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We investigate the crystallographic orientation and strain states of the Ni/Ag ohmic contacts

on p-type GaN. The Ag film in the Ni/Ag contact was severely agglomerated during high

temperature annealing in air ambient. As a results, after annealing for 24 h, the Ni/Ag contact

shows non-linear /-V curve and low light reflectance of ~21% at 460 nm wavelength.

High-resolution X-ray diffraction results show that the interplanar spacing of Ag (111) planes

is almost same to that of bilk Ag after annealing for 24 hrs, indicating that the in-plane

tensile strain in the Ag film was fully relaxed due to the Ag agglomeration.
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I. Introduction

GaN—based (LEDs) are

attracting great interest as candidates for next

light—emitting diodes

generation solid—state lighting, because of their long
lifetime, small size, high efficacy, and low energy
consumption. Recently, vertical—structure device by
laser lift—off (LLO) have been exploited for high
power and high efficiency LEDs which are suitable for
general illumination applications [1—6]. In this con—
figuration, highly reflective and low resistance ohmic
contacts to p—type GaN are key aspects to reduce
forward voltage and improve the light extraction
efficiency. Low contact resistivity (~107° Qcm?) and
high reflectance (>80%) could be obtained using
various Ag—based ohmic contacts [2—7]. Although the
thermal stability of the Ag—based contacts can be
improved by using contact layers and/or overlayers of

refractory metals [2,5,7], and Ag alloy—based contact
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[6], it is still not enough for ~105 hours of device
operation, because Ag films have poor adhesion to the
substrate and easily agglomerate at elevated tem—
peratures in air ambient. However, the microstruc—
tural evolutions of Ag—based ohmic contact by Ag
agglomeration have not been investigated yet.

In this letter, we investigate the microstructural
evolution of the Ni/Ag ohmic contacts to p—type GaN
as a function of annealing time using high—resolution
x—ray diffraction (HRXRD). As the annealing time
increases, the Ni/Ag contact was severely agglo—
merated, resulting in the increase of contact re—
sistivity and decrease of light reflectance. Combining
the microstructural analysis with experimental data
of surface morphology, contact resistivity, and light
reflectance, the origin of the Ag agglomeration of

Ag—based reflective Ohmic contact was investigated.
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II. Experiments

Mg—doped p—type GaN films used in this work were
grown on (0001) sapphire substrate by metal organic
chemical vapor deposition (MOCVD) [8]. Details on
the wafer are described in previous works [2]. For
measurements of specific contact resistivity using the
transmission line method (TLM), active regions were
defined by inductively coupled plasma of Clo/BCls gas,
followed by dipping samples into a boiling aqua regia
solution of HCl: HNOs (3:1) to remove surface
oxides [9]. Figure 1(a) shows the schematic illustration
of TLM test pattern formed on the p—type GaN. The
contact resistance (r.) in the unit of Qcm and the
sheet resistance (Rs) in the unit of Q/C] are
determined from the intercept of y—axis and the slope
of resistance at 0 V with interspacing of TLM pads,
as plotted in Fig. 1(b). The contact resistivity (p.)
could be calculated by pCZrCZ/RS. TLM test structure
with 100%50 pum® pads was patterned on the surface—
treated samples using photoresist. Prior to metal
deposition, all the samples were dipped in HCI : DI
(1:1) solution for 2 min. After the HCl treatment,
Ni/Ag (10/1800 A ) metals were deposited by electron
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beam evaporation under a base pressure of 2X10
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Figure 1. (a) Schematic illustration of TLM test pattern
and (b) evaluation method of contact re—
sistivity using TLM.
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torr. After lift—off of metals deposited on the photo—
resist, the samples were annealed at 500°C in air
ambient. Current—voltage (/=V) characteristics of the
contacts were examined using a HP4156 semicon—
ductor parameter analyzer. A tungsten—halogen lamp
and a monochromator were used for measuring the
light reflectance of the contacts. The reflected beam
at the incident angle of 45° was collimated to a
photomultiplier tube. An Ag mirror with the certified
reflectance of ~95% in the wavelength range of
interest was used as the reflectance standard. Syn—
chrotron radiation photoemission spectroscopy (SRPES)
(HRXRD)

measurements of the contact were carried out to

and high—resolution X-ray diffraction

evaluate the microstuructural evolution of the

contacts. HRXRD 6-26 scans were performed by
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Figure 2. (a) Current—voltage (/—V) curves and (b)
changes of contact resistivity for the Ni/Ag
contact as a function of annealing time at
500°C in air ambient.
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angular resolution of 0.002° using a high—resolution
four—axis X-ray diffractometer with a 4—bounce

crystal and 3—bounce Ge (220) analyzer crystal.

IIT. Results and discussion

Fig. 2 shows the /—V curves and contact resistivity
of the Ni/Ag contact as a function of annealing time
at 500°C in air ambient. The annealing temperature
of 500°C was chosen to clearly investigate the
changes of microstructure in the Ni/Ag contact by Ag
agglomeration, although the Ni/Ag contact shows the

lowest contact resistivity order of ~107° Qcm® and

highest light reflectance about 90% after annealing at
300°C, as previously reported [2]. After annealing for
1 min, the Ni/Ag contact showed the contact resis—
tivity of 2x10™% Qcm” and good ohmic characteristics.
However, as the annealing time increases, the contact
resistivity of the contact was significantly increased,
and the contact exhibits a nonlinear /—V behavior
after annealing for 240 min.

SRPES measurements were carried out to investi—
gate the ohmic formation mechanism of the contacts.
Fig. 3 shows the SRPES spectra of (a) Ga3d and (b)
Nls core levels before and after annealing. The Ga3d
peaks were deconvoluted into three bonds, corres—

ponding to Ga—0O, Ga—N, and metallic Ga bonds,
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Figure 3. SRPES spectra of (a) Ga3d and (b) Nls core levels for the Ag (20 A) contacts before and after annealing
for 1 min at 500°C in air ambient. (c) Schematic energy band diagram below the interface of the Ag
metal with p—type GaN before and after annealing.
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respectively. After annealing at 500°C in air ambient,
the peak intensity of metallic Ga bonds was signi—
ficantly increased. It means that the out—diffusion
Ga atoms to Ag layer was promoted by the oxidation
annealing, as previously reported [10]. Furthermore,
the binding energies of the peaks decreased after
annealing, indicating the reduction of Schottky barrier
height for the transport of holes at metal/GaN
interface. Based on SRPES results, the schematic
energy band diagram at the Ag/p—type GaN interface
before and after annealing at 500°C in air are shown
in Fig. 3(c).

The light reflectance spectra and the changes in

the light reflectance at 460 nm wavelength for the
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Figure 4. (a) Light reflectance spectra and (b)
changes of light reflectance at 460 nm
wavelength for the Ni/Ag contact as a
function of annealing time at 500°C in air
ambient.
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Ni/Ag contact as a function of annealing time were
shown in Fig. 4(a) and (b). The light reflectance of
70% was measured after annealing for 1 min, but it
was rapidly degraded with annealing time. Finally,
after annealing for 24 hrs, the light reflectance was
decreased to 21%.

Fig. 5 displays the scanning electron microscopy
(SEM) micrographs of the Ni/Ag contact after
annealing at 500°C as a function of annealing time.
The annealed Ni/Ag contact for 1 min shows the small
voids, and the surface roughness and voids were
increased with annealing time. After annealing for 24
hrs, the Ni/Ag contact shows fully agglomerated
surface with Ag islands and voids. The degradations
in the contact resistivity and light reflectance of the
contact shown in Fig. 2 and 4 were attributed to the
severe Ag agglomeration in the Ni/Ag contact.

In order to examine the crystallographic changes of
the contact with annealing time, HRXRD 6—-26 scans
were performed in the Ni/Ag contact as a function of
annealing time. As previously reported, only Ag (111)
diffraction peaks are shown in Fig. 6(a), because the
Ag film is epitaxially grown on p—type GaN with thin
Ni contact layer [2]. The inset shows the enlarged Ag
(111) peaks to clearly show the peak shift with
annealing time. As the annealing time increases, the
peak intensity was gradually increased and the
full—width at half—maximum (FWHM) was decreased.
Moreover, the Ag (111) peaks were moved toward
lower diffraction angle with annealing time.

The interplanar spacing, ¢ can be evaluated from
the 26 positions in the 6—260 scans of the Ni/Ag
contact as shown in Fig. 6(b). After annealing for 1
min, the Ni/Ag contact shows shorter ¢ spacing than
bulk Ag (2.359 A ) [11], meaning that Ag film is under
in—plane tensile strain. However, d spacing was
drastically increased with annealing time, and the Ni/
Ag contact shows almost same @—spacing compared to
bulk Ag after annealing for 24 hrs. These results

indicate that the tensile strain in Ag film was
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Figure 5. SEM micrographs of the Ni/Ag contact after annealing for (a) 1 min, (b) 30 min, (¢) 120 min and (d)

420 min at 500°C in air ambient.

gradually relaxed as the agglomeration was occurred,
and finally unstrained Ag film due to fully agglo—
merated Ag film.

Ohmic contact formation of the Ni/Ag contact is
the formation of Ag—Ga solid—solution due to the Ga
out—diffusion to Ag layer after annealing [10]. The
formation of Ag—Ga solid solution leaves Ga vacancies
below the contact. Because Ga vacancies act as
shallow acceptors for electrons in GaN, the net hole
concentration at the metal/GaN interfacial region
increased, resulting in the low contact resistivity of
Ag—based Ohmic contact. In spite of the formation of
Ag—Ga solid solution, the degradation in contact
resistivity of the contacts after long time annealing
could be attributed to the increase of uncovered
region due to the severe Ag agglomeration as shown

in Fig. 5. Agglomeration of Ag film is a mass trans—
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port process to reduce total free of the film during
high temperature annealing [12]. The surface diffu—
sion driven by both surface energy and surface stress
results in the grain boundary grooving, hillocks
and/or volids formation, and finally agglomeration
[13]. For the Ag film, Ag atoms in other planes move
toward (111)—oriented ones to reduce the surface
energy, leading to Ag agglomeration, because the
(111)—oriented planes are energetically most stable
[12]. For the Ni/Ag contact, the Ag film is epitaxially
grown on p—type GaN with (111) orientation. Thus,
the surface diffusion of Ag atoms to reduce the
surface energy could be reduced. However, the ther—
mal compressive stress generated during annealing
due to the difference in coefficient of thermal expan—
sion between film and substrate is another driving

force for the Ag agglomeration [14]. The Ag film in
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Figure 6. (a) HRXRD &-26 profiles of the Ni/Ag con—
tact as a function of annealing time at 500°C
in air ambient. Inset shows the enlarged Ag
(111) peaks of Ni/Ag contact. (b) Interplanar,
d spaing of the Ag (111) planes in the Ni/Ag
contact as a function of annealing time.

the annealed Ni/Ag contact at 500°C for 1 min is
under in—plane tensile strain due to the lattice
constant mismatch as shown in Fig. 6. This tensile
strain was gradually relaxed with annealing time due
to Ag agglomeration, resulting in the shift of Ag (111)
peaks toward lower diffraction angle and subse-—
quently increase of d—spacing toward bulk Ag (Fig.
6).

IV. Conclusion

In conclusion, we investigated the effects of Ag

agglomeration on the crystallographic orientation of
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Ag—based ohmic contacts on p—type GaN. The contact

resistivity and light reflectance were severely
degraded due to the Ag agglomeration in the Ni/Ag
contact. The tensilely strained Ag film in the Ni/Ag
contact shows the strain relaxation during annealing
due to the Ag agglomeration. We propose that
understanding the crystallographic evolutions of the
contact metals during annealing is a key aspect to
develop high—quality reflective ohmic contacts for
high—performance GaN—based LEDs of solid—state

lighting.
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