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(57) Abstract: A light-emitting device is described, the light-emitting device comprising a light-emitting semiconductor chip having
a semiconductor layer sequence comprising at least one light- emitting semiconductor layer and a light-outcoupling surface, and a
wavelength conversion layer arranged on the light-outcoupling surface, wherein the wavelength conversion layer comprises quantum
dots. Furthermore, a method for manufacturing a light-emitting device is described.
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Description

LIGHT-EMITTING DEVICE AND METHOD FOR MANUFACTURING A LIGHT-
EMITTING DEVICE

This patent application claims the priority of the US patent
application 16/199,755, the disclosure content of which is

hereby included by reference.

Embodiments of the present invention are related to a light-
emitting device and to a method for manufacturing a light-
emitting device. In particular, the light-emitting device can
have a wavelength conversion layer. The wavelength conversion
layer can preferably comprise or substantially consist of

quantum dots (QDs).

Quantum dots are narrow-band emitters which are used for
wavelength conversion. They can offer benefits of color
quality and conversion efficiency for instance in
backlighting and solid-state lighting (SSL) applications.
Quantum dots are suitable for such applications by providing
not only specific optical properties but also a potential for
cost-efficient manufacturing. QDs have a broad absorption
spectrum in a wavelength range that usually goes from ultra-
violet wavelengths up to the first excitonic peak. They are
non-scattering and efficient. The peak emission wavelength of

QDs can be tuned within just a few nanometers.

Contemporary colloidal QDs in dispersions usually exhibit a
high efficiency of typically more than 80% or even more than
90% in large volumes in non-polar solvents and between about
70% and 80% in optimized polymer composites. In colloidal

dispersions QDs are usually coated with organic ligands,
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passivating the surface, preventing agglomeration and
enabling their miscibility with host materials. However, the
nature of these ligands affects the feasibility of
formulating the QD composites as well as their performance in
applications. At present, QD/polymer composites are employed
in back lighting and SSL applications as the remote color
correcting films. The properties of the QD/polymer composites
are satisfactory for such applications where the operation
temperature does not exceed 100°C. For applications where the
converter may reach temperatures greater than 100°C, other
forms of QD films need to be made. According to the state of
the art, 0D formulations and host materials are used which

exhibit greater thermal conductivity and heat endurance.

Typically, optical components with QDs are being fabricated
as free standing parts with the application-specific form
factor. They may comprise compositions of the QDs with
polymers, hybrid organic/inorganic substances, and may also
form dense assemblies on a supporting substrate. To prevent
degradation of the QD properties in the ambient atmosphere,
these components need to be encapsulated. Challenges for the
design and fabrication of QD converters intended to work at
elevated temperatures originate from the necessity of
eliminating organic host materials. In such cases, free
standing QD assemblies having the form of densely-packed
films or compositions of QDs with inorganic fillers may be
applicable. However, the free standing QD parts have to be
attached to the light-source in a package, which, in
connection with a volume production, introduces fabrication

process complexity and increases the costs.

An object of at least one embodiment is to provide a light-

emitting device. Another object of at least one embodiment is
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to provide a method for manufacturing a light-emitting

device.

These objects are, inter alia, achieved with a device and a
method according to the independent claims. Further
embodiments and configurations are subject matter of the

dependent claims.

According to at least one embodiment, a light-emitting device
comprises a light-emitting semiconductor chip and a

wavelength conversion layer.

According to at least one further embodiment, in a method for
manufacturing a light-emitting device, a light-emitting
semiconductor chip is provided or produced, and a wavelength
conversion layer is arranged on the light-emitting

semiconductor chip.

The features and embodiments described herein relate to both
the light-emitting device and the method for manufacturing

the light-emitting device, respectively.

According to a further embodiment, the light-emitting
semiconductor chip has a semiconductor layer sequence. The
semiconductor layer sequence comprises at least one light-
emitting semiconductor layer. The at least one light-emitting
semiconductor layer forms an active region for generating
light, so when the light-emitting semiconductor chip is
operated, light is produced in the light-emitting
semiconductor layer. The light-emitting semiconductor chip
further comprises a light-outcoupling surface, via which the
light that is produced in the active region is coupled out of

the light-emitting semiconductor chip. The wavelength
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conversion layer is preferably arranged on the light-

outcoupling surface.

The semiconductor layer sequence can be grown particularly
preferably on a substrate, which can be denoted as the growth
substrate, by means of an epitaxy technique, for instance by
means of metalorganic vapor phase epitaxy (MOVPE) or
molecular beam epitaxy (MBE). The semiconductor layer
sequence as a result comprises semiconductor layers that are
arranged one above the other along an arrangement direction
given by the growth direction, which can also be denoted as
the vertical direction. The layers of the semiconductor layer
sequence have a main extension plane that is perpendicular to
the arrangement direction. Directions parallel to the main
extension plane of the semiconductor layers and thus
perpendicular to the vertical direction can be referred to as

lateral directions.

The light-emitting semiconductor chip in particular comprises
two main surfaces, which are disposed perpendicular to the
growth direction. One of the main surfaces is embodied as the
light-outcoupling surface, via which the light that is
generated during operation of the light-emitting
semiconductor chip is emitted. In addition, the light-
emitting semiconductor chip comprises a rear face, which is
on the opposite side from the light-outcoupling surface and
forms the second main surface of the light-emitting
semiconductor chip. The light-outcoupling surface and the
rear face are connected together via side faces. In addition
to light being emitted by the light-outcoupling surface, at
least some of the light generated in the light-emitting
semiconductor layer during operation may also be emitted via

a side face and/or the rear face.
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The light-emitting semiconductor chip can have a
semiconductor layer sequence based on different semiconductor
material systems depending on the light to be generated. A
semiconductor layer sequence based on In,GayAl; - yAs, for
instance, is suitable for a long-wavelength infrared to red
emission, a semiconductor layer sequence based on

In.GayAl, «yP, for instance, 1s suitable for red to yellow
radiation, and a semiconductor layer seguence based on
In.GayAl, «-yN, for instance, 1is suitable for short-wavelength
vigible radiation, i.e. in particular for green to blue

radiation, and/or for UV radiation, where 0 2 x =2 1 and

0 2y 21 in each case. In addition, a semiconductor layer
sequence based on an antimonide, for example InSb, GaSb, AlSb
or a combination thereof, can be suitable for long-wavelength

infrared radiation.

The substrate, in particular in the case of a substrate which
is a growth substrate, can comprise or can be an insulating
material or a semiconductor material, for instance an
aforementioned compound semiconductor material system. In
particular, the growth substrate can comprise or be made of

sapphire, GaAs, GaP, GaN, InP, SiC, Si and/or Ge.

The growth process can take place in particular in a wafer-
based process. In other words, a growth substrate is provided
in the form of a wafer, on which the semiconductor layer
sequence 1s grown over a large area. The grown semiconductor
layer seqguence can be singulated into individual light-
emitting semiconductor chips in a further method step, in
which the side faces of the light-emitting semiconductor
chips can be formed by the singulation. The wavelength
conversion layer can preferably be applied before the

singulation takes place. In other words, the wavelength
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conversion layer can be applied also in a wafer-based
process. Alternatively, the wavelength conversion layer can
be applied on an already singulated light-emitting

semiconductor chip.

In addition, the semiconductor layer sequence can be
transferred to a carrier substrate prior to singulation, and
the growth substrate can be thinned, i.e. removed at least in
part or entirely. The carrier substrate can comprise or be
made of an electrically insulating or electrically conducting

material, for instance a substrate material described above.

The semiconductor layer sequence of the light-emitting
semiconductor chip can comprise for instance a conventional
p-n junction, a double heterostructure, a single gquantum well
structure (SQW structure) or a multi-gquantum well structure
(MOW structure) as the light-emitting semiconductor layer. In
addition to the at least one light-emitting semiconductor
layer, the semiconductor layer sequence can include further
functional layers and functional regions, for instance p-type
and n-type charge carrier transport layers, undoped or p-type
or n-type confinement, cladding or waveguide layers, barrier
layers, planarization layers, buffer layers, protective
layers and/or electrodes, and combinations thereof. In
particular, for making electrical contact on the light-
outcoupling surface and on the rear face, the light-emitting
semiconductor chip can comprise for each case an electrical
contact element, for instance in the form of an electrode
layer which covers a large surface area or a small surface
area or which can be a patterned electrode layer. It is also
possible that all electrical contacts are provided on a same
side of the light-emitting semiconductor chip, for instance

on the light-outcoupling surface or on the rear surface. In
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particular, the light-emitting semiconductor chip can be
embodied as a so-called volume emitter or as a flip-chip, in
both cases preferably comprising a semiconductor layer
sequence grown on a sapphire substrate, or as a so-called
thin-film semiconductor chip, preferably comprising a carrier
substrate onto which the semiconductor layer sequence has
been transferred after the growth process and preferably
further having a thinned or even completely removed growth

substrate.

The structures described here relating to the light-emitting
semiconductor chip as well as the light-emitting
semiconductor layer and the further functional layers and
regions, in particular the design, function and construction
thereof, are known to a person skilled in the art and

therefore are not described in greater detail here.

According to a further embodiment, the wavelength conversion
layer comprises quantum dots (QDs). As described above, there
are benefits of color performance provided by the QDs, in
particular a narrow-band emission with a fine-tunable peak
position, a broad absorption spectrum and no inherent

scattering.

According to a further embodiment, the wavelength conversion
layer is free of an organic matrix material. In particular,
the wavelength conversion layer can substantially consist of
the quantum dots. In other words, the wavelength conversion
layer is not formed as a composite comprising a matrix
material or filler material such as a polymer or other
organic materials, which are typically used in the prior art.
In contrast, the wavelength conversion layer of the light-

emitting device is preferably embodied as an assembly of the
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QDs, which are deposited on a surface of the light-emitting
semiconductor chip, so that the wavelength conversion layer
is formed by the deposition process. Consequently, the
wavelength conversion layer is not a free standing component
as usually used in the art, but is a part of the light-
emitting device that is integrated in the light-emitting
device and that cannot be removed without being destroyed. In
particular, the QDs are arranged next to each other and/or on
top of each other by the deposition process, thereby forming
the wavelength conversion layer. The wavelength conversion
layer can be deposited preferably by at least one method
chosen from drop-casting, inkjet printing, layer transfer.
Furthermore, the wavelength conversion layer can be deposited
directly on a surface of the light-emitting semiconductor
chip, in particular directly on the light-outcoupling
surface, so that at least some of the QODs of the wavelength
conversion layer can be in direct contact with the light-

outcoupling surface of the light-emitting semiconductor chip.

Furthermore, an interlayer can be arranged on a surface of
the light-emitting semiconductor chip, in particular on the
light-outcoupling surface and preferably directly on the
light-outcoupling surface, and the wavelength conversion
layer can be deposited on the interlayer, in particular
directly on the interlayer. The interlayer can comprise or
consist of a transparent material and/or a wavelength
conversion material. The wavelength conversion material,
which can be different from QDs, can be suitable for
converting at least some of the light emitted by the light-
emitting semiconductor chip into light of a different
wavelength. Preferably, when irradiated with the light of the
light-emitting semiconductor chip, the wavelength conversion

material of the interlayer can emit light with a wavelength
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that is different from the wavelength of the light that is
emitted by the wavelength conversion layer. In particular,
the interlayer can comprise a ceramic wavelength conversion
material, which for instance can be provided as a ceramic
layer or as particles dispersed in a matrix material. The
wavelength conversion material of the interlayer can comprise
for example a material from the group of the garnets, for
example yttrium aluminum garnet (YAG) and/or lutetium
aluminum garnet (LuAG), and, in particular, doped garnets as
for instance Ce-doped garnets. By combining the light-
emitting semiconductor chip, the wavelength conversion layer
with the QDs and the interlayer with the wavelength
conversion material, the light-emitting device can be for
instance a white-light-emitting device with an integrated QD
layer. The interlayer, preferably comprising or consisting of
a wavelength conversion material, can in particular be
deposited on the light-outcoupling surface by a pulsed laser

deposition (PLD) process.

According to a further embodiment, a surface structure is
provided on the light-outcoupling surface and the wavelength
conversion layer is deposited directly on the surface
structure. The surface structure can comprise indentations
like pits and/or crevices and/or grooves as well as
elevations like tips and/or peaks and/or dam-like structures.
Preferably, the light-outcoupling surface can be provided
with the surface structure. In this case, the wavelength
conversion layer is deposited directly on the surface
structure of the light-outcoupling surface. In the case of an
interlayer, preferably an interlayer comprising or consisting
of a wavelength conversion material, the interlayer has a
surface that is remote from the light-outcoupling surface and

that can have the surface structure. In this case, the



10

15

20

25

30

WO 2020/109137 PCT/EP2019/082118

_10_

wavelength conversion layer is directly deposited on the

surface structure of the interlayer.

The wavelength conversion layer can be a conformal coating of
the surface structure. In other words, the wavelength
conversion layer can cover the surface structure in such way
that the structure of the wavelength conversion layer on the
side remote from the surface structure at least partly
resembles the surface structure and thus is at least partly
similar to the surface structure. Furthermore, the wavelength
conversion layer can at least partly planarize the surface
structure by at least partly filling indentations of the

surface structure.

According to a further embodiment, the light-emitting
semiconductor chip comprises a substrate with a first main
surface and a second main surface, which are opposite to each
other, wherein the semiconductor layer sequence is arranged
on the first main surface and the wavelength conversion layer
is arranged on the second main surface. In a preferred
embodiment, the second main surface is the light-outcoupling
surface. The second main surface can have the surface
structure. Alternatively, an interlayer as described above is
arranged on the light-outcoupling surface formed by the
second main surface. Furthermore, the first main surface of
the substrate can have a further surface structure and the
semiconductor layer sequence is grown on the further surface

structure.

According to a further embodiment, the substrate with the
first main surface is provided and the semiconductor layer
sequence is arranged, preferably grown, on the first main

surface. In particular, the semiconductor layer sequence is
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grown on the substrate in a wafer-based process as described
above. Afterwards, the wavelength conversion layer is
deposited on the second main surface, which can be the light-

outcoupling surface.

In cases where the second main surface of the substrate has a
surface structure, onto which the wavelength conversion layer
is deposited, the surface structure is produced in the second
main surface, so that the second main surface is provided
with the surface structure before or after the semiconductor

layer sequence is arranged on the first main surface.

For instance, the surface structure is provided in the second
main surface before the semiconductor layer sequence is
arranged on the first main surface. In this case, it can be
preferable that the substrate is arranged with the second
main surface and thus with the surface structure on a
temporary carrier before the semiconductor layer sequence is
arranged on the first main surface. The temporary carrier can
be removed after the arrangement of the semiconductor layer
sequence on the first main surface, thereby exposing the
surface structure on the second main surface. Alternatively,
the surface structure can be provided on the second main
surface after the semiconductor layer seguence is arranged on
the first main surface. In this case, it can be preferable
that the substrate is thinned before the surface structure is
provided in the second main surface and after the
semiconductor layer sequence is arranged on the first main
surface. By means of the thinning process the second surface

can be produced.

According to a further embodiment, the light-outcoupling

surface is a surface of the semiconductor layer sequence, in
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particular of an outermost semiconductor layer of the
semiconductor layer sequence. In this case, the outermost
semiconductor layer can have the surface structure.
Alternatively, an interlavyer as described above can be

arranged on the outermost semiconductor layer.

According to a further embodiment, an encapsulation layer is
arranged on the wavelength conversion layer. Preferably, the
encapsulation layer is transparent and can be arranged
directly on the wavelength conversion layer. This can in
particular mean that the encapsulation layer is arranged in
direct contact with at least some of the QDs of the
wavelength conversion layer. The encapsulation layer can
comprise or consist of one or more layers which are
responsible for a barrier effect of the encapsulation layer.
The one or more layers can comprise one or more inorganic
and/or organic materials. Inorganic materials can be applied,
for example, by means of atomic layer deposition (ALD),
sputtering or plasma-enhanced chemical vapor deposition
(PECVD) . Suitable inorganic materials can be, for example,
transparent inorganic materials such as aluminum oxide, zinc
oxide, zirconium oxide, titanium oxide, hafnium oxide,
lanthanum oxide, silicon nitride, silicon oxide, silicon
oxynitride, silicon carbide, indium tin oxide, indium zinc
oxide, aluminum-doped zinc oxide, and mixtures and alloys
thereof. Suitable organic materials can be, for example,
transparent polymers containing siloxanes, epoxides, imides,
carbonates, acrylates and mixtures and combinations thereof.
Preferably, the encapsulation layer has a layer sequence
having a plurality of layers, for instance a plurality of
only inorganic layers or a plurality of inorganic and organic

layers, which are alternately arranged on top of each other.
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Further features, advantages and expediencies will become
apparent from the following description of exemplary

embodiments in conjunction with the Figures.

Figures 1A to 1C show schematic illustrations of a light-
emitting device according to an embodiment,

Figures 2A and 2B show electron microscope images of a
wavelength conversion layer of light-emitting devices
according to further embodiments,

Figures 3A to 3D show schematic illustrations of method steps
of a method for manufacturing a light-emitting device
according to a further embodiment,

Figures 4A to 4C show schematic illustrations of method steps
of a method for manufacturing a light-emitting device
according to a further embodiment,

Figures 5 to 7 show schematic illustrations of light-emitting

devices according to further embodiments.

In the Figures, elements of the same design and/or function
are identified by the same reference numerals. It is to be
understood that the embodiments shown in the Figures are
illustrative representations and are not necessarily drawn to

scale.

In the following, specific details are set forth, such as
specific features and advantageous effects of a light-
emitting device and of a method for manufacturing a light-
emitting device, in order to provide a thorough understanding
of embodiments of the invention. It will be apparent to one
skilled in the art that embodiments of the invention may be

practiced without these specific details.
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Figure 1A shows a schematic illustration of a light-emitting
device 100 according to an embodiment. Figures 1B and 1C show
details of the light-emitting device 100 of Figure 1A. The

following description equally applies to Figures 1A to 1C.

The light-emitting device 100 comprises a light-emitting
semiconductor chip 1. The light-emitting semiconductor chip 1
has a semiconductor layer sequence 10 comprising at least one
light-emitting semiconductor layer 11 which emits light
during the operation of the light-emitting semiconductor chip
1. By means of electrical contacts in the form of electrode
layers 12 an electrical current can be applied to the light-
emitting semiconductor layer 11 for operating the light-
emitting semiconductor chip 1. For instance, the
semiconductor layer sequence 10 can be based on InAlGaN and
can be configured to produce ultraviolet, blue or green
light. Alternatively, the semiconductor layer sequence 10 can
be based on another semiconductor material as described in

the general part.

The light generated in the light-emitting semiconductor layer
11 during operation of the light-emitting semiconductor chip
1 is emitted from the chip 1 via a light-outcoupling surface
13. Opposite the light-outcoupling surface 13, the
semiconductor chip 1 has a rear-side surface 13’. The light-
outcoupling surface 13 and the rear-side surface 13’ are
connected to one another by means of side surfaces 13’7 . The
light generated during operation can also be emitted through
the side surfaces 13’’ and/or through parts of the rear-side

surface 13’ in addition to the light-outcoupling surface 13.

On the light-outcoupling surface 13, a wavelength conversion

layer 2 is arranged, which comprises quantum dots (QDs) 20.
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Light emitted by the light-emitting semiconductor layer 11
can be absorbed by the QDs 20 and converted to light with a
different wavelength. Accordingly, the light produced by the
light-emitting semiconductor layer 11 can also be denoted as
pump light for the QDs 20. The wavelength conversion layer 2
with the QDs 20 is integrated into the light-emitting
semiconductor device 100 as described in further detail

below.

Furthermore, the light-emitting semiconductor chip 1 has a
substrate 14, which can be a growth substrate or a carrier
substrate. The substrate 14 has a first main surface 141 and
a second main surface 142. The semiconductor layer sequence
10 is arranged on the first main surface 141, while the
second main surface 142 is the light-outcoupling surface 13.
In the shown embodiment, the substrate 14 is a growth
substrate, onto which the semiconductor layer sequence 10 is
grown. The electrode layers 12 can be arranged on the same
side of the semiconductor layer sequence 10 which is the
rear-side surface 13’7, so that, by way of example, the light-
emitting semiconductor chip 1 is formed as a so-called flip-

chip.

On the second main surface 142 of the substrate, and thus on
the light-outcoupling surface 13, the light-emitting
semiconductor chip 1 has a surface structure 15, onto which
the wavelength conversion layer 2 is directly applied. Since
in the shown embodiment the second main surface 142 is the
light-outcoupling surface 13 and has the surface structure
15, the wavelength conversion layer 2 is applied directly on
the light-outcoupling surface 13. Preferably, the surface

structure has structure sizes in the order of micrometers.
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As shown in the detailed view in Figure 1B, the substrate 14
can have a further surface structure 16 on the first main
surface 141. Preferably, the further surface structure is in
the order of micrometers. In particular, the first main
surface 141 can be a substantially flat and two-dimensionally
designed surface, on which a plurality of three-dimensionally
designed surface elements is arranged, which project out of
the plane formed by the flat surface. The three-dimensionally
designed surface elements are formed as elevations, which
extend upwards away from the flat surface. The surface
elements can be round and in particular circular when viewed
along the vertical direction, and therefore the surface
elements can be designed as conical elevations.
Alternatively, the further surface structure 16 can comprise
surface elements which have an angular, for example a
hexagonal cross-section when viewed along the vertical
direction, and therefore the surface elements can also be
designed as pyramidal elevations on the flat surface.
Alternatively, the surface elements can be designed as
indentations projecting from the flat surface into the
substrate 14. Similarly to the previously described
elevations, the indentations can, for example, be conical or

pyramidal.

In the shown embodiment, the substrate 14 can comprise or be
made of sapphire, i.e. aluminum oxide. In particular, the
substrate 14 can be designed as a sapphire wafer, on which
the semiconductor layer sequence 10 is grown in a large-scale
manner. The separation of the wafer with the grown
semiconductor layer sequence allows a plurality of light-
emitting semiconductor chips to be produced. The flat surface
of the first main surface 141 is preferably formed by a

crystallographic ¢ surface or (-c¢) surface of the aluminum
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oxide, which is particularly suitable for growing nitride-
based semiconductor materials. Accordingly, the surfaces of
the surface elements of the further surface structure 16 are
formed by a plurality of other crystal surfaces in compliance
with their orientation relative to the flat surface.
Alternatively to the embodiment shown, the substrate 14 can,
for example, also comprise a first main surface 141 formed by
silicon or silicon carbide and can be correspondingly
designed, for example, as a silicon wafer or a silicon
carbide wafer. Furthermore, another possibility is that the
substrate 14 comprises or consists of another material stated
in the general section above. Moreover, the first main
surface 141 can be embodied without the further surface

structure 16.

The wavelength conversion layer 2 can be preferably deposited
on the surface structure 15 by a method chosen from drop-
casting, inkjet printing, layer transfer. The QDs 20 can be
dispersed in a solvent, which can be hexane or chloroform or
other non-polar solvents, and the dispersion can be deposited
on the surface. Afterwards, the solvent can be evaporated so
that substantially only the QDs 20 remain on the surface. As
shown in the detailed view in Figure 1C, the wavelength
conversion layer 2 substantially consists of the QDs 20 and
is free of an organic matrix material or other filler
material. Accordingly, the wavelength conversion layer 2 is
not formed as a composite having a matrix material or filler
material such as polymer or other organic materials. Rather,
the wavelength conversion layer 2 is formed by an assembly of
the QDs 20, wherein the wavelength conversion layer 2 is
formed by the deposition process. Consequently, the
wavelength conversion layer 2 is not a free standing

component as usually used in the art, but is an integrated
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part of the light-emitting device 1 that cannot be removed

without being destroyed.

Due to the surface structure 15, a coffee-stain-like effect
can be avoided during the evaporation of the solvent, so that
a homogeneous covering of the light-outcoupling surface 13
with the QDs 20 can be achieved. The wavelength conversion
layer 2 thus forms a conformal coating of the surface
structure 15. In other words, the wavelength conversion layer
2 covers the surface structure 15 in such way that the
structure of the wavelength conversion layer 2 on the side
remote from the surface structure 15 at least partly
resembles the surface structure 15. It is also possible that
the wavelength conversion layer 2 can at least partly

planarize the surface structure.

As shown in Figures 1A and 1C, the surface with the surface
structure 15 can be a substantially flat and two-
dimensionally designed surface, on which a plurality of
three-dimensionally designed surface elements is arranged,
which project out of the plane formed by the flat surface or
project from the flat surface into the element with the
surface structure 15. Thus, the surface elements can for
instance be elevations in the form of tips and/or peaks or
indentations in the form of pits and/or crevices and/or
grooves. When viewed along the vertical direction, the
surface elements can have a polygonal or round cross-section.
In the shown embodiment, the surface structure 15 comprises
half-sphere-shaped crevices. Figure 2A shows an SEM (scanning
electron microscope) image of a surface structure with the
crevices arranged in a hexagonal order. Figure 2B shows an
SEM image of another surface structure with peaks arranged in

a hexagonal order. In both cases, it can be clearly seen that
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the surface structure is conformally covered by the
wavelength conversion layer substantially consisting of the

ODs.

Since the wavelength conversion layer 2 with the QDs 20 is
deposited directly on the surface structure 15 on the light-
outcoupling surface 13, which in the case of the embodiment
of Figures 1A to 1C is a surface of the substrate 14, the
light-emitting semiconductor chip 1 provides a mechanically
solid, thermally well conductive carrier for holding the QDs
20 in close vicinity to the light-emitting semiconductor
layer 11 that generates the pump light. This arrangement
improves upon previously known free standing QD solutions
requiring a substrate made from (porous) ceramic, glass or
other materials for supporting the QDs. The integrated
arrangement of the QDs 20 allows for an on-chip QD converter,
which is superior in terms of a decreased light loss due to
reduced scattering and provides a high conversion efficiency.
In particular, the wavelength conversion layer can be
embodied in such way that a full conversion is possible, i.e.
that substantially all light emitted by the light-emitting
semiconductor layer towards the wavelength conversion layer
is converted by the QDs. Furthermore, it provides superior
thermal properties with the possibility of active cooling of

the entire structure.

Figures 3A to 3D show method steps of a method for
manufacturing the light-emitting device 100 according to the
embodiment of Figures 1A to 1C. As shown in Figure 3A, in a
first step a substrate 14 is provided, which has a first main
surface 141 with the further surface structure 16 as
explained in connection with Figures 1A to 1C. Alternatively,

the substrate 14 can also be provided with a flat first main
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surface 141 without the further surface structure 16. In
particular, the substrate 14 can be provided as a substrate
wafer so that the following method steps can be performed in
a wafer-based process. The substrate 14, which can be, for
instance, a sapphire substrate as explained above, is a
growth substrate, on which the semiconductor layer seguence
10 is grown as shown in Figure 3B. The semiconductor layer
sequence 10 has a light-emitting semiconductor layer and can

be provided with electrode layers 12 as explained above.

Since the substrate 14 provided as a growth substrate wafer
has a thickness that is much bigger than the desired
substrate thickness in the final light-emitting semiconductor
chip, the substrate 14 is thinned in a further method step in
order to reduce the substrate thickness, as shown in Figure
3C. The thinning can be done for instance by etching or
grinding. Typically, the thickness of the substrate 14 is
reduced to about 150 pm. Alternatively, the final substrate
thickness can be greater or smaller, depending on the desired
properties of the substrate. Afterwards or in connection with
the thinning process, the surface structure 15 is produced on
the side of the substrate 14 remote from the first main
surface 141, thereby forming the second main surface 142 with
the surface structure 15, as shown in Figure 3D. The surface
structure 15 can be formed for instance by an etching
process. As described above, the second main surface 142 of

the substrate 14 forms the light-outcoupling surface 13.

In a further method step the wavelength conversion layer with
QDs is then applied to the light-outcoupling surface 13 and
the wafer is singulated so that a plurality of light-emitting

devices 100 as shown in Figures 1A to 1C is produced.



10

15

20

25

30

WO 2020/109137 PCT/EP2019/082118

_21_

Figures 4A to 4C show method steps of a method for
manufacturing the light-emitting device 100 of Figures 1A to
1C according to a further embodiment. The substrate 14 is
provided with a first main surface 141 and a second main
surface 142, wherein the second main surface 142 is provided
with the surface structure 15 and the first main surface 141
is provided with the further surface structure 16.
Alternatively, the substrate 14 can be provided also with a
flat first main surface 141 without the further surface
structure 16. Consequently, in contrast to the embodiment of
Figures 3A to 3D, the substrate 14 is provided as a wafer
with two structured main surfaces and a thickness which
corresponds to the desired final substrate thickness in the
light-emitting device. Since that thickness is usually too
small for a sufficient stability in the following process
steps, the substrate 14 is mounted with the second main
surface 142 on a temporary carrier 91 by means of a
connection layer 92, which can for instance be an adhesive.
The assembly formed by the temporary carrier 91 and the
substrate 14 has a thickness which can be typically much more

than about 150 pm and provides a sufficient stability.

As shown in Figure 4B, the semiconductor layer sequence 10
and the electrode layers 12 are deposited on the first main
surface 141 as explained above. Afterwards, as shown in
Figure 4C, the temporary carrier 91 and the connection layer
92 are removed by a lift-off process to release the substrate
14 with the chip layers deposited thereon from the temporary
carrier 91. As described above, the now uncovered second main
surface 142 of the substrate 14 forms the light-outcoupling
surface 13. In a further method step the wavelength

conversion layer with QDs is applied to the light-outcoupling
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surface 13 and the wafer is singulated into a plurality of

light-emitting devices 100 as shown in Figures 1A to 1C.

In the following Figures further embodiments of the light-
emitting device 100 are shown, which are modifications of the
previously described embodiments. The following description
therefore mainly concentrates on the difference to the

foregoing embodiments.

In Figure 5 a further embodiment of the light-emitting device
100 is shown, which has an interlayer 3 that is arranged on a
surface of the light-emitting semiconductor chip 1. In
particular, the interlayer 3 is arranged on, preferably
directly on the light-outcoupling surface 13. The interlayer
3 can be deposited for example by a pulsed laser deposition
(PLD) process or can be glued to the second main surface 142.
As shown in Figure 5, the light-outcoupling surface 13, which
is the second main surface 142 of the substrate 14 in the
present embodiment, can be flat and without a surface
structure. Alternatively, the light-outcoupling surface 13
can have a surface structure and the interlayer 3 can be
deposited directly on the surface structure of the light-

outcoupling surface 13.

The wavelength conversion layer 2 is deposited on the
interlayer 3, preferably directly on the interlayer 3. The
interlayer 3 has a surface that is remote from the light-
outcoupling surface 13 and that has a surface structure 15.
As shown, the wavelength conversion layer 2 is directly
deposited on the surface structure 15 of the interlayer 3.

The surface structure 15 can be embodied as described above.
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Preferably, the interlayer 3 comprises or consists of a
wavelength conversion material. The wavelength conversion
material, which can be different from QDs, can be suitable
for converting at least some of the light emitted by the
light-emitting semiconductor chip 1 into light with a
different wavelength, which can be also different from the
wavelength of the light that is emitted by the wavelength
conversion layer 2. For instance, the interlayer 3 can
comprise a ceramic wavelength conversion material, which can
be in the form of a ceramic layer or in the form of particles
dispersed in a matrix material. The wavelength conversion
material of the interlayer 3 can comprise for example YAG
and/or LuAG or another garnet, and can be doped for instance
with Ce. The combination of the light-emitting semiconductor
chip 1, the wavelength conversion layer 2 with the QDs and
the interlayer 3 with the wavelength conversion material can
preferably result in a white-light-emitting device 100 with
an integrated QD layer.

In Figures 6A and 6B a further embodiment of the light-
emitting device 100 is shown, which has an encapsulation
layer 4 that is arranged on the wavelength conversion layer
2. Figure 6B shows a detailed view of a part of the light-
emitting device 100 of Figure 6A.

Preferably, the encapsulation layer 4 is transparent and can
be arranged directly on the wavelength conversion layer 2 as
shown in Figures 6A and 6B, so that the encapsulation layer 4
is arranged in direct contact with at least some of the QDs
of the wavelength conversion layer 2. The encapsulation layer
4 can comprise or consist of one or more layers which are
responsible for a barrier effect of the encapsulation layer

4. The one or more layers can comprise one or more inorganic
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and/or organic materials as described above in the general
part. Preferably, the encapsulation layer 4 has a layer
sequence having a plurality of layers, for instance a
plurality of only inorganic layers or a plurality of
inorganic and organic layers, which are alternately arranged
on top of each other. By way of example, in the detailed view
in Figure 6B three layers 41, 42, 43 of the encapsulation
layer 4 are shown. Alternatively, the encapsulation layer 4

can have less than or more than three layers.

Throughout the embodiments explained above, the light-
outcoupling surface 13 is formed by the second main surface
142 of the substrate 14. In this way it is possible to
manufacture the light-emitting device 100 as a conversion
light-emitting device utilizing a 1- or 2-side structured-
surface substrate, in particular made from sapphire, and an
integrated QD film formed by the wavelength conversion layer
2 deposited on one of the structured surfaces of the
substrate 14 or of an interlayer 3 on the substrate 14. By
introducing a suitable topography on the non-epitaxy side of
the substrate it is possible to use the conventional process
flow for manufacturing the light-emitting semiconductor chip
in combination with the incorporation of the wavelength
conversion layer, specifically formed by QODs. As explained
above, after fabrication of the light-emitting semiconductor
chip, which can be for instance a blue-light-emitting
semiconductor chip, the QD film is deposited on the surface

structure.

Furthermore, it is also possible that the light-emitting
semiconductor chip comprises a carrier substrate, to which
the semiconductor layer sequence has been transferred after

having grown the semiconductor layers on a growth substrate.
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In this case, the light-outcoupling surface can be formed by
another surface of the light-emitting semiconductor chip. For
example, the light-outcoupling surface 13 can be a surface of
the semiconductor layer sequence 10 as shown in the detailed
view in Figure 7. The wavelength conversion layer 2 can be
deposited directly on a surface structure 15 on the light-
outcoupling surface 13 of the semiconductor layer sequence
10. Alternatively, an interlayer, which can comprise a
transparent material and/or a wavelength conversion material,
can be arranged on the light-outcoupling surface 13 of the
semiconductor layer sequence 10 and the wavelength conversion

layer 2 can be deposited on the interlayer.

Since in all embodiments the wavelength conversion layer with
the QDs is an integral part of the light-emitting device, it
is possible to fabricate a solid QD-containing assembly with
the possibilities of improved control and stability of the
position of the QDs as well as protection and encapsulation
of the QDs. Furthermore, the integrated QD containing
wavelength conversion layer allows for an improved color
adjustment of the light-emitting device. Since the deposition
of the wavelength conversion layer with the QDs can be
integrated in a conventional design and process flow for
manufacturing light-emitting semiconductor chips, a cost
reduction in comparison to approaches with free standing QD

converters is possible.

Alternatively or additionally to the features described in
connection with the Figures, the embodiments shown in the
Figures can comprise further features described in the
general part of the description. Moreover, features and
embodiments of the Figures can be combined with each other,

even i1f such combination is not explicitly described.
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The invention is not restricted by the description on the
basis of the exemplary embodiments. Rather, the invention
encompasses any new feature and also any combination of
features, which in particular comprises any combination of
features in the patent claims, even if this feature or this
combination itself is not explicitly specified in the patent

claims or exemplary embodiments.
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1 light-emitting semiconductor chip
2 wavelength conversion layer

3 interlayer

4 encapsulation layer

10 semiconductor layer sequence

11 light-emitting semiconductor layer
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137 rear-side surface

1377 side surface
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100 light-emitting device

141 first main surface

142 second main surface
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Claims

1. Light-emitting device (100), comprising

a light-emitting semiconductor chip (1) having a
semiconductor layer sequence (10) comprising at least
one light-emitting semiconductor layer (11) and a light-
outcoupling surface (13),

a wavelength conversion layer (2) arranged on the light-
outcoupling surface, wherein the wavelength conversion

layer comprises quantum dots (20).

2. Light-emitting device according to claim 1, wherein the
wavelength conversion layer is free of an organic matrix

material.

3. Light-emitting device according to claim 1 or 2, wherein
the wavelength conversion layer substantially consists

of the gquantum dots.

4, Light-emitting device according to any of the preceding
claims, wherein a surface structure (15) is provided on
the light-outcoupling surface and the wavelength
conversion layer is deposited directly on the surface

structure.

5. Light-emitting device according to any of the preceding
claims, wherein the light-outcoupling surface is a

surface of the semiconductor layer seguence.

6. Light-emitting device according to any of the preceding

claims,
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wherein the light-emitting semiconductor chip comprises a
substrate (14) with a first main surface (141) and a
second main surface (142),

wherein the semiconductor layer sequence is arranged on the
first main surface,

wherein the wavelength conversion layer is arranged on the

second main surface.

7. Light-emitting device according to claim 6, wherein the
second main surface is the light-outcoupling surface and

has the surface structure.

8. Light-emitting device according to claim 6 or 7, wherein
the first main surface has a further surface structure
(16) and the semiconductor layer seguence is grown on

the further surface structure.

9. Light-emitting device according to any of the preceding
claims,

wherein an interlayer (3) is arranged on the light-
outcoupling surface,

wherein the interlayer has a surface that is remote from the

light-outcoupling surface and has the surface structure.

10. Light-emitting device according to claim 9, wherein the

interlayer comprises a wavelength conversion material.

11. Light-emitting device according to any of the preceding
claims, wherein an encapsulation layer (4) is deposited

on the wavelength conversion layer.

12. Light-emitting device according to claim 11, wherein the

encapsulation layer comprises a plurality of layers.
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13. Method for manufacturing a light-emitting device (100),

wherein a light-emitting semiconductor chip (1) is provided,
the light-emitting semiconductor chip having a
semiconductor layer sequence (10) comprising at least
one light-emitting semiconductor layer (11) and a light-
outcoupling surface (13),

wherein a wavelength conversion layer (2) is deposited on the
light-outcoupling surface, wherein the wavelength

conversion layer comprises quantum dots (20).

14. Method according to claim 13, wherein the wavelength
conversion layer is deposited by at least one of drop-

casting, inkjet printing, layer transfer.

15. Method according to claim 13 or 14, wherein a surface
structure (15) is provided on the light-outcoupling
surface and the wavelength conversion layer is deposited

directly on the surface structure.

16. Method according to any of claims 13 to 15,

wherein a substrate (14) with a first main surface (141) and
a second main surface (142) is provided,

wherein the semiconductor layer sequence is grown on the
first main surface,

wherein the wavelength conversion layer is deposited on the

second main surface.

17. Method according to claim 16, wherein the surface

structure is produced in the second main surface.

18. Method according to claim 16 or 17,
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wherein the surface structure is provided in the second main
surface before the semiconductor layer sequence is
arranged on the first main surface,

wherein the substrate is arranged with the second main
surface on a temporary carrier (91) before the
semiconductor layer sequence is arranged on the first
main surface, and

wherein the temporary carrier is removed after the
arrangement of the semiconductor layer sequence on the
first main surface, thereby exposing the surface

structure on the second main surface.

19. Method according to any of claims 16 to 18, wherein the
surface structure is provided on the second main surface
after the semiconductor layer sequence is arranged on

the first main surface.

20. Method according to any of claims 16 to 19, wherein the
substrate is thinned before the surface structure is
provided on the second main surface and after the
semiconductor layer sequence is arranged on the first

malin surface.
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