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(57) Abstract: A light emitting diode formed from nitride semiconductors with an active, light-emitting junction (22) including
a p-type region (20) incorporates a tunnel junction (14) with a highly-doped p+ layer (18) proximate to the p-type region of the
active junction and a highly-doped n+ layer (16) remote from the active junction. A p-side conductive layer (12) formed from n-type
nitride semiconductor is conductively connected to the n+ layer (16). An n-side conductive layer (24), also formed from n-type
nitride semiconductor is conductively connected to the n-type region of the active junction. Electrodes (26, 28) are conductively
connected to the conductive layers (12,24). The tunnel junction (14) is reverse biased during operation. The LED does not require a

transparent electrode in contact with p-type nitride semiconductor.
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NITRIDE SEMICONDUCTOR LED WITH TUNNEL JUNCTION
TECHNICAL FIELD

The present invention relates to light emitting diodes
formed from nitride semiconductors such as gallium nitride
based semiconductors.

BACKGROUND ART

Light emitting diodes formed from nitride semiconductors
can provide certain desirable properties. For example, diodes
formed from certain nitride semiconductors emit in the blue and
ultraviolet spectral regions.

As used in this disclosure, the term “III-V semiconductor”
refers to a material according to the stoichiometric formula
AlaInbGacNxAsyPz. In a perfectly stoichiometric III-V
semiconductor, (a + b + ¢) = (x + y + z) =1.0. The term
“nitride semiconductor” refers to a III-V semiconductor in
which x is 0.5 or more, most typically 0.8 or more. The term
“pure nitride semiconductor” refers to a nitride semiconductors
in which N constitutes essentially all of the Group V atoms in
the semiconductor, and hence x is about 1.0. The term "gallium
nitride based semiconductor" as used herein refers to a nitride

semiconductor including gallium. p-type and n-type

- conductivity may be imparted to III-V semiconductors by

conventional dopants and may also result from the inherent
conductivity type of the particular semiconductor material.
For example, gallium nitride based semiconductors typically are
inherently n-type when undoped. n-type nitride semiconductors
may include conventional electron donor dopants such as Si, Ge,
S, and O, whereas p-type nitride semiconductors may include
conventional electron acceptor dopants such as Mg and Zn.
Semiconductor light emitting diodes or “LEDs” typically
include a semiconductor structure having p-type and n-type
regions and an active Jjunction 'between such regilons. The
structure is typically in the form of layers of material having

different compositions, ordinarily formed by epitaxially
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growing successive layers. The direction through the various
layers in the stack is commonly referred to as the vertical
direction. The junction between the p-type and n-type material
may include directly abutting p-type and n-type layers, or may
include one or more intermediate layers which may be of any
conductivity type or which may be very thin semi-insulating
layers of no distinct conductivity type. The device also
includes an electrode in contact with the p-type region and
another electrode in contact with the n-type region.

In operation of the LED, a voltage is applied by an

external source through the electrodes so that the active

junction is forward-biased (n-type region at a negative
potential with respect to the p-type region). The applied
potential causes a current to flow through the device. The

current is carried by electrons and electron vacancies or
“holes” which move toward the junction, and recombine with one
another at the Jjunction. Energy released by electron-hole
recombination is emitted as light. As used in this disclosure,
the term "light"™ includes radiation in the infrared and
ultraviolet wavelength ranges, as well as the visible range.
The wavelength of the light emitted by an LED depends on
factors including the composition of the semiconductor
materials and the structure of the active junction.

Most nitride LEDs are formed with a p-type layer at the
top of the stack. Because the carrier (hole) mobility in p-
type nitride semiconductors is relatively low, the p-type layer
exhibits a high resistance to current flow in the horizontal
directions. This. tends to promote “current crowding”, or
concentration of the vertical current through the stack in a
small region beneath the electrode in contact with the p-type
layer. To alleviate this problem, the electrode in contact
with the p-type layer extends over substantially the entire top
surface, so that conductivity of the electrode promotes

horizontal spreading of the current.
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The light emitted at the Jjunction must pass out of the LED
to be of any use. The light emitted at the junction typically
propagates in all directions within the LED, so that emitted
light passes to the substrate at the bottom of the LED; to the
sides of the LED and to the top of the LED. Thus, it is
desirable to assure that light passing to the top of the LED
can pass out of the LED. As used herein, the term “top-emitting
LED” refers to an LED in which light can pass out of the top
surface of the LED. A top-emitting LED optionally may be
arranged to emit light through the bottom, through the sides,
or both, in addition to emission through the top surface. The
electrode of a top-emitting LED is normally substantially
transparent to allow light emitted at the active junction to
pass out of the device through the electrode. Typically, the
electrode will transmit about 80% or more of the light at the
emission wavelength impinging on the electrode from the active
junction. For example, a conductive transparent electrode with
good ohmic contact to p-type gallium nitride can be formed from
a high work function metal such as gold, platinum or palladium,
most typically gold, in combination with a p-type, transparent
oxide semiconductor such as nickel oxide.

However, despite the effort devoted to development of
nitride semiconductor LED’s, still further improvement would be
desirable. For example, the electrode materials which make
ohmic contact with p-type nitride semiconductors typically must
be formed from different metals than the electrodes which make
contact with  the n-type semiconductors. This requires
additional steps in the manufacturing process. Moreover, a
transparent electrode which is not perfectly transparent, and
hence absorbs some of the 1light passing through it. This
reduces the amount of useful light reaching the exterior of the
die, and thus reduces the external quantum efficiency of the
LED. Efforts to minimize this effect by minimizing the

thickness of the transparent electrode reduce the conductivity
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4
of the transparent electrode and thus reduce its effectiveness
in alleviating current crowding.

For these and other reasons, it would be desirable to
provide a nitride LED which does not require an electrode in
contact with a p-type layer. It would be particularly desirable
to provide a top-emitting nitride LED which does not require a
transparent electrode on a p-type layer.

SUMMARY OF THE INVENTION

One aspect of the present invention provides a nitride
semiconductor LED having n-type nitride semiconductor
conductive layers on both sides of the active junction. The n-
type conductive layer on the n-side of the active junction is
referred to herein as the n-side conductive layer, whereas the
n-type conductive layer on the p-side of the active junction is
referred to herein as the p-side conductive layer. A tunnel
junction is interposed between the p-type layer of the active
junction and the p-side conductive layer. The tunnel junction
is defined by highly doped p-type (“p+”) and n-type (“n+”)
layers, with the n+ layer disposed on the side of the tunnel
junction remote from the active Jjunction. n-side and p-side
electrodes are conductively connected to the n-side and p-side
conductive layers, respectively. In operation, the n-side
electrode, and hence the n-side conductive region 1s at a
negative potential with respect to the p-side electrode and p-
side conductive region, so that the active junction is forward-
biased whereas the tunnel junction is reverse biased. Because
a tunnel junction conducts with low resistance in the reverse-
bias mode, it does not substantially impede current flow
through the device or appreciably increase the power
consumption of the device.

The p-side conductive layer provides substantial
horizontal conductivity on the p-side of the active junction.
Accordingly, there 1is normally no need for a conductive

electrode overlying the entire top surface of the device.
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Moreover, because both the p-side and n-side electrodes are
connected to conductive layers formed from n-type nitride
semiconductor materials, both of these electrodes may be formed
from the same material, such material being selected to provide
good ohmic contact with the n-type semiconductor. Because both
electrodes can be formed from the same material, the electrcde-
forming process is simplified.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic side elevational view of an LED
according to one embodiment of the invention.

FIG. 2 is a diagrammatic side elevational view of an LED
according to another embodiment of the invention.
BEST MODE FOR CARRYING OUT INVENTION

An LED in accordance with one embodiment of the invention
includes a stacked structure of semiconductor Ilayers on a
substrate 10 as, for example, sapphire (Al,03). The stacked
structure includes a p-side conductive layer 12 formed from n-
type nitride semiconductor material overlying the substrate. A
buffer layer or nucleation layer 11 is provided between the
substrate and conductive layer 12 to compensate for lattice
mismatch between the substrate and the semiconductor of layer
12. For example, where layer 12 is formed from GaN, the buffer
layer may be polycrystalline GaN or AlGaN deposited at a
relatively low temperature prior to deposition of the
conductive layer 12. The n-type material in conductive layer
12 is a conventional n-type nitride semiconductor formulated to
provide good electrical conductivity. Where the n-type
material is GaN, it desirably is doped to provide a carrier
concentration on the order of 4x10%¥cm™, and typically has a
carrier mobility of at least about 200 cm®/Vs. A tunnel
junction 14 includes a n+ layer 16 conductively connected to
the p-side conductive layer 12 and a p+ layer 18 abutting the
n+ layer. The n+ layer and p+ layers are highly doped, so that

each of these layers has a carrier concentration of at least
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6
about 5x10%%cm™. Thus, these layers define a very thin
depletion region between them, typically on the order of a few
hundred Angstroms or less.

A p-type layer 20 is conductively connected to the p+
layer. This p-type layer forms the p-type region of the active
junction 22. The n-type region of the active junction 22 is
defined by an n-side conductive layer 24, which may have
substantially the same composition as the p-side conductive
layer 12. The active junction 22 is symbolized in Fig. 1 as a
discrete active layer interposed between p-type layer 20 and n-
side conductive layer and 16. In a preferred embodiment, the
active layer includes a multiple gquantum well structure
incorporating numerous thin barrier layers and well layers, the
well layers having smaller band gap than the barrier layers.
For example, the well layers may be InGaN whereas the barrier
layers may be GaN. p-type layer 20 desirably has larger band
gap than the active layer, so that the p-type layer serves as a
clad layer to promote carrier confinement. The material
constituting a single or multiple layer or layers may be doped
or undoped in accordance with conventional practice. Other
conventional types of active Jjunctions can be wused. For
example, layers 20 and 24 may abut one another so that they
define the junction at their mutual border. Alternatively, a
single active layer of uniform composition can be used in place
of the multiple gquantum well structure. Each of the various
layers may include additional layers of different compositions
but of the same conductivity type. Thus, the active junction
may be a simple homojunction; a single heterojunction, a double
heterojunction, a single quantum well, a multiple quantum well
or any other type of junction structure.

An n-side electrode 26 1is connected to with the n-side
conductive layer 24, whereas a p-side electrode 28 is connected
to p-side conductive layer 12. Desirably, the electrodes make

ohmic contact with the conductive layers either directly or
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through intervening layers. To promote ohmic contact, the n-
side conductive layer 24 may include a highly doped n++ layer
30 at the top surface abutting electrode 26. Also, the p-side
conductive layer may include a similar n+ layer (not shown)
beneath electrode 28. Alternatively, the n+ layer 16 of the
tunnel Jjunction may extend beneath electrode 28. Most
preferably, the n-side contact 26, at the top of the device,
does not entirely cover the top surface. One suitable material
for ohmic contact with n-type GaN includes titanium and
aluminum, which may be deposited as separate layers or as an
alloy, and which are annealed after deposition. The electrodes
can be connected to conductors such as wire bonds, leads or
circuit traces (not shown) which serve to connect the
electrodes, and hence the LED, to external circuitry. The
electrodes may also include additional metals as, for example,
platinum and gold layers, to facilitate wire bonding or
soldering to such conductors. The additional metals may be
provided on the entire electrode or on a region of the
electrode which serves as the bonding pad.

In operation, when n-side terminal 26 1s at a negative
potential with respect to p-side terminal 28, active junction
22 1is forward-biased whereas tunnel Junction 20 is reverse-
biased. The conductivity of layers 12 and 24 promotes current
spreading in the horizontal directions, so that the current
flow in the wvertical direction through the active junction 22
is substantially uniform over the horizontal extent of the
active junction. Light emitted at the active junction passes
out of the device through the upper or n-side conductive layer
24, and may also pass out of the device through the edges of
the stack and through the substrate 10. The conductive layers,
and particularly the conductive layer 24 disposed above the
active fjunction, should have band gap larger than the band gap
of the emitting material at active junction 22 so that they

will be transparent to the emitted light. The electrode



10

15

20

25

30

WO 02/093658 PCT/US02/15083

‘ 8
configurations may be selected to further promote current

spreading. For example, the contact configurations disclosed
in co pending, commonly assigned United States Patent
Application 09/692,953, the disclosure of which is hereby
incorporated by reference herein, may be used. In embodiment
disclosed in the ‘953 Application, an LED has a top electrode
or pad on a mesa and a lower electrode in the form of a ring
encircling the mesa. In the structure discussed above with
reference to Fig. 1, the p-side electrode 28 can completely or
partially encircle a mesa which includes the n-side conductive
layer 24. In such an arrangement, the n-side electrode 26 can
be disposed at or near the center of the top surface of the n-
side conductive layer.

Known fabrication processes can Dbe used to form the
stacked structure. The various layers constituting the stacked
structure typically are grown on the substrate while the
substrate is part of a larger wafer, and the various layers
cover the entire wafer. The wafer is later subdivided to form
individual pieces or “dies”. Most commonly, the various layers
which form the stacked structure are deposited on the substrate
in sequence by techniques such as me£al organic chemical wvapor
deposition ("MOCVD") molecular beam epitaxy and the like.

A LED according to a further embodiment of the invention,
depicted in Fig. 2, is generally similar to the LED discussed
above. However, the positions of the n-side and p-side
conductive layers are reversed, so that the n-side conductive
layer 124 is disposed adjacent the bottom of the stack, near
substrate 120, whereas the p-side conductive 1layer 112 is
disposed adjacent the top of the stack. The p-type layer 120
of active junction 122 thus lies on the top side of the active
junction. The tunnel Jjunction 114 is disposed above the active
junction 120. The n+ layer 116 of tunnel Jjunction 114 is

disposed above the p+ layer 118 of the tunnel junction.
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In still other embodiments, more than one active junction
can be provided, stacked one above the other.

The LED’s shown in Figs. 1 and 2 are top-emitting LED’s.
Thus, the light emitted at the junction can pass out of the top
surface defined by layer 30 included in the n-side conductive
layer 24 (Fig. 1) or out of the top surface defined by the p-
side conductive layer 112 (Fig. 2). However, the invention can
be employed in other arrangements. For example, the top surface
of the LED may be reflective. In one such arrangement, the
substrate 1s transparent and the electrode on the top surface
of the die is a thick, reflective metallic electrode covering
all or most of the top surface. Such a die can be mounted in
“flip-chip” orientation, with the top surface facing toward a
circuit board or other mounting structure, and with the
transparent substrate exposed so that light emitted through the
transparent substrate can pass out of the die.

As these and other variations and combinations of the
features discussed above can be utilized without departing from
the present invention, the foregoing description of the
preferred embodiments should be taken by way of illustration
rather than by way of limitation of the invention.

INDUSTRIAL APPLICABILITY

LED’s according to the present invention can be utilized
as light sources in displays such as computer terminal
displays; in lamps; as indicators; as sources of ultraviolet
light for exciting phosphors in lamps and displays; and in

numerous other applications.
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CLAIMS

1. A nitride semiconductor LED comprising a stack of
semiconductor layers, said stack including p-type and n-type
regions defining a p-n active junction having a p-side and an
n-side;

an n-side conductive layer of n-type nitride semiconductor
on the n-side of the active junction conductively connected to
the n-type region of the active Jjunction,

a p-side conductive layer of n-type nitride semiconductor
on the p side of the active junction;

a tunnel Jjunction interposed between the p-type layer of
the active 3junction and the p-side conductive layer, said
tunnel Jjunction including a p+ layer of highly doped p-type
nitride semiconductor disposed on a side of the tunnel junction
proximate to the active junction and an n+ layer of highly
doped n-type nitride semiconductor disposed on the side of the
tunnel junction remote from the active junction, said n+ layer
being conductively connected to the p-side conductive layer,
said p+ region being conductively connected to the p-type
region of the active junction.

2. An LED as claimed in claim 1 further comprising an n-

side electrode conductively connected to the n-side conductive

layer and a p-side electrode conductively connected to the p-

side conductive layer.

3. An LED as claimed in claim 2 wherein said n-side
conductive layer defines a top surface of the stack and said
LED is adapted to emit light through said top surface.

4. An LED as claimed in claim 3 wherein said n-side
electrode extends on a part of said top surface but does not
cover the entire top surface.

5. An LED as claimed in claim 2 wherein said p-side
conductive layer defines a top surface of the stack and said

LED is adapted to emit light through said top surface.
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6. An LED as claimed in claim 5 wherein said p-side
electrode extends on a part of said top surface but does not
cover the entire top surface.

7. An LED as claimed in claim 2 wherein said p-side and n-
side electrodes are formed from the same material.

8. An LED as claimed in claim 1 wherein said p-side and n-
side conductive layers have a carrier concentration of at least
about 4x10%®cm™ and a carrier mobility of at least about 200
cm?/Vs.

9. An LED as claimed in claim 1 wherein said p+ and n+
layers have carrier concentrations of at least about 5x10%%cm™

10. An LED as claimed in claim 1 wherein at least some of
said semiconductor layers are formed from gallium nitride based
semiconductors.

11. An LED as claimed in claim 1 wherein said and
conductive layers are formed from gallium nitride Dbased
semiconductors, the LED further comprising electrodes formed
from a combination of Ti and Al in ohmic contact with said
conductive layers.

12. An LED as claimed in claim 1 wherein a part of said n-
side conductive layer forms said n-type region of said active
junction.

13. A method of producing light comprising the step of
applying an electrical potential to an LED as claimed in any of
the preceding claims so that said n-side conductive layer is at
a negative potential with respect to said p-side conductive
region, whereby said tunnel junction is reverse-biased and said

active junction 1s forward-biased.
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