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(57) Abstract: A strained semiconductor heterostructure (10)
comprises an injection region comprising a first emitter layer
(11) having p-type conductivity and a second emitter layer (12)
having n-type conductivity, and a light generation layer (13)
positioned between the first emitter layer (11) and the second
emitter layer (12). An electron capture region (14) is positioned
between the light generation layer (13) and the second emitter
layer (12), said electron capture region comprising a capture
layer (16) adjacent to the second emitter layer, and a confining
layer (15) adjacent to said electron capture layer. According to
the present invention, the widths and materials of the confin-
ing and capture layers (15, 16) are selected to provide energy
difference between one of localized energy levels for electrons
in the capture layer (16) and the conduction band bottom of
the second emitter layer (12) equal to the energy of the optical
phonon.
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SEMICONDUCTOR HETEROSTRUCTURE

FIELD OF THE INVENTION

The present invention relates to a semicon-
ductor heterostructure for 1light emitting devices,
particularly a structure formed of lattice mismatched
semiconductor materials. The heterostructure comprises
an injection region consisting of two emitters, a
light generation layer, and an electron capture re-
gion. In particular, the heterostructure can be made
of pyroelectric materials, particularly nitrides of
group III metals and their alloys. The heterostructure
can also be made of nitrogen containing arsenides and

phosphides of group III metals.

BACKGROUND OF THE INVENTION

The external quantum efficiency of a 1light
emitting diode, herein referred to as LED, can be de-
fined as:

Next =V Teap " Thint * out ,

where y is the injection efficiency, 7cap is the effi-
ciency of carrier capture into light generation re-
gion, 7niae is the radiative efficiency provided by ra-
diative recombination of carriers inside the light
generation region, ey is the light extraction effi-
ciency. Maximum LED efficiency is obtained by maximiz-
ing all these parameters. The first three factors are
overlapping and it is optimal to address them simulta-
neously during design of a LED structure.

The first factor to address is the efficiency
of carrier capture into light generation region. In
case of lattice mismatch between the device layers,
thickness of the layer where electrons and holes re-
combine should be small enough to preserve material
quality and avoid strain relaxation via nucleation of

dislocations. However, carrier capture into the light
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generation layer is significantly reduced when de-
creasing the layer thickness. The capture can be char-
acterized by the relation
d
g9, — 4. = —ﬂr—,

where g, and g. are the carrier fluxes, incident to the
light generation layer and transmitted over it, n is
the carrier concentration in an emitter, d is the
width of the light generation narrow bandgap layer,
and 7 is the capture time, usually determined by elec-
tron - optical phonon interaction. The relation shows
that captured part of the carrier flux is decreased
with decreasing the width of the light generation
layer and is reverse proportional to the capture time.
For fixed width of the light generation layer, capture
of carriers is less effective for electrons than for
holes due to lower value of electron effective mass
and, consequently, longer energy relaxation time 7.
Another inherent mechanism, which reduces carrier cap-
ture into the narrow bandgap region, is partial re-
flection of the electron or hole wave from that re-
gion. Therefore, the probability for carrier to be in-
side the narrow bandgap region decreases, which re-
sults in less effective coupling with localized state
inside narrow bandgap layer and in increasing of the
capture time 7. In result, the capture efficiency of
the device drops and maximum of the efficiency 7#ex: vs.
injection current is located far below the typical de-
vice operating current. A number of structures were
proposed to solve this problem. One of the solutions
is to use an additional wide bandgap layer on the hole
injecting side of the light generation region to pre-
vent electron overflow over this region. This solution
was adapted to the case of nitride-based light emit-
ting devices by Nagahama et al in US patent No
6,677,619 and references therein. However, presence of

such barrier increases electron and hole reflection,
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making this solution not optimal. To prevent carriers
escape from the light generation region, Nakamura et
al in US patent application No 2004/0101012 suggested
to insert two barriers from both sides of the light
generation region. Due to in general this solution
leads to high reflection of carriers from barriers,
the authors suggested to make the barriers as thin as
possible to increase probability of carrier tunneling
through them. One disadvantage of this solution, how-
ever, is that the tunneling of carriers in this case
is not resonant, and therefore for any reasonable bar-
rier thickness the reflection of carriers from the
barriers significantly decreases efficiency of carrier
capture into the light generation region. Wang et al
in GB patent No 2,352,326 disclose the CART structure,
where electrons are collected in a preliminary reser-
voir in n-type part of structure, from which they
resonantly tunnel to the light generation region. The
reservoir should be thick enough to effectively col-
lect carriers. In fact, it is hard to realize thick
high quality layer on the basis of lattice mismatched
semiconductor materials.

The second factor to address is the injection
efficiency. Since light is generated inside a thin
light generation layer, which is placed near the p-n
interface, it is desirable to provide maximum injec-
tion efficiency at this interface. Ordinary solution
is to dope emitters as large as possible without dete-
rioration of material quality. However, for the mate-
rials where the concentration of active doping centers
in one of the emitters is limited by fundamental mate-
rial properties, excessive doping of the other emitter
breaks the balance of electron and hole injection cur-
rents at the light generation layer resulting in re-
duced injection efficiency.

The third factor to address is the radiative

efficiency. If a device is made from pyroelectric ma-
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terials, spontaneous polarization and piezo polariza-
tion induced by strain exist in the structure, giving
rise to built-in electric field, which spatially sepa-
rates electrons and holes inside the light generation
region. In result, non-direct optical transitions are
required for radiative recombination. Such non-direct
recombination leads to a decrease of device radiative
quantum efficiency. The phenomenon is discussed in a
number of publications, including Bernardini et al,
“Spontaneous polarization and piezoelectric constants
of III-V nitrides”, American Physical Society Journal,
Physics Review B, Vol. 56, No. 16, 1997, pages R10024-
R10027; Takeuchi et al, “Quantum-Confined Stark Effect
due to Piezoelectric Fields in GaInN Strained Quantum
Wells”, Japanese Journal of Applied Physics, Vol. 36,
Part 2, No. 4, 1997, pages L382-L385; and Ambacher et
al, “Pyroelectric properties of Al(In)GaN/GaN hetero-
and quantum well structures”, Journal of Physics: Con-
densed Matter, Vol. 14, 2002, pages 3399-3434. To some
extent the effect of built-in polarization can be
minimized by use of very thin light generation layers.
However, such small thickness, as we mentioned above,
results in non-effective carrier capture. Besides,
width of the light generation layers might become com-
parable with thickness fluctuations. These fluctua-
tions can lead to formation of “holes” in the light
generation layers, which act as non-radiative recombi-
nation centers, thus additionally reducing device ef-
ficiency. As a conclusion, the polarization induced
built-in electric field limits both radiative effi-
ciency and capture rate. Ibbetson et al in US patent
No 6,515,313 disclose several techniques to diminish
the effect of polarization induced charges: selective
doping to provide an impurity charge, which might com-
pensate polarization induced charge; cladding Ilayers
with graded composition; active region with graded or

mixed composition; inverted polarization. Another so-
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lution is to use lattice matched semiconductor com-
pounds as materials for the light generation region.
However, in pyroelectric materials spontaneous polari-
zation also exists, which is non-zero even in relaxed
or lattice-matched layers. For example, the wvalue of
spontaneous polarization in nitrides of group III met-
als is similar to that arising from piezoelectric ef-
fect. Several other techniques to reduce piezoelectric
polarization are disclosed by Takeuchi et al in US
patent No 6,569,704 and by Goetz et al in US patent No
6,630,692.

As it ig followed from the above discussion,
development of a highly efficient light emitting
structure will be more effective in case of consistent
solutions of preferably all of the above-mentioned

problems.

PURPOSE OF THE INVENTION

The objective of the invention is to elimi-
nate the disadvantages referred to above.

One specific objective of the invention is to
disclose a new type of strained semiconductor heter-
ostructure with enhanced total light generating capa-
bility, the heterostructure being formed e.g. from py-
roelectric semiconductor materials as nitrides of
group III metals and their alloys, or from nitrogen
containing arsenides and phosphides of group III met-
als.

An objective of the invention is also to dis-
clogse a new type of light emitting diode utilizing

said strained semiconductor heterostructure.

SUMMARY OF THE INVENTION

The strained semiconductor heterostructure in
accordance with the present invention is characterized

by what is presented in claim 1.
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The semiconductor heterostructure of the pre-
sent invention includes: an injection region compris-
ing a first emitter layer of p-type conductivity and a
second emitter layer of n-type conductivity, a light
generation layer that is positioned between the emit-
ter layers, and an electron capture region that is in-
serted between the second emitter layer and the light
generation layer. The electron capture region com-
prises a capture layer adjacent to the second emitter
layer and a confining layer adjacent to the capture
layer. As used herein, the term “strained heterostruc-
ture” generally refers to a heterostructure consisting
of individual layers, where in-plane lattice parameter
of at least one layer differs from its equilibrium
value, and the term “layer” generally refers to a sin-
gle crystal epitaxial layer. The purpose of the elec-
tron capture region is to provide relaxation of the
electron energy and decrease electron overflow over
the light generation layer. The bandgap energy of the
light generation layer is smaller than those of the
emitter layers and the confining layer. The capture
layer has a bandgap energy smaller than that of the
confining layer. In addition, the energy position of
the lowest energy level for electrons in the capture
layer is higher than that in the 1light generation
layer.

According to the present invention, the
widths and materials of the capture layer and the con-
fining layer are selected to provide energy difference
between one of localized energy levels for electrons
in the capture layer and the conduction band bottom of
the second emitter layer equal to the energy of the
optical phonon. The term “optical phonon energy” gen-
erally refers to energy of optical type of lattice vi-
bration in the wvicinity of zero wave vector value. The
capture of electrons into the narrow bandgap capture

layer due to interaction with longitudinal optical
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(LO) phonons will be enhanced in comparison with the
capture to an arbitrary positioned level, because in
the aforementioned situation momentum transferred to
the phonon during electron downward transition will be
almost zero. The relaxation occurs mainly due to spon-
taneous emission of optical phonon at moderate tem-
peratures. The reverse carrier thermal emission from
the narrow bandgap capture layer to the emitter layer
occurs due to absorption of phonons and therefore will
be suppressed by factor N,/ + N,), where N; is the
number of phonons given by the Planck distribution.
For example, in case of nitrides of group III metals,
the optical phonon energy is about 100 meV; therefore
the emission rate will be suppressed in comparisgon
with the capture rate by about 40 times at room tem-
perature. Further relaxation of the carrier energy oc-
curs either via lower energy levels within the capture
layer and then to the adjacent narrow bandgap light
generation layer or directly to the light generation
layer. Thus, the capture layer in accordance with the
present invention has highly enhanced electron capture
efficiency in comparison with the prior art struc-
tures.

According to one preferred embodiment of the
present invention, the concentration of electrons in
the second emitter layer is adjusted to equal to the
product of: (1) concentration of holes in the first
emitter layer, (2) the ratio of the diffusion coeffi-
cient for holes in the second emitter layer and the
diffusion coefficient for electrons in the first emit-
ter layer, and (3) the ratio of the diffusion length
for electrons in the first emitter layer and the dif-
fusion length for holes in the second emitter layer.
With this condition fulfilled, the concentrations of
holes and electrons in the injection region are
matched and provide balance of injection currents in

the light generation layer resulting in maximal injec-
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tion efficiency. The theory behind this electron con-
centration adjustment is shortly explained in the fol-
lowing.

Since light is generated inside a thin light
generation layer, which is placed near the p-n inter-
face, it is desirable to provide maximum injection ef-
ficiency at this interface. In frame of the Shockley-
Noyce-Sah model, which assumes recombination inside
space charge region and corresponds to typical LED op-
erating currents, the recombination rate is propor-
tional to the product of electron and hole injection
current densities, but not to the product of majority
carrier concentrations in emitters. For those sgkilled
in the art, it is clear that the reason is that in a
p-n junction under forward bias, concentrations of in-
jected carriers depend on minority carrier concentra-
tions and applied voltage but not on majority carrier
concentrations. Thus, the injection efficiency 1is
maximal provided the electron and hole current densi-
ties are equal at the p-n interface, due to the total
current density is equal to the sum of these two cur-
rent densities and i1s constant across the structure.
For a given p-emitter hole concentration p, the equal-
ity of the electron and hole current densities sets a
condition for the n-emitter electron concentration n,
as:

DL

pTn

D,L,

n =

n

.pp'

where D, and D, are diffusion coefficients, and I, and
L, are diffusion lengths for minority carriers in n-
and p- emitters, correspondingly. As used herein, the
definitions of the terms “diffusion coefficient” and
“diffusion length” can be found, for example, in the
book of N.W. Ashcroft and N.D. Mermin “Solid State
Physics”, Saunders College Publishing, 1976, pages
602-604. The process of providing required electron

and hole concentrations in layers is well known for
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those skilled in the art. For the assumed group of
semiconductor materials (for example, in nitrides of
group III metals) it is typical that electron concen-
tration in n-emitter is several times higher than hole
concentration in p-emitter. In this case, electron in-
jection current inside the space charge region 1isg
higher than hole injection current resulting in injec-
tion efficiency drop as compared to maximal possible
efficiency. The most obvious solution to enhance light
generating capability in this case is to increase hole
concentration in the p-emitter. However, p-type doping
can be limited by fundamental properties of the mate-
rial. In the heterostructure of the current embodiment
of the present invention, balance between electron and
hole injection currents is provided by proper n-
emitter design in the p-n junction. In this case, a
middle-doped n-emitter is placed between n-contact
layer and the electron capture region.

In one embodiment of the present invention
the strained semiconductor heterostructure is made of
pyroelectric semiconductor materials, and the light
generation layer has a composition and thickness, at
which electrical field induced by spontaneous pyroe-
lectric polarization has a magnitude substantially
equal and direction substantially opposite to the cor-
regponding ones of the strain-induced piezoelectric
field. As used herein, the definitions of the terms
“pyroelectric polarization” and “piezoelectric polari-
zation” can be found, for example, in the book of N.W.
Ashcroft and N.D. Mermin “Solid State Physics”, Saun-
ders College Publishing, 1976, page 555. The idea is
to provide a fixed lattice mismatch between the emit-
ter layers and the light generation layer, so that the
electric field Epjezo induced by superposition of pie-
zoelectric polarization charges will compensate the
field Ey induced by superposition of spontaneous po-

larization charges:
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E_ =~ E

sp piezo

In this case, carriers are not spatially separated in-
gside the light generation layer, and it results in en-
hanced radiative efficiency. For example, in AlInGaN
layer piezoelectric and spontaneous polarizations
might be directed in opposite directions depending on
composition. Therefore material of the light genera-
tion layer and neighboring layers are selected to pro-
vide magnitude of built-in field induced by spontane-
ous (pyroelectric) polarization equal to magnitude of
built-in piezoelectric field and direction of built-in
field induced by spontaneous (pyroelectric) polariza-
tion opposite to direction of built-in pilezoelectric
field. Pyroelectric layer materials can be for example
nitrides of group III metals and their alloys. At
least one of the emitter layers can include Al;Ga;-xN,
in which 0 £ x £ 1. At least one of the light genera-
tion layer, confining layer, and capture layer can in-
clude Al,In,Ga;..,N, in which 0 < x<1, 0Ly<1, 0%
x+y < 1.

Preferable non-pyroelectric materials for the
structure of the present invention are nitrogen con-
taining arsenides and phosphides of group III metals.
For example, at least one of the emitter layers, light
generation layer, confining layer and capture layer
can include Al,In,Ga; -x-yAS:NpPi.a-p, in which 0 <x<1, 0
<y<1, 0<x+y £l and 0L a<1l 0<b=0.1,0 <
a+b < 1.

As one preferred embodiment of the present
invention, further enhanced carrier relaxation, if de-
sired, can be provided by insertion of additional lay-
ers into the structure. According to this embodiment,
at least one pair of wide and narrow bandgap layers is
inserted between the confining layer and the light
generation layer, the layer adjacent to the confining
layer being a narrow bandgap layer. Bandgap energies

of the wide bandgap layers are larger than those of
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the narrow bandgap layers and that of the light gen-
eration layer. Compositions and widths of the narrow
and wide bandgap layers are chosen to provide the low-
est energy levels for electrons in any narrow bandgap
layer higher than that in the 1light generation layer,
lower than that of the capture layer, and lower than
those in the narrow bandgap layers located between the
considered narrow bandgap layer and the confining
layer. In addition, said compositions and widths are
selected to provide energy difference between the low-
est localized energy level for electrons in the cap-
ture layer (16) and that in the narrow bandgap layer
adjacent to the confining layer equal to the energy of
the optical phonon. Such adjustment to the phonon en-
ergy can be provided also between every pair of neigh-
boring narrow bandgap layers. The downward energy re-
laxation in this kind of structure occurs via sequence
of phonon assisted relaxation processes, and, there-
fore, will be further enhanced.

Also the structure containing said additional
wide and narrow bandgap layers can be made of pyroe-
lectric materials. In this case, at least one of the
emitter layers can include Al,Ga;.,N, in which 0 < x <
1. At least one of the light generation layer, confin-
ing layer, and capture layer can include Al,Iny,Gag x N,
in which 0 £ x <1, 0Ly <1, 0 K< x+y £ 1. The addi-
tional layers can comprise for example alternating Al-
milNniGal-mi-niN wide bandgap and Alx;In;;Gai_xi-1:N narrow
bandgap layers, in which i numerates pairs, 0 < mi <
1, 0= ni <1, 0<mi+ni £1, 0< ki <1, 0 < 11 < 1,
0 £ ki+li £ 1,

In structures according to the present inven-
tion having pyroelectric layer materials described
above, an additional low resistivity region of n-type
conductivity can be added adjacent to sgaid second
emitter layer, the low resistivity region comprising
lateral current spreading superlattice formed of plu-
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rality of pairs of alternating Al,Ga;-.N and Al,Gay.yN
layers, in which 0 £ x £ 1 and 0 £ y £ 1,

In a non-pyroelectric structure with addi-
tional wide and narrow bandgap layers in the capture
region, at least one of the emitter layers, light gen-
eration layer, confining layer and capture layer can
include Al In,Ga; x yAS:NyPi op, in which 0 £ x £ 1, 0 < y
£1, 0L x+ty £ 1 and 0 £ g < 1, 0 < b<0.1, 0L a+b £
1. The additional layers can comprise for example al-
ternating AlpiIngGas-mi-niASpiNgiPipi-qi wide bandgap and
Aly;IngiGas ki 1:A8,iNgiPipisi Darrow bandgap layers, in

which i numerates pairs, 0 £ mi £ 1, 0 £ ni £ 1, 0 <
mi+ni £ 1, and 0 £ pi £1, 0 < gi £ 0.1, 0 < pi+gi <
1, and 0 £ ki £ 1, 0 < 11i £ 1, 0 £ ki+li < 1, and 0 <

ri £1, 0< 81 < 0.1, 0 £ rit+gi £ 1.

The light emitting diode (LED) in accordance
of the present invention is characterized by what is
presented in claim 11. The light emitting diode com-
prises the strained semiconductor hetefostructure de-
scribed above. Thus it has greatly enhanced light
emitting efficiency in comparison to the prior art de-
vices. The entire device is designed for enhanced
light generating capability during high current den-
sity operation. All the described aspects of the pre-
ferred embodiments of the invention, i.e. the phonon
energy adjustment, additional capture region layers,
electron concentration adjustment and the piezoelec-
tric field compensation, may overlap, and it is advan-
tageous to address them simultaneously to achieve op-
timal device performance. For example, compositions of
the light generation layer, the narrow bandgap layer
in the electron capture region and the emitter layers
may be chosen to provide (a) flat zone profile in the
light generation layer, (b) transition energy equal to
the optical phonon energy, (c) required emission wave-
length. The doping levels are given by condition of

balanced current injection described above.
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The light emitting diode (LED) in accordance
with the present invention is also characterized by
what is presented in claim 12. The light emitting di-
ode has a semiconductor heterostructure according to
claim 5 or 10, which are explained earlier in this
document. According to the present invention, said
heterostructure is grown on a substrate whose material
is GaP, GaAs or InP. In addition, the emitter layers
are lattice matched to the substrate. In other words,
the lattice constant of the emitter layer is substan-
tially the same as that of the substrate.

As a summary, several advantages compared to
the prior art are achieved with the present invention.
In particular, the electron capture region with de-
scribed phonon energy adjustment provides effective
relaxation of the electron energy and suppresses elec-
tron overflow over the light generation layer. As a
further advantage, concentrations of holes and elec-
trons in the injection region can be matched to pro-
vide balance of injection currents in the light gen-
eration layer. As another further advantage, if the
heterostructure is made of pyroelectric semiconductor
materials, the light generation layer can have a com-
position, at which electrical field in this layer 1is
approximately equal to zero. As a result, the total
external quantum efficiency of a light emitting diode
utilizing the heterostructure according to the present
invention will be highly enhanced. The entire device
is designed for enhanced light generating capability
during high current density operation.

The foregoing description, as well as other
advantages of the invention and the manner in which
the same are accomplished, is further specified within
the following detailed description and its accompany-

ing drawings.
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LIST OF FIGURES

In the following section, the invention will
be described in detail with reference to the accompa. -
nying drawings, in which

FIG. 1 is a schematic cross sectional view
showing one example of the semiconductor heterostruc-
ture according to the present invention;

FIG. 2 illustrates the energy bands of the
light generation layer and capture region of the semi-
conductor heterostructure of FIG.1;

FIG. 3 illustrates the energy bands of a
semiconductor heterostructure with a pair of wide and
narrow bandgap layers inserted between the confining
layer and the light generation layer according to the
present invention;

FIG. 4a illustrates a p-n junction based
semiconductor heterostructure used in light emitting
diodes in case electron concentration in n-emitter ex-
ceeds that of holes in p-emitter, FIG. 4b illustrates
the distribution of concentrations of electrons and
holes across the same structure, and FIG. 4c illus-
trates the distribution of electron and hole current
densities across the same structure;

FIG. 5a illustrates a p-n junction based in-
jection Dbalanced semiconductor heterostructure in
light emitting diodes according to the present inven-
tion, FIG. 5b illustrates the distribution of concen-
trations of electrons and holes across the same struc-
ture, and FIG. 5c illustrates the distribution of
electron and hole current densities across the same
structure; and

FIG. 6 1is a schematic cross sectional view
showing semiconductor heterostructure in light emit-
ting diodes made of nitrides of group III metals ac-

cording to the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

In FIG. 1 a cross-sectional schematic view of
the semiconductor heterostructure is shown. The heter-
ostructure, which is generally designated by 10, com-
prises an injection region consisting of a first emit-
ter layer 11 and a second emitter layer 12, a light
generation layer 13, and an electron capture region 14
consisting of a capture layer and a confining layer.

FIG. 2 represents a schematic energy band
diagram of the heterostructure shown in FIG 1. The
capture region is a narrow bandgap layer adjacent to
the second emitter layer. The layer with a wide band-
gap between the capture and light generation layers is
the confining layer. Widths and compositions of the
capture and confining layers are adjusted to provide
energy difference between one of the localized elec-
tron energy levels of the capture layer and the con-
duction band bottom in the electron emitter equal to
the optical phonon energy. The capture of electrons
into the narrow bandgap capture layer occurs due to
interaction with longitudinal optical (LO) phonons,
marked as 1. As result, the capture efficiency will be
enhanced in comparison with the capture to an arbi-
trary positioned level. Further relaxation of the car-
rier energy, marked as 2, occurs first wvia lower en-
ergy levels within the same narrow bandgap capture
layer, and then to the adjacent narrow bandgap light
generation layer.

FIG. 3 represents a schematic band diagram of
the heterostructure with one pair of a wide and narrow
bandgap layers added between the confining layer and
the light generation layer. Compositions and widths of
the inserted layers are adjusted to provide the lowest
energy levels for electrons in the narrow bandgap
layer higher than that in the light generation layer
and lower than that of the capture layer. In addition,

the inserted layers are adjusted to provide energy
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difference between the lowest energy levels in the
neighboring capture and narrow bandgap layers equal to
the optical phonon energy. The capture of electrons
into the narrow bandgap capture layer occurs as in the
case of FIG. 2 due to interaction with longitudinal
optical (LO) phonons, marked as 1. The downward energy
relaxation in this structure occurs via sequence of
processes marked as 2 and 3, the latter being a phonon
assisted process. Due to the additional phonon as-
sisted step 3, the energy relaxation will be further
enhanced’compared to the case without the additional
layers.

Comparison of FIG. 4 and FIG. 5 clarifies the
effect of the electron concentration adjustment in ac-
cordance with the present invention. In the structure
of FIG. 5 the electron concentration fulfils the con-
dition

D L

~ p n .
n, = joly
D,L,

where D, and D, are diffusion coefficients, I,
and L, are diffusion lengths for minority carriers in
n- and p- emitters, correspondingly. In this case the
electron and hole current densities are equal at the
p-n interface and thus the injection efficiency is
maximal in contrast to the case of FIG. 4 with elec-
tron concentration in n-emitter exceeding that of
holes in p-emitter.

FIG. 6 gives an example of the semiconductor
heterostructure for light emitting diodes made of ni-
trides of group III metals according to the present
invention. The heterostructure, which is generally
designated by 10, comprises an injection region con-
sisting of a first emitter layer 11 made of GaN having
p-conductivity type with hole concentration of 5x10Y7
cm™® and thickness of 0.5 pm, and a second emitter
layer 12 made of GaN having n-conductivity type with

electron concentration of 1x10*® cm™ and thickness of
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0.5 pm; a light generation layer 13 made of undoped
Aly.04Ing,.22Ga0.7:N having thickness of 0.003 pum; an elec-
tron capture region consisting of a confining layer 15
made of undoped Alg ,Ing,sGag.7;sN having thickness of
0.0015 pm and an electron capture layer 16 made of un-
doped Ing ¢6Gap.esN having thickness of 0.006 pm; and a
low resistivity region 17 made of GaN and having n-
conductivity type with electron concentration of
5x10'® cm™ and thickness of 2 pm.

The invention is not limited merely to the
examples referred to above; instead many wvariations
are possible within the scope of the claims
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CLAIMS

1. A strained semiconductor heterostructure
(10) comprising:

an injection region comprising a first emit-
ter layer (11) having p-type conductivity and a second
emitter layer (12) having n-type conductivity;

a light generation layer (13) positioned be-
tween the first emitter layer (11) and the second
emitter layer (12), the bandgap energy of said light
generation layer being smaller than the ones of the
first and the second emitter layers;

an electron capture region (14) positioned
between the light generation layer (13) and the second
emitter layer (12), said electron capture region com-
prising a capture layer (16) adjacent to the second
emitter layer, and a confining layer (15) adjacent to
said electron capture layer, the bandgap energy of
said confining layer being larger than that of the
light generation layer, the bandgap energy of said
capture layer being smaller than that of the confining
layer, and the lowest energy level for electrons in
the capture layer being higher than that in the light
generation layer;

characterized in that

the widths and materials of the confining and
capture layers (15, 16) are selected to provide energy
difference between one of localized energy levels for
electrons in the capture layer (16) and the conduction
band bottom of the second emitter layer (12) equal to
the energy of the optical phonon.

2. A strained semiconductor heterostructure
(10) according to claim 1, characterized in
that the concentration of electrons in the second
emitter layer (12) is adjusted to equal to the product
of:
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concentration of holes in the first emitter
layer (11),

the ratio of the diffusion coefficient for
holes in the second emitter layer (12) and the diffu-
sion coefficient for electrons in the first emitter
layer (11), and

the ratio of the diffusion length for elec-
trons in the first emitter layer (11) and the diffu-
sion length for holes in the second emitter layer
(12) .

3. A strained semiconductor heterostructure
(10) according to claim 1 or 2, characterized
in that said strained semiconductor heterostructure is
formed of pyroelectric semiconductor materials; and

the width and material of the light genera-
tion layer (13) are selected to provide a built-in
electric field induced by spontaneous pyroelectric po-
larization having a magnitude substantially equal and
direction substantially opposite to the corresponding
ones of the built-in piezoelectric field.

4. A strained semiconductor heterostructure
(10) according to claim 3, characterized in
that at least one of the following conditions is ful-
filled:

said first emitter layer (11) comprises
Al,;Ga;-xN, in which 0 £ x1 £ 1;
said second emitter layer (12) comprises

Al,.Gai-x2N, in which 0 £ x2 £ 1;

said light generation layer (13) comprises
AlysIngsGay x3.ysN, in which 0 £ x3 £ 1, 0 £ y3 £ 1, 0 <
x3+y3 £ 1;

said confining layer (15) comprises
AlyxsIng,Gas.xs-psN, in which 0 £ x4 < 1, 0 £ y4 <1, 0 £
x4+y4 < 1; and

sald capture layer (16) comprises AlxsIn,Ga;-
x5-ysN, in which 0 £ x5 <1, 0 £ y5< 1, 0 £ x5+y5 < 1.



WO 2006/030064 PCT/FI12005/000394

10

15

20

25

30

35

18

5. A strained semiconductor heterostructure
(10) according to claim 1 or 2, characterized
in that at least one of the following conditions is
fulfilled:

said first emitter (11) layer comprises
AlxiIng;Gas x1-yiA8aNpiPra1-p;, in which 0 £ x1 £ 1, 0 £ y1
£1, 0L xI+y1 £ 1 and 0 £ a1 <1, 0 < b1 £0.1, 0 <
al+bl £ 1;

said second emitter layer (12) comprises
Alyx2IngGa; x2-y2A8a2Np2Pi-az-p2, in which 0 < x2 < 1, 0 £ y2
£1, 0 £ x24y2 £ 1 and 0 £ a2 < 1, 0 < b2 < 0.1, 0 <
a2+b2 < 1;

said light generation layer (13) comprises
Alx3Iny3Ga; x3.y3BSasNpsPi-az-p3, in which 0 £ x3 < 1, 0 £ y3
£1, 0 x3+ty3 £ 1 and 0 £ a3 £ 1, 0 < b3 < 0.1, 0 <
a3+b3 £ 1;

said confining layer (15) comprises
Al x4InysGas x4 yaASaNpsP1 as-ps, in which 0 £ x4 < 1, 0 £ y4
<1, 0 x4+y4 <1 and 0 £ a4 < 1, 0 < b4 £ 0.1, 0 <
a4+b4 £ 1; and

said capture layer (16) comprises AlysIngsGaj.
x5-y5ASasNpsP1_as-p5, in which 0 £ x5 < 1, 0 £ y5 £ 1, 0 £
x5+y5 <1 and 0 £ a5 <1, 0 < b5 < 0.1, 0 < a5+b5 £ 1.

6. A strained semiconductor heterostructure
(10) according to claim 1 or 2, characterized
in that

the capture region (16) comprises at least
one pair of wide and narrow bandgap layers inserted
between the confining layer (15) and the light genera-
tion layer (13), the layer adjacent to the confining
layer being one of the narrow bandgap layers, the
bandgap energies of the wide bandgap layers being
larger than that of the light generation layer, the
bandgap energies of the narrow bandgap layers being
smaller than those of the wide bandgap layers, and the
widths and materials of the wide and the narrow band-

gap layers being selected to provide:



WO 2006/030064 PCT/FI12005/000394

10

15

20

25

30

35

19

the lowest energy level for electrons in any
narrow bandgap layer higher than that in the 1light
generation layer (13), lower than that of the capture
layer (16), and lower than those in the narrow bandgap
layers located between the considered narrow bandgap
layer and the confining layer (15); and

energy difference between the lowest local-
ized energy 1levels for the electrons in the narrow
bandgap layer adjacent to the confining layer and that
in the capture layer (16) equal to the energy of the
optical phonon.

7. A strained semiconductor heterostructure
(10) according to claim 6, characterized in
that said strained semiconductor heterostructure is
formed of pyroelectric semiconductor materials; and

the width and material of said light genera-
tion layer (13) are selected to provide a built-in
electric field induced by spontaneoﬁs pyroelectric po-
larization having a magnitude substantially equal and
direction substantially opposite to the corresponding
ones of the built-in piezoelectric field.

8. A strained semiconductor heterostructure
(10) according to claim 7, characterized 1in
that at least one of the following conditions is ful-
filled:

said first emitter layer (11) comprises
Alx:Gai;-xN, in which 0 £ x1 < 1;

said second emitter layer (12) comprises
Al,.Gai.xN, in which 0 £ x2 £ 1;

said light generation layer (13) comprises
AlxsIngsGai-x3-ysN, in which 0 £ x3 £ 1, 0 £ y3 <1, 0 £
x3+y3 £ 1;

said confining layer (15) comprises
AlxIng,Gay x4.yaN, in which 0 £ x4 £ 1, 0 £ y¢4 £ 1, 0 £
x4+y4 < 1;
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said electron capture layer (16) comprises
AlysIngsGay-xs-.ysN, in which 0 £ x5 £ 1, 0 £ y5 £ 1, 0 <
x5+y5 £ 1; and

said pairs of wide and narrow bandgap layers
comprise alternating Al,;In,;Gai ni-:N wide bandgap and
Alg;Ing;Gas.g;-1:N narrow bandgap layers, in which i nu-
merates pairs, 0 < mi < 1, 0 £ ni £ 1, 0 £ mi+ni < 1,
0L ki<1l, 0£1i<1, 0<% ki+li < 1.

9. A strained semiconductor heterostructure
(10) according to claim 4 or 8, characterized
in that

an additional low resistivity region (17) of
n-type conductivity is added adjacent to said second
emitter layer (12), the additional region comprising
lateral current spreading superlattice formed of plu-
rality of pairs of alternating Al,Ga,..N and Al Ga; N
layers, in which 0 £ x £ 1 and 0 £ y < 1.,

10. A strained semiconductor heterostructure
(10) according to claim 6, characterized in
that at least one of the following conditions is ful-
filled:

said first emitter layer (11) comprises
Aly1Ing;Gas xi-y1ASaNpiPi-az.p2, in which 0 £ x1 <1, 0 £ y1
<1, 0< xl+yl <1 and 0 € a1 <1, 0< bl <0.1, 0%
al+bl £ 1;

sald second emitter layer (12) comprises
Aly2InysGa; x2-y2ASaNp2Pi-az-pz, in which 0 £ x2 <1, 0 £ y2
£1, 0L x2+y2 £ 1 and 0 < a2 <1, 0 < b2 £ 0.1, 0 £
az+b2 < 1;

said 1light generation layer (13) comprises
Aly3Iny;Gas x3-y3ASasNpsPi-a3-p3, in which 0 £ x3 <1, 0 £ y3
£1, 0L x3+ty3 £ 1 and 0 £ g3 <1, 0 < b3 £0.1, 0 <
a3+b3 < 1;

said confining layer (15) comprises
Al xaIng,Gas xe yaASaaNpsP1as-pe, in which 0 < x4 < 1, 0 £ y4
£1, 0 x44y4 £ 1 and 0 £ a4 <1, 0 < b4 £ 0.1, 0 £
a4+b4 < 1;



WO 2006/030064 PCT/FI12005/000394

10

15

20

25

21

sald electron capture layer (16) comprises
Al ysIngsGas.xs-ysASasNpsPi-as-ps, in which 0 £ x5 < 1, 0 £ y5
£1, 0 £ x5+y5 £ 1 and 0 £ a5 <1, 0 < b5 < 0.1, 0 £
as5+b5 < 1; and

said pairs of wide and narrow bandgap layers
comprise alternating AlpiIngiGas mi-niAsSpiNgiPipiqi  wide
bandgap and Alx:In;;Gai-xi-1:ASriNgiPi.ri.s; narrow bandgap
layers, in which i numerates pairs, 0 < mi £ 1, 0 £ ni
£1, 0 £ mi+ni £ 1, and 0 £ pi £ 1, 0 < gi £ 0.1, 0 £
pi+gi £ 1, and 0 £ ki <1, 0 < 1i £1, 0 £ ki+li £ 1,
and 0 £ ri £1, 0< g1 £ 0.1, 0 £ ri+si £ 1.

11. A light emitting diode comprising a
strained semiconductor heterostructure according to
any of claims 1 to 10.

12. A 1light emitting diode comprising a
strained semiconductor heterostructure according to
claim 5 or 10, characterized in that

sald strained semiconductor heterostructure
is grown on a substrate whose material is selected
from the group consisting of GaP, GaAs, InP; and

materials of said first and second emitter
layers (11, 12) are selected to provide lattice match
to said substrate.
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FIGURE 1
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11 - first emitter layer (injection region)

13 - light generation layer

14 - electron capture region

12 - second emitter layer (injection region)
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6
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11 - p-GaN

13 - AllnGaN

15 - AlinGaN

16 - InGaN

12 - n-GaN

17 - n-GaN
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