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HETEROGENEOUS TUNNELING 
JUNCTIONS FOR HOLE INJECTION IN 

NITRIDE BASED LIGHT-EMITTING 
DEVICES 

REFERENCE TO GOVERNMENT RIGHTS 

2 
content, and demands critical doping control for the heavily 
doped p+ and n+ GaN layers. 

SUMMARY 

Light-emitting devices having a multiple quantum well 
pin diode structure and methods of making and using the 
devices are provided. The light-emitting devices include: a 
tunneling heterojunction as a hole injector; an n-type con-

This invention was made with govermnent support under 
HR0Oll-15-2-0002 awarded by the DOD/DARPA. The 
govermnent has certain rights in the invention. 10 tact; and a light-emitting active region disposed between the 

tunneling heterojunction and the n-type contact. 
BACKGROUND One embodiment of light-emitting device includes a het­

erojunction that includes: a hole injection layer comprising 
a single-crystalline or polycrystalline n-type doped semi-

15 conductor material, wherein the single-crystalline or poly­
crystalline n-type doped semiconductor material is not a 
group III-nitride semiconductor material; and a p-type layer 
comprising a p-type doped group III-nitride. The device 
further includes an n-type contact and an active region 

Blue light-emitting diodes (LEDs) are key to modern, 
energy-saving, environmentally friendly lighting, and have 
allowed the development of a range of cutting-edge appli­
cations, such as power-efficient screens, lasers for Blu-ray 
recorders, and laser printers. The cost-per-lumen of LEDs 
has rapidly decreased in the past decade. However, in the 
endeavor to further improve their light emission efficacy and 
power output, researchers have encountered an elusive issue 
of"efficiency droop"; i.e., efficiency decreases with increas­
ing injection current density, which severely hinders the 
cost-per-lumen reduction. Non-radiative Auger recombina­
tion processes and electron overflow have been identified as 25 

the dominant origins of efficiency droop. Both Auger recom­
bination and electron leakage are closely related to the 
carrier distribution within quantum wells (QWs), as the 
Auger recombination rate is dependent on the n2p (n>>p, 
which is the case in a blue LED, where n and p are the 
electron and hole concentrations, respectively), and electron 
overflow ensues as a result of carrier imbalance and insuf­
ficient recombination within the QWs. 

20 comprising intrinsic semiconductor materials disposed 
between the p-type layer of the heterojunction and then-type 
contact. The active region includes a multiple quantum well 
structure comprising alternating group III-V nitride barrier 
layers and group III-V nitride quantum well layers. 

Some embodiments of the light-emitting devices further 
include a quantum tunnel layer disposed between the hole 
injection layer and the p-type layer, the quantum tunnel layer 
comprising an inorganic material having a bandgap that is 
wider than the bandgaps of then-type doped semiconductor 

30 material and the p-type doped group III-nitride. 
In some embodiments of the light-emitting devices, the 

p-type group III-nitride is p-type GaN and in some embodi­
ments of the light-emitting devices, then-type doped semi­
conductor material comprises an n-type doped group IV When this issue was traced back to the material growth 

method and device epilayer design, two factors were found 35 semiconductor, such as n-type doped silicon. 
Other principal features and advantages of the invention 

will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. IA is a schematic diagram of an LED with an 
n+Si/GaN hole injection tunneling junction. FIG. IB is a 
schematic diagram of a conventional LED structure. FIG. 
IC shows the band structure of the LED in FIG. IA. FIG. ID 

to be primarily responsible for the ineffective carrier con­
finement and insufficient hole concentration in the QWs. 
One is the strong polarization-induced internal electric field 
intrinsic to III-nitride semiconductors along the c-direction 
due to their wurtzite crystal structure. The associated elec- 40 

tron-hole wavefunction spatial mismatch within the QWs 
could result in the decreased radiative recombination rate. 
The other is poor hole injection into the active region due to 
the Mg doping challenge, and low hole mobility in p-GaN 
and the AlGaN electron blocking layer (EBL). Thus, to 45 

mitigate the drooping effect, there are two main routes 
researchers have taken: polarization effect suppression 
within the QWs; and hole injection enhancement to the 
active region. Regarding the polarization field engineering, 
approaches adopted include semi- or n-polar GaN and 
quantum barriers/wells structure combination manipula­
tions. However, the growth of these semi- or n-polar plane 
wafers, and the fabrication processes that follow, bring about 
substantial complication compared to the conventional 
c-plane LED structures. Regarding the hole injection issue, 55 

approaches proposed include doping and thickness engineer­
ing in the QWs, insertion of a hole reservoir, and the design 

50 shows the band structure of the LED in FIG. IB. The 

of the EBL. Although those approaches have demonstrated 
alleviated droop effect by percentage, the doping limitation 
of p-GaN or p-AlGaN still poses a fundamental hurdle to 60 

high efficacy achievement. There have been reports on the 
uses of an n+/p+ GaN homojunction or a p+ GaN/InGaN/ 
n+-GaN polarization junction as the hole tunneling supplier 
layer. These junctions provided increased carrier injection 
efficiency and resultant enhanced optical performances. 65 

However, this approach complicates the crystalline material 
growth process, due to the large variation in the indium 

electron and hole currents across the quantum wells are 
denoted by the arrows. The tunneling heterojunction formed 
between Si and GaN is shaded. 

FIG. 2 shows the fabrication process flow for an LED 
with an Si NM hole injector. Panel (a) is a schematic of the 
InGaN/GaN wafer with 0.5 nm Al2O3 deposition by ALD. 
Panel (b) is a cross-sectional view of the structure after Si 
NM transfer, followed by annealing. Panel ( c) is a micro­
scope image of the post-transfer wafer surface. Panel ( d) is 
a cross-sectional view. Panel ( e) is a microscope image of 
the device after cathode mesa etching and ohmic metal 
contact formation. Panel (f) is a cross-sectional view. Panel 
(g) is a microscope image after anode metal deposition and 
isolation. Panel (h) is the final structure with SiO2 planariza­
tion and metal interconnection. 

FIG. 3A shows the measured electroluminescence (EL) 
spectra for the reference LED with current densities ranging 



US 10,297,714 Bl 
3 

from 0.1 to 50 A/cm2
. FIG. 3B shows the measured EL for 

the LED with an n+Si/GaN junction with current densities 
ranging from 0.1 to 50 A/cm2

. 

FIG. 4A shows the voltage versus current density for the 
reference LED and the LED having a Si/GaN heterojunc­
tion. FIG. 4B shows the optical output power. FIG. 4C 
depicts the external quantum efficiency (EQE). The mea­
surements were made as a function of the current density 
ranging from 0.1 to 50 A/cm2

. 

FIG. SA shows electrical simulations of the hole concen­
tration across the LED structures for a reference LED and an 
LED having an n+-Si NM/p-GaN junction. FIG. SB shows 

4 
injection layer material and the p-type layer group III-nitride 
material. As used herein, the quantum tunnel layer is char­
acterized in that it is made from an appropriate material and 
is sufficiently thin that it is able to act as a tunneling layer 

5 for electrons and/or holes. That is, unlike a typical dielectric 
medium, it allows both electrons and holes to pass through 
it, from a first layer to a second layer of semiconductor 
material, via quantum tunneling. Thus, because metals 
would block the passage of holes, metals are not suitable 

10 materials for a quantum tunnel layer. However, a wide range 
of non-metal inorganic materials can meet these criteria. The 
inorganic material of the quantum tunnel layer may be a 
material that would act as a dielectric in its bulk form but is an enlarged view of the hole concentration within the QWs. 

FIG. SC is a graph showing the electron current leakage for 
the reference LED and the LED having an n+ -Si NM/p-GaN 15 

sufficiently thin that it no longer acts as an electrical insu­
lator. The inorganic layer also provides a sort of 'glue' 
between the layers of the tunneling heterojunction. In addi-junction. 

FIG. 6A is a schematics diagram showing a cross-sec­
tional view of an LED that includes an n+-Si/p-GaN junc­
tion. FIG. 6B shows the associated band alignments of the 
LED structure under forward bias (100 mA/cm2

). 

FIG. 7A shows the band alignments under thermal equi­
librium across a n-Si/p-GaN/MQWs/n-AlGaN structure, 
with fermi-levels shown. FIG. 7B is a plot of the carrier 
distributions within the UV LED structure under a current 
injection of 100 mA/cm2

. 

FIG. 8 shows the tunneling rates for in an n-Si/p-GaN 
heterojunction along the distance across the junction. 

FIG. 9A plots the simulated current-voltage characteris­
tics of an LED device. FIG. 9B shows the measured current­
voltage curve for the device. FIG. 9C shows the EL spectra 
measured for LED devices having n+Si/p-GaN junctions. 

DETAILED DESCRIPTION 

Light-emitting devices having a multiple quantum well 
(MQW) pin diode structure and methods of making and 
using the devices are provided. The light-emitting devices 
include: a tunneling heterojunction as a hole injector; an 
n-type contact; and a light-emitting active region disposed 
between the tunneling heterojunction and then-type contact. 

The tunneling heterojunction of the light emitting device 
is composed of a hole injection layer comprising a heavily 
n-type doped non-group III-nitride semiconductor and a 
p-type layer comprising a heavily p-type doped group III­
nitride semiconductor, such asp-type doped GaN (p-GaN). 
The tunneling heterojunction can be fabricated using a thin 
film transfer and bonding process that allows the material of 
the n-type hole injection layer to be selected independently 
from the group III-nitride material of the p-type layer and 
also from the intrinsic semiconductor materials of the 
device's active region. 

The tunneling heterojunction facilitates interband tunnel­
ing hole injection under bias, whereby electrons in the 
valence band of the p-type group III-nitride semiconductor 
tunnel directly into the conduction band of then-type doped 
semiconductor, resulting in the generation of holes in the 
p-type group III-nitride, which are injected into the active 
MQW region of the device. Relative to light-emitting 
devices that do not include the tunneling heterojunctions, 
but that otherwise have a comparable structure, the present 
light-emitting devices can provide higher hole injection 
efficiencies and, therefore, improved device performance. 

Optionally, then-type doped non-group III-nitride semi­
conductor and the p-type doped group III-nitride semicon­
ductor are separated by a quantum tunnel layer. If present, 
the quantum tunnel layer is formed of an inorganic material 
having a bandgap that is wider that the bandgaps of the hole 

tion, the inorganic layer can prevent the interdiffusion of the 
semiconductor materials from the neighboring layers of 
tunneling heterojunction. This avoids the formation of an 

20 unwanted, intervening, cross-contaminated semiconductor 
interface layer. 

Another advantage provided by an intervening layer of 
inorganic material is that it can passivate the surfaces of the 
layers of semiconductor materials with which it is in contact, 

25 such that dangling bonds and interface states are minimized 
or eliminated. This property is useful because, when directly 
bonding two non-lattice matched single-crystalline materi­
als, the chemical bonds formed between the two materials 
can create a large number of interface states. These interface 

30 states prevent the two materials from forming ideal rectify­
ing junctions. However, when the inorganic material is 
inserted, the two materials are physically separated. If the 
layer is sufficiently thin and has the capability to chemically 
passivate the materials, the number of interface states can be 

35 reduced to levels such that both electrons and holes can 
efficiently tunnel through the layer. 

The intrinsic active region includes a MQW structure 
comprising alternating barrier and quantum well layers, both 
of which are comprised of group III-V nitride semiconduc-

40 tors. In the MQW structures, charge carriers are confined via 
quantum confinement in thin layers of the "well" material 
sandwiched between layers of the "barrier" material. The 
active region may further comprise a lower spacer layer and 
an upper spacer layer between which the MQW structure is 

45 disposed. For active regions designed to emit in the ultra­
violet and the deep ultraviolet, the well layers can comprise 
a high aluminum content AlGaN. For example, AlxGa1_xN, 
where x is at least 0.5 or at least 0.8 can be used. 

Other components that may be part of the light-emitting 
50 devices are those commonly incorporated into such devices, 

including a substrate, buffer layers, cladding layers, reflec­
tors, electrodes, and electrical interconnects. For example, 
the devices may further comprise electrodes in electrical 
communication with the tunneling heterojunction and n-type 

55 contact and a voltage source configured to apply a voltage 
across the active region of the device. 

LEDs are examples of light-emitting devices that can 
include the MQW pin diode structures. A schematic diagram 
showing a cross-sectional view of one embodiment of an 

60 LED is provided in FIG. lA. The LED includes a substrate 
(a patterned sapphire substrate (PSS) in this example) and an 
n-type contact comprising an electron injection layer com­
prising an n-type doped semiconductor material (n-GaN in 
this example). If the substrate is a growth substrate upon 

65 which the electron injection layer is epitaxially grown, the 
structure may further include a buffer layer to facilitate the 
epitaxial growth of the semiconductor material of the elec-
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a semiconductor-on-insulator substrate comprised of a 
handle wafer, such as a Si handle wafer, a buried oxide layer, 
and a thin layer of the n-type doped single-crystalline 
semiconductor, such as a thin layer of single-crystalline 
n-type Si, n-type Ge, or n-type SiGe. Buried oxide layer is 
selectively removed from the structure. This can be carried 
out, for example, by forming an array of holes (apertures) 
through the thin layer of single-crystalline semiconductor 
and then selectively chemically etching away the buried 

tron injection layer over the substrate material. An active 
region comprising a MQW structure that includes alternat­
ing barrier layers and well layers is disposed on the electron 
injection layer. A tunneling heterojunction structure is dis­
posed on the MQW structure and includes a quantum tunnel 5 

layer (Al2O3 in this example) disposed between a p-type 
layer (p-GaN in this example) and a hole injection layer 
(n-Si in this example). Though not shown in this figure, the 
LED may further include a current spreading layer on the 
hole injection layer. 

Lasers are also examples of light-emitting devices that 
can include the MQW pin diode structures. For example, the 
MQW pin diode structures can also be incorporated into an 
edge-emitting laser. The edge-emitting laser includes a sub­
strate and an n-type contact comprising an electron injection 15 

layer composed of an n-type doped semiconductor material. 

10 oxide layer that is exposed through the apertures. These 
apertures may be regularly spaced, or randomly spaced. As 
a result, the thin layer of single-crystalline semiconductor 
settles onto the underlying handle wafer. A host material, 

A lower cladding is disposed on the electron injection layer. 
An active region comprising a MQW structure is disposed 
on the lower cladding layer and an upper cladding layer is 
disposed over the MQW active region. In this embodiment 20 

of a light-emitting device, the tunneling heterojunction is 
disposed on the upper cladding layer. An anode and a 
cathode are placed in electrical communication with the hole 
and electron injection layers, respectively. 

One embodiment of a method for forming a light emitting 25 

device is shown schematically in FIG. 2. Panel (a) in FIG. 

such as a rubber stamp, is then pressed onto the upper 
surface of the released layer of the single-crystalline semi­
conductor, which adheres to the host material and is lifted 
away from the handle wafer. In a subsequent step the 
released layer of single-crystalline semiconductor is brought 
into contact with, and transferred onto, the quantum tunnel 
layer or the p-type doped group III-nitride layer. The single­
crystalline layer can be doped before or after transfer and 
bonding. The host material is then removed. A more detailed 
description of this type of transfer and bonding process can 
be found in U.S. patent publication number 2016/0204306. 

An alternative method of transferring a single-crystalline 
n-type doped semiconductor layer onto a quantum tunnel 
layer of a p-type layer uses wafer bonding followed by 
hydrogen implantation to create a splitting plane in the 
semiconductor material-a technique that is sometimes 
referred to as Smart Cut. A description of the Smart Cut 
process can be found in Brue! et al., Proceedings 1995 IEEE 
International SOI Conference, 178 (1995). In this technique, 
a buried hydrogen implantation layer is formed in an n-type 
doped semiconductor substrate, such as a semiconductor 
wafer. The depth of hydrogen implantation layer will deter­
mine the thickness of the single-crystalline n-type doped 
semiconductor layer to be transferred. Once the splitting 
plane is formed via hydrogen implantation, the surface of 
substrate is contacted with the quantum tunnel layer or the 
p-type Group III-nitride layer on the previously grown 
heterostructure. The substrate is then split at the hydrogen 
implantation layer and the bulk of the substrate is removed. 
Optionally, the single-crystalline n-type doped semiconduc­
tor layer may be thinned using a post-transfer chemical 

2 shows a heterostructure that includes a substrate (PSS), a 
buffer layer (GaN), an n-type doped electron injection layer 
(n-GaN), a MQW active region (8 bilayers of 3 nm/6 nm 
GaN/InGaN), and a p-type layer (p-GaN). This heterostruc- 30 

ture can be fabricated using existing epitaxial growth tech­
niques, such as molecular beam epitaxy (MBE). Upon the 
upper surface of the p-type layer, a quantum tunnel layer 
(Al2 O3 ) is deposited (panel (a)). The quantum tunnel layer 
can be deposited using, for example, atomic layer deposition 35 

(ALD). The thickness of the quantum tunnel layer typically 
need only be on the order of the root mean square (rms) 
roughness of the surfaces of the layers of semiconductor 
material which it binds. By way of illustration, in some 
embodiments, the quantum tunnel layer has a thickness in 40 

the range from about 0.5 to about 10 nm. This includes 
embodiments in which it has a thickness in the range from 
about 0.5 to about 5 nm or from about 0.5 to about 3 nm. 
Since the thickness of the quantum tunnel layer may not be 
uniform on an atomic scale, the thickness of the layer 
corresponds to the average thickness of the layer across the 
bonding interfaces of the heterostructure. 

45 mechanical polish. 

Once the quantum tunnel layer is formed, a thin layer of 
pre-formed, single-crystalline, n-type doped semiconductor 
material (referred to as a semiconductor nanomembrane 
(NM), in this example it is a Si NM) can be placed on its 
upper surface to provide the hole injection layer, as shown 
in panel (b) of FIG. 2. This can be achieved using a NM 
transfer and bonding process, as illustrated in the Examples. 
The bonding between the transferred layer of single-crys­
talline n-type doped semiconductor material and the quan­
tum tunnel layer can be enhanced by annealing. Next, a 
cathode mesa is etched through the heterostructure down to 
then-type doped electron injection layer (panel (d)) and a 
cathode is deposited using, for example, metallization (panel 
(d)). An anode is then deposited on the single-crystalline 
n-type doped semiconductor material using, for example, 
metallization (panel (f)). 

The method of transferring a pre-formed single-crystal­
line n-type doped semiconductor layer onto the quantum 
tunnel layer ( or, if the quantum tunnel layer is absent, onto 
the p-type group III-nitride) can be carried out starting with 

As an alternative to single-crystalline silicon, polycrys­
talline silicon can be used as a hole injection layer. A thin 
film of polycrystalline silicon can be deposited on the 
quantum tunnel layer using, for example, low pressure 

50 chemical vapor deposition (LPCVD). 
Neighboring layers of the heterojunctions that are fabri­

cated using transfer and bonding processes or LPCVD do 
not have an epitaxial structure. As used herein the term 
"epitaxial structure" refers to a structure in which the 

55 crystallographic orientation of an overlying layer is deter­
mined by (matches) that of its underlying layer, such that the 
two layers have the same crystallographic orientation, at 
least in the area of their interface. Such epitaxial structures 
may include strains and stresses at the interface, induced by 

60 a lattice mismatch between the two materials and may even 
include misfit dislocations. In contrast to such epitaxial 
structures, non-epitaxial layers in the present heterojunc­
tions have crystallographic orientations that are independent 
from (e.g., different from) those of their neighboring layers. 

65 As such, the layers that do not have an epitaxial structure are 
free of lattice mismatch-induced strains or stresses and 
lattice mismatch-induced misfit dislocations. In fact, the 
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semiconductor materials selected for the n-type doped hole 
injection layer and the p-type layer of the tunneling hetero­
junctions can have a lattice constant mismatch that would 
render them unsuitable for epitaxial growth-even in the 
presence of an intermediate buffer layer. 

In some embodiments, the inorganic material of the 
quantum tunnel layer is an oxide. In such embodiments, the 
oxide can comprise, consist of, or consist essentially of, a 
metal oxide, an oxide of a semiconductor element or an 
oxide of a metalloid element. Examples of oxides that may 
be used in metal oxide quantum tunnel layers include, but 
are not limited to, those that can be deposited via atomic 
layer deposition (ALD). Examples of such metal oxides 
include aluminum oxide (Al2O3 ), titanium oxide (TiO2 ), 

hafnium oxide (HfO2), tantalum oxide (Ta2O5 ), and silicon 
dioxide (SiO2). In some embodiments, the metal, semicon­
ductor or metalloid elements present in the oxide are dif­
ferent from any metal, semiconductor or metalloid elements 

8 
desired, such that the material acts more like a metal than a 
semiconductor. By way of illustration, the semiconductor of 
the hole injection layer can have an n-type dopant concen­
tration of at least lxl019 cm-3

. 

The semiconductor material of the p-type layer is com­
posed of p-doped group III-nitride semiconductor, such as 
Mg-doped GaN, or another p-doped group III-V nitride, 
which provides an electrically conductive path. Like the 
semiconductor material of the hole injection layer, the 

10 semiconductor material of the p-type layer is heavily doped 
and may be degenerately doped. Although, the dopant 
concentration of the p-type layer may be lower than the 
dopant concentration of the hole injection layer. By way of 
illustration, the semiconductor of the p-type layer can have 

15 a dopant concentration of at least lxl019 cm-3
. 

The layers of semiconductor material that make up the 
active region ( e.g., the well and barrier layers of the MQW 
structure and any spacer layers), then-type doped semicon­
ductor material of the electron injection layer, and, option-

20 ally any buffer layers, and/or substrate can be comprised of 
group III-V semiconductors. The group III-V semiconduc­
tors include binary, ternary and higher order compound 
semiconductors. Examples of group III-V semiconductors 

in the other semiconductor layers with which they are in 
contact and between which they are disposed. In the tun­
neling heterojunctions, the inorganic oxide of the quantum 
tunnel layer is not a native oxide of the single-crystalline 
n-type semiconductor material of the hole injection layer; 
nor is it a native oxide of the p-type semiconductor (e.g., 
p-GaN) of the p-type layer. (As used herein, the term native 25 

oxide refers to an oxide that would be monolithically formed 

include GaN, AlN, InN, AlGaN, InGaN and InAlN. 
The thicknesses of the layers of semiconductor materials 

that make up the devices will depend on the intended 
light-emitting device application. However, by way of illus­
tration, in some embodiments of the devices, some or all of 
the layers of single-crystalline material have thicknesses of 

on the semiconductor material as the result of the oxidation 
of the material in an oxygen-containing environment. For 
example, Sift is a native oxide of Si.) 

In other embodiments, the inorganic material of the 
quantum tunnel layer is a nitride. In such embodiments, the 
nitride can comprise, consist of, or consist essentially of, a 
metal nitride, a nitride of a semiconductor element or a 
nitride of a metalloid element. Examples of nitrides that may 
be used in nitride quantum tunnel layers include, but are not 
limited to, those that can be deposited via atomic layer 
deposition (ALD). Examples of such nitrides include alu­
minum nitride, silicon nitride, and titanium nitride. In some 
embodiments, the metal, semiconductor or metalloid ele­
ments present in the nitride are different from any metal, 
semiconductor or metalloid elements in the semiconductor 
layers with which they are in contact and between which 
they are disposed. 

In some embodiments, the quantum tunnel layer com­
prises two or more sub-layers, each of which comprises an 
inorganic material, provided, however, that the total com­
bined thickness of the sub-layers is still low enough to allow 
for the tunneling of electrons and holes through the layer. 
For example, in a quantum tunnel layer comprising multiple 
sub-layers of inorganic oxides, the inorganic oxides can be 
selected such that one oxide passivates one of the two 
neighboring semiconductor materials, while another oxide 
passivates the other of the two neighboring semiconductor 
materials. 

Because the hole injection layer is not grown epitaxially 
from the p-GaN layer, the hole injection layer need not be a 
group III-V semiconductor. Thus, the single-crystalline or 
polycrystalline semiconductor material used for the hole 
injection layer can be independently selected from a broad 
range of n-doped semiconductors, including n-doped group 
IV semiconductors and n-doped group II-VI semiconduc­
tors. The group IV semiconductors include elemental semi­
conductors ( e.g., Si, Ge and C, including diamond), as well 
as alloy and compound semiconductors ( e.g., SiGe:C, Si Ge, 
SiGeSn and SiC). 

The semiconductor material of the hole injection layer is 
heavily doped. Generally, a degenerate doping level is 

30 no greater than about 1000 nm. If the semiconductor mate­
rials of the charge injection layers and/or the doped contact 
layers absorb radiation within the emission wavelength 
range of the active region, it is advantageous to limit the 
thickness of these materials. For example, these doped 

35 semiconductor layers may have a thickness of 100 nm or 
less, including thicknesses of 50 nm or less, 20 nm or less, 
and 10 nm or less. 

The wavelengths of the radiation emitted by the light­
emitting devices will depend on the semiconductor materials 

40 used in the active region. For example, with the proper 
selection of materials, the light-emitting devices can be 
configured to emit in the ultraviolet (UV; wavelengths from 
-100 to 400 nm, including the deep ultraviolet (DUY) with 
wavelengths below 250 nm, e.g., in the range from 220 to 

45 240 nm) and/or in the visible (vis; wavelengths from 400 to 
780 nm, including blue light with wavelengths in the range 
from 430 to 470) regions of the electromagnetic spectrum. 
By way of illustration, a light-emitting device designed to 
emit light in the wavelength range from about 220 to 240 nm 

50 could employ an active region having an MQW structure 
comprising alternating layers of single-crystalline, high alu­
minum-content, AlGaN quantum well layers and single­
crystalline AlN barrier layers. This active region can be 
grown epitaxially over an n-type AlGaN electron injection 

55 layer. A light-emitting device designed to emit blue light 
could employ an active region having an MQW structure 
comprising alternating layers of single-crystalline InGaN 
quantum well layers and single-crystalline GaN barrier 
layers. This active region can be grown epitaxially over an 

60 n-type GaN electron injection layer. 

65 

EXAMPLES 

Example 1 

In this example, enhanced hole mJection enabled by 
employing heavily n-doped Si NM as the hole injector layer 
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in an Si/GaN tunneling heterojunction, and light emission 
efficiency improvements are demonstrated. LED structures 
incorporating the n-Si NM hole injectors were fabricated 
and characterized, both electrically and optically, and com­
pared to a reference device with a conventional structure. It 5 

was found that, compared to the reference LED device, in 
terms of optical performances, the light output power and 
external-quantum efficiency (EQE) under the same electrical 
injection current (50 mA/cm2

) were improved by 52% for 
the LED structures with the n-Si/GaN tunneling heterojunc- 10 

tions. The band alignnients of the LED structures and 
simulations of the hole densities within the QWs and the 
correlated electron leakage current are provided to demon­
strate the higher hole injection efficiency. 

10 
of 9.0xl019 cm-3

. The thinned Si NM was patterned via 
photolithography and subsequently released and transfer 
printed onto anA12 O3 layer that had been deposited onto the 
p-GaN of the epitaxial LED stack via ALD. The transfer of 
the n-Si NM was carried out using a PDMS elastomeric 
stamp. The ALD was implemented using an Ultratech/ 
Cambridge Nanotech Savannah S200 ALD system inte­
grated with a nitrogen-filled glove box. The post-transferred 
Si NM and device were annealed at 600° C. to increase their 
bonding strength. A schematic showing a cross-sectional 
view of the device, and a microscope image of the post-Si 
NM transfer surface, are shown in FIG. 2, panels (b) and ( c ), 
respectively. A cathode mesa was patterned by photolithog­
raphy and etched down to the n-GaN layer using inductively 

Experiments and Results 

Schematics of an improved LED structure and a reference 
InGaN/GaN based LED device, are shown in FIGS. lA and 
lB, respectively. The InGaN/GaN LED epi-wafers were 
grown on the (0001)-plane patterned sapphire substrates 
(PSS) by metal organic chemical vapor deposition 
(MOCVD). A GaN buffer layer was grown first. Then a 600 
nm Si-doped GaN n-type contact layer was grown with a 
doping concentration of lxl019 cm-3

• This was followed by 
the growth of an eight-period I11a_2 Ga0 _8N/GaN MQW active 
region with a quantum well/barrier thickness of3 nm/6 nm. 
Lastly, a 50 nm Mg-doped GaN layer p-type layer was 
grown with a doping concentration of 5xl019 cm-3

. The 
epi-wafers were treated with wet chemical cleaning steps 
using RCA cleaning. For the structure with a Si NM hole 
injection layer on top, a 0.5 nm-thick Al2 O3 layer was 
deposited on the GaN-based LED epitaxial structure before 

15 coupled plasma (ICP). Then, a cathode electrode was pat­
terned within the mesa area and Ti/ Al/Ti/ Au (10/100/10/200 
nm) was deposited as the cathode metal using e-beam 
evaporation, as shown in FIG. 2, panel (d), and in the 
microscope image in FIG. 2, panel (e). Ni/Au (5 nm/5 nm) 

20 current spreading layers were deposited on the top Si NM of 
the improved LED and the p-GaN contact layer of the 
reference LED. An anode electrode was then patterned and 
deposited with Ni/Au (10/300 nm) as the anode metal shown 
as in FIG. 2, panels (f) and (g). Both cathode and anode 

25 electrodes were annealed at 600° C. for 30 s, and then the 
LEDs were isolated using the ICP process. The LED fabri­
cation by finished with an interconnection process that 
included the plasma-enhanced chemical vapor deposition 
(PECVD) of a 600 nm SiO2 layer, followed by the deposi-

30 tion of Ti/Al/Ti/Au (20/1000/20/200 nm) interconnection 
electrodes, as shown in FIG. 2, panel (h). 

The electroluminescence (EL) spectra measured for the 
reference LED and the improved LED with the n+Si/GaN 
tunneling heterojunction are shown in FIGS. 3A and 3B, Si NM transfer. A schematic cross-sectional view of the 

resulting structure is shown in FIG. 2, panel (a). 35 respectively. The corresponding microscope images of the 
devices are included in the insets of each figure. To carry out 
optical measurements, the LEDs were mounted and Al 
wire-bonded on sockets and measured in a calibrated inte-

The associated band alignments of the two LED structures 
under forward bias are illustrated in FIGS. lC and lD, 
respectively. For the reference LED, the electrons and holes 
were injected into the active MQW region from the n-GaN 
and p-GaN layers. Because there were fewer free holes in 40 

the p-GaN than electrons in the n-GaN, the injection rates 
into the QWs were imbalanced, leading to electron overflow 
across the LED to the p side and undesirable non-radiative 
recombination within the active region. For the LED with 
the n+-Si/p-GaN tunneling heterojunction, interband tunnel- 45 

ing hole injection occurred at the interface. FIG. lC shows 
that the valence band of the p-GaN layer was shifted 
upwards to be aligned with the conduction band of the n+Si 
layer. A quasi-triangular shaped depletion region, 2-4 nano­
meters in width, was found, which was dependent on the 50 

doping concentration of the p-GaN layer (doping concen­
tration of Si>>GaN) and the applied bias. Thus, direct 
tunneling occurred with the electrons in the valence band of 
the p-GaN tunneling into the conduction band of the n+-Si 
through the band energy gap. Because a large number of 55 

electrons flowed away from the p-GaN, holes, which are 
electron vacancies, were generated in the same quantity 
within the p-GaN region and were eventually injected into 
the QW s region. The higher the hole tunneling probability is, 
the more holes that were produced, and the higher hole 60 

density is within the MQW active region. 
The fabrication process of the LED is depicted in FIG. 2. 

The Si NM preparation started with a silicon-on-insulator 
(500 (Si/buried oxide (box)=205 nm/400 nm) wafer, the top 
Si surface of which had been oxidized by dry oxidation until 65 

only a 25 nm-thick Si layer remained. Ion implantation 
followed to achieve a doping concentration in the n-Si layer 

grating sphere. No thermal management or light extraction 
fixtures were employed. As the driving current density 
increased from 0.1 to 50 A/cm2

, EL peak intensities 
increased monotonically and a blue-shift of the wavelength 
was observed, which is attributed to the band-filling and 
polarization screening effect due to increased carrier con­
centration within the QWs. The LED structure incorporating 
the Si NM exhibited improved EL intensities compared to 
the reference LED, especially for the high current injection 
range. 

The electrical characteristics of the reference LED and the 
Si NM/GaN heterojunction LED were investigated. FIG. 4A 
plots the current-voltage characteristics of the two devices. 
The incorporation of the tunneling junction was found to 
have induced extra forward voltage for the same current 
injection compared to the reference LED. The optical output 
power and external quantum efficiency (EQE) were obtained 
as a function of current density, as presented in FIG. 4B and 
FIG. 4C, respectively. The enhancements in the optical 
power and EQE are direct proof of increased hole injection 
benefiting from the incorporation of the heavily doped Si 
NM, and the resultant increased hole injections into the 
active region. Additionally, the shift of the EQE peak 
intensity to the higher current density of the n-Si/p-GaN 
LEDs also indicates the improved balance between holes 
and electrons based on the ABC rate equation model, 
assuming that the total carrier generation rate is the sum of 
the non-radiative recombination (Shockley-read-hall) rate, 
radiative recombination rate and Auger non-radiative 
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recombination rate, which are in linear, to the square and 
cubic relationship to the carrier densities, respectively. (See, 
e.g., Yang-SeokYoo, et al., Effective suppression of effi­
ciency droop in GaN-based light-emitting diodes: role of 
significant reduction of carrier density and built-in field, Sci. 
Rep. 6, 34586; doi: 10.1038/srep34586 (2016).) 

12 
6B. In the LE with an n+-Si/p-GaN heterojunction, inter­
band tunneling hole injection occurred at the interface. FIG. 
6B shows that the valence band of the p-GaN layer bent to 
be aligned with the conduction band of the n+-Si layer. A 

5 quasi-triangular shaped depletion region was found, which 
was dependent on the doping concentration of the p-GaN 
layer (if doping concentration of Si>>GaN) and the applied 
bias. Thus, direct tunneling occurred, with the electrons in 
the valence band of the p-GaN tunneling into the conduction 

To better understand the physics mechanisms for the hole 
injection enhancement induced by the incorporation of the 
n-Si NM/p-GaN tunneling heterojunction, numerical simu­
lations were performed by Silvaco. In the simulations, the 
free hole concentration of the n-Si NM layer was set to be 
8.8xl019 cm-3

, and that of the p-GaN layer was 5xl018 cm-3 

(assuming 10% carrier activation ratio for p-GaN). The 
polarization scale adopted was 0.4, due to the screening 
effect from material defects and carriers. (See, e.g., Model- 15 

ing of polarization effects on n-GaN/i-InGaN/p-Gan solar 
cells with ultrathin GaN interlayers, Optical and Quantum 
Electronics 45(7) July 2013.) The effective masses of the 
holes and electrons in the Si were set as 0.12 me and 0.21 
me, respectively, and those of the GaN were set as 0.8 me 
and 0.2 me, respectively. These are important parameters in 
calculating the tunneling rate. The tunneling probabilities 
were greatly influenced by the band structure near the 
junction, primarily the width and height of the energy 
barriers, which are related to the strength of the electric field 

10 band of the n+-Si through the band energy gap. Because a 
large number of electrons left the p-GaN, holes, which are 
electron vacancies, were generated in abundance within the 
p-GaN region and were eventually injected into the MQW 
active region. 

As in Example 1, numerical simulations were performed 
by Silvaco. In the simulations, the free hole concentration of 
then-Si layer was set to be 8.8xl019 cm-3

; that of the p-GaN 
layer was set at 5xl018 cm-3 (assuming a 10% carrier 
activation ratio for the p-GaN); and the polarization scale 

20 adopted was 0.4, due to the screening effect from material 
defects and carriers. The band alignments under thermal 
equilibrium of the UV LEDs across the n-Si/p-GaN/MQWs/ 
n-AlGaN structure, with fermi-levels, are depicted in FIG. 
7A, which shows that the Fermi levels of the two sides of the 

25 junction were both aligned. FIG. 7B is a plot of the carrier 
distributions within the UV LED structure under a current 
injection of 100 mA/cm2

. In spite of the scarcity of holes 
within then-Si region, the holes accumulated exponentially 
inside p-GaN towards the QWs region and reached 2.5xl020 

at that region. Both the external field induced by external 
bias and the internal field mainly induced by the polarization 
contributed to the electric field strength. The results are 
shown in FIGS. SA and SB. Compared with the reference 
LED, the hole concentration in the quantum wells became 
higher for the LED with the tunneling heterojunction. These 
results show that the hole-injection efficiency became higher 
with the incorporation of the tunneling junction structure. 
The same conclusion can also be drawn from FIG. SC, 
where the electron current leakage is shown to be lower for 
the LEDs with the n+-Si/GaN junction than for the reference 
LED. 

Example 2 

This example illustrates the use of a heterogeneous inter­
band tunneling junction, n+-Si/p-GaN, as a hole injector for 
a deep UV LED. 

Experiments and Results 

FIG. 6A is a schematics diagram showing a cross-sec­
tional view of an LED that includes an n+-Si/p-GaN junc­
tion. The UV LED structure was grown on a bulk AlN 
substrate (not shown) by low pressure organometallic vapor 
phase epitaxy (LP-OMVPE). Following the growth of an 
initial 400 nm AlN homoepitaxial buffer layer (not shown) 
on the AlN substrate, a Si-doped (concentration: lxl019 

cm-3
) 600 nm-thick n-Al0 _9 Ga0 _1 N n-type contact and elec­

tron injection layer was grown, prior to growing a 3-period 
3 nm/6 nm Al0 _81 Ga0 _19N/AlN MQW active region. The 
epitaxial growth was terminated with a 5 nm Mg doped 
(-4xl 019 cm-3

) p-GaN p-type layer to prevent rapid oxida­
tion of the AlN surface. Prior to transferring a 100 nm thick, 
heavily doped single-crystal n-type Si nanomembrane (n-Si 
NM) onto the epi-structure, a 0.5 nm-thick Al20 3 layer, 
which acted as a quantum tunnel layer and a passivation 
layer, was deposited by five cycles of an atomic layer 
deposition (ALD) process using an Ultratech/Cambridge 
Nanotech Savannah S200 ALD system. 

The associated band alignments of the LED structure 
under forward bias (100 mA/cm2

) are illustrated in the FIG. 

30 cm-3 at the p-GaN adjacent to the QWs. This confirms the 
effective hole injection through interband tunneling between 
the n-Si and p-GaN layer. These results prove that the 
hole-injection efficiency becomes higher with the incorpo­
ration of the tunneling junction structure compared with 

35 conventional structures, which typically suffer from imbal­
ance of carriers due to hole insufficiency. 

To investigate the hole injection efficiency for the tunnel­
ing junction, the tunneling probabilities under a current 
injection of 100 mA/cm2 were extracted and compared. In 

40 the simulation, both the interband and intra-band tunneling 
models were considered. The effective masses of holes and 
electrons in the Si were set as 0.12 me and 0.21 me, 
respectively, and those of the GaN were set as 0.8 me and 0.2 
me, respectively. These are important parameters in calcu-

45 lating the tunneling rate. As the band structure varies with 
the space around the junction and given that tunneling can 
take place at different energy levels, the non-local model 
was adopted to take into consideration all the tunneling 
possibilities. Tunneling rates for the n-Si/p-GaN heterojunc-

50 tion along the distance across the junction are shown in FIG. 
8. The tunneling initiated from the valence band p-GaN 
layer, with electrons tunneling through the forbidding gap 
region ton-Si for the n-Si/p-GaN junction, as shown in FIG. 
8. The tunneling existed in the location 3-6 nm away from 

55 the junction interface. The tunneling distribution was attrib­
uted to two factors: 1) for the GaN region close to the 
interface, there were no energy states on the Si side to allow 
the elastic tunneling process to occur, as the corresponding 
energy level lay within the band gap; and 2) for the GaN 

60 region farther away from the interface (>6 nm), the tunnel­
ing rate was negligible, as the tunneling rate decreased 
exponentially with the tunneling distance. 

The electrical characteristics of the UV LEDs with an 
n+Si/GaN tunneling heterojunction for hole injection were 

65 investigated. FIG. 9A plots the simulated current-voltage 
characteristics of the device. FIG. 9B shows the measured 
current-voltage curve in linear scale, which agreed with the 
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the p-type layer, the quantum tunnel layer comprising an 
inorganic material having a bandgap that is wider than the 
bandgaps of the n-type doped semiconductor material and 
the p-type doped group III-nitride, wherein the interface 

simulated results. With linear fitting noted with a dotted line, 
the turn-on voltage for the UV LED with the n+Si/p-GaN 
junction was 13 V. The higher turn-on voltage compared to 
the simulation originated from the n-AlGaN contact induced 
resistance, which were not taken into consideration in the 
simulation model. 

5 between the quantum tunnel layer and the hole injection 
layer and the interface between the quantum tunnel layer and 
the p-type layer do not have an epitaxial structure. The electroluminescence (EL) spectra measured for the 

LED devices with the n+Si/p-GaN junction are compared in 
FIG. 9C. To carry out optical measurements, the LEDs were 
mounted, Al wire-bonded on sockets, and measured in a 10 

calibrated integrating sphere. No thermal management or 
light extraction fixtures were employed. The light emission 
peak was located at 226 nm under current injection of 20 
mA. As driving current density increased from 20 to 60 
A/cm2

, a blue-shift of the wavelength was observed, which 15 

was attributed to the band-filling and polarization screening 
effect due to increased carrier concentration within the QWs. 

The word "illustrative" is used herein to mean serving as 

3. The device of claim 2, wherein the inorganic material 
is an oxide that is not a native oxide of the n-type doped 
semiconductor material or a native oxide of the p-type group 
III-nitride. 

4. The device of claim 3, wherein the inorganic material 
is aluminum oxide or hafnium oxide. 

5. The device of claim 1, wherein the p-type doped group 
III-nitride is p-type GaN. 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 20 

construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 

6. The device of claim 5, wherein the n-type doped 
semiconductor material comprises an n-type doped group IV 
semiconductor. 

7. The device of claim 6, wherein then-type doped group 
IV semiconductor is n-type doped silicon. 

8. The device of claim 7, further comprising a quantum 
tunnel layer disposed between the hole injection layer and more." 

25 the p-type layer, the quantum tunnel layer comprising an 
inorganic material having a bandgap that is wider than the 
bandgaps of the n-type doped silicon and the p-type GaN, 
wherein the interface between the quantum tunnel layer and 
the hole injection layer and the interface between the quan-

30 tum tunnel layer and the p-type layer do not have an 
epitaxial structure. 

9. The device of claim 8, wherein the inorganic material 
is aluminum oxide. 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi­
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 
explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem- 35 is !~fJ~:/i;f~:.of claim 8, wherein the inorganic material 
plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. A light-emitting device comprising: 
a heterojunction comprising: 

a hole injection layer comprising a single-crystalline or 
polycrystalline n-type doped semiconductor mate­
rial, wherein the single-crystalline or polycrystalline 
n-type doped semiconductor material is not a group 
III-nitride semiconductor material; and 

a p-type layer comprising a p-type doped group III­
nitride; 

an n-type contact; and 

40 

45 

an active region comprising intrinsic semiconductor 
materials disposed between the p-type layer and the 50 

n-type contact, the active region comprising a multiple 
quantum well structure comprising alternating group 
III-V nitride barrier layers and group III-V nitride 
quantum well layers. 

2. The device of claim 1, further comprising a quantum 55 

tunnel layer disposed between the hole injection layer and 

11. The device of claim 1, wherein the n-type doped 
semiconductor material comprises an n-type doped group IV 
semiconductor. 

12. The device of claim 11, wherein the n-type doped 
group IV semiconductor is n-type silicon. 

13. The device of claim 12, wherein then-type silicon is 
single-crystalline silicon. 

14. The device of claim 12, wherein the n-type silicon is 
polycrystalline silicon. 

15. The device of claim 12, wherein the 
nitride barrier layers comprise AlN and the 
nitride quantum well layers comprise AlGaN. 

group III-V 
group III-V 

16. The device of claim 12, wherein the group III-V 
nitride barrier layers comprise GaN and the group III-V 
nitride quantum well layers comprise InGaN. 

17. The device of claim 11, wherein then-type doped 
group IV semiconductor is n-type germanium. 

* * * * * 


