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1 Odered- Interface Texturing for a Light Em'ttingiDevick/Field of the
I nvention This invention relates to the manufactu @( §pei_cdhduct or
l'ight-emtting devices. In particular, the invent ir%n é ﬁl‘rec ed towards
inmproving light extraction fromsuch devices. BACKGROUND OF THE | NVENTI ON
Li ght extraction froma sem conductor Jight-emtting device (LED) is
typically limted due to the large optical refractive index, (n - 2.2-3.8)
of the sem conductor nMegje§irkdintérlcdeXRring £ f ERitEfE Meviebi ent ,
typically air (n ~ 1) or transparent epoxy (n~I.5). The anount of
extraction depends heavily on the nmacroscopic geonetry of the LED and the
t hree- di nensi onal em ssion profil f%Jdl ﬂ‘té( enerated within the active
region. The light emtting capabi Iﬁf’@ f ?q exg ve region is defined by
the structure of -the surrounding materials such as the epitaxial |ayers,
confining regions, etc..

This invention relates to the manufacture of semiconductor light-emitting devices. In

particular, the invention is directed towards improving light extraction from such devices.
- BACKGROUND OF THE INVENTION

Light extraction from a semiconductor light-emitting device (LED) is typically
limited due to the large optical refractive index, (n ~ 2.2-3.8) of the semiconductor material
relative to the surrounding ambient, typically air (n ~ 1) or transparent epoxy (a~1.5). The
amount of extraction depends heavily on the macroscopic geometry of the LED and the three-
dimensional emission profile of light generated within the active region. The light emitting
capability of the active region is defined by the structure of the surrounding materials such as
the epitaxial layers, confining regions, etc.. '

' The problem of light extraction from a semiconductor may be understood using an
example from elementary electromagnetics: an electromagnetic plane wave that is incident
from one medium (@) to another (II) must satisfy a phase-matching condition at the interface
between the two media in order to be transmitted. Waves that do not meet this condition
undergo total internal reflection (TIR) and do not propagate into medium II. For
conventional semiconductor LEDs, when the speed of light in medium I is significantly
slower than that of medium II, n, >> ny and the interface between these media is planar or

| untextured, the phase-matching condition restricts transmission to rays which are incident
from medium I at a narrow range of angles centered about normal incidence. .

For a gallium-phosphide, GaP ( n,~3.3) interface with transparent epoxy (n,~1.5),
TIR occurs for angles of incidence, 0,, greater than the critical angle, 8, = arcsin(n,/n,) =
27.0°. Only light incident within the escape cone, 8; <0, , will be transmitted. For an

" isotropic point-soﬁrce of light within the GaP, the fraction of light emitted into the escape

l-c:se" =55% of the available emitted light. When Fresnel

_cone at the interface is only



The problemof |ight extraction froma sem conductor may be understood
using an exanple fromel enentary el ectromagnetics: an el ectronagnetic plane
wave that is incident fromone nedium (1) to another (11) nust satisfy a
phase-mat ching condition at the interface between the two nedia in order to
be transmtted. Waves that do not neet this condition undergo total
-internal reflection (TIR) and do not propagate into mediumlIl. For
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incident at the device/ambient interface at large, oblique angles. If the interface is planar or
untextured, these rays undergo TIR and will not escape upon first pass and are susceptible to
absorption within the device. ,

Several methods for improving the light extraction from an LED have been proposed.
One method is to change the macroscopic geometry of the LED to allow all or most of the
light generated within the device to enter an escape cone at the interface with the ambient. A
preferred shape is a spherical device with a point-source active region located at the center of
the sphere. All of the emitted light strikes the interface at normal incidetice and escapes into
the ambient with minimal Fresnel loss and no TIR. Dierschke, et al. in Applied Physics
Letters 19, 98 (1971) ndted large improvements in extraction efficiency for a hemispherical
device. Carr in Infrared Physics 6, 1 (1966) observed that other shapes, such as truncated
cones, truncated pyramids, etc. also improve extraction efficiency. Macroscopic shaping

- methods are costly and have associated manufacturability issues such as inefficient material
utilization and complicated fabrication proceSSes and techniques.

Another approach is to use an anti-reflective coating on the top surface of the device.
The coating results in reduced Fresnel losses for light rays near normally incident at the
interface. However, since the thin film coating typically maintains planarity with respect to
the semiconductor surface, the effective escape cone at the device/ambient interface is not
increased and this technique provides a limited improvement in hght extraction.

Another prior art approach is random texturing or roughening of the surfaces of the
semiconductor LED, as shown in Figure 1 and taught by Schnitzer, et al. in Applied Physics
Letters 63, 2174 (1993). A random surface texture randomizes the angular distribution of
light rays within the device. This randomization increases the overall probability that light

will enter an eséape cone after many multiple passes through the device structure. Light



cone at the interface is only [err] " =5.5% of the available emtted

i ght .

When Fresnel | osses at the interface are included, approximtely

4. 7% of the available emtted light will be transmtted through the
interface into the epoxy. For a cubic-shaped device having a conpletely
reflective bottomsurface, no top conta®t, and no internal absorption,
there are six such interfaces and the fraction of total emtted Iight
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absorption within the device. In a practical, electrically pump

~ regions within the device (e.g., absorbing substrate, active layer, defects, doped regions, etc.)

or at its extremities (e.g., metal contacts, die-attach epoxy, etc.) significantly reduce the
intensity of multiple-pass light rays and thus limit the extraction efficiency gains. Thus,
mulﬁple-pass light extraction techniques provide only a modest improVemént since in
practical devices photons are not allowed many passes through the device before being
absorbed. ) .

Another prior art method is to couple photons into surface plasmon ‘modes (within a
thin film metallic layer on the top surface) which are subsequently out-coupled into radiated
modes into the ambient. Kock, et al., in Applied Physics Letters 57, 2327 (19905 taught that
a periodic surface structure, shown in Figure 2, used in combination with a thin metal film to
enhance the plasmon mode coupling can improve the quantum efficiency of LEDs. These

 structures rely on coupling photons from the semiconductor into surface plasmons in the

metallic layer which are further coupled into photons which are finally extracted. The .
periodic structure is a one-dimensional ruled grating with shallow groove depths (< 0.1 pm).

* The overall external quantum efficiencies are low for these devices (1.4-1.5%) likely due to

inefficiencies of photon-to-surface plasmon and surface plasmon-to-ambient photon
conversion mechanisms. |

An efficient method for improving light extraction from a semiconductor by favorably
altering the reflection and transmission properties of the semiconductor interfaces is highly

desirable. .



absorption within the device. Several nethods-for inproving the |ight
extraction froman LED have been proposed. One nethod is to change the

macr oscopi ¢ geonmetry of the LED to allow all or nost of the |ight generated
within the device to enter an escape cone at the interface with the
anbient. A preferred shape is a spherial device with a point-source active
region |located at the center of the sphere. Al of the emtted |ight
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can reduce Fresnel loss for light rays escaping into the ambient. The regularly-patterned

textured interface may have feature spacings comparable to a single wavelength of light in the '

dgvice. The shapes and dimensions of the texture features are chosen to optimize light .
‘extraction for the application of interest.

An ordered, controlled interface texturing can result in light extraction gains by

changing or increasing the effective escape cone at the device/ambient interface. Compared

to macréscopic shaping techniques, ordered texturing involves simpler fabrication processes.

Fresnel losses may be reduced in much the way reflections are minimized by anti-reflective

coatings. Finally, light extraction gains are provided immediately for first-pass light and do

not require that light make many multiple passes within the device structure before escaping.



The coating results in reduced Fresnel |osses-for |light rays near nornally
incident at the interface. However, since the thin filmcoating typically
mai ntains planarity with respect to the sem conductor surface, the
effective escape cone at the device/anbient interface is not increased and
this technique provides a limted inprgvenent in |ight extraction. Another
prior art approach is randomtexturing or roughening of the surfaces of the

sem conductor LED, as sh : PRAWINGShNi tzer, et al. in
BREFDESCRIFIONQR 11

Appl i ed Physics Letters A random surface texture

random zes the angul ar distribution of K ght rays within the device. This
random zation increases the overall pr?babl lity that light will enter an
escape cone afFigrreppillpsteates 3 prer $LEX2@WIe- hr ough t he device structure. Light

3 Figure 2 illustrates another prior art example.
Figure 3 illustrates a k-space diagram.
Figure 4 illustrates a periodic texture along an interface. -
Figures Sa-c illustrate ordering arrangements for the periodic texture.
Figure 6 illustrates a convenﬁonal semiconductor light-emitting diode.
Figures 7a-c illustrate a method for texturing the top surface of an LED.
Figure 8 illustrates a textured transparent substrate device.
Figure 9 illustrates another embodiment for a textured transparent substrate device.
Figure 10 illus&ates another embodiment for a textured transparent substrate device.
Figure 11 illustrates another embodiment for a textured transparent substrate device.
Figure 12 illustrates another embodiment for a textured transparent substrate device.
Figure 13 illustrates a resonant cavity LED chip, comprised of two DBR mirror
stacks, with ordered textured interfaces.
Figure 14 illustrates a resonant cavity LED chip, comprised of one DBR stack and one
metal mirror, with an ordered textured interface on the transparent substrate surface. '



emtted fromthe active region strikes the top surface many tinmes before
entering an escape cone. In Applied Physics Letters 62, 131 (1993),
Schnitzer, et al. noted that very high total external quantum efficiencies
(>729% could be realized in optically punped structures by the extraction
-of multiple-pass light. In this case, gareful attention was nade to
mnimze absorption within the device. In a practical, electrically punped
device, |ossy orDETAILED BESCRIPHION OF!THE PREFERRED EMBODIMENI®O! bi ng
substrate, active |layer, defects, doped regions, etc.) or at its
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Figure 3 which illustrates a wave-momentum or k-space diagram for an interface of GaP (n; ~

3.3) with a transparent epoxy (n, ~ 1.5). The two media at the interface are represented by
their allowed wavenumber surfaces: half-circles of radii k, and %, , respectively, where k =
kg = 2mn/A,, n is the material index of refraction, and A, is the free-space wavelength of
interest. Without texturing, a ray 7 from within the device is incident on the interface at 2
large, oblique angle greater than 0, and does not satisfy the necessary phase-matching
condition to allow transmission of power into the epoxy. Therefore, ray I undergoes total
internal reflection and transmits its power into a reflected ray, r,, back into the GaP.

In the present invention, the periodic spacing of the ordered texturing is chosen to be
sufficiently small in order to alter the phase-matching condition at the interface. In Figure 3,
a periodic texture along the interface, with wave-ﬁumber K =27/A along the plane of
incidence, imparts momentum to the incident ray and couples energy into the epoxy via '
transmitted modes ¢,, #,, and ¢,. Energy is also transmitted into reflected modes r,, ,, ...; back
into the GaP. The periodic spacing and the shape and depth of the individual topical features
-of the texturing are chosen to favor power transfer into the transmitted modes.

Since light emission from the active layer is essentially three-dimensional, the
interfacial texturing should preferably provide a wave-vector component along the plane of
incidence for any azimuthal angle. Thus, the texturing arrangement is preferably two-
dimensional along the interface, as opposed to one-dimensional like a simple ruled grating.
The two-dimensional nature of the texture arrangement offers considerable flexibility. For
example, the periodicity in two orthogonal directions along the plane of the interface are
allowed to be differént, in which case an anisotropic beam pattern may be generated. Such a
beam pattern may be useful in ceitain applications.

- The period of the ordered texturing should be short enough in order to transmit power

into the ambient from rays that would normally undergo TIR at the interface, but not so short



nodes into the anbient Kock, et al., rn Applied Physics Letters 57, 2327
(1990) taught that a periodic surface structure, shown in Figure 2, used in
conbination with a thin nmetal filmto enhance the plasnon node coupling can
i nprove the quantum efficiency of LEDs. These structures rely on coupling
photons fromthe sem conductor into surface plasnons in the netallic |ayer
whi ch are further coupled into photons which are finally extracted. The
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probability that significant amounts of light may be coupled into TIR modes back into the
device. On the other hand, textures with “soft" features are those that redirect light primarily
into lower-order diffracted modes, which should escape into the ambient in a proper texture
design. A typical texture profile with "sharp” feaiures might be a square-wave profile (with
sharp corners), while an example of one with "soft".features might be a sinusoidal profile
with a smooth variation along the plane of the interface.

For purposes of the present invention, an interface shall be defined as any region
between dissimilar media, or any contiguous combination of such regions. Furthermore, an
interface shall be specified by not only these dissimilar media, but also by its location and
orientation relative to the rest of the device geometry. ' '

Figure 4 shows an LED with an ordered textured top surface. A light ray y that would
normally undergo TIR instead transmits power into the ambient upon reaching the top
surface. This power transfer occurs upon first pass, and reduces the probability for opticél
loss at absorptive regions within or at the edgés of the device. The light rays (y ‘) within the

| angular bandwidth defined by the critical angle of an untextured surface are also allowed to
escape. The overall effect of the ordered texturing shoﬁld be to match the active layer
emission with the device geometry and surrounding ambient so as to result in a significant
increase in total extraction efficiency.

Ordered texturing at the interface may also result in significantly reduced reflection
losses for light rays transmitted from the device into the ambient. Gaylord ez. al., in Applied
Optics 25, 4562 (1986) noted that ordered surface textures will exhibit good anti-reflective
characteristics over large angular bandwidths. The abruptness of the refractive index step
between the device and the ambient is reduced to provide an intermediary region with an
effective refractive index value graded bet\#een that of the device material and that of the
ambient.

The texture pattern for optimal light depends upon the angular distribution of the light



4 SUMVARY OF THE | NVENTI ON An LED having an ordered interface texture that
is periodic in at |east one di mensi on on any or all interfaces of an LED
will inprove the extraction of first-pass light. Patterning the interfaces
is controlled to direct nore light into the ambient without requiring many
mul tiple passes through the device in &rder to escape. In addition, ordered
I nterface texturing can reduce Fresnel |loss for |ight rays escaping into
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light incident at a flat interface must be efficiently transmitted over a large range of angles,
i.e., the textured-interface transmission must have a large angular bandwidth. If the emission
from the active region is anisotropic, e.g. micro cavity emission, the ordered texturing should
transmit efficiently within the angular bandwidth resulting from the anisotropic emission and
the orientation of the interface(s). '

The geometry or shape of the LED structure defines the angular light distribution that

will strike any interface. In a cubic structure, a reasonable maximum angle of incidence at a

top planar surface might be tan“(-'-/—;z-a—) , where a is the width of the cube and 4 is the distance

from the active layer to the top surface (e.g.,a=10mil, h=2mil, 0,,. = 82"). However,
light within the critical angle at the side surfaces will escape out the side surfaces, so 0,,,,
90 - 9 = 63° (if n, = 3.3, n, = 1.5). Thus, the ordered texturing should be des1gned to
transmit efficiently over an angle bandwidth of -63° < 6 < 63°.

In addition, the three-dimensional nature of the angular light distribution should be
taken into account. For example, for an isotropic emitter below a planar interface, the

1-cos20 -

percentage of light eﬁ:itted for 101 < 20° is 3% . This is less than that emitted for

20° < 181 < 40°, which is &";c‘?ﬂ%m . For 40° < 161 < 60°, the percentage is

ﬂ@-;ﬂ‘io-ﬂss% . The ordered texturing of the interface can be designed to transmit

light more efficiently at the larger oblique angles at the expense of smaller ones, if desired.
This may be important due to the trade-off generally inherent between diffraction efficiency
and angular bandwidth in diffractive structures. As a result, it may be desirable to tune the
grating for maximum extraction efficiency at large oblique angles (where the majority of light
is incident). |

The active layer and the surrounding structures can also effect the angular light



changi ng or increasing the effective escape cone at the device/anmbient
interface. Conpared to macroscopi ¢ shaping techni ques, ordered texturing
i nvol ves sinpler fabrication processes. Fresnel |osses may be reduced in
much the way reflections are mnimzed by anti-reflective coatings.
Finally, light extraction gains are p@bvided i medi ately for first-pass
| ight and do not require that |ight nake many nmultiple passes within the
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Figure 1 illustrates a prior art exanple. Figure 2 illustrates another

prior art largemyalues ofiBcjs dess Bkely] dustte aheebnaenpr@lw&ap leggthywithin the absorbing
active layer. The angular bandwidth of light incident at the top surface would be reduced .

relative to a thin active layer device or an active layer with high internal quantum efficiency
(high probability of photon recycling). '

In resonant cé.vity LED structures (see for example, Schubert et al., Science 265, 943
[1994]), the active layer and cavity design have strong effects in the angular light distribution.
The active layer is positioned within a small vertical cavity defined by highly reflecting |
mirrors, which may be reflective metals, dielectric distributed-Bragg-reflector (DBR) stacks,
or semiconductor DBR stacks. If the active layer is positioned at a cavity-ﬁeld antinode and
the DBR(s) are tuned to maximum reflectivity at normal incidence, much of the emitted light
is clustered within a narrow range of angles about 0°. However, if the active layer is _

- positioned away from a field antinode or the cavity is detuﬁed, the angular light distribﬁtibn is
confined to a narrow range of off-axis angles. The percentage of total emitted light increases
at more oblique angles (relative to the top surface) for a given angular light distributioﬁ, as
stated earlier. If 80% of the upward emitted light could be contained narrow range of angles,
for which an ordered textured interface might provide transmission at 60%, then the resulting

upward extraction efficiency would be 0.8 x .6 =48%. '

The particular shapes, dimensions, and arrangement of the ordered texturing necessary
for optimum performance are application dependent. A feature shape might be cone-like
protuberance or indentation. A typical ordering arrangement might be a square, rectaﬁgular,
or hexagonal-close-packed (HCP) array. These .arrangements are illustrated in Figures Sa-c,
each of whicﬁ show a plan-view of an ordered textured interface. The periodic spacings are
preferably comparable to or less than a wavelength of light within the device. Cross-sectional
profiles of the textured interface will exhibit peaks and valleys according to the protuberances
or indentations, and the extent of any individual feature along the plane of the interface, as
defined by its full-width-at-half-maximum (FWHM) height or depth, may also be comparable

to several multiples or less than a wavelength of light within the device. The maximum

“height or depth of a protuberance or indentation may be comparable to one or several
wavelengths of light within the device. The spacing of the ordered pattern is wavelength
dependent. It is therefore critical to optimally alter the electromagnetic phase-matching



ustrate ordering arrangenents for the periodic texture. Figure 6
ustrates a conventional sem conductor light-emtting diode. Figures 7a-c
lustrate a nmethod for texturing the top surface of an LED. Figure 8
Illustrates a textured transparent sabstrate device. Figure 9 illustrates
anot her enbodi nent for a textured transparent substrate device. Figure 10
illustra : : i : :SUb i ce.
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As an example, consider visible-wavelength LEDs for which A ~ 400-700 nm. In this

case, for the interface described in Figure 4, the ordered texturing might exhibit a square or

Figure 4 illustrates a periodic texture along an interface. Figures 5a-c
il
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'HCP arrangement. Features are potentially 0.1-0.9 um in extent and on a spacing of 0.1-5.0

 pm, with feature depths on the order of 0.2-15.0 um. The period or spacing must be short

| enough to couple light at large oblique angles into the ambient. For typical visible-
wavelength LED structures, the period will be less than 1.0 gm. The maximum depth of the
features may be 0.5.um or greater in order to achieve higher extraction efficiencies. Since the
interfaces of interest are two-dimensional, the grating pattern must be two-dimensional, not
one-dimensional like a simple grating.

~ A conventional semiconductor light-emitting device is shown in Figure 6. It is
comprised of semiconductor epitaxial layers (1) containing a p-n junction active region (2) on
a substrate (3) with electrical contacts (4) provided for current injection. The electrical .
‘contacts as shown in Figure 6 are made on both the top and bottom surfaces of the device, but
it is possible to put both contacts on one side of the device to increase light extraction
efficiency out the other side. In this latter case, the substrate (3) need not be conductive nor
evenbea semiconductor, provided that the epitaxial layers (1) may be grown upon or

attached to the substrate in a satisfactory manner.

Figdres 7a-c illustrate process flow steps for texturing the top surface of a light-
emitting device. An electro-or photo-sensitive thin film (5) is applied to the top of the device
(Figure 7a). This film is exposed using elecu'bn-beam lithography, laser beam interference,
or UV radiation, etc., and the desired pattern is developed (6) (Figure 7b). After developing,
the remaining masking pattern protects areas of the device material from a subsequent etching
or milling process (e.g., ion milling, reactive ion etching, wet chemical etching,

electrochemical etching, photochemical etching, chemical assisted ion beam etching, or



6 - DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS The el ectromagnetic
phase- mat ching conditions for -a planar interface are altered when the
interface is textured. An ordered textured pattern may be designed to

i ncrease first-pass |light extraction and to increase power transmtted from
.a sem conductor into the anbient. -Thelkeffects of ordered texturing of a

sem conductor LED may be understood by referring to Figure 3 which
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free-s pac&y\gg Sfu%ﬂﬁkéﬁ lﬂf utilizing a self-patterning etching technique (e.g., photo
electrochemical etching, local laser melting and selective etching of melted regions, efc.),
wherein the chemical, mechanical, or electrical state of the device material is altered
according to the pattern and material is subsequently or simultaneously selectively removed
" to create an ordered textured interface.
Alternatively, a dielectric masking film or other thin film (metal, polymer, ezc.) is

| applied before the photo-sensitive film. The type and thickness of this mask is selected to
achieve the necessary etch ratio between the masking material and the device material in
order to achieve deeply etched texturing which may be desirable for optimum light extraction.
Additionally, this film may comprise part of the finished d_évice since it is a suitable
transparent window layer which may be textured to improve light extraction into the ambient.
This may be useful if the index of the dielectric is greater than that of the ambient since the

resulting structure will provide an increase in the effective escape cone out of the device.

Figure 8 illustrates another embodiment wherein the top and back surfaces of a '
transparent substrate device are textured. Because the active region is typically heavily:
absorbing at the emission .length, the back surface is textured (8) to redirect light that is
reflected from the back surface towards the sides of the device to avoid a second pass through
the active region and the top metal contact. The texturing of the top and bottom surfaces may
be different since light is being redirected differently at either surface, In the case of a thin-
active-layer device or one with high internal quantum efficiency (> 80%), with little
absorption occurring in that layer, the bottom surface texture may instead be designed to re-

direct light into an escape angle at the top surface.

Figure 9 illustrates an embodiment where the back metal contacts are put down on top
of the textured surface. Alternatively, the front and/or back contacts may be applied outside
the textured regions. In the case of Figure 9, the corrugation of the back metal contacts (9)

offers increased surface-area for a given contact dimension and these contacts will exhibit



interest. Wthout texturing, aray | fromwthin the device is incident on
the interface at a large, oblique angle greater than [err] and does not '
~ satisfy the necessary phase-natching condition to allow transm ssion of
power into the epoxy. Therefore, ray |iszndergoes total internal reflection
and transmts its power into a reflected ray, [err], back into the GaP. In
tEe pr esent invePtion, the periodic spacing of the ordered texturing is
chosen to L. ' At GRjeN
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t ext ur i ngpafetniff Mathin the conderregionemay beopimized ideperddently afitheipattemingostethe
Since light emssion fromthe active |layer_is essential

|
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wave- veet ok CRTRRE WbsdtbiiPat A AR Pl optimal patterning in these regions may or

may not be similar to the optimal patterning for other regions of the device.

Figure 10 illustrates an embodiment that combines macroscopic shaping and interface
texturiﬁ-g. Surface texturing is provided on either or both the top and the bottom of a
truncated-cone-shaped light-emitting device_. This transparent substrate device is mounted
upside-down relative to the device of Figure 9 to exploit the extraction gains provided by the
thick cone-shaped window. Texturing may be performed on the back and designed to redirect
light towards the sides of the device to avoid its passing through the absorbing active region.
Alternatively, both the top and back metal contacﬁ may be corrugated or "flat". The cone-
shaped window helps to direct much of the light emitted from the active region towards the
top surface at near normal incidence. This reduces the angular bandwidth of light incideﬁt at
the top surface, and allows for a more efficient texturing design since, in general, there is a
trade-off between diffraction efficiency and bandwidth in diffractive structures. The reverse
case also holds, wherein an increase in the effective escape cone at the top surface (due to
texturing) may allow relaxed design constraints in chip-shaping, leading to less costly
designs. The top-surface texturing provides maximum light extraction at the wavelength and
angles of interest, while the contact-area texturing may be designed to maximize reflectivity

in order to reduce absorption at the metal contacts.

Figure 11 depicts an embodiment that combines ordered interface texturing with chip-
shaping. A truncated-pyramid shape is chosen for its similarity to a hemisphere. Texturing is
provided on at least one of the e:.tposed surfaces. Preferably, it is performed on the beveled
sides (10) of the device as well as the top and bottom to reduce Fresnel loss and increase

extraction efficiency. The patterning on the beveled surfaces (10) is best effected by non-



i ncidence for any azinuthal angle. Thus, the texturing arrangenent is
preferably two- dinensional along the interface, as opposed to .
one-di mensional like a sinple ruled grating. The two-di nensi onal nature of
the texture arrangenent offers considerable flexibility. For exanple, the
periodicity in two orthogonal direction¥3along the plane of the interface
' gre allowed to be different, in which case an ani sotropi c beam pattern may
e genera a i ons.
D OETe! g S BRI, RO PR Mt oSBE 8RB O
transmt paxdtions Miay ml:ladasﬂmetytpe bf ordered\texttiting omﬂmledtrmnc edgdsyof andgeicgas TI R

at the interface, but not so shor t r edi rects |f|cant
anount s of”eili@”ﬁltefﬂl?rﬁmé% qrﬁ%ﬁaﬂmeqf&yge '

Figure 12 illustrates a device having an ordered textured interface near the active
layer. A transparent window layer (12) is attached to the textured interface. This window
layer may be provided to increase current spreading from the top contact for uniform
injection into the active layer. The sandwiched interface between the window laSrer and the
textured interface would normally consist of voids (13) but these voids may be filled with a
suitable material (e.g., dielectric, semiconductor material, native oxide) before window layer
attachment in order to provide structural integrity and to favoi'ably modify the current
pumping geometry of the device. The texturing and choice of “sandwiching” material should
be ¢hosen to optimize the electrical and optical characteristics of the device for the |
application of interest. The proximity of the ordered texturing to the active layer may result
in improved light emission characteristics, wherein light is forced to emit upward from the
active layer at near normal incidence to the top surface. In this latter case, the grating should
be placed within ~5 A of the active region and preferably within less than ~2 A. The grating
may also be placed below the active layer to redirect light upward or preferentially towafds
the edges of the LED. |

Figure 13 shows an LED with a resonant cavity (RC) structure (20) consisting of an
active region (2) sandwiched between two DBR mirror stacks (22A, 22B). The cavity is
detuned to result in anisotropic emission from the active layer (off-axis emission). The
ordered textured top surface is designed to efficiently couple this light out into the ambient. If
the device is mounted on a ltransparent substrate, the bottom surface may be textured to '
preferentially direct light into escape cones ét the sides of the device. Additionally, the
textured interfaces may be instead embedded within the device at interfaces nearer the active

region.

Figure 14 shows an RCLED where one side of the. cavity (20) is defined by a high-
reflectivity metal mirror (24) and the other side is a DBR stack (22). The device is mounted



ot herw se escape) into TIR nodes back ‘i nto the device. For this sane
reason, "sharp" texture may be | ess desirable than "soft" texture features.
Textures with "sharp"” features are those that react with light to produce
several higher-order diffracted nodes._  This increases the probability that
significant anounts of |ight may be ch%Ied into TIR nodes back into the
device. On the other hand, textures with "soft" features are those that
redirect Ig; [ Bbdehd shit¥d - Phe ehvif ik LERRELFbr BPISds entfibioh anditnd d
escape i nt%%gqg%éfﬁwish a g’lrégl\é%?' t ext u‘?g‘lfcsiesl’?gn. ,& typi cal texture
profil e witbpsurfdeaiptexfueed torprovide effiicienecaupliqp af thevwanissiqur into the afbi¢rit. shar p
~corners), while an exanple of one w.th "soft!" features m.ght Qe a

si nusoi dalAqsttignally, the! Apyess Qfﬁéﬂwsf f)‘ﬁa%ﬂ b‘Lﬁ’aY "FJIE s%pgﬁgmgfla{twg to
i'nterface, - L1 ml thE St emBSiochNt erface shal |l be
defi ned asse’gt%nggg%ﬁ&%g?&gen Hlfé'rsgﬁ%?nﬁl%ar medi a, %r any contiguous

conbi nati on of such regions. Furthernore, an interface shall be specified

by not only these dissimlar nedia, but also by its |ocation and
orientation relative to the rest of the device geonetry.



Figure 4 shows an LED with an ordered textured top surface. Alight ray y
that would normally undergo TIR instead transnits power into the anbient
upon reaching the top surface. This power transfer occurs upon first pass,
and reduces the probability for optical |oss at absorptive regions within
or at the edges of the device. The ligt rays (y ') within the angul ar
bandwi dt h defined by the critical angle of an untextured surface are also
al | owed t overall effect of the ordered t | ' to
mat ch the%?%%ﬁpggg emission with the device geonet mgmuﬂﬂﬁuw”m -
anbient so as.to result in a signific&LAIMSrease in t L x
efficiency. Ordered texturing at the interface may also result in
significantly reduced reflection |losses for light rays transmtted fromthe
device into th 118 Rbiers .al ., in Applied Optics 25, 4562 (1986)
not ed t hat ordg'rg lﬁ?%@??ﬁﬁ%ﬂ?@%\ﬁ% exhi bit good anti-reflective

char act eri st i csdeviee tHatinglsdesygul ar bandwi dt hs. The abrupt ness of the
refractive index step betwe t he device and the anbient is reduced to
provi de an inter rred?éﬁ“if’“?@ésgn with an

a p-n junction region (2) having multiple layers, wherein subsets of the

mﬁltiple layers have opposing polarity such that a p-n junction is formed, one
of the layers being adjacent the substrate,

a transparent window layer, positioned adjacent the p-n junction
region, and '

“electrical contacts (4), connecting to the p-n junction region, being
operative to forward bias the p-n junction; and .

_ aprimary interface (7,8,11), positioned in the device, that is textured with repeated
features in at least one selected direction, having an associated periodicity in each of the
selected directions to increase light extraction and, within a period, having a cross-sectional
profile having at least one peak and at least one valley.

2. A light emitting device, as defined in claim 1, wherein the primary interface has
repeated features in at least two selected directions that have identical periodicities.

3. A light emitting device, as defined in claim 1, wherein the primary interface has
repeated features that form a rectangular array.

4. A light emitting device, as defined in claim 1, wherein the primary interface has
repeated features that form a hexagonally close-packed pattern.

5. A light emitting device, as defined in claim 1, wherein the maximum peak-to-

valley depth is between 0.2 and 15 microns.

6. A light emitting device, as defined in claim 1, wherein the periodicities have
—'\\
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effective—r‘ef‘ram‘l‘ve—n‘déx-val ue graded between that of the device materi al
and t hat j]“ﬂ“jummute“mmme texture pattern for optimal |ight depends upon
t he angul ~the |ight 8 enmi ssion incident at the

i nterface and ‘updn Phe®shape of the imgerface, both of which largely define
the probability that a light ray strikes the interface at a given angle. If
an LED active regl on consists of many (nearly) isotropic enmitters, then the

texture dﬁ% o&%%gﬁb'&‘ﬁdf‘%d5b%&rdn§'c' dent at a flat interface nust be

efficien tranSmtted over a |arge range of angles, i.e., the :
textured-interface transm ssion nust have a | arge angul ar bandw dth. If the

em ssion from i[] &l?gi:é Ier\éﬁ&ag | \%23 Iag dat?nesdcﬁ rcPaE)rln(\l, w%'en%in {trl‘e% eycf'%\@&ﬁn Em S.Si on,

the ordered te
microns of the p-n junction region.

8. A light emitting device, as defined in claim 1, wherein the peaks and valleys of the
cross-sectional profile of the primary interface have full-width-at-half-maximum of 10 - 90%

of one peﬁod of the textured arrangement.

9. A light emitting device, as defined in claim 1, wherein a portion of the primary
interface is electrically conducting. '

10. A light emitting device, as defined in claim 1, further comprising a metallic film
ata portion of the primary interface.

11. A light emitting device, as defined in claim 1, wherein at least some portion of
the valiey is filled in by a material having an index of refraction less than 2.0.

12. A light emitting device, as defined in claim 11, wherein:
the material having an index of refraction less than 2.0 is a dielectric material; and
the device further including a layer of metal positioned over the dielectric material.

13. A light emitting device, as defined in claim 1, further comprising:

N secondary interfaces (10) (where Nz 1), positioned in the device, wherein each of
the secondary interfaces is textured with repeated features in at least one selected direction,
having a periodicity in each selected direction to increase light extrac;tion and, within any

period, having a cross-sectional profile having at Jeast one peak and at least one valley.

14. A light emitting device, as defined in claim 13, wherein at least one of the N

secondary interfaces and the primary interface have different cross-sectional profiles.

N
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e defines the angular light distribution that
will strike any interface. In a cubic structure, a reasonabl e maxi mum angl e
of incidence at a top planar surface r’?’ight be tan[err] , where a is the
width of the cube and h is the distance fromthe active layer to the top
surface (e.g.,15 A&1ijft &thittingldévick, B define@id tlaim 33, whereinRY Riast dne@Fthe Wt hi n
the critical angle at the side surfaces will escape out the side surfaces,
so [err] sec@glary interfaces-argidhe primagy interfage afe textgred wit] diffeientpariglicitiasus, t he
ordered texturing should be designed to transmt efficiently over an angle
bandwi dth of -63 < [err] < 63[err]. In addition, the three-dinensional
nature of the g OAnwthdd ﬂmnaﬂuﬁabmhhgtalt@am%bwhﬁa&efoiahgﬁt dnflittihgtdeviteHhadeor
exanple, for an isotropic emtter below a planar interface, the per cent age
of |ight borthesteps 6Br [err] < 20[err] is [err] =3% . This |s less than

Elg?ter ?\]m t<'E g?r {txgarg ég,{,,ggr rr}leas} hgré E%ﬁ;?dé ée\ésmé Qne ihferface bthL lievxce, erein E5th

pattern has repeating features having a periodicity in at least one selected direction; and

transmt efficientl n-the angul ar bandwi dth resulting fromthe
ani sot rop| I“' ﬂﬂ ﬁll l' orientation of the interface(s). The geonetry
or shape o

removing some of the device material according to the pattern to create a interface

that is textured with the repeating features having a periodicity in at least one direction.

17. A method, as defined in claim 16, wherein the step of transferring the pattern
compnses the steps of:

deposmng a layer of photoresist over the interface of the dev1ce

exposing a portion the layer of photoresist to create the pattern; and

removing the unpatterned regions of photoresist to create the masking layer.

18. A method, as defined in claim 16, wherein the transferring the pattem compnses
the steps of:

depositing a layer of dielectric material over the interface of the device;

depositing a layer of photoresist over the layer of dielectric material;

exposing a portion of the layer of photoresist to create the pattern;

removing the unpatterned regions of photoresist; and

etching the layer of dielectric material according to the pattern.

19. A method, as defined in claim 16, further including the step of filling in the at

least some portion of interface using a material having a refractive index less than 2.0.

~ 20. A method, as defined in claim 16, further including the step of applying electrical

contacts to the interface.

21. A method, as defined in claim 16, wherein the step of transferring the pattern
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[err] =13.3% . The ordered texturing of the interface can be designed to
transmt [ ently at the larger oblique angles at the expense.
of small m ﬁgﬂﬂ‘m ‘Ej d. This may beinportant due to the trade-off
gener al I ween diffraction efficiency and angul ar bandwi dth in
diffractive structures. As a result, 18 rmay be desirable to tune the
grating for maxi num extraction effi ci ency at |arge oblique angles (where

the maj Oré&%pri%%s fﬂeg; dﬁnédiﬂu‘x’fﬁ@statérm&‘ﬁéh&’@m'aﬁﬁﬁr acebding® aspd.L.Qundi ng

structure an a ffect tthe angul ar 1ight 9 distribution incident at
a i nt er f awhereifcthe pattdrn bis repeatingtfeatyres baving alpesiedicity ingideashonesditagtion. | ar ger
values of [err] is less likely, due to the |onger probable path |ength

within the absorbing
22. A method, as defined in claim 21, wherein the step of modifying and the step of

removing are performed simultaneously.
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active layer. The angul ar bandwi dth of |ight incident at the top surface
woul d be reduced relative to a thin active |ayer device or an active | ayer
wi th high internal quantum efficiency (high probability of photon
recycling). In resonant cavity LED structures (see for exanple, Schubert et
al ., Science 265, 943 [1994]), the active layer and cavity design have
strong effects in the angular |ight di st/8fbution. The active layer .is
positioned within a small vertical cavity defined by highly reflecting
mrrors, which may be reflective netals, dielectric

di stributed-Bragg-reflector (DBR) stacks, or sem conductor DBR stacks. If
the active layer is positioned at a cavity-field antinode and the DBR(S)
are tuned to maximumreflectivity at normal incidence, nmuch of the emtted
light is clustered within a narrow range of angles about 0. However, if the
active layer is positioned away froma field antinode or the cavity is
detuned, the angular light distribution is confined to a narrow range of

of f-axis angl es. The percentage of total emtted |ight increases at nore
oblique angles (relative to the top surface
di stribution, as
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stated earlier. If 80%of the upward -emtted |light could be contained
narrow range of angles, for which an ordered textured interface m ght

provi de transm ssion at 60% then the resulting upward extraction
efficiency would be 0.8 x .6 = 48% The particul ar shapes, dinensions, and
arrangenment of the ordered texturing necessary for optinmum performance are
application dependent. A feature shape2fifght be cone-like protuberance or

i ndentation. A typical ordering arrangenent m ght be a square, rectangul ar,
or hexagonal -cl ose-packed (HCP) array. These arrangenents are illustrated
in Figures 5a-c, each of which show a plan-view of an ordered textured
interface.. The periodic spacings are preferably conparable to or |less than
a wavel ength of light within the device. Cross-sectional profiles of the
textured interface will exhibit peaks and valleys according to the

pr ot uberances or indentations, and the extent of any individual feature

al ong the plane of the interface, as defined by its

full -w dt h-at-hal f-nmaxi rum (FWHM hei ght or depth, may al so be conparabl e
to several multiples or Iess than a wavel engthgf light within the device.
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hei ght or depth of a protuberance or indentation may be conparable to one
or several wavel engths of light within the device. The spacing of the
ordered pattern is wavel ength dependent. It is therefore critical to
optimally alter the el ectromagnetic phase-mnatching 10 condition at the
interface to increase total power transn%%gfd into the anbient. The extent
and depth of the topical features of the tern effects the efficiency of
t he phase condition alteration to transmt light. Also, the pattern may be
chirped or otherwi se interspersed with respect to its individual topica
feature sizes and/or shapes in order to maxim ze total optical transm ssion
- and devi ce performance. As an exanpl e, consider visible-wavel ength LEDs for
which [err] ~ 400-700 nm In this




case, for the interface described in Figure 4, the ordered texturing m ght
exhi bit a square or HCP arrangenent. Features are potentially 0.1-0.9
[err]min extent and on a spacing of 0.1-5.0 [err]m wth feature depths on
the order of 0.2-15.0 [err]m The period or spacing nust be short enough to
couple light at | arge oblique angles in&;xé:he anbi ent. For typical visible-
wavel ength LED structures, the period wlTl be less than 1.0 [err]m The
maxi mum depth of the features may be 0.5 [err]mor greater in order to

achi eve higher extraction efficiencies. Since the interfaces of interest
are two-di nensional, the grating pattern nust be two-di mensional, not

one-di nensional like a sinple grating. A conventional sem conduct or
light-emtting device is shown in Figure 6. It is conprised of

sem conductor epitaxial layers (1) containing a p-n junction active region
(2) on a substrate (3) with electrical contacts (4) provided for current
injection. The electrical contacts as shown in Figure 6 are nmade on both
the top and bottom surfaces of the device, but it is possible to put both
contacts on one side of the device to increase |ight extraction

N
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efficiency out the other side. In this latter case, the substrate (3) need
not be conductive nor even be a sem conductor, provided that the epitaxial
| ayers (1) nmay be grown upon or attached to the substrate in a satisfactory
manner. Figures 7a-c illustrate process flow steps for texturing the top
surface of a light- emtting device. An electro-or photo-sensitive thin
film(5) is applied to the top of the B&MGce (Figure 7a).. This filmis
exposed using el ectron-beam |ithography, |aser beaminterference, or W
radi ation, etc., and the desired pattern is devel oped (6) (Figure 7b).
After devel oping, the remaini ng masking pattern protects areas of the
device material froma subsequent etching or mlling process (e.g., ion
mlling, reactive ion etching, wet chem cal etching, electrochem ca

et ching, photochem cal etching, chem cal assisted ion beam etching, or
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conbi nati ons thereof, etc.) to transfer the desired pattern (7) into the
device material, and the masking layer (6) is renoved (Figure 7c).. The
nmetal contact acts as a nask against the etching or mlling process and is
itself not textured. The photo-sensitive masking film (5) nay be elimnated
by utilizing a self-patterning etching technique (e.g., photo

el ectrochem cal etching, |ocal |aser X6 ng and sel ective etching of
nelted regions, etc.), wherein the chem cal, mechanical, or electrica

state of the device material is altered according to the pattern and
material is subsequently or simultaneously selectively renoved to create an
ordered textured interface. Alternatively, a dielectric masking film or
other thin film(metal, polynmer, etc.) is applied before the .
photo-sensitive film The type and thickness of this mask is selected to
achi eve the necessary etch ratio between the masking material and the
device material in order to achieve deeply etched texturing which may be
desirable for optinmumlight extraction. Additionally, this film my
conprise part of the finished device since it is a suitable
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transparent wi ndow | ayer which may be textured to inprove |ight extraction
into the anbient. This may be useful if the index of the dielectric is
greater than that of the anbient since the resulting structure will provide
an increase in the effective escape cone out of the device. Figure 8
illustrates anot her enbodi nent wherein7}:L top and back surfaces of a
transparent substrate device are textured. Because the active region is
typically heavily absorbing at the em ssion length, .the back surface is
textured (8) to redirect light that is reflected fromthe back surface
towards the sides of the device to avoid a second pass through the active
region and the top netal contact. The texturing of the top and bottom
surfaces may be different since light is being redirected differently at -
either surface. In the case of a thin- active-layer device or one with high
internal quantumefficiency (> 80%, with [ittle absorption occurring in
that |ayer, the bottom surface texture may instead be designed to re-

direct light into an escape angle at the top surface. Figure 9 illustrates
an enbodi nent where the back netal contacts are put down on top
N . _
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of the textured surface. Alternatively, the front and/or back contacts may
be applied outside the textured regions. In the case of Figure 9, the
corrugation of the back nmetal contacts (9) offers increased surface-area
for a given contact dinension and these contacts will exhibit 12 reduced
el ectrical resistance as conpared to flaé]gpntacts of the sane dinmension.
The corrugated contacts may be snall er ir/ Imension relative to flat
contacts for an equival ent contact resistance. They may be | ess absorbing

t han conventional flat contacts because the corrugation nay act as an
efficient reflective or diffractive barrier to incident |light. Patterning
within the contact regions nmay be optim zed i ndependently of the patterning
on the rest of the device interfaces for increased TIR or Fresnel '

reflection in the contact regions in
q-

FIG. 7b




order to reduce absorption at the contacts. The optimal patterning in these
regions may or may not be simlar to the optimal patterning for other
regions of the device. Figure 10 illustrates an enbodi nent that conbines
macr oscopi ¢ shaping and interface texturing. Surface texturing is provided
on either or both the top and the bot %1of a truncat ed- cone-shaped
light-em.tting device. This transpar substrate device is nounted

upsi de-down relative to the device of Figure 9 to exploit the extraction
gains provided by the thick cone-shaped wi ndow. Texturing nay be perforned
on the back and designed to redirect |light towards the sides of the device
to avoid its passing through the absorbing active region. Alternatively,
both the top and back netal contacts may be corrugated or "flat". The cone-
shaped wi ndow hel ps to direct nmuch of the light emtted fromthe active
region towards the top surface at near normal incidence. This reduces the
angul ar bandwi dth of light incident at the top surface, and allows for a
nmore efficient texturing design since, in general, there is a trade-off
between diffraction efficiency and bandwidth in diffractive structures. The
reverse
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case al so holds, wherein an increase in the effective escape cone at the
top surface (due to texturing) may allow rel axed design constraints in

chi p-shaping, leading to | ess costly designs. The top-surface texturing
provi des maxi mum | i ght extraction at the wavel ength and angl es of interest,
while the contact-area texturing may be designed to nmaxim ze reflectivity
in order to reduce absorption at the A contacts. Figure 11 depicts an
enbodi ment that conbi nes ordered interface texturing with chip- shaping. A
truncat ed- pyram d shape is chosen for its simlarity to a hem sphere.
Texturing is provided on at |east one of the exposed surfaces. Preferably,
it is performed on the bevel ed sides (10) of the device as well as the top
and bottomto reduce Fresnel |oss and increase extraction efficiency. The
patterning on the bevel ed surfaces (10) is best effected by non-
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13 contact patterning techni ques such as photochem cal etching using a

| aser. Additional variations may include sone type of ordered texturing on
the extrene edges of a device as well, to alter the em ssion patterns
and/or to further enhance extraction efficiency. Figure 12 illustrates a
device having an ordered textured interface near the active |ayer. A
transparent wi ndow layer (12) is attadhgtbto the textured interface. This
wi ndow | ayer nay be provided to increase current spreading fromthe top
contact for uniforminjection into the active |ayer. The sandw ched
interface between the wi ndow | ayer and the textured interface would
normal |y consist of voids (13) but these voids nmay be filled with a
suitable material (e.g., dielectric, sem conductor material, native oxide)
bef ore wi ndow | ayer attachment in order to provide structural integrity and
to favorably nodify the current punping geonetry of the device. The
texturing and choi ce of "sandw ching" nmaterial should be chosen to optim ze
the electrical and optical characteristics of the device for the
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application of interest. The proximty of the ordered texturing to the
active layer may result in inproved |ight em ssion characteristics, wherein
-light is forced to emt upward fromthe active | ayer at near nornal

i ncidence to the top surface. In this latter case, the grating should be
placed within ~5 [err] of the active region and preferably wthin | ess than
~2 [err]. The grating nay al so be pl atefiébel ow the active |ayer to redirect
| ight upward or preferentially towards the edges of the LED. Figure 13
shows an LED with a resonant cavity (RC) structure (20) consisting of an
active region (2) sandw ched between two DBR mrror stacks (22A, 22B). The
cavity is detuned to result in anisotropic em ssion fromthe active | ayer
(off-axis em ssion). The ordered textured top surface is designed to
efficiently couple this light out into the anbient. If the device is
nounted on a transparent substrate, the bottom surface may be textured to
preferentially direct light into escape cones at the sides of the device.
Additionally, the textured interfaces may be instead enbedded within the
device at interfaces nearer the active

8
FIG. 10




region. Figure 14 shows an RCLED where one si-de of the cavity (20) is
defined by a high- reflectivity netal mrror (24) and the other side is a
DBR stack (22). The device is nounted 14 with the (transparent)
substrate on top. The cavity is detuned for off-axis em ssion and the top
surface is textured to provide efficient coupling of the em ssion into the
anbi ent. Additionally, the RCLED devi c&16f Figures 13 and 14 may be shaped
(in addition to texturing) to optimally out-couple light fromthe off-axis
em ssi on. :

FIG. 11
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-15 - WHAT IS CLAIMED 1S 1. A light emtting device conprising: a

devi ce that includes, 5 a substrate (3), a p-n junction region
(2) having nultiple layers, wherein subsets of the nultiple | ayers have
opposi ng polarity such that a p-n junction is formed, one of the |ayers
bei ng adj acent the substrate, a transparent w ndow | ayer, positioned

adj acent the p-n junction region, and4/® el ectrical contacts
(4), connecting to the p-n junction region, being operative to forward bi as
the p-n junction; and a primary interface (7,8,11), positioned in the
device, that is textured with repeated
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features in at | east one selected direction, ‘having an associ at ed
periodicity in each of the selected directions to increase |light extraction
and, within a period, having a cross-sectional 15 profile having at |east
one peak and at |east one valley, wherein light emtted fromthe p-n
junction region toward the primary interface travels through substantially
transparent nedia to nedia external to tiggiglevice. 2. Alight emtting
device, as defined in claim1l1, wherein the primary interface has 20
repeated features in at | east two selected directions that have identical
~periodicities. 3. - Alight emtting device, as defined in claim1,
wherein the primary interface has repeated features tat forma rectangul ar
array. 25 4. Alight emitting device, as defined in claim1, wherein the
primary interface has repeated features that form a hexagonal |y _

cl osed- packed pattern. 5. A'light emtting device, as-defined in claim
1, wherein the nmaxi mum peak-to-valley depth is between 0.2 and 15 mcrons.

&

Emission
Profile




30 - 16- 6. Alight-emtting device, as defined in claim1, wherein
the periodicities have associ ated periods between 0.1 and 5.0 mcrons. 7.
Alight emtting device, as defined in claiml1l, wherein the valley is
within 2 mcrons 5 of the p-n junction region. 8. Alight emtting
device, as defined in claim1, wherein the peaks and valleys of the
-cross-sectional profile of the primry i 166§ ace have

full -w dt h-at - hal f - maxi rum of 10- 9096of one period of the textured
arrangement . 10
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9. A light emtting device, as defined in claim1l, wherein at |east sone
portion of the valley is filled in by a nmaterial having an index of

refraction | ess than 2.0. 10. Alight emtting device, as defined in
claim9, wherein: 15 the material having an index of refraction |ess
than 2.0 is a dielectric material. 11. A light emtting device, as

defined in claim1, further conprising: N secondary interfaces (10) (where
N err] 1), positioned in the device, wherein each of the secondary
interfaces is textured with repeated features in at .| east one sel ected
direction, 20 having a periodicity in each selected direction to increase
l'i ght extraction and, within any period, having a cross-sectional profile
havi ng at | east one peak and at |east one valley. 12. Alight emtting
device, as defined in claim1l, wherein at | east one of the N secondary
interfaces and the primary interface hawetrdickf erent cross-secti onal
profiles. 25 13. A light emtting device, as defined in claim1l, wherein

at |least one of the N ' _ .
Ordered Interface Texturing for a Light Emitting Device

This method relates to the fabrication of semiconductor light-emitting devices having -
at least one ordered textured interface. Controlled interface texturing with an ordered pattern
is provided on any or all interfaces of such a device to enhance light extraction from these
interfaces and thus improve the performance of the device.

| Ordered interface texturing offers an improvement in light extraction by increasing the
transmission of total optical power from the device into the ambient. This improvement is
possible because ordered interface texturing can provide: 1) a reduction in Fresnel losses at
the'. interface between the device and the ambient and, 2) a change or inqrease in the angular
bandwidth of light which may transmit power into the ambient. This latter effect may be
thoﬁght of é change or increase in the escape cone at an interface. Both effects can result in
an overall increase in total light extraction efficiency for the LED.

(Figure 4)
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secondary interfaces and the prinary interface are textured with different™
periodicities. 14. A net hod for manufacturi ng a textured interface for a

| Fght em t++ng—device made by 30 t he steps
| east one pe“n Imlum |l‘lﬂm[ one interface=E 26 SHFEE HEY
pattern has u s having a per|0d|C|ty in at Ieast one

sel ected directi‘ont afd tenpving sone ofisthe device material accordi to
the pattern to create a interface that is textured ]VW g
features having a periodicity in at |east one directi %LA%MEWWET' hpd, as

defined in CJWHKT“CIM@ fhe step of transferrifhgithe pattern cpnprises
the steps of: 1s: 16 JAN 1999

1. A light emitting device comprising: .
a device that includes,
5 a substrate (3),
a p-n junction region (2) having multiple layers, wherein subsets of the multiple
layers have opposing polarity such that a p-n junction is formed, one of the layers being |
adjacent the substrate, s

_ a transparent window layer, posmoned adjacent the p-n junction region, and
lq © "7 electrical contacts (4), connecting to the p-n junction region, being operative
to forward bias the p-n junction; and
a primary interface (7,8,11), positioned in the device, that is textured with repeated
features in at least one selected direction, having an associated periodicity in each of the
selected directions to increase light extraction and, within a period, having a cross-sectional
15 profile having at least one peak and at least one valley, wherein light ermitted from the p-n
junction region toward the primary interface travels through substantially transparerrt media
to media external to the device.

2. A light emitting device, as defined in claim 1, wherein the primary interface has
20 repeated features in at least two selected directions that have identical periodicities.

3, A light emitting device, as defined in claim 1, wherein the primary mterface has
repeated features that form a rectangular array.

25 4. A light emitting device, as defined in claim 1, wherein the primary interface has
repeated features that form a hexagonally closed-packed pattern.

5. A light emitting device, as defined in claim 1, wherein the maximum peék—to—‘valley
depth is between 0.2 and 15 microns. |
30



depo$|t|ng ayer of phot or esi st over t he i nterface of

al
exposi ng %FE”,IQFMX—&L—M photoresist to create thk
reenovi ng the uua&miﬁi\j&!rmons of photore |st.t crea
]

| ayer. 16. m“ l ined in clai maYestiyle spee
pattern conprd s« 0f : depositing a Iayer of dijel

over the interface of the device; 15 _1g. depositing p
phot oresi st over the l|ayer of dielectric material; exposi
the | ayer of photoreS|st to create the pattern;

rccording t B ho & LpRemiRE ISR bhlfin R, Phainth s B804 Ghocinea
further i nclpetiodgbétiveers0.4andf5.0 midromsy i n the at | east some portion of

interface using a material having a refractive index |ess than 2.0. 18. A
met hod, as defined in claim214, further including the step of applying

electrical 4 . A light emitting device, as defined in claim 1, wherein the valley is within 2 microns
5 of the p-n junction region.

8. A light emitting device, as defined in claim 1, wherein the peaks and valleys of the
' cross-sectional profile of the primary interface have full-width-at-half-maximum of 10-90%
of one period of the textured arrangement.
10
9. A light emitting device, as defined in claim 1, wherein at least some portion of the
valley is filled in by a material having an index of refraction less than 2.0.

10. A light emitting device, as defined in claim 9, wherein:
15 the material having an index of refraction less than 2.0 is a dielectric material.

11. A light emitting device, as defined in claim 1, further comprising:
N secondary interfaces (10) (where N> 1), positioned in the device, wherein each of
the secondary interfaces is textured with repeated features in at least one selected direétion.
20 having a periodicity in each selected direction to increase light extraction and, within any
period, having a cross-sectional profile having at least one peak and at least one valley.
12. A light emitting device, as defined in claim 11, wherein at least one of the N
secondary interfaces and the primary interface have different cross-sectional profiles.
25 '
13. A light emitting device, as defined in claim 11, wherein at least one of the N
secondary interfaces and the primary interface are textured with different periodicities.

14. A method for manufacturing a textured interface for a light emitting device made by
30 the steps of



contdcts to the interface. 25 19. A method, as def+ned
~ wherein the step of transferring the pattern conpri

nmbdi fyi ng evice material accordi
~the patterm mmmn&@lgatures havi ng aSHBBtRHE
direction SHEET - 18- 20. A et

19, wherein the step of m)dlfyl ng and. 1713 step of
S|nultaneously

PR

wher ei n
| _

5
ny

as defined fnjclaim
HAg—are pert or fred

r

transferring at least one pattern to at least one interface of the device, wherein each
pattern has repeating features having a periodicity in at least one selected direction; and

removing some of the device material aécording to the pattern to create a interface that

Is textured with the repeating features having a periodicity in at least one direction.

5

15. A method, as defined in claim 14, wherein the step of transferrmg the pattern

comprises the steps of: '
depositing a layer of photoresist over the interface of the device:
exposing a portion the layer of photoresist to create the pattern; and

10 - removing the unpatterned regions of photoresist to create the masking layer. -
16. A method.. as defined in claim 14, wherein the transferring the pattern comprises the
steps of:

depositing 2 layer of dielectric material over the interface of the device;
- 15 - depositing a layer of photoresist over the layer of dielectric material:
exposing a portion of the layer of photoresist to create the pattern;

removing the unpatterned regions of photoresist; and

etching the layer of dielectric material according to the pattern.

20 17. A method, as defined in claim 14, further including the step of filling in the at least

-

18." A method, as defined in claim 14, further including
contacts to the interface.
25

some portion of interface using a material having a refractive index less than 2.0.

the step of applying electrical

19. A method, as defined in claim 14, wherein the step of transferring the pattern
comprises the step of modifying the state of the device material according to a pattern,
wherein the pattern has repeating features having a periodicity in at least one direction.
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20. A method, as defined in claim 19, wherein the step of modifying and the step of
removing are performed simultaneously.



