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LED MESA SIDEWALL ISOLATION BY ION IMPLANTATION

FIELD

This invention relates to fabrication of light emitting diodes (LEDs) and, more particularly,
o isolation of LED sidewalls.

BACKGROUND

ion impilantation is a standard technigue for introducing conductivily-aitering impurities
into a workpiece. A desired impurity material is ionized in an ion source, the ions are accelerated
to form an ion beam of prescribed energy, and the ion beam is directed at the surface of the
workpiece. The energetic ions in the beam penetrate into the bulk of the workpiece material and
are embedded into the crystalline lattice of the workpiece material to form a region of desired
conductivity.

LEDs are built on a substrate and are doped with impurities to create a p-n junction. A
current flows from the p-side, or anode, to the n-side, or cathode, but not in the reverse direction.
Electrons and holes flow into the p-n junction from electrodes with different voltages. f an
electron meets a hole, it falls into a lower energy level and releases energy in the form of a
photon. The wavelength of the light emitied by the LED and the color of the light may depend on
the band gap energy of the materials forming the p-n junction.

The LED mesa is isolated or passivated in some instances. This may involve a coating to
prevent current leakage or shorting on the sidewalls of the mesa. Some methods invoive a
photolithographic patterning step prior to adding a dielectric thin film, but such methods involve
extra process steps, complexity, and cost. Accordingly, there is a need in the art for improved
methods of isclation in LEDs.

SUMMARY

According to a first aspect of the invention, a method of ion implantation is provided. The
method comprises implanting ions into a portion of a structure through a coating on the structure.
The structure defines a first surface and a plurality of second surfaces adjacent to the first
surface. The ions penetrate the coating to a second depth in the second surfaces different from
a first depth in the first surfaces.

According to a second aspect of the invention, 2 method of LED manufacturing is
provided. The method comprises depositing a coating on a structure that defines a first surface
and a plurality of second surfaces that are at an angle relative to the first surface. Afirst
implantation of ions through the coating is performed. Implanted regions are formed only within
the second surfaces.

According to a third aspect of the invention, a method of LED manufacturing is provided.
The method comprises depositing a coating on a mesa defining a top surface and at least two

sidewali surfaces. The mesa has an nGaN layer, a pGaN layer, and a guantum well. The coating
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defines a first thickness on the top surface and a second thickness on the sidewall surfaces. The
second thickness is less than the first thickness. lons are implanted through the coating into the
mesa in at least one on implantation step. The Implantation is af an angle that is not
perpendicular to the top surface. Implanted regions are formed only within the sidewall surfaces
of the mesa. The coating is removed from the mesa.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present disclosure, reference is made to the
accompanying drawings, which are incorporated herein by reference and in which:

FIG. 1 is a cross-sectional side view of LED structure;

FIG. 2 is a cross-sectional side view of a first step in an LED manufacturing process;

FIG. 3 is a cross-sectional side view of a second step in an LED manufacturing process;

FIG. 4 is a cross-sectional side view of a third step in an LED manufacturing process;

FIG. 5 is a cross-sectional side view of a fourth step in an LED manufacturing process;

FiGs. 8 and 7 ars top cross-sectional views of implaniation intc an LED messg;

FIG. 8 is a cross-sectional side view of a second embodiment of implantation during an
LED manufacturing process; and

FIG. 2 is a cross-sectional side view of a third embodiment of implantation during an LED
manufacturing process.

DETAILED DESCRIPTION

The embodiments are described herein in connection with ion implantation of LEDs, but
these embodiments alsc may be used with other semiconductor or workplece manufacturing
processas. A beam-ine ion implanter, plasma doping ion implanter, plasma tool that modifies a
plasma sheath, an implanter that creates a focused ion beam, or other ion implantation systems
known o those skilied in the art may be used for the embodiments described herein.
Furthermore, the embodiments described herein may apply to many different LED architectures
known to those skilled in the art different from those disclosed. Thus, the invention is not limited
1o the specific embodiments described helow.

Embodiments herein use ion implant to passivate or isclate the LED mesa sidewalis
without using a photolithographic process. This will reduce the cost and manufacturing time
compared 1o existing processes by avoiding process steps typically used 1o expose the mesa
sidewalls while protecting the top surface of the LED from the ion beam. Some processes
typically include spinning, baking, exposing, and developing photoresist. The steps may ailso
include depositing a diglectric coating or a metal, and subsequently etching the coating or the
metal from the sidewall after proiecting it using photoresist. Each of these additioﬁal steps adds
cost and cycle time to the LED manufacturing process, which is undesirable. isolation or

passivation will protect the LED from unexpected current leakage or conirol the effective current

2
SUBSTITUTE SHEET (RULE 26)



(¥4

10

20

30

WO 2012/109110 PCT/US2012/023805

passing through an active region of the LED. Leakage currents are dstrimental to the LED
performance because the electrical carriers flowing through thase leakage paths do not
contribute to the generation of useful light in the active region of the device. Leakage current
aiso may short to adjacent LED devices or parts during packaging, which may cause degradation
of device reliability or, in extreme cases, device failure.

FiG. 1is a cross-sectional side view of LED structure. The LED 100 includes a pGaN layer
104, nGaN layer 102, quantum well 103, and substrate 104. The quantum well 103 inone
instance is a multiple quantum well (MQW) or an MQW stack. The pGaN layer 101 and nGaN
layer 102 may be grown using metal organic chemical vapor deposition (MOCVD) in one instance,
While the sidewall 107 of the mesa 105 is shown perpendicular 1o the surface 108 of the
substrate 104 and the top 111 of the mesa 105, the sidewalls 107 may be angled with respect
to the substrate 104 in some instances. For exampie, the sidewalls 107 may be at an
approximately 60° to 80¢ angle relative to the substrate 104 or top 111. Thus, the mesa 105
may be polygonal in shape rather than sguare or rectangular. The rectangular mess 105 1is
merely Hlustrative. Whils only two sidewalls 107 are illustrated in FIG. 1 because it is a ¢cross-
sectional view, the mesa 105 may have four or more sidewalis 107. The sidewalis 107 aiso may
be referred 1o as second surfaces and the fop 111 may be referred {0 as a first surface.

FIG. 2 is a cross-sectional side view of a first step in an LED manufaciuring process. A
coating 106 is applied to the LED 100. This coating 106 may be a sheet dielectric or other hard
masking material. For example, silicon dioxide, silicon nitride, a metal, g polymer, some other
organic compound, or other materials known to those skilled in the art may be used. Photoresist
may be one example of a polymer used as the coating 106. Chemical vapor deposition (CVD),
MOCVD, physical vapor deposition (PVD), electron beam or thermal evaporation, atomic layer
epitaxy, other epitaxy processes, pasie processss, spray processes, spin coating processes, or
other methods known to those skilled in the art may be used to apply the coating 106.

The coating 106 may be thinner on the sidewalls 107 of the mesa 105 than the surface
108 of the substrate 104, which may include a trench bottom, or the top 111 of the mssa 108,
Thus, a first thickness is disposed on the top 111 and surface 108 and a second thickness is
disposed on the sidewalis 107. This second thickness is smaller than the first thickness. The
difference in coating 106 thicknesses may be caused by, for example, differences in angles of
deposition or application relative 1o the substrate 104. For example, if the direction of deposition
or application of the coating 106 is perpendicular fo the top 111 of the mesa 105, then the
sidewalls 107 may be exposed 1o less of the material that is deposited {0 form the coating 106.

The thickness differences of the coating 106 on the sidewalls 107 and other surfaces
108 may be enhanced by process parameters. The thickness difference on the various surfaces

of the LED 100 may be between approximately 2x and 4x in one instance, but cther differences
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or measurements are possible. The coating 106 may be applied across gl or pari of the
substrate 104.

FIG. 3 is a cross-sectional side view of a second step in an LED manufacluring process.
The LED 100 is tilted with respect to the ions 109 that are implanted. Thus, the ions 109 are
implanted at an angle with respect to the top 111 of the mesa 105 that is not perpendicular to
the top 111 of the mesa 105. This tilted implant of the LED 100 enables the sidewalls 107 to be
implanted. An implant perpendicular to the top 111 of the mesa 105 would reduce or prevent
ions 108 from implanting the sidewalis 107 of the mesa 103. The ions 109 may be, for example,
at least one of nitrogen, hydrogen, helium, argon, oxygen, magnesium, boron, carbon, iron,
phosphorus, germanium, silicon, aluminum, fluorine, zinc, other noble gases, other dopanis, or
other species known to those skilled in the art. Larger ions 109, such as zinc, may create more
damage per unit dose, but smaller ions 109 also may be used depending on the ion beam
parameters. Other ions 109, such as fluorine, may increase the bandgap of the compound
semiconductor or have some other chemical effect. In ons Instance, the LED 100 may be tilted
60c with respect to the ions 109, but other angles are possible. This may involve tilting a platen
holding the LED 100, varying the implant angle of the ions 109, or both.

The ions 109 penetrate through the coating 106 on the sidewalls 107 of the mesa 105.
If there is a thickness difference in the coating 106 between the sidewalls 107 and surfaces 108
or top 111, then the mesa 105 or LED 100 may not be implanted through the coating 106 on the
surfaces 108 or top 111 partly due to the angle of implantation reiative to these surfaces and
partly due to the thickness difference of the coating 106. The implant energy of the ions 108
also may be adjusted to obtain the desired implant depth.

In one particular embodiment, at least two implant steps are performed to implant all
sides of the mesa 105. in another particular embodiment, four implant steps are performed. In
vet another particular embodiment, only a single implant step is performed. These may use
single or chained doses 1o form either a Gaussian profile or a box profile.

FiGs. 6 and 7 are {op cross-sectional views of implantation into an LED mesa. In FIG. 6,
the ions 109 are implanted intc the sidewall 107 of the mesa 105 through the coating 106 1o
form an implanted region 110 (illustrated by the hash marks). This implanted region 110isin
one sidewall 107 because the ions 109 are implanted only into one sidewall 107 of the mesa
105. In contrast, FIG, 7 illustrates an embodiment where a single implant of ions 108 can form
implanted regions 110 in two sidewalls 107 of the mesa 105. This is because the mesa 105 is
orientated with respect 1o the ions 109 such that multiple sidewalls 107 are exposed 1o the ions
108. Using the embodiment of FiG. 7, two implants of ions 1G9 can be used to form implanted

regions in four sidewalls 107 of the mesa. Of course, four implants of ions 109 may be used to
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implant all four sidewalls 107 using the embodiment iHlustrated in FIG. 6 or fewer than all the
sidewalls 107 may be implanted with the ions 109.

FIG. 4 is a cross-sectional side view of a third step in an LED manufacturing process. The
coating 108 and LED 100 have an implanted region 110 (illustrated by the hash marks). This
implanted region 110 extends into the mesa 105 on the sidewalis 107, but only extends inio the
coating 106 on the other surfaces 108 or top 111. Thus, the penetration depth (Rp) is different
into the sidewalls 107 compared to into the surface 108 or top 111. The dose and energy of the
implanted ions, such as ions 109 in FIG. 3, may be configured to create the implanted region
110 in the sidewalls 107 of the mesa 105, but not the surface 108 or top 111 of the LED 100.
In one instance, the implant energy is between approximately 1 eV 1o 100 MeV and the implant
dose is between approximately 1E5 ecm? 10 1E23 cm2.

The Rp is configured in one embodiment to extend to a particular depth into the coating
106. in locations where the thickness of the coating 106 is less than the Rp inio the coating 1086,
then an implanted region 110 wiil be formed below or through the coating 106.

FIG. 5 is a cross-sectional side view of a fourth step in an LED manufacturing process.
The coating 1086 is removed. In one embodiment, a chemical process is used to remove the
coating. implanted regions 110 are retained on or in the sidewalls 107 of the mesa 105. These
implanied regions 110 can isolate or passivate the LED 100. In one emboediment, the implanted
regions 110 have a depth between approximately 30 nm to 200 nm into the mesa 105. The use
of the coating 106 may increase the longitudinal straggle of the ions in the sidewalls 107
depending on the ratio of thickness of the coating 106.

The implanted regions 110 may be in the entirety of the sidewalis 107 of the mesa 105.
The implant angle may be configured to form such implanted regions 110. Yetin the
embodiment of FIG. B, the implanted regions are in the sidewalls 107 of the pGaN layer 101, the
guantum well 103, and part of the nGaN layer 102. This may be partly due to the thickness of
the coating on the surface 108 because it may block some of the ions that were implanted. it
may be sufficient if only the sidewalls 107 of the pGaN layer 101 and quantum well 103 are fully
isolated or passivated. Of course, other embodiments are possible,

While the implanted regions 110 also are illustrated in FIG. S in part of the top 111 (ina
region equivalent to the depth of the implanted regions 110), this may not occur in one
embodiment depending on the thickness of the coating 106 or angle of implant of the ions 108.
Thus, only part of the pGaN layer 101 may be implanted in this embodiment. Even if part of the
top 111 is implanted to form the implanted regions 110 in the sidewalls 107 as illustrated in FIG.
5, the implanted regions 110 are primarily formed in the sidewalis 107 and a majority or at least

part of the top 114 is not implanted.
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In anocther embodiment, the coating 1086 has a uniform thickness on all surfaces. If the
coating 106 has a uniform thickness, a similar effect may be obtained by changing the implant
angle of the ions 109. This is illustrated in FIG. 8. The ions 109 are implanted at an energy
sufficient to penetrate the coating 106. A neighboring mesa 112 may block or shadow the ions
109 from implanting the surface 108 of the substrate 104. The orientation of the ions 109 with
respect to the mesa 105 also prevent formation of an implanted region 110 (illustrated by the
hash marks) from forming on all the sidewalls 107 of the mesa 105. Unless the implanted at an
angle and energy configured to avoid implanting the top 111, the implanted region 110 may form
inthe top 111 of the masa 105, This is because the coating 106 has a uniform thickness and
there is no thickness variation to prevent ions 109 from penetrating through the coating 106.
Muitiple implants may be performed using the embodiment of FIG. 8 1o impiant ali sides of the
mesa 105, The implanted region 110 on the top 111 of the mesa 105 may be removed in cne
embodiment.

In an alternate embodiment of FIG. 8, the ions 109 are implanted at a steep angle with
raspect to the top 111 of the mesa 105. This reduces or avoids implantation into the top 111
even though the coating 108 has a uniform thickness. The energy of the ions 108 also is
configured to reduce or avoid implantation into the top 111. This embodiment resuits in
implantation primarily or only into the sidewalls 107 even though the coating 106 has a uniform
thickness.

In yet ancther alternate embodiment Hliustrated in FIG. 9, a protective layer 113 exists on
the top 111 of the mesa 105. The protective layer 113 aiso may be disposed on other surfaces
of the LED 100. The protective laver 113 may be used for patterning the mesa 105 or forming
trenches, for example. This protective layer 113 may further protect the mesa 105 from the ions
108 by supplementing the coating 106. It also may eliminate the need for a coating 106 with
different thicknesses on different regions of the LED 100. If the coating 106 has a uniform
thickness, this protective layer 113 may increase the total distance of the cuter surface of the
coating 106 and the top 111 of the mesa 105 such that the ions 109 are unabie 10 penetrate
into the top 111 and form an implanted region 110. Instead, the implanted region 110 is only
formed in the coating 106 and protective layer 113 on the top 111 of the mesa 105. Of course,
this protective iayer 113 may be used with a coating 106 that has two different thicknesses.
Muitiple implants may be performed using the embodiment of FIG. 8 1o implant ail sides of the
mesa 108.

In yet another alternate embédiment, the coating 106, which may have different
thicknessés on different parts of the LED 100 or a uniform thickness on the LED 100, includes a
dopant. The implanted ions 109 knock-in or drive-in some of this dopant into the LED 100 during

the implant process. Thermal diffusion also may be used to drive-in some of this dopant from the
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coating 106 into the LED 100. This dopant may supplement the ions 109 in forming the
implanted regions 110. The dopant in the coating 106 may be different than the species of ion
109. This may reduce the number of implant steps or implant species needed to form the
implanted regions 110. iIn one instance, silicon or oxygen from a dieleciric coating 106 may be
driven into the LED 100 to form insulating traps in the LED 100. In another instance, carbon
from an organic or polymer coating 106 may be driven into the LED 100 to form insulating
regions in the LED 100.

The embodiments disclosed herein may be applied to any type of LED sidewall or surface
isolation, including for vertical LEDs, lateral LEDs, other LED arrays, high voltage (HV) LEDs, and
alternating current (AC) LEDs. While illustrated as being made of GaN, the LEDs also may be
made of or include at least one of AlGalnP, GaAs, GaP, Zn0, or other materials known to those
skilled in the art. These other materials may be doped to different conductivilies.

The present disclosure is not to be limited in scope by the specific embodiments
described herein. Indeed, other various embodiments of and modifications {o the present
disclosure, in addition to those described herein, will be apparent to those of ordinary skill in the
art from the foregoing description and accompanying drawings. These other embodiments and
modifications are intended to fall within the scope of the present disclosure. Furthermore,
although the present disclosure has been described herein in the context of a particular
implementation in a particular environment for a particular purpose, those of ordinary skill in the
art will recognize that its usefulness is not limited thereto and that the present disclosure may be
beneficially implemented in any number of environments for any number of purposes.
Accordingly, the claims set forth below should be construed in view of the full breadth and spirit

of the present disclosurs as described hersin.
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What is claimed is:

10.

i1

12.

A method of ion implantation comprising:

implanting ions into a portion of a structure through a coating on said structure, said
structure defining a first surface and a plurality of second surfaces disposed adjacent
1o sald first surface, wherein said lons penetrale said coating 1o a second depth in said
second surfaces different from a first depth in said first surfaces.

The method of claim 4, wherein said first depth is zero and only said second surfaces
are implanted.

The method of claim 1, wherein said structure comprises an nGaN layer, a pGaN layer,
and a guantum well.

The method of claim 4, wherein said ions are selected from the group consisting of
nitrogen, hydrogen, oxygen, magnesium, carbon, iron, germanium, silicon, aluminum,
fluorine, zinc, a noble gas, a p-type dopant, and an n-type dopant and wherein said
coating is selected from the group consisting of silicon dioxide, silicon nitride, a meial,
and a polymer.

The method of claim 1, wherein said coating defines a first thickness on said first
surface and a second thickness on said second surfaces, wherein said second
thickness is less than said first thickness.

The method of claim 1, wherein said ions are implanted at an angle relative {o said first
surface that is not perpendicular to said first surface.

The method of claim 1, wherein said implanting comprises a first implant stepand a
sacond implant step.

The method of claim 4, wherein said coating comprises a dopant and said implanting
comprises knocking in said dopants into said structure.

A method of LED manufacturing comprising:

depositing a coating on a structure that defines a first surface and a plurality of second
surfaces that are at an angle relative to said first surface;

performing a first implantation of ions through said coating; and

forming implanted regions only within said second surfaces.

The method of claim 9, wherein said structure comprises an nGaN layer, a pGaN layer,
and a quantum well.

The method of claim 10, wherain said implanted regions are disposed within said
quantum well and at least part of said nGaN layer and said pGaN layer.

The method of claim 9, wherein said ions are selected from the group consisting of

nitrogen, hydrogen, oxygen, magnesium, carbon, iron, germanium, silicon, aluminum,
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13

14.

15.

18.

17.
18.

20,

fluorine, zinc, a noble gas, a ptype dopant, and an n-iype dopant and wherein said
coating is selected from the group consisting of silicon dioxide, silicon nifride, a metal,
and a polymer,

The method of claim 9, wherein said coating defines a first thickness on said first
surface and a second thickness on said second surfaces, wherein said second
thickness is less than said first thickness.

The method of claim 8, wherein said first implantation is al an angle relative to said
first surface that is not perpendicular to said first surface.

The method of claim 9, further comprising parforming a second impianiation of said
fons through said coating.

The method of claim 9, wherein said coating comprises a dopant and said first
implantation comprisas knocking in said dopants into said structure.

The method of claim 9, further comprising removing said coating.

A method of LED manufacturing comprising:

depositing a coating on a mesa defining a top surface and at least two sidewall
surfaces, said mesa comprising an nGaN layer, a pGaN layer, and a quantum well, said
coating defining a first thickness on said top surface and a second thickness on said
sidewall surfacss, wherein said second thickness is less than said first thickness;
implanting ions through said coating into said mesa in at least one ion implantation
step, wherein said implanting is at an angle that is not perpendicular to said top
surface;

forming impianted regions only within said sidewall surfaces of said mesa; and
removing said coating from said mesa.

The method of claim 18, wherein said implanted regions are disposed within said
quantum well and at least part of said nGaN layer and said pGaN laver.

The method of ciaim 18, wherein said ions are selected from the group consisting of
nitrogen, hydrogen, oxygen, magnesium, carbon, iron, germanium, silicon, aluminum,
fluorine, zinc, a noble gas, a piype dopant, and an n-type dopant and wherein said
coating is selected from the group consisting of silicon dioxide, silicon nitride, a metal,

and a polymer.
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