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ABSTRACT The breakdown performance of the AlGaN/GaN high electron mobility transistor (HEMT)
is limited by the high electric field peaks in the device. To obtain a more uniform electric field distribu-
tion, the drift region width modulation (DWM) technique is proposed to reshape the charge distribution
between the gate and drain electrodes. By applying the Gaussian box method, an effective designing
guidance for the structure optimization of the AlGaN/GaN HEMT with adaptive-width drift region pillars
(AWD-HEMT) is obtained. The fabricated AWD-HEMT demonstrated a significant improvement in break-
down performance. The Baliga’s figure of merit (BFOM) of AWD-HEMT improved 65.3% compared
with the conventional HEMT, without introducing complicated processes. In addition, the mechanism
of the AWD-HEMT is explored by numerical methods. The simulations indicate that a more uniform
electric field distribution at AlGaN/GaN interfaces could be obtained, and the increased varying rate
of the adaptive-width drift region (AWD) pillars results in a more obvious electric field modulation
effect.

INDEX TERMS Electric field, breakdown voltage, adaptive-width drift region pillar, AlGaN/GaN HEMT.

I. INTRODUCTION
GaN is gaining increasing attention for its attractive
performance in high frequency and high power appli-
cations resulting from its wide bandgap and high elec-
tron saturation mobility [1], [2], [3], [4]. Besides, profiting
from the polarization-induced two-dimension electron gas
(2DEG), the typical GaN-based power device, high electron
mobility transistor (HEMT), could achieve high break-
down voltage (BV) and low specific on-resistance (Ron,sp)
simultaneously [5], [6]. However, due to the electric field
crowding effect, high electric field peaks emerge at the elec-
trodes. The nonuniformly distributed electric field enhances
the drain leakage current, hence limiting the device’s
BV. Intensive investigations have been devoted to pursuing
higher breakdown performance. The field plate technique, as

shown in Fig. 1(a), is employed to curb the excessive electric
field peaks at electrodes [7], [8], [9], [10]. As demonstrated
in Fig. 1(b), the gate width modulation technique is also an
effective approach to mitigate the electric field peak at the
edge of the gate electrode [11], [12]. The above techniques
are employed to ease the electric field near the electrodes.
However, the modulation of the electric field distribution in
the whole drift region that between the gate and drain elec-
trodes is still missing, leaving a vast space for devices’ BV
improvement.
Based on the charge-induced electric field modula-

tion effect, the Variation Lateral Width (VLW) tech-
nique was firstly employed on Si-based power devices
in 2015 [13], [14]. Same as other junction terminal tech-
niques applied to Si-based power devices, these mature
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FIGURE 1. The top-view schematics of (a) the AlGaN/GaN HEMT with field
plate, (b) the AlGaN/GaN HEMT with gate width modulation technique,
and (c) the AlGaN/GaN HEMT with adaptive-width drift region pillars
(AWD-HEMT).

FIGURE 2. (a) The three-dimensional schematic of the AWD-HEMT
and (b) the side-view schematic of the AWD-HEMT’s Gaussian box in the
repeating unit.

methodologies are unable to be transferred directly to
the GaN-based power devices as a result of different
structures and mechanisms. The Si-based VLW technique
modulates the charge distribution by altering the physi-
cal structure of the silicon layer. While the drift region
width modulation (DWM) technique proposed in this work
realizes an improved breakdown performance by adjusting
the 2DEG distribution without damaging the GaN chan-
nel layer as shown in Fig. 1 (c). The effectiveness of the
proposed AWD-HEMT is verified by the measurements
from fabricated devices. Moreover, the mechanism of the
AWD-HEMT-induced breakdown performance enhancement
is investigated by the simulation tool Synopsys Sentaurus
TCAD. According to the simulation and experimental results,
the DWM technique is an effective approach to achieving
a more uniform electric field profile and an improved break-
down performance compared with the conventional HEMT.

II. DEVICE STRUCTURE
Fig. 2(a) shows the three-dimensional schematic of the
AWD-HEMT. The total width of the device is denoted as
WDev. The width of each adaptive-width drift region (AWD)
pillar increases from the gate electrode to the drain elec-
trode (W1 to W2), and the gap between the adjacent AWD
pillars is set as W1. In light of the 2DEG distribution being
determined by the AWD pillars, the topologies of the AWD
pillars are vital for the AWD-HEMT’s breakdown character-
istic. Considering the symmetrical and periodical natures of
the AWD pillars, the characteristics of the device could be
explored by the repeating units between gate and drain elec-
trodes as shown in Fig. 2(a). Therefore, the Gaussian box
of the width �x as shown in Fig. 2(b) with red dash cuboid
is applied to provide physical insights of the breakdown
mechanism in AWD-HEMT. The Gaussian box includes the

buffer layer, the channel layer, the barrier layer and the pas-
sivation layer as shown in Fig. 2(b). Here, WA is the width
of the etched region with the permittivity of εAir. WB is
the width of the barrier layer with the permittivity of ε1.
W = WA+WB is the width of a repeating unit. ε2 is the
permittivity of the GaN channel and buffer layer. Considering
the natural boundary condition of the GaN HEMT that the
vertical electric field at both of the passivation surface and
buffer bottom ought to be near zero, the electric flux passing
through the top and bottom of the Gaussian box could be
neglected. There is also no electric flux passing through the
Gaussian box along the z-direction owing to the symmetry
and periodicity [13]. Therefore, the Gaussian law in the box
could be expressed as Eq. (1).

(WACAir +WBCPas)ϕ

+ [(WAεAir +WBε1)t1 +Wε2t2 +Wε2t3]
dE

dx
≈ q(N1t1 + σ)WB + q(N2t2 − Pt3)W (1)

The concentrations and thicknesses of the barrier layer,
channel layer and buffer layer are denoted as N1, N2, P, t1,
t2 and t3 respectively. Here, the buffer layer is assumed as
the p-type GaN considering the existence of the acceptor-
like traps [15], [16], [17]. q is the electric charge. σ is the
polarization sheet charge concentration. CAir and CPas are
the specific capacitance of the air and passivation layer. E
and ϕ are assumed as the electric field and potential in the
box for simplicity. In Eq. (1), the first term on the left-hand
side is the electric flux passing through the Gaussian box,
and the second term is the electric flux into the Gaussian
box along the x-direction. For an optimized AWD-HEMT,
the ideal case is the electric field in the Gaussian box being
constantly equal to the critical electric field of GaN (EC).
So that the ideal breakdown performance of the device can
be achieved [13], [18]. Thus, the potential in the Gaussian
box is ϕ = Ex, when the breakdown occurs. However, due
to the non-ideal material quality and inherent 2-D coupling
effects, the ideal electric field could not be achieved in real-
world devices. Therefore, the average electric field could be
applied to replace the critical electric field. Therefore, WB
could be derived as Eq. (2). Here, Q1 = qN1t1, Q2 = qN2t2,
Q3 = qPt3 and Qσ = qσ are denoted as the sheet charge
density of the barrier layer, channel layer, buffer layer and
the 2DEG respectively.

WB ≈ W(ECCAirx+ Q3 − Q2)/[Q1 + Qσ − EC(CPas − CAir)x]

(2)

Since the Q1+Qσ is far larger than EC(CPas-CAir)LGD, and
LGD>x. The Eq. (2) could be simplified as Eq. (3).

WB ≈ WECCAirx/(Q1 + Qσ ) +W(Q3 − Q2)/(Q1 + Qσ ) (3)

The Eq. (3) indicates that a linear WB, Q1, Q2, Q3, and
Qσ along the x-direction could ensure the uniform elec-
tric field. In other words, to achieve a uniformly distributed
electric field, the width of AWD pillar ought to be linearly

984 VOLUME 10, 2022



LIU et al.: DWM TECHNIQUE FOR BREAKDOWN PERFORMANCE ENHANCEMENT OF AlGaN/GaN HEMT

FIGURE 3. The SEM micrographs of (a) the fabricated AWD-HEMT and
(b) the linear widened AWD pillars.

increased along the x direction. Theoretically speaking, the
uniform electric field can also be obtained by altering the
sheet charge density (Q1, Q2, Q3, and Qσ ), which concept is
successfully accepted and widely applied in Si-based power
devices. Nevertheless, such an approach is difficult to be
employed in GaN-based HEMTs as the doping process shall
significantly reduce the material quality and therefore cre-
ate a deteriorated performance in many aspects. Hence, the
linear W B is a promising approach to fulfill the Eq. (3)
and is the first time proposed to modulate the electric field
distribution in AlGaN/GaN HEMTs.

III. FABRICATION PROCESS
The HEMTs are fabricated on the AlGaN/GaN heterostruc-
ture sample composed of 20nm Al0.25Ga0.75N layer, 200nm
GaN channel layer and 2.5µm GaN buffer layer grown
on <111> silicon substrate by metal-organic chemical
vapor deposition. The passivation-prior-to-ohmic process is
employed to suppress the formation of surface states and pro-
tect the AlGaN/GaN heterostructure from the damage and
contamination of the following fabrication processes. The
passivation layer comprises 3nm in-situ Si3N4 cap layer,
70nm Si3N4 grown by low-pressure chemical vapor deposi-
tion (LPCVD) and 130nm Si3N4 grown by plasma-enhanced
chemical vapor deposition (PECVD). The LPCVD Si3N4 is
employed for its high thermal stability and compact film
quality [19]. The total width (WDev) of the fabricated device
is 120µm. The device fabrication started with the mesa isola-
tion accomplished by Inductively Coupled Plasma-Reactive
Ion Etching (ICP-RIE) (CHF3/O2) to etch Si3N4 and ICP
(BCl3) to etch AlGaN and GaN. Then, the electrodes are
patterned by the ICP-RIE. The devices are annealed at the
800◦C for 50s in the N2 ambient to form the ohmic con-
tact following the Ti/Al/Ni/Au (25nm/150nm/50nm/20nm)
e-beam evaporation at drain and source footprints. Then the
Ni/Au (200nm/50nm) e-beam evaporation and lift-off process
are employed to form the Schottky gate electrodes. Finally,
partial of the Si3N4 and AlGaN in the drift region is etched
by ICP-RIE and ICP processes for the formation of the AWD
pillars. Fig. 3(a) and (b) show the SEM micrographs of the
fabricated AWD-HEMT, and the linear widened AWD pillars
could be observed between the gate and the drain electrodes.

IV. RESULTS AND DISCUSSION
According to the guidance obtained from the Gaussian
box method, the AWD pillars’ widths of the fabricated

FIGURE 4. The experimental breakdown characteristics of the
conventional HEMT and the AWD-HEMT (ratio = 4:1). (VS = 0V,
VGS = −16V).

FIGURE 5. The experimental transfer characteristics of the conventional
HEMT and the AWD-HEMT (ratio = 4:1). (Vs = 0V).

AWD-HEMTs increased linearly along the x-direction from
the gate electrode to the drain electrode (Fig. 3). The ratio
(W2:W1) indicates the varying rate of the AWD pillars’
widths. Fig. 4 illustrates the breakdown characteristics of
the conventional HEMT and the AWD-HEMT (ratio = 4:1).
With the employment of the DWM technique, the BV of the
device increased significantly, over 34.8%, from 880V to
1186V. The breakdown characteristics demonstrated in this
work are measured by the devices immersed in Fluorinert
FC-40 to avoid the influence of the air surrounding the top of
the device [20], [21], [22], [23]. Fig. 5 shows the devices’
transfer characteristics. The threshold voltage of the AWD-
HEMT remains unchanged, compared with the conventional
HEMT. As demonstrated in Fig. 5 and 6, the drain cur-
rent of the transfer characteristics and output characteristics
decreases slightly, resulting from the decrease of the 2DEG
in the channel layer. Therefore, the Ron,sp of the device
increases by 9.9% with the increased ratio as shown in Fig. 7.
Although the Ron,sp degraded slightly, the BV and Baliga’s
figure of merit (BFOM) enhanced significantly, with 34.8%
and 65.3% improvement respectively, as presented in Fig. 8
and Fig. 9.

To explore the mechanism of the BV and BFOM improve-
ment as a result of AWD-HEMTs, the commercial TCAD
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FIGURE 6. The experimental output characteristics of the conventional
HEMT and the AWD-HEMT (ratio = 4:1). (Vs = 0V).

FIGURE 7. The experimental Ron,sp of the conventional HEMT and the
AWD-HEMTs with different ratios. (VS = 0V, VGS = 0V).

FIGURE 8. The experimental BV of the conventional HEMT and the
AWD-HEMTs with different ratios. (VS = 0V, VGS = −16V).

tool Sentaurus is employed to conduct numerical simula-
tion. First, to accurately analyze the physical nature of
the proposed device, the calibration of the TCAD tool
is required. As shown in Fig. 10 and 11, the measured
transfer characteristics and breakdown characteristics of the
conventional HEMT is used. A good agreement between sim-
ulation and experimental results can be achieved. The mate-
rials employed in the simulation are in accordance with the
fabricated devices, including silicon substrate, GaN buffer,
GaN channel, AlGaN barrier and Si3N4 passivation. The sub-
stitutional impurity of oxygen at the nitrogen site induced
by ICP-RIE (CHF3/O2) acts as shallow donors [24], [25].

FIGURE 9. The experimental BFOM of the conventional HEMT and the
AWD-HEMTs with different ratios. (Vs = 0V).

FIGURE 10. The calibrated simulation results versus experimental results
for transfer characteristics of the conventional HEMT. (Vs = 0V).

FIGURE 11. The calibrated simulation results versus experimental results
for breakdown characteristics of the conventional HEMT. (VS = 0V,
VGS = −16V).

The effect of etch-induced damage is simulated by intro-
ducing electrons under the gate contact. The key parameters
employed in the numerical simulation are shown in Table 1.
The basic semiconductor equations, such as Poisson, drift-
diffusion and current-continuity equations are included in
the numerical simulation. The physical parameter models
contain Shockley-Read-Hall, thermal dynamic model, high
field-dependent mobility model, polarization model, carrier
statistic model and tunneling model at the ohmic contacts.
As illustrated in Fig. 12, the electron distribution

at the AlGaN/GaN heterojunction interface of the
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TABLE 1. Key parameters employed in numerical simulation.

FIGURE 12. The electron distribution at the AlGaN/GaN heterojunction
interface of the AWD-HEMT (ratio = 4:1). (VS = VGS = VDS = 0V).

FIGURE 13. The potential distribution and equipotential contours at the
AlGaN/GaN heterojunction interface of (a) the conventional HEMT
and (b) the AWD-HEMT (ratio = 4:1). (VS = 0V, VGS = −16V, VDS = 900V).

device is reshaped by employing the DWM technique
(VS = VGS = VDS = 0V). The potential distribution of
the devices under the same bias (VS = 0V, VGS = −16V,
VDS = 900V) is modulated accordingly as shown in
Fig. 13(a) and (b). In other words, a more uniform equipo-
tential contour could be obtained with the DWM technique.
The electric field distribution at the AlGaN/GaN heterojunc-
tion interface is the main concern for the BV optimization, as
the device’s breakdown tends to occur at the heterojunction.
The electric field crowding at the gate electrode is eased
as shown in Fig. 14(a) and (b). The drift regions of the
HEMTs are fully depleted and the electric field modulation
effect becomes more significant with the increased ratio.
Fig. 15 illustrates the BV versus Ron,sp for AWD-HEMTs

and other HEMTs in the published literature [26], [27], [28],
[29], [30], [31]. AWD-HEMT presents a better breakdown
performance in spite of a large Ron,sp. However, considering
the good compatibility of the proposed method possessed,
the Ron,sp can be reduced by adopting other technologies
such as multi-channel epitaxy or ohmic contact optimization.
Fig. 16 shows that the AWD-HEMT presents an excellent

FIGURE 14. (a) The electric field distribution at the AlGaN/GaN
heterojunction interface of the conventional HEMT and the AWD-HEMTs
with different ratios. (b) The electric field distribution and the potential
distribution at the middle of the heterojunction interface (the black dash
line). (VS = 0V, VGS = −16V, VDS = 900V).

FIGURE 15. The plot of BV versus Ron,sp for the AWD-HEMTs and other
state-of-art AlGaN/GaN HEMTs.

sustaining-voltage capability. The average electric field in
the drift region is as high as 1.48MV/cm. In addition, com-
pared with other HEMTs in published literature, the proposed
AWD-HEMT could be fabricated by simply requiring an
additional etch process after the standard fabrication process.

V. CONCLUSION
The AlGaN/GaN HEMT with the linearly widened AWD
pillars is firstly proposed in this work. By reshaping the
charge distribution in the drift region, a more uniform elec-
tric field distribution could be obtained. By employing the
Gaussian box method, the optimized AWD pillar’s width is
theoretically obtained and verified by experimental results.
The measured results indicate the BV and BFOM of the
AWD-HEMTs could achieve a 34.8% and 65.3% improve-
ment against conventional AlGaN/GaN HEMT, respectively.
Hence, the DWM technique is a promising approach to
achieve high breakdown performance without introducing
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FIGURE 16. The average electric field of the AWD-HEMT and other
state-of-art AlGaN/GaN HEMTs.

additional deterioration in performance and complicated
fabrication processes.
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