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Recently GaN-based high electron mobility transistors (HEMTs) have revealed the superior properties of a high

breakdown field and high electron saturation velocity. Reduction of the gate leakage current is one of the key issues

to be solved for their further improvement. This paper reports that an Al layer as thin as 3nm was inserted between
the conventional Ni/Au Schottky contact and n-GaN epilayers, and the Schottky behaviour of Al/Ni/Au contact was
investigated under various annealing conditions by current—voltage (/-V') measurements. A non-linear fitting method

was used to extract the contact parameters from the -V characteristic curves. Experimental results indicate that

reduction of the gate leakage current by as much as four orders of magnitude was successfully recorded by thermal

annealing. And high quality Schottky contact with a barrier height of 0.875eV and the lowest reverse-bias leakage

current, respectively, can be obtained under 12 min annealing at 450 °C in N2 ambience.
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1. Introduction

Due to the attractive features of GaN and related
materials, nitride based devices have gained significant
interest for high power and high frequency applica-
tions, and their superior electrical characteristics over
the conventional silicon or GaAs related technologies
have been demonstrated.!'l. One of the major factors
which limit the performance and reliability of GaN
high electron mobility transistor (HEMT) for high-
power radio-frequency (RF) applications is their rel-
atively high gate leakage.[?) The gate leakage reduces
the breakdown voltage and the power-added efficiency
while increasing the noise figure. Therefore, a high
quality Schottky contact to GaN must be found.[]

In 2006, Takuma Nanjo reported a thin Al layer
insertion between AlGaN and Schottky gate on the
AlGaN/GaN HEMT can reduce the reverse-bias cur-
rent for four orders of magnitude.[* But they did not
In this
paper, we describe how the gate leakage current is re-

deal with the thermal annealing behaviour.

duced by inserting a very thin Al metal layer, which
is highly reactive with oxygen, at the boundary of the
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Schottky contact, barrier height, ideality factor, thermal annealing

GaN surface and the gate metal. And we reported the
thermal annealing effects on Au/Ni/Al-GaN Schottky
contact. Schottky barriers and ideality factors are ob-
tained by using non-linear fitting methods.l®) At last
the results are compared with the diodes without in-
serting Al layer. Results proved that AlyOg3 layer was
formed in the interface between GaN and Ni/Au.

2. Experiments

GaN epilayers were grown by metal-organic chem-
ical vapour deposition (MOCVD) on the (0001) sur-
face of sapphire substrate, nucleation GaN buffer layer
was grown at 530°C, followed by a 1.3 um thick un-
intentionally doped GaN(i-GaN) layer deposited at
1070°C. The van der Pauw geometry was used for
Hall measurements. The room temperature mobil-
ity and concentration of the electrons in i-GaN are
220 cm?/Vs and 8.1x 106 cm~3, respectively.

Then, for the fabrication of Schottky diodes, ring-
shaped Ohmic contacts were formed by standard pho-
tolithography on i-GaN surface, using a Ti/Al/Ni/Au
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(25/120/45/50nm) alloy annealed at 850°C in Ny
for 30s in a rapid thermal annealing system. Before
Schottky metallization, the wafer were cleaned by con-
ventional organic cleaning process. Schottky contacts
of Ni/Au, Al/Ni/Au were formed by e-beam evapora-
tion and 3/25/200nm (Al/Ni/Au) thick, respectively,
the diameter of circular Schottky contacts is 800 pm.

To study the thermal annealing effects on Schot-
tky barriers and ideality factors of Al/Ni/Au-n-GaN
contact, samples were annealed at 110°C, 220°C,
300°C, 400°C, 450°C, 500 °C, 600 °C, 700 °C, respec-
tively for Smin in Ny atmosphere in a rapid ther-
mal annealing (RTA) equipment. The current-voltage
characteristics of the Schottky diodes were performed
in air using an Agilent 4155C semiconductor parame-
ter analyser.

3. Results and discussion

Figure 1 shows the I-V curves before annealing
Ni/Au Schottky diode and inserting Al diode. The
gate leakage current was reduced by inserting a very
thin Al metal layer. The gate leakage current is two
orders of magnitude in comparison with that in the
case without Al metal layer.

101 1
1073k
< 10-5F §
~ E :
10-7F — Au/Ni/Al/GaN j ]
t .+ Au/Ni/GaN
3 1 -
10— . ) ) ) ]
-10 -8 -6 —4 -2 0 2
Bias/V
Fig.1. I-V curves before annealing Au/Ni/GaN and

Au/Ni/Al/GaN.

The I-V characteristics of Au/Ni/Al/GaN Schot-
tky diodes as a function of annealing temperature
(110, 220, 300, 400, 450, 500, 600, 700 °C, for different
annealing times) are shown in Fig.2. And I-V charac-
teristics of Au/Ni/GaN Schottky diodes as a function
of annealing temperature (110, 220, 300, 400, 450,
500, 600, 700°C, for different annealing times) are
shown in Fig.3. The reverse-biased current reduces
with increasing annealing temperature at tempera-
tures lower than 450 °C, but increases with increasing

annealing temperature at temperatures higher than
450°C in the Au/Ni/Al/GaN Schottky diodes. But in
the diodes without Al layer, the reverse-biased current
increases with increasing annealing temperature at
temperature lower than 220 °C, then reduces with in-
creasing annealing temperatures between 220°C and
400°C, but increases with increasing annealing tem-
perature at temperatures higher than 400°C.
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Fig.2. I-V curves of Au/Ni/Al/GaN Schottky diodes

measured at various annealing temperatures between
27°C and 700 °C.
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Fig.3. I-V curves of Au/Ni/GaN Schottky diodes measured
at various annealing temperatures between 27 °C and 700 °C.

For thermionic emission (V' > 3kT/q), the gen-

eral diode equations arel®l

I = IS eq(V—IR)/nkT -1

; (1)

where Is = AA**T2e~9%:/kT ig the saturation cur-
rent, R is the series resistance, A and n are the
contact area and the ideality factor respectively, &,
A** is the effective
Richardson constant. In the following analysis, we use
26.4 A cm 2k™2 as the A* calculated from the elec-
tron effective mass m} = 0.22me.

is the effective barrier height.

Many methods have been suggested to calculate
the barrier heights and ideality factors of a metal-
semiconductor Schottky contact from -V data. Here,
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a non-linear fitting method was suggested to fit the
obtained data, equation (1)1 can be expressed as
Vlen(Iis—i-l)—i-IRs. (2)
Assume that P, = nkT/q, P, = 1/Is, P3 = Rs.
The parameters n, Is, Rs can be deduced from non-
linear fitting method. Curves of barrier heights versus
annealing temperatures and ideality factors versus an-
nealing temperatures are shown in Fig.4.
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Fig.4. Variation of the resulting barrier heights and ide-
ality factors with annealing temperature with Al layer.

Our sample with a large value of n was attributed
to the presence of a thick interfacial insulator layer be-
tween the metal and semiconductor.’=% As shown
in Fig.5, the value of @, for (Al/Ni/Au-GaN) and
ideality factor all changed with annealing tempera-
ture. At lower temperature, the barrier height in-
creased. But at high temperature (above 450°C), it
decreased apparently with the increase of annealing
temperature. Figure 6 shows that the value of @, for
(Ni/Au-GaN) and ideality factor changed with anneal-
ing temperature. From Fig.6, we can see that the &
for (Ni/Au-GaN) reduces with increasing annealing
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Fig.5. Variation of the contact resistance with annealing
temperature with Al layer.

temperatures but increases with increasing annealing
temperature, at last when the annealing temperature
is above 450°C, it reduces with increasing annealing

temperature.
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Fig.6. Variation of the resulting barrier heights and ide-
ality factors with annealing temperature without Al layer.
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Fig.7. Variation of the contact resistance with annealing
temperature without Al layer.

It is well known that the interface states and
chemical reactions between metals and semiconduc-
tors at interface can play important roles in the elec-
trical properties of devices. In this work, the change in
the barrier height of Al/Ni/Au Schottky contact with
annealing temperature may be ascribed to the inter-
facial reaction occurring among the Al and O which
exists on the surface of GaN as shown in Fig.8.'") An
increase of the barrier heights may be attributed to the
formation of an interfacial layer at the Ni/Au/GaN in-
terface after annealing. When the temperature is not
very high, the 3nm Al oxidizes which results most
likely in the formation of Al;O3. Consequently, the
creation of less conductive Al;O3 layer leads to an in-
crease in the contact resistance.



No. 4

Thermal annealing behaviour of Al/Ni/Au multilayer on n-GaN Schottky contacts 1621

oxygen Al

. Al>O3

Al2Os3

— C(GaOz ) m—

GaN

GaN

7

7

e

Al deposition & N2 anneal

Fig.8. Reaction of Al with GaO, in company with the increasing annealing temperature.

As shown in Fig.5, the resistance rapidly in-
creases with an increasing annealing temperature be-
low 450°C. But in the Ni/Au-GaN, the resistance in-
creases slowly with annealing temperature even if it
can be ignored from Fig.7. As shown in Figs.5 and
7, when the annealing temperature is above 450 °C,
the resistance rapidly reduces with increasing anneal-
ing temperature so the thermal annealing behaviour
is attributed to the behaviour of Ni/Au. In the fol-
lowing discussion, we treat transport of electrons over
the potential barrier using thermionic emission theory.
The number of electrons over the potential barrier in
constant voltage is decided by the height of potential
barrier. The series resistance depends on the number.
So in the diode with Al layer, AlsO3 barrier becomes
thicker with the increasing of annealing temperature
This ef-
fect reduces electrons over the potential barrier. As a

and the potential barrier becomes higher.

result the resistance rapidly increases. When the an-
nealing temperature is above 450 °C, the decreasing of
barrier height may be attributed to the phase transi-
tion of Ni/Au. More and more electrons are able to
get across the barrier. So the series resistance reduces.

4. Conclusions

We investigated the effects of the insertion of a
thin Al layer into the boundary of the GaN surface
and Schottky gate metal on the electrical character-
istics of GaN diodes. In the Schottky diodes with a
thin Al layer, the gate leakage current is two orders of
magnitude in comparison with that in the case with-
out Al insertion layer. This may be attributed to the
formation of an interfacial layer at the Al/GaN inter-
face. Then thermal annealing behaviour of Al/Ni/Au
on n-GaN Schottky contacts was investigated. It was
found that the barrier height and the series resistance
increase with the increase of annealing temperature
below 450 °C.This may be attributed to the fact that
Al5O3 is formed and becomes thicker with the increase
of the temperature. But the barrier height and the se-
ries resistance decrease with the increase of annealing
temperature when the annealing temperature is above
450°C. This is attributed to the annealing behaviour
of Ni/Au. And at 450°C, the reverse-bias current is
the lowest in Au/Ni/Al/GaN diode.
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