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GalnN light-emitting diodes with RuO  ,/SiO,/Ag omni-directional reflector
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A GalnN light-emitting diodgLED) employing an omni-directional reflecté®DR) is presented.

The ODR consists of a Rubhmic contact tq-type GaN, a quarter-wave thick Sidow-index

layer perforated by an array of micro-contacts, and an Ag layer. Calculations predict a 98%
angle-averaged reflectivity a&=450 nm for an GaN/Si&Y Ag ODR, much higher than that for a 20
period Al ,:G&, ;IN/GaN distributed Bragg reflect@d9%) and an Ag reflectof94%. It is shown

that the Ru@/SiO,/Ag ODR has higher reflectivity than Ni/Au and even Ag reflectors, leading to

a higher light extraction efficiency of GalnN LEDs with ODR. The electrical properties of the
ODR-LED are comparable to those LEDs with a conventional Ni/Au contact2004 American
Institute of Physics.[DOI: 10.1063/1.1757634

GaN-based light-emitting diodétEDs) provide higher In this letter, an omni-directional planar reflector is re-
performance in the short-wavelength part of the visible ancported that is incorporated into GalnN blue LED @adype
ultraviolet spectrum than any other material systeHow-  ohmic contact. The ODR comprises GaN, a thin layer of
ever, there is still a great need for improvement of the interoxidized Ru used as semitransparent low-resistgntge
nal quantum efficiency as well as extraction efficiency. Flip-ohmic contact, a quarter-wave thick Si@w-refractive in-
chip mounted high-power LEDs were demonstrated dex (Nsio,=1.46 at 450 nmlayer perforated by an array of
attaining high extraction efficiency, in which light is ex- Ag micro-contacts, and a thick Ag layer. It is shown that the
tracted through the transparent sapphire substrate instead bR has a much higher reflectivity than conventional Ni/Au
through partially absorbing metal contacts as for the case tfpntacts and has the potential to outperform Ag metal mirror
top-emitting conventional LEDs. In flip-chip LEDs, the light o GaN. Furthermore, it is shown that the forward voltage of
emitted toward metal contacts is reflected up, increasing lighfhe ODR-LEDs is lower than that of the LED with Ag con-
extraction. Therefore, the employment of highly reflectivetact and is comparable to that of conventional LEDs with
metal ohmic contacts with a low contact resistivity could Nj/au contacts.
substantially improve the flip-chip mounted GaN-based The GalnN LED structure was grown by metalorganic
LEDs. chemical vapor deposition orrplane sapphire and consists

In order to obtain high reflectivity, various reflectors of 5 thick n-type GaN buffer layer, am-type GaN lower
have been suggested including metal mirrors, distribute@addmg layer, a GalnN/GaN multiple quantum well active
Bragg reflectors(DBRs), and omni-directional reflectors region, ap-type GaN upper cladding, and a highly doped
(ODRs. Ag metal mirrors the show highest reflectivity contact layer. LED mesa structures were obtained by stan-
among metal mirrors in the visible wavelength region. How-q5,q photolithographic patterning followed by dry-etching to
ever, the reflectivity of GaN/Ag is limited to about 94%nd expose then-type cladding layer. After 10 min dip in aqua
the contact resistivity for Agl-type GaN is expected to be regia solution to remove native oxide priype GaN, RU50
high due to a low work function of A§.DBRs have been R) was deposited and annealed at 500 °C undea@bient
used in GaAs-basédnd AlGalnP LEDs. The reflectivity, to form RUG, acting as ohmic contact tp-type GaN. The
however, decreases dramatically at oblique angles of i”CiRuOZ obtained by this oxidation annealing was virtually col-
dence resulting in high optical losses. Recently, differentyjess and transparent. Ru@ one of the few electrically
types of ODRs with high reflectivity, wide stop band, and conquctive, optically transparent metal oxides. Quarter-wave
omni-directional reflection characteristics have beenypick SiO, was deposited on the RyOusing plasma-
demonstrated” A conductive ODR consisting of GaN, Ad, enhanced chemical vapor deposition. Then, an array of cir-
and intermediate ITO layer has been incorporated into apjar micro-contacts was patterned on S#dd etched using
AlGalnN LED and improvement in light output was shown. HF solution to expose the conducting Ru@yer. Ag (200
The ODR is based on the high/low/high complex refractivenm) and Au (20 nm were deposited by electron-beam
index of the Ag (1ag=0.132, kag=2.72 at 450 nm ITO  ayaporation at a pressure lower thar 507 Torr on top of
(NiTo=2.06 at 450 nm and GaN (can=2.45 at 450 NN he SiQ, with perforated micro-contact holes. For compari-
However, the ODR-LED showed high operation voltagesson | EDs with conventional Ni/Au and Ag contacts were
(~7 V) possibly due to a high contact resistivity of ITO/ fapricated on the same wafer. Thetype contacts for the

p-GaN. samples were fabricated by electron-beam evaporation of Ti/
Al/Ni/Au contacts without oxide removal or subsequent an-

dElectronic mail: efschubert@rpi.edu nealing. A Xe-arc lamp and a monochromator were used to
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FIG. 1. (a8 Schematic cross-sectional view of triple-layer ODR, metal re- FIG. 2. Normal incidence reflectivity spectra for GaN/§i@g ODR,
flector, and DBR.(b) Calculated reflectivityR(6) at \=450 nm of triple ~ GaN/RuQ/SiO,/Ag ODR, GaN/Ag, and GaN/Ni/Au.

layer ODR (GaN/SiQ/Ag), metal reflectofGaN/Ag and GaN/Ni/Aly, and

20 period Ap,Ga s N/GaN DBR, assumingng=0.132, kpg=2.72,

Nsio,=1.46,Ngan=2.45 at 450 nm. (R"=0.49 for s-polarized, R"=0.38 for p-polarized at

A=450 nm. Since the LED active region emits light isotro-
measure normal-incidence reflectivity of sapphire/GaN/pica”y’ R’ is a suitable figure-of-merit to describe reflector
reflectors(the ODR and metal reflectgrsTo measure the Performance. Note that the reflectivity of the GaN/Si8g
reflectivity, the reflected monochromatic light was collimi- ODR is higher than that of the GaN/Ag reflector for all
nated and focused onto a calibrated UV-enhanced Si photdngles of incidence. . .
detector using an optical lens system. ~ Figure 2 presents experimental normal-incidence reflec-

Figure a) shows a schematic cross-sectional view oftlVity spectra measured for the GaN/Sidg ODR,
the triple-layer ODR, the metal reflector, and the DBR. TheGaN/RUQ/SIO,/Ag ODR, GaN/Ag, and GaN/Ni/Au sys-
planar ODR consists of the LED semiconductor materiaff€ms. The reflectivity spectra show interference fringes due
emitting at a wavelength,, a low refractive index layer to interfaces shown in the inset of Fig. 2, a_md have an abrupt
(n;), and a metal with a complex refractive indil,=n,, cutoff at Wavelength_ around the absorption edge of GaN,
+ikp, wherek,, is extinction coefficient. The reflectivity of ~360 nm. The experimental data clearly show that the ODRs
(1) the semiconductor/metal reflector a(@] the triple-layer ~Nave higher reflectivity in visible wavelengths than conven-
ODR as a function of the polar angtg are given by tional Ni/Au contact and even Ag mirror on GaN, confirming

the reflectivity calculation in Fig. (b). The reflectivity of

_|nscosh; =N cosd,|? 1) GaN/RuQ/siO,/Ag ODR is slightly lower than that of the
 |ngcosf,+ chos6?2| ' @ GaN/SiQ /Ag ODR due to a thin, semi-transparent RuO
) ) intermediate layer fop-type contact, but still higher than
_ | riatrasexp2ig) | (2)  that of Ag metal reflector. The measured reflectivities were
1+1 1 p3eXp(2i p)| lower than the calculated ones possibly due to absorption and
where scattering in back-side-polished sapphire.
Figure 3a) shows a top view and Fig.(B) shows a
Nng C0S#,— N;; COSH, schematic cross-sectional view of the GalnN LED with
r12= N COS6; + N cosb,’ GaN/RuQ/SiO,/Ag ODR. The dashed line in Fig(& rep-

resents the cross-sectional cut shown in Fidp).3The chip
dimensions are 300300 um?. There is an array of circular

n;i cosf,— N, cosé 2m
L 2 m 3 ¢:—n|ihC0502-

3= l
7 n,i cosf,+ N, cosby No

Microcontacts

Equation(2) applies to a low-index dielectric layer thickness

of N\o/(4ny), i.e., to a quarter wavelength layer. Figur)1 Ag (200 nm)
shows the reflectivityR(#) atA=450 nm of triple layer ODR —Si0, (70 nm)
(GaN/SiG /Ag), metal reflectors(GaN/Ag and GaN/Ni/ RuO; (5 nm)
Au), and 20 periods of AlL,Ga ;g\N/GaN DBR. The reflec- _ GalnN LED
tivity curves were calculated using the optical transfer matrix § f=3.m)
method® and using parametersppg=0.132, kag=2.72, /

Nsio,=1.46,Ngan=2.45 at 450 nnt: As opposed to the ODR _iagg‘;'i;em)

and metal reflectordR(6) of the DBR sharply drops above
14° and recovers only at angles close to grazing incidence
As a result, the angle averaged reflectiviy is much larger

for a GaN/SiQ/Ag ODR (R, =0.98 atA=450 nm and Ag FIG. 3. Top view and schematic cross-sectional view of GalnN LED with

reflector R'=0.94 at A=450 nm than for the DBR GaN/RuQ/SiO,/Ag ODR.
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FIG. 4. (a) Current—voltage characteristics afig) light-output-vs-current
characteristic of GalnN LEDs with GaN/Ry¢5i0,/Ag ODRs and LEDs
with Ni/Au and Ag contacts.

micro-contacts in th@-contact area, enabling electrical con-
ductivity between the Rufcontact layer and Ag through the
insulating SiQ low-index layer. The radius of the micro-
contacts is 4um. The micro-contact array covers only about

2% of the entire back side lit area of the LED chip. There-
fore, assuming a reflectivity of 90% of the micro-contacts,

the overall ODR reflectivity is reduced by an insignificant
amount. Because of the low resistivity50 w{dcm) and its
high work function(>5eV),*?*® Ru0, is expected to be an
excellent current spreading and contact layep-tgpe GaN.
with low contact resisitivity:*

Kim et al.

reflectivity, and hence better light extraction efficiency due to
the use of the ODR. In addition, a saturation of the light
output power with increasing current level is not observed
for the LED with GaN/Ru®/SiO,/Ag ODR, indicating that
the resistivity of the Ru@layer and specific contact resis-
tance of the GaN/Rufcontact is low enough for LED ap-
plications.

In summary, a GaN LED with an ODR has been pre-
sented. The ODR consists pftype GaN, a thin layer of
RuG, acting as ohmic contact tp-type GaN, an Ag layer,
and an intermediate low-refractive index dielectric layer,
SiO,, perforated by an array of Ag micro-contacts, thus en-
abling electrical conductivity. Calculations predicts a 98%
angle averaged reflectivity at=450 nm for a GaN/Si®/Ag
ODR, which is higher than that for a 20 period
Alg ,:Gay 74\/GaN DBR(49%) and even for an Ag reflector
(94%). Consistent with the calculated results, the ODR has
higher reflectivity than Ag and Ni/Au reflectors. Further-
more, LEDs with GaN/Rug¥SiO,/Ag ODRs show better
electrical properties than LEDs with Ag mirrors, and much
higher light-extraction efficiency than LEDs with conven-
tional Ni/Au contacts.

Support by the NSF, DARPA/ARO, and ONR is grate-
fully acknowledged.
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