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Abstract

Direct wide-bandgap gallium nitride (GaN) and other IllI-nitride-based
semiconductors have attracted much attention. for potential applications such as blue,
green, and ultraviolet (UV) light-emitting diodes (LEDs) and blue laser diodes (LDs).
Although InGaN-based LEDs have many excellent properties; the efficiency droop
will occur under high current injection, resulting in the application of lighting was
limited. In order to reduce the efficiency droop behavior in InGaN/GaN light emitting
diodes, several semiconductortechnologies-have.been used; such as non-polar
material, AliInGaN barrier layer, thick DH active region-er thick QW, barrier doping
etc..

In this study, we tried to reduce the efficiency droop behavior in InGaN-based by
using low temperature GaN (LT-GaN) pre-strained layer and graded quantum well
(GQW) in which the well-thickness increases along [0001] direction. To better
understand the influence of LT-GaN pre-strained layer and GQW on efficiency droop,
a lot of measurement techniques were performed to investigate the optical and
electrical properties of the grown specimens, including photoluminescence (PL),
cathodoluminescence (CL), electroluminescence (EL), L-I-V curve and Advanced
Physical Models of Semiconductor Devices (APSYS). Form power-dependent PL

spectrum, the emission peak wavelength of the specimen with LT-GaN pre-strained



layer and GQW exhibited relatively slight blue shift, which could be related to smaller
quantum confined Stark effect (QCSE). Besides, the CL images shown that the
specimen has more uniform emission area and less dark spots, resulting in the
enhancement in emission efficiency. APSYS simulation analyzed that specimen with
LT-GaN pre-strained layer and GQW revealed superior hole distribution as well as
radiative recombination distribution. Additionally, according to the analysis of
electroluminescence spectrum, specimen with LT-GaN pre-strained layer and GQW
reveals additional emission peak from the following narrower wells within GQWs.
These results are in good agreement with the result obtained from APSYS simulation.

Based on the results mentioned above, a high-efficiency InGaN-based LED with
LT-GaN pre-strained layer and GQW shas sbeen_fabricated;»which demonstrated an
improvement in output power of 36% at current density of 22 A/cm?and 71% at
current density of 244 Afcm?. Besides, the efficiency droop was alleviated to be about
17% from maximum_ at'current density of 22 A/cm2 to 244 Alcm2, which is much

smaller than 54% of conventional LED.
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Chapter 1 Introduction

1-1 Wide bandgap I11-N materials

Wide bandgap nitride materials have attracted great attention over the past
decades. The bandgap of the IlI-nitrides like AIN, GaN and InN material cover a very
wide range from 0.9 to 6.1 eV which represents the emission wavelength from deep
ultraviolet (UV) to infrared (IR) region as shown in Figure 1.1. This wide emission
wavelength range makes _it.promising for applying in the applications of
optoelectronic devices, 'such as flat panel display, competing storage technologies,
automobiles, general lighting and biotechnology,.and so on:[1-4]. It is worth noting
that as the rapid developing of the blue region material research,we are able to fill up
the visible light gap and make the full ‘color display by semiconductor material
becomes possible. Besides; theemitted short wavelength light in the blue and UV
region is especially suitable to pump up the yellow light and comes out a white light
output by mixing the original blue source and excited yellow light which realized the
solid state lighting. The IlI-nitride semiconductor material enjoyed some unique
properties that not only suitable for lighting source in short wavelength in visible
region but also high-speed/high-power electron device [5]. For example, it has high
bond energy (~2.3 eV), high-saturation velocity (~2.7 x 10¢ cm/s), high-breakdown

field (~2 x 10° V/cm), and strong excitonic effects (>50 meV) [6-7]. However,
1



considered as a next generation high efficiency lighting devices, IlI-nitride

semiconductors have some inherent drawbacks to deteriorate the lighting efficiency

like internal piezoelectric field and spontaneous polarization at heterointerface leading

to the quantum confined Stark effect (QCSE) and causing charge separation between

electrons and holes in quantum wells [8-9]. Even though, it is still worth to devote

more effort to overcome such problems for its great potential for realization of next

generation solid state lighting.

1-2 GaN-based LEDs

Basically, the blue GaN-based LED confronts some severe problems lowering the

efficiency and hindering the prealizatron of solid state lighting. Lack of suitable

substrate GaN epitaxy«is the most important issue. Nowadays, GaN material was

grown on sapphire susbtrate, which has a 15% smaller lattice constant than GaN, and

different thermal expansion coefficient. That leads to a very high defect density and

cracking of the layers when the structures are cooled down after growth. The problem

was firstly solved by Amano and Akasaki by designing and growing a AIN buffer

layer in 1986 [10]. Also, Nakamura grew GaAIN buffer layers on top of sapphire in

1991 [11] which make it possible to grow GaN on sapphire. In addition to the

invention of buffer layer, Prof. S. Nakamura also solved the high growth temperature



problems by his two-flow growth reactor which opens the door of high quality GaN

material on sapphire [12]. The third problem of for GaN-based LED is p-type doping.

Every semiconductor lighting device needs p-n junctions. Previous to Akasaki’s work

p-type doping of GaN was impossibly. Akasaki (1988 at Nagoya University) found

that samples after Low Energy Electron Beam Irradiation treatment (LEEBI) showed

p-type conductivity [13-14]. Thus Akasaki demonstrated that in principle p-type

doping of GaN compounds was possible..Nakamura was then found the solution to

the puzzle of p-type doping. He found that previous investigators had annealed the

samples in Ammonia‘(NHz) atmosphere" at high temperatures;Ammonia dissociates

above 400 oC, producing atomic hydrogen. Atomic hydrogen passivates acceptors, so

that p-type characteristics are. not observed. Nakamura solved this problem by

annealing the samples in"Nitrogen gas, instead of Ammonia [15]. Benefit by the effort

of such pioneers, the blue GaN-based light emitting diode (LED) is now successfully

commercialized. The typical structure of a blue GaN-based LED is illustrated in

Figure 1.2. The layer of n-type GaN contains an excess of electrons,

whereas the p-type layer is a region from which electrons have been removed (i.e., in

which “holes” have been formed). If a forward bias is applied, electrons and holes can

recombine, releasing energy in the transition layer in the form of light. The energy of

the photon corresponds to the voltage bias in the transition region (the “bandgap”).



Sapphire and silicon carbide are often used as substrates, which allow for large-area

heteroepitaxial growth.

1-3 Motivation

Typical InGaN/GaN LED are characterized by a substantial decrease in

efficiency as injection current increases. This phenomenon which known as efficiency

droop is a severe limitation for high power devices that operate at high current

densities and must be overcome-to enable the LEDs needed for solid-state general

illumination. The efficiency droop is caused by a nonradiative carrier loss mechanism,

which is small at low currents but becomesssignificant for high injection currents.

Competition between' radiative. recombination and-this droop-causing mechanism

results in the reduction”in efficiency as current increases. ‘The physical origin of

efficiency droop remains controversial, and several different mechanisms have been

suggested as explanations, including carrier leakage from the active region [16].

Auger recombination [17], junction heating [18], and carrier delocalization from

In-rich low-defect-density regions at high carrier densities [19]. Carrier leakage in

GalnN LEDs generally refers to the escape of electrons from the active region to the

p-type region. These leakage electrons may then recombine with holes either in the

p-type region or at the contacts, dominantly by nonradiative processes. Necessarily,



therefore, fewer holes than electrons are injected into the active region. These two

phenomena that escape of electrons form the active region and reduced hole

concentration of any carrier leakage explanation for droop. Hole injected into the

active region may be the limiting factor, possibly due to the low p-type doping

efficiency or the electron blocking layer (EBL) acting as a potential barrier also for

holes. As a result of the low hole injection, current across the device is dominated by

electrons. Devices with p-type active, regions, which should increase hole injection

efficiency have been proposed as-a solution to this problem,

However, it is not clear which cause the efficiency droops at high current. For

this study, we investigated the excitation power dependence PL intensity at room

temperature and temperature pdependent intensity to confirm..the confinement of

carrier in different structure. Then we discussed the. normalized efficiency as a

function of injection current density at room temperature clearly and used APSYS

simulation to make sure our model is correct, so the physical mechanisms of current

dependent efficiency of InGaN/GaN LED has been confirmed.

This thesis is organized in the following way: In chapter 2, we give some

theoretical backgrounds and characteristics about InGaN/GaN MQW structures. The

experimental setups and theory are stated in chapter 3. In chapter 4, we present the

experiment results and discuss for optical and electrical properties of InGaN/GaN



MQW LED with LT-GaN, InGaN/GaN and without prestrain layer. In chapter 5, we
show the experiment results and discuss for physical mechanisms of graded quantum
wells as a function of injection current density in InGaN/GaN LEDs. Finally, we gave

a brief summary of the study in chapter 6.
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Figure 1.1 The bandgap diagram of compound semiconductor materials.
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Figure 1.2 The schematic of typical p-side up GaN-based LED



Chapter 2 Properties of I -Nitride semiconductor

In this chapter, we show the properties of InGaN/GaN LEDs and prestrain
insertion layer in InGaN/GaN light emitting diodes. Efficiency droop behavior has
also be introduced

2-1 Quantum confinement effect in semiconductor nanostructure

The semiconductor nanostructure is widely used as the active layer in
optoelectric devices such as light emitting diodes and laser diodes. This low
dimension structure has the_ advantage of high emission efficiency because of the
quantum confinement effect. Due to the. different dimension,of confinement, we can
divide the nanostructures into several groups. For instance, the quantum well structure
is confined in one dimension (1D), the quantum-wire structure;is confined in two
dimensions (2D), and the quantum dot structure Is confined in thrée dimensions (3D).
In this thesis, we would ‘discuss the quantum well structure in detail.

When we discuss the quantum well structure, the excitons are confined in two
dimensions. If the well width is much-larger than agin bulk, the exciton would not
feel any difference compared to the environment in bulk. However, if the well width
decreases to the order of agin bulk or even smaller than ag in bulk, the electrons and
holes would be strongly confined in the well and also increase the exciton binding
energy.

With above discussion, the Hamiltonian of the relative motion can be written as
H=He ( Xe, Ve, Ze) + Hh ( Xn, Yn, Zn) + Hen (1) Eq. (2.1.1)
where H, and Hy are represented as the electron and hole motion confined in the well,
and Hep is the Hamiltonian described the Coulomb potential attracting the electron

and hole in the three dimension confinement. The x-y-z coordinate is defined due to
8



different spatial confinement and r is the relative position vector between the
electrons and holes. Therefore, the resolution of the Hamiltonian is given by
E=E%+E"-Een Eq. (2.1.2)
where E %, and E ", is the energy of ny, quantum confined state, and E . is the binding
energy of exciton. Then, the lowest exciton resonance energy associated with the
ground states in the well can be described as

Eres=EQg+E %+ E "\ - E Eq. (2.1.3)

In actual situation, the exciton resonance energy is sensitive to the well width. When
we use narrow well width, the confinement. is improved. However, when the well
width is extremely narrow; there may be some leakage of the electron and hole wave
function leading to jthe decreasing of .the exciton binding .energy. The emission
spectrum of the quantum well structure is affected by the competition between the

quantum confinement energy level and:that of exciton binding energy.

2-2 The electric field and localization.effect.in-quantum well structure

In consequence of the polar crystal structure group IlI-nitride heterointerfaces are
charged [20, 21]. Strong electric fields therefore influence valence and conduction
band profiles at interfaces [21] and in quantum wells [22—-25]. Any deformation of the
gallium nitride lattice modifies the interatomic distances as well as the polarisation of
the unit cell and occur in correlation with changes of interface charges and of the band

structure [26-28]. Therefore, precise knowledge of the strain evolution in epitaxial



gallium nitride layers preceding the growth of the actual device structure is of high

interest. The built-in electric field in conventional c-plane heterstructures would result

in decreasing the oscillation strength of the separation of electron-hole pairs. Also, the

carrier recombination rate and the internal quantum efficiency would be

reduced.

However, in spite of the high density of dislocations and large separation of

electron-hole pairs, the InGaN-based heterostructures grown on c-plane sapphire still

have the high luminescence efficiency. It is reported that the luminescence efficiency

enhancement is due tothe effective localization of excitons:in the In-rich regions [29].

The mechanism of this unique behavior in' InGaN-based heterostructures is still

unclear. Several groups suggested that the focalization of excitons might induce by the

composition fluctuationand the phase separation [30,31]..In the In-rich regions, it

would provide a deep potential minimum within ‘the InGaN layers, which would

confine electrons and holes tightly. Once the carriers injected into the InGaN-based

heterostructures, they will not be captured by the defects or dislocations. The

effectively trapping of carriers improved the radiative recombination rate.

Otherwise, the exciton localization is influenced by quantum well thickness, In

content, and doping level. The increase of In content may increase the effective

localization depth but also induce more nonradiative defect densities [32].

10



2-3 The basic concept of inserting prestrain layer

In general, the light output for a multiple quantum well (MQW) light-emitting

diode (LED) depends on the internal quantum efficiency (IQE) and the light

extraction efficiency (LEE). The former case mainly depends on the quality of

materials and their heterointerfaces within the active region. In addition, the quality of

the layer interfaces below and above the active region would also affect LED

performance. For GaN-based LEDs, the influence of magnesium or silicon dopants in

InGaN/GaN MQW on the IQE of GaN-based LEDs has’been reported in previous

studies. Their performances could be also improved by the insertion of a prestrain

layer(s) between the InGaN/GaN MQW and the n-GaN [33]. It has been proposed that

the high luminescence efficieney'results from successfully reducing compress strain

and enhancing quality in active regions. However, the n fluctuation in the InGaN

layers may also induce more nonradiative defect densities and

influence efficiency at high carrier density.

2-4 The basic concept of efficiency droop

Solid-state lightings, especially InGaN/GaN light-emitting diodes (LEDs), have

been vigorously developed to take the place of traditional lighting source, due to its

potentially higher efficiency. It is imperative that LEDs produce high luminous flux

11



which necessitates high efficiency at high current densities. However, as the

efficiency of LEDs increasing, the upcoming challenge is the efficiency “droop” for

high-power applications [34]. The external quantum efficiency EQE reaches its peak

at current densities as low as 50 A/cm2 and monotonically decreases with further

increase in current.[35] It means that the efficiency reduces rapidly when LED

operating under high carrier density. Contrary to what may appear at an instant glance,

dislocations have been shown to reduce.the overall efficiency but not affect the

efficiency droop. The major cause of efficiency droop IS still a huge controversy.

Various possible mechanisms of droop including carrier overflow [35], non-uniform

distribution of holes [36, 37], Auger scattering [38], carrier delocalization [39],

junction heating have been proposed, but the genesis of the efficiency droop is still

the topic of an active debate. Although Auger recombination was proposed for the

efficiency droop,[40]the Auger losses In such a wide bandgap semiconductor are

expected to be very small,[41] which has also been verified using fully microscopic

many body models.[42] In addition, if an inherent process such as Auger

recombination were solely responsible for the efficiency degradation, this would have

undoubtedly prevented laser action, which requires high injection levels, in InGaN

which is not the case. The efficiency droop was also noted to be related to thequantum

well thickness in the form of peak efficiency shifting to higher injection currents with

12



increasing well thickness.[43] It was suggested that the effect of polarization field

may be playing a role.[44] The observations, however, are consistent with large

effective mass of holes because of which it is very likely that only the first QW next

to the p-barrier substantially contributes to radiative recombination. Making the well

wider, therefore, increases the emission intensity providing that the layer quality can

be maintained. Ithas also been suggested that in wider QWs the carrier density is

reduced for the same injection level and thus.reduced Auger recombination.[44] What

is very revealing is that™in below barrier photoexcitation experiments (photons

absorbed only in the"QWSs), where carriers are excited and recombined in the QWs

only, the efficiency droop was not observed at carrier generation rates comparable to

electrical injection which indicates that efficiency-droop is related to the carrier

injection, transport, andileakage processes.[44]

13



Chapter 3 Experimental instrument and setup

3-1 Photoluminescence (PL)

PL spectroscopy has been used as a measurement method to detect the optical

properties of the materials because of its nondestructive characteristics. PL is the

emission of light from a material under optical excitation. The laser light source used

to excite carriers should have larger energy band gap than the semiconductors. When

the laser light is absorbed within the semiconductors, it weuld excite the carriers from

the valence band to“the .conduction band. Then, it produces the electrons in the

conduction band and the holes in the valence band. When the electron in an excited

state return to the initial state; it will emit.a photon whose energy is equal to the

energy difference between'the excited state and-the initial state, therefore, we can

observed the emission peak from PL spectrum.

The photoluminescence spectroscopy is the optical measurement to examine the
quality and optical characteristic of material. First, when we analysis a new compound
semiconductor, we can use PL measurement to know the band gap of the new
material. Second, the intensity of PL signal is contributed to the amount of radiative

recombination in the materials. Therefore, PL measurement can be used to understand

14



the material quality and the recombination mechanisms of the materials.

The carrier recombination processes occur in many ways in order to reach the

equilibrium. Those processes can be divided into radiative recombination and

nonradiative recombination. We can recognize the radiative recombination easily at

low temperature by PL measurement, since it would not be influenced by the thermal

energy.

If there are some defect energy.level existed in energy band gap of

semiconductor, they could-also contribute to radiative. recombination process.

Therefore, we could observe the multiple’ emission peaks in the'PL spectrum, and the

intensity of the emission peaks is related to the contribution of the individual radiative

recombination process.

The schematic setup'of our PL'system is shown in Fig. 3.1.1. The pumping source

was a multi-mode and non-polarized Helium-Cadmium laser operated on 325 nm

with 35 mW. After reflecting by three mirrors, the laser light was focused by a lens

which focal length was 5 cm, to 0.1 mm in diameter and the luminescence signal was

collected by some lens. The probed light was dispersed by 0.32 monochromator

(Jobin-Yvon Triax-320) with 1800, 1200, and 300 grooves/mm grating and the

maximum width if the entrance slit was 1 mm. In order to prevent the laser coupling

with the PL spectrum, we used the long pass filter in front of the entrance slit. In the

15



temperature-dependent PL measurement, all the samples were placed in the

closed-cycle cryostat with a temperature controller ranging from 20 K to 300 K.

3-2 IQE measurement system

The schematic setup of our IQE measurement system is shown in Fig. 3.2.1.The
pulsed excitation source for the IQE measurement is provided by the frequency
doubler (2w) or frequency tripler (3w) beams of a mode-locked Ti: sapphire laser (w)
which was pumped by Arlaser. The wavelength of Ti: sapphire laser is tunable from
700 nm to 900 nm and the pulse width 157200 fs. The.repetition rate of the Ti: sapphire
laser is 76 MHz whose time interval is 12.5 ns..The PL luminescence spectrum was
measured in conjunction with monochromator using gratings whose grooves are 2400
lines/grooves. To direct examine the optical properties of InGaN/GaN MQW LEDs
and avoid the absorption of GaN film, the pumping light source was a frequency
doubled Ti: sapphire laser operated on 390 nm. And all the samples were placed in the
closed-cycle cryostat with a temperature controller ranging from 20 K to room
temperature.
3-3 Electroluminescence (EL)

Fig. 3.3.1 shows the schematic of low electroluminescence measurement systems.
A set of instruments including current source Kiethley 238, a microscope to observe

16



the patterned electrode of sample surface, three axial stages for probe and fiber to
detected the light output, and a cryostat for the cooling system which use the liquid
helium to cooling the chamber. Then, the light detected by a 0.32 m monochromator
(Jobin-Yvon Triax-320) with 1800, 1200, and 300 grooves/mm grating and the

maximum width if the entrance slit was 1 mm.
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Chapter 4 Optical and electrical properties of InGaN/GaN multiple
quantum wells with and without prestrain layer

4-1 Introduction

Generally speaking, lattice constants in the lateral plane of the substrate and
quantum well are different and there exist strains in one or both of components. The
strains change the energy gaps, the curvature of the valence bands, and consequently,
the effective masses of the holes. Therefore, the quantum confined valence subbands
are modified by the biaxial Strains. The biaxial strains also lead to the piezoelectric
field along the Z direction in-wurtzite- materials. It inclines the one-dimensional
confinement potential. The quantum confinement energy levels and the corresponding
envelop function in.such potential are different from those in theseriginal confinement
potential. This is easily understood-that imaging the field pushes the electrons and the
holes toward the opposite walls in*the well because of opposite charges. Thus the
overlap of the electron and hole wave function is reduced and this reduction is
expected to result in the decrease of the exciton binding energy. Therefore, optical
properties under the presence of the piezoelectric field are expected to be considerably

modified from those in the absence it.
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4-2 Sample structure and Fabrication

The sample in this study are commercial InGaN/GaN MQW LEDs and grown
by metalorganic chemical vapor deposition (MOCVD). The sample in this study
grown on c-plane (0001) sapphire substrates. The sample structure consist 2u m
undoped n-GaN, a 2y m Si-doped n-type GaN, and an unintentionally doped active
layer with In,Ga;xN/GaN MQWs, and a 20nm p-AlGaN electron blocking layer
(EBL), and 120nm Mg-doped p-type GaN(Cladding layer). The doped concentration
of n- and p-type GaN is hominally 5 x 10 and 1 x 20" cm™, respectively, the
MQWs layer comprise 6 periods InGaN 'well*(~2.5 nm) and GaN barrier (~12 nm),in
composition is 15%. In this study, LED samples-with the InGaN/GaN insertion layer
were labeled as LED-I, which, comprise 10 periods InGaN layer(~1nm) and GaN
layer(~5nm),in composition. is 6%. Sample with a low temperature growth GaN
prestrain layer was labeled as LED- . The LT-GaN prestrain layer grown at 840 - C,
this growth condition has higher vertical-to-lateral growth rate ratio compared to a
high growth temperature. This may allow LT-GaN layer to release strain from lattice
mismatch. While LEDs without the insertion layer were also prepared for
comparison and labeled as LED-I1I. The sample structure is shown in Fig. 4.2.1. The
fabrication processes of InGaN/GaN LED show in Fig. 4.2.2 . In this study, we insert
a prestrain layer between n-type GaN and MQW, which may release the strain cause
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by the lattice mismatch between sapphire and GaN, In this study, an LT-GaN prestrain

layer was used and compared with general InGaN/GaN prestrain layer. The difference

between sample | and sample Il may affect the internal quantum efficiency and the

efficiency droop at high carrier density, hence, we will study the relation between

localized state in quantum well and physical mechanisms of quantum efficiency.

4-3 CL image measurement and discussion

For this study, the spatially-resolved CL images were.obtained by scanning the

scanning emission microscopy over the samples. The observed submicron-scaled CL

inhomogeneities should be due to the spatial fluctuation of the energy band gap,

which is mainly created by the, spatial “distribution of indium eomposition in InGaN

active layers.Fig.4.3-1(a),(b),and(c) shows the top view CL images of LED with

LED-I, LED-II, and LED-III. It can be seen clearly that emission pattern of (b) and (c)

were both inhomogeneous. In contrast, Sample with LT-GaN prestrain layers has the

most uniform emission image at corresponding peak emission wavelength. The

various emission area observed from sample with prestrain layers and without

prestrain layers indicate that elastic relaxation occurred in the prestrain layers by

surface undulations. Since the indium segregation to form emission pattern

inhomogeneous is energetically favored by reducing the number of compressively

22



strained In—-N bonds, indium atoms can preferentially segregate to the ridges from the
troughs of the undulated surface. As a result, In-rich regions will be formed near the
surface. Therefore, the density of In-rich regions in InGaN/GaN prestrain layers was
larger than that in LT-GaN prestrain layers. This will result in the formation of In-rich

regions due to these In-rich surface.

4-4 Power dependent PL measurement
4-4.1 Carrier localization gffect

Due to composition' inhomogeneity and monolayer thickness fluctuation Of
InGaN QWs self-organized In-rich region «is.generated in InGaN active region,
resulting in potential fluctuatien® of energy bandgap. AS shown in Fig.4.4.1.1 As
injected carrier density’ increases  further, an occupation .of high energy stats of
localized centers will be enhanced. And the band filling effect will make the carriers
more easily escape from localized states to extendend states which decrease IQE.
From the Fig 4.4.1.2 we could found that LED without prestrain layer structure has
much higher FWHM under the same carrier density. At carrier density above
1x10%(#/cm®), the FWHM increase fast and the band filling effect is start to dominate.
From Fig 4.4.2, we can see sample Il has larger FWHM than others, which means In
distribution is the most inhomogeneous and more nonradiative center in quantum well.
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On the other hand, the LT-GaN and InGaN/GaN prestrain sample has similar band
width at low carrier density. However, as carrier density above 1x10'® (#/cm?), the
sample with LT-GaN prestarin layer has smaller band width than InGaN/GaN
prestrain layer which means smaller band filling effect. The possible reason of
reducing In fluctuaction of LT-GaN prestrain layer sample may relating to using
GaN film can more effectively eliminate In incorporation in active regions than

InGaN film.

4-4.2 Reduction of pizeoelectric field

Several research groups have reported that the internal electric field existed in
InGaN/GaN QW structure. This .internal electric field through the QW tilts the
potential band and leads to a spatial separation of electrons and holes in the QW,
resulting a decreasing in degreed: of wave function overlap which is called the QCSE.
The internal electric filed in the QW can be screened by photogenerated carriers.
Consequently, the QCSE effect become weaker when the carrier density increased,
resulting in the emission peak wavelength buleshift and IQE enhanced at low injected
carriers region. . Figure 4.4.2.1 shows the emission peak energy under different input
power. When the input power was increase, the peak energy of the emission spectra of
the LEDs changed to larger energy. The blue shift of three sample with increasing
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input power before 10mW may be explained by the carrier screening of the QCSE
resulting from piezoelectric fields.[45][46] When the prestrain layer was inserted
between n-GaN and MQW, the bule shift by screen effect are decrease from 20meV
to only 10meV. We now analyze the spontaneous PL in the InGaN samples in more
detail. We explain the PL behavior differences of the LED with and without prestrain
layer by quantum confinement and the predominant strong piezoelectric field in thin
quantum wells. Indeed, in hexagonalnitride MQWSs, the quantum-confined Stark
effect arises due to the ‘piezoelectric field.[46] We analyzed the influence of
nonequilibrium carriers on the/position of PL spectra in.the- InGaN/GaN MQWs using
a triangular well model. The photoexcited carriers screen the internal field. For an
idealized case, neglecting thermalsdistribution in the bands, the emitted quantum
energy hn for band-tosband recombination in a quantum.well in the presence of
nonequilibrium electron—hole pair density n can be expressed as
hv=E,(n)—edF(n) + E,(n) + E,(n) + E,(n) .Here, Eg(n) is the carrier density
dependent forbidden gap, which, taking into account band-gap renormalization, can

1
be expressed as E, (n) = E,(0) - An® with B=2x10 eV cm; d is the well width; F(n)

is the internal electricfield strength, which can be expressed as F(n) =~ F(O)—@

£g,
with maximum field strength F(0 )and static relative dielectric constant €, which has

been taken as 10; and E.p is the difference of the lowest-energy level from the
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triangular well bottom for electrons and holes, respectively, and can be calculated

2
2? )%[gﬂz(n)]%. The effective masses of electrons or holes, me,h ,
eh

fromE,, =(
used in the calculations have been assumed to be 0.25mq , my>my , respectively[47].
In order to compare our experimental results with the calculations, we expressed hv as
a function of excitation power density P (in MW/cm?), which for the case of
predominantly square-law recombination are related as[48] n =n = /Pa/hvy , where
o is the absorption coefficient forlaser light and has been taken as 1.5x10° cm™, and y

is the square-law recombination coeffigient and has been taken as[49] 4.8x10™' cm®

The results ofithese calculations for InGaN/GaN MQWSs are also illustrated in
Figure 4.4.2.1 by the dotted line.. This rather-crude model gives remarkably good
agreement between experimental.data and theoretical estimations for more than four
orders of excitation power density (up to 10 kW/cm?). Note that a number of other
effects were not included in our model (we neglected the two-dimensional nature of
the system, carrier distribution in the barriers and the wells, excitonic and
nonradiative recombination channels, possible recombination coefficient change due
to separation of the carriers in wells, etc.). The Fqof reference was found to be equal
to 1.21 V/cm, which is quite similar to other evaluations in similar semiconductor

structures.[48] The estimation of the piezoelectric field of sample | and sample Il are
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the value of 0.68 and 0.73MV/cm, which is much smaller than sample I1l. From the

above experiment result and data analysis, we can conclude that the use of LT-GaN

prestrain layer release the biaxial strain in quantum well for a certainty.

4-5 Temperature dependent PL measurement

In order to further clarify the influence of the carrier confinement ability of

LED with and without prestrain layer, temperature dependent PL measurements were

performed. The Fig. 4.5.1 shows Arrhenius plots of the .normalized integrated PL

intensity for the InGaN-related PL emission over the temperature range from 20K to

300K. It was found'that the integrated PL intensity dropped slowly with temperature

during the low-temperaturepregion,“whereas it -decreased. rapidly during the

high-temperature region. The best™fitting gives three activation energies of about 51,

45, and 32 meV for InGaN/GaN; LT-GAN, and without prestrain layer, respectively.

In general, the quenching of the luminescence with temperature can be explained by

thermal emission of the carriers out of a confining potential with an activation energy

correlated with the depth of the confining potential [49]. It has suggested that the

localization of carriers operates as excellent radiative recombination centers. In other

words, high localization energies of excitons will provide deep potential wells that

suppress the diffusion of electrical carriers toward various non-radiative defects. The
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carrier localization in the active layer also has a significant effect on the performance

of LEDs, resulting in an increase in radiative recombination efficiencies[50].

4-6 The measurement of internal quantum efficiency

From the preview result, we know that LT-GaN prestrain did change the property
of active region. For this study, we used the IQE method which S. Watanabe et al.
proposed to determine the IQE of InGaN/GaN MQW LEDs to study the IQE of
different structure. The internal quantum efficiency can be calculated by

lpy /Ep,

1, =C L (4.6.1)

where Ip_ and Igx aré PL intensity.and excitation intensity, respectively. Ep_ and Egx
are PL photon energy and excitation photon energy, respectively. C is a constant
affected by mostly carrier injection efficiency by laser, light extraction and correction
efficiency of PL, and does not depend on either excitation power density or
measurement temperature. First, we measured the excitation power dependent PL
intensity at low and room temperature, and then the relative PL quantum efficiency
curves can be obtained by using equation 4.6.1. And the constant C would be canceled
out by normalizing the curves to the peak value at the lowest temperature, because it

is independent on temperature or excitation power. From this normalization, the PL
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efficiency curves will not depend on carrier injection efficiency by laser, light
extraction and correction efficiency of PL. Therefore, the PL efficiency would be find
out from this model.

In tradition, the IQE is estimated by assuming that IQE is 100 % at low
temperature regardless of excitation power density. However, IQE is strongly
dependent on injected carrier density. Consequently, it is more reasonable to assume
the peak of PL efficiency at lowest temperature is equal 100 %, and then the IQE
curves as a function of ‘excitation power and temperature can be understand.

Moreover, to aveid the absorption 'of GaN, the frequency doubled femtosecond
pulse Ti: sapphire laser of 390 nm was used'to-excite sample, the excitation power
density was changed. from 0.0% to 80 mW, and calculated injection carrier density is

about 2.0 x 10™° t0 1.6 x 10'® cm™ by using the equation below:

(4.6.2)

carrier density= kP *eXp(—gay doan ) = L—exXp(—can @

- ))R*loss
(h V)*¢*dacﬁve *f actlve)) 0l

bjective

where P is excitation power, hv is energy of incident light, ¢ is laser spot size, f is
repetition rate of laser, dacive IS the active layer thickness, agan IS the absorption of
GaN, aincan IS absorption of InGaN, R is reflection of sample surface, and LoSSebjective
is transmission loss of objective.

Fig. 4.6.1 shows the IQE of InGaN/GaN MQW LEDs as a function of injected
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carrier density at 15K and 300 K. We can observe that the IQE increases with

increasing injected carrier density to reach its maximum. As injected carrier density

further increases, then the IQE decreases. The tendency of two efficiency curves at 15

K and 300 K is very similar. But under low injected carrier density region, the 1QE

curve at 300 K increases obviously than it at 15 K. The results indicated that the 1QE
at 15 K saturated more easily than it at 300 K.

The experimental results indicated that the IQE are about 61.9 %, 41.4 % and
53.6% at injected carrier density-is 4.7 x 10" #/cm*(=20mA) for sample I, sample 1l
and sample 11, respectively. Table 4.6 shows the value of 1QE, We believe the
higher internal quantum efficiency for the LED is due to the better crystalline quality,
attributed to reducing of threading dislocations and releasing strain from sapphire ,so
enhance the carrier confinement ability as studied in previous work [51]. However,
when carrier density increase to 1.6 x 10'®#/cm® ,the 1QE are about 33.9 %,and 51.1
% for LED with InGaN/GaN and LT-GaN prestrain layer. Under similar quality and
strain release order, the LED with LT-GaN insertion layer has much higher efficiency

than InGaN/GaN is due to better In distribution and less nonradiative center.
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4-7Current dependent intensity and efficiency discussion

Fig.4.7.1 shows the light output power versus injection current (L-I)

characteristics of these LED samples. When a 20-mA current injection was applied to

the LEDs with emitting wavelength of 460 nm, the output powers enhancement of

LED-I and LED-I1 were approximately 11% and 18%, respectively. Even InGaN/GaN

LED has higher output power enhancement at 20mA, as injection current increase to

200mA, the LT-GaN LED has larger output power enhancement than InGaN/GaN

LEDs. In addition to the improvement of light output power for the LED. Note that

three samples, regardless of having InGaN/GaN, LT-GaN- or without prestrain layer

between active region and n-type GaN show almost the same current density

dependency of forward voltage: As.shown in Fig. 4.7.2, the EQE rapidly decreases as

the forward current increases up to 200mA, resulting insthe serious EQE droop of ~

54%. However, the MQW LEDs with LT-GaN prestrain layer show very different

dependency of the EQE on the forward current density, EQE very slowly decreases

with increasing the forward current density, showing the magnitude of EQE droop of

approximately 36% at J; of 200 mA. Table 4.7.1 shows the value of output power

enhancement and efficiency decrease. These results indicate that LT-GaN prestrain

layer facilitate the suppression of In inhomogeneous distribution in the active region ,

and successfully enhance the power and efficiency at high carrier density.
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Table 4.6.1 IQE of InGaN/GaN, LT-GaN and without prestrain layers

InGaN/GaN LED at 10 and 80mW

Sample PL IQE @10mW (%) PL IQE @80mW (%)
LT-GaN ~61.4% ~51.1%
InGaN/GaN ~61.9% ~33.9%
w/o prestrain ~53.6% ~26.0%

Table 4.7.1 Output power enhance.and efficiency decrease

Sample Output power-enhance (%) - Efficiency droop(%)

20mA 200mA Max~200mA
LT-GaN ~11% ~39% 36%
0,
InGaN/GaN ~18% ~28% 49%
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Chapter 5 Analysis of the reduce efficiency droop by Graded
guantum wells structure

5-1 Introduction

In recent years, great efforts have been made to reduce the efficiency droop.
Most of them are focus on minimizing the carrier overflow by reduce or eliminate the
polarization field in the active region, such as using polarization matched multiple
quantum wells (MQWSs) [52, 53], staggered InGaN quantum wells [54], and non-polar
or semi-polar GaN substrate_[55]. But for improving-hole distribution, only several
approaches, such as p-type MQWs [56] or coupled guantum wells [57], are explored.
However, in the p-type MQWs; the Mg-=dopant is very likely to diffuse into wells,
while in the coupled quantum wells, electrons are tend to overflow by using thin
barriers. These will result in reduction of radiative efficiency. In this research, we
designed and grew a new' LED.structure with graded-thickness multiple quantum
wells (GQWSs) by using metal-organic chemical vapor deposition (MOCVD). Better
hole distribution in such graded-thickness designed MQWs were demonstrated by

APSYS simulation as well as the electroluminescence (EL) measurements.

5-2 Sample structure and fabrication
The LED structures were grown on c-plane sapphire substrates by MOCVD. A

20-nm-thick low temperature GaN nucleation layer followed by a 2 pum n-type GaN
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buffer layer, ten-pair InGaN/GaN superlattice were grown on the top of sapphire.
After that, six-pair MQWSs were grown with 10-nm-thick GaN barriers. For our
designed experiment, the thicknesses of Ing15GaggsN quantum wells for GQW LED
structure, controlled by growth time, are 1.5, 1.8, 2.1, 2.4, 2.7, 3 nm along [0001]
direction. While the reference LED structure has a unique well-thickness of 2.25 nm.
It’s worth noting here that the total volumes of active region for the two samples are
the same. Finally, a 20-nm-thick electron blocking layer with Alg15GaggsN and a
120-nm-thick p-GaN layer were grown to complete the" epi-structure. The sample
structure is shown in‘Fig. 5.2.1. For EL measurements, the LED"chips were fabricated
by regular chip process with ITO current spreading layer and Ni/Au contact metal,

and the size of mesa 1s 300%300 ;,Lmz.

5-3 APSYS simulation of electron and hole concentration distribution

Based on our experimental structures, we built up the model of the reference and
GQW LED structures. The typical LED structure was composed of 2-um-thick n-type
GaN layer (n-doping=2E18 cm™®), six pairs of IngisGaossN/GaN MQWs with
10-nm-thick GaN barriers, 20-nm-thick p-Aly15GaggsN electron blocking layer
(p-doping=5E17 cm™), and 120-nm-thick p-type GaN layer (p-doping=1E18 cm>.
Other material parameters of the semiconductors used in the simulation can be found
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in Ref. [58]. Commonly accepted Shockley-Read-Hall recombination lifetime
parameters (several nano-seconds) are used in the simulations. Figure 5.3.1 and
Figure 5.3.2 shows the simulated hole distribution and radiative recombination
distribution along MQWSs at 100 A/cm?. For reference LED structure, it can clearly be
seen that holes mostly concentrate in the QW nearest p-side (denoted as the first QW),
so does the radiative recombination. This phenomenon coincides with the optical
measurement result in ref. [59], which is mainly due to poor transportation of holes.
While in the case of GQW LED structure, the hole concentration decreases in the first
QW by about 16%, but increases in the 'second, third, and- fourth QWs by 7%, 94%,
and 175%, respectively, as compared with reference LED. It indicates that the holes
are more capable of transporting ‘across the first QW, consisted.with our hypothesis.
On the other hand, electrons are relatively not being affected due to their high
mobility. Therefore, more wells will participate in- the recombination process, as
illustrated by the radiative recombination distribution in Fig.5.3.2 Moreover, due to
the relative low carrier densities in the first QW and more uniform of carrier
distribution, the possibility of Auger scattering and carrier overflow can be lower.

Accordingly, alleviation of efficiency droop can be expected.
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5-4 Current dependent electroluminescence measurement and analysis

The electroluminescence EL spectra of the LEDs were easured using a pulsed

current source with 1% duty cycle and 2us pulse width, to eliminate the heating effect.

Light was collected by an optical fiber placed above the diode and connected to a

computer controlled sepectromemter equipped with a charge coupled device detector.

Different well width has different emission energy, so the GQW LED has larger

band with than reference LED at whole current range. And which has been mentioned

before is LED with thicker QW will emission longer wavelength due to QCSE effect.

So, The emission energy is of GQW LED is smaller.than reference LED at small

current density, as the injection increase, the peak energy will increase with injection

current due to band filling effect, and the GOW LED has larger emission energy at

high current density . Under the same current density, LED with thicker well width

should has smaller peak energy (small band filling effect), however, in our

experiment , the GQW LED has invert result, which means carrier might transfer

from the widest well width QW to thinner well width QW close to n-type GaN.

Therefore we can conclude that graded quantum does has better carrier transport

ability.

According to the simulated results mentioned above, more holes distribute in the

narrower wells in GQW LED structure. Once more carriers radiatively recombine in
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narrower well, the intensity of shorter-wavelength part in emission spectrum will rise.
Thus, the symmetry of spectrum might be changed, as can be seen from the power
dependent of EL spectrum in Fig. 5.4.1. To investing EL spectrum in detail, the
asymmetry factor (AsF) was calculated. As illustrated inset of Fig.5.4.3, it can be
defined as the distance from the center line of the peak to the back slope (AB) divided
by twice the distance from the center line of the peak to the front slope (2AC), with all
measurements made at 50% of the maximum peak height. The calculated AsF under
every injection level for both samples are summarized in Eig. 5.4.2. It can clearly be
seen that, AsF of reférence LED decreases slightly. from 1.04 to be about 0.98 when
injection current incteases from 1 A/cm? to-100 A/cm?. While GQW LED showes
larger variation, the AsF starts at 1.05 (0:1 A/cm?) and saturates at about 0.89 (after 20
Alcm?). According to the definition of AsF, if the bluef light emits from narrower
wells, the symmetry of spectrum would be interrupted and smaller than 1.

To further study the mechanisms responsible for the variation of the graded
guantum structure, more electrical properties were investigated as below. Fig.5.4.3
shows the emission peak energy (a) and FWHM (b) of spectra as a function of the
injected carrier density at room temperature for both LEDs of graded guantum well
and reference. In Fig.5.4.3 several unique optical properties were observed. First, the
emission peak energy gradually increases with the injected carrier density, this is due
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to screening effect and band filling effect. And we can see, at low injection current,

GQW LED has smaller emission peak energy and larger FWHM. The reason is when

LED is under low injection current, only the quantum well which closest to p-type

GaN generate light, and the GQW one has wider well width than reference. However,

at high current density, we can observe the emission energy of GQW is larger than

reference, it is due to carrier transport to thinner well which close to n-type GaN and

emission short wavelength of GQW LED.. The rapidly increase in FWHM of GQW

also prove this penominace. Therefore, we can conelude that GQW does have

superior radiative recombination distribution, ‘which. leads to the EL spectrum

blueshifts and broadens significantly with increasing the injection current.

5-5 Analysis of injection carrier.density dependence EL efficiency and efficiency
droop

Finally, we investigated the efficiency droop behaviors in both LEDs. The output

powers of LEDs and the normalized efficiency (n) of refrence and GQW LED are

plotted in Fig. 5.5.1 as a function of injection current, which are obtained by

integrating the light intensity of EL spectrum measured by spectrometer. The

electroluminescence EL spectra of the LEDs were easured using a pulsed current

source with 1% duty cycle and 2us pulse width, to eliminate the heating effect.

Light was collected by an optical fiber placed above the diode and connected to a
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computer controlled sepectromemter equipped with a charge coupled device
detector. It can clearly be seen that the light output power enhancement at current
density of 22 A/cm2 and 244 A/lcm2 for GQW LED is 36% and 71%. This indicates
that even with wider wells (worse wave function overlap for electrons and holes) near
p-side, the overall efficiency for GQW LED is still higher than reference, and the
utilization rate of MQWs is improved. More importantly, LED without any structure,
the relative efficiency reaches its high,as.33.3 A/lcm? and efficiency shows only a
slight decrease 17% at 244 A/cm2, as shown in Fig 5:5.1. The quantum efficiency
peaks at a higher current density and 'shows a lesser decrease as current density
increase. This improvement could be mainly attributed to the superior hole
distribution and radiative recombination distribution,~and also the reduction of Auger
scattering resulting from the lowercarrier concentration.in QW nearest p-side. As the
main contribution to the optical emission i1s from the first QW next to the p-type
region. In fact, Li et al reported a shift of EQE peak position from 5 A/cm2 to over
200 A/cm2, but with a trade-off for the IQE, by widening QWs from 0.6 to 1.5 nm.
This observation, not the interpretation, is actually consistent with the report by
Gardner et al. in which case EQE reached its peak above 200 A/cm2 when the MQW
active layer was replaced by a double heterostructure with a 13 nm InGaN layer. This
was, however, interpreted by authors as avoiding/minimizing Auger recombination by
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reducing the carrier density in the wells. Furthermore, for the samples with graded
quantum well. It should be noted that despite the pulsed measurements and pushing of
the efficiency peak to higher currents, the droop is still affected by heating since a red

shift not shown of the EL peak position beyond 300 A/cm2 is observed.
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Chapter 6 Conclusion

In first part, we have compared LEDs with LT-GaN, InGa/GaN and without
prestrain layer. The LED with LT-GaN prestrain layer shows a great improvement in
outpower and efficiency from the LED with InGa/GaN prestrain layer at high carrier
density. The use of LT-GaN results in a very little blue shift of emission, less band
filling effect, and reduce efficiency droop at high carrier density, compared to the
reference and InGaN/GaN prestrain LEDs.. These results indicate that low temperature
growth GaN prestrain JJayer facilitate the suppression of the strain and In
inhomogeneous distribution. Further, wehave demonstrated relatively low efficiency
droop in InGaN/GaN LEDs by graded quantum well structure as compared with the
normal LEDs. The EQE is nearlyretained in GOW LEDs even at a high forward
current density of 244 Alem2 (only 17 % droop), whereas. c-plane LEDs exhibit as
high as 36% efficiency droop under the same injection current density. The light
output power was also enhanced by 36% at 22 A/cm2 due to more quantum well be
used. The APSY'S simulations indicate that superior hole distribution can be achieved
in the GQW designed MQWs, in which the well-thickness increases along [0001]
direction. It might be attributed to the longer radiative recombination lifetime in the
wider well nearest to p-type layer. Moreover, by analyzing the EL spectra in detail, the
additional emission from the narrower wells were demonstrated. This indicates that
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more carriers distribute in the following wells, which agrees well with the simulated

results. As a result, the efficiency droop behavior was alleviated from 54% in LED

without any structure modified to 17% in LED with LT-GaN prestrain layer and

graded quantum well. In addition, This work implies that with suitable active region

design, carrier transportation behavior could be modified, which is very useful for

alleviating efficiency droop.
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