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high reflectance of over 90% at 460 nm wavelength and low specific
contact resistivity of 5.5 x 107> Q cm? were obtained from La-con-
taining Ag contacts annealed at 300 °C for 1 min, which also show
better thermal stability than Ag contacts after annealing in air

g?rmzrg;tact ambient. The experimental results reveal that the addition of La
La additive could effectively slow down Ag migration in (11 1) direction during
Light reflectance annealing, and thus suppress the Ag agglomeration at elevated
Specific contact resistivity temperature, leading to a good ohmic contact with improved high

reflectance and thermal stability.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

GaN-based vertical-structure light emitting diodes (VLEDs) have drawn much attention due to
their high light-extraction efficiency and better thermal dissipation, which make them a promising
choice for high power/brightness applications [1-3]. Since emitted light from active regions is re-
flected up from the contact electrodes on p-GaN in the VLEDs, a high reflectance and low resistance
p-GaN ohmic contact is essential to increase the light extraction and improve device performance.
Silver (Ag) is a well-known highly reflective metal across the visible spectrum and has been used
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for ohmic contacts to p-GaN by annealing in air ambient [4-6]. The ohmic behavior could be attributed
to the reduction of the Schottky barrier height caused by the formation of Ag-Ga solid solution at the
interface between Ag and p-GaN [4]. However, the poor thermal stability of Ag on p-GaN causes film
agglomeration during annealing, leading to degradation in electrical and optical properties [4,5].
Therefore, pure Ag films are not suitable to be used as p-GaN contacts for high-power VLEDs.

Regarding the physical origin of Ag agglomeration, two different mechanisms have been suggested,
including surface diffusion to reduce the total free energy and bulk diffusion of Ag atoms by oxygen-
vacancy interaction [7,8]. The capping layers on the top of Ag films, such as Ru, Mg, La, Zn and NiZn
alloy, have been investigated, and proved to be able to reduce film agglomeration and thus result in
better thermal stability due to suppression of excessive incorporation of oxygen into the Ag layers
[5,9-12]. Furthermore, different Ag alloys, such as Ag-Al, Ag-Cu and Ag-Mg alloys, have been demon-
strated to improve the thermal stability of Ag films [6,13-15]. In this letter, we present a new Ag-La
metallization scheme for p-GaN ohmic contacts. By adding La additive to Ag contacts, light reflectance
and thermal stability of the contacts are improved significantly.

2. Experimental

To investigate the properties of Ag-La contact layers, 1 um-thick Mg-doped GaN films grown on c-
plane sapphire substrates using metalorganic chemical vapor deposition were used. The carrier con-
centration of p-GaN samples determined by Hall measurements is about 5 x 107 cm>. The circular
transfer length method (CTLM) was used for specific contact resistivity measurements. The CTLM pat-
tern defined by standard photolithography has a constant outer radius of 200 pm and the gap spacing
between the inner and outer pads is varied from 5 to 45 pm. Prior to lithographic patterning process,
the as-grown GaN samples were ultrasonically degreased using acetone, methanol and then rinsed in
deionized water. In order to remove the surface oxide layer, all samples were dipped into a buffer
oxide etch (BOE) solution for 20 min and then placed into the deposition chamber for metallization.
125 nm-thick Ag-La contact patterns were deposited on p-GaN substrates by electron-beam evapora-
tion followed by the lift-off process. In order to make a uniform Ag-La source, we used the vacuum arc
melting method. The as-deposited Ag-La film contains 0.6 wt.% La, determined using inductively cou-
pled plasma mass spectrometry. For comparison, a Ag film with the same thickness was also deposited
on p-GaN as a reference. The CTLM contacts were then annealed at temperatures ranging from 200 to
450 °C for 1 min in air ambient using a rapid thermal annealing system. The surface morphology and
microstructure of Ag and Ag-La films were analyzed by scanning electron microscopy (SEM) and high
resolution X-ray diffraction (HRXRD). Current-voltage characteristics of the contacts were examined
using a semiconductor parameter analyzer (HP 4145). A UV/Vis/NIR spectrometer (JASCO V-670) was
used to measure the reflectance of the Ag and Ag-La contacts deposited on quartz glass.

3. Results and discussion

Fig. 1a shows the specific contact resistivities of Ag and Ag-La contacts as a function of the anneal-
ing temperature. Both as-deposited metal contacts on p-GaN exhibit non-ohmic behavior. The specific
contact resistivity were calculated for the Ag and Ag-La contacts which reveal ohmic property after
annealing at temperature ranges of 200- 400 °C and 200-450 °C, respectively. While the specific con-
tact resistivities of both contacts are similar after annealing at 200 °C, the Ag contact shows a lowest
specific contact resistivity of 5 x 107% Q cm? after annealing at 300 °C, where the specific contact
resistivity of the Ag-La contact (5.5 x 107> Q cm?) is about one order lower than that of the annealed
Ag contact. The specific contact resistivities of Ag and Ag-La contacts dramatically increases at anneal-
ing temperatures higher than 400 °C and 450 °C respectively, which implies degradation of the con-
tacts. Fig. 1b shows the reflectance of both contacts at the wavelength of 460 nm as a function of
the annealing temperature. Both as-deposited Ag and Ag-La contacts reveal the same reflectance close
to 95%. The reflectance of the Ag contact degrades to 80% after annealing at 300 °C and drops quickly
with increasing the annealing temperature. Meanwhile, the reflectance of the Ag-La contact is kept
over 90% after annealing at 300 °C and degrades slowly over all annealing temperatures, compared
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Fig. 1. (a) Specific contact resistance of Ag and Ag-La contacts as a function of annealing temperature in air ambient. (b) Light
reflectance at 460 nm wavelength obtained from Ag and Ag-La contacts as a function of annealing temperature in air ambient.

with the Ag contact. The reflectance at 460 nm was chosen for the evaluation of light reflectance since
the emission wavelength of GaN LEDs for lighting applications is around that region of the spectrum.

In order to evaluate the thermal stability of both Ag and Ag-La contacts, we investigated the change
of specific contact resistivity and light reflectance as a function of annealing time at 250 °C. For easier
comparison of the results, the specific contact resistivity of each sample was normalized with its initial
contact resistivity (p,) obtained after annealing at 300 °C for 1 min and plotted as (p./p,) against
annealing time, shown in Fig. 2. For the Ag contact, the value of p./p, is drastically increased by a fac-
tor greater than 100 after annealing for 60 min. Meanwhile, the specific contact resistivity of the Ag-
La contact is only about five times greater than its initial value after annealing for 120 min. The light
reflectance of the Ag contact decreases to 60% after annealing at 250 °C for 45 min, while the reflec-
tance of the Ag-La contact shows high reflectance of 80%. These results in Figs. 1 and 2 indicate that
the La additive could suppress the degradation of the Ag-La contact and thus result in better thermal
stability.

The surface morphology of as-grown Ag films is similar to that of the Ag-La films, as shown in
Fig. 3a and b. After annealing at 300 °C in air ambient, however, the annealed Ag contact shows a very
irregular and isolated hole morphology (shown in Fig. 3¢), which could be explained on the basis of the
high surface diffusion of Ag atoms in the oxygen-contained ambient [16]. The hole formation in Ag
films is enhanced in the presence of oxygen and thus leads to Ag agglomeration, which would strongly
reduce the contact area and, thus result in a poor specific contact resistivity and a low light reflectance,
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Fig. 2. Comparison of p/p, ratios for Ag and Ag-La contacts as a function of annealing time at 250 °C in air ambient.

Fig. 3. SEM images of (a) an as-deposited Ag film, (b) an as-deposited Ag-La film, (c) a Ag film annealed at 300 °C for 1 min in air
and (d) a Ag-La film annealed at 300 °C for 1 min in air.
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as indicated in Fig. 1. Contrary to the Ag contact, no holes are found in the Ag-La sample after anneal-
ing under the same condition although the surface roughness is a little increased, as shown in Fig. 3d.

In order to investigate the interfacial reactions between metal contacts and GaN, secondary ion
mass spectrometry (SIMS) depth profiles were obtained from both contacts before and after annealing,
as shown in Fig. 4. The interdiffusion of contact metal and GaN during annealing leads to the formation
of Ag-Ga solid solution, which produces acceptor-like Ga vacancies beneath the contact, resulting in
the reduction of the Schottky barrier height [17]. For the Ag contact, as depicted in Fig. 4a and b, Ga
atoms significantly outdiffuse to the surface of the annealed Ag contact. Meanwhile, for the Ag-La con-
tact, it is observed that a thin La-rich alloy layer exists near the p-GaN interface for the as-deposited
sample, as shown in Fig. 4c. This indicates that the La atoms tend to evaporate from the premixed Ag-
La source in the early stage of film deposition. After thermal annealing, the La profile coincides with
the Ag profile, implying that the La atoms are uniformly distributed in the whole contact layer. Com-
paring Fig. 4b and d, the outdiffusion of Ga atoms in annealed Ag-La contacts is found to be much less
serious than that in annealed Ag contacts. Since Ga outdiffusion could be enhanced by annealing in the
oxygen-contained ambient due to the high reactivity of Ga with oxygen [18], we speculate that exces-
sive oxygen could be prevented from diffusing into GaN during annealing due to the suppression of Ag
agglomeration in Ag-La contact by La additive.

For reduction of the free energy of the system, agglomeration of polycrystalline films occurs by
atomic diffusion, and causes dewetting of metallic films, resulting in a partly uncovered substrate sur-
face and irregular film morphology. From the previous study [6], it is pointed out that crystal grains of
Ag films tend to be (11 1)-oriented to minimize the surface energy of the films during thermal anneal-
ing. Ag atoms in other textured grains migrate and merge into growing {111} grains, leading to the
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Fig. 4. SIMS depth profiles of Ag and Ag-La contacts before and after annealing at 300 °C. Both contacts were annealed under air
atmosphere for 1 min.
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Fig. 5. HRXRD 0-20 profiles of Ag and Ag-La films before and after annealing at 300 °C.

formation of voids and finally the isolated Ag islands. Fig. 5 shows HRXRD 6-20 scans of the pure Ag
and Ag-La films before and after annealing at 300 °C. The change in XRD peak intensities of Ag (111)
and (200) were investigated. For the as-deposited films, the intensity ratio of I(111)/I200) (=76.9) in the
Ag contact is much higher than that (=6.3) of the Ag-La sample. However, the value of I111)/I200) is
increased up to 250 for the Ag contact after annealing at 300 °C. Meanwhile, the intensity ratio of
Iri11y/I 200y in the annealed Ag film is kept around 8.8, indicating that La additive could efficiently re-
duce the diffusion of Ag atoms to Ag (111) planes and thus enhance the resistance to Ag agglomera-
tion. In addition, the SEM images in Fig. 3c and d shows that the grain sizes of the annealed Ag-La
contact are smaller than those of the annealed Ag contact, which imply that the grain migration is re-
tarded in annealed Ag-La films, resulting in the suppression of agglomeration. The improvement in
the specific contact resistance and light reflectance for the Ag-La contact is speculated due to less
reduction of the contact area during annealing.

4. Conclusion

In summary, a highly reflective and low resistance Ag-La ohmic contact for p-GaN has been dem-
onstrated. The Ag-La contact shows a low specific contact resistance of 5.5 x 107> Q cm? and high rel-
ative reflectance of over 90% after annealing at 300 °C in air. We suggest that La additive could
effectively prohibit Ag-La films from evolving into (111)-preferred orientation during annealing
and thus suppress the Ag agglomeration. The results indicate that the Ag-La film has potential for
applications of p-GaN contact in VLEDs.
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