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In this paper, we present a 1.8-kV circular AlIGaN/GaN/AlGaN double-heterostructure high electron mobility transis-
tor (DH HEMT) with a gate-drain spacing Lgp = 18.8 pm. Compared with the regular DH HEMT, our circular structure
has a high average breakdown electric-field strength that increases from 0.42 MV/cm to 0.96 MV/cm. The power figure of
meritVB?R/RON for the circular HEMT is as high as 1.03x10° V2. Q~!.cm~2. The divergence of electric field lines at the
gate edge and no edge effect account for the breakdown enhancement capability of the circular structure. Experiments and
analysis indicate that the circular structure is an effective method to modulate the electric field.

Keywords: AlGaN/GaN/AlGaN DH HEMTs, circular structure, breakdown voltage

PACS: 73.40.Kp, 73.61.Ey, 78.30.Fs

1. Introduction

GaN-based high electron mobility transistors (HEMTs)
are excellent candidates for power electronic applications due
to excellent material and device properties, such as high break-
down voltage (VgRr) and low specific on-resistance (Ron).!' ¢!
Breakdown voltage is a very important parameter for power
electronic devices. Although numerous studies on improving
VBr have been carried out and excellent breakdown perfor-
mances have been achieved, the breakdown voltages of GaN-
based HEMTs are still far from their theoretical performance
limit. For GaN-based HEMTs, there exists a high electric field
at the drain-side edge of the gate terminal, which restricts the
achievement of high Vgr. In order to reduce the high elec-
tric field, various field plates (FPs) were introduced, including
gate FP, source FP, and slant FP.I"-8] The electric field peak
was reduced effectively by the introduction of FPs, which im-
proves VpR significantly. In addition, double heterostructure
(DH) HEMTsSs were utilized to reduce the buffer leakage cur-
rent and improve breakdown characteristics. !

In this paper, we present another technique to modu-
The re-
ported GaN-based HEMTs in previous studies are almost fab-

late the electric field, namely circular structure.

ricated based on bar-type structure.!'®!!) This regular and
circular AlIGaN/GaN/AlGaN DH HEMTs are fabricated and
compared on the same wafer. A high breakdown voltage of
1812 V is achieved for the circular AIGaN/GaN HEMT with
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a gate—drain spacing Lgp = 18.8 pm. The average breakdown
electric-field strength is increased from 0.42 MV/cm for reg-
ular HEMT to 0.96 MV/cm for circular HEMT. Besides, the
electric-field modulation of the circular structure is explained
through two aspects.

2. Device fabrication

Figure 1 shows the schematic diagram of the circular Al-
GaN/GaN/AlGaN DH HEMT. The heterojunction structure
was grown on a sapphire substrate by metal-organic chemi-
cal vapor deposition. The buffer layer contained a 0.75-um
GaN layer and a 0.75-um linearly graded Al,Ga;_,N layer
with Al maximum content of 7% from the interface to a 15-
The AlGaN buffer layer acted as
a back barrier layer, which can reduce the buffer leakage

nm GaN channel layer.

current.l) As shown in Fig. 2, the conduction band diagrams
and electron distributions for conventional AlGaN back bar-
rier and linearly graded AlGaN back barrier were calculated
by self-consistently solving a one-dimensional (1D) Poisson—
Schrodinger equation. For conventional AlGaN back bar-
rier, a secondary channel at the interface of conventional-
AlGaN/GaN buffer layers could be produced by polarization-
induced doping. In contrast, the polarization at the interface of
graded-AlGaN/GaN buffer layers was very weak, and the sec-
ondary channel could be removed. The 1-nm AIN interlayer
was grown to improve two-dimensional (2D) electron gas
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(2DEG) mobility, followed by growing a 21-nm Aly3Gag 7N
barrier layer and a 1.5-nm GaN cap layer. Hall measurements
showed a sheet carrier density of 8.6 x 10> cm~2, a 2DEG
mobility of 1739 cm?/V-s, and a sheet resistance of 417 Q/sq.
The device fabrication started with mesa isolation by reactive
ion etching (RIE) using Cl, plasma. Ohmic metal was formed
by using Ti/Al/Ni/Au, and Schottky gate was formed by using
Ni/Au/Ni layers.

As shown in Fig. 1(b), the drain electrode had a round
structure, and it was arranged in the center of the device with

a radius R; = 68 um. The gate and source electrodes both
had a circular structure. The tested circular HEMT had a gate-
drain spacing Lgp = 18.8 um, a gate length Lg = 0.8 um,
a gate—source spacing Lgs = 1.4 um, and a source contact
length Lgoyrce = 34 um. The drain-side FP of the T-shape gate
had a length of 0.8 um. The distance from the drain center
to gate was R, = 86.8 um. To investigate the influence of the
circular structure, we measured the breakdown characteristics
of the regular devices with Lgp = 1.6 um, 2.6 um, 3.6 um,
and 10 pm on the same wafer.

(a) 08um 136 pm 0.8 pm
34 um L4y 18.8 pm 18.8 pm L4y 34 pm (b)
@ G
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Fig. 1. (a) Cross-sectional view and (b) top view of circular AlIGaN/GaN/AlGaN DH HEMT.
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Fig. 2. Calculated conduction band diagrams and electron distributions for
(a) conventional AlGaN back barrier and (b) linearly graded AlGaN back
barrier. Al content in AlGaN barrier layer is 7%.

3. Results and discussion

The output characteristics of the regular and circular Al-
GaN/GaN/AlGaN DH HEMTs are shown in Fig. 3(a). For the

regular HEMT with Lgp = 10 um and the circular HEMT with
Lgp = 18.8 um, the maximum drain currents are 634 mA/mm
and 360 mA/mm, respectively. The specific on-resistance
Ron is the product of on-resistance R,, and the device ac-
tive area A, with considering a 1.5-um transfer length of the
ohmic contact. The on-resistance R,, can be extracted from
the output curves. The value of Ron of the circular HEMT is
3.19 mQ-cm?, which is larger than that of the regular HEMT
(0.91 mQ-cm?) due to larger Lgp and the circular structure.
Figure 3(b) shows the transfer characteristics of the circular
HEMT. The threshold voltage is —2.5 V, and the maximum
transconductance is 140 mS/mm.

With gate biased at —6 V, the breakdown characteristics
of the regular and circular HEMT are measured as shown in
Fig. 4(a). The breakdown measurements were carried out with
devices immersed in Fluorinert to prevent surface flashover,
and the breakdown criterion of the HEMT is 1 mA/mm.

The breakdown voltages of the regular HEMTs with
Lgp = 1.6 um, 2.6 um, 3.6 um, and 10 pm are 66 V, 106 V,
154 V, and 423 V, respectively. As shown in Fig. 4(b), the
average breakdown electric-field strength Egr of the regular
HEMT is 0.42 MV/cm. The value of Vgr of the circular
HEMT with Lgp = 18.8 um is 1812V, indicating that the Egg
of the circular HEMT is 0.96 MV/cm. The circular HEMT
demonstrates a 128.6% improvement of Egr compared with
the regular HEMT.
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Fig. 3. (a) Output characteristics of regular HEMT with Lgp = 10 pm
and circular HEMT with Lgp = 18.8 um. (b) Transfer characteristics
of circular HEMT with Lgp = 18.8 pum.
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Fig. 4. (a) Breakdown characteristics of regular and circular DH

HEMTS. (b) Off-state breakdown voltage Vpgr versus gate-drain spacing
Lgp.

The power figure of merit VéR /Ron for the regular HMET
with Lgp = 10 pm is 1.97 x 108 V2.Q l.cm~2. In contrast,
V]%R /Ron for the circular HEMT with Lgp = 18.8 pm is as
high as 1.03 x 10° V2. Q 1.cm™2, which is one of the best
values ever reported for GaN-based HEMTs.[12-14]

The actual electric-field line distributions in GaN-based
HEMTs are very complicated. In the fabricated GaN-based
HEMT, a high electric field exists at the drain-side edge of the
gate terminal due to the formation of the depletion region near
the gate. In order to explain the breakdown enhancement ca-
pability of the circular structure, the schematic electric-field
line distribution of regular and circular HEMTs are drawn in
Fig. 5. During breakdown measurements, electric-field lines
point from drain to gate. Due to the divergence of electric field
lines, the electric field at the gate edge (point B) of the circu-
lar structure can be reduced compared with that of the regular
structure. In addition, there is no end of the gate (point C) for
the circular HEMT, and the circular structure can avoid such
an edge effect. These two reasons account for the breakdown
enhancement capability of the circular structure.

AAA AAAAAALI
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Fig. 5. Schematic electric-field line distributions of (a) regular and (b)
circular HEMTs.

With the decrease of the drain electrode radius, electric
field of point B decreases and electric field at point A in-
creases. The breakdown voltage may be improved with the
drain electrode radius decreasing. When the drain electrode
radius is very small, electric field at point A is very high, and
breakdown voltage decreases. Thus, a very high breakdown
voltage can be achieved by optimizing the drain electrode ra-
dius.
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Fig. 6. Pulsed /-V characteristics of regular and circular HEMTs.

The pulsed /-V characteristics are measured to character-
ize the DC-to-RF dispersion in the two HEMTs. The pulse
width and pulse period are 500 ns and 1 ms, respectively. As
shown in Fig. 6, compared with the pulsed currents at the bias
point (VGSvaDSQ) = (0,0), those at (VGSQ,VDSQ) = (—8, 10)
of the regular and circular HEMTs are reduced by 14% and
6% respectively at Vgs = 0 V and Vps = 10 V. Therefore, the
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dynamic characteristics of the circular HEMT are improved
through the reduction of the electric field at the gate edge.

4. Conclusions

A 1.8-kV circular AlIGaN/GaN/AlGaN DH HEMT is pre-
sented in this paper. The circular DH HEMT demonstrates a
128.6% improvement of Egr compared with the regular DH
HEMT. The power figure of merit VB%R /Ron can be improved
from 1.97 x 108 V2. Q~1.em™2 t0 1.03 x 10° V2. Q~l.cm—2,
By optimizing the drain electrode radius, the electric-field dis-
tribution is more even and breakdown voltage is higher. The
circular structure proves to be an effective method to modulate
electric field as field plates, and it also very promising to have
applications in power electronics.
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