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The effects of various notch structures on direct current (DC) and radio frequency (RF) performances of AlIGaN/GaN
high electron mobility transistors (HEMTs) are analyzed. The AlGaN/GaN HEMTs, each with a 0.8-pum gate length, 50-pum
gate width, and 3-pm source—drain distance in various notch structures at the AlIGaN/GaN barrier layer, are manufactured
to achieve the desired DC and RF characteristics. The maximum drain current (Igs max ), pinch-off voltage (Vi ), maximum
transconductance (gn ), gate voltage swing (GVS), subthreshold current, gate leakage current, pulsed I-V characteristics,
breakdown voltage, cut-off frequency (fr), and maximum oscillation frequency (fmax) are investigated. The results show
that the double-notch structure HEMT has a 30% improvement of gate voltage swing, a 42.2% improvement of breakdown
voltage, and a 9% improvement of cut-off frequency compared with the conventional HEMT. The notch structure also has

a good suppression of the current collapse.

Keywords: AlGaN/GaN, high electron mobility transistors (HEMTs), barrier layer, notch

PACS: 05.10.Ln, 61.72.uj, 85.30.Mn, 52.70.Gw

1. Introduction

Due to the superior performances of the high electron mo-
bility transistors (HEMTs) based on AlGaN/GaN heterojunc-
tion structure in a wide bandgap, such as high breakdown volt-
age, high electron velocity, and high current density, they have
received a lot of attention in the field of high power and high
frequency applications than these HEMTs based on GaAs.[!-6]
And many methods have been introduced to improve the high
power characteristics, among them the field plate is adopted
most.”-""] There are many types of field plate structures, such
as conventional gate field plate,[>1?714 recessed gate field
plate,'> and T"-gate with air bridge structure.!'®!7l The field
plate structure aims to reduce the peak electric field beside the
gate electrode, eventually improve the breakdown characteris-
tic. The notch structure in the AlGaN barrier layer proves to
reduce the concentration of the two-dimensional electron gas
(2DEG) within the channel and also suppress the peak elec-
tric field beside the gate electrode.!'®23 The notch structure
is achieved by an inductively coupled plasma (ICP) etching
system at the AlGaN barrier layer, and the notch structure is
parallel to the gate. In this work, the 5 types of notch-structure
AlGaN/GaN HEMTs are compared with each other, and their
structures to be investigated are named as follows: type-1
referring to the conventional AlGaN/GaN HEMT without a
notch structure, type-2 denoting the notch-structure HEMT
where the notch is next to the gate and has a depth of 10 nm,
type-3 representing the notch-structure HEMT with the notch
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position being the same as the type-2 but a depth being 15 nm,
type-4 being the notch-structure HEMT where the notch is 200
nm away from the gate and has a depth of 10 nm, type-5 signi-
fying the notch-structure HEMT with the notch position being
the same as the type-4 but the notch depth being 15 nm, and
the type-6 meaning the double-notch structure HEMT where
the left notch is 200 nm away from the gate and the right notch
is 200 nm away from the left one and they have the same notch
depth of 15 nm. Measurements show that the notch-structure
HEMTs exhibit superior DC and RF performances compared
with the conventional Al1GaN/GaN HEMT, and the double-
notch structure one exhibits the best performance. Moreover,
each of all the AlIGaN/GaN HEMTS in this work has an I-gate
length of 0.8 pm, aiming to reduce the difficulty in manufac-
turing and improve the reliability. The manufacturing process
of the notch structure at the AlGaN barrier is compatible with
the conventional HEMT one.

2. Device structure and manufacture

The AlGaN/GaN heterojunction structure was grown on
a 3-in (1 in=2.54 cm) sapphire substrate, and it was achieved
by the metal-organic chemical vapor deposition (MOCVD).
The thickness of the GaN buffer layer and the AlGaN barrier
layer were 2 pm and 24 nm, respectively. The AlGaN barrier
layer was undoped one and the Al composition was 30%. The
cross-sectional sizes of the AlIGaN/GaN HEMT are shown in
Fig. 1.
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AlGaN barrier 24 nm
GaN buffer 2 um
sapphire substrate 3 in

Fig. 1. Cross-sceional sizes of AlGaN/GaN HEMTs on 3-in sapphire grown
by MOCVD.

The electrical properties of the two-dimensional electron
gas were measured at room temperature by the Hall measure-
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ment, the carrier density was 9.25 x 10'2 ¢cm~2, the mobility
of the two-dimensional electron gas was 1863 cm?/(V-s), and
the sheet resistance was 361 Q/sq. In order to have a good
comparison among these 6 types of AlGaN/GaN HEMTs, they
were fabricated on the same wafer. All these HEMTs had the
same cell pitch and device feature size. The distance between
the source and drain was 3 pm, the gate was 0.9 um away from
the source, and the width of the device was 50 pm. The length
and the depth of the notch structures are denoted as L, and Dy,.
The sectional views of these 6 types of AlGaN/GaN HEMTs
are shown in Fig. 2.
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Fig. 2. Schematics of AlIGaN/GaN HEMTs with various notch structures.

To fabricate the AlIGaN/GaN HEMTs, the manufacturing
processes are as follows.

The first step was to preprocess the wafer. The new wafer
was soaked in hydrofluoric acid solution (HF : HoO =2: 3)
for 30 s to remove the surface contaminants. Then the ohmic
contact regions of the source and drain electrode were formed

by the electron beam evaporation (EBE) and annealed at

880 °C for 30 s in N, ambient. The ohmic contact metal was
composed of Ti/Al/Ni/Au with the sickness of 20, 160, 55, and
45 nm, respectively. Then the AlIGaN/GaN HEMTs were iso-
lated by the mesa etching process, and this step was achieved
by the inductively coupled plasma (ICP) etching system based
on the Cl, and BCl3, and the mesa height was measured to be

120 nm. The next step was the key step to form the notch struc-
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ture. All of the notch regions were defined by an electron beam
lithography system (EBL) in the same step. Since the notch
structures of the 6 types of HEMTs were in different forms, the
manufacturing process of the notch structure has a sequence.
In the notch etching process, an ICP etching system based on
the Cl, and BCl3 was also adopted, but the etching rate was
lower in order to reduce the etching damage. The lower etch-
ing rate was obtained by reducing the etching power and the
etching gas flow, and the etching depth was controlled by the
etching time. Since these proposed notch-structure HEMTs
had different depths, in the etching process the Si wafer was
used for occlusion. Then a 60-nm SiN passivation layer was
deposited on the entire wafer by a plasma-enhanced chemical
vapor deposition system (PECVD). In fact, the notch structure
was filled with the SiN just like the sectional views shown in
Fig. 2. And the SEM images of these 6 types of notch struc-
ture are shown in Fig. 3. The next step was to remove the
SiN from the source and drain regions so that the ohmic con-

(b) type-2

(a) type-1

glue

gate

SiN

v

AlGaN

notch

7
notch A1GaN

tact regions could be exposed for metal interconnection, and
this step still needs an ICP etching system, but it was based on
the CF4 and O;. And in order to completely remove the SiN
passivation layer, a 20% over-etching rate was adopted. Then
the gate regions were defined by the stepper, and before the
gate metal deposition the ICP based on the CF4 and O, was
also used to remove the SiN passivation layer from the gate
regions. Then the gate electrode based on the Ni/Au/Ni metal
stack was deposited by the electron beam evaporation system
(EBE). And the thickness values of the Ni/Au/Ni metal stacks
were 45, 200, and 20 nm, respectively. The last step of the
manufacturing process was the metal interconnection, which
is beneficial to the further test. And the Ti/Au metal stack
was also deposited by the electron beam evaporation system
(EBE), and the thickness values of the two metals were 20 nm
and 200 nm, respectively. The top SEM view of the HEMT is
shown in Fig. 4.

drain

AlGaN

SiN
.

-
AlGaN

e
GaN notch

Fig. 3. SEM images of various notch structures.

:% 5.00kV | 0.17nA 3.9 mm 6500x ETD SE

Fig. 4. SEM top view of fabricated AIGaN/GaN high electron mobility
transistor (HEMT).

3. Results and discussion
3.1. Simulation results of electric field distribution

The electric field distributions of these 6 types of Al-
GaN/GaN HEMTs by TCAD simulation are shown in Fig. 5.
The simulation size parameters of the HEMTs are the same
as those mentioned above. The peak electric field appears
at a distance of 1.5 pm from the source. The peak electric
fields of the 6 types of HEMTs are 3.1 MV/cm, 2.96 MV/cm,
2.79 MV/cm, 2.80 MV/cm, 2.59 MV/cm, and 2.58 MV/cm.
Comparing with the conventional HEMT, the reductions of
the notch-structure HEMTs are 4.5%, 10%, 9.7%, 16.5%, and
16.8%, respectively. The conventional HEMT has the highest
peak electric field near the gate electrode edge, and the double-
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notch structure HEMT has the lowest peak electric field at the
same place. The notch structure at the AlGaN barrier layer
has a better modulation on the channel electric field because of
the closer distance from the channel and the extension of the
depletion. Although the notch structure away from the gate
at the AlGaN barrier layer causes a lower peak electric field,
the notch structure does suppress the peak electric field near
the gate electrode edge where the breakdown often happens.
Based on the simulation results, the manufacture parameters
of the notch structures are determined as mentioned above.

3.5 1
— —=— type-
E 30 )
> —a— type-3
Z 25t
o
—
— 20°r —e—type-5
= —<— type-6
& 151
2
= 101
O
2
m 0.5T

ofF

0 0.5 1.0 15 20 25 3.0
Distance from source (pm)

Fig. 5. Electric field distributions of 6 types of AlGaN/GaN HEMTs.

3.2. Transfer characteristics

The measured DC I-V transfer characteristics of the 6
types of AlGaN/GaN HEMTs are shown in Fig. 6. The gate
voltage is from —4 V to 2 V. The threshold voltage is —2.7 V
for type-1 HEMT, —2.5 V for type-2 HEMT, —2.2 V for type-
3 HEMT, —2.4V for type-4 HEMT, —2.3 V for type-5 HEMT,
and —2.1 V for type-6 HEMT. And their maximum values of
drain current (Ids,max) are 498.7, 444.8, 415.4, 431.1, 415.9,
and 381.2 mA/mm, respectively. The notch structure at the
AlGaN barrier layer plays an important role in increasing the
channel resistance, resulting in reducing the drain current. The
double-notch structure has the maximal increase of resistance
and the minimum drain current.

500p = typel

| —a— type-3
400} ype

| —e— type-5
300 _—«— type-6

2001

100

Drain current (mA/mm)

Gate voltage (V)

Fig. 6. Transfer characteristics of AlIGaN/GaN HEMTs with various
notch structures.

The transconductance characteristics of these HEMT's are
shown in Fig. 7. The gate voltage is also from —4 V to

2 V. The peak transconductance is 129 mS/mm for type-1
HEMT, 126.9 mS/mm for type-2 HEMT, 121.7 mS/mm for
type-3 HEMT, 125.1 mS/mm for type-4 HEMT, 121.3 mS/mm
for type-5 HEMT, and 113.7 mS/mm for type-6 HEMT. But
the gate voltage swing (GVS) is more important than the
peak transconductance in RF application, and the gate volt-
age swing is defined as the gate voltage range corresponding
to a 20% decrease of the peak transconductance. The GVSs of
these 6 types of HEMT are 2V, 2.1 V,2.4V,22V,23YV, and
2.6 V, respectively. The concentration of the 2DEG decreases,
which reduces the vertical electrical field near the gate elec-
trode, resulting in a lower peak transconductance. Due to the
notch structure at the AlGaN barrier layer, the resistance of
the channel increases. When the gate voltage increases, the
growth rate of the drain current is limited and not so fast as the
case of conventional HEMT. And after the transconductance
reaches the saturation region, as the gate voltage increased,
the extension of the transconductance decreases.!”>?3] The
notch-structure HEMTs do have an improvement in the GVS.
And the double-notch structure HEMT has a maximum GVS,
which is a 30% improvement compared with the conventional
HEMT.

140
= 120} e,
)
g 100r
§ 80+
I —a— type-1
h=d -
_% 60
£ 40t —a— type-3
?
5 20r —e— type-5
g 0 1 1 Itype_6l

—4 -3 —2 —1 0 1 2
Gate voltage (V)
Fig. 7. Transconductance characteristics of AlIGaN/GaN HEMTs with vari-
ous notch structures.

3.3. Leakage current characteristics

The transfer characteristics of the 6 types of HEMTs in
logarithmic coordinate system are shown in Fig. 8, when the
drain voltage is 6 V. the double-notch structure has the lowest
drain current, it also has a close relationship with the resis-
tance in the channel. The subthreshold current and the thresh-
old voltage have the same trend.

The gate leakage current characteristics of these HEMTs
are shown in Fig. 9, and the gate voltage ranges from —4 V to
2V, and the drain voltage is 0 V. The differences in gate leak-
age current among the 6 types of HEMTs are within an order
of magnitude. According to Figs. 8 and 9, we can conclude
that the introduction of the notch structure does not cause the
surface damage. And the suppression of the peak electrical
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field crowding at the gate electrode corner reduces the proba-
bility that the electrons are injected into the surface, thus re-

ducing the surface leakage.

3.4. DC characteristics

The output /-V characteristics of the 6 types of HEMTs

are shown in Fig. 10, the gate voltage ranges from —2 Vto2 V

and the drain voltage from 0 V to 10 V. Their maximum cur-
rent densities are 560 mA/mm, 535.7 mA/mm, 491.8 mA/mm,
513 mA/mm, 484.4 mA/mm, and 401.1 mA/mm, respectively.

—s—type-1 —e—type-5

103
B 102
g
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£
=100 —a— type-1 . 600F o type-2
= 5 g ——type-3
5 —e— type-2 g 500k~ type-4
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g o
5 , —v—type-4 £ 400}
A 10~ —e— type-5 :’
L L, Ttype S 300f
W03 2 -1 o0 1 2 5
Gate voltage (V) : 200t
Fig. 8. Transfer characteristics of AlIGaN/GaN HEMTs with various notch g 100
structures.
100 0 9
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£
- -3L
g 1079 o type-1
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Fig. 9. Gate leakage current characteristics of AIGaN/GaN HEMTs with
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Fig. 10. Output /-V characteristics of AIGaN/GaN HEMTs with various

The pulsed /-V characteristics of these HEMTs are
shown in Fig. 11, the measurement pulse period is 1 ms,
and the pulse width is 500 ns. The pulsed /-V characteristics
are tested at the quiescent bias of (Vgsq, Vpsg) = (0 V, 0 V)
and (Vgsg, Vpsq) = (—8 V, 10 V). According to the curves,
the maximal reductions of the 6 types of HEMTs are, respec-

tively, 5.2%, 5.0%, 4.0%, 4.5%, 3.9%, and 3.3% when the

gate—source voltage is 2 V. The notch structure can suppress

the peak electric field, and the decrease of the electric field

10

Drain Voltage (V)

10

Drain current (mA/mm)

Drain current (mA/mm)

600
type-3
5007 (c)
400t ARy
3001
200
maximum reduction 4.0%
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OO 2 4 6 8 10
Drain voltage (V)
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type-6 Ves=2V
5007 (f)
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—— (Vasq,Vbsq) = (—8 V, 10 V)
% 2 4 6 8 10

Drain voltage (V)

Fig. 11. Pulsed /-V characteristics of AlIGaN/GaN HEMTs with various notch structures.
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helps to impede the injection of hot carriers. And the notch
structures are filled with the SiN after the passivation process,
it can also reduce the surface trapped charge. Thus, the notch-
structure HEMTs have a better suppression of the current col-
lapse. It can be concluded that the current collapse is well
suppressed for these notch-structure HEMTs.

The breakdown characteristics of the 6 types of HEMTs
are shown in Fig. 12, and the gate voltage is set to be —6 V. The
off-state breakdown voltage is 71 V for type-1 HEMT, 73 V for
type-2 HEMT, 80 V for type-3 HEMT, 77 V for type-4 HEMT,
87 V for type-5 HEMT, and 101 V for type-6 HEMT. The de-
vice breakdown often occurs when the electrical field surges at
the edge of the gate. The notch structure at the AlGaN barrier
layer helps to delay the surge of the electrical field in the chan-
nel and impedes the injection of hot carriers. Thus the notch
structure improves the breakdown characteristic of the HEMT,
and the double-notch HEMT has the highest breakdown volt-
age of 101 V, which is a 42.2% improvement compared with
the conventional HEMT.

600 | —=— type-1 A
500  —A— type-3

400 —e— type-5
—<4— type-6

300 |

200

100

Drain current (mA/mm)

0 20 40 60 80 100 120
Drain voltage (V)

Fig. 12. Breakdown characteristics of AlGaN/GaN HEMTs with various
notch structures.

3.5. Small-signal RF characteristics

The small-signal RF characteristics of the 6 types of
HEMTs are shown in Figs. 13 and 14. The gate voltage is set
to be —1 V, the drain voltage is set to be 3.5 V, and the mea-
surement frequency ranges from 100 MHz to 40 GHz. The
current gain (A7) is converted from the S-parameters and ex-
pressed as

—28531
(1=811) (1482) +S12821

ey

hy1 =

where the cut-off frequency (fr) corresponds to that at sy =
0 dB. The cut-off frequency is 19.3 GHz for type-1 HEMT,
19.5 GHz for type-2 HEMT, 20.1 GHz for type-3 HEMT,
19.6 GHz for type-4 HEMT, 20.2 GHz for type-5 HEMT, and
21.5 GHz for type-6 HEMT. And the values of maximum os-
cillation frequency fma.x are 32.3 GHz, 33.6 GHz, 34.6 GHz,
34.3 GHz, 26.2 GHz, and 26.7 GHz for the HEMTs of type-
1, type-2, type-3, type-4, type-5, and type-6 respectively. The

distance between the gate and the depletion region increases
because of the notch structure at the AlGaN barrier layer,
and the capacitance between the gate and the drain (Cgq) de-
creases. As a result, the cut-off frequency increases, and the
double-notch structure HEMT has a maximum cut-off fre-
quency. But the notch structure makes the resistance in chan-
nel increase and the maximum oscillation frequency decrease.
Although the double notch structure has a maximum ft, the
Jfmax does not increase as the fr increases.

50
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fr (type-3) =20.1 GHz
0 fr (type-4) =19.6 GHz
[ fr (type-5) =20.2 GHz
fr (type-6) =21.5 GHz
710 1

108 109 1010
Frequency (Hz)

Fig. 13. Current gain characteristics of AIGaN/GaN HEMTs with various
notch structures.
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(
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2 funax (type-3) = 33.6 GHz
(
(
(

fumax (type-4) =34.3 GHz

) 20 fimax (type-5) =26.7 GHz
Z e (type-6) = 26.2 GHz
= 151
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E 5F —h— t"ype'3
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Fig. 14. Maximum oscillation frequency characteristics of AlGaN/GaN
HEMTs with various notch structures.

4. Conclusions

The 6 types of AlGaN/GaN HEMTs are investigated and
the results are listed in Table 1. Compared with the conven-
tional AlIGaN/GaN HEMT, the notch structure at the AIGaN
barrier layer improves the DC and RF performances. Espe-
cially for the double-notch HEMT, it obtains a 30% improve-
ment of gate voltage swing, a 42.2% improvement of break-
down voltage, and a 9% improvement of cut-off frequency.
The notch structure also has a good suppression of the cur-
rent collapse. All these results indicate that the notch-structure
HEMT has potential applications in the areas of high power
and high frequency.
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Table 1. Results of AlGaN/GaN HEMTs with various notch structures.

Notch structure  Type-1 Type-2 Type-3 Type-4 Type-5 Type-6
Igsmax (MA/mm) 4987 4448 4154 431.1 4159 381.2
Vin (V) -27 =25 =22 =24 23 -2.1

gm (MS/mm) 129.0 1269 121.7 1251 1213 1137
GVS (V) 2.0 2.1 2.4 22 2.4 2.6
Vbreakdown (V) 71 73 80 77 87 101
fr (GHz) 19.3 19.5 20.1 19.6 20.2 21.5
fmax (GHz) 323 33.6 34.6 343 26.2 26.7
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