
Polarized light emission from GaInN light-emitting diodes embedded with
subwavelength aluminum wire-grid polarizers

Ming Ma,1 David S. Meyaard,2 Qifeng Shan,3 Jaehee Cho,2,a) E. Fred Schubert,2

Gi Bum Kim,4 Min-Ho Kim,4 and Cheolsoo Sone4

1Future Chips Constellation, Department of Materials Science and Engineering, Rensselaer Polytechnic
Institute, Troy, New York 12180, USA
2Future Chips Constellation, Department of Electrical, Computer, and Systems Engineering,
Rensselaer Polytechnic Institute, Troy, New York 12180, USA
3Future Chips Constellation, Department of Physics, Applied Physics and Astronomy,
Rensselaer Polytechnic Institute, Troy, New York 12180, USA
4Advanced Development Group, LED Business, Samsung Electronics, Yongin 446-920, Korea

(Received 31 May 2012; accepted 26 July 2012; published online 6 August 2012)

We demonstrate a back-emitting (sapphire-substrate emitting) linearly polarized GaInN light-

emitting diode (LED) embedded with a subwavelength-sized aluminum wire-grid polarizer (WGP).

Rigorous coupled wave analysis is implemented to study the polarization characteristics of such a

WGP LED. The aluminum nanowire grating with a period of 150 nm is located on the sapphire

backside of a GaInN LED structure and is fabricated by electron-beam lithography and inductively

coupled plasma reactive-ion etching. A polarization ratio of 0.96 is demonstrated for a WGP GaInN

LED in good agreement with simulation results. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4744422]

The high efficiency of light-emitting diodes (LEDs) al-

ready provides very substantial energy savings in a number

of lighting applications.1–3 Moreover, LEDs fundamentally

offer new functionalities such as the control of color temper-

ature, dimming level, pulsation, far-field emission pattern,

and even polarization, all of which is far less controllable for

traditional lighting sources.4 Such optically functional light

sources (i.e., LEDs) can provide many benefits in general

lighting, automobiles, and display applications.5,6 However,

the control of one property—optical polarization—still

remains insufficient, despite the fact that LEDs with polar-

ized emission would be extremely useful particularly for

liquid-crystal display (LCD) backlighting and projection-

display lighting, as well as for sensing and communication

applications. For example, in a LCD, only polarized emis-

sion can be switched on and off. Currently backlighting sour-

ces emit unpolarized light and absorptive polarizers are

separated from the LED backlighting unit, which results in a

loss of light.7 Therefore, if a LED can generate polarized

emission with high efficiency, it will undoubtedly be benefi-

cial to the energy efficiency of LCDs.8 Previously it has been

reported that the light emitted from GaInN LEDs epitaxially

grown on different crystal planes of sapphire substrates

shows some degree of polarization.9–11 However, the polar-

ization ratios (PRs) were not high enough for practical appli-

cations. In the present study, we investigate polarized

emission from a GaInN LED in which a subwavelength alu-

minum wire-grid polarizer is embedded.

A wire-grid polarizer (WGP) relies on a conductive

metal grating and its interaction with the incident light, par-

ticularly its electric field component. Embedding a metallic

WGP on top of a LED (which will be denoted as a “WGP

LED”) offers several advantages: First, an extremely high

PR is possible with a WGP structure. Second, a WPG LED

allows for the light with the undesired polarization to be

reflected back (i.e., not absorbed), where it may be scattered

at the p-type metal contact and thus, by means of a scattering

event, have another chance to assume the polarization that is

transmitted through the polarizer.12 In order to optimize the

parameters of the grating, rigorous coupled wave analysis

(RCWA) is implemented in MATLAB.13,14 In this method,

Maxwell’s equations are solved in three regions: the sub-

strate, grating, and the ambient. Separate equations are con-

sidered and solved for the transverse electric (TE) and the

transverse magnetic (TM) mode light. Here, the TE mode

light is defined as light whose electric field component oscil-

lates along the direction perpendicular to the plane of inci-

dence; and the TM mode light is defined as light whose

magnetic field component oscillates along the direction per-

pendicular to the plane of incidence. The incident light is

assumed to emit uniformly from a planar, randomly polar-

ized light source, similar to the real case of a LED. The equa-

tions introduced in this paper are relevant to the TE mode;

for the TM mode, a similar derivation can be performed. A

complete derivation of equations and methods of solution for

both modes of light is found in the literature.12 Figure 1

shows the geometry defined for this work, as well as the opti-

mization parameters of interest.

To simplify the theoretical simulation, the area of the

polarizer is assumed to be infinitely large. For visible-light

applications, The WGP will have several thousand periods

per centimeter, so this assumption is justified. In order to

solve Maxwell’s equations, the electric field in each of the

three regions of interest should be first described. If we

define the interface of the grating region to lie in the y plane

and consider the light to be a plane wave, we can generalize

any incident light in terms of its x and z components, as

shown in Fig. 1. We define the incident light in terms of its

electric field componentsa)choj6@rpi.edu.
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Eincident ¼ exp ½ �j ðkx;0xþ kz;0zÞ �; (1)

where kx,0 and kz,0 are the 0th order wave vector in the x and

z directions, respectively, and j is the imaginary number

(j2¼�1). When the incident wave reaches the grating, a set

of waves will be reflected backwards. We can then express

the electric field in region I as a sum of the incident and all

reflected waves

EI ¼ exp ½�j ðkx;0xþ kz;0zÞ � þ
X

i

Ri exp½�jðkx;i;Ixþ kz;i;IzÞ �;

(2)

where Ri is the amplitude of the ith order reflected wave,

kx,i,I refers to the ith order wave vector in the x direction in

region I, and kz,i,I refers to the ith order wave vector in the z

direction in region I.

The periodic grating, located in region II, is assumed to

consist of two materials, in this case, metal and air. We can

then express the electric field in the grating in terms of its com-

plex field components. This is implemented in the equation

EII ¼
X

i

SiðzÞexp½ �jðkx;ixþ kz;0zÞ �; (3)

where Si is the normalized amplitude of the ith space har-

monic field. For the grating region, we discretize parameters

such as complex permittivity, e(x), by expressing them as a

sum of Fourier components

eðxÞ ¼
X

p

ep expðjKpxÞ; (4)

where ep is the pth Fourier component of the relative permit-

tivity in the grating region, and K is the grating period with

K ¼ 2p
K .

In region III, there are no reflected waves, but simply

the sum of waves transmitted through the grating

EIII;y ¼
X

i

Ti exp½ �jðkx;i;IIxþ kz;i;IIðz� dÞÞ �; (5)

where Ti is the amplitude of the ith order transmitted wave

and d is the thickness of the grating. After defining the elec-

tric field in each region, we solve the Maxwell-Faraday

equation in all areas of interest, resulting in a series of

coupled differential equations. Using the known electrostatic

boundary conditions, such as continuous tangential E and H
at the boundary interfaces (z¼ 0 and z¼ d), we can solve for

the transmitted and reflected waves. Here, we define the

polarization ratio, PR, as

PR ¼ jITE � ITMj
ITE þ ITM

: (6)

That is, unpolarized light (ITE¼ ITM) and highly polarized

light (ITM� ITE) has a polarization ratio of zero and about

one, respectively. Using this calculation method, we can com-

pare the effect of all relevant parameters such as choice of

metal, metal-film thickness, metal-stripe width, and grating

period. We optimize these parameters for maximum transmit-

ted TM intensity, as well as maximum polarization ratio.

First we compare different choices of grating material.

Each different metal can be simulated by including its com-

plex permittivity in the grating region. In this manner, effects

such as absorption and reflection can be accurately included

in this model. Intuitively, we expect that a metal with high

conductivity would be a good choice. Comparing the simu-

lated results using various thicknesses and periods for silver,

gold, and aluminum (Al) gratings, Al exhibits best overall

performance.12 There is an inherent trade-off between

increasing the metal-stripe width to increase the polarization

ratio, and maintaining a very high transmitted intensity. Fig-

ures 2(a) and 2(b) shows the simulated polarization ratio and

transmitted TM mode intensity ratio for an Al grating with a

150 nm period, respectively. Here, the transmitted TM mode

intensity ratio is defined as the ratio between the transmitted

TM mode intensity and the incident TM mode intensity. A

transmitted TM mode intensity ratio of 1 means all of the

FIG. 1. Schematic diagram of the simulated grating geometry, showing the

xz coordinate system used, as well as the important parameters to be

optimized.

FIG. 2. Simulated (a) polarization ratio

and (b) transmitted TM mode intensity

ratio, using a fixed 150 nm period Al

WGP, as a function of the metal-stripe

width and the metal-film thickness. The

dashed line indicates the 190 nm metal-

film thickness selected for fabrication.
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incident TM mode light is transmitted through the WGP.

The period of 150 nm is chosen in consideration for the limi-

tations of the available electron-beam lithography system.

As the metal-film thickness of the grating is increased, the

polarization ratio increases, but at the cost of transmitted in-

tensity. Based on the simulation results, a grating with a

metal-film thickness of 190 nm is chosen; it has high polar-

ization ratio over a large range of the metal-stripe widths.

GaInN LEDs emitting at 460 nm are grown on a double-

side-polished (0001) oriented c-plane sapphire substrate

by using a single-wafer metalorganic vapor phase epitaxy

(MOVPE) system. Mesa devices with 300� 300 lm2 chip

area are fabricated under a standard LED fabrication process,

followed by the depositions of reflecting n-type metal con-

tacts (Ti/Al—30/250 nm) and p-type metal contacts (NiZn/

Ag—5/200 nm). After that, the Al WGP is fabricated on the

backside of the fabricated LEDs. The process flow for the

fabrication of the Al WGP is schematically shown in Fig. 3.

At first, an Al layer with a thickness of about 190 nm is de-

posited on the backside of the sapphire of the fabricated

LEDs by using electron-beam evaporation. This is followed

by electron-beam deposition of a layer of SiO2 with a thick-

ness of about 40 nm. Subsequently, a layer of the poly meth-

ylmethacrylate (PMMA) electroresist is spin-coated onto the

SiO2 layer. The SiO2 is used as a hard mask to etch Al due to

the poor etch resistivity of the electroresist.15 The PMMA is

patterned by using electron-beam lithography to define a gra-

ting array within an area of 300� 300 lm2. The patterned

resist has a period of 150 nm and a resist linewidth of about

75 nm, as shown in Fig. 4(a). The grating pattern is then repli-

cated into the underlying SiO2 layer through a fluorine-based

inductively coupled plasma reactive-ion etching (ICP-RIE)

process. The SiO2 layer is etched under 300 W ICP power

and 100 W RIE power with 15 sccm of CHF3 at 10 mTorr to

form the SiO2 hard mask. The patterned SiO2 has a period of

150 nm and a SiO2 linewidth of about 90 nm, as shown in

Fig. 4(b). Finally, the Al layer is etched through a chlorine-

based ICP-RIE process by using the patterned SiO2 as a hard

mask. The Al layer is etched under 400 W ICP power and

75 W RIE power with 30 sccm of BCl3 and 10 sccm of Cl2 at

5 mTorr. The Al nanowire gratings have a period of 150 nm

and an Al linewidth of about 100 nm, as shown in Fig. 4(c).

To measure the polarization ratio of the light emission

from such a WGP LED, a rotating linear polarizer is placed

between the GaInN WGP LED and a Si photo-detector, as

illustrated in Fig. 5(a). The different polarizations of light

are detected by rotating the linear polarizer in line with the

FIG. 3. Schematic diagram of the process flow for the fabrication of the Al

WGP LED.

FIG. 4. Scanning electron microscopy

(SEM) images of (a) patterned PMMA

on top of the SiO2 layer; (b) patterned

SiO2 on top of the Al layer; and (c) Al

WGP on top of the sapphire substrate.

The gratings have a period of 150 nm.

FIG. 5. (a) Schematic illustration of the measurement

setup; (b) measured EL intensity of the WGP LED as a

function of the orientation angle of a rotating linear

polarizer.
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designed direction of polarization. We confirmed that a LED

without a WGP shows completely unpolarized emission.

Figure 5(b) shows the electroluminescence (EL) intensity of

the WGP LED as a function of the orientation angle of the

rotating linear polarizer. As shown in Fig. 5(b), the measured

intensity varies with the polarizer-rotating angle, revealing

polarized light emission from the WGP LED. The maximum

and minimum intensities indicate the relative magnitude of

the TM mode light and TE mode light, respectively. The

measured intensity of the TM mode light is about 50 times

greater than the intensity of the TE mode light, correspond-

ing to a polarization ratio of about 0.96. Note that our

approach allows for an Al WGP with good uniformity and

surface coverage since it is fabricated on the backside of the

LED, thus, resulting in a high polarization ratio.

In summary, a back-emitting (sapphire-substrate emit-

ting) linearly polarized GaInN LED emitting at 460 nm with

an embedded subwavelength-sized Al WGP is demonstrated.

Rigorous coupled wave analysis is implemented to study and

optimize the polarization characteristics of such a WGP

LED. An optimized Al nanowire grating with a period of

150 nm is fabricated on the sapphire backside of a GaInN LED

structure by electron-beam lithography and ICP-RIE. A polariza-

tion ratio of 0.96 is experimentally demonstrated for a GaInN

LED. The polarization ratio of 0.96 is consistent with the simula-

tion results based on rigorous coupled wave analysis. The results

open the door for practical applications of polarized LEDs.
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