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We demonstrate a novel Si-rich SiN bilayer passivation technology for AlGaN/GaN high electron mobility transistors
(HEMTs) with thin-barrier to minimize surface leakage current to enhance the breakdown voltage. The bilayer SiN with 20-
nm Si-rich SiN and 100-nm SizN4 was deposited by plasma-enhanced chemical vapor deposition (PECVD) after removing
20-nm SiO, pre-deposition layer. Compared to traditional Si3N,4 passivation for thin-barrier AlIGaN/GaN HEMTs, Si-rich
SiN bilayer passivation can suppress the current collapse ratio from 18.54% to 8.40%. However, Si-rich bilayer passivation
leads to a severer surface leakage current, so that it has a low breakdown voltage. The 20-nm SiO; pre-deposition layer
can protect the surface of HEMTs in fabrication process and decrease Ga—O bonds, resulting in a lower surface leakage
current. In contrast to passivating Si-rich SiN directly, devices with the novel Si-rich SiN bilayer passivation increase the
breakdown voltage from 29 V to 85 V. Radio frequency (RF) small-signal characteristics show that HEMTs with the novel
bilayer SiN passivation leads to fr/fmax of 68 GHz/102 GHz. At 30 GHz and Vpg = 20 V, devices achieve a maximum
Pout of 5.2 W/mm and a peak power-added efficiency (PAE) of 42.2%. These results indicate that HEMTs with the novel
bilayer SiN passivation can have potential applications in the millimeter-wave range.

Keywords: AlGaN/GaN HEMTs, thin-barrier, Si-rich SiN passivation, current collapse, surface leakage cur-

rent, millimeter-wave
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1. Introduction

Due to the excellent features, such as high break-
down field (3.3 MV/cm), high electron saturation velocity
(2.5x107 cm/s) and wide bandgap (3.4 eV), GaN-based high
electron mobility transistors (HEMTs) have potential in ra-
dio frequency (RF) and millimeter-wave applications.!!=]
However, for millimeter-wave devices with thin-barrier, the
polarization effect decreases and the concentration of two-
dimensional electron gas (2DEG) on the GaN side of the Al-
GaN/GaN heterojunction interface is much lower than that of
the conventional barrier structure, thus the current of the de-
vices is poor and the saturation current is low.">! In addition,
thin-barrier HEMTs have a problem of severe surface leakage
current after using the conventional SizN4 passivation process,
which can cause the breakdown voltage of the device decrease,
as well as the current collapse effect.[®”] Some reports have
confirmed that current collapse is caused by traps on the de-
vice surface.®”! When the traps locate between gate and drain
access region, it will exist a second virtual gate, which will de-
plete 2DEG.'%-12] With the decrease of barrier thickness, sur-
face traps have more effect for 2DEG in the channel. Because
of the increase in the electric fields in thin-barrier HEMTs,
current collapse will become more serious. ]

For ordinary GaN HEMTs, current collapse has been well
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(14-16] Tt is no doubt that pas-

suppressed in various methods.
sivation is the most commonly used way to mitigate current
collapse.!'-1° Bilayer SiN passivation technology has been
studied in recent reports. This method can not only opti-
mize DC performances like current collapse, but also improve
small- and large-signal characteristics because it can be good
used to decrease traps-related dispersive effects caused by
electron trapping. In 2015, Huang et al. reported that HEMTs
with bilayer SiN passivation with Si-rich SiN can decrease
the current collapse ratio to 3.31% at quiescent bias points
(VGs,Q,Vps,Q) = (—6 V,24 V) and obtained an output power
density of 5.4 W/mm at 3 GHz.1?*-2?] In addition, by contrast
to traditional Si3N4 passivation film, Si-rich SiN film has rel-
atively more Si—H bonds because of the increasing of SiHy
flow.[23] However, as for thin-barrier HEMTsSs, Si-rich SiN bi-
layer passivation has only suppressed current collapse in our
previous research. Devices have a low breakdown voltage be-
cause of severe surface leakage current, which restricts their
power application at high voltage.**! The leakage current may
be created by surface traps, which comes from plasma etching
during the fabrication process.>!

In this work, a novel Si-rich SiN bilayer passivation
was deposited by plasma-enhanced chemical vapor deposition

(PECVD) for AlGaN/GaN HEMTs with thin-barrier. Com-
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pared to SizNy passivation, Si-rich SiN/SizNy bilayer passi-
vation can not only increase 2DEG density, but also suppress
current collapse ratio from 18.54% to 8.40% at the quiescent
bias point (Vgs,g,Vps,o) = (—8 V,30 V). Nevertheless, it
had an extremely low breakdown voltage of 29 V and a large
surface leakage current. Based on these results, we fabri-
cated HEMTs with Si-rich SiN bilayer passivation after re-
moving SiO, pre-deposition layer. This novel bilayer passi-
vation technology can effectively decrease surface traps and
surface leakage current, so that suppress current collapse and
enhances the breakdown voltage. The fabricated devices can
obtain an fr/fmax of 68 GHz/102 GHz at Vpg = 6 V, and
demonstrate an output power density (Pyy) of 5.2 W/mm and
a peak power-added efficiency (PAE) of 42.2% at 30 GHz and
Vps = 20 V. The off-state stress measurement results show that
HEMTs have nearly no degradation in saturation current and
peak transconductance at Vggress = —35 'V, Vigiress = 40 V and
tsress = 1000 s, denoting that devices have a long-term relia-

o mAneGw
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GaN channel GaN channel
GaN buffer GaN buffer

bility. These results indicate that this novel passivation tech-
nology can have a good use in millimeter-wave range for thin-
barrier AIGaN/GaN HEMTs.

2. Device structure and fabrication

Two types of device schematic cross-sections with Si-
rich SiN bilayer passivation are exhibited in Fig. 1. Devices
in Fig. 1(a) were passivated with 20-nm Si-rich SiN (Si-rich
SiN, SiH4:NHj3; flow=450:2 sccm) and 100-nm Si3zNy4 (SizNy,
SiH4:NH3 flow=100:2 sccm). Devices with the novel Si-rich
SiN bilayer passivation in Fig. 1(b) were passivated with 20-
nm Si-rich SiN and 100-nm Si3Ny after removing SiO, pre-
deposition layer. The AlGaN/GaN heterostructure of all de-
vices was epitaxially grown on SiC substrate by metal-organic
chemical vapor deposition (MOCVD). And the epilayers were
consisted of 1.6-um GaN buffer, 400-nm i-GaN layer, 1-nm
AIN spacer layer, and 12-nm AlGaN barrier layer.

G

D S

GaN channel
GaN buffer

after SiO, remove

Fig. 1. Schematic diagram of AlIGaN/GaN HEMTs with (a) Si-rich SiN bilayer passivation. (b) Si-rich SiN bilayer passivation after removing SiO;

pre-deposition layer.

The only difference in device fabrication of HEMTs with
the novel Si-rich SiN bilayer passivation is that it was de-
posited 20-nm SiO, layer at the first process. Ti/Al/Ni/Au
ohmic contact was treated by the electron beam evaporation
and rapid temperature annealing (RTA) at 830 °C for 60 s
in N, ambient. The measured ohmic contact resistance (Rc)
by transfer line measurement (TLM) was 0.39 Q-mm. De-
vice isolation was formed by nitrogen ion implantation. Then
the SiO; pre-deposition layer was removed using hydrofluo-
ric acid. Si-rich SiN/Si3Ny bilayer passivation was then de-
posited by PECVD. T-shaped gate was defined by electron-
beam lithography (EBL), and etched by CF4-based inductively
coupled plasma (ICP) etching to remove SiN in the gate-foot.
Finally, the Ni/Au gate electrode was deposited by electron
beam evaporation. The gate length was 150 nm, the source-
drain distance was 2 um, and the gate width was 2 x 50 pm.

3. Results and discussion
3.1. Current collapse suppression

The DC transfer characteristics and TLM measurement
results of AlIGaN/GaN HEMTs with traditional Si3N4 and Si-
rich SiN bilayer passivation are shown in Fig. 2. We can see
from Fig. 2(a) that HEMTs with Si-rich SiN improved drain
current (Ip) and peak transconductance (Gp,) at Vps =6 V

from 1057 mA/mm and 344 mS/mm to 1273 mA/mm and
408 mS/mm, respectively, compared to HEMTs with Si3Ny
passivation. These results indicated that Si-rich SiN bilayer
passivation could effectively increase 2DEG density, resulting
in an improvement for current and transconductance. Mean-
while, as shown in TLM measurement results in Fig. 2(b), af-
ter passivating Si-rich SiN, Rgheer decreased from 334 Q /[ to
277 Q/0. The reduction of Rgpeer Was also benefited from the
increase of 2DEG density.

On the other hand, Si-rich SiN bilayer passivation solved
the current collapse for thin-barrier HEMTs. The /-V pulsed
characteristics of HEMTs were measured by Keithley-4200
semiconductor parameter analyzer to investigate current col-
lapse in Fig. 3, where the pulse width and pulse period were
500 ns and 1 ms, respectively. The quiescent bias points
(Vis,q» Vps,@) were set (0 V,0V), (=8 V,0 V), and (-8 V,
30 V). We can clearly find that HEMTs with Si3N4 passivation
had a more serious current collapse ratio about 18.54% at the
quiescent bias point (—8 V, 30 V). However, after passivating
Si-rich SiN bilayer passivation, devices had an excellent cur-
rent collapse performance. It reached only 0.35% and 8.40%
current collapse ratio at the quiescent bias point (—8 V, 0 V)
and (—8V, 30 V), respectively. The mechanism of suppressing
current collapse by Si-rich SiN passivation is that Si—H bonds
are more due to the increased flow of the SiH4. The excess
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Si—H bonds tend to react with the oxygen elements on the de-
vice surface, thus reducing the surface state. The reduction of
the surface state suppresses the RF scattering, resulting in the

suppression of current collapse.!20-2123]
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Fig. 2. (a) Transfer characteristics of HEMTs with Si3Ny and Si-rich SiN
bilayer passivation. (b) TLM measurement results of HEMTs with SizNy
and Si-rich SiN bilayer passivation.
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Fig. 3. The I-V pulsed characteristics of AlIGaN/GaN HEMTs with (a)
Si3Ny passivation. (b) Si-rich SiN bilayer passivation.

3.2. Surface leakage current suppression

To research the effect of SiO; pre-deposition on HEMTs
with thin-barrier, we did the same fabrication process by SizNy
passivation layer. The results of devices using four different

types of passivation by Si3N4 and Si-rich SiN, which were
with and without SiO, pre-deposition layer, were shown in
Fig. 4. Tt was obvious that HEMTs with SizNy after SiO; re-
move still had a high current collapse. It only enhanced the
breakdown voltage from 24 V to 81 V. And devices with Si-
rich SiN after SiO, remove could have a low current collapse
and a large breakdown voltage. We will explain the passiva-
tion in more detail below.

24
[ Current collapse at (—8 V, 0 V) 120

s [ Current collapse at (—8 V, 30 V) =

NS 20t [ Breakdown voltage 1100 \>—/

o )

z 16 80 §

= 2

S 12 60 ;
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g 8 40 3

g v

8 4 20 g
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0 0
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81]\/» e,@&'j\;

Q
Or,e OIO],G 1(2@1,

Fig. 4. Comparison of four types SiN passivation on current collapse and
breakdown voltage.

Although Si-rich SiN bilayer passivation optimized cur-
rent collapse for thin-barrier HEMTsS, severe surface leakage
current caused a very low breakdown voltage. The purpose
of the novel bilayer passivation is to suppress surface leak-
age current. As shown in Fig. 5, after removing SiO; pre-
deposition layer, HEMTs with Si-rich SiN bilayer passiva-
tion enhanced the breakdown voltage from 29 V to 85 V at
Ip = 1 mA/mm. Dual gate was measured to analyze the mech-
anism of the enhancement of breakdown voltage. Figure 6
shows the dual gate structure of HEMTs with SiN passivation
to distinguish surface leakage current and barrier leakage cur-
rent. We fabricated another gate 2 by Schottky contact and a
negative voltage sweeping was applied to gate 2. On the other
hand, source and gate 1 were biased to 0 V, and monitored
their current at the same time. It can be seen from the struc-
ture that gate 1 had the same potential with 2DEG because of
Vaate 1 = 0 V. The leakage current flowed from gate 1 must be
surface current, and the barrier leakage current was monitored
by the source terminal.?®?>7! Figure 7 shows the characteris-
tics of surface leakage current (Is) with gate 2 voltage (Vig2)
for HEMTs with two types of Si-rich SiN bilayer passivation.
As shown in Fig. 7, it was obvious that different SiN passi-
vation could efficiently effect surface leakage current. Com-
pared to passivating Si-rich SiN/Si3Ny directly, HEMTs with
Si-rich SiN/SizNy4 after removing SiO, pre-deposition layer
suppressed surface leakage current from 2.5 x 10~3 mA/mm
to 1.1x 10~ mA/mm at Vgo = —50 V. Almost three orders re-
duction of surface current illustrated that the novel SiN bilayer
passivation suppressed the density of surface electronic states
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and surface leakage current, thereby the breakdown voltage of
the HEMTs had a great enhancement.

10'F Solid: Ip
100 Dash: Ig 1 mA/mm
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~
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—6 1 1 1 1
10 0 20 40 60 80 100
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Fig. 5. Breakdown voltage (V4,) comparison of HEMTs with two types of
Si-rich SiN bilayer passivation.
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Fig. 6. Schematic diagram of dual gate structure.
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Fig. 7. Surface leakage current (Is) of HEMTs HEMTs with two types of
Si-rich SiN bilayer passivation.

The x-ray photoelectron spectroscopy (XPS) was mea-
sured to investigate the mechanism of the decrease of surface
leakage current and the effect of device surface trap by two
types of Si-rich SiN bilayer passivation. Figure 8 shows the
Ga 3d core-level spectra of the AlGaN/SiN interface for two
samples, respectively. Ga—O bonds and Ga—N bonds were sep-
arated from Ga 3d peaks. In contrast to Si-rich SiN sample,
the intensity of Ga—O peak in devices with Si-rich SiN after
removing SiO; pre-deposition layer had an obvious reduction.
The concentration of Ga—O bond in Ga 3d peak can be seen as
a marker to qualitatively analyze surface traps content. Thus
the decline of Ga—O peak indicates that surface traps was re-
moved by SiO, pre-deposition treatment and passivating Si-
rich SiN.[?8] Meanwhile, surface traps are also closely related

to surface leakage current and breakdown voltage. When the
surface traps filled with injected electrons, the depletion region
along the channel will be extended, resulting in an electric field
peak at the drain-side gate edge. So the surface leakage current

and the breakdown voltage have an improvement.[2%-3]

o Measured Ga 3d
— Fitting
— Ga—0

— Ga—N

Y, With Si-rich SiN

With Si-rich SiN
» after Si05 revove

Intensity (arb. units)

24 23 22 21 20 19 18 17 16

Binding energy (eV)
Fig. 8. The XPS spectra of Ga 3d for HEMTs with three types of bilayer

SiN passivation.

3.3. Small- and large-signal characteristics

The RF small-signal characteristics of HEMTs with the
novel bilayer SiN passivation were achieved by Agilent-
8363B network analyzer within the frequency from 100 MHz
to 40 GHz. The current gain extrinsic cut-off frequency (ft)
and the maximum oscillation frequency (fnax) Were obtained
by short open-load-through calibration standard at 40 GHz.
Figure 9 shows the unilateral power gain (UPG), maximum
stable gain (MSG), and current gain |Ha|* as a function of
frequency for sample 3 at Vps = 6 V and Vgg = —1.8 V. After
extrapolating the short circuit current gain (|H,1 |?) and the uni-
lateral power gain (UPG) curves through using —20 dB/decade
slope, the fr/ fmax of sample 3 with Si-rich SiN after removing
SiO; had a value of fr/ fimax of 68 GHz/102 GHz.

60
. g\hoth Si-rich SiN after 2 MSG
50F iO2 remove . H21
A g 4 UPG
o 40F% %,
o
30
g fr/ fumax = 68/102 GHz
5]
U 20
10F Vps=6V
Vas=—-1.8V
O 1
1 10 100 1000

Frequency (GHz)

Fig. 9. The RF small-signal characteristics of AIGaN/GaN HEMTs with
Si-rich SiN bilayer passivation after removing SiO, pre-deposition layer.

To verify the application of HEMTs with the novel bilayer
SiN passivation in millimeter-wave range and their power
characteristics, large-signal power measurement was treated at
30 GHz in continuous-wave (CW) mode. The source and load
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impedances were tuned to obtain maximum power-added ef-
ficiency (PAE). The device was biased at class-AB. At Vps =
20V, as shown in Fig. 10, the PAE, the power gain (gain), and
output power density (Poy) were a function of the input power
(Py), respectively. Sample 3 with the novel bilayer SiN pas-
sivation had a maximum Pyy of 5.2 W/mm and a peak PAE
of 42.2%. In millimeter-wave range, the power measurement
results demonstrated that HEMTs with the novel bilayer SiN
passivation can have excellent applications in Ka-band.

28 With Si-rich SiN after ,A"Am 50

a | SiO5 remove _A
3 24 @30 GHz CW modg‘/‘/‘ /)*\ 140
o | A Vo
= 20 //‘ —
@l 130 ¥
3 s a
— L A/‘ Py =5.2 W/mm
12 {20 <
5 PAE = 42.2% o
8 -
= ..;74--—-*“} i, 1o
I Vs =20 V
A 0 . . . . 0
4 8 12 16 20 24
P, (dBm)

Fig. 10. Large-signal characteristics of the HEMTs with Si-rich SiN bilayer
passivation after removing SiO, pre-deposition layer at 30-GHz CW mode.

4. Conclusions

In summary, AlIGaN/GaN HEMTs with 20-nm Si-rich
SiN and 100-nm SizNy4 passivation after removing SiO»
pre-deposition layer extraordinarily optimize device perfor-
mances. This novel bilayer SiN passivation technology solves
surface leakage current for thin-barrier GaN-based HEMTs
with conventional passivation. HEMTs with this novel pas-
sivation can not only suppress current collapse to 8.40% at
the quiescent bias point (—8 V, 30 V), but also decrease sur-
face leakage current to 1.1x107% mA/mm, so that enhance
the breakdown voltage to 85 V. Furthermore, RF small-signal
measurement shows that devices with this type of passivation
obtain fr/fmax of 68 GHz/102 GHz. At 30-GHz CW mode,
Vps = 20 V, HEMTs have a maximum Py of 5.2 W/mm
and a peak PAE of 42.2%. These results indicate that Al-
GaN/GaN HEMTs with the novel Si-rich SiN bilayer passi-
vation technology can have better applications in high voltage
and millimeter-wave range.
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