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(57) Abstract: In a method according to embodiments of the invention, a semiconductor structure including a III-nitride light emitting
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A trench is formed in the semiconductor structure. The trench exposes the p-type region. After forming the trench, the semiconductor

structure is annealed.
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METHOD OF FORMING A P-TYPE LAYER FOR A LIGHT EMITTING DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to U.S. Provisional Patent Application No.
62/339,448, filed May 20, 2016 and European Patent Application No. 16179661.0, filed
July 13, 2016. U.5. Provisional Patent Application No. 62/339,448 and European Patent

Application No. 16179661.0 are incorporated herein.

BACKGROUND

Semiconduactor light-emitting devices including light emitting diodes (LEDs),
resonant cavity light emitting diodes (RCLEDs), vertical cavity laser diodes (VCSELs), and
edge emitting lasers are among the most efficient light sources currently available.
Materials systems currently of interest in the manufacture of high-brightness light emitting
devices capable of operation across the visible spectrum include Group -V
semiconductors, particularly binary, ternary, and quaternary alloys of gallium, alumimum,
indium, and nitrogen, also referred to as Hi-nitride materials. Typically, Hl-nitride light
emitting devices are fabricated by epitaxially growing a stack of semiconductor layers of
different compositions and dopant concentrations on a sapphire, silicon carbide, Hl-nitride,
or other suitable substrate by metal-organic chemical vapor deposition {MOCVD),
molecular beam epitaxy (MBE), or other epitaxial techniques. The stack often inchudes ong
or more n-type layers doped with, for example, 5i, formed over the substrate, one or more
light emitting layers in an active region formed over the n-type layer or layers, and one or
more p-type layers doped with, for example, Mg, formed over the active region. Electrical
contacts are formed on the n- and p-type regions.

In commercial Hi-nitride LEDs, the semiconductor stracture is typically grown by
MOCVD. The nitrogen source used during MOCVD is typically ammonia. When ammonia
dissociates, hydrogen is produced. The hydrogen forms a complex with magnesium, which
is used as the p-type dopant during growth of p-type materials. The hydrogen complex
deactivates the p-type character of the magnesium, effectively reducing the dopant
concentration of the p-type material, which reduces the efficiency of the device. After
growth of the p-type material, the structure is annealed in order to break the hydrogen-

magnesium complex by driving off the hydrogen.
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BRIEF BESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates a portion of a semiconductor structure inchuding a buried p-type
region and trenches for activating the p-type region.

Fig. 2 illustrates a portion of the top surface of the structure illustrated in Fig. 1.

Fig. 3 is a method of forming a device with a buried p-type region, according to
some embodiments of the invention.

Fig. 4 illustrates an LED with a p-type region grown before the n-type region,
according to some embodiments of the invention.

Fig. 5 illustrates an LED including a tunnel junction, according to some
embodiments of the invention.

Fig. 6 ilustrates a device including two LEDs separated by a tunnel! junction,
according to some embodiments of the invention.

Fig. 7 ilustrates a portion of a partially-grown semiconductor device, inclading
segments of mask material.

Fig. § illustrates a portion of a semiconductor device with embedded trenches.

Fig. 9 illustrates a portion of a semiconductor device including a trench in which a

metal contact is disposed.

DETAILED DESCRIPTION

The reguirement of an anneal in a hydrogen-free atmosphere to activate the p-type
layers in a Hi-nitride device himits device design. It has been demonstrated experimentally
that hydrogen cannot diffuse through n-type ll-nitride materials, and the hydrogen does not
readily diffuse laterally through semiconductor material over distances corresponding to
half the diameter of a typical device wafer. As a result, in order for the activation anneal to
be effective, the p-type layers cannot be covered by any other layer. Without an effective
anneal, the device is left without a p-type layer, or with a p-type layer with an extremely
low dopant concentration, rendering it useless. Accordingly, a device with a buried p-type
layer, such as a device with a tunnel junction or a device where the p-type layers are grown
before the n-type layers, cannot be formed by a convention process including growth by
MOCVD followed by annealing.

In embodiments of the invention, a device structire is grown with a buried p-type
layer. Trenches are formed in the device structure that expose portions of the buried p-type
layer. The structure is then annealed, such that hydrogen can diffuse laterally out of the

buried p-type layer to the trenches, where the hydrogen can escape to the ambient.



W

10

J—
(o

20

3
(01

WO 2017/200845

PCT/US2017/032234

Fig. 1 illustrates a portion of a semiconductor device structure. The structure of Fig.
1 15 grown on a growth substrate 30, which may be, for example, sapphire, SiC, Si, a non-
[-nitride material, GaN, a composite substrate, or any other suitable substrate. An optional
Hi-nitride film 102 may be grown before p-type region 100, though Hi-nitride film 102 is
not required. Hi-nitride film 102 may include, for example, nucleation or buffer layers,
smoothing layers that may be GaN or any other Hl-nitride material, n-type layers, light
emitting or active layers, undoped layers, the active region of a device, and/or any other
suitable layers or materials.

The p-type region 100 includes at least one binary, ternary, guaternary, or quinary
[H-nitride layer that is doped with a p-type dopant such as, for example, Mg or any other
suitable material.

A Hi-nitride Tilm 104 is grown after the p-type layer 100 such that the p-type layer
180 is buried by the Hl-nitride film 104, Ul-nitride film 104 may include n-type layers, p-
type layers, the active region of a device, light emitting layers, undoped layers, and/or any
other suitable layers or materials.

After or during growth, trenches 106 are formed in the semiconductor structure.
Trenches 106 may extend through the entire thickness of Hl-nitride film 104 such that the
bottoms of trenches 106 are in p-type region 100, as Ulustrated in Fig. 1. Alternatively,
trenches 106 may extend through the entire thicknesses of both Hl-nitride film 104 and p-
type region 100 such that the bottoms of trenches 106 are in -nitride film 102, are the
surface of growth substrate 30, or extend into growth substrate 30.

The width 108 of trenches 106 may be, for exampie, at least .05 um in some
embodiments, no more than 50 um in some embodiments, at least 0.5 pm in some
embodiments, and no more than 15 ym in some embodiments. In some embodiments, the
trenches are kept as small as possible to avoid losing light-emitting area.

Trenches 106 are spaced such that all of the p-type region 100 is spaced a distance
from a trench that is no more than the maximum diffusion length of hydrogen during the
later anneal. The maximum spacing 110 between trenches 106 may be twice the average or
maximum diffusion length of hydrogen during the anneal. The spacing 110 may be
determined by the conditions of the anneal, which may determine the maximum lateral
diffusion length of hydrogen during the anneal — different anneals may have different
maximuom lateral diffusion lengths. The maximum spacing 110 between nearest neighbor
trenches may be at least 1 pm in some embodiments, no more than 500 pm in some
embodiments, at least 5 um in some embodiments, and no more than 250 pm in some

embodiments.
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The semiconductor structure illustrated in Fig. 1 may be annealed after forming
trenches 106. During the anneal, hydrogen is driven out of p-type region 100 into trenches
106, where it can escape from the semiconductor structare into the ambient.

In some embodiments, after annealing, trenches 106 may be filled with an insulating

aterial 114, Insulating material 114 permits a metal contact to be formed on a surface with
trenches, without inadvertently causing a short. Insulating material 114 may be formed at
any stage of processing after the anneal — for example, trenches 106 may be filled with
insulating material 114 before or after removing the growth substrate, in embodiments
where the growth substrate is rernoved, or before or after eiching to expose a buried layer,
in embodiments where such etching is performed.

In some embodiments, trenches 106 are used as vias in which metal contacts are
formed, to contact the p-type region in a p-side down device, as illustrated in Fig. 9. In
embodiments where metal contacts 134 are formed in trenches 106 in contact with the p-
type region 100, a sequence of metals and insulators are deposited and patierned such that
the metal contact is in direct contact with only the buried p-type region 100 or other desired
layer (in the bottom of the trench 132 as illustrated in Fig. 9}, and not the layers above (1H-
nitride film 104). For example, an insulating material 130 may be disposed on the sidewalls
of the rench between the contact metal 134 and the semiconductor layers that are not to be
in direct contact with the metal contact.

In some embodiments, trenches 106 are left exposed to air or ambient gas, or coated
with a thin passivation layer (510; for example) rather than filled. Accordingly, in some
embodiments, trenches 106 may be partially or completely filled with an insalating or
passivating material.

Fig. 2 is a plan view of a portion of a top surface 112 of the structure of Fig. 1. As
tlustrated in Fig. 2, in some embodiments, trenches 106 may be solated from each other,
and surrounded by a portion of the semiconductor structure that 1s uninterrupted by a trench.
Accordingly, in some embodiments, the semiconductor material is all electrically
connected, and no electrically isolated islands of semiconductor material are formed by
trenches 106. In some embodiments, some or all trenches may connect to each other to form
isolated islands of semiconductor material — for example, in some embodiments, trenches
106 may define the boundaries of a single device that is later separated from a wafer of
semiconductor material. A single device formed on a wafer of devices may have soms
trenches that connect to each other (o define the boundaries of the device or an isolated
istand of senuconductor material withun the device, and ope or more other trenches that are

isolated from each other and formed within the isolated island of semiconductor material.
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Fig. 3 illustrates a method of forming a device. In block 120, a Hl-nitride structure
with 3 buried p-type region is grown on a growth substrate.

In block 122, renches 106 are formed in the grown Hi-nitride structure. Trenches
106 are ilustrated in Figs. 1 and 2. Trenches 106 may be formed by any suitable technique,
including for example, dry etching, wet etching, or a combination of dry and wet etching. In
some embodiments, the method of forming the trench may influence the diffusion of
hydrogen out of the exposed surface of semiconductor matenial formed by etching the
trench. For example, p-type GaN is known to convert to n-type GaN during dry etching. If
the thickness of the surface of the p-type that converts to n-type is too great, the diffusion of
hydrogen may be blocked such that hydrogen builds up at the type-converted surface and
cannot escape. Accordingly, in some embodiments, after dry etching to form the trenches
106, the surface of the trenches may be cleaned with a wet etch to remove the n-type
converted layer or to reduce the thickness of the n-type converted layer to a thickness
through which hydrogen readily ditfuses.

In some embodiments, the semiconductor structure may be selectively grown to
form trenches during growth, as ilustrated in Figs. 7 and 8. For example, as iliustrated in
Fig. 7, an optional HH-nitride film 102 and a p-type region 100 are grown over a substrate
30, A mask material 120 such as Si0; may be disposed on the p-type region 100, then
patterned such that the mask material is left in areas where trenches are formed. The mask
material is not Hmited to the location illustrated in Fig. 7. For example, in various
embodiments, the mask material is formed directly on the growth substrate, on a surface of
partially grown Hl-nitride film 102, on the surface of a fully grown I-nitride film 102, on a
surface of partially grown p-type region 100, or on the surface of fully grown p-type region
100, as tllustrated. The mask material may be formed in any layer of the device, on any
surface (inchuding directly on growth substrate 30), with any thickness, and may extend
through multiple layers, as long as the mask material is in direct contact with at least a
portion of p-type region 100.

{Il-nitride film 104 1s grown over the mask material 120. Growth will eventually
cover the mask material via lateral overgrowth, such that areas 122 between neighboring
mask regions are filled with Ul-nitride material, as illustrated in Fig. 8. When the die is
singulated after growth, a wet etch or other suitable technique may be used to remove the
mask material, creating an embedded trench 124 through which hydrogen may escape
during activation anneal. During the activation anneal, hydrogen escapes from the
embedded trenches through the sides of the wafer, where the embedded trenches are

exposed to the ambient.
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Returning to Fig. 3, in block 124, the Ul-nitride structure with trenches is annealed,
in order to activate the buried p-type region, for example by driving off hydrogen that has
formed a complex with the p-type dopant in the p-type region.

Figs. 4, 5, and 6 dlustrate devices including a buried p-type region which may be
activated by forming trenches and annealing, as illustrated in Figs. 1, 2, and 3. Fig. 4
illustrates a device where the p-type region is grown before the n-type region. Figs. Sand 6
illustrate devices including tunnel junctions. The trenches are omitted from Figs. 4, 5, and 6
for clarity. In particular, the devices illustrated in Figs. 4, 5, and 6 may be, for example, on
the order of 1 mum on a side, meaning that tens or even hundreds of trenches may be formed
in a single device. In any of the devices illustrated in Figs. 4, 5, and 6, one or more of the
trenches may be used as vias in which metal contacts to the buried layers of the device are
disposed, as described above.

In some embodiments, the p-type region of a lH-nitride device is grown before the
hight emitting layer and the n-type region.

In conventional [{i-nitride LEDs, the n-type region is grown first on a substrate,
followed by the light emitting layers and the p-type semiconductor. The internal field of a
[H-nitride LED grown n-side down increases with increasing forward bias. As a result, as
the device bias {current} is increased, the internal electric field increases, reducing electron-
hole overlap and thereby reducing radiative efficiency. Growing the device in the reverse
order, with the p-type region grown first on the substrate, reverses the internal field. In a HI-
nitride LED grown p-side down, the internal field is opposite the butlt-in polarization field.
As aresult, as the forward bias (current) increases, the radiative efficiency of such a device
may increase.

Fig. 4 illustrates one example of a device where the p-type region is grown before
the light emitting layer and the n-type region. Such a semiconductor structure may be
incorporated into any suitable device; embodiments of the invention are not limited to the
vertical device illustrated. In embodiments where the original growth substrate is removed,
such as, for example, a flip chip device, structure 102 may be totally removed to make
electrical contact to the p-type region, or a holeftrench may be etched through structure 102
to expose a portion of the p-type region on which a metal contact may be formed. In
embodiments where the substrate remains, such as, for example, a lateral die device, one
contact may be disposed on the top surface of the semiconductor structure, and the other
contact may be disposed on a surface exposed by etching to expose the p-type region.

The device illustrated in Fig. 4 includes a semiconductor structure 10 grown on a

growth substrate (not shown). The p-type region 12 is grown first, followed by an active or
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light emitting region including at least one light emitting layer 14, followed by an n-type
region 16.

P-type region 12 corresponds to buried p-type region 100 of Fig. 1; active region 14
and n-type region 16 correspond to Hi-nitride film 104 of Fig. 1; Hi-nitride film 102 of Fig.
1 may be a nucleation or buffer structure {(not shown) or may be omitted.

A metal p-contact 18 is disposed on the p-type region 12; a metal n-contact 20 is
disposed on the n-type region 16.

The semiconductor structure 10 includes a light emitting or active region
sandwiched between n- and p-type regions. The n-type region 16 may include multiple
layers of different compositions and dopant concentration including, for example, n- or even
p-type device layers designed for particular optical, material, or electrical properties
desirable for the light emitting region to efficiently emit light. The light emitting layer 14
may be included in a light emitting or active region. Examples of suitable light emitting
regions inchude a single thuck or thin light emitting layer, or a multiple quantum well light
emitting region including multiple thin or thick light emitting layers separated by barrier
layers. The p-type region 12 may include multiple layers of different composition,
thickness, and dopant concentration, including preparation layers such as buffer layers or
nucleation layers, and/or layers designed to facilitate removal of the growth substrate, which
may be p-type, n-type, or not intentionally doped, and layvers that are not intentionally
doped, or n-type layers.

After growth, the semiconduoctor structure may be processed into any suitable
device.

In some embodiments, a [ll-nitride device includes a tunnel junction. A tunnel

junction (TJ} is a structure that allows electrons to tunnel from the valence band of a p-type

layer to the conduction band of an n-type layer in reverse bias. When an electron tunnels, a
hole is left behind in the p-type layer, such that carriers are generated in both layers.
Accordingly, in an electronic device like a diode, where only a small leakage current flows
in reverse hias, a large current can be carried in reverse bias across a tunne] junction. A
tunnel junction requires a particular alignment of the conduction and valence bands at the
p/n tunnel junction, which has typically been achieved in other materials systeras using very
high doping {e.g. p++/n++ junction in the (AlyGaAs material system). Hi-nitride materials
have an inherent polarization that creates an electric field at heterointerfaces between
different alloy compositions. This polarization field can be otilized to achieve the required
band alignment for tunneling.

Figs. 5 and 6 illustrate iwo devices including tunnel junctions.
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In the device of Fig. 3, a tunnel junction is disposed between the p-type region and
the metal contact that injects current into the p-type region. The contact may be formed on
an u-type layer, which may have much better sheet resistance and hence better current
spreading as compared to p-type layers. In the device tllustrated in Fig. 5, n-type layers are
used as contact layers for both the positive and negative terminals of the LED, by
converting holes from the p-type region into electrons in an n-type contact layer via a tunnel
Junction.

The device of Fig. 5 includes an n-type region 32 grown on a growth substrate,
followed by a light emitting layer 34, which may be disposed in a light emitting region, and
a p-type region 36. The n-type region 32, light emitting layer 34, and p-type region 36 are
described above in the text accompanying Fig. 4. A tunnel junction 38 is formed over the p-
type region 36,

In some embodiments, tunnel junction 3& includes a highly doped p-type layer, also
reterred to as a p++ layer, in direct contact with p-type region 36, and a highly doped n-type
layer, also referred to as an n++ layer, in direct contact with the p++ layer. (In some
embodiments, the p++ layer of tunnel junction 38 may serve as the p-type region in the
device, such that a separate p-type region is not required.) In some embodiments, tannel
1unction 38 includes a layer of a composition different from the p++ layer and the n++ layer
sandwiched between the p++ layer and the n++ layer. In some embodiments, tunnel
junction 38 includes an InGaN layer sandwiched between the p++ layer and the n++ layer.
In some embodiments, tunnel junction 38 includes an AIN layer sandwiched between the
p++ layer and the n+-+ laver. The wnnel junction 38 is in direct contact with n-type layer 40,
described helow.

The p++ layer may be, for example, InGaN or GaN, doped with an acceptor such as
Mg or Zn to a concentration of about 10’ cm™ 1o about 5x10% cm™. In some
embodiments, the p++ layer is doped to a concentration of about 2x10%° cm™ 1o about
4x10™ cm™. The n++ layer may be, for example, InGaN or GaN, doped with an acceptor
such as Si or Ge to a concentration of about 10 em™ to about 3x10° cm™. In some
embodiments, the n++ layer is doped to a concentration of about 7x10 em™ to about
9% 10" cm~. Tunnel junction 38 is usually very thin, for example tunnel junction 38 may
have a total thickness ranging from about 2 nm to about 100 nm, and each of the p++ layer
and the n+-+ layer may have a thickness ranging {rom about 1 nm to about 50 nm. In some
embodiments, each of the p++ layer and the n++ laver may have a thickness ranging from
about 25 nm to about 35 nm. The p++ laver and the n++ layer may not necessarily he the

same thickness. In one embodiment, the p++ layer is 15 nm of Mg-doped InGaN and the
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n++ layer is 30 nm of Si-doped GalN. The p++ laver and the n++ layer may have a graded
dopant concentration. For example, a portion of the p++ layer adjacent to the underlying p-
type region 36 may have a dopant concentration that is graded {rom the dopant
concentration of the underlying p-type region to the desired dopant concentration in the p++
layer. Similarly, the n++ layer may have a dopant concentration that is graded from a
maximum adjacent to the p-++ layer to a minimum adjacent to the n-type layer 40 formed
over the tannel junction 38. Tunnel junction 38 is fabricated to be thin enough and doped
enough such that tunnel junction 38 displays low series voltage drop when conducting
current in reverse-biased mode. In some embodiments, the voltage drop across tunnel
janction 38 is about 0.1V to about 1V.

Embodiments including an InGaN or AIN or other suitable layer between the p++
layer and the n++ layer may leverage the polarization field in Hi-nitrides to help align the
bands for tunneling. This polarization effect may reduce the doping requirement in the n++
and p++ Jayers and reduce the wnneling distance required (potentially allowing higher
current flow). The composition of the layer between the p++ layer and the n++ layer may be
different from the composition of the p++ layer and the n++ layer, and/or may be selected to
cause band re-alignment due to the polarization charge that exists between dissimilar
materials in the Hi-nitride material system.

Examples of suitable tunnel junctions are described in US8039352 B2, which is
incorporated herein by reference.

An n-type contact layer 40 is formed over tannel junction 3§, in direct contact with
the n-++ layer.

In the device of Fig. 5, p-type region 36 and the p++ layer of tunnel junction 38
correspond to the p-type region 100 of Fig. 1; the n++ layer of tunnel junction 3% and n-type
contact layer 40 correspond to Hl-nitride film 104 of Fig. 1, the n-type region 32 and active
region 34 correspond to Hi-nitride film 102 of FHig. 1.

First and second metal contacts 44 and 42 are formed on the n-type contact layer 40,
and on the n-type region 32, respectively. A mesa may be etched to form a flip chip device,
as lustrated in Fig. 5, or any other suitable device structure may be used. The first and
second metal contacts 44 and 42 may be the same material, such as aluminum, though this
is not required; any suitable contact metal or metals may be used.

In the device of Fig. 6, multiple LEDs are grown on top of one another and
connected in series via a tunnel junction. In the device of Fig. 6, multiple LEDs are created
within the footprint of a single LED, which may dramatically increase the optical flux

generated per unit area. In addition, by driving the LEDs connected by a tunnel junction at a
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lower drive current, each LED can operate at its peak efficiency. In a single LED, this
woudd result in a drop in light output, however by having two or more LEDs connected in
series in a given chip area, the light output can be maintained while efficiency is
dramatically improved. Thus, the tunnel junction device illustrated in Fig. 6 may be used in
applications that require high efficiency and/or applications that require high flux per unit
area.

The device of Fig. 6 includes an n-type region 32 grown on a growth substrate,
followed by a light emitting layer 34, which may be disposed in a light emitting region, and
a p-type region 36 (as described above, the p++ layer of the tunnel junction may function as
p-type region 36, such that a separate p-type region is not required). The n-type region 32,
light emitting layer 34, and p-type region 36 are described above in the fext accompanying
Fig. 4. A tunnel junction 38, as described above, is formed over the p-type region 36. A
second device structure, including a second n-type region 46, a second light emuitting layer
48, and a second p-type region 50 are formed over tunnel junction 38. The wnnel junction
38 is oriented such that the p++ layer is in direct contact with the p-type region 36 of the
first LED, and the n++ layer is in direct contact with the n-type region 46 of the second
LED.

In the device of Fig. 6, p-type region 36 and the p++ layer of tunnel junction 3§
correspond to the p-type region 100 of Fig. 1; the n++ layer of tunnel junction 38, n-type
layer 46, active region 48, and p-type region 50 correspond to Hi-nitride film 104 of Fig. 1
(if the wenches are in direct contact with p-type region 30, the trenches will also activate p-
type region 30, though p-type region 30, if it is the last grown layer, may also be activated
by a conventional anneal); the n-type region 32 and active region 34 correspond to Hi-
nitride film 102 of Fig. 1.

First and second metal contacts 34 and 52 are formed on the n-type region 32 of the
first LED, and on the p-type region 50 of the second LED, respectively. A mesa may be
etched to form a flip chip device, as illustrated in Fig. 6, or any other suitable device
structure may be used. In some embodiments, an additional tunnel junction and n-type layer
may be formed over the p-type region 30 of the second LED, in order to form the second
metal contact 52 on an n-type layer, as illustrated in the device of Fig. 5.

Though two active regions are illustrated in Fig. 6, any number of active regions
may be included between the two metal contacts illustrated, provided the p-type region
adjacent each active region is separated from the n-type region adjacent the next active
region by a tunnel junction. Since the device of Fig. 6 has only two contacts, both light

emitting layers emit light at the same time and cannot be individually and separately
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activated. In other embodiments, individual LEDs in the stack may be separately activated
by forming additional contacts. In some embodiments, a device may have enough junctions
such that the device can operate at a typical line voltage such as, for example, 110 volts, 220
volts, ete.

The two light emitting layers may be fabricated with the same composition, such
that they emit the same color light, or with different compositions, such that they emit
different colors {(i.e. different peak wavelengths) of light. For example, a three active region
device with two contacts may be fabricated such that the first active region emits red light,
the second active region emits blue light, and the third active region emits green light.
When activated, the device may produce white light. Since the active regions are stacked
such that they appear to emit light from the same area, such devices may avoid problems
with color mixing present in a device that combines red, blue, and green light from adjacent,
rather than stacked, active regions. In a device with active regions emitting different
wavelengths of light, the active region that generates light of the shortest wavelength may
be located closest to the surface from which light is extracted, generally the sapphire, 5iC,
ar GaN growth substrate in an LED. Placement of the shortest wavelength active region
near the output surface may minimize loss due to absorption in the quantum wells of the
other active regions and may reduce the thermal impact on more sensitive longer
wavelength quantam wells by locating the longer wavelength active regions closer to the
heat sink formed by the contacts. The quantum well layers may also be made sufficiently
thin that absorption of light in the quantum well layers is low. The color of the mixed light
emitted from the device may be controlled by selecting the mumber of active regions that
emit light of each color. For example, the human eye is very sensitive to green photons and
not as sensitive to red photons and blue photons. In order to create balanced white light, a
stacked active region device may have a single green active region and multiple blue and
red active regions.

The devices of Figs. 4, 5, and 6 are formed by growing a [H-nitride semiconductor
structure on a growth substrate 30 as is known in the art. The growth substrate 15 often
sapphire but may be any suitable substrate such as, for example, SiC, §i, GaN, ora
composite substrate (such as, for example, GaN on a sapphire template). A surface of the
growth substrate on which the [I-nitride semiconductor structure is grown may be
patterned, roughened, or textured before growth, which may improve light extraction from
the device. A surface of the growth substrate opposite the growth surface (i.e. the surface

through which a majority of light is extracted in a flip chip configuration)} may be patterned,
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roughened or textured before or after growth, which may improve light extraction from the
device.

The metal contacts often include multiple conductive layers such as a reflective
metal and a guard metal which may prevent or reduce clectromigration of the reflective
metal. The reflective metal is often silver but any suitable material or materials may be
used. The metal contacts are electrically isolated from each other by a gap which may be
filled with a dielectric such as an oxide of silicon or any other suitable material. Multiple
vias o expose portions of n-type region 32 may be formed; the metal contacts are not
limited to the arrangements illustrated in Figs. 4, 5, and 6. The metal contacts may be
redistributed to form bond pads with a dielectric/metal stack, as is known in the art.

In order to form electrical connections to the LED, one or more interconnects are
formed on or electrically connected to the two metal contacts illustrated. The interconnects
may be, for example, solder, stud bumps, gold layers, or any other suitable structure.

The substrate 30 may be thinned or entirely removed. In some embodirments, the
surface of substrate 30 exposed by thinning is patterned, textured, or roughened to improve
light extraction.

Any of the devices described herein may be combined with a wavelength converting
stracture. The wavelength converting structure may contain one or more wavelength
converting materials. The wavelength converting structure may be directly connected to the
LED, disposed in close proximity to the LED but not directly connected to the LED, or
spaced apart from the LED. The wavelength converting structure may be any suitable
structure. The wavelength converting structure may be formed separately from the LED, or
formed in situ with the LED.

Examples of wavelength converting structures that are formed separately from the
LED include ceramic wavelength converting structures, that may be formed by sintering or
any other suitable process; wavelength converting materials such as powder phosphors that
are disposed in transparent material such as silicone or glass that is rolled, cast, or otherwise
formed into a sheet, then singulated into individual wavelength converting stractures; and
wavelength converting materials such as powder phosphors that are disposed in a
transparent material such as silicone that is formed into a flexible sheet, which may be
laminated or otherwise disposed over an LED.

Examples of wavelength converting structures that are formed in situ inclhade
wavelength converting materials such as powder phosphors that are mixed with a

transparent material such as silicone and dispensed, screen printed, stenciled, molded, or
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atherwise disposed over the LED; and wavelength converting materials that are coated on
the LED by electrophoretic, vapor, or any other suitable type of deposition.

Multiple forms of wavelength converting structure can be ased in a single device. As
just one example, a ceramic wavelength converting meraber can be combined with a
molded wavelength converting member, with the same or different wavelength converting
materials in the ceramic and the molded members.

The wavelength converting structure may include, for exampie, conventional
phosphors, organic phosphors, quantam dots, organic semiconductors, [-VIor Hi-V
semniconductors, H-VI or HI-V semiconductor quantum dots or nanocrystals, dyes,
polymers, or other materials that luminesce.

The wavelength converting material absorbs light emitted by the LED and emits
light of one or more different wavelengths. Unconverted light emitted by the LED is often
part of the final spectrum of light extracted from the structure, though it need not be.
Examples of common combinations include a blue-emitting LED combined with a yellow-
emitting wavelength converting material, a blue-emitting L.ED combined with green- and
red-emitting wavelength converting materials, a UV-emitting LED combined with blue- and
yellow-emitting wavelength converting materials, and a UV-emitting LED combined with
blue-, green-, and red-emitting wavelength converting materials. Wavelength converting
materials emitting other colors of light may be added to tailor the spectrum of light
extracted from the structure.

The embodiments described hergin may be incorporated into any suitable light
emitting device. Embodiments of the invention are not limited to the particular structures
illustrated.

Some features of some embodiments may be omitted or implemented with other
embodiments. The device elements and method elernents described herein may be
interchangeable and used in or omitted from any of the exampies or embodiments described
herein.

Though in the examples and embodiments described above the semiconductor Light
emitting device is a -nitride LED that emits blue or UV Jight, semiconductor hight
emitting devices besides LEDs, such as laser diodes, are within the scope of the invention.
In addition, the principles described herein may be applicable to semiconductor light
emitting or other devices made from other materials systems such as other [I1-V materials,
[i-phosphide, [il-arsenide, -V materials, Zn(3, or Si-based materials.

Having described the invention in detail, those skilled in the art will appreciate that,

given the present disclosure, modifications may be made to the invention without departing
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from the spirit of the inventive concept described herein. Therefore, it is not intended that

the scope of the invention be limited to the specific embodiments iHostrated and described.
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CLAIMS:

1. A method comprising:
growing a semiconductor structure comprising a Hi-pitride light emitting layer
disposed between a p-type region and an n-type region, the p-type region being buried

within the semiconductor siructure;

W

forming in the semiconductor structure a trench that exposes the p-type region,
forming the trench including:

dry etching the trench in the semiconductor structure; and

after said dry etching, wet etching the trench; and

after forming the trench, annealing the semiconductor structure.
10

2. The method of claim I wherein the trench is one of a plurality of trenches,
whergin each trench exposes the p-type region.

3

3. The method of claim 2 wherein each trench in the plurality of trenches is

J—
(o

surrounded by a portion of the semiconductor structure that 15 uninterrapted by a trench.

4. The method of claim 2 wherein nearest neighbor trenches are spaced less
than twice a maximurm length of diffusion of hydrogen dunng said annealing the
semiconductor structure.

20
5. The method of claim 2 wherein:
each trench is between 0.5 and 30 ym wide; and

nearest neighbor trenches are spaced between 1 and 500 pm apart.

25 6. The method of claim 1 further comprising, after said annealing the

semiconductor structure, filling the trench with an insulating material.

7. The method of claim 1 wherein the semiconductor structure comprises a

tunnel junction.

8. The method of claim 1 further comprising disposing a metal in the trench,

wherein the metal is in direct contact with a first portion of the semiconductor structare in

15
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the trench, and an insulating layer is disposed between the metal and a second portion of the

semiconductor structure in the trench.

9. The method of claim 1 wherein the wet etching removes material that the dry

W

etching converted to n-type.

10. A method comprising:
growing a semiconductor structure comprising a Hi-nitride light emitting layer
disposed between a p-type region and an n-type region, the p-type region being buried
10 within the semicondactor structure, growing the semiconductor structure inchading
selectively growing the semiconductor structure to form in the semiconductor structure a
trench that exposes a portion of the p-type region; and

after forming the trench, annealing the semiconductor structure.

J—
(o

11, The method of claim 10 wherein selectively growing the semiconductor
structure comprises:

forming a plurality of sections of mask material on a surface;

growing the semiconductor structure around the sections of mask material; and

after said growing the semiconductor structure around the sections of mask material,

20 removing the mask material.

12 The method of claim 10 further comprising, after said annealing the

semiconductor structure, filling the trench with an insulating material.

25 13. The method of claim 10 further comprising disposing a metal in the trench,
wherein the metal is in direct contact with a first portion of the semiconductor stracture in
the trench, and an insulating layer is disposed between the metal and a second portion of the

semiconductor structure in the trench.
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