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ABSTRACT

This article discusses possible solutions to limitations in light extraction efficiency of light-emitting diodes (LEDs) using
new types of triple-layer omni-directional reflectors (ODRs). The ODRs have lower mirror losses than metal reflectors
and distributed Bragg reflectors (DBRs). High-reflectivity ODRs have been incorporated into AlGalnP LEDs and GalnN
LEDs. It is shown that the ODR significantly increases light extraction from ODR-LEDs as compared to reference LEDs
employing a DBR or metal reflector. Other examples of innovative concepts to be presented include novel materials with
unprecedented low-refractive index, which further enhance the optical properties of ODRs.
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1. Introduction

Waveguided optical modes occur in light-emitting diodes (LED) structures with a bottom and a top reflector. The
bottom reflector can be a metal reflector, a distributed Bragg reflector (DBR) or an omnidirectional reflector (ODR). If
the bottom reflector has the reflectivity R, the intensity of the light after N reflection events is given by R". Expressing
this in terms of the mirror loss L = 1 — R, the intensity after N reflection events is given by (1 — L)" which, for low values
of L, can be approximated by (1 — L) ~ 1 — NL. This equation shows that mirror losses should be kept at a minimum in
high-efficiency LEDs.

There are several ways to obtain highly reflective coatings in the visible spectrum including metal mirrors, DBRs and
ODRs, as shown in Fig. 1. Metal reflectors are robust reflectors capable of reflecting visible light over a wide range of
wavelengths and incident angles. However, the reflectivity of Ag and Al is limited to ~ 95% in the visible wavelength
region. DBRs are periodic structures with a unit cell of two dielectric layers having different refractive indices n; and
quarter-wavelength thicknesses d; (i = 1, 2). However, the DBR reflectivity depends on the incidence angle & such that
the stop band shifts towards shorter wavelengths for increasing 8 without changing its spectral width. As a result, DBRs
become transparent for oblique-angles of incidence. Recently, triple-layer ODRs comprising a semiconductor with a
refractive index n, a low-refractive index layer (n);), and a metal with a complex refractive index N, = ny, + 1 ky, where
kn 1s the extinction coefficient, have been introduced. Triple-layer ODRs with high reflectivity, wide stop band, and
omni-directional reflection characteristics have been demonstrated, and have shown the potential to outperform metal
reflectors and DBRs.
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Fig. 1. Schematic cross-sectional view of (a) metal reflector, (b) distributed Bragg reflector (DBR), and (c) triple-layer omni-
directional reflector (ODR).
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In this paper, enhancements of light extraction in LEDs by using highly-reflective ODRs are presented. It is
experimentally shown that the ODRs significantly increase the light extraction from the AlGalnP-based and GalnN-
based LEDs as compared to reference LEDs employing a DBR or a metal reflector. Further improvements in reflectivity
were achieved by using novel low-refractive index (low-n) materials such as nanoporous SiO, synthesized by a sol-gel
process, and nanorod SiO, and indium-tin oxide (ITO) layer fabricated by oblique-angle deposition. It is shown that
incorporation of low-n materials into LEDs results in enhanced reflectivity, and hence enhanced light-output of the
ODR-LEDs due to a high refractive index contrast.

2. Theoretical calculation
The planar ODR consists of the LED semiconductor material emitting at a wavelength A,, a low refractive index
layer (n;;) and a metal with a complex refractive index Ny, = ny, + iky,, where k;, is extinction coefficient. The reflectance
of the semiconductor/metal reflector as a function of the incident angle @is given by*
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The reflectance of the triple-layer ODR as a function of the incident angle @is given by*
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thickness of Ay/(4ny), i.e., to a quarter wavelength layer. Fig. 2 (a) compares the angular dependence of reflectivity of
different triple-layer ODRs to a transparent DBR widely used in AlGalnP-based red LEDs emitting at 630 nm. In an
AlGalnP-based LED (ng = 3.3) emitting at 630 nm, Ag (nag= 0.08, ka, = 4) is a particularly good choice as compared to
Au (na= 0.18, kp, = 2.7). While the ODRs maintain high reflectivity at virtually all angles of incidence, the DBR
reflectivity sharply drops above 17°. Fig. 2 (b) shows the angular dependence of the reflectivity of triple layer ODR
(GaN/SiO,/Ag), Ag, and 20 periods of Alj,5Gag7sN/GaN DBR at 470 nm (na, = 0.132, kag = 2.72, nsjop = 1.46, ngan =
2.45 at 470 nm). As opposed to the ODR and metal reflectors, R of the DBR sharply drops above 14° and recovers only
at angles close to grazing incidence. Note that the reflectivity for TE-polarized light of the GaN/SiO,/Ag ODR is higher
than that of the GaN/Ag reflector for all angles of incidence.

Because the LED active region emits light isotropically, the total substrate reflectivity averaged over the solid angle
would be a suitable figure-of-merit. The average reflectivity is given by

R = 2i [7 R(2.6) 21 sin6 do 3)
T

where A denotes the emission wavelength and & the angle of incidence in the semiconductor. Values of R’ for different
reflectors are calculated by numerical integration of the reflectivity curves shown in Fig. 2 and are listed in Table I. The
angle averaged reflectivity R’ is much larger for a GaN/SiO,/Ag ODR (R'= 0.93 at A =470 nm) and Ag reflector (R'=
0.92 at 4 = 470 nm) than for the DBR (R' = 0.49 for TE-polarized, R'= 0.38 for TM-polarized at A = 470 nm). The
averaged reflectivity of triple-layer ODRs exceeds the value of R’ for the transparent DBR by about a factor of two. Note
that the reflectivity increase is significant. The power of a wave-guided mode, P, attenuated by multiple reflection events
(with reflectivity R) depends on the number of reflection events, N, according to P= P, R", where P, is the initial power
of the mode.
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Fig. 2. (a) Calculated reflectivity R of triple layer ODR (GaP/SiO,/Ag, GaP/SiO,/Au and 35 periods of (Aly3Gag 7)o sIng sP /Al sIng sP
DBR at A = 630 nm. (b) Calculated reflectivity R of triple layer ODR (GaN/SiO,/Ag), Ag reflector, and 20 periods of Aly,sGag 75N
/GaN DBR at 457 nm.

Table 1. Values of the angle-integrated reflectivity R’ at 630 nm for AlGalnP-based and at 470 nm for GalnN-based reflectors
calculated from the reflectivity curves as shown in Fig. 2.

Reflector Hy kn R’
Ag/SiO,/GaP 0.08 4 0.99 (630 nm)
Au/Si0,/GaP 0.18 2.7 0.96 (630 nm)
AlGalnP DBR 2.9/3.35 - 0.47 (630 nm)
Ag/Si0,/GaN 0.132 2.72 0.93 (470 nm)

Ag/GaN 0.132 2.72 0.92 (470 nm)
AlGaN DBR 2.5/2.2 - 0.49 (470 nm)

At perpendicular incidence, the reflectance of the triple-layer ODR is given by’
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For an AlGalnP/SiO,/Ag structure emitting at A= 630 nm, Equation (4) yields a normal-incidence reflectance
Ropr(6=0) > 98 %. This value exceeds the corresponding value for a structure without low-index layer by about 3 %,
thereby reducing optical losses by a substantial amount. Due to the power-law dependence, this improvement of R is of
great importance and shows the huge potential of ODRs.

3. Light-emitting diodes with omni-directional reflectors

3.1. AlGaInP LEDs with ODRs

An AlGalnP-based LED structure comprising a conductive ODR is presented and compared to a reference device
employing a conductive DBR. Figure 3 shows top, cross-sectional and bottom view of the AlGalnP LED incorporating a
conductive ODR. The AlGalnP LED consists of a top current-spreading layer, the active and confinement layers, a
bottom window layer, the ODR, and a conductive holder such as a Si wafer. The active layers include the lower and
upper confinement layers and the bulk or multiple-quantum well active region. The wafer is grown in the standard “p-
side up” mode that is commonly employed for LEDs. The fabrication process includes deposition of the ODR, bonding
of the wafer to a conductive holder such as Si, chemo-mechanical polishing for removal of the GaAs substrate, and metal
contact deposition on the top window layer
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Fig. 3. A top view and a cross-sectional view, and a bottom view of the AlGalnP LED incorporating a conductive ODR. The original

GaAs substrate has been removed and the LED is bonded “p-side down” to a new conductive holder. The ODR serves as p-type
contact to the LED.

The current-voltage (I-V) characteristics of AlGalnP LEDs are shown in Fig. 4(a). Commercial AlGalnP absorbing-
substrate (AS) LED emitting at 630 to 650 nm, and transparent-substrate (TS) LED emitting at 595 nm’ are used as
references. At a current of 20 mA, the forward voltage of the ODR-LED is about 2.7 V. Optical output power P versus
injection current / for an ODR-LED, an AS LED with a DBR, and a TS-LED is shown in Fig. 4(b). The peak
wavelengths of the three devices are 650 nm (ODR-LED), 630 nm (DBR-LED), and 595 nm (TS-LED) with junction
areas 4; = 0.09, 0.25, and 0.05 mm’, respectively. In order to measure the total optical output power the samples were
placed on a reflecting holder inside an integrating sphere. The largest light output is attained by the ODR-LED.
Maximum values of the external quantum efficiencies 7.y are about 18 % for the ODR-LED (/;= 27 mA), 11 % for the
DBR-LED (/s = 11 mA). TS-LEDs operating at 632 nm have an external quantum efficiency of 32 %.° The external
quantum efficiency of the ODR device is expected to further increase with a thicker top window layer. The window layer

thickness of the ODR device shown in Fig. 3 is 2 um and it is reasonable to expect an improvement by a factor of 2 for
ODR devices with a thick window layer.
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Fig. 4. (a) Current vs. voltage characteristics and (b) the dependence of the total optical output power on the drive current for ODR-,
DBR-, and TS-AlGaInP LEDs emitting at 650, 630, and 595 nm, respectively. The junction areas 4; are about 0.09 mm? for ODR- and
DBR-LEDs and about 0.05 mm? for the TS-LEDs.

Proc. of SPIE Vol. 6134 61340D-4






