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Abstract: This paper focuses on how to reduce the gate leakage current caused by plasma dry etching. X-ray photoelectron

spectroscopy (XPS) is employed to measure the AlGaN surface before and after etching. N vacancies are introduced,

which cause that gate currents are not dominated by the thermal electron emission mechanism. N vacancies enhance the

tunneling effect and reduce the Schottky barrier height as n-type doped in the etched AlGaN surface. A post-gate process

for AIGaN/GaN HEMTs,annealing at 400C in a nitrogen ambient for 10min is introduced. After annealing,Ni atoms of

gate metal reacted with Ga atoms of AlGaN,and N vacancies were reduced. The reverse leakage decreased by three orders

of magnitude,the forward turn-on voltage increased and the ideality factor reduced from 3. 07 to 2. 08.

Key words: GaN; dry etching; gate leakage; annealing; N vacancy

EEACC: 2570 PACC: 7280E

CLC number: TN325".3 Document code: A

1 Introduction

The development of AlGaN/GaN high-electron
mobility transistors (HEMTs) has been largely ad-
vanced in recent years. AlGaN/GaN HEMTs have
demonstrated high current levels, high breakdown
voltages,and high frequency power performance due
to their unique material properties. More than 250W
of peak output power is achieved with newly devel-
oped X-band solid-state power amplifier .

However, there are still two problems to be
solved : DC-RF dispersion and high leakage current. In
order to restrain DC-RF dispersion,a GaN cap layer
is introduced. The GaN cap layer results in surface far
away from the 2D eclectron gas (2DEG) channel, min-
imizes the impact of surface charging on device oper-
ation”* . But the recessed HEMTs will cause larger
leakage current through the Schottky gates, which
may cause extra noise and reliability problems""' . It is
reported that the significant increase of the gate leak-
age current is due to the increasing of the roughness
and appearance of N vacancies in AlGaN surface™™’.

In this paper, we introduce a post-gate process
for AIGaN/GaN HEMTs, annealing at 400C in the
nitrogen ambient for 10min. The post-gate process an-
nealing reduces the reverse leakage current, and the
mechanism of reducing the damages induced by induc-
tiuely coupled plasma (ICP) etching is explained. The
changes of the I-V characteristics, the transfer char-
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acteristics and the small signal performance are also
given to display the other annealing effects.

2 Experiment

Figure 1 shows a schematic illustration of Al-
GaN/GaN HEMT device structure. The AlGaN/GaN
HEMT layer was grown by metal organic chemical
vapour deposition (MOCVD) on SiC substrate. The
heterostructure consisted of a 3um-thick GaN buffer
layer,a 110nm-thick high mobility GaN layer,a 1nm
AIN layer,a 25nm undoped AlGaN layer in which the
Al composition is 20% . and an undoped lnm-thick
GaN cap layer.

Source and drain ohmic electrodes were formed
by evaporating Ti/Al/Ti/Au, which was then alloyed
using rapid thermal anncaling at 850C for 30s. The
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Fig.1 Schematic illustration of the AIGaN/GaN HEMTs

% Project supported by the State Key Development Program for Basic Research of China (No.2002CB311903) and the Key Innovation Program of the

Chinese Academy of Sciences (No. KGCX2-SW-107)
T Corresponding author. Email :liu_guoguo@163. com
Received 29 April 2008, revised manuscript received 1 August 2008

(©2008 Chinese Institute of Electronics



%12 3

Liu Guoguo et al. :

Post-Gate Process Annealing Effects of Recessed AlGaN/GaN HEMTs 2327

contact resistivity evaluated by transmission-line ma-
trix measurements was 107° Q « cm?. Device isolation
was accomplished by ICP etching. A 120nm-thick SiN
was then deposited using plasma-enhanced CVD. Af-
ter a gate footprint was opened through the SiN film
using CHF, and SF; plasma dry etching, gate recess
etching was performed using Cl, and BCl; plasma dry
etching by ICP. The length of gate footprint is 1ym.
Then a I'-shape gate was formed by another gate li-
thography. Ni/Au was used as a gate metal. The I'-
shape gate metal overlapping the SiN film played the
role of field-plate.

After completing gate metallization, in order to
make the metal be able to endure big current and re-
duce the metal resistance, the device was provided
with a Ti/Au metallization and a 2.5um Au-plated
airbridge process the AlGaN/GaN
HEMTs.

Finally, these device samples were annealed at
400C in a nitrogen ambient with time range of 10 to

to complete

20min.

3 Results and discussion

The ICP dry etching has a low etch selectivity be-
tween materials and causes subsurface damages. Fig-
ure 2 shows the X-ray photoelectron spectroscopy
(XPS) GaZp, Ga3d and Nls spectra of AlGaN sur-
faces before and after dry etching by Cl, and BCl;.

Comparing Fig. 2 (b) with Fig. 2 (c¢),it can be
seen that before etching, the ratio of Nls/Ga3d is
1. 20, but after etching, the ratio decreases to 1. 03.
The drop of the ratio shows that the dry etching by
ICP can reduce N content in AlGaN surface and in-
troduce N vacancies which enhance the tunneling
effect as n-type dopant in the etched AlGaN sur-
face'®.

The ICP induced damages and the associated de-
fects lead to an increase in gate leakage current. The
reverse leakage currents increase with the density of
the N-vacancy defect donor, due to the enhancement
of the tunneling transport process by the barrier
thinning with ionization of the N-vacancy defect do-
nor' ™.

Figures 3 (a).3 (b) and 3 (¢) show the typical
drain current-voltage characteristics of AlGaN/GaN
HEMTs devices with 120pm gate-width before and af-
ter annealing at 400C for 10 and 20min in N, , respec-
tively.

After annealing, drain saturation currents re-
duced compared to those before annealing. The gate
bias is in the range of —5 to 2V with a step of 1V.
After 10min annealing,the maximum drain current at
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Fig.2 XPS spectra of AlGaN before and after etching (a)
Ga2p; (b) Ga3d;(c) Nls

a gate bias of 2V dropped from 602 to 593mA/mm.
After 20min annealing,the maximum drain current at
a gate bias of 2V decreased to 574mA/mm.due to the
decrease of ZDEG concentration at the AlGaN and
GaN interface. It was suggested that the diffusion of
Ni atoms in the GaN layer affects the strain and sur-
face states of the AlGaN which causes the decrease of
polarization induced-charges® .

Figure 4 shows the typical transfer characteristics
of AlGaN/GaN HEMTs devices with 120pm gate-
width before and after annealing at 400C for 10 and
20min in N,.

Before annealing,a maximum extrinsic transcon-
ductance (g,) was measured 156mS/mm. It decreased
to 148mS/mm at the same drain bias voltage after
10min annealing at 400C in N, and decreased to 135
mS/mm after 20min annealing, because of the drain
current degradation. The threshold voltage of the



2328 SR S NI %29 %
0.6 10~
0.5 107 4:
’é 0.4 10 | | 1
203 <o} TaT Bl pancatine x
< > —A— 400 ¢ ,20min -
= 02r 10 | 11
0.1
OO 10—‘) L
02 4 6 8 10 0 ————5——jg =5 0
VolV VIV
0.6 Fig.5 Gate current characteristics of HEMTs before and after
’ A 400°C,10min O3 /mm annealing
0.5+
—~ o4l AlGaN/GaN HEMTs devices with 120pm gate-width
§ 03l before and after annealing at 400C for 10 and 20min
= in N,.
=02y Table 1 shows the reverse leakage,forward turn-
0.Ir on voltage and ideality factor of AIGaN/GaN HEMTs
or devices before and after annealing at 400C for 10 and
(l) ) zllV /Vé Eli 1IO 20min in N, .
ds After annealing, the reverse leakage of the Schot-
tky contacts both decreased by three orders of magni-
06 (©) tude.the forward turn-on voltage increased by 0.5~
0.5+ 1V and the ideality factor decreased from 3.07 to
o 04t 2.08 and 2. 17. Very large ideality factors (>>3) be-
§ 03l fore annealing indicates that the gate currents of fab-
§ sl ricated AlGaN/GaN HEMTs are not dominated by
the thermal electron emission mechanism but other
01t mechanisms,such as vertical tunneling,surface barrier
007 thinning, and trap-assisted tunneling. It is considered
that the main leakage mechanism here is trap-assisted
tunneling and the N vacancies induced by ICP dry
Fig.3 I-V characteristics of HEMTs (a) Before annealing; ctching are the main traps. After annealing, the ideal-
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same devices shifted from —4 to —3. 9V after annea-
ling,indicating a little change of gate modulation effi-
ciency.

Figure 5 shows the gate current characteristics of
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Fig.4 Transfer characteristics of HEMTs before and after an-
nealing

ity factor decreased because of the formation of
Ga,Ni; ,Ni;N and Ni, N at the Ni/GaN interface dur-
ing annealing. The reduction of the N vacancies is re-
sponsible for the reduction of the leakage current™ .
Ni atoms affect the strain and surface states of the
AlGaN layer,which causes the barrier height increase
of Schottky contacts on strained AlGaN/GaN hetero-
structures.

Figure 6 shows the V,-Inl, of the forward gate
current. It can be seen from the low voltage that after
annealing, the gate-to-source resistance is increased
after annealing.

Table 1 Reverse leakage, turn-on voltage and ideality factor
before and after annealing
. Annealing Annealing
Parameter Before annealing K .
for 10min for 20min
Reverse leakage - 6.03pA —10. 76nA —5.76nA
Turn-on voltage 1.4V 1.5V 1.55V
Ideality factor 3.07 2.08 2.17
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Considering the [I4-V,, transfer and Schottky
characteristics, the optimum annealing condition is
10min annealing at 400C in N,. Figure 7 shows the
small signal characteristics of AlGaN/GaN HEMTs
before and after annealing at 400C for 10min.

The small signal RF measurements of AlGaN/
GaN HEMTs were measured using an Agilent 8510C
network analyzer. Figure 7 shows the plots of the cur-
rent gain | Hy |, the maximum stable power gain
(MSG) and maximum available gain (MAG) versus
frequency for the device.

After annealing, f, and f,. both decreased. They
can be respectively expressed as

fo= Em
2r(Cy + Cyp)
ft
2Ry + Ry + RO/Ry + 2nf R, Cy
After annealing, the gate-to-source resistance in-

" ~
max ——

creased, g, decreased, C, decreased and C, in-
creased. So,the f, and f,. both decreased.

4 Conclusion

In this paper,we focused to reduce the gate leak-
age current after dry etching by ICP. XPS is employed
to measure the AlGaN surface before and after etch-
ing. N vacancies are introduced, so gate currents are
not dominated by the thermal electron emission
mechanism. N vacancies enhance the tunneling effect
and reduce the Schottky barrier height as n-type
doped in the etched AlGaN surface. We introduce a
post-gate process for AlIGaN/GaN HEMTs. anncaling
at 400C in a nitrogen ambient. After annealing, Ni
atoms of gate metal reacted with Ga atoms of Al-
GaN,and then N vacancies reduced. The reverse leak-

age decreased by three orders of magnitude, the for-
ward turn-on voltage increased and the ideality factor
dropped down from 3. 07 to 2. 08. Considering the I,-
V4, transfer and Schottky characteristics, the opti-
mum annealing condition is 10min annealing at 400C
in N,. The small signal characteristics before and af-
ter annealing are also given. This result encourages us
to apply post-process annealing technique to AlGaN/
GaN HEMTs.
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