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Blue and Green Photonic Crystal Light Emitting Diodes (LEDs): Advanced
Devices for Energy Efficient Lighting

Product Name

Brief Description Blue and green LEDs are key components used to create high-efficiency,
semiconductor-based white-light sources for solid-state lighting.
Photonic crystals can be incorporated into the surface of the LEDs to
dramatically enhance both the efficiency and the directionality of these
visible LEDs.

When was this product Two new patents were granted in October and November 2007 that

first marketed or available
for order? ready for licensing or for incorporation into advanced semiconductor-

secure our intellectual property position so that this technology is now

based light sources. Our final joint project on high-efficiency photonic
crystal light emitters concluded in January 2007.

Inventor or Arthur J.Fischer, Principal Member of Technical Staff
Principal Developers Sandia National Laboratories
PO Box 5800, MS 1086
Albuquerque, NM 87185
Phone: 505-844-6543
Fax:505-844-3211
ajfisch@sandia.gov

Jonathan J.Wierer, Senior Scientist
Phillips Lumileds Lighting

370 West Trimble Road

San Jose, CA 95131

Phone: 408-964-5226
jonathan.wierer@philips.com

Michael R. Krames, Director, Advanced Labs
Phillips Lumileds Lighting

370 West Trimble Road

San Jose, CA 95131

Phone: 408-964-5226
mike.krames@philips.com
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Joel R.Wendt, Principal Member of Technical Staff
Sandia National Laboratories

PO Box 5800, MS 1082

Albuquerque, NM 87185

Phone: 505-844-2649

Fax:505-284-7690

jrwendt@sandia.gov

Inventor or
Principal Developers

G.Ronald Hadley, Distinguished Member of Technical Staff
Sandia National Laboratories

PO Box 5800, MS 1085

Albuquerque, NM 87185

Phone: 505-844-4015

Fax: 505-844-8985

grhadle@sandi/gov

Kristine W. Fullmer, Senior Process Technician
Sandia National Laboratories

PO Box 5800, MS 1086

Albuquerque, NM 87185

Phone: 505-844-9992

Fax:505-844-3211

kfullme@sandia.gov

Dong Li, Graduate Research Assitant
University of New Mexico

Center for High Technology Material
1313 Goddard SE

Albuquerque NM 87106

Phone: 505-272-7801
Fax:505-272-7801
dongli@chtm.unm.edu
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Inventor or Steven R.J.Brueck, Director, Center for High Technology Materials
Principal Developers University of New Mexico
Center for High Technology Material
1313 Goddard SE, Room 145
Albuquerque NM 87106
Phone:505-272-7800
Fax:505-272-7801
brueck@chtm.unm.edu

Product Price Product prices rapidly change in the semiconductor field; these
are estimated prices based on proposed lamps at the time of this
application:

+$5-$15 for T mm x T mm 1 Watt LED

* $8-$24 for 2 mm x 2 mm 5 Watt LED

+ $15-%45 for a 15 Watt high lumen lamp

“Photonic Crystal Light Emitting Device,” US 7,294,862 granted to
Jonathan J.Wierer, Jr., et al.on November 13, 2007.

“LED Including Photonic Crystal Structure,” US 7,279,718 granted to
Michael R.Krames, et al. on October 9, 2007.

“Photonic Crystal Light Emitting Device,”US 7,012,279 granted to
Jonathan J.Wierer, Jr.et al, on March 14, 2006.

(See Appendix)
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Description of Product Semiconductor-based lighting, also called solid-state lighting, is an
emerging new technology which promises to revolutionize the lighting
industry with very long lifetimes (> 100,000 hours) and very high
efficiencies that are 10 times greater than incandescent bulbs and two
times greater than fluorescent tubes'. In order to realize the promise
that this new technology holds, the efficiency of light emitting diodes
(LEDs)? must improve, and the manufacturing costs must come down.
Photonic crystal LEDs are an exciting new technology that solves many
of the problems associated with the efficiency and functionality of
standard photonic crystal LEDs.

A photonic crystal is a periodic modulation of the index of refraction
of a dielectric material in one or more dimensions? that dramatically

alters the optical properties of the material. One of
Waveguiding (w/o Photonic Crystal) the phenomena produced by photonic crystals is a
modulation of the photonic density of states, including
in some cases the complete absence of allowed photon
states at certain wavelengths - the so-called photonic
band gap.

Photonic crystals can enhance the efficiency of LEDs in
Light Extraction with Photonic Crystal three basic ways. The first approach involves placing
etched the light emitters inside, or at the edge, of the photonic

pattern  band gap of the photonic crystal. This can enhance the
radiative emission rate. In this case, the fundamental
rate of photon emission can be enhanced, thereby

improving the overall device efficiency.

A second method of enhancing LED efficiency using

Figure 1. Schematic photonic crystals is by improving light extraction. One fundamental

diagram of an LED with limitation of semiconductor-based lighting is that light is generated

poor efficiency without a . ) . o . o

photonic crystal (top) and inside of a material with a high index of refraction. This light tends to

an LED with a photonic bounce around inside the semiconductor due to total internal reflection

crystal with enhanced . . .

efficiency due to so that very little light can escape the LED unless special steps are

;Z”f’tzove;jlighteXt’aCtiO” taken to address this problem. The same mechanism that causes light
ottom).

to be efficiently waveguided inside of an optical fiber causes light to

be trapped inside of an LED and is detrimental to its energy efficiency.

Figure 1 shows a schematic diagram of the light extraction problem

Photonic Crystal LEDs
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Description of Product in a gallium nitride-based (GaN-based) LED. The top LED shows an

LED without a photonic crystal where the light is trapped due to total
internal reflection, while the bottom LED has a photonic crystal pattern
etched into the semiconductor which allows the light to escape from the
device improving the efficiency.

A third mechanism of improving LED efficiency with a photonic crystal is
to add directionality to the light emission pattern, thereby increasing the
source brightness and providing light to a specific desirable location. As
will be shown later in this section, the emission direction of light can be
extremely well controlled using a photonic crystal LED.

For solid-state lighting applications, the most promising material system
is GaN*, where LEDs have been demonstrated at wavelengths across

the entire visible spectrum?. Thus, a large majority of our work focused
on demonstrating photonic crystal LEDs in the visible
spectrum using GaN and alloys with Indium (In) GaN

is a very chemically robust material that is difficult to

etch using wet-etching techniques; the only practical
approach is to use a dry-etching method such as
reactive ion etching. A significant amount of time
was devoted to developing the appropriate dry-etch
processing to allow us to etch sub-micron features in
GaN. The results of our etch process development are
shown in Figure 2 where a cross-sectional scanning
electron microscope (SEM) image shows 380 nm

Figure 2. Cross-sectional deep holes etched in GaN with a diameter of 110 nm
SEM image showing

high-aspect ratio holes
etching in GaN forming a ratio features in GaN was a key enabling process that allowed us to

photonic crystal.

and a lattice constant of 205 nm. The ability to etch these high-aspect
demonstrate efficiency enhancements using photonic crystal LEDs.

Our goal was to demonstrate efficiency enhancements in an electrically
injected InGaN LED. The left side of Figure 3 shows a schematic diagram
of one of our small-area photonic crystal LEDs.The epitaxial material

for these LEDs is grown by metalorganic chemical vapor deposition on
sapphire substrates. After the nucleation and buffer layers are grown,
n-type GaN is deposited. Next is a multiple quantum well active region

Photonic Crystal LEDs
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Description of Product consisting of In Ga, N wells and GaN barriers emitting at ~460 nm.Then
~1500 A of p-type layers and an InGaN tunnel junction® are grown.The
structure is completed by ~1900 A of n-GaN.The total epitaxial thickness
is~4 um.

The center image in Figure 3 shows an electroluminescence image

of a 170 um x 170 um square LED taken using an optical microscope.
The photonic crystal is patterned in the mesa area and is recessed

~10 um from the mesa edge and the center top contact. This
electroluminescence image shows that the area containing the photonic
crystal is brighter than the non-patterned edge and center. The right
side of Figure 3 shows an atomic force microscope image of the two-
dimensional triangular lattice of holes etched in the GaN surface to form

ncan UL
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Figure 3. Schematic
diagram of a photonic
crystal LED (left) showing LED brightness measured in a central cone of +/- 40 degrees and a total
holes etched into GaN to
form a photonic crystal.
An electroluminescence all emission angles. This work resulted in the first electrically injected
image is also shown
(middle) with enhanced
emission due to photonic
lattice patterning. An
atomic force microscope
image shows the two- electron beam (e-beam) lithography to pattern the sub-micron photonic
dimensional array of sub-
micron holes (right).

the photonic crystal. These LEDs demonstrated a 1.75 times increase in
increased intensity of 1.5 times when the intensity is integrated over
photonic crystal InGaN LED’.

Many of the small area photonic crystal LEDs were fabricated using
crystal features. Electron beam lithography is a very flexible direct write
technique that is well suited to photonic crystal research. The main

drawback to e-beam lithography is that it is a very slow process that
cannot easily be scaled up for manufacturing large numbers of photonic

Photonic Crystal LEDs
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Description of Product crystal LEDs. To address this issue, we have investigated large-area
patterning methods such as interferometric lithography?.

Patterning two-dimensional photonic crystals using interferometric
lithography is accomplished by exposing resist on the surface of the
sample using the interference pattern of two or more laser beams.
The left side of Figure 4 shows a two-dimensional sub-micron pattern
created using interferometric lithography. The right side of Figure 4
contains an image of the entire 3-inch wafer where the center 22 mm x
22 mm square region was patterned in less than a minute using a two-
beam double exposure technique to generate the 2D pattern. This large
region contains a two-dimensional, triangular array of approximately 4 x
10° sub-micron posts. This process can easily be scaled up to pattern full
2-inch or 3-inch nitride wafers, making this a process suitable to large-
scale manufacturing. As a demonstration of this process, we fabricated

Figure 4. Scanning large-area, 1 mm x 1 mm InGaN photonic crystal LEDs. This was the first
electron microscope
image (left) of a two-
dimensional array of that the sub-micron patterning required for photonic crystal LEDs is not
posts that were patterned
using interferometric
lithography. Image of
diffracted light (right)
from the center region of
a 3-inch wafer showing the tunnel junction design shown in Figure 2 and have focused on more
that larger areas

(22 x 22 mm?) can be
rapidly patterned. crystal patterns were fabricated using the same method of etching

large-area photonic crystal LED ever demonstrated that clearly shows
an impediment to volume manufacturing.

For our more recent work on InGaN LEDs, we have moved away from
standard devices with a single n-type and p-type region. The photonic
into the GaN material to form a two-dimensional photonic crystal.

For this work, the LEDs were patterned using e-beam lithography so
that a variety of different photonic crystal patterns could be rapidly

Photonic Crystal LEDs
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Description of Product investigated. We investigated photonic crystal patterns with hole sizes
ranging from about 110 nm to 220 nm in diameter and with pitches
ranging from 205 nm to 315 nm. This range of photonic crystal feature
sizes is expected to cover the whole range of wavelengths of interest for
blue and green InGaN emitters.

A variety of different two-dimensional geometric patterns also were
investigated. For this work, LEDs were epoxied into device packages and
wire bonded to make electrical connections. This packaging allowed for
easy optical testing in an integrating sphere. The use of an integrating
sphere allows us to measure the total LED intensity emitted in all
directions such that the total external quantum efficiency (EQE) of our
devices could be measured and compared to ‘control LEDs, which were
not patterned with a photonic crystal. Figure 5 shows the EQE plotted
as a function of current density for a representative photonic crystal

LED (red curve) compared to a control LED

| (black curve). This graph shows that control
}“_"‘—“———_____________ | LEDs without a photonic crystal have an EQE
i 18.0% EQE ] of ~12% which can be improved to ~18%
' by incorporating the appropriate photonic
12.2% EQE 1 crystal into the device structure fora 1.5
times enhancement in device efficiency.
_ Eﬁﬁtiﬂm It is important to note that, for the LED
) ) , , ) data presented in Figure 5, these devices
40 &0 80 100 120

were all left unencapsulated. One method

C t Density (A/cm? . N o :
urrent Density (A/em®) of improving light extraction in LEDs is

to encapsulate LEDs with a high-index

Figure 5. External material. However, encapsulating LEDs can be problematic since most

quantum efficiency (EQE) encapsulants degrade with prolonged exposure to blue and ultraviolet
plotted as a function
of current density for a
photonic crystal LED (red emitted light.
curve) compared to a

control LED (black curve).

light. This degradation causes them to become opaque, reducing the

The high-temperature operation of power LEDs also causes

the encapsulant to degrade. Although the higher efficiency of
semiconductor-based lighting can somewhat mitigate thermal
problems in solid-state white-light sources, even a 5 watt, 50% efficient

Photonic Crystal LEDs
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Figure 6. Far-field radiation
patterns for photonic
crystal LEDs (colored
curves) plotted on a polar
plot together with a control
LED (black curve).

Control LED - No Photonic Crystal LED with Photonic Crystal

several photonic crystal
LEDs with different patterns
(colored curves) plotted on
a polar plot, together with
an unpatterned LED (black
curve).

Figure 7. Emission pattern
from a control LED (left)
compared to a photonic
crystal LED (right) projected
onto a white background.
Note that the emission
pattern for the photonic

crystal LED shows a
triangular pattern similar
to the sub-micron pattern
etched into its surface.

R&D 100 Award Entry Form

LED will generate 2.5 watts of thermal load that must be dissipated in

a heat sink. This excess heat causes device temperatures in excess of
100°C, which can cause the LED encapsulation to degrade over time.

Our photonic crystal LEDs provide a method of
improving light extraction without relying on
encapsulation, and thus completely avoids these
issues of encapsulant degradation. Photonic
crystal LEDs can operate at higher temperatures
without suffering premature device failure. Our
j most recent work on photonic crystal LEDs has

(0 culminated in the demonstration of devices with

greater than 65% extraction efficiency without

the use of any encapsulation material whatsoever.

Photonic crystal LEDs can also be used to control the emission
direction of LED sources. For certain lighting applications, such as

spot lights and vehicle head lights, it is desirable to direct the light in

a particular direction. By choosing the appropriate photonic crystal
pattern, the far-field radiation pattern for a photonic crystal LED can be
dramatically different from that of a conventional LED. Figure 6 shows
the emission pattern for

The unpatterned LED emits light uniformly in all directions with a
smoothly varying light pattern as a function of emission angle. In
contrast, the photonic crystal LED has significantly modified far- field
emission patterns. For example, the LED represented by the green curve
shows significantly more emission in the forward direction, which is
useful for a variety of lighting applications. Similarly, the orange curve

Photonic Crystal LEDs
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Description of Product emits in two prominent side-lobes near 60° and 120°, which would be
useful for broad area illumination such as in street-lights. (We note that
while some directionality can be achieved using lens and/or reflecting
surfaces, these add to the complexity and cost of the system, as well as
reducing overall luminaire efficiency because such additional optical
components also absorb some of the emitted light, and typically operate
at only 80-90% efficiency.) Thus, in addition to improving efficiency,
photonic crystal LEDs can improve the source brightness by directing
light into a certain desired direction.

Figure 7 shows a comparison of the emission pattern for a photonic
crystal LED to that of a control LED. For these images, the LED emission
in each case was projected onto a white background and a picture was
taken with a digital camera. Notice that the photonic crystal LED has a
modified far-field radiation pattern indicative of the triangular pattern
etched in the LED, while the unpatterned LED has a smoothly varying
intensity profile.

In summary, we have shown that photonic crystal LEDs can be used
to improve the overall efficiency of InGaN LEDs without the use of an
encapsulant. This allows photonic crystal LEDs to operate at higher
powers and higher temperatures without any issue of encapsulant
degradation. We have investigated large-area patterning techniques
and have demonstrated the first large area Tmm x Tmm photonic
crystal LED. Finally, we have demonstrated that the far- field pattern
for photonic crystal LEDs can be dramatically altered using a photonic
crystal. Photonic crystals can, therefore, improve efficiency, durability,
and functionality of InGaN LEDs, making photonic crystal LEDs very
valuable as sources for solid-state white-light emitters.

Photonic Crystal LEDs
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Competing Products Photonic crystal LEDs can be used for a variety of applications including
and Technologies back-lighting for displays, LED traffic lights, task lighting, automotive
lighting, as well as general illumination for homes and offices. A very
large number of manufacturers produce and sell LEDs both in the US
and overseas for a variety of applications. Accurate comparison of
different manufacturers’ products for efficiency, price, and lifetime is
extremely difficult in this rapidly changing high-technology field. The
following list shows several of the major manufacturers together with
competing LED products:

1.) Luminous - PhlatLight products

2.) Phillips Lumileds Lighting — Luxeon based emitters (models I,

I, 1II,V,K2 and rebel)

3.) CREE—x-lamp line (XR, XR-C, XR-E)

4.) Nichia Corporation (power LED series and Top View series)

5.) Osram Opto Semiconductors (OSTAR, TOPLED, and Dragon)

6.) Samsung (Mobile Top View, Mobile Side View, and High Power)

7.) SemiLEDs - Metal Vertical Photon Light Emitting Diode

Although all of these companies sell LEDs, only one company (Luminous)

uses photonic crystals to enhance the properties of their product and
the Luminous product is currently limited to the back-lighting market
where this product is in use in Samsung HDTVs. Due to the proprietary
nature of their product, very little is known about their product with
regard to efficiency, light extraction, the use of an encapsulant, or
luminous efficacy.

Photonic Crystal LEDs
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Equal and fair comparisons between LEDs from different manufacturers

Comparison Matrix

are extremely difficult. Therefore, the comparisons made here will
compare only key features of each product. Particularly,no comparison
will be made for price since the price of LEDs changes depending on
volume, and the prices change very rapidly. Prices for photonic crystal
LEDs are expected to compare favorably to other LEDs incorporating
advanced light extraction methods.

Photonic Not required YES YES YES ~65% YES
crystal LED

Luminous unknown unknown YES YES unknown YES
Phillips YES NO NO NO ~80% YES
CREE YES NO NO NO ~70% YES
Nichia YES NO NO NO unknown NO
Osram YES NO NO NO unknown YES
Samsung YES NO NO NO unknown Some products
SemilLEDs YES NO YES NO unknown YES

Photonic Crystal LEDs
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Improvements to LED Photonic crystals offer a new and unprecedented ability to control
Technology using and modify the emission of light from LEDs. There are several different
Photonic Crystals ways that photonic crystals can improve LEDs. The first method is by

improving light extraction. Theoretical studies have shown that light

extraction efficiencies of 80% or better are possible for photonic crystal

LEDs®. This enhanced light extraction can also be accomplished without

the use of encapsulants, which can degrade under high-power LED

operation conditions. Enhancements to light extraction efficiency are
only the tip of the iceberg in possible enhancements to light emitters
using photonic crystals.

A second and potentially very powerful method of utilizing photonic
crystals in LEDs is through changes to the radiative recombination rate.
All materials in use for LEDs emit light at a rate that is characteristic

for that material. This was once thought to be an immutable material
property that could never be changed. As early at 1946, it was
discovered that this fundamental light emission rate could be enhanced
by placing the material inside of an optical cavity'. A photonic crystal

represents the ultimate optical cavity and is therefore an ideal way

to realize enhanced emission rates for LEDs. However, this method of
enhancement has never been realized for a practical LED. The photonic
crystal LED fabrication methods demonstrated here represent a practical
approach to demonstrating an enhanced light emission rate from InGaN
blue and green emitters. This method of enhancement is particularly
exciting because it can potentially address the problems associated with
the low efficiencies of green and yellow, emitters which are limited to
10% or less.

Photonic crystals can also be used to control the emission direction

of the light coming from an LED. This is particularly important for
applications such as automobile headlights and projected displays.

One common method of creating a more directional light source is to
place the LED inside of a reflector cup to point the light in a particular
direction. The reflector cup clearly must be larger than the LED which
means that the source extent is larger making a light source that is more
difficult for light engineers to utilize in the final lighting application.

By using a photonic crystal for light extraction, all of the light can be

Photonic Crystal LEDs
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Improvements to LED extracted from the top of the chip and sent in a useful direction. This
Technology using provides for a brighter, more versatile light source which can accurately
Photonic Crystals place the light where it is needed for a certain application.

The use of photonic crystals in LEDs allows us to improve the light
emission rate, enhance the light extraction efficiency without the use of
encapsulants, and tailor the emission direction to make a high-efficiency
light source that is extremely versatile and can be tailored fora use in a
wide variety of applications.

Photonic Crystal LEDs
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The most promising application for photonic crystal LEDs is solid-state

Principal Applications

lighting'. Solid-state lighting refers to the use of semiconductor-based
light-emitting diodes (LEDs) for general illumination purposes. While
lighting consumes more than 20% of all electricity consumption,
conventional lighting technologies are remarkably low in efficiency:
fluorescent lamps are only 25% efficient and incandescent lamps are
only 5% efficient. This means that 95% of the electrical energy put
into an incandescent bulb goes to heat and only 5% goes to useful
illumination. LED technology is at the beginning of its development
curve and is rapidly progressing such that 50% efficient lighting will
be possible in 5 to 10 years. This would dramatically reduce national
electricity use, perhaps by ~10%, saving $35B/year.

At the same time, this would result in a reduction by up to 100 million
tons of carbon dioxide emissions, in the US alone, significantly reducing
our impact on the environment.

In addition to improved efficiency, LED-based white-light sources have
a number of other advantages. Although fluorescent bulbs with an

efficiency of about 25% have been around for many, many years, people
continue to use incandescent bulbs in their homes since the quality of
the white light is perceived to be much higher. Using LEDs, it is possible
to create a white-light source that can be varied in both intensity and
color over a very wide range, making a highly adaptable light source
that could be utilized in a wide variety of lighting applications. Finally,
LED-based lighting will have much longer lifetimes than traditional
light sources. While an incandescent bulb lasts about 1,000 hours or

so, LED-based sources will have lifetimes of 100,000 hours or longer.
This equates to 20 to 30 years of service life for LED-based sources.

This allows LEDs to be used in a variety of new ways, such as being
permanently built into walls and ceilings. Maintenance costs associated
with changing bulbs will also be dramatically reduced. Solid-state
lighting will revolutionize the way we light our homes and workspaces.
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Photonic crystal LEDs can be used in any applications where light

Other Applications

emission is required. One important area which is gaining momentum
is the use of LEDs in automotive applications. The low-voltage, direct
current requirements and long lifetimes of LEDs make them suitable for
use in automobiles for interior lighting, indicators, brake lights and turn
signals, and even headlights. Traffic lights around the world are being
replaced with high-efficiency LED-based replacement fixtures, since
their greater energy efficiencies allow them to pay for themselves in less
than a year, and thereafter save electricity usage at a rate of $1,000 per
intersection per year. LEDs can also be used as back-lights for flat panel
computer monitors and televisions as well as other display technologies
such as projectors. LEDs are currently used for the flash on cell phone
cameras. Large outdoor displays, such as those at stadiums, use LED
technology since it provides for high-efficiency, sunlight-visible displays.

The rapid switching speed of LEDs also makes them useful for short-
range fiber-based local area networks. Photonic crystal LEDs in
particular could be used as an efficient means of coupling light into

a fiber for short haul communications applications. One particularly
interesting idea is to use solid-state light sources in homes and offices as
an in-building local area network to transmit data. The actual white light
would be modulated at a frequency much higher than humans can see,
yet data could easily be transmitted throughout the whole building or
complex.

The list of applications for LED-based light sources is almost endless. We
expect that high efficiency photonic crystal LEDs will help to enable a
widespread adoption of this technology, which will reduce energy usage
and our impact on the environment, as well as enhance our lives.

Photonic Crystal LEDs
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Photonic crystal light emitting diodes (LEDs) represent the merging

Summary

of two exciting new technologies into a product that is more efficient
and more versatile. Photonic crystals are periodic modulations of a
transparent material that have a unique ability to control and modify
the properties of light. LEDs are semiconductor-based light sources
that have the potential to replace inefficient incandescent bulbs and
fluorescent tubes.

By combining photonic crystal technology with LEDs, we have created a
superior light source that will find use in a wide variety of applications,
including high-brightness displays, automotive lighting, and general
illumination. The primary advantages of photonic crystal LEDs are
higher-efficiency operation, elimination of the need for encapsulation,
and modification and adaptation of the light emission pattern to suit

a wide variety of applications. Photonic crystal LEDs will help to bring
about a revolution in the lighting industry where inefficient bulbs and
tubes are replaced by extremely efficient, long-lifetime semiconductor-
based lighting, thereby reducing our fossil fuel consumption and our

impact on the environment.
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