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(57) Abstract: Affixed over a transparent growth substrate (34) of an LED die (30) is a transparent rectangular pillar (40), having a
footprint approximately the same size as the LED die. The pillar height is greater than a length of the LED die, and the pillar has an
index (n) approximately equal to that of the substrate (e.g., 1.8), so there is virtually no TIR at the interface due to the matched in -
dices. Surrounding the pillar and the LED die is a lens portion (42) having a diameter between 1.5-3 times the length of the LED die.
The index of the lens portion is about 0.8 times the index of the substrate. The lens portion may have a dome shape (46). A large
portion of the light exiting the substrate is internally reflected off the lateral pillar/cylinder interface and exits the top surface of the
pillar. Thus, the emission is narrowed and light extraction efficiency is increased.
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LED DOME WITH INNER HIGH INDEX PILLLAR

FIELD OF THE INVENTION

This invention relates to light emitting diodes (LEDs) and, in particular, to a

technique for increasing the light extraction efficiency of such an LED.
BACKGROUND

The light extraction efficiency (EXE) of LED devices is limited by total internal
reflections (TIR) in the high refractive index (n) epitaxial layers, where light is generated. In
order to mitigate this TIR, high refractive index encapsulation dome lenses are widely
employed as they can effectively boost EXE by as much as 20%. The refractive index of a
GaN based LED is between 2-3, and the index of the encapsulation material is typically

between 1.4-1.8 to provide a good transition between the GaN and air.

In LED die architectures such Thin-Film-Flip-Chip (TFFC) direct emitters, light is
primarily extracted from a single side of the epitaxial layers. The light extraction side is
commonly the one exposed to the air after the growth substrate is removed (e.g., by a laser-
assisted lift-off process). With a proper surface roughening treatment of the light extraction
surface, the extraction efficiency in such direct emitters after dome encapsulation can be as
high as 80%, even in cases of rather poor submount reflectivity, since there is little

downward side light from the thin epitaxial layers.

The situation can significantly change in Flip-Chip (FC) architectures, such as in
Patterned Sapphire Substrate (PSS) based LEDs, where the sapphire growth substrate is not
removed but kept for various reasons. In such a device, light from the epitaxial layers enters
the transparent substrate, and the opposite surface of the substrate emits the light. Light must
thus be extracted from the epitaxial material (e.g., GaN) into the substrate, and from the
substrate into either the air or the dome encapsulation material and then air. The field
emission of such LED device is much wider, since a great portion of the light is extracted
from the four lateral sides of the substrate (typically a couple of hundred microns thick). A

good portion of the extracted lateral emission is directed downward at the submount, where it
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gets reflected back with losses. As such, FC architectures such as PSS based dies rely on high
reflective package submounts to offer extraction efficiencies comparable to those of TFFCs.
An example of such an FC based LED device is shown in Figs. 1 and 2, where Fig. 2 is a left

side view of the device of Fig. 1.

In Figs. 1 and 2, LED epitaxial layers 12, including an active layer, are grown on a
patterned (roughened) sapphire substrate 14 surface. The epitaxial layers 12 are not
identified in Fig. 1 for simplicity and are much thinner relative to the substrate 14 than shown

in Fig. 2.

Reflective metal electrodes 15A and 15B are formed on the bottom surface of the
LED die 16, and the electrodes are directly bonded to anode and cathode metal pads 18A and
18B on a submount 22. The body of the submount 22 may be ceramic or some other
thermally conductive material. The pads 18A and 18B are connected, using vias internal to
the submount 22, to associated bottom metal pads 23 (only one pad 23 is shown in the side
view). The bottom pads 23 may be later soldered to a printed circuit board. The metal pads
18A and 18B may be reflective to reflect light (such as light ray 26) that is emitted from the
lateral sides of the substrate 14. Note how, in Fig. 2, the light ray 26 emitted by the epitaxial
layers 12 impinges on the substrate 14 top surface at a shallow angle, is reflected by TIR,
exits the side wall of the substrate 14, and is reflected upward by the pad 18A on the
submount 22. Hence, the light ray 26 is attenuated by each reflection and the extra distance

travelled within the various materials.

A domed lens 28 is then affixed over the LED die 16 either by molding or by affixing

a pre-formed lens over the LED die 16 with an adhesive encapsulant (e.g., silicone or epoxy).

It is known that increasing the thickness of the substrate 14, perhaps by as much as
800 microns, yields EXE gains, but that creates fabrication problems and increases cost.
With a thicker substrate 14, the light that impinges on its top surface is at an angle closer to
the normal angle and thus less TIR occurs. Further, more shallow-angle light is emitted from
the thick substrate’s sidewalls. This creates a wide emission angle that may not be desirable

for some applications.
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Thus, what is needed is a technique to increase the light extraction efficiency (ExE)

of an LED device without having to increase the thickness of the growth substrate.
SUMMARY

In one embodiment, GaN based LED layers are epitaxially grown on a patterned
surface of a transparent sapphire substrate. The substrate thickness, after thinning, may be

between 100-500 microns.

The LED die is then mounted on a submount. Multiple LED dies may be mounted on
a submount wafer so that the processing may be done on a wafer scale. After all the

processing, the submount wafer is singulated to separate the individual LED devices.
The LED die footprint will typically be a square with each side between 0.5-1mm.

A transparent rectangular pillar (a rectangular prism), having a footprint
approximately the same size as the LED die, is positioned directly on the top substrate
surface of the LED die. The pillar is formed of a material (e.g., silicone) that has an index
(n) approximately equal to that of the sapphire substrate (approximately 1.8), so there is
virtually no TIR due to the matched indices. The pillar has a height greater than the length of
the LED die sides (e.g., 0.8mm-1.5mm).

Surrounding the rectangular pillar and the LED die is a transparent cylinder, where
the top surface of the cylinder is approximately even with the top surface of the pillar. The
diameter of the cylinder is preferably between 1.5-3 times the length of the LED die side.
The index of refraction of the cylinder material is about 0.8 times the index of the substrate,

which is about 1.4-1.5 in the case of a sapphire substrate with an index of about 1.8.

On top of the cylinder is a transparent dome formed of the same material as the

cylinder and having the same diameter. The dome may be integral with the cylinder.

The pillar, cylinder, and dome may be formed as a pre-formed lens piece and affixed

to the substrate and the submount with a thin layer of an index-matching silicone or epoxy.
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If phosphor-converted light is desired, the LED die surface may be coated with a
phosphor prior to affixing the lens over the LED die. The index of the phosphor preferably
matches that of the pillar and substrate.

Since the pillar is relatively tall, and the interface of the cylinder and the pillar has a
significant index mismatch, the light emitted from the LED die will either directly pass
through the top surface of the pillar or be internally reflected off the sides of the pillar and
through the top surface. Thus there is reduced side light that needs to be reflected by the
submount. Accordingly, the pillar serves to narrow the emission field, since it is as wide as
the LED die itself, as well as improves efficiency since less light is attenuated by the

submount surface.

The cylinder and dome provide an index transition to the air, so as to improve light
extraction, and make the light emission more Lambertion. Lenses other than hemispherical
domes may be used to create a desired emission pattern. The dome shape may be adapted to

the actual emission from the pillar to further increase extraction efficiency.
This invention also applies to LED dies other than flip-chips.
Other embodiments are described.
BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a perspective view of a packaged LED device.
Fig. 2 is a left side view of the LED device of Fig. 1.
Fig. 3 is a side view of the submount of Fig. 1.
Fig. 4 is a side view of the submount of Fig. 1 with an LED die mounted on it.
Fig. 5 is a side view of the pre-formed completed lens.
Fig. 6 is a side view of the lens of Fig. 5 affixed over the LED die of Fig. 4.

Fig. 7 is a side view of the LED die optionally coated with a phosphor.
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Fig. 8 is a perspective view of the completed LED device.

Fig. 9 is a graph showing simulated light extraction efficiency improvements versus

lens cylinder height compared to conventional LED devices, such as shown in Figs. 1 and 2.

Fig. 10 is a plot illustrating the narrowed emission profile of the LED device of Fig. 8
compared to the LED devices of Figs. 1 and 2.

Elements that are the same or similar are labeled with the same numeral.
DETAILED DESCRIPTION

Figs. 3-8 illustrate various stages of the fabrication process for the inventive LED

device.

Fig. 3 illustrates a conventional submount 22, which may be the same as described
with respect to Figs. 1 and 2. Any other type of submount or other support substrate may be
used, such as a printed circuit board (PCB).

Fig. 4 illustrates a conventional LED die 30 having its bottom anode and cathode
electrodes 15A and 15B ultrasonically bonded or soldered to the metal pads 18A and 18B of
the submount 22. The LED die 30 comprises epitaxial layers 32 grown on a patterned
(roughened) surface of a sapphire substrate 34 for improved light extraction. Other types of
transparent substrates may be used, such as SiC, GaN, etc. In an actual embodiment, the
substrate 34 1s much thicker than the epitaxial layer 32. In one embodiment, the substrate 34
is 100-500 microns thick, and in a preferred embodiment is about 200 microns thick. The
epitaxial layers 32 may be only a few microns thick. Note that the substrate 34 may be much
thinner than the substrate 14 in Fig. 2 since its thickness is not being used to increase light
extraction. This can be beneficial as it facilitates die singulation during the fabrication

process.

In one embodiment, the LED die 30 is a square having sides 0.5-1mm long. The
LED die 30 may be a blue die coated with a phosphor, or may be any other type of LED die.
Although a flip-chip is shown, the LED die may be other types, with provisions made in the
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lens for any wire bonding needed to connect the LED die electrodes to the submount (or

other support substrate) pads.

Fig. 5 illustrates a pre-formed lens 38 in accordance with one embodiment of the

invention. The position of the LED die 30 in the cavity of the lens 38 is shown for clarity.

The lens 38 includes a transparent rectangular pillar 40 (a rectangular prism), having
a footprint approximately the same size as the LED die 30. The pillar 40 is formed of a
material (e.g., silicone, epoxy, etc.) that has an index of refraction (n) approximately equal to
that of the sapphire substrate 34 (approximately 1.8), so there is virtually no TIR at the
interface between substrate 34 and pillar 40 due to the matched indices. In one embodiment,
the difference between the index of refraction of the pillar 40 and the index of refraction of
the substrate 34 is less than 10%. Typically, the pillar 40 has a height greater than the length
of the LED die sides (e.g., 0.8mm-1.5mm) but other configurations are contemplated and are
included within the scope of the invention. For example, the pillar 40 may overlap the LED
die 30 or may only cover a portion of the light emitting surface. In the alternative, the pillar
40 may be shorter than the length of the LED die 30 to produce different light distribution
effects.

Surrounding the rectangular pillar 40 is a transparent cylinder 42, where the top
surface 44 of the cylinder 42 is approximately level with the top surface of the pillar 40. It 1s
not essential that the top of the cylinder 42 align with the top of the pillar 40. The diameter
of the cylinder 42 is preferably between 1.5-3 times the length of the LED die side. The
index of refraction of the cylinder material 1s about 0.8 times the index of the substrate 34,
which is about 1.4-1.5 in the case of a sapphire substrate 34 with an index of about 1.8. A
suitable range of indices of the cylinder material is about 0.6 to 0.85 times the index of the

substrate 34.

On top of the cylinder 42 is a transparent dome 46 formed of the same material as the
cylinder 42 and having the same diameter. Typically, the cylinder 42 and dome 46 will be

formed as a single piece.
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A cavity 48 in the lens 38 is about the same size as the LED die 30 so that the bottom

of the cylinder 42 may be flush with the submount 22 surface.

The pillar 40, cylinder 42, and dome 46 may be pre-formed as a single piece and
affixed to the substrate 34 and the submount 22 with a thin layer (e.g., 10 microns) of an
index-matching silicone or epoxy 49, as shown in Fig. 6. Such adhesives, having selectable

indices, are commercially available.

In one example, the pillar 40 is molded as an array of pillars, and the cylinder 42 and
dome 46 are molded around each pillar 40. The resulting lenses 38 are then separated and
affixed to the respective LED dies 30 on the submount wafer in a wafer scale process. In
another embodiment, the cylinder 42 and dome 46 are integrally formed of glass or other
material (e.g., silicone) and its cavity is used as a mold for the pillar material. In another
embodiment, the pillar 40 may be a high index glass (e.g., SF11 type) and may be attached to
the substrate 34 (or phosphor) with a high index transparent epoxy. Next, a silicone based
lens portion (cylinder 42 and dome 46) may be formed over the pillar 40 and submount wafer
by means of an over molding process, such as described in US patent no. 7,452,737 by Basin

et al., assigned to the present assignee and incorporated herein by reference.

If phosphor-converted light is desired, the LED die surface may be coated with a
phosphor layer 50 prior to affixing the lens 38 over the LED die 30, as shown in Fig. 7. The
index of the phosphor layer 50 preferably matches that of the pillar 40 and substrate 34.

Fig. 8 is a perspective view of the resulting LED device.

The cylinder 42 and dome 46 provide an index transition to the air (n=1), so as to
improve light extraction, and make the light emission more Lambertion. Lenses other than
hemispherical domes may be used to create a desired emission pattern. The dome shape
may be adapted to the actual emission from the pillar 40 to further increase extraction

efficiency.

Since the pillar 40 is relatively tall, and the interface of the cylinder 42 and the pillar
40 has a significant index mismatch, the light emitted from the LED die 30 will either

directly pass through the top surface of the pillar 40 or be internally reflected off the sides of
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the pillar and through the top surface, as shown by the light ray 51 in Fig. 6. Thus, there is
reduced side light that needs to be reflected by the submount 22. Accordingly, the pillar 40
serves to narrow the emission field, since it is as wide as the LED die 30 itself, as well as

improves efficiency since less light is attenuated by the submount surface.

The height of the pillar 40 can be designed such the TIR of light rays incident on the
top surface of the pillar 40 is substantially minimized. This can be done by applying the

following design rule for a square die.

V2 area
. (n
tan [asm <ﬂ>
npillar

where “area” 1s the die area.

heightpillar =

] - heightsubstrate - heightepoxy

Applying the above equation implies that no direct rays exiting the LED die 30 will
undergo TIR at the top surface of the pillar 40 (i.e., the side furthest away from the die 30).
Here it is assumed that no refraction exists at the substrate-epoxy-pillar interfaces. Typical
values of 1mm? for the die area, n=1.5 for the lens, n=1.8 for the pillar and substrate 34, 200
microns for the substrate 34, and 10 microns for the epoxy adhesive (or silicone) lead to a

minimum pillar 40 height of 770 microns.

Because back reflections off the submount 22 are reduced, the emission field is
narrowed, compared to the considerably wide emission field in PSS based flip chip devices
as a consequence of large submount reflections. Thus, further adapting the lens shape
according to such a narrow emission field can yield further EXE gains. One way to achieve
the latter 1s by adjusting the cylinder 42 height parameter of the lens 38. Fig. 9 shows that
significant gains are obtained by increasing the cylinder 42 height (along with the height of
the pillar 40). Simulation results indicate that EXE can be increased by as much as 6% with

respect to the state-of-the-art solutions, exemplified by Figs. 1 and 2.

Fig. 10 shows the resulting far-field comparison using a 800 micron cylinder 42
height. The line 54 represents the field emission pattern of a state-of-the art Patterned
Sapphire Substrate (PSS) flip chip LED device, such as that of Figs. 1 and 2. The line 56
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represents a Lambertian emission pattern. The line 58 represents a typical emission pattern
of the LED device in accordance with the present invention, where the pattern can be tailored
by changing the heights of the cylinder/pillar. Further, control of the emission pattern can be
obtained by the shape of the dome 46.

While particular embodiments of the present invention have been shown and
described, it will be obvious to those skilled in the art that changes and modifications may be
made without departing from this invention in its broader aspects and, therefore, the
appended claims are to encompass within their scope all such changes and modifications as

fall within the true spirit and scope of this invention.
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CLAIMS
What is claimed is:
1. A light emitting device comprising:
a light emitting diode (LED) die comprising:
5 epitaxial layers; and

a substrate having a first substrate surface and a second substrate
surface overlying the epitaxial layers, wherein the first substrate surface is
directly connected to the epitaxial layers, and wherein the substrate has a first

index of refraction;

10 a pillar overlying the second substrate surface, the pillar having a second

index of refraction; and

a lens portion surrounding the pillar, the lens portion having a third index of

refraction.

2. The device of Claim 1 wherein the second index of refraction is within 10% of

15  the first index of refraction.

3. The device of Claim 1 wherein the third index of refraction is within 0.6-0.85

times the second index of refraction.

4. The device of Claim 1 wherein the third index of refraction is approximately

0.8 times the second index of refraction.

20 5. The device of Claim 1 wherein the pillar is configured to narrow a light

emission of the device.

6. The device of Claim 1 wherein a footprint of the pillar is approximately equal

to an area of the second substrate surface.

10
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7. The device of Claim 1 wherein a height of the pillar is greater than a length of
a side of the LED die.
8. The device of Claim 1 wherein the first substrate surface is rectangular,

including a square, and a footprint of the pillar is also rectangular.

0. The device of Claim 1 wherein a height of the pillar is such that total internal

reflection (TIR) of light rays incident on a top surface of the pillar is substantially minimized.
10. The device of Claim 1 wherein the lens portion comprises:
a cylindrical portion surrounding the pillar; and
a top lens portion overlying the pillar and the cylindrical portion.
11. The device of Claim 10 wherein the top lens portion has a dome shape.

12. The device of Claim 1 wherein the pillar and the lens portion are affixed over

the LED die using an adhesive.

13. The device of Claim 1 further comprising a support substrate on which the
LED die is mounted, the lens portion extending down to a top surface of the support

substrate.

14. The device of Claim 1 wherein the lens portion comprises a material molded

around the pillar.

15. The device of Claim 1 wherein the substrate is a growth substrate for the

epitaxial layers.

11
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