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We have investigated A2.5 nm/TiN, (50 nm)/Al (200 nm contacts for use in GaN-based flip-chip light emitting diodes
(LEDs). The Ag/TiN/Al contact becomes ohmic with specific contact resistance o412 () cn? when annealed at 430°C

for 1 min in nitrogen ambient. It is shown that the continuous Ag interlayer is broken into Ag nanodots when annealed. It is also
shown that the Til\ barrier layer effectively hampers the indiffusion of Al toward GaN. Blue LEDs are fabricated using the
annealed Ag/TilYAl contacts and are compared with those made with the annealed Ni/Au/Al contacts.
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Realization of solid-state lighting is subject to the fabrication of surements were performed using a parameter anali#fer155A.
high-brightness GaN-based light-emitting diodeEDs). For high- Auger electron spectroscofES) was carried out using a PHI 670
brightness LEDs, the achievement of high light extraction efficiency Auger microscope with an electron-beam of 10 keV and 0.0286
is essential. To improve light extraction efficiency and hence en-The microstructure was characterized by transmission electron mi-
hance device performance, LEDs with flip-chip geometry have beercroscopy(TEM, JEOL 2010 operated at 200 kV. The interfacial
introduced™? In flip-chip configuration, LEDs are fabricated with reaction products were characterized by glancing angle X-ray dif-
reflective p-type electrodes such as Ag, Al, and Rh layémmong fraction (GXRD, Rigaku diffractometeD/MAX-RC)) (using Cu
these, Ag layers are commonly used because they give high refleck o radiation.
tivity and good ohmic behaviors to p-GaN:’ However, the Ag Figure 1 shows the typicdl-V characteristics of Ag/TiNAI
reflector has drawbacks such as poor adhesion to p-GaN and thermahd Ni/Au/Al contacts before and after annealing at 430°C,
instability.5'8AI electrodes have good thermal stability and reflectiv- measured on the gm spaced metal pads. For the Ag/TiNI
ity comparable to that of Ag reflectors. However, Al reflectors have contacts, the as-deposited sample shows nonlihdarbehavior,
not been widely used because they produce poor ohmic contacts aut annealing results in ohmic behavior with specific contact resis-
p-GaN. Thus, instead of single Al layers, Al-based multilayers with tance of 4.4x 1073 Q cm?.2® For the Ni/Au/Al contacts, the as-

Ni or Ni/Au contact layers were used to improve ohmic deposited sample exhibits near-line&V/ behavior. However,
behaviors'® Titanium nitride(TiN,) is known to be one of the best annealing causes the considerable degradation of its electrical
diffusion barriers for electronic devic€s° TiN, was also used as a characteristic. For comparison, Ag/Al contacts without Jiarrier
contact layer for optoelectronic devices because of its low resistivitylayers were also formed. The Ag/Al contact showed
and high transparency.*? In this work, we have investigated Al- nonohmic behavior when annealed at 430°C in nitrogen ambient.
based reflective contacts to p-GaN using Ag interlayers and TiN Thjs implies that the introduction of TiNis important for forming
barrier layers. The Ag/TilNAI contacts become good ohmic with  ohmic contact and TilNserves effectively as a barrier layer.

specific contact resistance of 441072 Q cn? when annealed at To characterize interfacial reactions between the metal layers and
430°C for 1 min in nitrogen ambient. LEDs fabricated with the p-GaN, AES examination was made of the Ag/JiMl layers be-
annealed Ag/TiWAI p-type contact layers give better electrical be- fore and after annealing at 430°C. For the as-deposited sdfFigle
haviors than those with the commonly used Ni/Au/Al contacts. 23 individual Al, TiN,, and Ag layers are well defined. Note that

Metallorganic chemical vapor deposition grown L& thick  some amount of oxygen is present throughout the, Téyer, prob-
p-GaN layers(4 X 10'" cm®) were ultrasonically degreased using ably along the Til grain boundaries. For the annealed santplg.
trichloroethylene, acetone, methanol, and deionig@t) water 5  2pb), however, some intermixing between the metal layers occurred.
min in each step, followed by Nblowing. Prior to photolithogra-  For example, a small amount of Al diffused into the Tildyer. It is
phy, the samples were treated with a buffered oxide ¢RQE) shown that some amount of Ga outdiffused into the AggTiayer.
solution for 20 min and rinsed in DI water. Circular transmission Thjs indicates the possible formation of Ga-Ag solid solu%%.ln

line method(CTLM) patterns were defined by the standard photo- addition, it is expected that upon annealing the incorporated oxygen
lithographic technique for measuring specific contact resistance. reacts with the Til and forms Ti-oxide.
The outer dot radius was fixed at @8n and the spacing between Figure 3 shows the cross-sectional TEM image of the
the inner and outer radii varied from 4 to 25n. After the BOE  Ag/TiN,/Al contact annealed at 430°C. The Al and Tildyers were
treatment, Ag(2.5 nm) and TiN, (50 nm layers were deposited at well-defined even after annealing. In addition, note that the continu-
room temperature by electron-beam evaporation. The, TaMers  ous Ag layer was broken up into nanod¢Zs13 nm in siz¢ (indi-
were deposited using a TiN electron-beam sou8per Conductor  cated by the arrowsat the TiN/GaN interface, as shown enlarged
Materials, Inc., 99.99%in vacuum to grow a nonstoichiometric in the inset.
phase withx < 1, because their resistivity is lower than that of TiN Figure 4 shows GXRD results obtained from the Ag/JiN
with x > 1. Prior to the deposition of 200 nm thick Al layers, the contact before and after annealing at 430°C. For the as-deposited
Ag/TiN, samples were kept in air at room temperature for 10 h tosample (Fig. 43, in addition to Al, there are nitrogen deficient
introduce oxygen into TiN grain boundarie&. For comparison,  phases, such as;N and TiNy g There exists a Ti-oxide phase such
Ni (2.5 nm/Au (2.5 nm/Al (200 nm layers, which are commonly  as T,O,, which is believed to form during the air exposure before
being used for flip-chip LEDs, were also deposited by electron-beanthe deposition of the Al layer. For the annealed sanfiplg. 4b), in
evaporation. Some of the samples were then rapid-thermal-annealestidition to the TjN phase, Ti-oxide phases, such as(g and
at 430°C for 1 min in nitrogen ambient. Current-volta@®/) mea- Ti3Os, are formed, as noted from the AES results. However, Ag was
not detected in both samples. This may be because the amount of Ag
is much smaller than those of the TiNr Al layers, leading to very
* Electrochemical Society Active Member. weak diffraction peaks. Moreover, most of Ag peak positions are
2 E-mail: tyseong@gist.ac.kr somewhat similar to those of Al diffraction peaks. For example, Ag
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Figure 3. Cross-sectional TEM of the Ag/TiMAl contact annealed at
Figure 1. Typical I-V characteristics of the Ag/TiMAIl contacts and 430°C. Inset: HREM image of the interface region.
Ni/Au/Al contacts before and after annealing at 430°C for 1 min in nitrogen
ambient.
that the(111), (200, and(220) peaks of Al appear at 38.459, 44.705,
and 65.072°, respectivelfdCPDS carfd Thus, the Ag peaks are
believed to overlap with those of Al peaks.
(111), Ag (200), and Ag(220) peaks are expected to appear at dif-
fraction angles of 38.102, 44.260, and 64.399°, respectively. Note
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Figure 2. AES depth profiles of the Ag/TiNAI contacts(a) before andb)

Figure 4. GXRD plots of the Ag/TiN/Al contacts(a) before andb) after
after annealing at 430°C for 1 min in nitrogen ambient.

annealing at 430°C.

Downloaded 18 Apr 2010 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



G152 Electrochemical and Solid-State
0.10 — 7 ,{f 1
L
E 55 w jf ‘é@ I
0.08 1 g —a— Nist Uil ¢ 47 {7
< Qs —e— AQITIN Al !,{J? 4
~— b N e [
= 0.06 1 o5 j z!,-‘ ff .
E [«
o T4 z
- g 1000 2000 3000 4000 5000 J fe
3 004 Holding time (sec) Jf I / i
0 ) * f ¥,
. 7
0.02 —O—AgﬂlN:fA| .‘fﬁ ‘* i
—a—Ni K] A
a— NifAufAl ‘?f@ A
0.00 wﬁ“ﬁ T r
0 1 2 3 4 5 6
Voltage (V)

Figure 5. Typical (I-V) characteristics of GaN blue LEDs fabricated with the
Ag/TiN,/Al contacts (circles and Ni/Au/Al contacts(triangles before
(open and after(filled) annealing at 430°C. The inset shows the forward-
bias voltage at injection current of 100 mA as a function of the holding time.

InGaN/GaN multi-quantum-well blue LEDs were fabricated us-
ing the Ag/TiN/AI and Ni/Au/Al contact layers(annealed at
430°0 and their performance was characteriz&dy. 5). For the
LEDs made with the Ag/TilJAIl layers, forward-bias voltage be-

comes improved upon annealing at 430°C. For example, it is en

hanced from 3.53 to 3.24 V at injection current of 20 mA. For the
LEDs with the Ni/Au/Al layers, however, forward-bias voltage was

degraded considerably upon annealing. These results are in good

agreement with their I-V behaviof&ig. 1). Forward-bias voltage at
injection current of 100 mA as a function of the holding time is
shown in the inset. For the Ni/Au/Al contact, the forward-bias volt-

age becomes unstable with increasing holding time. However, the

Ag/TiN,/Al contact exhibits relatively stable voltage. In addition,
measurementé showed that the LEDs with the annealed
Ag/TiN,/Al layers give series resistance of 9.86 while the LEDs
with the annealed Ni/Au/Al layers show 15.3B

Although the Ag/TiN/Al layer was annealed at 430°C, only
small amount of Al diffused into the metal layers. The XRD results

showed the formation of the Ti-oxide phases. The oxides could stuff 8.

the TiN, grain boundaries and so could hamper the diffusion of Al
through the TiN film by grain boundary diffusiod® The suppres-
sion of Al induffusion toward the GaN plays an important role in

forming ohmic contacts, since the indiffusion of Al could cause the 11.

formation of Al-nitride phases, generating donor-like nitrogen va-
cancies near the GaN surface, which is detrimental to p-type ohmi
formation. This indicates that the exposure of the AgiTi&yer to
air is an effective process for forming ohmic contacts.

It should be noted that TiN(50 nm)/Al (200 nn) contacts be-
fore and after annealing 430°C produced nonohmic behawior
shown), implying that the Ag interlayer plays an important role in

forming ohmic contacts. Thus, the anneal-induced improvement of

the electrical behaviors of the Ag/TiMI contacts could be ex-

plained as follows. First, the improvement can be related to the;q

formation of the Ag nanodots at the TiNGaN interface as shown

by the TEM results. This leads to the formation of inhomogeneous
Schottky barriers at the interface. According to the electronic trans
port theory at the metal-semiconductor interface with inhomoge-

neous Schottky barrie|1§,the difference between the SBHs of the

Lette85(6) G150-G152(2009

Ag/GaN and the TilfGaN and the size effect of the nanoscale Ag
dots could result in the increase of the electric field at the interface,
causing the lowering of the barrier height and hence the reduction of
the contact resistivity" ° Second, the out-diffusion of Ga caused by
the formation of Ag-Ga solid solutidn® results in the generation

of deep acceptor-like Ga vacancies near the GaN surface and hence
an increase in carrier concentrati%)lnThus, the improvement could

be attributed to the combined effects of the formation of the Ag
nanodots and Ag-Ga solid solution.

In summary, the Ag/TilAl contacts were investigated to form
ohmic contacts to p-GaN for flip-chip LEDs. The contacts produced
ohmic behavior with specific contact resistance of 4.4
X 1072 O cm? 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 exposure of AgATiders to air is
effective in hindering the indiffusion of Al toward GaN and hence is
helpful to p-type ohmic formation. Based on the TEM and AES
results, the ohmic formation was attributed to the combined effects
of the formation of the Ag nanodots and the Ag-Ga solid solution.
Blue LEDs fabricated with the annealed Ag/TiWI p-type contacts
showed forward-bias voltage of 3.24 V at 20 mA, while LEDs with
the annealed Ni/Au/Al contacts gave 4.44 V.
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