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In this study, we investigated the thermal stability of Ni/Ag-based alloy contacts on p-type GaN. We observed the morphology of
aggregated Ag for the Ni/Ag bilayer on p-type GaN after annealing it at 500°C in an O2 ambient. To improve the thermal stability,
we deposited a Ni/Ag/Au trilayer onto p-type GaN. In this case, Ag aggregation was retarded after thermal annealing, and the
specific contact resistance exhibited improved stability. Furthermore, because strong interdiffusion of the Au and Ag layers leads
to poor reflectance, we added a diffusion barrier layer into the system; i.e., we deposited Ni/Ag/Ti/Au onto p-type GaN, with the
Ti layer playing the role of the diffusion barrier. After annealing, the contact exhibited diminished Ag aggregation and a lower
level of interdiffusion of the Au and Ag layers. We investigated the effect of the annealing time �at 500°C in an O2 ambient� on
the properties of the Ni/Ag �1/150 nm�, Ni/Ag/Au �1/150/150 nm�, and Ni/Ag/Ti/Au �1/150/500/150 nm� layers, namely, their
values of specific contact resistance, determined using a modified transmission line model, and reflectance at 465 nm. According
to analyses by using scanning electron microscopy and secondary-ion mass spectrometry, we determined that the aggregation of
Ag and the interdiffusion of Au and Ag within the Ni/Ag/Ti/Au construct were both minimized with the presence of the Ti layer,
thereby improving the thermal stability of the contact on the p-type GaN.
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Gallium nitride �GaN� and its relative group-III nitrides play im-
portant roles in compound semiconductors, especially for those used
in optoelectronics devices. At room temperature, the bandgap energy
of GaN is 3.4 eV; it forms several alloys having bandgaps ranging
from 0.7 �InN� to 6.2 eV �AlN�, making it suitable for use in green,
blue, and UV light-emitting diodes �LEDs�. Because of its excellent
electronic, optical, and thermal properties, GaN has become increas-
ingly attractive for practical applications. Future high performance
devices will require LEDs possessing thermally stable, high quality
contacts to p/n-type GaN-based semiconductors. Because it is diffi-
cult to achieve a high carrier concentration of p-type GaN, low
contact resistances are rarely obtained. Furthermore, high brightness
LEDs require high light extraction efficiencies and high internal
quantum efficiencies. Because flip-chip1 and vertical-structure2,3

GaN-based LEDs exhibit superior light extraction and heat-sink ef-
fects, they exhibit an enhanced device performance. These two types
of LED structures are fabricated by using high reflectance, low con-
tact resistance p-type alloy contacts, such as Ag layers.4 Unfortu-
nately, these Ag layers exhibit a poor thermal stability of their re-
flectance and ohmic contact on p-type GaN as a result of Ag
aggregation during thermal annealing.5 Several alternative materials
have been investigated to obtain reliable Ag-based ohmic contacts
on p-type GaN, including Ni/Ag�Al�,5 Cu–Ni solid solution/Ag,6

Ag/Cu,7 Ni/Ag/Ru/Ni/Au,8 and �Ni/Ag�-annealed/Au.9 In this study,
we compared the thermal stability for reflectance and ohmic contact
of Ni/Ag, Ni/Ag/Au, and Ni/Ag/Ti/Au layers on p-type GaN. Based
on our analytical results, we propose a mechanism for the reflective
ohmic contact on p-type GaN.

Experimental

Taiyo Nippon Sanso SR2000 metallorganic chemical vapor
deposition was used to grow the p-type GaN on a c-plane sapphire
substrate. Trimethylgallium, trimethylindium, and ammonia �NH3�
were used as sources; biscyclopentadienylmagnesium �CP2Mg� was
the p-type dopant. The structure of the p-type GaN comprised a 30
nm thick GaN buffer layer, a 2 �m thick undoped GaN layer, and a
1 �m thick Mg-doped GaN layer.

After growth, the sample was treated in a quartz furnace for
activation under a N2 ambient. The annealing temperature and time
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were 700°C and 30 min, respectively. The carrier concentration of
the p-type GaN was 3 � 1017 cm−3, as determined through Hall
measurement. The samples were then ultrasonically rinsed with ac-
etone, methanol, and deionized water and then the p-type GaN wafer
was dipped into buffered oxide etch solution to remove the native
oxide. Contact metals having three structures, Ni/Ag �1/150 nm�,
Ni/Ag/Au �1/150/150 nm�, and Ni/Ag/Ti/Au �1/150/500/150 nm�,
were deposited in sequence onto the p-type GaN and glass substrate
using an electron-beam evaporator under a pressure of 3
� 10−6 Torr. After deposition, the three contact structures were
thermally annealed for various lengths of time at 500°C in an O2
ambient. To measure the specific contact resistance, photolithogra-
phy techniques were used to pattern a modified transmission line
model10 on the p-type GaN. The reflectance at 465 nm was also
measured spectrometrically for the contact metal deposited onto a
glass substrate. The three structures of the contact metal were also
deposited onto p-type GaN for characterization by using scanning
electron microscopy �SEM� and secondary-ion mass spectrometry
�SIMS�.

Results and Discussion

Figure 1 shows the specific contact resistances of the Ni/Ag �1/
150 nm�, Ni/Ag/Au �1/150/150 nm�, and Ni/Ag/Ti/Au �1/150/500/
150 nm� layers on p-type GaN as a function of annealing tempera-
ture. The contact resistivities of most contact schemes decreased
upon thermal annealing in the temperature range from 300 to 500°C
due to increased crystallinity of the metal itself. Furthermore, many
researchers showed that the reduction in specific contact resistance
in an O2 ambient has more effect than that in a N2 ambient. This
result indicated that the oxidation annealing is a key factor to obtain
the low contact resistance for the Ni/Ag-based contacts on p-type
GaN.4,5 The minimum contact resistivities of the contacts were ob-
tained at around 500°C. However, at annealing temperature higher
than 500°C the contact resistivity increased, showing the degrada-
tion of the contact.

Figure 2 displays the specific contact resistances as a function of
annealing time at 500°C under an O2 ambient, evaluating the ther-
mal stability of the three kinds of contacts. For the Ni/Ag contact,
the specific contact resistance changed from 4.86 � 10−1 � cm2

for the as-grown sample to 1.97 � 10−2, 1.02 � 10−1, 5.83
� 10−1, 6.02 � 10−1, 6.54 � 10−1, and 6.80 � 10−1 � cm2 after
annealing for 2, 5, 10, 15, 20, and 25 min, respectively. This behav-
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ior, an initial decrease then an increase in contact resistance upon
increasing the annealing time, was caused by the formation of a
Ag–Ga solid solution and the increased surface carrier concentration
of p-type GaN that arose as a result of the generation of Ga vacan-
cies during the annealing process.4,11,12 When the annealing time
was prolonged, the aggregation of Ag deteriorated the thermal sta-
bility and increased the specific contact resistance.5,13 For the Ni/
Ag/Au contact, in contrast, the specific contact resistance changed
from 4.98 � 10−1 � cm2 for the as-grown sample to 2.83 � 10−1,
3.00 � 10−2, 1.15 � 10−2, 1.28 � 10−2, 1.13 � 10−2, and 2.60
� 10−2 � cm2 after annealing for 2, 5, 10, 15, 20, and 25 min,
respectively. The Ni/Ag/Au contact layer featured a more stable
contact layer, which can be understood in terms of its retardant
effect on Ag aggregation. The specific contact resistance remained
on the order of 10−2 � cm2 after annealing for 25 min. Finally, for
the Ni/Ag/Ti/Au contact, the specific contact resistance changed
from 4.58 � 10−1 � cm2 for the as-grown sample to 4.94 � 10−2,
2.81 � 10−2, 1.80 � 10−1, 2.25 � 10−1, 2.62 � 10−1, and 2.44
� 10−1 � cm2 after annealing for 2, 5, 10, 15, 20, and 25 min,
respectively. The Ni/Ag/Ti/Au contact had thermal stability that was
superior to that of the Ni/Ag contact. When its annealing time was 5
min, the specific contact resistance decreased to 2.81
� 10−2 � cm2, but it increased upon increasing the annealing time
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Figure 1. �Color online� Specific contact resistance of all samples as a
function of annealing temperature.
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Figure 2. �Color online� Specific contact resistance of Ni/Ag, Ni/Ag/Au, and
Ni/Ag/Ti/Au contacts on p-type GaN plotted with respect to the annealing
time.
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to 20 min. In our experience, when increasing the Ni thickness from
1 to 3 nm in Ni/Ag/Ti/Au contact structure, the specific contact
resistance decreased to the order of 10−3 � cm2 �not shown here�.
Meanwhile, the specific contact resistance was also strongly depen-
dent on the p-contact layer structure and the doping concentration.

Figure 3 displays SEM images of the surfaces of the Ni/Ag,
Ni/Ag/Au, and Ni/Ag/Ti/Au layers. The degree of Ag aggregation of
the Ni/Ag layer increases upon increasing the annealing time; this
behavior leads to the initial decreases in both the reflectance and
contact resistivity, and the resulting poor thermal stability then in-
duces increases in contact resistivity and reduced reflectance.5,13 For
the Ni/Ag/Au layer, Ag aggregation was retarded initially, providing
a surface morphology that was smoother than that of the Ni/Ag layer
under the same annealing conditions. When we extended the anneal-
ing time to 10 min, however, the surface of the Ni/Ag/Au layer
became rougher because of partial Ag aggregation and interdiffusion
of the Au and Ag layers.14 Moreover, the surface of the Ni/Ag/Ti/Au
layer was even smoother than those of the Ni/Ag and Ni/Ag/Au
layers under the same annealing conditions. It was suspected that Ti
acted as a diffusion barrier layer, preventing both Ag aggregation
and diffusion between Au and Ag. The Ni/Ag/Ti/Au contact struc-
ture maintained its smooth surface morphology after 10 min of an-
nealing. Therefore, inserting a Ti layer between the Au and Ag lay-
ers is an effective means of diminishing Ag aggregation and
interdiffusion.

Figure 4 presents the SIMS depth profiles of the Ni/Ag/Au and
Ni/Ag/Ti/Au layers before and after annealing for 10 min at 500°C
in an O2 ambient. For both annealed samples, Ga atoms outdiffused
as Ag atoms in-diffused, presumably leading to the formation of
Ag–Ga solid solutions, and decreased specific contact resistance be-
cause of Ga vacancies. For the Ni/Ag/Au layer, the intermixing of
Ni, Ag, and Au atom led to a stable, low contact resistance, but it
reduced the light reflection as a result of strong interdiffusion be-
tween Au and Ag atoms. For the Ni/Ag/Ti/Au layer, we also ob-
served intermixing of the Ga and Ag atoms, but the Ti layer pre-
vented the Au and Ag layers from interdiffusing, thereby
diminishing the reduction in light reflectance.8,15

Figure 5 displays the light reflectance at 465 nm of the Ni/Ag
�1/150 nm�, Ni/Ag/Au �1/150/150 nm�, and Ni/Ag/Ti/Au �1/150/
500/150 nm� layer contacts on glass substrates as a function of the
annealing time. For the Ni/Ag layer, the reflectance changed from
91.0% for the as-grown sample to 87.6, 67.5, 58.3, 52.4, 50.2, and
47.6% after annealing for 2, 5, 10, 15, 20, and 25 min, respectively.
The reflectance decreased upon increasing the annealing time, drop-
ping to 47.6% when the annealing time reached 25 min. The reflec-
tance of the Ni/Ag/Au layer changed from 92.0% for the as-grown
sample to 73.6, 12.6, 33.1, 34.2, 32.8, and 28.9% after annealing for
2, 5, 10, 15, 20, and 25 min, respectively; after annealing for 10 min,
this behavior is consistent with the evidence for Au and Ag interdif-
fusion provided in the reported studies8,9,14,15 and is supported by
the SIMS data, as shown in Fig. 3. Furthermore, the reflectance of
the Ni/Ag/Ti/Au layer changed from 92.0% for the as-grown sample
to 80.5, 83.8, 91.7, 89.6, 83.5, and 78.8% after annealing for 2, 5,
10, 15, 20, and 25 min, respectively. For the Ni/Ag/Ti/Au layer, the
reflectance change with annealing time has a similar trend with the
Ni/Ag/Au layer. But, the excellent visible light reflectance of 83.8%
was obtained after annealing at 500°C for 5 min in O2 ambient. This
result told us that the Ag layer in the Ni/Ag/Ti/Au �1/150/500/150
nm� contact could act as an effective reflection mirror after the oxi-
dation annealing. Then, the Ti layer plays a role of a diffusion bar-
rier to prevent the interdiffusion of Ag and Au as well as an adhesion
layer due to poor adhesion of Ag and Au, resulting in both the high
reflectance and excellent thermal stability we observed. The mecha-
nism of the improved reflectance of the Ni/Ag/Ti/Au contact should
be investigated further, and the Ni/Ag/Ti/Au contact could be a very
suitable metallization scheme for high power flip-chip and vertical-
structure GaN-based LEDs.
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Conclusion

We have been investigated approaches toward improving the
thermal stability of the reflectance and specific contact resistance of
Ni/Ag-based contacts on p-type GaN. After annealing for 5 min, the
specific contact resistances of the Ni/Ag �1/150 nm�, Ni/Ag/Au �1/
150/150 nm�, and Ni/Ag/Ti/Au �1/150/500/150 nm� layers were
1.02 � 10−1, 3.00 � 10−2, and 2.81 � 10−2 � cm2, respectively;
their values for the reflectance of light at 465 nm were 67.5, 12.6,
and 83.8%, respectively. Thus, the Ti layer in Ni/Ag/Ti/Au �1/150/
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500/150 nm� contact provides an effective diffusion barrier layer for
Ni/Ag-based contacts on p-type GaN. The Ni/Ag/Ti/Au contact
structure is thought suitable for use in flip-chip and vertical-structure
GaN-based LEDs.
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Figure 3. SEM images of the surface of
Ni/Ag contact for �a� as grown, �b� 5, and
�c� 10 min; Ni/Ag/Au contact for �d� as
grown, �e� 5, and �f� 10 min; and Ni/Ag/
Ti/Au contact for �g� as grown, �h� 5, and
�i� 10 min on p-type GaN before and after
annealing at 500°C in an O2 ambient.
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files of Ni/Ag/Au contact for �a� as grown
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Figure 5. �Color online� Values of the light reflectance at 465 nm of Ni/Ag,
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