitance experiences significantly greater growth
compared to traditional devices. Despite the increased capac-
itance at higher gate voltages in our novel device, its RF
performance remains notably superior to that of conventional
devices. This is primarily attributed to the compensatory
effect of the dual-channel structure and enhanced gate control
effect (improved gm), especially in low-voltage conditions,
where RF performance experiences significant enhance-
ments. Regarding the substantial increase in capacitance as
a consequence of increasing voltage in our novel device,
I posit that it is primarily linked to charge accumulation.
The dual-channel structure prompts the direct accumulation
of electrons between the upper GaN layer and the lower
AlGaN barrier, as visibly illustrated in Fig. 8(c) and (d). This
electron accumulation phenomenon becomes progressively
more pronounced at elevated voltages, particularly within
the lower AlGaN barrier region. Here, it effectively serves
as a back-barrier, severely impeding electron mobility and
consequently resulting in amplified capacitance.

The improvement in transient characteristics is mainly due
to faster electron velocity and a decrease in gate-lag. Gate-lag
is mainly caused by acceptor-like traps in the AlGaN/GaN
interface and buffer [25], [26], [27], which create a virtual-
gate (as shown in Fig.10). The presence of the second barrier
acts as a back barrier, preventing the hot-electron effect in
the first channel, resulting in an increased electron velocity.

FIGURE 11. Virtual gate effect (a). Proposed HEMT. (b). Conventional
HEMT.

FIGURE 12. Electron mobility along the horizontal channel (source to
drain axis).

Fig.11 (a) shows the electron mobility and virtual gate effect
of HEMTs with CDC structure in the gate nearby, and
Fig.11 (b) shows the electron mobility without CDC struc-
ture, it can be seen that the CDC structure greatly weakens
the virtual gate effect because the electrons in the secondary
channel greatly compensate for the trap in the channel layer
itself. On the other hand, the ability to conduct electricity has
been promoted due to the double channel providing a large
number of electrons. Fig.12 illustrates that the CDC structure
significantly increases electron mobility within the channel.

As can be seen in Fig.5, despite the huge increase in
current, the proposed device shows a significant kink effect
compared with the conventional device. The main reason
is that the deep-level traps in the GaN channel could trap
and de-trap electrons. The mechanism of the kink effect is
shown in Fig.13. If the energy level of the hot electron is
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FIGURE 13. Mechanism of deep levels in Gan channel layer for kink
effect.

raised high enough by a high source-drain voltage, valence
band electrons are trapped in a deep-level trap and activated
as acceptor-like, just as electrons move from Ev to AD in
Fig.13. The result is that the 2DEG reduces and the ID-VD
curve decreases with drain voltage. With an increase in drain
voltage, the electrons trapped by AD will jump to DD or
Ec and be translated into electrons in the conductive band
or donor-like traps in DD. Then, the 2DEG increases and
the ID-VD curve rises with drain voltage. Due to the accu-
racy requirement of double heterojunction simulation, a large
number of deep-level defects are added to both channel lay-
ers, so the kink effect is inevitably enhanced in new devices.

V. CONCLUSION
The research presents a promising design for GaN HEMTs
that has the potential to offer superior RF and DC per-
formance with minimal switching loss and the physical
mechanism is also analyzed. The CDC structure exhib-
ited remarkable enhancements in terms of saturated current
density, maximum transconductance, current gain cutoff
frequency, and maximum oscillation frequency in compar-
ison to traditional HEMTs. Moreover, the current collapse
effect was well-managed, and the recovery time was faster,
which further demonstrates the advantages of the proposed
structure. This makes it a potential candidate for various
industrial and research applications across a wide range of
fields. The demonstrated performance and advantages of the
CDC structure position it as a valuable option for advanc-
ing technological advancements in the realm of power and
frequency-critical applications.
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