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Light emitting device array

Field of the disclosure

The present disclosure relates to arrays comprising light emitting devices. In particular, the

present disclosure relates to light emitting device arrays comprising Group llI-nitrides.

Background

Micro light emitting device arrays are commonly defined as arrays of light emitting devices,
such as Light Emitting Diodes (LEDs), with a size of 100 x 100 pm? or less. Micro LED
arrays are self-emitting micro-displays/projectors which may be suitable for use in a variety
of devices such as smartwatches, head-wearing displays, head-up displays, camcorders,

viewfinders, multisite excitation sources, and pico-projectors.

One known form of a micro LED array comprises a plurality of LEDs formed from Group IlI-
nitrides. Group llI-nitride LEDs are inorganic semiconductor LEDs containing GaN and its
alloys with InN and AIN in the active light-emitting region. Group lll-nitride LEDs can be
driven at significantly higher current density and emit a higher optical power density than
conventional large-area LEDs, for example organic light emitting diodes (OLED) in which
the light-emitting layer is an organic compound. As a result, higher luminance (brightness),
defined as the amount of light emitted per unit area of the light source in a given direction,
makes micro LEDs suitable for applications requiring or benefiting from, high brightness.
For example, applications that benefit from high brightness may include displays in high
brightness environments or projectors. Additionally, Group IlI-nitride micro LEDs are known
to have relatively high luminous efficacy, expressed in lumens per watt (Im/ W) compared to
other conventional large area LEDs. The relatively high luminous efficacy of Group IlI-
nitride micro LED arrays reduces power usage compared with other light sources and

makes micro LEDs particularly suitable for portable devices.

A micro-LED is disclosed in US 2016365383. The micro-LED includes a parabolic mesa
structure including an active layer which is configured to generate light. The surface of the
mesa structure acts as a reflector such that a greater portion of the generated light is
directed to an opposing exit surface at an incident angle less than the critical angle to the

normal.
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It is an object of the present invention to provide an improved light emitting device array
which tackles at least one of the problems associated with prior art light emitting device

arrays or, at least, provide a commercially useful alternative thereto.

Summary

The present inventors have realised that introducing a mesa structure into a light emitting
device reduces the size of the active layer in which light is generated. Moreover, patterning
and forming individual mesa structures for an array of light emitting devices requires the

array to undergo a number of processing steps which must be carefully aligned.

According to a first aspect of the disclosure, a light emitting device array is provided. The
light emitting device array comprises a light emitting stack, a first electrical contact layer, an
array of second electrical contacts, and an anti-reflection layer. The light emitting stack has
a light emitting surface and a contact surface. The light emitting surface and the contact
surface define opposing sides of the light emitting stack. The light emitting stack comprises
a plurality of Group llI-nitride layers including a first semiconducting layer provided towards
the light emitting surface of the light emitting stack, a second semiconducting layer
provided towards the contact surface, and an active layer arranged between the first
semiconducting layer and the second semiconducting layer, the active layer configured to
generate light having a first wavelength. The light emitting surface and the contact surface
are parallel to each other and aligned with the plurality of Group llI-nitride layers. The first
electrical contact layer is provided on the light emitting stack and is configured to be in
electrical contact with the first semiconducting layer. The array of second electrical
contacts is provided on the contact surface of the light emitting stack. Each second
electrical contact defines a light emitting device between the first semiconducting layer and
the second electrical contact. Each of the second electrical contacts is spaced apart from
the other second electrical contacts to form a two-dimensional array of light emitting
devices. The anti-reflection layer is provided on the light emitting surface. The anti-
reflection layer is configured to increase a light extraction efficiency of the light generated

by the light emitting stack.

The light emitting device array of the first aspect has a light emitting device layer including

an active layer. Individual light emitting devices are defined by the array of second
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electrical contacts on the contact surface. Regions of the active layer aligned with an
individual second electrical contact can be turned on by the respective second electrical
contact in order to emit light. The first electrical contact layer effectively forms a common

first electrical contact for each of the light emitting devices.

Light generated by the active layer is emitted in all directions within the light emitting stack.
As the light emitting surface and the contact surface of the light emitting stack are parallel,
light which is incident on the light emitting surface (or the contact surface) at an angle
greater than the critical angle is totally internally reflected within the light emitting stack. As
such, only light which is incident on the light emitting surface at an angle less than the
critical angle is emitted from the device. Accordingly, only light within a narrow range of
angles is transmitted through the light emitting surface for each light emitting device.
Accordingly, an array of light emitting devices may be provided using a (generally planar)
light emitting stack which does not require multiple alignment steps in order to form light

extraction features, such as a mesa structure.

The interface at the light emitting surface is subject to reflection of light, even for light with
an angle of incidence less than the critical angle. In order to extract light from the light
emitting surface, an anti-reflection layer is provided. The anti-reflection layer increases the

light extraction efficiency of the light emitting surface.

Increasing the light extraction efficiency of the light emitting surface is important due to the
refraction of light occurring at the light emitting surface. That is to say, light with an angle
of incidence less than the critical angle is also refracted as it is transmitted from the light
emitting stack to the air. As the refractive index of Group lll-nitrides are generally higher
than the refractive index of air, refraction acts to reduce the appearance of cross talk

between light emitting devices of the light emitting device array.

In some embodiments, the light emitting device array comprises an absorbing layer
configured to absorb light of the first wavelength generated by the active layer; the
absorbing layer provided on at least a portion of the light emitting stack. The absorbing
layer is configured to absorb stray light generated by the active layer in order to improve
the optical properties of the light emitting device array. The absorbing layer may be

provided on various regions of the light emitting stack.
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For example, the absorbing layer may be provided on at least one sidewall surface of the
light emitting stack extending between the light emitting surface and the contact surface.
Accordingly, the absorbing layer may be arranged to absorb light which has been totally
internally reflected between the light emitting surface and the contact surface once it
reaches the sidewall surface of the light emitting stack. In some embodiments, the

absorbing layer may be provided on all sidewall surfaces of the light emitting stack.

In some embodiments, the absorbing layer may be provided on the light emitting surface.
For example, in some embodiments, the absorbing layer may be provided around a
perimeter of the light emitting surface. In some embodiments, the absorbing layer may be
provided across the light emitting surface, wherein the absorbing layer comprises a plurality
of comprises opening on the light emitting surface, each opening aligned with a second
electrical contact such that light from each light emitting device is transmitted through a
respective opening. As such, the absorbing layer may be provided on the light emitting
surface in regions between each light emitting device in order to reduce cross talk between

adjacent light emitting devices.

In some embodiments, the absorbing layer is provided on the contact surface, wherein the
absorbing layer is provided in regions of the contact surface between adjacent second
electrical contacts of the array of second electrical contacts. By providing the absorbing
layer on the contact surface, light which is emitted from the active layer towards the contact
surface may be absorbed by the absorbing layer, rather than potentially being reflected
back towards the light emitting surface. Thus, the absorbing layer may reduce the cross

talk between adjacent light emitting devices.

In some embodiments, first electrical contact layer is provided on the light emitting surface.
In some embodiments, the anti-reflection layer is provided between the first contact
electrical layer and the light emitting surface. For example, the anti-reflection layer may
comprise a porous semiconducting layer, while the common first contact layer comprises a

transparent conductive oxide, for example Indium Tin Oxide (ITO).

In some embodiments, the first electrical contact layer is provided between the light
emitting surface and the anti-reflection layer. The anti-reflection layer may comprise SiOo,
while the first electrical contact layer comprises a transparent conductive oxide, for

example Indium Tin Oxide (ITO).



10

15

20

25

30

WO 2021/233917 PCT/EP2021/063144

In some embodiments, the anti-reflection layer comprises a porous semiconducting layer
having an areal porosity of at least 30%. For example, the porous semiconducting layer
may comprise a Group lll-nitride layer. In some embodiments, the porous semiconducting
layer may be formed from a Group-lll nitride semiconducting layer which has been
subjected to a porosity treatment process. For example, in some embodiments, the porous
semiconducting layer may be formed from a third semiconducting layer comprising a n-type
doped Group llI-nitride. Increasing the areal porosity of the Group llI-nitride
semiconducting layer may change the refractive index of the Group lll-nitride
semiconducting layer (relative to the refractive index of the as-formed layer), such that the
porous semiconducting layer may be suitable for use as an antireflection layer. Of course,
it will be appreciated that areal porosity is only one possible method for assessing the
porosity of the porous semiconducting layer. Other methods of characterising porosity, for
example volumetric porosity may also provide a porous semiconducting layer which is

suitable for use as an antireflection layer.

In some embodiments, a pitch of each second electrical contact in the light emitting device
array is no greater than 5 ym, or 2 pym. As such, the centres of adjacent second electrical
contacts are spaced apart by no greater than 5 pm, or 2 uym. It will be appreciated that as
the pitch of the array is reduced, the size of the active area for each light emitting device is
also reduced. For devices with a pitch of no greater than 5 ym, or 2 pym, it is important to
utilise as much active area as possible in order to increase the amount of light generated

by each light emitting device.

In some embodiments, the first electrical contact layer comprises a transparent conductive
oxide provided on the light emitting surface. The first electrical contact may be
substantially transparent to the first wavelength of light generated by the active layer. The
first electrical contact layer may be provided across the light emitting surface as a
substantially continuous layer. Accordingly, the light emitting device array may be provided
with a common first electrical contact using a process which does not require its own
alignment step, or any patterning. Thus, the light emitting device array may be formed as a
device comprising a plurality of self-aligned, substantially continuous layers, and the array

of second electrical contacts.
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In some embodiments the first electrical contact layer may be formed using other methods
for forming electrical contacts to a semiconducting layer. For example, in some
embodiments the light emitting stack further comprises a via semiconducting portion
provided in the light emitting stack extending through the active layer between the first
semiconducting layer and the contact surface. The first electrical contact layer is provided
on contact surface in electrical contact with the via semiconducting portion. In some
embodiments, the first electrical contact layer may be provided as a perimeter first
electrical contact. The perimeter first electrical contact may be configured to surround all of
the second electrical contacts. The perimeter first electrical contact maybe provided on the
contact surface of the light emitting stack, aligned with a corresponding via semiconducting

portion.

In some embodiments, the first electrical contact layer may be provided as a perimeter first
electrical contact which is provided on the light emitting surface. Effectively, the perimeter
electrical contact may define an opening on the light emitting surface, wherein the opening
is aligned with the array of second electrical contacts 30. As such, a perimeter electrical
contact arrangement may provide an alternative to a forming the first electrical contact
layer from a transparent oxide. The formation of a perimeter electrical contact may involve
a further alignment and patterning step.

In some embodiments, the first electrical contact layer and the anti-reflection layer may be
formed on the light emitting surface to form a graded refractive index interface between the
light emitting surface of the light emitting stack and the surroundings. As such, the anti-
reflection layer and the first electrical contact layer may be configured to form a graded
refractive index (GRIN) structure having both anti-reflection and electrical contact
functionality. The GRIN structure may comprises a plurality of layers wherein at least one
of the plurality of layers provides the first electrical contact layer, whilst at least one other
layer provides the anti-reflection layer. The plurality of layers are formed in order to provide
a graded refractive index between the light emitting surface and the surroundings in order
to reduce reflection at the interface. In some embodiments, the GRIN structure including
the first electrical contact layer and the anti-reflection layer may be comprise substantially

the same material, for example a transparent conductive oxide.

The light emitting stack comprises a plurality of Group llI-nitride layers. In some
embodiments, the light emitting stack is formed from a plurality of generally planar Group

llI-nitride layers. The light emitting stack may be formed from a plurality of Group llI-nitride
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layers with, when assembled as a light emitting stack are configured to generate light in
response to the application of an electrical current. For example, in some embodiments,
the light emitting stack comprises a first semiconducting layer, a second semiconducting

layer and an active layer.

In some embodiments, the first semiconducting layer comprises a n-type doped Group llI-
nitride. In some embodiments, the second semiconducting layer comprises a p-type doped
Group llI-nitride. In some embodiments, the active layer comprises multiple quantum well

layers comprising Group lll-nitrides.

In some embodiments, the active layer extends as a continuous layer between at least two
adjacent light emitting devices of the light emitting device array. As such, the active layer
may be provided light emitting devices of the array without any patterning of the active
layer. That is to say, the active layer for each light emitting device does not utilise a mesa
structure or other patterning to provide an array of light emitting devices. Rather, the light
emitting stack emits light based on the arrangement of the array of second electrical

contacts.

According to a second aspect of the disclosure, a method of forming a light emitting device
array is provided. The method comprises:
forming a light emitting stack on a substrate surface of a substrate, the light emitting
stack having a light emitting surface in contact with the substrate surface and a contact
surface on an opposing side of the light emitting stack, forming the light emitting stack
comprising forming a plurality of Group lll-nitride layers including:
a first semiconducting layer provided towards the substrate surface;
a second semiconducting layer provided towards a contact surface of the
light emitting stack; and
an active layer provided between the first semiconducting layer and the
second semiconducting layer, the active layer configured to generate light having a
first wavelength;
wherein the light emitting surface and the contact surface of the light emitting stack
are formed parallel to each other and aligned with the plurality of Group IlI-nitride layers;
forming an array of second electrical contacts on the contact surface of the light
emitting stack, each second electrical contact defining a light emitting device between the

first semiconducting layer and the second electrical contact, wherein each of the second
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electrical contacts are spaced apart from the other second electrical contacts to form a two-
dimensional array of the light emitting devices;

removing the substrate from the light emitting stack to expose the light emitting
surface of the light emitting stack;

forming a first electrical contact layer on the light emitting stack, the first electrical
contact layer configured to be in electrical contact with the first semiconducting layer; and

forming an anti-reflection layer on the light emitting surface, the anti-reflection layer
configured to increase a light extraction efficiency of light generated by the light emitting

stack.

Accordingly, the method of the second aspect of the disclosure may provide a light emitting
device array according to the first aspect of the disclosure. As such, the method of the
second aspect of the disclosure may incorporate steps of forming the optional features, and

the associated advantages, as discussed above for the first aspect of the disclosure.

The method according to the second aspect of the disclosure includes the formation of the
light emitting stack on a substrate. As such, the light emitting stack may be formed
monolithically on a substrate, prior to removal of the substrate. The monolithic formation of
the light emitting stack is a self-aligned process. That is to say, the light emitting stack
may be formed without any patterning steps, which reduces the complexity of the device
and also reduces the alignment tolerances that may be included between devices.
Reducing alignment tolerances may be particularly beneficial for small pitch devices, as the

size of the active area relative to the device pitch may be increased.

In some embodiments, forming the anti-reflection layer comprises forming a third
semiconducting layer comprising a Group lll-nitride and a donor density of at least 1 x 108
cm on the light emitting surface, subjecting the third semiconducting layer to a porosity
treatment process to increase an areal porosity of the third semiconducting layer to at least
30%. By forming the anti-reflection layer from a Group-lll nitride, the anti-reflection layer
may be deposited as the third semiconducting layer as part of the process of forming the
light emitting stack on the substrate. That is to say, the third semiconducting layer may be

formed monolithically with the light emitting stack.
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Brief description of the Figures

Figure 1 shows a cross-sectional diagram of a light emitting device array according
to an embodiment of the disclosure;

Figure 2 shows an annotated cross-sectional diagram of the light emitting device
array shown in Figure 1;

Figure 3 shows a graph of the absorptance of 50 nm of titanium on GaN,;

Figure 4 shows a graph of the absorptance of 50 nm of nickel on GaN;

Figure 5a shows a diagram of a light emitting stack without an anti-reflection layer;
Figure 5b shows a graph of the reflectance at the light emitting interface between
the light emitting stack and air for different angles of incidence;

Figure 6a shows a diagram of a light emitting stack and an anti-reflection layer;
Figure 6b shows a graph of the reflectance of the light emitting stack and anti-
reflection layer of 6a at different angles of incidence;

Figure 7 shows a diagram of a light emitting stack with two layers formed on the
light emitting surface;

Figure 8 shows a diagram of a light emitting stack with an anti-reflection layer and a
transparent conductive oxide common contact layer;

Figure 9 shows a graph of the reflectance of the structure shown in Figure 8;
Figure 10 shows a diagram of a light emitting stack with a SiO, anti-reflection layer
and a transparent conductive oxide common contact layer;

Figure 11 shows a graph of the reflectance of the structure shown in Figure 10;
Figure 12 shows a diagram of a light emitting stack with an anti-reflection layer
comprising a plurality of sublayers and a transparent conductive oxide common
contact layer;

Figure 13 shows a graph of the reflectance of the structure shown in Figure 12;
Figure 14 shows a diagram of a light emitting stack with an anti-reflection layer and
a transparent conductive oxide common contact layer arranged to provide a graded
refractive index interface;

Figure 15 shows a cross-sectional diagram of a light emitting device array according
to a second embodiment of the disclosure;

Figure 16 shows a cross-sectional diagram of a light emitting device array according

to a third embodiment of the disclosure;
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- Figures 17a, 17b, 17¢, 17d, and 17e show cross-sectional diagrams of a process
flow for forming a light emitting device array according to a fourth embodiment of
the disclosure;

- Figure 18 shows a plan view of a contact surface of a light emitting device array.

Detailed Description

According to a first embodiment of the disclosure, a light emitting device array 1 is
provided. The light emitting device array 1 comprises a light emitting stack 10, a common
first contact layer 40, an array of second electrical contacts 30, an anti-reflection layer 20,
and an absorbing layer 50. A cross-section of the light emitting device array 1 according to

the first embodiment is shown in Fig. 1.

As shown in Fig. 1, the light emitting stack 10 has a contact surface 11 and a light emitting
surface 12. The light emitting surface 12 and the contact surface 11 are (opposing) major
surfaces of the light emitting stack 10. The light emitting stack 10 also includes sidewall
surfaces 16 which extend from the contact surface 11 to the light emitting surface 12. The
cross-section shown in Fig. 1 shows a portion of the light emitting device array 1 in a
central region of the light emitting device array and a portion of the light emitting device
array towards one of the sidewall surfaces 16. The light emitting surface 12 and the contact
surface 11 of the light emitting stack 10 are parallel to each other. As such, the light
emitting surface 12 and the contact surface 11 are substantially continuous surfaces which
extend in planes parallel to each other. The parallel nature of the light emitting surface 12
and the contact surface 11 allows for light generated within the light emitting stack 10 to be
totally internally reflected between the light emitting surface 12 and the contact surface 11 if
the angle of incidence of the light on either the light emitting surface 12 or the contact

surface 11 is greater than the critical angle.

The light emitting stack 10 comprises a plurality of Group lll-nitride layers. The plurality of
Group-lll nitride layers are configured to provide a light emitting region within the light
emitting stack 10. As shown in Fig. 1, the light emitting stack 10 comprises a first
semiconducting layer 13, an active layer 14, and a second semiconducting layer 15. The
active layer 14 is arranged between the first semiconducting layer 13 and the second
semiconducting layer 15. As shown in the embodiment of Fig. 1, the first semiconducting

layer 13, the active layer 14, and the second semiconducting layer 15 are all substantially
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continuous layers which are formed on top of each other. As such, the layers of the light

emitting stack are generally co-planar.

In the embodiment of Fig. 1, the first semiconducting layer 13 comprises a Group lll-nitride.
In some embodiments, the first semiconducting layer 13 comprises GaN. In some
embodiments, the first semiconducting layer 13 comprises a Group llI-nitride which is
doped with an n-type dopant. For example, the first semiconducting layer 13 may comprise
n-type doped GaN. Any suitable n-type dopant may be used to dope the first

semiconducting layer n-type, for example Si, or Ge.

The active layer 14 is configured to generate light having a first wavelength. As such, the
active layer 14 is configured to provide a light generating region of the light emitting stack
10. In some embodiments, the active layer may comprise a plurality of quantum well layers.
Accordingly, the active layer 14 may be configured to generate light of the first wavelength
which is a wavelength of at least 400 nm. In some embodiments, the light of the first
wavelength may have a wavelength of no greater than 650 nm, or no greater than 500 nm.
As such, the active layer 14 of the first embodiment may be configured to generate

substantially visible light.

The active layer 14 may comprise one or more quantum wells for the generation of

photons. The quantum wells may be formed from a plurality of layers of Group llI-nitrides
with different bandgaps. In some embodiments, a Group llI-nitride alloy including In may
be used to form a quantum well. Multiple quantum well active layers for LEDs comprising
Group-lll nitrides are known to the skilled person. In some embodiments, an active layer

14 comprising alternating layers of GaN and InGaN may be provided.

The second semiconducting layer 15 may be p-type doped. As such, the second
semiconducting layer 15 may comprise a p-type dopant, for example, Mg. For example, in
the embodiment of Fig. 1, the second semiconducting layer comprises GaN which is p-type
doped with Mg.

The first semiconducting layer 13, the active layer 14, and the second semiconducting layer
15 may be formed by any suitable process for the formation of Group Ill-nitrides. For
example, in some embodiments the layers of the light emitting stack 10 may be formed

using a metal organo chemical vapour deposition (MOCVD) process, a molecular beam



10

15

20

25

30

35

WO 2021/233917 PCT/EP2021/063144
12

epitaxy (MBE) process, or any other suitable method. In some embodiments, for example
the embodiment of Fig. 1, the layers of the light emitting stack 1 may be formed in a single
deposition process as a monolithic structure. The layers of the light emitting stack 10 may
be formed on a substrate (not shown). The light emitting device stack 10 may be formed on
a substrate with the first semiconducting layer 13 formed first followed afterwards by the
formation of the active layer 14 and subsequently the second semiconducting layer 15.
Other electronics layers may also be included in the light emitting device stack (not shown).
For example, an electron blocking layer or a third semiconducting layer (discussed below)

may also be formed as part of the process for forming the light emitting stack 10.

As shown in Fig. 1, an anti-reflection layer 20 is formed on the light emitting surface 12 of
the light emitting stack 10. The anti-reflection layer 20 is configured to reduce reflection of
the light of the first wavelength at the interface between the light emitting device array and
the surrounding air at the light emitting surface 12. The anti-reflection layer 20 may be
provided using any suitable anti-reflection layer known to the skilled person. For example,
in the embodiment of Fig. 1, the anti-reflection layer 20 comprises a material having a
refractive index of no greater than the refractive index the second semiconducting layer 15
and more than the refractive index of air. The anti-reflection also has a thickness in a
direction normal to the light emitting surface 12 of around one quarter of the thickness of

the first wavelength.

In the embodiment of Fig. 1, the antireflection layer 20 comprises a porous semiconducting
layer. The porous semiconducting layer is discussed in more detail below. The anti-
reflection layer 20 is provided at the light emitting surface 12 in order to increase the light
extraction efficiency of light which is incident on the light emitting surface 12 at an angle of

incidence which is less than the critical angle (8¢).

As shown in Fig. 1 the light emitting device array 1 comprises an array of second electrical
contacts 30. The array of second electrical contacts 30 are provided on the contact surface
11 of the light emitting stack 10. Each second electrical contact 30 defines a light emitting
device between the first semiconducting layer 13 and the respective second electrical
contact 30. As shown in Fig. 1, the second electrical contacts 30 are spaced apart from
each other in order to form an array of second electrical contacts 30. Consequently, as
each second electrical contact 30 defines a light emitting device, the array of second

electrical contacts 30 defines the arrangement of the light emitting devices in the light



10

15

20

25

30

35

WO 2021/233917 PCT/EP2021/063144

13

emitting device array. Each second electrical contact 30 allows the respective light emitting
device to be controlled independently of the other light emitting devices. Application of a
voltage to the second electrical contacts provides a localised electrical field between the
third electrical contact and the first semiconducting layer 13 which causes the active layer

14 to generate light.

The generation of light in the active layer 14 is localised in regions of the active layer which
overlap with the second electrical contacts 30. As such, the active layer 14 comprises a
plurality of light generating regions. Each light generating region is aligned with a
respective second electrical contact. Each light generating region is generally of a similar
cross sectional area in a plane parallel to the light emitting surface 12 as the respective

second electrical contact 30.

Each light generating region of the active layer 14 generates light which is emitted in all
directions. A portion of the light generated by each light generating region will be
transmitted in a direction normal to the active layer 14 towards the light emitting surface 12.
As shown in Fig. 2, light which is incident on the light emitting surface 12 at an angle to the
normal of less than the critical angle (81 < 8;) will be at least partially transmitted through
the light emitting surface 12. For example, light generated by the active layer 14 in a
direction normal to the active layer 14 will be generally transmitted through the light
emitting surface 12. Light which is incident on the light emitting surface 12 at an angle
greater than or equal to the critical angle 8¢ will be totally internally reflected within the light
emitting stack 10. As such, light which is incident on the light emitting surface 12 at an
angle to the normal of at least the critical angle will not be transmitted through the light
emitting surface 12. Accordingly, total internal reflection and the critical angle are used in
the light emitting device array 1 to restrict the light emitted from the light emitting device to

a subset of angles of emission.

The second electrical contacts 30 may comprise any suitable material for forming an Ohmic
contact to the second semiconducting layer 15. For example, in some embodiments the
second electrical contacts 30 may comprise one or more metal layers, for example gold,
nickel, or titanium. The second electrical contacts 30 may be arranged on the contact
surface 11 as a two-dimensional array. In some embodiments, the second electrical
contacts 30 may be arranged as a square-packed array, or as a hexagonally-packed array.

In the first embodiment, the second electrical contacts 30 are regularly spaced apart from
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each other in order to define an array of light emitting devices. The second electrical
contacts 30 are spaced apart from each other in order to allow the individual light emitting

devices to be controlled independently from each other.

In embodiments of this disclosure, the second electrical contacts 30 are spaced apart from
each in order to provide an array of light emitting devices having a pitch. The pitch of the
light emitting device array 1 in this disclosure refers to the centre-to-centre spacing of
adjacent second electrical contacts 30. Moreover, the pitch refers to the smallest value for
the centre-to-centre spacing between adjacent second electrical contacts in the array of
second electrical contacts 30. That is to say, for example in a square-packed array, the
pitch refers to the centre-to-centre spacing between adjacent second electrical contacts in
the rows and/or columns, rather than along a diagonal direction. In some embodiments, a
pitch of each second electrical contact in the light emitting device array may be no greater
than 5 pm, or no greater than 2 pm. Accordingly, the pitches of each second electrical
contact may define an array of micro light emitting devices wherein the pitch of each

microlight emitting device is no greater than 5 ym or 2 pm.

For a given light emitting device pitch, a first portion of the light emitting device pitch may
be taken up by the second electrical contacts 30. A second portion of the light emitting
device pitch may be dedicated to the spacing between adjacent second electrical contacts
30. In some embodiments, the spacing to be provided between adjacent second electrical
contacts may be at least 500 nm. The amount of spacing provided between adjacent
second electrical contacts 30 may not significantly vary as the size of the light emitting
device pitch is increased. Thus, as the device size increases, the fraction of the light
emitting device pitch which is used for device spacing, rather than the second electrical

contact may decrease.

As shown in Fig. 1, a common first contact layer 40 is provided on the light emitting surface
12. In the embodiment of Fig. 1, the common first contact layer 40 is provided covering the
light emitting surface 12 of the light emitting stack 10 and the anti-reflection layer 20. As
such, the anti-reflection layer 20 is provided between the light emitting stack 10 and the
common first contact layer 40. In some embodiments, the anti-reflection layer 20 and the
common first contact layer may be provided in the opposite arrangement (i.e. the common
first contact layer 40 provided between the light emitting stack 10 and the anti-reflection

layer 20).
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In the embodiment of Fig. 1, the common first contact layer 40 comprises a transparent
conductive oxide. The transparent conductive oxide is configured to be generally
transparent to the first wavelength, and also to form an Ohmic contact to the first
semiconducting layer 13 via the anti-reflection layer 20. For example, in some
embodiments, the transparent conductive oxide may have a transmittance of at least 90 %

for light of the first wavelength.

As shown in Fig. 1, the common first contact layer 40 is provided as a substantially
continuous layer across the light emitting surface 12. The common first contact layer 40
provides a first contact for each of the light emitting devices of the light emitting device
array 1. As such, the light emitting device array 1 of the first embodiment efficiently
provides a common first contact layer for the devices of the light emitting device array in a

self-aligned processing step.

As shown in Fig. 2, as light from the active layer travels from the light emitting stack
through the light emitting surface 12 to the surrounding environment, the light is refracted.
The refraction of light at the causes the angle of emission to the normal (6 in Fig. 2) to
increase as it is output from the device. Such refraction further reduces the appearance of
cross-talk between adjacent light emitting devices. A person observing the light emitting
device array 1 (e.g. as indicated in Fig. 2) receives light from each light emitting device in a
relatively narrow viewing angle. Light which is generated at angles of incidence
approaching the critical angle is refracted such that a viewer may not observe this light. As

such, the appearance of cross-talk between light emitting devices is reduced or eliminated.

The light emitting device array 1 of the first embodiment also comprises an absorbing layer
50. The absorbing layer 50 is configured to absorb light of the first wavelength generated
by the active layer 14. The absorbing layer 50 may be provided on the light emitting stack
10 to cover regions of the light emitting stack where emission of the light of the first
wavelength is undesirable. The absorbing layer 50 also to provide a means for absorbing

light within the light emitting stack 10 which is totally internally reflected.

In the embodiment of Fig. 1, the absorbing layer 50 is provided on at least one of the
sidewall surfaces 16 of the light emitting stack 10. The absorbing layer 50 may be provided

as a substantially continuous layer on the sidewall surface 16. As shown in Fig. 1, a first
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portion of the absorbing layer 51 covers substantially the entire sidewall surface 16 of the

light emitting stack 10.

The absorbing layer 50 may also be provided on other surfaces of the light emitting stack
10, for example around the perimeter of the light emitting surface 12. As shown in Fig. 1, a
second portion of the absorbing layer 52 is provided around a perimeter of the light emitting
surface 12 in order to define an edge region of the light emitting surface 12. The second
portion of the absorbing layer 52 provided on the perimeter of the light emitting surface 12
may help reduce to eliminate unwanted optical effects due to the presence of the sidewall

surfaces of the light emitting stack 10.

The absorbing layer 50 may comprise any suitable material configured to absorb light of
the first wavelength. In the embodiment of Fig. 1 where the active layer 14 is configured to
emit light having a first wavelength of between 440 nm and 500 nm, the absorbing layer 50
may comprise a layer of a metal such as Ni or Ti. Fig. 3a shows an absorptance plot for an
absorbing layer comprising a 50 nm layer of Ti on a GaN substrate (a diagram of which is
shown in Fig. 3b). Fig. 3 shows absorptance graph for a 50 nm layer of Ni on a GaN
substrate. As such, it will be appreciated that metallic thin films (e.g. having a thickness of

less than 500 nm) may be used to provide a suitable absorbing layer.

As discussed above, the anti-reflection layer 20 may comprise a porous semiconducting
layer. The porous semiconducting layer will now be discussed with reference to Figs. 5a,
5b, 6a and 6b.

Fig. 5a shows a schematic diagram of a light emitting stack 10 without an anti-reflection
layer provided on the light emitting surface 12. As such, the light emitting surface 12 is an
interface between the first semiconducting layer 13, which comprises n-type doped GaN,
and air. As shown in Fig. 5a, light, which is incident on the light emitting surface 12 from the
active layer 14, is either partially transmitted through the light emitting surface 12 if the
angle of incidence is less than the critical angle (i.e. some of the light may be reflected), or

totally internally reflected if the angle of the incidence is greater than the critical angle.

Fig. 5b shows a plot of the reflectance for light of different wavelengths at the interface
between the first semiconducting layer 13 and air. Fig. 5b shows the reflectance for light

which is incident on the light emitting surface at an angle a) normal to the light emitting
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surface 12, b) incident at 20 degrees to the normal, and c) incident at 24 degrees to the
normal. It will be appreciated from Fig. 5b, that the interface between the light emitting
stack 10 and air may be highly reflective for light which is normally incident to the light
emitting surface or angles close to the normal incidents. The reflectance for light having a
wavelength of around 450 nm increases from just below 0.2 to 1.0 as the angle of
incidence approaches the critical angle. For n-type doped GaN, the critical angle is around
24 degrees. Angles of incidence above 24 degrees will result in total internal reflection of
the light.

Fig. 6a shows a schematic diagram for a light emitting stack 10 with an anti-reflection layer
20 provided on the light emitting surface 12. The anti-reflection layer 20 comprises n-type
doped GaN which has been subjected to a porosity treatment process in order to increase
the areal porosity of the GaN to at least 30%. The porosity treatment process is discussed
in more detail below. In the schematic diagram of Fig. 6a, the areal porosity of the GaN is

around 70%.

Fig. 6b shows a graph of the reflectance between the light emitting stack and air for the
structure of Fig. 6a including the porous semiconducting layer. As shown in Fig. 6b, for light
which is incident at the light emitting surface 12 in a direction generally normal to the light
emitting surface 12 the reflectance for all wavelengths within the range 400nm to 700nm is
less than 0.1. As the angle of incidence increases to 20 degrees, the reflectance remains
less than 0.1. Thus, the anti-reflection layer 20 may be used to significantly reduce the
reflection of light at angles of incidence which will be emitted from the light emitting device
array at an emission angle suitable for observation by a viewer. As shown in Fig. 6b as the
angle of incidence is increased to 24 degrees, the reflectance at the interface increases
significantly to above 0.8. Of course, it will be appreciated from the information
accompanying Fig. 2 that wider angles of incidence are unlikely to result in the emission of
observable light due to the refraction occurring at the light emitting surface 12. Thus, the
reflection at angles of incidence above 20° does not impact on the output of observable

light by the light emitting device array 1.

As shown in Fig. 6a, the thickness of the anti-reflection layer 20 is selected in order to
provide a quarter wavelength anti-reflection layer 20. As such, the thickness of the anti-
reflection layer is selected to be Ao /4 np, where n; is the refractive index of the anti-

reflection layer 20 at Ao. In embodiments where the anti-reflection layer 20 is provided by a
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porous semiconducting layer, the refractive index of the porous semiconducting layer np,
may depend upon the porosity of the porous semiconducting layer. In general, as the
porosity of the porous semiconducting layer is increased, the refractive index of the porous
semiconducting layer may be reduced. For example, in some embodiments where the
porous semiconducting layer comprises GaN the following relationship between the areal

porosity and the refractive index may be found in Table 1 below.

Porosity 1y,
@ 450nm
0% 2.44
10.0% 2.34
20.0% 2.23
30.0% 2.12
40.0% 2.00
50.0% 1.87
60.0% 1.73
70.0% 1.58
80.0% 1.41
90.0% 1.22
Table 1

As such, the thickness of the porous semiconducting layer acting as an anti-reflection layer
20 will be dependent on the wavelength of the first wavelength, and also the porosity of the
semiconducting layer. In some embodiments, a porous semiconducting layer having an
areal porosity of at least 60% and/or no greater than an areal porosity of 80% may be
selected such that the refractive index is around x-y. In the embodiment shown in Fig. 6a

the porous semiconducting layer has an areal porosity of 70%.

In some embodiments, the anti-reflection layer may 20 be provided by a stack of porous
semiconducting sublayers. The stack of porous semiconducting sublayers may have
different porosities, such that the refractive index through the anti-reflection layer 20 varies.
Each porous semiconducting sublayer is formed form a corresponding third
semiconducting sublayer by subject the semiconducting sublayer to a porosity treatment
process. The (areal) porosity of a semiconducting sublayer may be controlled through

control of the doping density of the respective third semiconducting sublayer, as discussed
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in more detail below. The porosity of each porous semiconducting sublayer may be
selected to provide each porous semiconducting sublayer with a desired refractive index.
Further, the thickness (in a direction normal to the light emitting surface 12) of each porous
semiconducting sublayer, and the number of porous semiconducting sublayers, may each

be selected to provide an antireflection layer 20 with the desired optical properties.

By forming the anti-reflection layer 20 from a porous semiconducting layer it is possible to
form the precursor material to the porous semiconducting layer as part of the process of
forming the light emitting stack 10. As such, a method of forming the light emitting device
array 1 may include forming a third semiconducting layer on the light emitting surface 12.
The third semiconducting layer comprises a Group-Ill nitride and has a donor density of at
least 1 x 10" cm. As such, the third semiconducting layer is a relatively highly doped
Group-Ill nitride semiconductor. The third semiconducting layer may be doped to have a
higher doping concentration than the first semiconducting layer such that a subsequent
porosity treatment process selectively affects the third semiconducting layer and not the
first semiconducting layer 13 in order to provide a distinct boundary between the anti-
reflection layer 20 and the first semiconducting layer 13. For example, in the first
embodiment, the first semiconducting layer 13 has a n-type doping density of at least 1 x
10" cm and no greater than 1 x 10" cm, and the third semiconducting layer is formed

with a n-type doping density of at least 1 x 10" cm™, preferably at least 5 x 10'® cm™3,

In the embodiment of Fig. 1, the anti-reflection layer 20 is configured to account for the
presence of the common first contact layer 40, which in Fig. 1 is provided by a transparent
conductive oxide layer. Fig. 7 shows a diagram of a light emitting stack with 10 with two
layers provided on the light emitting surface 12. For example, in accordance with the first
embodiment of the disclosure, the two layers may be the anti-reflection layer 20 and the

common first contact layer 40 which comprises a transparent conductive oxide.

Next, the design of the antireflection layer 20 will be discussed for embodiments where two
layer are present on the light emitting surface (such as in the first embodiment). As shown
in Fig. 7, a third refractive index of the first semiconducting layer 13 is ns, a second
refractive index of the first layer provided on the light emitting surface 12 (e.g. the anti-
reflection layer 20) is n», and a first refractive index of the second layer (e.g. the transparent
conductive oxide layer) provided on the first layer is ns. The first layer (e.g. the

antireflection layer 20) has a thickness in the direction normal to the light emitting surface
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12 of t2. The second layer (e.g. the transparent conductive oxide layer) has a thickness t;
in the direction normal to the light emitting surface 12.

Given the arrangement shown in Fig. 7, the following parameters may be defined, where A
5 is the wavelength of light emitted by the active layer 14:

T — T , Thy — Tig rg = Mg — Ty
Ty = ——— g = ——— =
g + Ny 1y + 12 g -+ Tig
2ty 2mngts
0 = —— Or=—3—
A

Accordingly, the reflectivity (R) of the two-layer coating on the light emitting surface 12 for
light of a wavelength A at normal incidence to the light emitting surface may be calculated
as:

R=|"= A
N

Where:
M= r:{ + 1% + -r% + r% Sr% + 2rra (1 + r%] cos 260 — 2rarg (1 + r%) cos 28, +
2rirgcos 2 (B — o) — 2rirarycos 2 (6 — 6y)
N = 14233 + r2rf + 13r3 + 2riry (L4 03) cos 26, — 2rary (14 ]} cos 26 +
10 2ryry cos 2 (B — ) — 2ryrirgcos2(6) — 8,)
Using the above equation, the anti-reflection layer 20 may be configured to reduce

reflection of light of the first wavelength at the interface between the light emitting surface
12 light emitting stack 10 and the surroundings (i.e. air).

15 Some possible examples of the anti-reflection layer 20 and the common first contact layer
40 will now be described with reference to Figs. 8 to 13. In Fig. 8, a diagram of a light
emitting stack 10 with an anti-reflection layer 20 and a common first contact layer 40
comprising ITO is shown. In the example of Fig. 8, the ITO layer has a thickness t; of 210
nm and a refractive index ny of 2.03 at 455 nm. In accordance with the calculation set out

20 above, the anti-reflection layer 20 is provided by a 70 % areal porosity porous
semiconducting layer (n2 = 1.58 at 450 nm) having a thickness t> of 100 nm. Such an anti-

SUBSTITUTE SHEET (RULE 26)
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reflection layer 20 provides a reflectance R of about O for light of a wavelength A = 455 nm.

A graph of the reflectance of the structure shown in Fig. 8 is shown in Fig. 9.

As discussed above, the anti-reflection layer 20 and the common first contact layer 40 may
both be provided on the light emitting surface 12. In the first embodiment, the anti-
reflection layer 20 is provided directly in contact with the light emitting surface 12 of the
light emitting stack 12, such that the anti-reflection layer 20 is provided between the light

emitting stack 10 and the common first contact layer 40. In some embodiments, the

SUBSTITUTE SHEET (RULE 26)
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common first contact layer 40 and the anti-reflection layer 20 may be provided in the
opposite arrangement. For example, as shown in Fig. 10, the common first contact layer
40 is provided directly in contact with the light emitting surface 12 of the light emitting stack
10. The anti-reflection layer 20 is provided on the first contact layer 40. As such, the first
contact layer 40 is provided between the light emitting stack 10 and the anti-reflection layer
20.

In the example of Fig. 10, the ITO layer has a thickness t, of 250 nm and a refractive index
n; of 2.03 at 455 nm. In accordance with the calculation set out above, the anti-reflection
layer 20 is provided by a SiO: layer (n1 = 1.47 at 455 nm) having a thickness t1 of 65 nm.
Such an anti-reflection layer 20 provides a reflectance R of about 0 for light of a wavelength
A =455 nm. A graph of the reflectance of the structure shown in Fig. 10 is shown in Fig.
11.

In some embodiments, the anti-reflection layer 20 may comprise a plurality of anti-reflection
sublayers 22, 24, 26. An example of such an anti-reflection layer 20 is shown in Fig. 12.
As shown in Fig. 12, the anti-reflection layer 20 comprises a first anti-reflection sublayer 22,
a second anti-reflection sublayer 24, and a third anti-reflection sublayer 26. The anti-
reflection sublayers are arranged sequentially from the light emitting surface 12. The
plurality of anti-reflection sublayers 22, 24, 26, provide an anti-reflection layer 20 with a
graded refractive index. As such, the refractive index of the anti-reflection layer 20 is
graded such that it decreases in the direction normal to the light emitting surface 12. The
decrease in refractive index is achieved by varying the porosity of the anti-reflection
sublayers. In the embodiment of Fig. 12, the refractive index decreases from 2.23 (20 %
porosity) to 1.58 (70 % porosity). The refractive index decreases in a step-wise manner
due to the plurality of anti-reflection sublayers 22, 24, 26. In other embodiments, a graded
refractive index may be provided by smoothly varying the porosity of the anti-reflection
layer 20. Other possible variations in refractive index may also be provided, for example
an increase in refractive index, alternating values of refractive index or any combination of

increases and decreases.

In the example of Fig. 12, the ITO layer has a thickness t1 of 210 nm and a refractive index
ni of 2.03 at 455 nm The first anti-reflection sublayer 22 is a porous semiconducting layer
having an areal porosity of 20 % (n = 2.23) and a thickness of 50 nm. The second anti-

reflection sublayer 24 is a porous semiconducting layer having an areal porosity of 40 % (n
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= 2.00) and a thickness of 50 nm, The third anti-reflection sublayer 26 is a porous
semiconducting layer having an areal porosity of 70 % (n = 2.23) and a thickness of 60 nm.
Such an anti-reflection layer 20 provides a reflectance R of about 0 for light of a wavelength
A = 455 nm. A graph of the reflectance of the structure shown in Fig. 12 is shown in Fig.
13.

It will be appreciated from the examples of Fig. 8 and Fig. 10 that the relative positions of
the anti-reflection layer 20 and the common first contact layer 40 may be swapped. It will
also be appreciated from the example of Fig. 12 that a layer having a graded refractive
index may be provided on the light emitting surface 12 in order to provide the desired
optical properties. Following on from these concepts, Fig. 14 shows an example where the
anti-reflection layer 20 and the common first contact layer 40 form a graded refractive index
(GRIN) structure 28 having both anti-reflection and electrical contact functionality. In the
example of Fig. 14, the GRIN structure 28 comprises a plurality of layers. At least one of
the plurality of layers provides the common first contact layer 40, whilst at least one other
layer provides the anti-reflection layer 20. In the GRIN structure 28, each of the plurality of
layers comprises the same transparent conductive oxide, for example ITO. The plurality of
layers are formed in order to provide a graded refractive index, similar to the example of
Fig. 12. As such, the plurality of layers are formed in order to provide a variable refractive

index which decreases towards 1 in a direction normal to the light emitting surface.

The refractive index of the transparent conductive oxide may be varied through variation in
the porosity of the transparent conductive oxide. One known method for varying the
porosity of a transparent conductive oxide, such as ITO, is oblique-angle deposition using
electron-beam evaporation. By varying the angle of the deposition surface relative to the
vapour flu deposition, the amount of shadow cast by as-deposited material may be
controlled, thereby controlling the porosity of the as-formed layer. Further explanation of
oblique angle deposition for ITO may be found in at least “Light-Extraction Enhancement of
GalnN Light Emitting Diodes by Graded-Refractive-Index Indium Tin Oxide Anti-Reflection
Contact”, Jong Kyu Kim et. al., Advanced Materials, 0000, 00, 1-5.

In the example of Fig. 14 the GRIN structure 28 comprises 6 different layers. Each layer
comprises ITO having a different refractive index. The refractive index of the 6 layers may
vary from around 2.2 at the light emitting surface, to around 1.2 at the interface with free

space. For example, the refractive index of the 6 different layers may be selected to be



10

15

20

25

30

35

WO 2021/233917 PCT/EP2021/063144

24

2.2,2.0,1.8,1.5,1.3and 1.2. Of course, the thicknesses and the refractive index of the
GRIN structure 28 may be varied depending on the first wavelength of light emitting by the

active region 14.

Next, a method of forming a light emitting device array 1 according to the first embodiment
will be described. The method comprises forming a light emitting stack 10 on a substrate
surface of a substrate. The substrate may be any substrate suitable for the formation of
Group-lIl nitrides. For example, the substrate may comprise a Si wafer, or a Sapphire

wafer.

The light emitting stack 10 is formed such that a light emitting surface 12 of the light
emitting stack 10 is orientated towards the substrate surface. A contact surface 11 of the
light emitting stack 10 is provided on an opposing side of the light emitting stack 10. As
such, the contact surface 11 is orientated away from the substrate surface (relative to the

light emitting surface 12).

Forming the light emitting stack 10 comprises forming a plurality of Group-Ill nitride layers
on the substrate surface. The layers of the light emitting stack 10 include a first
semiconducting layer 13, an active layer 14, and a second semiconducting layer 15. The
first semiconducting layer 13, the active layer 14 and the second semiconducting layer 15
are formed sequentially such that the active layer 14 is provided between the first
semiconducting layer 13 and the second semiconducting layer 15. As discussed above, the
first semiconducting layer 13, the second semiconducting layer 15 and the active layer 14
may be formed using an MOCVD process or a MBE process as discussed above. As
discussed in relation to the first embodiment and Fig. 1 above, the light emitting surface
and the contact surface 11 of the light emitting stack 10 are formed such that they are

parallel to each other and aligned with the plurality of Group-lll nitride layers.

Following the formation of the light emitting stack 10, an array of second electrical contacts
30 are formed on the contact surface 11 of the light emitting stack 10. Each second
electrical contact 30 defines a light emitting device between the first semiconducting layer
13 and the second electrical contact 30. Each of the second electrical contacts 30 are
spaced apart from the other second electrical contacts 30 to form a two-dimensional array
of light emitting devices. The second electrical contacts 30 may be formed as discussed in

more detail above.
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Following the formation of the second electrical contacts 30 the substrate may be removed
from the light emitting stack. Following the removal of the substrate, a common first contact
layer 40 may then be formed on the light emitting stack 10. For example, in the first
embodiment, the common first contact layer 40 may be formed as a transparent conductive
oxide over the light emitting surface 12 of the light emitting stack 10. The common first
contact layer 40 is configured to be in electrical contact with the first semiconducting layer
13 of the light emitting stack 10.

An anti-reflection layer 20 is also formed on the light emitting surface 12. The anti-reflection
layer 20 may, in some embodiments, be formed on the light emitting surface 12 following
the removal of the substrate. The anti-reflection layer 20 may be formed on the light
emitting surface 12 prior to the formation of the common first contact layer 40. In other
embodiments, for example as shown in Fig. 10, the anti-reflection layer 20 may be formed
on the common first contact layer 40. In some embodiments, the anti-reflection layer 20
may comprise a porous semiconducting layer. In other embodiments, the anti-reflection

layer may comprise SiOz2, or ITO, or any other material with a suitable refractive index.

In some embodiments the anti-reflection layer comprises a porous semiconducting layer.
Such an anti-reflection layer 20 may be formed by forming a third semiconducting layer on
the substrate surface of the substrate prior to the formation of the light emitting stack 10.
The third semiconducting layer may comprise a Group lll-nitride, for example GaN, which is
doped with an n-type dopant. In some embodiments, the third semiconducting layer is
formed from the same Group llI-nitride as the first semiconducting layer 13, wherein the
doping density of the third semiconducting layer is varied relative to the first
semiconducting layer 13. The light emitting stack 10 is then formed on the exposed
surface of the third semiconducting layer as described above. Following the removal of the
substrate as part of the method of forming the light emitting device array 1, the third
semiconducting layer may then be subjected to a porosity treatment process in order to
form the anti-reflection layer 20 as a porous semiconducting layer. As such, it will be
appreciated that the formation of the anti-reflection layer 20 may be integrated into the
process for forming the Group-lll nitride layers forming the light emitting stack 10. As such,
the formation of the anti-reflection layer 20 may be integrated as part of an alignment-free

process for forming the Group-lll nitride layers of the light emitting device array 1.
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As discussed above, the anti-reflection layer 20 may be provided by a porous
semiconducting layer. The porous semiconducting layer may be formed by subjecting a
third semiconducting layer to a porosity treatment process. The porosity treatment process
may be performed following the formation of the light emitting stack 10. The porosity
treatment process is configured to increase the porosity (areal porosity) of the third
semiconducting layer. Methods for increasing the porosity of a Group lll-nitride layer are
known to the skilled person. For example, “In-plane bandgap control in porous GaN
through electroless wet chemical etching”, Xiuling Li, Young Woon-Kim et al., Applied
Physics Letters, Vol. 8, no. 6, 11 February 2002, describes several processes for

increasing the porosity of an n-type doped Group llI-nitride layer.

For example, the porosity treatment process may comprise subjecting the third
semiconducting layer (and the layers of the light emitting stack 10) to an electrochemical
treatment process. The electrochemical treatment process may comprise submerging the
third semiconducting layer in a bath of oxalic acid. Electrical connections are made
between the bath of oxalic acid and the third semiconducting layer. An electric current is
passed between the electrical contacts of the oxalic acid bath and the third semiconducting
layer in order to electrochemically form pores within the third semiconducting layer. In
some embodiments, the oxalic acid baths comprises an oxalic acid solution having a
concentration of between 0.03M and 0.3M. In other embodiments, the oxalic acid bath may
be substituted for other electrolytes such as KOH or HCI. The level of electrical bias applied
to the electrochemical process will depend on the electrochemical solution used and the
relative dimensions of the bath and the third semiconducting layer/light emitting stack 10.
Further examples of porosity treatments are described in ACS Applied Nano Materials,
2020, 3, 399-402 and US 2017/0237234.

The porosity treatment process results in the formation, or an increase in the size of, pores
present in the third semiconducting layer. The porosity of the third semiconducting layer
may be characterised by an areal porosity. Areal porosity is the area fraction of pores
present in a cross-section through the material (i.e. through the third semiconducting layer).
In some embodiments, the porous semiconducting layer has an areal porosity of at least
30%. In some embodiments, the porous semiconducting layer has an areal porosity of at
least 40%. In some embodiments, the porous semiconducting layer 14’ has an areal

porosity of no greater than 80 %. By providing the porous semiconducting layer with such
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an areal porosity, the third semiconducting have a refractive index which is suitable for

forming an antireflection layer 20.

In some embodiments, the method may also further comprise forming an absorbing layer
50 on at least a portion of the light emitting stack 10. The absorbing layer 50 may be

formed on the sidewall surfaces of the light emitting stack.

Accordingly, it will be appreciated that the method described above may be used to provide

a light emitting device array 1 in accordance with the first embodiment of the disclosure.

Next, a light emitting device array 2 according to a second embodiment of the disclosure

will be described.

The light emitting device array 2 according to the second embodiment of the disclosure
comprises a light emitting stack 10, an anti-reflection layer 20, an array of second electrical
contacts 30, and a common first contact layer 40. These features are similar to the features
described above in relation to the first embodiment. An example of a cross-section of a light
emitting device array 2 according to a second embodiment of the disclosure is shown in
Fig. 15.

As shown in Fig. 15, the light emitting device array 2 comprises an absorbing layer 50. The
absorbing layer 50 comprises a first portion 51 which covers substantially the entire
sidewall surface 16 of the light emitting stack 10 in a manner similar to that described for
the first embodiment. A second portion of the absorbing layer 52 may also be provided
around the perimeter of the light emitting surface 12 in a manner similar to the first

embodiment.

In the second embodiment of the disclosure, a third portion of the absorbing layer 53 is
provided on the contact surface 11. The third portion of the absorbing layer 53 is provided
in regions of the contact surface 11 between adjacent second electrical contacts of the
array of second electrical contacts 30. As shown in Fig. 15, the third portion of the
absorbing layer 53 may be spaced apart from the second electrical contacts 30 in order to
prevent shorting between the second electrical contacts 30. The third portions of the
absorbing layer 53 provide additional absorbing regions for light generated in the active

layer. The third portions of the absorbing layer 53 may be provided to absorb light which
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has been reflected from the light emitting surface 12 at an angle less than the critical angle
or light which has been generated in the active layer 14 which is directly incident on the
contact surface 11. By absorbing such stray light, the possibility of the stray light being
reflected towards the light emitting surface 12 and possibly emitted is reduced, thereby

further reducing any appearance of cross talk between adjacent light emitting devices 1.

The third portions 53 of the absorbing layer 50 may be formed in a similar manner to the
first and second portions of the absorbing layer 50. The third portions of the absorbing layer
53 may be formed using any suitable patenting technique such as lithography. The third
portions of the absorbing layer may be formed either before the formation of the second
electrical contacts 30 or after the formation of the second electrical contacts 30. In some
embodiments, the third portions of the absorbing layer 53 effectively define a grid
comprising a plurality of openings in which the second electrical contacts 30 are provided.
As the formation of such a grid may require an additional patenting step in some

embodiments, the third portions of the absorbing layer 53 may not be provided.

Next, a third embodiment of the light emitting device array 3 will be described. A cross-
sectional diagram of a third embodiment of the light emitting device array 3 is shown in Fig.
16. As shown in Fig. 16, the light emitting device array 3 comprises a light emitting stack
10, an anti-reflection layer 20, an array of second electrical contacts 30, a common first
contact layer 40, and an absorbing layer 50. Similar to the second embodiment, the

absorbing layer 50 comprises a first portion 51, a second portion 52, and a third portion 53.

In the third embodiment of the light emitting device array 3, the absorbing layer 50 also
comprises a fourth portion 54. The fourth portion of the absorbing layer 54 is provided on
the light emitting surface 12 as a generally continuous layer comprising a plurality of
openings through a thickness of the fourth portion of the absorbing layer 54. Each opening
through the fourth portion of the absorbing layer 54 is aligned with a second electrical
contact such that light from each light emitting device travelling in a direction generally
normal to the light emitting surface can travel through a respective opening. As shown in
Fig. 16, the fourth portions of the absorbing layer 54 on the light emitting surface 12 are
generally aligned with the third portions 53 of the absorbing layer provided on the contact
surface 11. As such, the openings provided by the fourth portion of the absorbing layer 54
may be similar to the openings provided by the grid of the third portions of the absorbing

layer 53 for the second electrical contacts 30. In some embodiments, the grid formed by
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the third portions of the absorbing layer 53 may be the same as the grid formed by the
fourth portions of the absorbing layer 54. That is to say, in some embodiments the same
mask pattern may be used to form the third and fourth portions 53, 54 of the absorbing
layer 50. Of course, in other embodiments the third portion of the absorbing layer 53 and

the fourth portion of the absorbing layer 54 may be formed using different patterns.

The fourth portion of the absorbing layer 54 is provided on the light emitting surface 12 in
order to define a plurality of openings through which light may be emitted. Light is not
emitting from the light emitting surface 12 in regions covered by the fourth portions of the
absorbing layer 54. As such, the fourth portions of the absorbing layer 54 may be provided

to further reduce and/or eliminate cross talk between adjacent light emitting devices.

As discussed above, the second and third embodiments of the disclosure have absorbing
layers 20 and common first contact layers 40 which are similar to those described for the
first embodiment. It will be appreciated that in other embodiments of the disclosure, other
absorbing layers 20 and other first electrical contact layers may be provided. For example,
the skilled person will appreciate that the second and third embodiments may be combined
with any of the absorbing layers 20 and common first contact layers 40 discussed above in

relation to Figs. 7 to 14.

Next, a fourth embodiment of the light emitting device array 4 will be described with
reference to Figs. 17a, 17b, 9¢, 17d and 17e. In the first, second and third embodiments of
the disclosure, the common first contact layer 40 is provided using a transparent
conductive oxide, provided on the light emitting surface 12 of the light emitting stack 10.
According to the fourth embodiment of the disclosure the common first contact layer 40
may also be provided using an electrical contact located from the contact surface side of
the light emitting stack 10. Such a process allows both the first and second electrical
contacts for the light emitting device array 4 to be located on the same surface (i.e. the
contact surface 11) such that the light emitting device array 4 may be more easily
connected to control electronics. For example, the light emitting device array 4 of the fourth
embodiment may be bonded to a back plane electronics array using a suitable bonding

technology.

Figs. 17a through 17e shown a process for forming a common first electrical contact on the

contact surface 11 of the light emitting stack 10. For simplicity, the other layers of the light
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emitting device array 4 are not shown, but it will be appreciated that they may be formed by
any of the methods described above in relation to the first, second and third embodiments

of the disclosure.

As shown in Fig. 17a, a light emitting stack 10 is provided. The light emitting stack 10 may
be formed on a substrate in a manner similar to the embodiments described above. The
light emitting stack 10 comprises a first semiconducting layer 13, an active layer 14, and a
second semiconducting layer 15. In order to form an electrical connection between the
contact surface 11 and the first semiconducting layer 13, a via semiconducting portion 61 is
provided in the light emitting stack 10 which extends through the active layer 14 between
the first semiconducting layer 13 and the contact surface 11. A first electrical contact
portion 41 is then provided on the contact surface 11 which is aligned with the via
semiconducting portion 61 in order to make an electrical connection to the first
semiconducting layer 13. An example of such a via semiconducting portion 61 is shown in
Fig. 17e.

As shown in Figs. 17b and 17c¢, a via semiconducting portion may be formed by selectively
removing a portion of the light emitting stack 10 from the contact surface through to the first
semiconducting layer 13. The selective removal process may be performed following the
formation of the light emitting stack 10, and preferably prior to removal of the substrate (not
shown). The selective removal process may include the patterning of the contact surface
11 using a masking layer 62. The masking layer may define one or more openings which
define regions of the light emitting stack 10 to be selectively removed. The masking layer
62 may comprise any material suitable for use as a mask for a selective removal process.
For example, in the embodiment of Figs. 17a-17e, the masking layer 62 comprises SiO».
The masking layer may be formed by any suitable method, for example Chemical Vapour
Deposition. The masking layer may be patterned using any suitable technique, for

example lithography.

Following the formation of the masking layer 62, the light emitting stack 10 may be
subjected to a selective removal process, for example etching, to form a void in which the
via semiconducting portion 61 is to be formed. An example of such a void is shown in Fig.
17b.



10

15

20

25

30

35

WO 2021/233917 PCT/EP2021/063144
31

The via semiconducting portion 61 may then be formed within the void, for example as
shown in Fig. 17c¢. In the embodiment of Fig. 17¢, the via semiconducting portion 61
comprises the same material as the first semiconducting layer 13, which in Fig. 17c is n-
type doped GaN. As such, the via semiconducting portion 61 is regrown on the first
semiconducting layer 13 to provide a n-type doped semiconducting region on the contact

surface 11.

Following the formation of the via semiconducting portion 61, the masking layer 62 is
removed and the second electrical contacts 30 are formed on the contact surface 11. As
shown in Fig. 17d, the second electrical contacts 30 are formed on the regions of the
contact surface 11 provided by the second semiconducting layer 15, and not on the via

semiconducting portions 61.

First electrical contacts 41 are formed on the via semiconducting portions 61 to provide
contacts to the first semiconducting layer 13. An example of the first electrical contacts is
shown in Fig. 17e. As such, according to the fourth embodiment the first and second
electrical contacts 41, 30 may be provided on the same surface (the contact surface 11) of
the light emitting stack 10. The first electrical contacts 41 may comprise any suitable

material for forming an Ohmic contact to the (n-type) via semiconducting portions 61.

Following the formation of the first electrical contacts 61, the contact surface 11 may be
subjected to an ion implantation process. The ion implantation process may affect the
exposed regions of the second semiconducting layer 15 between the first and second
electrical contacts 41, 30. The ion implantation process may disrupt the crystal structure of
the light emitting stack 10 in these regions to improve electrical isolation between the via
semiconducting portions 61 and the light emitting devices. As such, the light emitting
stack 10, for example as shown in Fig. 17e may comprise ion implanted regions 63
between the via semiconducting portions 61 and the light emitting devices. As such, the
ion implanted regions 63 may effectively encircle the via semiconducting portions 61 in the

light emitting device stack 10.

Thus, the fourth embodiment provides a light emitting device array 4 with first and second
electrical contacts 41, 30 provided on a contact surface 11. The skilled person will
appreciate that the embodiment shown in Figs. 17a-17e is only one possible arrangement

for the first and second electrical contacts 41, 30. The skilled person will appreciate that
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the layout of the contacts may be adjusted depending on the device size, device

arrangement and so on.

As an example, Fig. 18 provides a further example of one possible arrangement of a
common first electrical contact and an array of second electrical contacts 30 according to
embodiments of this disclosure. As shown in Fig. 18, the common first electrical contact is
provided as a perimeter first electrical contact 42. The perimeter first electrical contact 42
surrounds all of the second electrical contacts 30. The perimeter first electrical contact can
be provided on the contact surface 11 of the light emitting stack 10, aligned with a
corresponding via semiconducting portion 61. In some embodiments, the perimeter first
electrical contact 42 could be provided on the light emitting surface 12, as an alternative to
a transparent electrical contact. A perimeter first electrical contact 42 may particularly be
used in embodiments where the number of light emitting devices in the array is no greater
than 1000 in each dimension. As such, for light emitting device arrays having no greater
than 1000 x 1000 light emitting devices, the surface area of the light emitting device array
is such that a perimeter contact can deliver sufficient current to all of the light emitting
devices in the array. In particular, for arrays where the pitch is no greater than 5 pm, it will
be appreciated that such an array having no greater than 1000 light emitting devices has a
light emitting surface of no greater than about 5 mm. In some embodiments, where a light
emitting array has around 400 x 600 light emitting devices with a pixel pitch of 1 um, a light

emitting device array of around 0.4 mm x 0.6 mm may be provided.

In the diagram of Fig. 18, the perimeter first electrical contact 42 is shown extending
around the perimeter as a continuous loop. Of course, in other embodiments, the
perimeter first electrical contact 42 may not be a continuous loop. For example, a c-
shaped perimeter first electrical contact 42 may be suitable. Effectively, the perimeter
electrical contact 42 defines an opening on the light emitting surface 12, wherein the

opening is aligned with the array of second electrical contacts 30.

In Fig. 18, the second electrical contacts 30 are shown as circular contacts. Of course,

other shapes for the second electrical contacts may also be suitable.

Thus, according to embodiments of this disclosure a light emitting device array and a
method of forming a light emitting device array are provided. The light emitting device

arrays of this disclosure may be formed using minimal patterning steps, thereby reducing or
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eliminating the alignment steps during the formation of the light emitting device array.
Reducing, or eliminating alignment steps is particularly advantageous for small pitch
devices (e.g. devices having a pitch of no greater than 5 pm) as it increases the area

available for forming the light emitting device.

The light emitting area for each device is also increased by using the array of second
electrical contacts on the contact surface to define each light emitting device. As such,
embodiments of the present disclosure seek to increase the size of the active region for

each light emitting device relative to the overall light emitting device pitch.

Although embodiments of the disclosure have been described herein in detail, it will be
understood by those skilled in the art that variations may be made thereto without departing

from the scope of the invention defined by the appended claims.
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CLAIMS:
1. A light emitting device array comprising:

a light emitting stack having a light emitting surface and a contact surface, the light
emitting surface and the contact surface defining opposing sides of the light emitting stack,

the light emitting stack comprising a plurality of Group lll-nitride layers including a
first semiconducting layer provided towards the light emitting surface of the light emitting
stack, a second semiconducting layer provided towards the contact surface, and an active
layer arranged between the first semiconducting layer and the second semiconducting
layer, the active layer configured to generate light having a first wavelength,

wherein the light emitting surface and the contact surface are parallel to each other
and aligned with the plurality of Group llI-nitride layers;

a first electrical contact layer provided on the light emitting stack and configured to
be in electrical contact with the first semiconducting layer;

an array of second electrical contacts provided on the contact surface of the light
emitting stack, each second electrical contact defining a light emitting device between the
first semiconducting layer and the second electrical contact, wherein each of the second
electrical contacts is spaced apart from the other second electrical contacts to form a two-
dimensional array of the light emitting devices; and

an anti-reflection layer provided on the light emitting surface, the anti-reflection layer
configured to increase a light extraction efficiency of light generated by the light emitting

device layer.

2. A light emitting device array according to claim 1, further comprising
an absorbing layer configured to absorb light of the first wavelength generated by
the active layer; the absorbing layer provided on at least a portion of the light emitting

stack.

3. A light emitting device array according to claim 2, wherein the absorbing layer is
provided on at least one sidewall surface of the light emitting stack extending between the

light emitting surface and the contact surface.

4, A light emitting device array according to claim 2 or claim 3, wherein the absorbing
layer is provided on the light emitting surface, wherein the absorbing layer comprises a

plurality of openings on the light emitting surface, each opening aligned with a second
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electrical contact such that light from each light emitting device is transmitted through a

respective opening.

5. A light emitting device array according to any of claims 2 to 4, wherein the
absorbing layer is provided in regions of the contact surface between adjacent second

electrical contacts of the array of second electrical contacts.

6. A light emitting device array according to any preceding claim, wherein
the anti-reflection layer comprises a porous semiconducting layer having an areal

porosity of at least 30%.

7. A light emitting device array according to any preceding claim, wherein
the anti-reflection layer comprises a plurality of porous semiconducting sublayers,
wherein the areal porosity of at least two of the plurality of porous semiconducting sublayer

is different.

8. A light emitting device array according to any preceding claim, wherein
a pitch of each second electrical contact in the light emitting device array is no

greater than 5 pym, or 2 uym.

9. A light emitting device array according to any preceding claim, wherein
the first electrical contact layer comprises a transparent conductive oxide provided

on the light emitting surface.

10. A light emitting device array according to claim 9, wherein the anti-reflection layer is

arranged between the first electrical contact layer and the light emitting surface.

11. A light emitting device array according to claim 9, wherein the first electrical contact

layer is arranged between the anti-reflection layer and the light emitting surface.

12. A light emitting device array according to any preceding claim, wherein
the anti-reflection layer and the first electrical contact layer are configured to form a
graded refractive index (GRIN) structure having both anti-reflection and electrical contact

functionality.
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13. A light emitting device array according to any of claims 1 to 8, wherein the light
emitting stack further comprises:

a via semiconducting portion provided in the light emitting stack extending
through the active layer between the first semiconducting layer and the contact
surface, and

the first electrical contact layer is provided on contact surface in electrical

contact with the via semiconducting portion.

14. A light emitting device array according to any preceding claim, wherein
the first semiconducting layer comprises a n-type doped Group llI-nitride; and/or
the second semiconducting layer comprises a p-type doped Group llI-nitride; and/or
the active layer comprises multiple quantum well layers comprising Group llI-

nitrides.

15. A light emitting device array according to any preceding claim, wherein
the active layer extends as a continuous layer between at least two adjacent light

emitting devices of the light emitting device array.

16. A method of forming a light emitting device array comprising:
forming a light emitting stack on a substrate surface of a substrate, the light emitting
stack having a light emitting surface orientated towards the substrate surface and a contact
surface on an opposing side of the light emitting stack, forming the light emitting stack
comprising forming a plurality of Group llI-nitride layers including:
a first semiconducting layer provided towards the substrate surface;
a second semiconducting layer provided towards a contact surface of the
light emitting stack; and
an active layer provided between the first semiconducting layer and the
second semiconducting layer, the active layer configured to generate light having a
first wavelength;
wherein the light emitting surface and the contact surface of the light emitting stack
are formed parallel to each other and aligned with the plurality of Group IlI-nitride layers;
forming an array of second electrical contacts on the contact surface of the light
emitting stack, each second electrical contact defining a light emitting device between the

first semiconducting layer and the second electrical contact, wherein each of the second
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electrical contacts are spaced apart from the other second electrical contacts to form a two-
dimensional array of the light emitting devices;

removing the substrate from the light emitting stack;

forming a first electrical contact layer on the light emitting stack, the first contact
layer configured to be in electrical contact with the first semiconducting layer; and

forming an anti-reflection layer on the light emitting surface, the anti-reflection layer
configured to increase a light extraction efficiency of light generated by the light emitting

device layer.

17. A method according to claim 16, further comprising
forming an absorbing layer on at least a portion of the light emitting stack, the

absorbing configured to absorb light of the first wavelength generated by the active layer.

18. A method according to any of claims 16 to 17, wherein

forming the anti-reflection layer comprises:

forming a third semiconducting layer comprising a Group lll-nitride and a donor
density of at least 1 x 10'® cm™ on the light emitting surface; and

subjecting the third semiconducting layer to a porosity treatment process to

increase an areal porosity of the third semiconducting layer to at least 30%.

19. A method according to any of claims 16 to 18, wherein
a pitch of each second electrical contact formed in the light emitting device array is

no greater than 5 ym, or 2 pm.

20. A method according to any of claims 16 to 19, wherein
forming the first electrical contact layer comprises forming a transparent conductive

oxide on the light emitting surface.

21. A method according to claim 20, wherein the anti-reflection layer is formed on the
light emitting surface, followed by forming the first electrical contact layer on the anti-

reflection layer.

22. A method according to claim 20, wherein the first electrical contact layer is formed
on the light emitting surface, following by forming the anti-reflection layer on the first

electrical contact layer.
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23. A method according to any of claims 16 to 19, wherein
forming the first electrical contact layer comprises:
forming a via semiconducting portion in the light emitting stack extending
through the active layer between the first semiconducting layer and the contact
5 surface, and
forming a first electrical contact layer on the contact surface on the via

semiconducting portion.

24. A method according to any of claims 16 to 23, wherein
10 forming the first semiconducting layer comprises a forming n-type doped Group llI-
nitride; and/or
forming the second semiconducting layer comprises forming a p-type doped Group
lll-nitride; and/or
forming the active layer comprises forming multiple quantum well layers comprising

15 Group lll-nitrides.

25. A method according to any of claims 16 to 24, wherein
the active layer is formed as a continuous layer extending between at least two
adjacent light emitting devices of the light emitting device array.
20



