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Abstract
Lighting plays a major role in consumption of electrical energy in the world. Thus, increasing
the efﬁciency of light sources is one key element in reducing the green house gas emissions.
Light emitting diodes (LEDs) are gaining a foothold in general lighting. Despite their rapid
development in light output and their superior efﬁciency compared to other light sources,
LEDs still need improvements in order to become the ultimate lighting technology.
A typical LED is a double heterojunction (DHJ) structure, in which the active region fabricated
from a lower band gap material is sandwiched between higher band gap p- and n-doped regions.
By biasing such a structure electrons and holes are transferred by current into the active region,
where they recombine releasing energy as photons. The carrier injection in a conventional LED
structure is typically efﬁcient. However, in more exotic novel structures based on nanowires
or near surface nanostructures, fabricating a DHJ becomes difﬁcult.
This thesis presents the experimental studies on a novel current injection method for light
emitting applications. The method is based on bipolar diffusion of charge carriers. Unlike in the
conventional method, the active region does not have to placed between the p- and n-layers of
the pn-junction. The diffusion injection method is experimentally demonstrated by two types
of prototype structures. The ﬁrst prototype was fabricated using a multi quantum well (MQW)
stack buried under the pn-junction. The second prototype was fabricated using a near surface
quantum well (QW) placed on top of the pn-junction. The ﬁrst prototype showed that the
diffusion current components can be used to excite an active region outside of the pn-junction.
The second prototype showed a large improvement in injection efﬁciency as well as the
suitability of the method for exciting surface structures.
The applications of diffusion injection can be found in blue galliun nitride based LEDs studied
in this thesis as well as in green solid-state light sources, light sources integrated into silicon
technology and devices based on nanostructures and plasmonics.
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Tiivistelmä
Valaistus kuluttaa merkittävän osan sähköenergiasta maailmanlaajuisesti. Valaistuksen
hyötysuhteen parantaminen on siis yksi merkittävimmistä menetelmistä vähentää
kasvihuonepäästöjä. Vaikka loistediodien (LEDs, engl. light emitting diodes) nopea kehitys ja
niiden ylivoimainen hyötysuhde kilpaileviin teknologioihin on antanut LED:eille jalansijaa
myös yleisvalaistuksessa, LED-teknologia tarvitsee vielä tutkimusta, jotta ne voisivat
täydellisesti korvata vaihtoehtoiset teknologiat.
Perinteinen LED perustuu kaksoisheteroliitokseen (DHJ, engl. double heterojunction), jossa
aktiivinen alue on valmistettu p- ja n-tyyppiseksi seostettujen alueiden väliin. Kytkemällä
jännite rakenteen yli elektronit ja aukot liikkuvat sähkökentän mukaisesti ajautumisvirtana
seostetutuista alueista kohti aktiivista aluetta, jossa ne rekombinoituvat vapauttaen energiaa
fotoneina. Varaustenkuljettajien syöttö on perinteisessä LED-rakenteessa tyypillisesti erittäin
hyvä. Haasteita ilmenee uusissa, eksoottisissa LED-rakenteissa, jotka perustuvat lähellä pintaa
oleviin nanorakenteisiin. Näissä tapauksissa DHJ:n valmistaminen on hankalaa ja
varaustenkuljettajien syöttö on usein heikkoa.
Tämä väitöskirja esittelee kokeellisia tutkimuksia uudesta diffuusioon perustuvasta LEDrakenteiden viritysmenetelmästä. Menetelmässä aktiivisen alueen ei tarvitse olla seostettujen
alueiden välissä. Kokeelliset todisteet menetelmän toimivuudesta näytetään kahdella eri
tyyppisellä prototyyppirakenteella. Ensimmäinen prototyyppi on pn-liitoksen alle haudattu
monikvanttikaivorakenne. Toisessa prototyypissä yksittäinen kvanttikaivo on pn-liitoksen
päällä. Ensimmäinen koerakenne osoitti, että pn-liitoksen ulkopuolelle valmistetun aktiivisen
alueen viritys onnistuu. Toisella rakenteella havaittiin merkittävä hyötysuhteen parannus. Se
myös osoitti, että pinnassa sijaitseva rakenne voidaan virittää sen alla olevalla pn-liitoksella.
Mahdollisia sovelluksia menetelmälle löytyy jo mainittujen sovellusten lisäksi vihreiden
puolijohdevalolähteiden valmituksessa sekä pii-teknologiaan integroitavissa valolähteissä.
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1. Introduction

Light emitting diodes (LEDs) have unquestionable impact on our everyday lives. LEDs can be found in almost every electronic device in hand.
They are nowadays not only used as indicator lights as they were in the
early years of long history of LEDs, but they have gained ground also in
solid state lighting and screen back lighting of hand held devices and televisions. The ﬁrst report of electroluminescence from semiconductors was
hundred years ago, and nowadays the LED industry has grown in to a billion dollar business. The hard work and key inventions in developing blue
LEDs, which are used in fabricating white light emitters, led The Royal
Swedish Academy of Sciences to award Nobel price in physics to Isamu
Akasaki, Hiroshi Amano and Shuji Nakamura in 2014.
There is demand for more and more efﬁcient light sources, since lighting
is the largest single user of electric energy and a rapidly growing source
of energy demand and greenhouse gas emissions. In 2005 the electricity
consumed by lighting was 2650 TWh worldwide, about 19 % of the total
global electricity consumption [1]. The incandescent light bulb is becoming history in lighting due to its poor efﬁciency and they are slowly being
replaced by more efﬁcient and longer lifetime light sources such as ﬂuorescent tubes and LEDs.
Even though LEDs have become a mature technology in growth and device engineering point of views, there is still room for improvement and research. Almost whole visible spectrum can be nowadays covered by LEDs.
However, the efﬁciency of green LEDs is reasonably poor [2]. This is often
referred to as the green gap. Moreover, LEDs, especially gallium nitride
(GaN) based white light emitters, suffer from a phenomenon called the
efﬁciency droop [3]. The efﬁciency of an LED is dependent on the injection current density. At low injection current densities the LEDs operate
at modest efﬁciency. When injection current density is increased, the ef-
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ﬁciency improves. When the peak efﬁciency is achieved, the efﬁciency
starts to decrease. This decrease or roll over of efﬁciency is the droop effect. Several, some even contradictory, theories have been presented in
the research community, but no overall agreement has been gained. Solving the efﬁciency droop is one key element in order to achieve large scale
deployment of LED based high power light sources for solid state lighting
and automobile headlights.
In order to improve the efﬁciency of LEDs and also to avoid the droop,
designing novel LED structures has received an increasing amount of attention in the research community. Since the efﬁciency droop is dependent on the carrier density in the active region, increasing the volume of
the light emitting region of the device has been suggested as a solution.
The typical light emitting region in GaN based LEDs is quantum well
(QW) based structure. A QW is a thin ﬁlm of lower band gap material
sandwiched in between of higher band gap materials called barriers. The
thickness of the well is only a few nanometers and the thickness of the barriers is roughly at least 10 nm. The QW structure conﬁnes charge carriers
allowing an efﬁcient light generation. Growing thicker QWs increases the
volume, but results in decreased radiative recombination due to electron
and hole separation in the QW. Increasing the amount of QWs results in
poor electron and hole distribution along the multi quantum well (MQW)
stack. Nanowires are considered to have potential to achieve the ultimate
efﬁciency of LEDs. Their superior crystal quality reduces signiﬁcantly the
unwanted nonradiative recombination in the device structure. The carrier
conﬁnement is also improved compared to thin ﬁlm devices. In addition,
light extraction from the device itself is signiﬁcantly higher than in the
conventional planar LED design. Similar arguments have also been used
for fabricating quantum dot (QD) LEDs. Since the LEDs are fabricated
from materials, which have higher refractive index, part of the generated
light is trapped inside the device structure. This reduces light extraction
properties of the device. For improving light extraction from planar LEDs,
structures exploiting surface plasmons have been developed.
Practically all modern inorganic LED designs are based on a double heterojunction (DHJ) structure, which is in practice a sandwich-like structure. The light emitting region is fabricated in the middle of the device
structure. These structures and the associated current injection principle have remained essentially unchanged since the invention of the pnjunction based LED. The DHJ structure works well in the conventional
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approach, in which the LED is planar and the light emitting region is a
stack of thin ﬁlms. However, the conventional DHJ design does not adapt
well to current injection of nanostructures or active regions located close
to surfaces. In such cases challenges arise in, e.g., the fabrication of the
nanostructured DHJs [4], the formation of depletion layer and the resulting large leakage currents [5]. This hinders the development of emerging
optoelectronic devices, such as photonic crystal [6], surface plasmon enhanced [5, 7–11], nanowire [4, 12, 13] and quantum dot [14] structures.
This thesis mainly discusses the research and the studies of fundamentally different approaches for electrically excite light emitting materials.
In a conventional LED structure diffusion of minority charge carriers
may extend over relatively long distances even in the presence of the
DHJ potential barriers designed to reduce the detrimental leakage currents [15, 16]. The studied approach is based on utilizing the mentioned
diffusion currents. This allows the light emitting region to be left outside
the pn-junction and, therefore, it can be fabricated completely free of contact structures. Additionally, if the active region is buried under the pnjunction, it can be left completely unetched. The diffusion injected light
emitting diode (DILED) structures studied in this work are modiﬁable
to surface plasmon utilizing, QD, nanowire and large area LEDs as well
as solar cells and detectors. The efﬁciency of the ﬁrst prototype DILED
structure was in the same range than that of the reported ﬁrst GaN based
DHJ LEDs. The efﬁciency of a second generation prototype was already in
the range of that of a simple reference LED fabricated with similar active
region. However, the enormous potential in the DILED structure in terms
of device engineering and utilization of huge variety of different materials
opens up a whole new world for LEDs.
The background for this thesis including the history of LEDs and IIInitrides is handed out in chapter 2. Introduction into electronic properties of semiconductors is given in chapter 3. III-nitrides in general and
III-nitride LEDs are discussed in chapter 4. Chapter 5 covers the experimental section. In chapter 6 the fabricated DILED structures are presented and their properties are thoroughly discussed as well as the future
of DILEDs. Finally the thesis is concluded in chapter 7.
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4

2. Background

2.1

History of LEDs

In the beginning of the 20th century, H. J. Round was studying rectifying
properties of a silicon carbide (SiC) and metal junction as he noted that
the sample was emitting light under bias voltage. In 1907 he wrote a
paper, in which he described the light emitting effect in a metal-semiconductor junction. This was the ﬁrst study, which reported electroluminescence. However, since semiconductors in that time were not well known,
he reckoned that the light was generated by thermoelectric effect in the
junction. It required few decades until the phenomenon was explained by
modern semiconductor theories. [17] Lossev, in 1928, reported his investigations on this mystical luminescence properties of SiC based rectiﬁers.
He noticed, that the emission was not based on incandescence, but it is
linked into some electrical phenomenon. [18]
However, the phenomenon did not receive large scale interest until 1940’s,
when the pn-junction was invented by R. Ohl. [19] R. Ohl noticed that the
impurities in silicon samples, formed by the fabrication processes, created
regions which affected the conductivity of the silicon. Current transport
in some of these regions was dominated by carriers with negative charge
and in part it was dominated by carriers with positive charge. These regions were named as n-type and p-type material, respectively. [19] When
sample consisted of both p- and n-type material, the sample exhibited
current rectifying properties. However, the theory of pn-junction was not
formed until 1947, when J. Bardeen and W. Brattain invented the transistor in Bell Laboratory. This was followed by the W. Shockley’s theoretical
studies on the pn-junction in 1948. [19]
A huge step towards modern LEDs occurred in 1950’s, when the era
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of III-V semiconductor family started. III-V semiconductors were prior
completely unknown material family, since they do not occur in nature.
The novel materials were proven to be optically very active. In 1954 bulk
growth of gallium arsenide (GaAs) was initiated and it was used for epitaxial substrates for pn-junction diode structures. The ﬁrst commercial
LED was fabricated by Texas Instruments in the beginning of 1960’s. It
was gallium arsenide (GaAs) based device emitting at 870 nm. However,
large manufacturing costs kept the production scale small. [20]
Holonyak and Bavacqua reported in 1962 a coherent light emission from
gallium arsenide phosphide (GaAsP) based laser diode (LD) operating at
low temperatures. The device functioned as an LED at room temperature. This report can be seen as the beginning of the conquest of LEDs in
visible range. The ﬁrst commercial LED emitting at visible range, based
on GaAsP, was manufactured by General Electric (GE) Corporation in the
early 1960’s. The cost of a single LED was signiﬁcantly high. Mass production of LEDs began in 1968 by Monstanto Corporation. This initiated
the era of solid state lamps. [20]

2.2

History of III-nitrides

The history of III-nitrides is long, even though the blue LED, which is
currently the main application for III-nitrides, is a reasonably recent invention. In year the 1938 Juza and Hahn managed to fabricate small
spikes of GaN by ﬂowing hot ammonia over molten gallium. Grimmeiss,
et al., used the same method and achieved small GaN crystals. [21] At the
end of the 1960’s James Tietjen, who at the time was head of the material
research group at Radio Corporation of America (RCA), wanted to develop
LED based television, which could be hanged on the wall like a painting.
For achieving complete colour map, three main colours are needed: red,
green and blue. The red LED was obtainable by using the GaAsP alloy
and green from GaP. Therefore, only missing piece was the bright blue
LED. [20]
Tietjen challenged Paul Maruska and his research team for searching
a way to fabricate single crystal GaN ﬁlms, with which Tietjen believed
to achieve the blue LED. Maruska had earlier fabricated GaAsP based
red LEDs and had a lot of experience from the advantages and disadvantages of III-V semiconductors. Maruska began his work by studying
research articles from 1930’s and 1940’s, which describe the mentioned
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molten gallium and ammonia method. He chose sapphire as a substrate,
since sapphire does not react easily with ammonia. [20]
The ﬁrst breakthrough occurred in 1969, when Maruska and Tietjen
succeeded to grow a single crystal GaN ﬁlm on a sapphire substrate by
using hydride vapour phase epitaxy (HVPE) [22]. Maruska noticed that
the grown non-doped GaN ﬁlms had naturally n-type conducting properties without any doping. They started to ﬁnd a dopant for achieving
p-type conductivity, but failed. In the summer of 1971 Pankove from RCA
demonstrated the ﬁrst electrically excited light emitter fabricated from
GaN. This metal-insulator-semiconductor (MIS) diode emitting blue and
green light was fabricated from unintentionally doped GaN, insulating
zinc doped GaN and indium. In the same year Dingle, et al., demonstrated
optically pumped ultraviolet (UV) laser operating at 2 K. In the year 1974
Tietjen ended his research, after which GaN research was almost completely dead for decades. Exception was Japanese Isamu Akasaki, who
stubbornly continued GaN research with his colleagues. [20]
In the beginning of 1970’s, Akasaki decided to focus on GaN based blue
emitter, which would utilize pn-junction [22]. GaN was only grown using HVPE, until Akasaki succeeded to grow GaN with molecular beam
epitaxy (MBE) in 1974. Even though the quality of the grown ﬁlm was
reasonably non-uniform, the breakthrough yielded him three year funding for developing GaN based light emitters. In the year 1978 Akasaki’s
research group fabricated a blue LED with an efﬁciency of 0.12 %, which
was higher than ever before. No signiﬁcant improvement in GaN research
occurred until mid-1980’s. [23]
Akasaki understood the importance of choosing the correct growth method. Akasaki and his research group began working on the GaN growth on
sapphire with metal organic vapour phase epitaxy (MOVPE) at the University of Nagoya. By 1980 GaN could be grown with MBE, HVPE and
MOVPE. The growth rate with HVPE is too high for controllable thin ﬁlm
growth. MBE during that time was too slow and GaN during MBE growth
was prone to nitrogen desorption. The GaN growth rate with MOVPE was
intermediate between the growth rates of HVPE and MBE. Akasaki chose
sapphire as the substrate material. [23] The results were not particularly
good, which Akasaki believed to be due to differences of coefﬁcient of thermal expansion (CTE) and lattice constant between GaN and sapphire.
Akasaki, et al., tried to mimic homoepitaxy by using a low temperature
grown buffer layer before growing the ﬁnal layer structure. This reduced
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the stress in the grown ﬁlms signiﬁcantly. In 1985 they were the ﬁrst,
who succeeded to grow high quality GaN ﬁlms. [22]
Several research groups tried to grow p-type GaN without any success.
Most research groups gave in, while Akasaki et al. refused to quit. [20]
In 1989 Amano et al. ﬁrst demonstrated p-type conductivity in GaN [24].
The key factor was to notice that the acceptors could be activated by using
low energy electron beam irradiation (LEEBI) on Mg doped GaN. In the
year 1990 Shuji Nakamura developed a new two ﬂow MOVPE, which improved the crystal quality signiﬁcantly [25]. These events led to the ﬁrst
blue LED based on the GaN pn-junction demonstrated in 1991 by Nakamura’s employer Nichia. [26] In 1992 Nakamura et al. noticed that the
acceptors in Mg doped GaN could also be activated by thermal annealing
instead of LEEBI [27]. The success in p-type doping opened the gate for
efﬁcient GaN LEDs and also for laser diodes (LDs). [20] In 1996 Nakamura demonstrated the ﬁrst continuouswave GaN based LD operating at
room temperature [26].
GaN based light emitting diodes have been under extensive studies and
the technology is becoming mature. The external quantum efﬁciency (EQE)
of white LEDs already exceeds 80 % [28]. However, there are yet challenges to overcome. InGaN LEDs suffer from a phenomenon called the
efﬁciency droop, which is reduction of quantum efﬁciency at high injection currents [3]. More discussion on the droop effect can be found in
sections 4.2 and 5.4. Efﬁciency of LEDs could be enhanced signiﬁcantly
by utilizing, e.g., nanowires [4, 12, 13], quantum dots [14] or plasmonic
gratings [5, 7–11]. However, these structures face challenges in current
injection. The diffusion injection discussed in this thesis can be used for
circumventing the current injection related challenges. In addition, semiconductor LEDs face a challenge, called "the green gap", which refers to
the lack of high efﬁciency LEDs in the green spectral range [2]. Utilizing
nanowires, the indium composition in InGaN can be extended to higher
compositions allowing the emission peak to reach the green and even the
red spectral range [29]. Diffusion injection can, therefore, also help closing "the green gap" by green light emitting nanowire LEDs.
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3. Electrical properties of
semiconductors

Semiconductors are materials with conductivity somewhere between insulators and conductors. Semiconductors can be conducting or insulating
depending on the circumstances. Current transport in semiconductors
can be explained through band theory discussed in the following section.

3.1

Band theory

The electrical, and partly also the optical properties of semiconductors
are often described through band theory. If one atom is considered, it
has deﬁned energy states which electrons can occupy. If two atoms are
brought together, the Pauli exclusion principle dictates that the electrons,
or fermions more generally, cannot occupy the exact same quantum state.
Therefore, the electron quantum states have to misalign slightly. The
electron states in solid materials having a very large number of atoms can
be described as semi-continuous energy bands. Forbidden energy states
are left between the bands. At absolute zero, i.e., at 0 K, the highest
energy band with occupied states is deﬁned as the valence band. In theory,
the valence band of semiconductors is completely ﬁlled at absolute zero
leaving no free electrons for conduction. At room temperature some of the
electrons in the valence band are excited to the energy band higher than
the valence band. This energy band is referred to as the conduction band.
The excited electrons leave an unoccupied state into the valence band. If
the energy band is partially ﬁlled, the electrons in the band can move.
The movement of electrons causes current in the material.
Intrinsic semiconductor material is not typically very conductive. By
introducing impurities into the semiconductor, its electrical conductivity
can be altered. This is called doping. By introducing donor dopant atoms,
which give excess electrons to the lattice of the semiconductor, the elec-
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trical conductivity of the semiconductor increases due to the free electrons in the conduction band. On the other hand, if the semiconductor is
doped with acceptor atoms, which remove electrons from the semiconductor, the removed electrons leave unoccupied states into the valence band
of the semiconductor increasing the electrical conductivity. A semiconductor with excess free electrons in the conduction band is called an n-type
semiconductor and with unoccupied states in the valence band is called
a p-type semiconductor. Doping of semiconductors is the base for most of
the semiconductor applications, including LEDs.
The region of forbidden energy states between the conduction and the
valence band is called the band gap. If radiative recombination occurs, the
band gap deﬁnes the energy and at the same time the wavelength of the
emitted photon. The energy of the valence and the conduction band varies
in momentum space or k-space, in which k refers to the wavevector. If the
maximum of the valence band and the minimum of the conduction band
are located in the same location in k-space, the band gap is referred to as
a direct band gap, otherwise as an indirect band gap. Figure 3.1 shows a
schematic illustration of a direct and an indirect band gap. The semiconductor with a direct band gap has a higher probability of radiative recombination than with an indirect band gap, since radiative recombination
in an indirect band gap material requires a shift in the k-space, which is
only possible, if the recombining electron interacts with a phonon. Additionally, the valence band splits in three distinct sub-bands, namely heavy
hole, light hole and spin-orbit band. The band splitting affects the material band gap, but also the transport properties of the charge carriers are
different in each sub-band.

3.2

Current transport in semiconductors

Current transport in semiconductors is due to movement of electrons in
the conduction band or in the valence band. Since the valence band
is mostly ﬁlled with electrons and only partially ﬁlled with unoccupied
states, the movement of electrons in the valence band can be seen also
as movement of the unoccupied states. This leads to the basic concept of
the hole, which is simply an unoccupied state in the valence band. A hole
has effectively the charge of positive elementary charge, while an electron has the charge of negative elementary charge. Since the movement
of electrons and holes in practice transfers charge, they are referred to as
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Figure 3.1. Schematic illustration of a) direct band gap and b) indirect bad gap. Radiative recombination in indirect band gap material requires change in momentum. The valence band splits in three distinct sub-bands, heavy hole, light
hole and Spin-Orbit band.

charge carriers.
As mentioned, both holes in the valence band and electrons in the conduction band contribute to the electrical conduction. The carriers are
transported along the semiconductor as a result of an electric potential
difference or by diffusion, referred to as drift and diffusion currents, respectively. The potential difference causes an electric ﬁeld in the medium.
Since both electrons and holes are charged particles, the electric ﬁeld induces a force to the charge carrier causing movement in the electric ﬁeld’s
direction or against it, depending on the charge polarity of the carrier.
Diffusion, in general, is caused by thermal motion. However, unlike random walk, which is also caused by thermal motion, diffusion leads into
a net ﬂow towards areas, which have lower concentration instead of zero
net ﬂow in the case of random walk. The drift-diffusion equation for net
current density J for, e.g., electrons can be written as
J = qnn μn E + qDn ∇nn ,

(3.1)

in which q is the elementary charge, nn electron density, μn electron mobility, E electric ﬁeld, Dn the diffusion constant of electrons and ∇ the
gradient operator. The ﬁrst part of the right hand side is the net drift current and the latter part is the diffusion current. The diffusion constant
Dn for electrons is a material speciﬁc constant, which has temperature
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dependence following Einstein’s relation
Dn = μn kB T,

(3.2)

in which kB is the Boltzmann constant and T absolute temperature.
A pn-junction is the most commonly used semiconductor structure. It
is found in diodes, bipolar transistors and LEDs. It is formed when ndoped material is in contact with p-doped material. When the p- and
n-doped materials are separated their Fermi-levels are differing. When
they are placed in contact charge carrier diffusion begins transporting
carriers from the other side to the other. The p-doped region becomes negatively charged and the n-doped region positively charged. These charges
cause an electrostatic potential difference between the n- and p-doped region. This electrostatic potential compensates the difference between the
Fermi-levels causing the conduction and the valence band to bend. Figure 3.2 illustrates this schematically. The concentration of charge carriers
becomes low in the junction and a depletion region is formed. The width
of the depletion region depends on the doping levels of the n- and p-doped
regions.
(a)
n-type

(b)

p-type
EC
EF

EC

EV

EF
EV

EC
qVi
EF
EV

Figure 3.2. Band diagrams of (a) n- and p-type semiconductors separately and (b) pnjunction in thermal equilibrium. The conduction band (EC ) and the valence
band (EV ) bend as the internal potential (Vi ) compensates the differences in
the Fermi-levels (EF ). q is the elementary charge.

The electrons and the holes experience the bent bands as a potential
barrier hindering their transport across the junction. Under external reverse bias, i.e., the n-doped region connected to the higher potential, the
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depletion region in the junction widens and the inner potential barrier
becomes higher. Under forward bias, i.e., the p-doped region connected to
the higher potential, the depletion region shrinks and the inner potential
barrier becomes lower. Eventually, when enough external forward bias
is applied the conduction and valence bands are levelled and the charge
carriers can ﬂow along the externally introduced electric ﬁeld. Under biased conditions there is no well deﬁned Fermi-level in the junction, but
the original Fermi-level is split into two position dependent quasi-Fermilevels, one for each type of charge carriers. Figure 3.3 shows the band
diagram of a pn-junction under reverse bias and forward bias.
(a)

(b)
EC

q(Vi-Va)
EC
EF,n

qVa

EF,p

EV

q(Vi-Va)
EF,n

EF,p

EV

qVa

Figure 3.3. Band diagrams of a pn-junction under (a) forward and (b) reverse bias. The
applied bias Va splits the Fermi-energies of electrons and holes into corresponding quasi-Fermi-levels EF,n and EF,p , respectively.

Under forward bias there are four current components, two for both
types of charge carriers. The drift current, i.e., the current ﬂowing along
the external electric ﬁeld, is transporting charge carriers through the n- or
p-doped material. The diffusion current is the dominant transport mechanism in the depletion region in the pn-junction. Depletion region similar
to pn-junction is also formed near the metal contacts used to apply the external ﬁeld, and thus the diffusion is the dominant transport mechanism
to and from the metal contacts.

3.3

Polarisation ﬁelds and piezoelectricity in semiconductors

Built-in electric ﬁelds called polarisation ﬁelds may occur in polar crystalline materials. These polarisation ﬁelds can either be induced spontaneously or by strain. Total polarisation in the absence of external electric
ﬁelds is then the sum of spontaneous and piezoelectric (strain induced)
polarisation.
To understand the origin of polarisation ﬁelds, the concept of electronegativity must be considered. Electronegativity describes the ability of an
atom to attract electrons toward itself. Electronegativity depends on the
atomic number and the electron conﬁguration of the element, thus every
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element has different electronegativity. When two different atoms form a
bond between each other, the electron cloud is generally biased towards
the atom, which is more electronegative. Therefore, the bonds between
atoms can have permanent dipole moments leading into charge separation.
If the lattice of crystalline material is symmetric, these separated charges
will cancel each other out and spontaneous polarisation cannot occur. In a
lattice which lacks inversion symmetry a non-vanishing spontaneous polarisation is allowed. This is noteworthy especially when heterointerfaces
are involved in the structure.
The piezoelectric polarisation is formed when the crystal is strained.
The strain unbalances the symmetry of the lattice and can lead into net
charge separation and, thus, to electric ﬁelds inside the crystal. The
strength and direction of the piezoelectric ﬁeld is calculated from the
strain and the piezoelectric tensor. Strain in the lattice usually occurs
because of a lattice mismatch or by the difference in thermal expansion
coefﬁcients between the substrate and the epitaxial layer.
Both spontaneous and piezoelectric polarisation (like external electric
ﬁelds) contribute to bending of the band edges in a semiconductor structure leading into signiﬁcant effects in device characteristics. For example, carrier dynamics and the functional layers in an LED structure may
work in a different manner. Especially the QWs in an LED structure are
affected by the polarisation ﬁelds. Figure 3.4 shows the effect of polarisation ﬁelds in an InGaN/GaN QW structure. Polarisation ﬁelds can twist a
square shaped potential well into a triangular shape. Electrons and holes
are therefore shifted on the opposite sides of the quantum well. This reduces the radiative recombination efﬁciency. Also the energy difference
between the hole and the electron ground levels decreases leading into
red shift of the emission wavelength. The effect is called quantum conﬁned Stark effect (QCSE), which also occurs when the structure is biased
with an external electric ﬁeld. Polarisation can also affect the effective
height of the barriers surrounding the well and, therefore, have an effect
in leakage current.

3.4

Carrier lifetime in semiconductors

Carrier lifetime is a quantity, which describes the mean time required for
a charge carrier to recombine. Carriers can recombine radiatively, i.e.,
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Figure 3.4. Energy band diagrams of an InGaN/GaN quantum well a) without the effect
of polarisation ﬁelds and b) with spontaneous (Psp ) and piezoelectric (Ppe )
polarisation ﬁelds. The band gap of InGaN QW reduces from E1 to effective
band gap E2 . Image reprinted with permission from reference 30.

releasing the freed energy as a photon. They can also recombine nonradiatively without releasing a photon. For example, the freed energy
can be transferred to another charge carrier, a hole or an electron. If an
electron captures the freed energy, it is pushed into a higher state in the
conduction band. If a hole captures it, the hole is pushed into a deeper
state in the valence band. The newly excited charge carrier gradually
releases the obtained energy thermally and returns to the band edge. This
type of recombination is called Auger recombination.
Impurities and defects cause localized states in the band gap. These
localized states can act as a middle step for electron transition from the
conduction to the valence band. Since the states are localized, they are
spread-out in the k-space. Therefore, the transitions through these localized states can emit phonons, instead of photons. A phonon is a quantum
particle representing lattice vibrations, i.e., heat. This transition is typically non-radiative and also the dominant recombination mechanism in
indirect band gap materials. It is also the dominant recombination mechanism for direct band gap materials, if the carrier concentration is low. This
recombination is called Shockley-Read-Hall (SRH) recombination. These
three recombination mechanism are the basis of the ABC model.
The ABC model describes recombination rate, i.e., the inverse of lifetime. Recombination rate depends on the carrier concentration in a semiconductor and it is deﬁned by three coefﬁcients describing these three
prominent recombination mechanisms. According to the ABC model, the
recombination rate R as a function of carrier density n can be written as
R(n) = An + Bn2 + Cn3 ,

(3.3)

in which A is the coefﬁcient for SRH, B for radiative and C for Auger
recombination.
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The lifetime of charge carriers deﬁnes the internal quantum efﬁciency
(IQE) of the material or the device. IQE can be written according to the
ABC model as

Bn2
.
(3.4)
An + Bn2 + Cn3
Even though the ABC model is a simpliﬁed model and it lacks, e.g., the efIQE(n) =

fect of leakage current, it has been a tool for understanding the operation
and the efﬁciency of LEDs and LDs. The inverse of the recombination rate
directly gives the lifetime of the charge carrier. Obtaining the coefﬁcients
for different recombination mechanisms has been one way to study the
efﬁciency droop observed in the InGaN LEDs. Droop is discussed in more
detail in chapters 4.2 and 5.4.
According to the ABC model the recombination rates vary as functions of
carrier density. Hence, in a LED the charge carrier lifetimes are strongly
affected by the operating point, i.e., injection current and biasing of the
LED. When measuring carrier lifetimes, usually the total recombination
rate or lifetime is measured. Measuring a speciﬁc recombination lifetime
requires measurement tricks for extracting the parameter.

3.5

Basic operating principle of a light emitting diode

LEDs are typically fabricated from semiconductor materials, but also from
organic materials. The LEDs fabricated from organic materials are called
organic light emitting diodes (OLEDs). Even though the operating principles are similar in solid state LEDs and OLEDs, the OLEDs are not discussed in this work due to their differences in materials and in properties.
The basic operating principle of a semiconductor LED can be explained
through a simplistic interpretation of quantum mechanics described in
previous sections. The structure is designed in a way that allows a controlled injection of both types of charge carriers, electrons and holes, into
a region, which favours radiative recombination. This region is often referred to as the active region and it can be designed in various ways.
The injection of holes and electrons is made possible by utilizing a pnjunction. In a conventional LED the active region is placed inside the pnjunction allowing electrons and holes to be injected into the active region
from the n- and p-doped regions, respectively. The material used in the
active region, i.e., the light emitting region, dictates the wavelength of the
emitted light. As mentioned earlier, recombination releases a quantum of
energy deﬁned by the band gap of the material. If a photon is emitted,
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its energy Eph deﬁnes its wavelength λ. The relation between the photon
energy and wavelength is
Eph =

hc
,
λ

(3.5)

in which h is the Planck’s constant and c is the speed of light.
Separate active region is in principle not necessary, but the efﬁciency in
a pure pn-junction LED would be unreasonably low due to poor carrier
conﬁnement and low radiative recombination rate. The most basic practical active region scheme is a double heterojunction (DHJ) structure, in
which a lower band gap material is sandwiched between the p- and nlayers fabricated from a higher band gap material. In III-nitride LEDs
the active regions are quantum well (QW) based. A QW structure is a
DHJ structure, in which the sandwiched layer is only a few nanometers
thick. When considering QWs, the higher band gap layers are called barriers. QWs are often preferred over thicker ﬁlms in active regions due
to improved carrier conﬁnement. Due to electric ﬁelds, whether they are
external or internal, the holes and electrons tend to move to the opposite
sides of the active region lowering the recombination rate. In a thin QW
the distance of carrier separation can be lowered and, thus, improve the
recombination efﬁciency. If the device has one QW it is typically called
a single quantum well (SQW) LED. If the device has a periodic structure
which is formed by repeating multiple QWs and barriers, it is called multi
quantum well (MQW) LED. MQW structures are often preferred instead
of SQW structures again due to improved conﬁnement properties. In SQW
structures, if charge carriers manage to escape the QW, they are lost for
radiative recombination whereas in MQW structures the escaped carriers
can be recaptured in another QW leading into less leakage current and
higher light output powers. Additionally, having multiple QWs increases
the volume of the active region and reduces the droop effect, which is discussed in more detail in sections 4.2 and 5.4. Figure 3.5 shows a schematic
illustration of a GaN based SQW LED.
As in a normal pn-junction, when the LED is biased, a small electric
ﬁeld in the p- and n-type regions transports majority carriers towards the
depletion region. From the edge of the depletion region, the main current
component is diffusion current. Consequently, typical LEDs are essentially 1D structures where diffusion transports electrons and holes to the
active region from the p- and n-type regions located at opposite sides of the
active region. However, charge carrier diffusion is one of the main causes
for leakage current in LED structures. Diffusion can transport charge
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Current spreading layer
p-contact
p-GaN
n-contact

DHJ QW

n-GaN
Figure 3.5. Schematic illustration of a GaN based SQW LED. The active region is sandwiched between the n- and p-type layers. The drift current, marked with
arrows, is dominant transport mechanism for majority charge carriers in the
p- and n-layers, whereas diffusion is the dominant transport mechanism in
the depletion regions, i.e., near the active region and near the contacts.

carriers relatively large distances and even over the active region [15,16].
Another source for leakage current is tunneling through the barriers of
the QW structure. Diffusion induced electron leakage current in an LED
can be estimated by the short diode law. The short diode law can be written as
I = qApn

qVa
Dn
np ∗ (e kB T − 1),
L

(3.6)

in which q is the elementary charge, Apn the cross sectional area of the
junction, Dn the minority diffusion constant of electrons, L the distance
between the contact and the edge of the depletion region, np the minority
carrier density at the edge of the depletion region without bias voltage, Va
the applied bias, kB the Boltzmann coefﬁcient, and T absolute temperaqVa

ture. The last part, np ∗ (e kB T − 1), describes the excess minority carrier
density at the edge of the depletion region. [31] The hole leakage can also
be estimated in a similar manner, but in the case of a GaN pn-junction the
hole leakage is negligible due to unbalanced hole and electron densities
and hole transport being slower than electron transport.
The efﬁciency of an LED can be deﬁned in multiple ways depending on
what effects are included into the deﬁnition. Three main efﬁciency parameters are typically used: internal quantum efﬁciency (IQE), external
quantum efﬁciency (EQE) and wall plug efﬁciency (WPE). IQE is the most
fundamental merit. IQE is deﬁned as the ratio of generated photons per
injected electrons and it describes mostly the quality of the active region
or the device structure. EQE takes also into account the optical losses of
the device, e.g., due to limited light extraction. It is deﬁned as the ratio
of photons extracted from the device per injected electrons. Ideally, EQE
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equals to the product of extraction efﬁciency (EXE) and IQE. EXE describes the ratio of extracted photons per photons generated in the active
region. WPE of an LED takes into account all the losses in the device, such
as resistive losses in the material and in the contacts as well as the light
extraction losses. It is deﬁned as the ratio of emitted optical power per
electrical power used to drive the device. Alternate deﬁnitions of IQE and
EXE can be used in simulations, since these straightforward deﬁnitions
of IQE and EXE do not take into account separately the effects of, e.g.,
photon recycling or injection efﬁciency ηinj . Injection efﬁciency describes
the ratio of charge carriers recombining in the active region per injected
charge carriers. In a well optimized conventional DHJ based LED ηinj is
near unity.
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4. III-nitride light emitting diodes

One of the key applications for III-nitride LEDs are white light sources.
Since LEDs emit light with speciﬁc wavelength and with a reasonably
narrow spectral width, yellow phosphors are used to down-convert part of
the blue or UV emission from GaN based LEDs in order to obtain while
light emission. A typical III-nitride LED has a n-doped GaN layer at
the bottom, an active region in the middle and a p-doped GaN layer at
the top. The order is dictated by the challenges in growth as discussed
in section 5.2. Figure 4.1 shows a schematic illustration of a phosphor
coated SQW InGaN LED.
    

 
 




   



Figure 4.1. Schematic illustration of the structure of a white light LED. The structure
has been grown on a sapphire substrate using an unintentionally doped
buffer layer. The bottommost device layer is n-doped GaN following a single InGaN QW active region and a p-doped GaN layer. In order to improve
current spreading a transparent metal thin ﬁlm is deposited on the p-GaN
layer. The LED chip is covered with down converting phosphor in order to
convert blue emission from the QW into white light.

4.1

Properties of III-nitrides

The device structures studied in this work were fabricated from III-nitrides.
The group of III-nitrides is a subset of III-V semiconductors. The group
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V atom is nitrogen as the name suggests. The III-nitride semiconductor
family consists of aluminium, gallium and indium nitride (AlN, GaN, InN)
and their alloys. There are also applications for boron nitride (BN) [32],
but since it is not generally used in fabrication of LEDs, BN is not discussed in this work. AlN, GaN and InN are semiconductors with direct
band gap making them suitable for light emitting applications such as
LEDs and LDs [20]. GaN and GaN based semiconductors have been studied since the 1930’s. However, it was the breakthroughs in growth and
successful p-type doping in mid-1990’s, which caused a large scale interest to study their possibilities and opened a door for a billion dollar business. GaN based semiconductor alloys are not only used in light emitting
applications, but also in terahertz emitter applications, high power and
high frequency electronics, solar power harvesting and light detection applications. The strong atomic bonding in GaN makes it mechanically and
chemically stable as a material. It can also handle a large amount of radiation making it feasible for space applications.
The band gap of AlN, GaN and InN is found in deep UV, in near UV and
in infrared, respectively. Therefore, the band gap for their alloys can be, in
theory, tuned from deep UV to infrared. [33] However, only the blue light
emitters operate with high efﬁciency and if the alloy is tuned towards the
longer or shorter wavelengths, the efﬁciency drops rapidly. In the deep
UV range there are challenges with p-type doping [34] and large tensile
stress due to the large lattice mismatch between the substrate and AlGaN
ﬁlms with high Al composition [22]. In AlGaN QWs used in UV LEDs dislocation density has much more impact in the quantum efﬁciency than
in InGaN QWs used in blue light emitting LEDs [35]. In fact the blue
light emitting InGaN alloy has a peculiar property to remain optically
active despite large dislocation densities. The dislocation density in an
InGaN ﬁlm can be up to million times larger than in conventional IIIVs [36]. However, in InGaN QWs emitting at the longer wavelengths, the
efﬁciency reduces again [37]. The origin of the low efﬁciency of the green
InGaN light emitters is not perfectly understood [1]. However, defects
acting as non-radiative recombination centres [38] and quantum conﬁned
Stack effect (QCSE) due to polarisation effects [39] are shown to be key
elements in poor efﬁciency of high In content InGaN LEDs. High efﬁciency and high brightness light emitters are also challenging to fabricate
from conventional III-Vs. The lack of high quality green LEDs and LDs is
commonly called "the green gap". [40]
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Even though sapphire is an electrically and thermally insulating material and a lattice mismatched substrate for III-nitrides, it has been the
typical choice as the substrate material [20]. However, the need for a better substrate material has been a driving force for researchers and the
industry to switch from sapphire to alternatives such as silicon carbide
and bulk GaN [33]. Sapphire is still used for its cost efﬁciency and for
the fact that it is suitable enough for fabricating devices with a reasonably high efﬁciency. In high power light emitting applications the improvements obtained by using, e.g., bulk GaN substrates overcomes the
fabrication costs [41]. In addition to the mentioned materials III-nitrides
can be grown on silicon substrates, which is beneﬁcial in selected applications [42].
III-nitrides typically crystallise in the wurtzite crystal structure. The
high ionic like behaviour in bonds between nitrogen and group III atoms
and the polar crystal structure gives rise to piezoelectric properties for
III-nitrides. [33] The piezoelectric properties can be exploited in fabrication of piezoelectric devices, but in the case of LEDs, the piezoelectricity brings challenges. The electric ﬁelds inside the crystal induce band
bending causing problems in carrier transport and also affect the optical properties due to QCSE. [39] The piezoelectric ﬁelds in the crystal,
whether they are spontaneous or strain induced, are always pointed in
the c-direction, i.e., perpendicular to the basal plane. [33] This can be veriﬁed by simple arithmetic following Hooke’s law for the relation between
stress and strain and from the geometry of the wurtzite crystal.
III-nitrides are typically grown in c-direction. The challenges caused by
the piezoelectric ﬁelds could be avoided, if the layer structure would be
grown on so-called non-polar planes, e.g., m- and a-planes, which are oriented perpendicular to the c-plane. Also growth on tilted planes, i.e., semipolar planes, would reduce the effect of piezoelectric ﬁelds on the device
performance. However, the crystal quality of ﬁlms grown on non-polar and
semi-polar planes is typically lower than in ﬁlms grown on the c-plane.
III-nitride growth can also be tuned to produce the zinc blende structure,
which is a less polar structure. However, the zinc blende structure is a
metastable crystal structure for III-nitrides and, thus, the wurtzite structure is preferred.
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4.2

Efﬁciency droop in III-nitride light emitting diodes

Efﬁciency droop is a phenomenon, which has been gaining huge amount
of interest in III-nitrides, in particular. All InGaN LEDs exhibit efﬁciency
droop, i.e., reduction of quantum efﬁciency at high operating currents. Although droop has been under extensive study, several, even contradictory,
theories have been proposed, such as density activated defect recombination (DADR) [43], Auger recombination [44], electron leakage [45], and
uniﬁed models combining different mechanisms [3]. None of these have
gained overall agreement in the research community [3]. A common feature in all the proposed models is the reduction of radiative recombination
efﬁciency at high injection currents, or more speciﬁcally, at high carrier
densities.
Efﬁciency droop is not to be confused with the temperature related decrease of efﬁciency. The droop affects directly the IQE of the device and it
is dependent on the carrier concentration in the active region. IQE deﬁned
by the ABC model can be ﬁtted into EQE measurement data. However,
it leaves signiﬁcant uncertainties into the ﬁtted parameters due to, e.g.,
lack of the effect of leakage current in the model. Moreover, the coefﬁcient C describing Auger recombination rate obtained by ﬁtting is usually unreasonably high, at least for the direct Auger process [46]. However, some studies indicate that high Auger recombination rates might be
feasible [47]. It has also been suggested that the obtained coefﬁcient C
might not be describing only direct Auger recombination, but also defect
or phonon assisted Auger recombination [46]. Much lower Auger coefﬁcient, and also the droop effect, has been measured in nanowire LEDs
compared to thin ﬁlm LEDs [48]. Since nanowires can be grown practically defect free, this can be interpreted so that the Auger processes in
III-nitrides are somehow related to the defects.
Though Auger recombination most probably has a signiﬁcant impact
on the LED efﬁciency, other possible explanations, e.g., leakage current
cannot be excluded. Typically, the reasons behind the droop mechanism
can only be deducted from measurements by using mathematical models.
Usually the evidence is not conclusive, because the models contain several
parameters that can be ﬁtted to the data. From an engineering point of
view, pure Auger recombination as an explanation for droop would be the
worst choice, because it is a phenomenon related to fundamental material
properties and, therefore, difﬁcult to reduce. If the reason would be defect
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related Auger recombination, engineers could have some control over it by
trying to reduce defect density. The best choice would be leakage current,
because diminishing droop would become mostly an engineering problem.
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5. Experimental

This chapter provides a short description of the sample fabrication by epitaxial growth for the research presented in this thesis. The standard
lithography and etching methods are omitted due to their simplicity as
well as the electrical and optical characterizations. In addition to epitaxy,
this chapter presents the methods of measuring the droop effect as well
as the carrier lifetimes and the recombination parameters in III-nitride
LEDs.

5.1

Metal organic vapour phase epitaxy

Metal organic vapour phase epitaxy (MOVPE), also known as metal organic chemical vapour deposition (MOCVD), is a gas phase deposition
method for epitaxial growth of crystalline semiconductor materials. In
epitaxial growth the ﬁlm to be grown tries to copy the crystal structure
and the orientation of the substrate. If the epitaxial ﬁlm differs significantly from the substrate, it can grow as a polycrystalline ﬁlm full of
cracks, defects and stacking faults. However, with clever tricks it is possible to some extent grow material on a substrate, which has incompatible
lattice structure, such as wurtzite GaN on silicon with the diamond crystal structure or on sapphire with the wurtzite crystal structure but a high
lattice constant mismatch.
The name for MOVPE stems from the source materials used in the
growth process. In III-V growth the group III material precursors are
metal organic compounds meaning molecules of metal atoms complexed
with hydrocarbons. The typical precursors for group III in III-nitride
growth are trimethylaluminium (TMA), trimethylgallium (TMG) and trimethylindium (TMI). The metal organics are stored in temperature controlled steel containers, called bubblers. The carrier gas, which is hydro-
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gen, nitrogen or their mixture, is injected through the bubbler. The carrier
gas absorbs molecules from the precursor and saturates. The saturated
carrier gas is then diluted to obtain the preferred concentration of the precursor material. In MOVPE growth of III-nitrides, the source for group V
atoms, i.e., nitrogen, is usually gaseous ammonia (NH3 ).
The group III and group V precursors are directed into the growth chamber of the reactor through separate gas manifolds. They are mixed as late
as possible to avoid pre-reactions of the precursors. The MOVPE system
used in this work was a cold wall close coupled shower head (CCS) system, in which the precursors are fed from the top of the chamber through
a shower head close to the heated susceptor.

5.2

Growth of III-nitride light emitting diode

The structures grown for this work were grown on 2" c-plane sapphire
wafers by using the two step nucleation technique [49–51]. In this method
a thin ﬁlm of GaN is grown at low temperature, at around 550 o C. The
low temperature GaN is polycrystalline with a mixture of wurtzite and
zinc blende GaN. After the desired thickness is obtained, the ﬂows of
the precursor gases are stopped and temperature is increased to around
1000 o C. The polycrystalline ﬁlm starts to evaporate. Material with low
crystal quality evaporates faster than material with high crystal quality. The precursor gases are introduced again into the reactor, when only
few high crystal quality seeds are remaining on the substrate. The seed
crystals start to grow larger and eventually they will coalesce. The coalescence points typically create threading dislocations, which will extend
through the whole structure. When coalescence occurs, two-dimensional
ﬁlm growth begins. [51] Two-dimensional growth continues typically until a buffer layer with a thickness of a couple of micrometers is obtained,
after which growth of the desired structure can be performed.
The growth of the actual LED structure is typically performed on these
unintentionally doped buffer templates [51]. The growth typically begins
with the n-doped region. If a GaN ﬁlm is grown on p-doped GaN, the Mg
atoms tend to diffuse into the growing ﬁlm making the growth of a sharp
doping proﬁle challenging [52]. This behaviour of Mg is called the memory
effect. Mg atoms are known to reduce the optical quality of the InGaN
alloy [53]. Therefore, if the InGaN active region would be grown directly
on top of the p-GaN ﬁlm, the Mg atoms diffusing into the active region
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would reduce its optical efﬁciency. In addition, the surface morphology of
p-doped GaN can be rough. Growing on a rough surface generates defects
into the following ﬁlms. However, the properties of the p-GaN layer can
be affected by the carrier gas used during growth [54]. Growth of p-GaN
in a hydrogen environment yields a signiﬁcantly smoother surface than
that in a nitrogen environment [55]. Moreover, challenges arise also in
the post-growth processing, if the p-doped ﬁlm is buried under the rest of
the structure.
The n-GaN layer is grown at 1000 o C. A structure called underneath
layer is often grown on top of the n-doped layer. The underneath layer
can be a ﬁlm or a superlattice (SL) and its thickness varies. It typically
contains a small amount of indium and it can be n-doped or unintentionally doped. In the structures grown for this research an unintentionally
doped InGaN/InGaN SL underneath layer was used. The indium composition of the InGaN layers in the SL were 1 and 0.1 %, respectively. The
underneath layer improves the performance of InGaN QWs by separating
the active region from the growth interruption between high temperature
n-GaN and reasonably low temperature InGaN [56]. It relieves strain
and improves the morphology of the following layers [57, 58] as well as
reduces threading dislocation density and improves the homogeneity of
the QWs [59]. The growth temperature has to be lowered in order to
obtain suitable growth conditions for the InGaN SL, since InN is less stable compared to GaN and too high growth temperatures lead into indium
desorption. Thus, the underneath layer is grown at 750 o C. Following the
underneath layer the InGaN QWs are grown. The growth temperature of
the InGaN QWs is also 750 o C, but the barriers surrounding the wells are
grown at slightly higher temperatures, at around 850 o C.
Following the growth of the QW structure an electron blocking layer
(EBL) is grown. EBL can be grown as a ﬁlm or as an SL. It is typically fabricated from AlGaN alloy and it can be p-doped or unintentionally
doped. The electron and hole transport properties differ signiﬁcantly in
III-nitrides and there is substantial difference in the hole and electron
densities in the corresponding doped regions. Therefore, electrons tend to
overﬂow the active region when the LED is operated. The EBL, as the
name implies, is used to reduce the electron overﬂow. The AlGaN/GaN
band alignment is such that it creates a potential barrier for electrons
without signiﬁcantly affecting hole transport. Growing good quality AlGaN requires high temperatures and thus, the growth temperature is
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increased to 950 o C. For the structures used in this research, p-doped
AlGaN/GaN SLs were used as EBLs. The aluminium content of the AlGaN layers was 12 %.
Finally, the p-doped GaN layer is grown at 950 o C. A heavily doped
surface is grown on top of the p-GaN layer in order to reduce the contact
resistance of the p-contact, which is deposited during the processing of the
LED chips. The heavily doped surface is achieved by ﬂowing only Mg precursor in the reactor at 800 o C. Since the acceptor states of the Mg atoms
are passivated by hydrogen impurities in the epitaxial ﬁlm, the acceptors
have to be activated [60]. This can be done by annealing, which can be
done in-situ or ex-situ [27]. The annealing of the structures fabricated for
this research was performed in-situ. Figure 5.1 shows schematically the
ﬁnal layer structure together with the metal contact layers.
p-GaN
EBL
SQW
Underneath
n-GaN
i-GaN

GaN
InGaN
GaN

Sapphire
Figure 5.1. Schematic illustration of a GaN based SQW LED. The structure is grown on
an i-GaN buffer layer on top of a sapphire wafer. The growth of the actual
structure is began with n-doped GaN following the underneath layer, which
is a InGaN/GaN SL with a very low indium content. The active region is an
InGaN QW sandwiched between GaN barriers. Growth is continued with an
AlGaN/GaN EBL SL, after which the p-GaN layer is grown.

5.3

Measuring carrier lifetimes

Typically carrier lifetimes have been measured with the time resolved
photoluminescence (TRPL) method [61–63]. In this method the studied
structure is excited with extremely short (in the range of femtoseconds)
laser pulses and the photoluminescence (PL) intensity is measured as a
function of time. The carrier lifetime can be calculated from the decay
curve of the PL intensity. The method can be considered to be reasonably
accurate and it has been used for decades. With this method it is generally
challenging to measure carrier lifetimes in a speciﬁc operating point, since
the operating point is constantly changing during the decay of the PL
intensity. In addition, the measurement becomes more challenging, when
the operating point of interest would require low excitation conditions.
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Another method to get an estimate for carrier lifetime is to utilize differential carrier lifetime analysis. This can be performed optically [64] or
electrically [65]. These optical and electrical differential carrier lifetime
analysis methods were used in Publication I, in which the carrier lifetimes
were measured from near UV InGaN/GaN MQW LEDs as a function of injection current.
The optical method is based on injecting the LED with a direct current
(DC) component modulated by a sinusoidal alternating current (AC) component, which is small enough not to signiﬁcantly affect carrier concentration or the operating point deﬁned by the DC. The light output is then
measured and it’s sinusoidal form is compared to the AC component of the
injection. The carrier lifetime τ causes a phase difference φ between the
AC injection and the optical output and their relation can be written as
τ=

tanφ
,
2πf

(5.1)

in which f is the frequency of the AC component [64]. The phase difference can be obtained with various tools such as an oscilloscope or a lock-in
ampliﬁer. In the measurements performed for Publication I a lock-in ampliﬁer was observed to be more accurate with a low DC injection.
The electrical method relies on an equivalent circuit. Ideally, the electrical properties of a LED can be described in a speciﬁc operating point
by lumped elements. The active region is described by deﬁning a parallel connection of the differential resistance Rd and capacitance CLED . In
addition, the resistive losses can be lumped into the series resistance Rs .
The carrier lifetime τ can be obtained by
τ = CLED Rd .

(5.2)

In addition to the equivalent circuit of the LED structure, the inductance
of the test leads was taken into account by adding a series inductance Ls
into the equivalent circuit. The equivalent circuit used in Publication I is
shown in ﬁgure 5.2. First, the LED was characterized using an impedance
analyser. The parameters CLED and Rd were then obtained by ﬁtting the
parameters of the equivalent circuit to the measurement data.
Both measurement setups have some challenges. The electrical method
is susceptible for resonance effects and the optical for phase shifts caused
by the drive circuit. However, the measurements have reasonable agreement between each other and similar results obtained with TRPL can be
found in the literature [61]. Signiﬁcantly shorter lifetimes have also been
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Figure 5.2. Equivalent circuit used in obtaining the carrier lifetime from the impedance
analysis. Ls , Rs , Rd and CLED stand for inductance of the lead wires, series
resistance of the contacts, differential resistance of the LED and capacitance
of the LED, respectively. Figure modiﬁed from Publication I.

reported in the literature by using TRPL [62, 63] and current pulsing [66]
methods. However, comparing TRPL results with the results obtained
in Publication I is challenging due to the nature of TRPL, in which the
operating point of the studied structure is not well deﬁned during the
measurement.
With low excitation the Shockley-Read-Hall (SRH) recombination should
dominate the carrier lifetime [67]. Ryu, et al., estimated by studying the
Auger recombination parameters found in literature, that the SRH lifetime should be in the range of 300 ns to 1500 ns [68]. This is in good
correlation with the lifetimes obtained in Publication I.

5.4

Measuring droop

The direct measurement of IQE would remove some ambiguousness compared to the measurement of EQE. However, measuring IQE is not straightforward and always requires some assumptions. One common method to
measure IQE is to measure photoluminescence (PL) intensity at cryogenic
temperatures and to compare it to the PL intensity measured at room
temperature [69]. The principle in the method is based on the assumption that defect states in the device or ﬁlm are passivated at the cryogenic
temperatures. Then IQE at cryogenic temperature is 100 %. The ratio
between PL intensities measured at room and cryogenic temperatures is
directly the IQE of the device at room temperature. The method is reasonably straightforward, but it lacks the possibility to study the IQE as
a function of injection current and requires measurements performed at
cryogenic temperatures. With similar assumptions the measurements can
be performed with the temperature dependent EL method [70].
IQE can also be determined without measuring the samples at cryogenic
temperatures, e.g., by simulating the optics of the structure to remove the
effect of optical losses from the measurement data [71, 72] or ﬁtting the
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rate equation parameters to the measurement data [73]. The optics simulation method is used to obtain the EXE of the device and using the obtained EXE to deduce the IQE from the EQE measurements. The method
requires detailed knowledge on the optical behaviour of the structure in
order to perform a valid simulation and, therefore, it can be used only in
simple device structures. The rate equation ﬁtting method requires several assumptions in order to achieve a good estimate for the charge carrier
generation rate.
In Publication II a simple method for determining IQE and EXE is studied. In contrast to conventional methods, the studied method does not
require measurements to be performed at low temperature nor detailed
knowledge of the device structure. In this method the optical output
is measured with an integrating sphere using a calibrated spectrometer with a wide range of injection currents. From the measurement data
EQE and its second derivative is calculated as a function of optical output
power. The basic principle behind this is that the optical output power
and the current density have differing dependency on the carrier density.
Therefore, the calculated curves can be used to extract parameters for
internal efﬁciency of a LED without detailed information about the structure itself. However, the method requires a good estimate for the Auger
recombination coefﬁcient.
EXE can be obtained by measuring the maximum of the EQE and its
second derivative in the vicinity of the maximum EQE. EXE can be then
obtained by
χ=

2
ηm
,
2D
ηm + 4Pm
2

(5.3)

in which χ is EXE, ηm the maximum EQE, Pm the photo current at the
maximum EQE conditions and D2 the second derivative of the EQE in the
vicinity of the maximum EQE. The internal recombination parameters
can then be obtained by

A=
and


B=

1 − ηm /χPm
qηm

2ηm C
1 − ηm /χ

2/3 

2/3 

3

C
4

Pm 1
· ,
qd χ

(5.4)

(5.5)

in which q is the elementary charge and d the thickness of the active region. A, B and C are the recombination parameters for SRH, radiative
and Auger recombination, respectively.
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6. Diffusion injected light emitting
diode

The following sections describe a fundamentally different approach to
electrically excite the active region of light emitting devices based on bipolar diffusion of charge carriers. In contrast to the existing double heterojunction (DHJ) solutions, this approach allows to excite nanostructures
located at device surfaces without the need of forming a DHJ, absorbing
layers or even electrical contacts on the device surface.

6.1

Background

The basic structure of LEDs and the associated current injection principle have remained essentially unchanged for decades. However, the
conventional LED design faces challenges in charge carrier injection into
near surface nanostructures or devices enhanced by near ﬁeld plasmonics. Nanostructured DHJs are challenging to realize and typically lead
into the formation of a depletion layer causing large leakage currents [5].
The development of optoelectronic structures, which have exceptional potential, such as photonic crystal [6], surface plasmon enhanced [5, 7–11],
nanowire [4, 12, 13] and quantum dot [14] structures, is obstructed by
these challenges.
The theoretical background for diffusion injection was ﬁrst developed by
Kivisaari et al. The group showed through simulations, that the diffusion
currents can be used to inject charge carriers to III-nitride nanowires.
The results of the simulations were extremely promising with up to 95 %
injection efﬁciency. The simulated nanowires were not truly nanowires,
since their diameter were deﬁned as 1 μm. Due to their large size, the
quantum effects in carrier transport were neglected. [74]
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6.2

Current Transport in DILED

In a DILED structure the active region is located outside the pn-junction.
The carrier injection into the active region is caused by bipolar diffusion
of electron and holes. In contrast to conventional DHJ structures, both
charge carriers enter the active region from the same side.
When a DILED is biased, the electrons and holes are transported from
the p- and n-type regions towards the depletion region. However, the
charge carriers are affected by the low carrier concentration in the active
region and diffuse towards the area with low carrier density as shown in
the drift-diffusion equation 3.1. They are conﬁned in the lower band gap
material and recombine. The constant recombination in the active region
maintains the low carrier concentration in the active region and, therefore, the active region acts as a drain for the charge carriers. Diffusion
is a reasonably fast process, which allows the diffusion transport to occur
without signiﬁcant recombination in the pn-junction. The current transport in a DILED can be estimated with equation 3.6 by replacing A and L
to reﬂect the DILED structure. Since both electrons and holes are transported from the same side and the electron and hole ﬂuxes into the active
region are equal, the net current into the active region is zero. However,
due to the bipolar transport of charge carriers, the polarisation ﬁelds will
always have a negative impact on the transport of either type of charge
carriers into the active region.

6.3

Buried MQW DILED

As a ﬁrst experimental demonstration of diffusion injected light emitting
diode (DILED), an InGaN/GaN MQW stack with a GaN pn-junction on
top of it was grown, processed to a device and characterized optically and
electrically. The structure for the ﬁrst experimental demonstration was
this buried MQW structure due to its simplicity in processing. Additionally, since the pn-junction is located on top of the MQW stack, there is no
need to etch through the active region keeping it completely intact. The
buried MQW DILED was studied in Publication III and in Publication IV.
The samples were grown on top of 2" c-plane sapphire substrates with
MOVPE. The structure consisted of a 3 μm thick unintentionally doped
GaN (i-GaN), on top of which a ﬁve well InGaN/GaN MQW stack was
grown, followed by a 100 nm n-doped GaN layer, a 30 nm i-GaN spacer
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layer, a p-doped AlGaN/GaN superlattice electron blocking structure, and
a 400 nm p-type GaN layer. More details of the growth parameters can be
found in chapter 5.2 and in Publications III and IV. Following the MOVPE
growth the wafer was patterned using standard lithography methods. The
device was designed to be a ﬁngered comb-like structure. The n-type layer
was revealed by using inductively coupled plasma-reactive ion etching
(ICP-RIE). Ni/Au/Ti/Au contact was deposited as the p-contact and Ti/Au
as the n-contact. Schematic illustration of the fabricated device is shown
in ﬁgure 6.1.



 

 
  
  

 
  







 

!"" #$
%" #$

Figure 6.1. (a) Schematic illustration of the fabricated device with the layer structure
and (b) the dimensions of the ﬁngers. Figure reprinted from Publication IV.

The sample was characterized with electrical and optical measurement
setups at various temperatures. The current-voltage (I-V) characteristics
were found to be comparable to a conventional III-nitride LED. Strong
blue light emission corresponding to the band-to-band emission from the
InGaN/GaN MQW stack was observed when the structure was biased indicating signiﬁcant diffusion current into the MQW stack. A negligible
amount of GaN band-to-band emission was also observed. A strong yellow band luminescence was also observed with low injection currents. The
yellow band luminescence became negligible, when the injection current
was increased. The spectrum measured from the device with 20 ﬁngers
having widths of 30 μm is shown in ﬁgure 6.2.
The yellow band luminescence was most probably originating from shallow dopants in n-GaN [75–77], carbon impurities in i-GaN [78–80], and
gallium vacancy complexes in i-GaN [77, 80]. Figure 6.3 shows yellow
band luminescence intensity PY B as a function of square root of the quan-
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Figure 6.2. Normalized radiant ﬂux of a DILED (a) with different injection currents at
20 o C and (b) at different temperatures with an injection current of 10 mA.
Figure reprinted from Publication IV.

tum well emission intensity



PQW measured at 40 o C and a correspond-

ing linear ﬁt. As can be seen the ﬁt is nearly perfect. The measurement
was performed at various temperatures and the behaviour is similar at
all temperatures. The assumption that the emission power PQW is proportional to the square of the carrier density in the QW as the ABC model
of recombination suggests, indicates that the yellow band recombination
is directly proportional to carrier density. This suggests that the recombination mechanism behind the yellow band emission takes place through
localized states giving rise to Shockley-Read-Hall (SRH) recombination
like properties.
The buried MQW DILED exhibited an unusual temperature dependency.
With increasing temperature the emission intensity increased. This can
be seen in ﬁgure 6.4. This is in stark contrast to conventional LEDs,
in which the intensity typically decreases. In general, the probability
of radiative recombination decreases with increasing temperature. Additionally the SHR recombination typically increases. These phenomena
are also present in the studied structure. However, it was shown with
simulations that in the DILED structure increasing temperature has a
signiﬁcant impact on the charge carrier injection. In Mg doped p-GaN the
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Figure 6.3. Optical power of the yellow band emission as a function of square root of the
QW emission power (asterisk) and a linear ﬁt (solid line). Figure reprinted
from Publication IV.

activation energy of the acceptor state is reasonably high. Therefore, the
portion of Mg atoms, which actually contributes to the p-type conductivity is reasonably small and increasing temperature increases that portion
signiﬁcantly. In the studied structure, the holes must travel from p-GaN
through the n-GaN layer to reach the MQW stack. Increasing active acceptor density by increasing temperature increases the hole diffusion current through n-GaN. This effect is more signiﬁcant than the negative effect of temperature on radiative recombination. It was also observed in
the simulations that lowering the doping level of the n-GaN should increase the injection efﬁciency of the device.
In Publication V a similar structure was studied with the exception of
the active region. The MQW stack was changed from a ﬁve well stack
into a three well stack each well emitting at different wavelengths. The
topmost well, i.e., the closest to the pn-junction, had the lowest indium
composition emitting at 390 nm and the bottommost had the highest indium composition emitting at 480 nm. The middle QW had the emission
peak at 430 nm. Bipolar diffusion is strong enough to excite all three
QWs. The topmost QW was found to be too shallow to conﬁne charge carriers efﬁciently leading into low emission intensity. The middle well was
found to emit the most light. The quality of the bottommost QW was not
as good as that of the middle QW due to reasonably high indium composition. The spectrum of the multicolour buried MQW DILED is shown in
ﬁgure 6.5.
The emission of the multicolour DILED exhibited peculiar position dependency. The middle QW emission was strongest in the p-contact ﬁnger
tips closest to the n-contact pad and the bottommost QW emission in the
n-contact ﬁngers closest to the p-contact pad. Figure 6.6 shows a micro-
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Figure 6.4. (a) Measured QW emission power of the MQW DILED as a function of injection current at different temperatures. (b) The simulated emission power
density as a function of corresponding current density shows similar current
and temperature behaviour as the measurement. Figure reprinted from Publication IV.
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Figure 6.5. Emission spectrum under 100 mA pulsed current injection at 20 o C. The four
noticeable emission peaks can be seen: GaN band-to-band transition and the
three QW peaks. Figure reprinted from Publication V.

scope image, in which the position dependency is observed.
With increasing injection current the emission of all QW emission peaks
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Figure 6.6. Microscope image from the multicolour buried MQW DILED. Figure
reprinted from Publication V.

increased. However, the topmost QW increased the least and eventually
the peak disappeared in the envelope of the middle QW peak. At high
injection currents the bottommost QW peak increased more rapidly and
eventually it became higher than the middle QW peak. Figure 6.7 shows
the emission spectrum of the multicolour MQW DILED with various DC
injection currents.
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Figure 6.7. Emission spectrum under electrical injection using various currents ranging
from 5 to 440 mA. Intensity is in logarithmic scale. Figure reprinted from
Publication V.

The rapid increase of the bottommost QW peak intensity is affected by
the Joule heating, which occurs at high injection currents. By increasing
temperature diffusion into the bottommost QW is increased in expense
of the two other QWs. Figure 6.8 shows the effect of temperature to the
emission peak intensities.
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Figure 6.8. Emission peak intensity of (a) the topmost QW, (b) the middle QW and (c) the
bottommost QW. Increasing temperature decreases the intensity in the two
topmost QWs, but increases the emission from the bottommost QW. Figure
reprinted from Publication V.
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6.4

Surface QW DILED

The second generation DILED was studied in Publication VI. The DILED
was fabricated with a near surface QW active region. The layer structure
was grown on a c-plane 2" sapphire wafer with MOVPE. The growth process began with depositing the unintentionally doped GaN buffer layer,
followed by Mg doped p-type GaN and Si-doped n-type GaN, which formed
the pn-junction of the device. On top of the pn-junction an (In)GaN underneath superlattice was grown in order to improve the crystal quality of the
following InGaN QW. The InGaN QW was capped with a 10 nm thick unintentionally doped GaN layer. More details of the growth parameters can
be found in chapter 5.2 and in Publication VI. The device structure was
patterned with standard lithography methods using ICP-RIE for etching
the openings for n- and p-type layers. Finally, metal contacts were evaporated using the lift-off technique. The emitter mesa was a 30 μm × 30 μm
square and the n- and p-layers were contacted with Ti/Al and Ni/ITO layers, respectively, also leaving a 2 μm gap to the edges of the n-GaN mesa
and the emitter mesa. For easy handling of the device, the contact pads
were large squares reaching towards the emitter mesa through narrow
extensions. Figure 6.9 shows a schematic illustration of the structure of
the surface QW DILED.

  
 






  

Figure 6.9. Schematic illustration of the structure of the surface QW DILED.

The emission spectrum of the device was measured using a μ-EL setup.
Due to the small size of the emitter mesa, the overall light output of the
device was reasonably low. Therefore, the optical power was measured
indirectly by comparing the surface brightness to the surface brightness
of a reference LED. The reference LED was previously characterised by
using an integrating sphere. The reference LED was fabricated with similar doping levels and the similar active region as the surface DILED.
The reference LED was patterned with standard lithography methods to
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chips with a surface area of 500 μm × 500 μm. A transparent Ni/Au current spreading layer was deposited on p-GaN and Ti/Au was used as the
contact pad metallisations of the LED.
The fabricated device was diced and attached to a heat sink. Current
to the device contacts was injected through probe needles. The bias voltages in the near surface DILEDs generally exceeded 10 volts because the
etching damage on the p-GaN surface made deposition of good quality
contacts challenging. Moreover, the buried p-doped GaN layer was most
likely not properly activated or it was re-passivated during the growth of
the rest of the layer structure. Therefore, not much attention was paid to
the I-V characteristics, which were dominated by the voltage drop at the
contacts. However, according to the previous studies on diffusion injection, it is expected that the I-V characteristics of the device itself do not
differ signiﬁcantly from the conventional DHJ structures. The high bias
voltages also resulted in signiﬁcant Joule heating leading to relatively
high local operating temperatures.
Compared to the buried MQW DILED the current injection into the active region was signiﬁcantly improved, which can be seen in higher surface brightness of the device as well as lack of yellow band emission. Figure 6.10 shows the measured spectrum as well as the optical output power
and the normalized EQE.
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Figure 6.10. Emission spectrum, the optical output power and the external quantum efﬁciency (EQE) measured from the front side of the device. EQE was normalized by the maximum EQE of the reference LED. Figure modiﬁed from
Publication VI.

The emission from the surface QW had a peculiar position dependency
along the plane of the mesa. This can be seen in ﬁgure 6.11. With small
injection currents the emission is visible only at the edge of the QW mesa
near the n-contact. Increasing the injection current the emission becomes
more uniform and eventually the whole mesa is illuminating.
Even though the doping levels, layer thicknesses or device geometry of
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Figure 6.11. Microscope images of the 30×30 μm2 surface QW under electrical excitation
with injection currents of (a) 1 mA, (b) 5 mA, (c) 10 mA and (d) 20 mA.
The emission intensity proﬁle along (e) x and (f) y directions deﬁned in a.
With low injection the QW emits mostly near the n-contact. By increasing
the injection current the emission becomes more uniform. Figure reprinted
from Publication VI.

the surface QW DILED were not optimized, it operated with one ﬁfth of
the EQE of the reference LED. The surface QW DILED is a conclusive
evidence that the diffusion injection scheme can be utilized for excitation
of surface or near surface light emitting structures.

6.5

Future prospects of DILED structures

DILED is a completely novel type of LEDs that has potential to affect
how LEDs are designed and fabricated. Diffusion injection is not limited
to III-nitrides and possible applications can be found in conventional III-V
semiconductors and III-Vs combined with silicon pn-junctions. Utilisation
of diffusion currents is not limited to light emitting applications, but can
also be used in solar cell devices and detectors. The principle has now
been demonstrated to operate, even without proper optimization. In applications such as nanowire LEDs and surface plasmon enhanced LEDs,
the diffusion injection has even more potential.
Nanowires are considered as a promising way to improve the efﬁciency
of a LED. Their superior crystal quality combined with low strain compared to thin ﬁlms makes them the ultimate choice as an active region for
LEDs [48]. Additionally, InGaN nanowires with a high indium composition reaching into the green and even to the red spectral range have been
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demonstrated [29]. Nanowires can be grown directly on top of the pnjunction giving rise to green solid-state lighting applications. Figure 6.12
shows a schematic illustration of a nanowire DILED structure.

Figure 6.12. Schematic illustration of nanowire DILED structure. Diffusion injection
removes the need for the top contact of the nanowire array.

In the case of III-nitrides the n- or p-layer has to be etched for depositing
the metal contact for the anode or cathode due to lack of proper dopant implantation techniques. In the case of silicon combined with conventional
III-Vs, the pn-junction can be direcly implanted into the silicon substrate
and the nanowires can be grown on the unetched plane of the pn-junction.
Utilizing silicon pn-junction for excitation of surface active region has
distinct possibilities in integrating light sources into conventional silicon
technology perhaps even allowing all optical logic circuits fabricated on
silicon wafers.
Another interesting application for diffusion injection is to enable current injection into optically active 2D materials such as MoS2 [81]. Injecting electrons and holes by conventional sandwich-structure is cumbersome due to challenges in growth. Since diffusion injection allows the
carriers to be transported from the same side, these 2D materials can be
then deposited or transferred directly on top of the pn-junction.
Due to relatively large refractive indexes of semiconductors, a large part
of the emitted light is trapped in the device layer structure. With a properly designed metal grating, the wavelength of the surface plasmons in
the metal can be tuned to be in resonance with photons generated in a
nearby QW. This allows direct energy transfer from the QW to the surface
plasmons of the metal grating. The surface plasmons are then able to radiate their energy from the surface of the device as photons. This direct
coupling removes the limitation of total internal reﬂection at the semicon-
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ductor/air interface. However, in order to have coupling, the QW must be
only a few nanometers away from the grating. The conventional DHJ approach is challenging, since the p- or n-layer on top of the QW would not
be thick enough for proper excitation of the QW. By using diffusion injection, the QW can be placed near the surface naturally. Figure 6.13 shows
a schematic illustration of a surface plasmon enhanced DILED structure.

Figure 6.13. Schematic illustration of a surface plasmon enhanced DILED structure. By
using diffusion injection, the active region, e.g., a SQW, can be placed close
to surface for coupling into the surface plasmons of the nanopatterned metal
grating on top of the device.

In principle, diffusion injection should be more scalable than the conventional DHJ approach. This would give rise to the possibility of fabricating truly large area LEDs. The active region can be placed under the
pn-junction and, therefore, it is not needed to etch through the active region. Fabricating large area LEDs could be one solution to overcome the
droop effect, since the carrier density in the active region can be lowered
signiﬁcantly.
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7. Conclusion

Experimental studies on diffusion injection and its possibilities in light
emitting applications have been discussed in this thesis. First, the history
of LEDs and III-nitrides was reviewed. In addition, the studies on carrier
lifetime measurements and the droop in III-nitride LEDs have been discussed due to their importance in understanding the behaviour of LEDs
and DILEDs and the physics and limitations behind these devices.
The fabricated DILED structures prove the feasibility of utilizing diffusion injection in excitation of light emitting materials. The electrons
and holes can be injected from the same side of the active region, which
removes the need of placing the active region in the conventional current
path, i.e., inside the pn-junction. The main applications for diffusion injection are found in nanowire or other surface nanostructured devices, which
are challenging to realize with the conventional DHJ approach.
The efﬁciency of the ﬁrst fabricated DILED device was in the range of
the ﬁrst blue LEDs fabricated from III-nitrides, even without any optimization in ﬁlm thicknesses, the geometry or doping levels. Therefore,
the buried MQW DILED structure has plenty of room for optimization
and the demonstrated buried MQW DILEDs can be seen as a starting
point for developing light emitting structures with large and continuous
active region. The areally large active region reduces carrier density in
the active region, which could be used to diminish the droop effect in IIInitride LEDs.
The quantum efﬁciency of the second generation device, i.e., the near
surface QW DILED, was already in the same order of magnitude as that
of the reference LED, fabricated using the conventional DHJ approach.
Both the ﬁrst and second generation DILEDs have a lot of room for optimizing the structure, since neither layer thicknesses, doping levels nor
the device geometry were optimized. According to simulations, a prop-
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Conclusion

erly designed nanowire DILED structure can obtain injection efﬁciency of
near unity, which would give rise for DILED to challenge the conventional
DHJ structure.
Diffusion injection enables novel device structures, which cannot be realised by using the conventional current injection method. Such applications are nanowire LEDs including nanowire integration directly on silicon substrates, LEDs utilizing surface plasmon coupling and large area
LEDs.
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