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We report on the formation of Ag/TiN,/Al contacts to p-type GaN for flip-chip light- emitting d1odes (LEDs)
The Ag/TiN,/Al contact exhibits linear /¥ behavior with a specific contact resistance of 4.4x 10” Qcm” after
annealing at 430 °C for 1 min in nitrogen ambient. It is shown that the continuous Ag interlayer is broken
into Ag nano-dots when annealed. It is also demonstrated that the TiNy barrier layer effectively hampers
the indiffusion of Al toward GaN. Blue LEDs are fabricated using the annealed Ag/TiN,/Al contacts and
are compared with those made with annealed Ni/Au/Al contacts.
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1. INTRODUCTION

Nitride-based semiconductors are of great technological
importance for the fabrication of high-brightness blue and
ultraviolet light-emitting diodes (LEDs). Recent research on
nitride-based LEDs has been directed toward solid-state
lighting applications'’. For the realization of solid-state
lighting, high light extraction efficiency of LEDs is essential.
In order to improve light extraction efficiency, and hence
enhance device performance, LEDs with flip-chip geometry
have been introduced™. In the flip-chip configuration,
LEDs are fabricated with reflective p-type electrodes such as
Ag and Al layers'™™”. Among these, Ag layers are commonly
used since they give high reflectivity and good ohmic behav-
ior to p-GaN!". However, the Ag reflector has drawbacks
such as poor adhesion to p-GaN and thermal instability™”.
Al electrodes have good thermal stability and reflectivity,
comparable to that of Ag reflectors. However, Al reflectors
have not been widely used because they produce poor ohmic
contacts on p-GaN. Thus, instead of single Al layers, Al-
based multilayers with Ni or Ni/Au contact layers have been
used to improve ohmic behavior, but the electrical property
of the contacts remains unsatisfactory“‘7]. Titanium nitride
(TiN,) is known to be one of the best diffusion barriers for
electronic devices™”. TiN, was also used as a contact layer
for optoelectronic devices, because of its low resistivity and
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high transparency" """, In this work, we have investigated
Al-based reflective contacts to p-GaN using Ag interlayers
and TiN, barrier layers. The Ag/TiN,/Al contacts became
good ohmic with a specific contact resistance of 4.4x 10”
Qcm’ when annealed at 430 °C for 1 min in nitrogen ambi-
ent. LEDs fabricated with the annealed Ag/TiN/Al p-GaN
contact layers yield better electrical behavior than those with
the commonly used Ni/Au/Al contacts.

2. EXPERIMENT

1.5 m-thick p-type GaN: Mg layers (4x 10" em™), grown
by metal-organic chemical vapor deposition, were ultrasoni-
cally degreased using trichloro-ethylene, acetone, methanol,
and DI water for 5 min in each step, followed by N2 blow-
ing. Prior to photolithography, the samples were treated with
a buffered oxide etch (BOE) solution for 20 min and rinsed
in DI water. Circular transmission line method (CTLM) pat-
terns were defined on p-type GaN by standard photolithogra-
phy and a lift-off technique for measuring specific contact
resistance'”, The outer dot radius was fixed to be 75 um and
the spacing between the inner and outer radii varied from 4
to 25 um. After the BOE treatment, Ag (2.5 nm) and TiN,
(30-50 nm) layers were deposited at room temperature by
electron beam evaporation. Prior to the deposition of 200
nm-thick Al layers, the Ag/TiN, samples were kept in air at
room temperature for 10 h in order to introduce oxygen into
TiN, grain boundaries®’. For comparison, Ni(2.5 nm)/Au(2.5
nm)/Al(200 nm) layers, which are commonly used for flip-
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chip LEDs, were also deposited by electron beam evapora-
tion. In addition, Ag (2.5 nm)/Al (200 nm) and TiNy/(50
nm)/Al(200 nm) schemes were also deposited. Some of the
samples were then rapid-thermal-annealed at 430 °C for 1
min in nitrogen ambient. Current-voltage (/-V) measure-
ments were performed using a parameter analyzer (HP
4155A). The interfacial reaction products were characterized
by glancing angle X-ray diffraction (GXRD: a Rigaku dif-
fractometer (D/MAX-RC)) (using Cu Ka radiation). The
microstructure was characterized by transmission electron
microscopy (TEM, JEOL 2010) operated at 200 kV.

3. RESULTS AND DISCUSSION

Figure 1 shows the typical /-V characteristics of Ni/Aw/Al,
Ag/TiNy(50 nm)/Al, and Ag/Al contacts before and after
annealing at 430 °C in nitrogen ambient, respectively, mea-
sured on 4 um-spaced metal pads. For the as-deposited sam-
ples (Fig. 1(a)), the Ag/Al contact displayed rectifying
behavior whereas Ni/Au/Al and Ag/TiN/Al contacts exhib-
ited near-linear /-J behavior. For the annealed samples (Fig.
1(b)), the Ag/Al contact still exhibited poor /-V behaviors.
Furthermore, the Ni/Au/Al contact showed considerable
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Fig. 1. Typical I-V characteristics of the Ni/Au/Al, Ag/TiN/Al, and
Ag/Al contacts (a) before and (b) after annealing at 430 °C for 1 min
in nitrogen ambient.

degradation of its electrical characteristic after annealing.
However, for the Ag/TiN,/Al contact, the /-} behavior was
somewhat improved upon annealing, indicating that the
introduction of TiNy layer serves as an effective diffusion
barrier layer. Specific contact resistance was determined
from the plots of the measured resistances versus the spacing
between the CTLM pads!'”. The least-square method was
used to fit a straight line to the experimental data. Measure-
ment showed that the annealed Ag/TiNy/Al contact gives a
contact resistivity of 4.4 x 10” Qcm’.

Figure 2(a) shows a cross-sectional TEM image of an Ag/
TiNy(50 nm)/Al contact annealed at 430 °C. The Al and TiNy
layers were well-defined even after annealing. Notably, the
continuous Ag layer was broken up into nano-dots (7-13 nm
in size) at the TiNy/GaN interface, as shown in the high-res-
olution TEM image of Fig. 2(b). In order to investigate pos-
sible interfacial reactions between the metal layers and GaN,
an AES analysis (not shown) of the Ag/TiN«(50 nm)/Al con-
tact was conducted. For the as-deposited sample, individual
Al and TiNy layers were well defined and an oxygen layer
was also detected through the TiN, layer. The formation of
the oxygen layer is due to exposure of the sample in air
before deposition of the Al layer. For the annealed sample, a
small amount of Al diffused into the TiN, layer. However, it
did not penetrate deeply to the GaN layer. It is also shown
that some amount of Ga outdiffused into the Ag/TiN; layer.
This[lirllgicates the possible formation of a Ga-Ag solid solu-
tion" ™.

Fig. 2. (a) Cross-sectional TEM image of the Ag/TiN,/Al contact
annealed at 430 °C. (b) HRTEM image of the sample.
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Fig. 3. Glancing XRD plots of the Ag/TiN,/Al contacts (a) before
and (b) after annealing at 430 °C.

Figure 3 shows GXRD results obtained from the Ag/
TiN«(50 nm)/Al contact before and after annealing at 430 °C.
For the as-deposited sample (Fig. 3(a)), in addition to Al,
there are nitrogen deficient phases, such as Ti,N and TiNgs.
A very small amount of Ti-oxide phase, such as Ti,Os, was
also detected; its presence is attributed to exposure of the
sample to air before deposition of the Al layer. For the
annealed sample (Fig. 3(b)), in addition to the Ti>N phase,
Ti-oxide phases, such as Ti,O; and Ti;Os, are formed. How-
ever, Ag was not detected in either sample, as most of the Ag
peaks overlap with the Al peaks.

InGaN/GaN multi-quantum-well blue LEDs (450 nm)
were fabricated using Ag/TiNy(50 nm)/Al and Ni/Aw/Al
contact layers annealed at 430 °C and their performances
were characterized, as shown in Figs. 4(a) and (b). LEDs
with a Ni/Au/Al layer give considerably higher forward-bias
voltages of 4.43+£0.12V at 20 mA, whereas LEDs made
with the Ag/TiN/Al contact layer show forward-bias volt-
ages of 3.24+0.02 V at an injection current of 20 mA, as
shown in Fig. 4(a). These results are in good agreement with
their /-7 behaviours (Fig. 1(b)). In order to investigate
whether exposure of the Ag/TiNy layer to air can effectively
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Fig. 4. (a) Typical I-V characteristics of GaN blue LEDs fabricated

with the Ag/TiNJ/Al, Ag/TiN,/Al without air exposure on TiNy layer,

and Ni/Au/Al contacts annealed at 430 °C. (b) Plot and linear fitting
of the series resistance calculated from the LED I-V curves.
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Fig. 5. The variation of forward-bias voltages of the GaN blue LEDs
fabricated with the Ag/TiN,/Al contacts depending on the annealing
conditions.

improve device performance, a Ag/TiN,(50 nm)/Al contact
layer without air exposure on the TiN layer before Al depo-
sition was prepared. LEDs with this contact displayed
slightly higher forward-bias voltages (3.30£0.03 V at 20
mA) than the LED with the Ag/TiN/Al contact, indicating
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Fig. 6. The variation of forward-bias voltages of the GaN blue LEDs
with the Ag/TiN,(30 nm)/Al contacts depending on the annealing
temperature.

air exposure on the TiNy layer is an effective method to fur-
ther enhance the electrical property of the contacts. The
series resistance of LEDs can be represented by the slope
(Rseries) of I(dV/dl) versus I curve, as shown in Fig. 4(b).
The LED with the Ni/Au/Al contact exhibited a series resis-
tance of 9.03 O, whereas the LEDs with the Ag/TiN/Al con-
tact layer with and without air exposure on the TiN, layer
give a relatively low series resistance of 7.32 and 8.06 €
respectively.

Figure 5 shows the variation of forward-bias voltages of
LEDs fabricated with the Ag/TiNy(50 nm)/Al contact layer
depending on the annealing conditions. The LEDs with the
Ag/TiN/Al contact annealed in nitrogen ambient exhibited
relatively lower forward-bias voltages compared to the
LEDs with the Ag/TiN/Al layer annealed in air ambient.

In order to determine the effective TiN, barrier layer thick-
ness, we reduced the thickness of the TiNy layer. The LEDs
made with Ag/TiN(30 nm)/Al contacts annealed at 430 °C
exhibited forward-bais voltages of 3.27+0.03 V at 20+ mA,
as shown in Fig. 6. This indicates that a TiNy layer thickness
of 30 nm is effective in terms of obtaining contacts having a
good electrical property.

Unlike the non-linear /- behaviours of Ni/Aw/Al contacts
upon annealing, the Ag/TiNy/Al contact layer displayed rela-
tively good ohmic behavior after annealing. This behavior
could be explained as follows. First, the improvement of the
electrical property of the contact can be related to the forma-
tion of Ag nano-dots at the TiN,/GaN interface, as shown in
the TEM results. The An nano-dots(?) lead to the formation
of inhomogeneous Schottky barriers at the interface.
According to the electronic transport theory, at a metal-semi-
conductor interface with an inhomogeneous Schottky barri-
ers'®, the difference between the SBHs of Ag/GaN and
TiN/GaN and the size effect of the nano-scale Ag dots could
result in an increase of the electric field at the interface. This
would result in a lowering of the barrier height and a conse-

quent reduction of the contact resistivity“s‘m]. Second, the
outdiffusion of Ga caused by the formation of Ag-Ga solid
solution!™'" results in the generation of deep acceptor-like
Ga vacancies near the GaN surface and hence an increase in
carrier concentration''”. Tndeed, we demonstrated the I-V
characteristic of the TiN/Al contact layer (not shown). It
should be noted that the contact revealed a rectifying /-
behavior, implying that the Ag interlayer plays an important
role in forming ohmic contacts. Finally, the TiN barrier
layer effectively suppresses the indiffusion of Al toward
GaN. In general, Al indiffusion could cause the formation of
Al-nitride phases, generating donor-like nitrogen vacancies
near the GaN surface, which is detrimental to p-type GaN
ohmic formation. Moreover, Ti-oxide phases formed on the
TiNy layer due to air exposure on the Ag/TiNy layer could
segregate along the TiNy grain boundaries and thus could
hamper the diffusion of Al through the TiNy film by grain
boundary diffusion”.

4. CONCLUSION

In this work, Ag/TiN./Al contacts were studied with
respect to the formation of ohmic contacts to p-GaN for flip-
chip LEDs. The contacts produced ohmic behaviour with a
specific contact resistance of 4.4x 10~ Qcm” when annealed
at 430 °C for in nitrogen ambient, which is much better than
that of the commonly used Ni/Au/Al contacts. It was shown
that the use of TiN, barrier layers is effective in hindering
indiffusion of Al toward GaN, and hence facilitates p-type
ohmic formation. Moreover, the exposure of Ag/TiNy layers
to air is also an effective method to protect against Al indif-
fusion. Based on TEM, GXRD, and AES results, the ohmic
formation was attributed to the combined effects of the for-
mation of Ag nano-dots, an Ag-Ga solid solution, and TiN
barrier layers. Blue LEDs fabricated with the annealed Ag/
TiNy/Al p-type contacts showed forward-bias voltage of
3.24 V at 20 mA, while LEDs with annealed Ni/Au/Al con-
tacts yielded a forward-bias voltage of 4.43 V at 20 mA.
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