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Abstract

In this dissertation, the improvement in operation performance of III-V optoelectronic
semiconductor light emitting devices, which include ultraviolet (UV) light-emitting diode
(LED), 660-nm red resonant-cavity LED, 850-nm vertical-cavity surface-emitting laser
(VCSEL), and 1.3-um edge-emitting laser (EEL), were studied. The key technologies for
semiconductor light emitting dévices to possess-better output performance and high
operation stabilities are the epitaxial crystal-quality and the design of epitaxial structure.
Noteworthily, the structure design is" more-important if we were to have a stable output
performance in high temperature and high injection current operation. By using the
epitaxial technology — metalorganic chemical vapor deposition (MOCVD) to grow the
structures and advanced simulation programs to give theoretical analysis, the operation
performances of semiconductor light emitting devices are investigated and improved.
Mainly, we focus on confining the electrons effectively in the quantum well (QW) active
region to reduce the electronic leakage current so as to improve the output performances.

In the research of UV LED, to emit an emission wavelength of 370 nm, quaternary
AlGalnN is utilized as QW material during the epitaxy of UV LED. The device after
standard process as 300x300 um? size chip can provide a maximal output power of 4 mW

and an external quantum efficiency of 1.2%. With an aim to enhance the output power of
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UV LED, we then theoretically investigate the effect of the number of QWs and the
aluminum content in AlGaN electron-blocking layer on the UV LED output performance.
After fitting in with the experimentally demonstrated output performance of UV LED, we
find that the UV LED can provide a better output performance when the aluminum content
in AlGaN electron-blocking layer is in a range of 19-21% and the AlGaInN QW number is
in a range of 5-7.

In the research of 650-nm RCLED, it is known that the conduction band offset value
in AlGalnP material QW active region is approximately 300 meV. When the device is
under high temperature operation, the electron leakage problem may become more serious
and consequently leading to the degradation of output performance. By means of widening
the resonant cavity to a thickness of three wavelength (3 1), the degree of power variation
between 25 and 95 °C for the device biased at 20 mA is apparently reduced from -2.1 dB
for the standard structure design=(1-A cavity) to -0.6 dB. The current dependent far field
patterns also show that the emission always-takes place perfectly in the normal direction,
which is suitable for plastic fiber data fransmission. To optimize the RCLED structure, we
continue numerically studying the structure dependent output performance by using an
advanced simulation program. After fitting in with the experimentally demonstrated output
performances of RCLEDs, we analyze the percentage of electron leakage current of the two
structures, and we find that the stable temperature dependent output performance of
3-A-cavity RCLED is attributed to the reduction of electron leakage current.

In the research of 850-nm VCSEL, we first theoretically investigate the gain-carrier
characteristics of Ingp2GagosAs and InAlGaAs QWs of variant In and Al compositions.
More compressive strain, caused by higher In and Al compositions in InAlGaAs QW, is
found to provide higher material gain, lower transparency carrier concentration and
transparency radiative current density over a temperature range of 25-95 °C. Then we

choose Al sGap77Ing1sAs as QW material in the epitaxy of 850-nm VCSEL structure.
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After standard oxidation confinement process, this device can provide a threshold current
of 1.47 mA with a slope efficiency of 0.37 mW/mA at 25 °C, and the threshold current
increases to 2.17 mA with a slope efficiency reduction of 32% when the device temperature
is raised to 95 °C. To improve the operation performance of 850-nm VCSEL, a
10-nm-thick Aly75Gag2sAs electron-blocking layer is employed in the QW active region for
the first time, and the threshold current at 25 °C is found reducing to 1.33 mA with an
increment of slope efficiency to 0.53 mW/mA. When the device temperature raises to 95
°C, the threshold current increases by only 0.27 mA and the slope efficiency drops by only
24.5%. Numerical simulation is also done to analyze the effect of the electron-blocking
layer on the output performance of 850-nm VCSEL, and the results show that the output
performance is improved by the reduction of electron leakage current.

In the research of 1.3-um InGaAsN/GaAsN.EEL, there has been several works
investigating using strain GaAsN- as.direct barrier.,Using GaAsN in the epitaxial growth
can balance the highly compressive strain-indnGaAsN"QW and reduce the phenomenon of
nitrogen out-diffusion from the well. However, it is a small bandgap material system,
which indicates that the electron leakage may become more serious if adding more nitrogen
into GaAsN barrier. Therefore, in the first instance, the temperature effects on the optical
gain properties of single Ing4GagsAsoossNooia QW with GaAsN barrier of different
nitrogen compositions are studied for optimization. Theoretically, we suggest using
GaAsp.995No 005 as direct barrier can be a better choice with the considerations of epitaxial
growth and electron confinement. Then we choose Ing4Gag 6AS0.986N0.014/GaAS).995Np 005 as
active region in the epitaxial growth of 1.3-um EEL structure. After standard process as
4x100 um® size chip, this device can provide a threshold current of 84 mA with a slope
efficiency of 0.09 mW/mA. When the device temperature increases to 105 °C, the
threshold current becomes 188 mA and a characteristic temperature value (Typ) of 118 K is

obtained. To improve the operation performance of 1.3-um
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Ing.4Gap cAs0.936N0.014/GaAS)99sNo.0os EEL, we also try to insert a GaAsgoPy; layer as
electron blocking layer in the epitaxial growth of 1.3-um EEL. The threshold current of the
device at 25 °C becomes 99 mA and a slope efficiency of 0.11 mW/mA is obtained. The
threshold current at 105 °C only increases to 172 mA with a Ty value of 155 K and the
reduction of slope efficiency becomes less. Numerical simulation is done to analyze the
effect of the electron blocking layer on the output performance of 1.3-um EEL. The results
show that the electron leakage current is reduced with the use of a high-bandgap
GaAsooPo; layer. Further theoretical simulation work of investigating the effect of
increasing the phosphide composition in GaAsP electron-blocking layer on the Ty value is
also done. And, we find that increasing the phosphide composition in GaAsP to 15-20%
can provide a better T value.

In a summary, the III-V optoelectronic semiconductor light emitting devices, which
include 370-nm UV LED, 660-nm. RCLED,”850-nm VCSEL, and 1.3-um EEL, are
experimentally demonstrated and theoretically-analyzed for a purpose of reducing the
electron leakage current and thus improving the‘operation performance. We hope those all
will turn into useful information in the design and epitaxy of optoelectronic semiconductor

light emitting devices.
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Chapter 1  Introduction

Since the first demonstration of high electroluminescence radiation from GaAs p-n
junction in the early 1960s [1-5], compound semiconductors have functioned constantly
in being promising materials in optoelectronic devices. So far, the optoelectronics has
become an important part of our lives. Wherever converting current into optical signal
or vice versa, the optoelectronic semiconductor devices all have a unique advantage,
that is, they are tiny, and providing a high conversion efficiency that meets the steadily
increasing mankind’s requirements. Examples include light-emitting diodes (LEDs) in
illumination and other applications, photo-detectors in remote control sensors, and laser
diodes (LDs) for digital disk storage system. While considering using the optoelectronic
devices as active light sources, it is«ndubitably, that group III-V compounds are the
most excellent candidate because of their: physically direct bandgap property. The
devices such as LEDs, resonant=cavity light-emitting diodes (RCLEDs), edge-emitting
laser diodes (EELDs), and vertical-cavity surface=emitting lasers (VCSELs) have been
commercialized for several decades. These emitters can be used in the application of
solid-state lighting, outdoor displays, laser pointer, printer, DVD players, and fiber
communication etc. While selecting a suitable material to be the active media, a wide
emission wavelength range covering untraviolet-blue—green—red—infrared region of the
spectrum can be obtained. As an illustration, the devices made by GaN-based material
can provide high efficient illumination in ultraviolet to green wavelength range and
white emission. For high efficient yellow—red emission, the choice of the active media
material grown on GaAs substrate is InGaP/InGaAlP. As extending the emission
wavelength to infrared, the active media material can be InGaAlAs, InGaAsP, and
InGaAsN.

These semiconductor light emitting devices have indeed made our living



environment colorful and brilliant. The unmitigated research efforts worldwide have
resulted in making these emitters having better output performances. However, with an
aim to improve the emitting power and efficiency of the semiconductor light emitting
devices, substantial works are still needed. In which, further experimental
demonstrations and theoretical simulation are both intensively required. The
experiments facilitate the growth of high quality films that reduce the internal loss
caused by the defects. The theoretical simulation can provide a more detailed
understanding of device physics and simultaneously give a qualitative analysis to
optimize the existed device structures. As these efforts continue, it is expected to
enhance the output performances of the optoelectronic semiconductor devices.

In this dissertation, the improvement in operation performance of III-V
optoelectronic semiconductor light.émitting deviees, which included UV-LED, 650-nm
red RCLED, 850-nm VCSEL, and 1.3-um EELD, were studied. The respective devices
were fabricated. As well, in order torbétter-understanding the device physics so as to
improve the output performances, three.advanced simulation programs developed by
Crosslight Software, Inc. (APSYS, LASTIP, PICS3D) [6] were employed. Specifically,
the physical discussion of reducing electronic leakage current in the fabricated devices
was focused to improve the high temperature and high current injection device output
performances. The following subsections in this chapter were intended to give an
investigation and historical review of the nitride based LED, RCLED, and
semiconductor lasers including EELD and VCSEL devices. The physical models in the
software, regarding band structure calculation, drift-diffusion model, spontaneous and
stimulated emissions, heat flux equations, and etc. were described in Chapter 2.
Characteristics of the fabricated devices and the theoretical analysis were described in

Chapters 3 to 6, respectively. Finally, conclusions were given in Chapter 7.



1-1 Historical review of nitride based LEDs

In the history of Ill-nitride materials, GaN binary alloy was first synthesized by
Juza and Hahn with passing ammonia over hot gallium, and produced small needles and
platelets for the purpose of studying its crystal structure and lattice constant. In 1958,
small crystals of GaN were produced with the same technique by Grimmeiss and
Koelmans to measure their photoluminescence (PL) spectra. Ten years later, a large
layer of GaN grown on sapphire (Al,O3) substrate by using chemical vapor deposition
technique was demonstrated by Maruska and Tietjen [16]. As regarding the fabrication
of GaN-based LED devices, the first demonstration was reported by Pankove et al. in
1971. However, the early works were eventually forsaken because of the lack of
advanced epitaxial technique and especially encountering the fundamental material
problems. As shown in Figure 1.1,'the lattice constarit of GaN is 3.189 A with an energy
bandgap of 3.39 eV. At present, sapphire has- become the most commonly used
substrate for the growth of IlI-nitride-materials. This substrate has several advantages
such as cheaper than SiC, high hardness, high ‘heat-resistance, and particularly the free
of absorption for green, blue, and ultraviolet photons. However, despite these
advantages, there are still some disadvantages; e.g., the interface between GaN and
sapphire substrate exists a large lattice mismatch of 15% [8], [9], resulting in a very
high dislocation density. Besides, sapphire is a dielectric material, so that both n and p
contacts shall be on top of the devices, and etching techniques are inevitably required.
Even the sapphire can be the substrate for growing Ill-nitride materials, the noticeable
lattice mismatch, which results in the poor crystal quality, obstructs the early
development of [II-nitride LEDs.

This high dislocation problem was not solved until 1983 when Dr. Yoshida

improved the crystal quality of GaN films with the use of AIN-coated sapphire substrate



[11]. Later, high-quality optically flat surfaces of GaN thin films had been successfully
grown by using AIN nucleation buffer layer with metal-organic chemical vapor
deposition (MOCVD) technique by Prof. Akasaki et al. [12]. In 1991, S. Nakamura
changed AIN thin films with low-temperature growing amorphous GaN thin films as
nucleation layer, and mirror-flat GaN thin films were obtained under high-temperature

growing [13].
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Figure 1.1 Lattice constant of seémiconductormaterials as a function of their bandgap
energy.

Nevertheless, the high n-type background doping in intrinsic GaN film also causes
another incapability in fabricating GaN p-n junction LEDs. As many conformation of
semiconductor devices, a p-n junction is always required. For n-type GaN, it could be
casily achieved with an n-doping level of 1x10"" ~ 2x10" ¢cm™ by Si or Se dopant
atoms. For forming p-type GaN layer, even various types of acceptor atoms including
Mg and C were tried, it only led to compensated high resistivity material. This
bottleneck was first broken through by Akasaki et al. [14] by low energy electron beam
irradiation (LEEBI) treatment. A hole concentration of 1x10'” and a low resistivity of
12 Q-cm were obtained, respectively. Three years later, the Mg-doped GaN with
p-doping level of 3x10"™ cm™ and a resistivity of 0.2 Q-cm was found more conductive

by Nakamura with a treatment of thermal annealing in a N, ambient [15].



To achieve high-brightness GaN-based LED, another breakthrough of high-quality
InGaN films came. In 1990s, a blue InGaN/GaN double-heterostructure LED was
fabricated by Nakamura et al. for the first time. With the use of two-flow MOCVD
technique, the substrate was heated to 1050 °C in a stream of hydrogen. Then the
temperature was lowered down to 510 °C for the growth of GaN nucleation layer. Next,
the substrate was reheated to 1020 °C to grow 4-um n-type GaN film, followed by the
20-nm-thick Si-doped InGaN active layer when the temperature was decreased to 800
°C. The temperature was then increased to 1020 °C to grow p-type Mg-doped GaN film.
The total thickness was about 4.8 pum, and the surface of p-type GaN was partially
etched until the n-type layer was exposed. Finally, a Ni-Au contact was evaporated onto
the p-type GaN layer and a Ti—Al contact onto the n-type GaN layer. The peak
wavelength was 440 nm with a full width at half maximum (FWHM) of 20 nm at
forward current of 20 mA [16].

The first candela-class blue LEDswete fabricated with the use of Si and Zn
codoped InGaN active layer. A relatively. low-indium composition in InGaN layer was
used as a result of high-indium InGaN layer might cause the degradation of
luminescence intensity. The thickness of InGaN active layer was 50 nm, and the active
layer was sandwiched between two 150-nm-thick Aly;5GagssN cladding layers. The
output power and external quantum efficiency at 20 mA were 1.5 mW and 2.7% [17].
Soon afterward, the InGaN/InGaN multiple-QW structures and several novel designs
were employed in GaN-based LEDs, and the first commercial GaN-based LEDs were
commercialized by Nichia Chemical Company in 1990s. To date, it is less than fifteen
years that high-brightness GaN-based LEDs are used throughout the world, for example,
in the applications of full-color displays, traffic signals, and other promising areas of
high-definition DVD optical storage, chemical processes, and medical applications

[18-20].



[II-nitride and their alloys represent a very special class of material. They are
indeed the best chosen for short wavelength emission due to their wide and direct
energy bandgap. Unlike the arsine or phosphide materials, there is not a suitable
substrate for their growth, and they are in the hexagonal (wurtzite) crystal system.
Mostly, the polarization effect in GaN-based materials has been found much stronger
than other III-V compounds [21]. Next, the material properties of wurtzite GaN and its

relevant alloys are investigated.

1-1-1 Wurtzite GaN material property

Most III-V compound semiconductor materials are belonged to zinc-blende-type
crystals. For GaN and its relevant alloys, they can be zinc-blende type; however, they
are commonly grown as wurtzite crystal, which exhibits a hexagonal Bravais lattice, as
depicted in Figure 1.2. In crystallography, the wurtzite structure is closely related to the
zinc-blende structure, and in fact it ista‘member,of hexagonal crystal system. For most
epitaxial GaN growth film, the optic-axis (c-axis) {0001] is typically oriented normal to
the surface. The strain tensor components are evaluated by specifying five distinct,

nonvanished elastic constants for wurtzite crystals: C;;, Cj,, Cj3, Cs3, and Cyy. The
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For the band structure of wurtzite GaN based materials, it is often characterized by

the zone-center k- p method. The spin-degenerate conduction band is described by the
anisotropic, parabolic form with wave functions comprised of the s-orbital (angular

momentum /= 0) states:
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in which k,, k, are the wave vectors and mj,, m] are the effective masses along
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the in-plane and c-axis directions. @; and a, are the conduction band deformation
potentials. The valence band is described by a 6x6 Hamiltonian transfer matrix
including heavy-hole (HH), light-hole (LH), and crystal-field split-off hole (CH) bands

[22-24] as follows:

He = He 0 (1.2)
6x6 — 0 HL .
where
F K, —iH, F K, iH,
HY =| K, G A—iH, |, HL =| K, G A+iH, (1.3)
iH, A+iH, A —iH, A-iH, A
The matrix elements are
F=A+A,+4+6
G:AI _Az +ﬂ/+0
K2
Z:_(Alkzz +A2kt2)+ﬂg
2m0
ﬂ'g =l)l‘c"zz +D2(gxx +gyy)
K2
0=——(A:k2 + Ajk?)+6,
2m0
eg :D?agzz +D4(8xx +8yy) (14)
2
K, =2 4k
my
2
H, :h—Aékzkt
my

A =A2A,

k2 =k2+k?

The A; parameters are related to the hole effective masses. The crystal field splitting
A.. = A, and the spin-orbit splitting is A,, =3A,;, =3A;. As shown in Figure 1.3, the
band structure of wurtzite GaN near the top of valence band is schematically plotted.
The bottom two pair bands are the CH splitting bands. The top four bands are split by

the spin-orbit interaction into two pairs with heavy and light hole effective masses in the
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plane.

Figure 1.2 (a) Wurtzite crystal with lattice constants ¢ and a. (b) The unit cell of
wurtzite GaN crystal.
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Figure 1.3 Valence-band structure of wurtzite GaN.

1-1-2 Band parameters

Binary alloy

Unlike III-V arsenide and phosphide semiconductor materials, the physics related
to GaN based materials has not been well developed. The troubled growth technique
and the potentials in GaN based materials are both very attractive that much effort is
paid for realizing its material properties. For optoelectronic semiconductor devices, the
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bandgap energy of each semiconductor material is undoubtedly one of the most
important parameters. As expressed by the Varshni formula [25], the bandgap energy of

II1-V semiconductor material at temperature 7 can be:

a-T?
T+p

E,(T) = E,(0)- (1.5)

where E,(T) is the bandgap energy at temperature T, E,(0) is the bandgap energy

at 0 K, ¢ and [ are material-related constants. The value of £ is approximately
equal to the Debye temperature at 0 K. Several kinds of measurements such as optical
absorption, photoreflectance, photoluminescence are employed to determine these
constants. In the GaN based materials, binary GaN, AIN, and InN can also be expressed
by the Varshni formula accurately within a few meV.

Since the early 1970s, a bandgap energy'of 3.5 eV for wurtzite GaN has been
realized [26], [27]. To determine-the bandgap energy more accurately, a luminescence
measurement of the exciton lines is prefetred. The research has shown that the actual
gap is recovered by adding the“estimated binding energy to the observed exciton
transition energy. The free A exciton (EA) transition energy, which can be determined
quite precisely, is the most reliable indicator in relatively-pure GaN. A range of
A-exciton transition energies at 0 K, 3.474-3.496 eV, has been indicated [28-30], while
with A-exciton binding energies range from 18 to 28 meV [31-34]. These values have
been critically reviewed by I. Vurgaftman [35], and a value of 3.510 eV for the
zero-temperature energy gap is recommended. In the mean time, An average values of
the Varshni parameters o =0.909 meV/K and £=830 K are given, while they believe
that GaN device characteristics tend to be relatively insensitive to the precise values of
the Varshni parameters owing to the small relative change in the energy bandgap (72
meV between 0 and 300 K).

Among the III-V semiconductor materials, AIN alloy has in fact the highest energy



bandgap. As well being a direct-bandgap material the AIN alloy tends to be
technologically significant because of its high bandgap property in playing a role of the
barrier or cladding layers in the GaN-based devices. The Varshni parameters for AIN,
summarized by [. Vurgaftman, obtained with variant measurements such as
cathodoluminescence (CL), spectroscopic ellipsometry, and photoreflectance have been
obtained. The room temperature energy bandgap of AIN can be in a range of 6.11-6.2
eV. The Varshni parameters a=1.799 meV/K, [=1462 meV for wurtzite AIN are
recommended.

As regards wurtzite InN, its bandgap energy determined by optical absorption was
early determined to be in a range of 1.7-2.2 eV [36—40]. In stead of using an advanced
growth technique to obtain high crystal quality, the thin InN film was sputtered, which
in term results in an uncertainty.'Before 2001, most has believed that the energy
bandgaps of wurtzite InN at low-temperature and room temperature are 1.997 and 1.97
eV, respectively. The Varshni parameters_are_a =0.245 meV/K, (=624 meV [41].
This InN energy bandgap value is repudiated-in. 2001 since single crystal InN film is
successfully obtained. The re-evaluated wurtzite InN bandgap energy is in the 0.7-0.8
eV range [42], [43]. The Varshni parameters are regarded unchanged as prior. Other
significant band parameters such as effective masses, splitting energies, and
deformation potentials etc. for GaN, AIN, and InN binary alloys are listed in Table 1.1
[35].

Table 1.1 Band parameters of wurtzite binary GaN, AIN, and InN alloys.

Parameters GaN AIN InN
a, (A) at T=300 K 3.189 3.112 3.545
¢ (A) at T=300 K 5.185 4.982 5.703
E, (eV) 3.51 6.25 0.78
a (meV/K) 0.909 1.799 0.245
B(K) 830 1462 624
A, (eV) 0.010 -0.169 0.040
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A,, (eV) 0.017 0.019 0.005

m!! 0.2 0.32 0.07
mt 0.2 0.30 0.07
A 721 -3.86 821
4, -0.44 -0.25 -0.68
A 6.68 3.58 7.57
A, -3.46 132 523
As -3.40 _1.47 511
Aq 4.9 -1.64 -5.96
4, eV A) 0.0937 0 0
a, (eV) 4.9 34 35
a, (eV) 113 “11.8 35
D, (eV) 3.7 “17.1 3.7
D, (eV) 45 7.9 4.5
D;(eV) 8.2 8.8 8.2
D, (eV) 4.1 3.9 4.1
Ds (eV) 4.0 34 4.0
Dg (eV) 5.5 34 55
¢1,(GPa) 390 396 223
¢1, (GPa) 145 137 115
¢13(GPa) 106 108 92
¢33 (GPa) 398 373 224
c44(GPa) 105 116 48
dy3 (pm/V) 1.6 2.1 35
d+ (pm/V) 3.1 5.4 7.6
dys (pm/V) 3.1 3.6 55

Ternary InGaN and AlGaN alloys

For nitride based ternary alloys, due to the smaller bandgap energy of InGaN
material than that of GaN, InGaN ternary alloy can be used as a promising active
heterostructrue or QW material to emit in the violet and blue region of the spectrum
with a carrier confinement layer of AlGaN. The In and Al content in each respective
layer is commonly less than 20% when consider having a high quality film. In 1990,
there has been significant process in the growth and characterization of the InGaN

material [44-46]. The bandgap energy of InGaN measured by Osamura et al. [47]
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across the entire compositional range has a smooth variation with some bowing by

Ey(InGaN)=v-E,(InN)+(1-v)-E,(GaN) = b,y -v-(1-v) (1.6)

. The bandgap energy of the ternary alloy is assumed with linear combination of two
binary alloys with a second-order correction. The b value is so-called bowing parameter
which is accounted for the deviation from the linear interpolation between the two
binary alloys. A bowing parameter value of 1.0 eV for InGaN is early found either by
experimentally fit to the PL data or numerical calculations [48-52]. A large bowing
value in a range of 2.4-3.5 eV is also proposed, while I. Vurgaftman recommends that a
bowing parameter value of 1.4 eV for InGaN [35], which bases on several prior works
and the consideration of recent growth of high-quality high In content epitaxial film.

For AlGaN ternary alloys, Yoshida ez.al. observed that the band gap energy of
AlGaN deviates upwards with igerease fintAlN composition [53]. Hagen et al. and
Koide et al. observed that the bandgap energy of AlGaN deviated downward with the
increase of AIN composition [54];[55]. Theyall believed that the bandgap energy could
be described with linear combination of"AlN"and GaN binary alloys with a second-order

correction by
Ey(AlIGaN)=w-E,(AIN)+(1-=w)- E,(GaN) —=b yigan - w-(1—w) (1.7)

Even a large number of bowing parameter values is proposed, most researchers believes
that the bowing parameter for AIGaN is positive, corresponding to be in a range of
0.353-1.38 eV [56-60]. A bowing parameter value of 0.7 eV for AlGaN, based on the
consistent finding of the relatively small bowing parameter by the theories and
experiments, is recommended by I. Vurgaftman [35].

Despite of the bandgap energy of ternary alloy can be expressed in linear
combination of binary alloys with a bowing, other band parameters such as effective

masses, splitting energies, and deformation potentials etc. for ternary alloy can be
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calculated from the linear interpolation between the two binary alloys but with zero

bowing parameter.

Quaternary InGaAIN alloy

While considering an optoelectronic light emitting device emitting in ultraviolet
wavelength region, quaternary InGaAlN is preferred to be the active region material due
to the lattice constant of InGaAIN can be tuned match, either tensile or compressive to
GaN. That the design in QW active region can be more optimized therefore obtaining
better output characteristics. Prior studies have found that the lattice mismatch is
reduced by the incorporation of In with an In/Al ratio close to 1/5 and match to GaN
[61]. Mostly, the band parameters of quaternary alloys can be expressed in linear

interpolation formula as
P(In,Ga,_,_,Al,N)=x-P(IaN)+(1=x=p) P(GaN)+y-P(AIN) (1.8)

For the energy bandgap of InGaAIN, some has reported with rather small In fraction. M
Asif Khan found that the energy bandgap of InGaAIN reduced almost linearly when In
<2% [61]. A relationship for the calculation of composition dependent parameters by a
weighted sum of ternary alloys has also been permitted, for instance, the bandgap

energy of InGaAIN can be [62]
xy-E4(AlInN)+ yz- Ey(InGaN) + zx- Ey (AlGaN)

E,(InGaAIN) = (1.9)
Xy+yz+zx
with
Ey(AlInN)=u-E,(InN)+(1—u)- Eg(AIN) =D 4y -u-(1—u) (1.10)
uzl—x+y v=1—y+z W:1—x+z (1.11)
2 2 2

where x, y, and z=1-x—-y represent the compositions of Al, In, and Ga in the
InGaAIN alloy. The bandgap energy of ternary InGaN and AlGaN are depicted in

expressions (1.6) and (1.7).
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1-1-3 Spontaneous and piezoelectric polarizations

Built-in electric fields in semiconductors can be caused by spontaneous

and by strain-induced polarization P, In c-face nitride-based

polarization P, piezo -

sp
materials, these polarization effects were found much stronger when compared to other
semiconductor materials [21]. In this situation, electrons and holes are separated in the
quantum well, as indicated in Figure 1.4, the transition energy is reduced by the built-in
field, leading to a red-shift of the emission wavelength. The wider the quantum well
thickness, the more separated electrons and holes, and the less overlap of electron and
hole carrier density distributions, which leads to a smaller optical gain and less

spontaneous emission.

(a) Feo (v
Ye
WYh
EV\

Figure 1.4 Band edges of conduction and valence bands

Fiorentini et al. has developed a way to estimate the interface charge density [63].
The spontaneous polarization of ternary nitride alloys can be expressed by
P, (Al,Ga;_yN)=-0.09-x-0.034-(1-x)+0.019-x-(1-x)

P, (In,Gay_,N)=—0.042-x—0.034- (1 - x)+0.038x- (1 x) (1.12)
P, (AL In_ N)=-0.090-x—0.042-(1-x)+0.071-x-(1-x)

As yet, there is no investigation on polarization properties focusing on the quaternary
InGaAIN alloy. Only a similar way to that shown in expression 1.9 can be used for the

calculation. The piezo-electric polarization can be calculated by
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P.(AIN)=-1.808-5+5.624-¢2  for £<0
P,.(AIN)=-1.808-5-7.888-¢2  for &>0
P,.(GaN)=-0.918-£+9.541 &2
P,.(InN)=-1.373-£+7.559 &2

(1.13)

where ¢ 1is the basal strain of the binary compound considered. Linear interpolation
formula is used for the calculation of ternary and quaternary nitride alloys. The total

built-in polarization is the sum of spontaneous and piezo-electric polarizations.

1-1-4 Band alignment discontinuity

The value of band-offset is quite significant for the design of heterostructure
devices. This value also plays a very important role in the analysis of energy band
diagram. It is obvious that when two different materials are grown next to each other,
both the conduction and the valencebands of.the two materials will possess
discontinuities at the interface. - Quality and even feasibility of heterojunction device
concepts often depend crucially“on values-of-these-band offsets. Several researchers
determined the band-offset values of [I-V1 and'I1I-V heterostructures experimentally by
growth techniques such as MBE and MOCVD. Theoretical calculation indicated that
the electronic structure in each layer of a heterojunction became nearly bulklike even a
single atomic layer away from the interface, lending credence to the idealized notion of
an abrupt band edge discontinuity. To determine band-offset values of semiconductor
materials, X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) are primarily used by means of electron core level energies. Optical
techniques, such as excitation PL and reflectivity, also present a more accurate tool to
determine band-offset values. However, the devotion of the determination of the
band-offset values in semiconductor heterojunction from experimental measurements

and theoretical calculations exist large discrepancies, which may be related to the
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difficulty of obtaining high quality epitaxial films.

Various types of band alignments can arise in semiconductor interfaces depending
on the relative adjustment of energy bands with respect to each other. For
semiconductor heterojunctions, there are two most common types of alignments. Type [
alignment shows that the bandgap of one semiconductor lies completely within the
bandgap of the other. This type is the most useful one for optoelectronic devices
because the carriers are well confined in the smaller bandgap region. Type II alignment
is the bandgaps of two materials overlap but not completely covering the other. For
nitride-based materials, they all belongs to type I, and six different kinds of
heterojunction combination, such as AIN/GaN, InN/GaN, GaN/AIN, InN/AIN, AIN/InN,
and GaN/InN (A/B represents that A thin film is grown on top of B material) list. Table
1.2 lists some band-offset values of'wurtzite nitride binary alloys reported by Martin et
al. InN/GaN-GaN/InN and InN/AIN-AIN/IaN heterojunctions show a significant
forward-backward asymmetry. < AIN/GalN-GaN/AIN heterojunctions give almost
identical values. The asymmetric' nature .may be provided by strain induced
piezoelectric fields [64] due to that the lattice constant of InN alloy is much larger than
those of AIN and GaN, and the lattice mismatch between AIN and GaN is relative
smaller than that between GaN and InN.

Table 1.2 Valence band-offset values of wurtzite nitride binary alloys (Unit: eV).

Reference | AIN/GaN InN/GaN GaN/AIN InN/AIN  AIN/InN  GaN/InN
[65] 0.8+0.3 ~ 0.8+0.3 ~ ~ ~
[66] 0.57+£0.22 0.93+0.25 0.60+0.24 1.71+£0.20 1.32+0.14 0.59+0.24
[67] ~ ~ 0.5+0.5 ~ ~ ~
[68] 1.36+0.07 ~ ~ ~ ~ ~
[69] 0.81 0.48 0.81 1.25 1.25 0.48
[70] 0.84 0.26 0.84 1.04 1.04 0.26
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1-2 Historical review of RCLEDs

Novel concept of RCLED is first proposed and demonstrated by Schubert et al. in
1992 [71]. The active region of the device is placed in a resonant optical cavity, and the
cavity is defined by a highly reflective (99%) and a moderately reflective mirror. As
shown in Figure 1.5, the optical cavity mode can be in resonance with spontaneous
emission of the active region. As a typical design of the optical cavity, it often has a
thickness of 1/2- or 1-A of the light emitted by the active region. The optical mode
density can be strongly enhanced for on-resonance wavelengths. As a consequence,
on-resonance transitions of the RCLEDs are enhanced. With the help of bottom highly
reflective mirror, emission of light through the top side is enhanced, typically by a

factor of two.

Moderate reflector
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Figure 1.5 A schematic layer consequence of the RCLED device.

The placement of an active region inside a resonant cavity results in several
improvements of the device characteristics. In comparison to typical LEDs, RCLEDs
enjoy improved spectral purity, highly directional light output, less chromatic dispersion
and improved modulation bandwidth. The spectral emission linewidth of a typical LED

is determined by the thermal energy kT. However, the emission linewidth in RCLED is
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determined by the quality factor (Q factor), which is defined as

Q :L: 2’16 'Lcavity ) 72'4 R1R2 ~ 2nc .LcaVity . T (1.14)
Av A 1- R1R2 A l—ﬂRle
where L. is the cavity length, Av and v are the linewidth and frequency of the
Febry-Pérot resonance mode. R is the respective top and bottom reflectivity. As a

result, the spectral linewidth of the RCLED can be a factor of 2—5 narrower to typical

LED. Moreover, the emission wavelength shit with temperature is determined by the

temperature coefficient (dA.,,, /dT ) of the optical cavity, not by the energy gap of the

avity
active region. This results in a higher temperature stability of the RCLED emission
wavelength compared with typical LEDs. As compared with vertical-cavity lasers, the
epitaxial complexity of RCLED structure is reduced since the reflectivity of upper
distributed Bragg reflectors (DBRs). has to be less than 90%, and thus the RCLEDs

provide thresholdless operation and bétter fabrication reliability.

1-2-1 RCLED design rules

A fundamental structure of an RCLED is plotted in Figure 1.6. Two mirrors with
reflectivity R; and R, comprise a cavity and the active region is embedded. The
reflectivity of the two mirrors is chose to be unequal so that the light exits the cavity
predominantly through one of the mirrors. The active region shall be located preferably
at the antinode location of the optical standing wave of the cavity. The active region has

a thickness of L,,, and an absorption coefficient of « . The cavity shows a

one-wavelength cavity with a length of L., . Owing to the light extraction, a

fundamental design criterion for RCLED is that the light-exit reflector, R;, should be

lower than the reflectivity of the bottom reflector, which to make sure that the light can
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emit in one direction. This is important for the light coupling into the small-core fiber,
and in the application of display RCLED, where light should be emitted towards the
observer.

active
>,
A

cavity

R, Active

region

Figure 1.6 Schematic illustration of a resonant cavity consisting of two mirrors with
reflectivity R; and R,.

2

Secondly, the criterion arises fromythedesign of the cavity length, L, , which

shall be as shorter as possible. As an expression. of the integrated enhancement ratio,

also called suppression ratio, given by

m/_ (1.15)

where it is assumed that the emission spectrum is in Gaussian distribution with a peak

value of (o(27)V?)7! and a linewidth of AA, =20(2In2)"2. G, is an enhancement

factor at the resonance wavelength given by the ratio of the optical mode densities with

and without a cavity as

G = maximal optical mode density é 2 7(RiR, YWA41-R)) Teavity
minimal optical mode density 2 7 (1-/R/R,)? To

where the enhancement factor £ has a value of 2 if the active region is located exactly

(1.16)

at an antinode of the standing wave inside the cavity, and equals to 1 if the active region

is smeared out over many periods of the standing wave. When the active region is

located at a node, £=0. 7., and 7, represent the spontaneous emission lifetime
with and with cavity, while the ratio ensures that the enhancement decreases if the
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cavity lifetime is reduced as a result of the cavity. AA 1is the cavity resonance
bandwidth.

Finally, the integrated enhancement ratio can be

é: T 1- R1 \/— A ﬂcawty Tcavzty
=L (1.17)
' 2 2 1- 4/ R1R2 Aﬂv Lcawty 7o

where A and A, are the active region emission wavelength in vacuum and inside

the cavity. One can easily observe that the light intensity can be enhanced by the
minimization of the cavity length. The importance of a short cavity length is elucidated
in Figure 1.7. The respective optical mode densities of two different cavities are shown
in Figure 1.7(a) and (b). The natural emission spectrum of the active region is shown in
Figure 1.7(c). A good overlap between the resonant optical mode and the active region
emission spectrum is obtained for thesshortest cavity. In the end, it means that a largest

enhancement can be achieved if the fundamental. cavity mode is in resonance with the
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Active region

Figure 1.7 Optical mode density for (a) a short and (b) a long cavity. (¢) Spontaneous
emission spectrum of an LED active region.

While the emission from the active region resonates in the cavity, the phenomenon
of self-absorption in the active region comes. It is in criterion that the re-absorption

probability of photons emitted from the active region into the cavity mode shall be
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much smaller than the extraction probability of photons, which can be written as

2'§'a'l’active < (1_R1R2) (118)

As an example of 650-nm RCLED with InGaP/InGaAlP active region, the reflectivity
of two mirrors are design as R; ~70% and R, ~100%, and the active region is
assumed to be located well in the antinode of the optical standing wave with & =2. The
absorption coefficient for InGaP at 650 nm is assumed 10000 cm™. This criterion can be
fulfilled if the active region thickness is less than 75 nm. That means the period of QWs
in the active region is limited. If the criterion of expression 1.17 can not be fulfilled,
photons will be re-absorbed by the active region, which in turn results in the re-emission
along the lateral direction, not into the cavity mode or a possibility of non-radiation

from the generated electron-hole pairs [72].

1-2-2 RCLED applications

The characteristics of RCLED shown aboeve are desirable for local-area medium bit
rate optical communication systems::In"ishort-distance communication systems,
polymethyl methacrylate plastic optical fibers (POFs) are increasing used as it provides
a relatively low cost. Figure 1.8 shows the attenuation loss as a function of the
wavelength in PMMA core fiber. At 650 nm, the preferred communication wavelength
for POFs exists a relatively minimal attenuation loss of 0.15 dB/m [73]. Recently, the
application of POFs has been extended to the automotive industry, such as media
oriented systems transport (MOST), which needs to carrier 50-250 Mbps of data over
POFs. MOST is a networking standard intended for interconnecting multimedia
components in automobiles and other vehicles. It differs from existing vehicle bus
technologies in that it's intended to be carried largely on an optical fiber bearer, thus

providing a bus-based networking system at bit-rates far higher than available on
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previous vehicle-bus technologies. MOST technology provides an environment where
hardware is no longer the limiting factor to new multimedia application development.
By approaching the network from a full system standpoint, all layers required for

application development and system management have been defined and standardized.
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Figure 1.9 MOST technique concepts in home and automotive multimedia networking.

As depicted in Figure 1.9, entertainment functions can be distributed around the
system with MOST. For example, a DVD player sends audio and video around the

network for playback at several locations simultaneously. Intelligent but very low cost
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audio devices can be strategically placed around a house or a vehicle, allowing the user
to issue voice commands and control the system without having to be at a specific
control terminal. Dynamic equalization and active noise cancellation on all audio
signals flowing around a car is possible because digital data is available to all devices

on the network in high quality.

1-3 Historical review of semiconductor lasers

Abbreviating “Light Amplification by the Stimulated Emission of Radiation” to a
word, LASER, can be physically illustrated as photon multiplication when a single
photon generated from the active region, traveling through a semiconductor, generates
an identical second photon by stimulating the recombination of an electron-hole pair.
The second photon exists the same wavelength and the same phase as the first photon,
doubling the amplitude of their. monochromaticc wave. Such process repeats
subsequently and leads to light amplification-in.the long run. However, the competing
process is the absorption of photonsby:-the generation of new electron-hole pairs. As a
criterion of laser action, the population inversion shall be satisfied, that is, stimulated
emission prevails when more electrons are present in the conduction band than in the
valence band. As shown in Figure 1.10, the population inversion can be achieved by
providing electrons from the n-doped side in the conduction band and holes from the
p-doped side in the valence band. Continuous current injection or optical pump into the
device leads to a continuous stimulated emission process but only if enough photons are
unceasingly generated in the cavity oft the device. Because of this, a resonant cavity for
optical feedback and two facet mirrors for providing a suitable reflectivity are required.

Laser action in semiconductors is initially demonstrated in 1962 by several groups.
A forward-biased gallium arsenide (GaAs) p-n junction is performed and the optical

gain is provided by the recombination of electrons and holes in the depletion region of
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the p-n junction. The polished facets perpendicular to the junction plane forming a
resonant cavity provide the optical feedback. A schematic p-n junction (homostructure)
semiconductor laser in early stage is shown in Figure 1.11(a). This device exhibits a
very high threshold current density (Ji,> 50 kA/cm®) due to a very poor confinement of
carriers. To reduce the threshold current density, the p-n junction semiconductor laser is
converted into heterostructure lasers, which consist of a layer of one material
sandwiched between two cladding layers of another wider bandgap material.
Heterostructure lasers can be further categorized as single-heterostructure or
double-heterostructure devices, depending on whether the active region is surrounded

on one or both sides by a higher bandgap cladding layer.
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Figure 1.10 Band diagram of a p-n junction LD with triple-QWs illustrating carrier
transport process
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Figure 1.11 Schematic illustration of (a) p-n junction, and (b) heterostructure lasers with
their typical physical dimensions.

A schematic heterostructure laser is shown in Figure 1.11(b). The first
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room-temperature operation of a heterostructure laser (GaAs/AlyGa;xAs) is
demonstrated by Kressel [74], Hayashi [75], and Alferov [76], etc. with the technique of
liquid-phase epitaxy (LPE) in 1969. These lasers can only operate in pulse mode with a
restriction of device heating. By 1975 the threshold current density is reduced when
using a 0.1 um thin active layer to two orders of magnitude over the first-made simple
homostructure lasers in 1962. These efforts make the semiconductor laser to become a
useful, practical, compact, coherent light source; however, the emission of early GaAs
lasers usually operates in the wavelength range of 0.8—0.9 pm.

As shown in Figure 1.12, several direct-bandgap materials are also used to obtain
semiconductor lasers for the purpose of obtaining various emission wavelengths. Early
development of semiconductor lasers is done as well to another promising application in
optical fiber communication. Long'wavelength sémiconductor lasers operating at the
wavelengths of 1.31 and 1.55 um.are especially.fascinating due to the relative low
attenuation loss windows, as can bexfound-in-Figure 1.13, in silica fiber. In 1980s,
quaternary indium gallium arsenide’ phesphide (InGaAsP) alloys turns out to be the
more suitable material on the basis of lattice matching to InP substrate, and
room-temperature operation InGaAsP semiconductor lasers for the requirement of

commercialization are demonstrated [77-80].
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Figure 1.12 Various choice of the active region material for different range of emission
wavelength.
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Figure 1.13 Attenuation in silica fibers (solid line) and theoretical limits (dash lines)
given by Rayleigh scattering and molecular vibration (infrared absorption).

The semiconductor laser with visible red emission, using InGaP/ImGaAlIP material,
can be traced in 1980s. The InGaP/ImGaAlP material attracts much attention because
the shortest emission wavelength of AlGaAs'material can only be achieved to 680 nm
while one would like to obtaid a [shorter red room temperature continuous-wave
operation semiconductor laser. Also, the InGaP/InGaAlP material is developed because
it can be grown onto the GaAs substrate with a lattice match condition of the indium
composition in InGaAIP equaling to 50%, 1.c., Ing s(Ga;xAlx)P. In 1982, the pioneering
red InGaP/InGaAlIP semiconductor laser is demonstrated under low temperature
photoluminescence excitation [81]. One year later, Hino, Ashai, Kawamaru, et al.
[82—84] successfully demonstrate a room temperature pulse current injection
Al sIng sP/Gag sIng sP/Alj sIng sP double heterostructure semiconductor lasers. Room
temperature continuous-wave operation red InGaP/InGaAIP semiconductor laser is then
developed in 1985 by MOCVD technique [85-87]. The structure is schematically
plotted in Figure 1.14(a), and Figure 1.14(b) shows the temperature dependent light
output versus current (L-I-V) characteristics. The lasing wavelength is 679 nm and the

threshold current at room temperature is 109 mA.
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Figure 1.14 (a) A schematic plot of the first room-temperature continuous-wave
operation red InGaP/InGaAIP semiconductor laser. (b) is the lasing characteristic.

Semiconductor laser with an emission wavelength less than 632.8 nm (He-Ne laser)
in InGaP/InGaAIP system can be achieved by adding aluminum into InGaP active
region, by using the misoriented GaAs substrate (001) with an off angle towards (111),
or embedding quantum wells inte the active region to-degenerate the quantum-confined
states that increases the transition energy. Even the first way is not preferred because
adding aluminum into the active region during the ctystal growth may cause an increase
of oxide defect then degrading the crystal quality of active region and operation lifetime;
in 1991, a lasing emission wavelength of 631 nm in InGaP/InGaAlIP semiconductor
laser is demonstrated by adding an aluminum composition of 15% into InGaP active
region with a 7° misoriented GaAs substrate. The lasing characteristics could be
comparable to the laser structure with QW active region on that time. As for QW
semiconductor lasers, it is not until 1980s while the epitaxial techniques of
molecular-beam epitaxy (MBE) and MOCVD are rapidly developed, the semiconductor
lasers with quantum well active region can be well fabricated. Semiconductor lasers
with QW active region design are very important because they provide a low threshold
current operation, high power output, and high temperature operation characteristics. In

1990s, the semiconductor lasers with QW active region are vastly developed to fill in a
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wide variety of ranging from the optical pick-up head in compact disk player to the
transmitters optical fiber communication system, new applications in high-density
compact disk storage system, local area data communications as well as consumer
products. More reliable and manufacturable semiconductor lasers are demanded.
Various types of semiconductor lasers with QW active region such as typical in-plane
edge emitting lasers, grating based DFB and DBR lasers, and VCSELs are developed to
be applicable in the specific applications, and to the present, most commercial
semiconductor lasers are designed with QW active region. Next, a brief investigation of

VCSEL and 1.3-mm InGaAsN/GaAs EELDs are given.

1-3-1 VCSELs

Unlike the first and still most common in-plane semiconductor lasers, VCSEL
provides a laser emission normal to.the plane-of the-wafer. As shown in Figure 1.15,
VCSELs are made by sandwiching tan-active region between two highly reflective
mirrors. The photons generated from the active region, oscillating in the cavity, and
finally laser emits normal to the plane of the wafer with a circular beam shape. Unlike
an in-plane laser, the resonant cavity of a VCSEL is commonly constructed during the
epitaxial growth with a thickness of one or several wavelengths, and its magnitude is
two orders smaller than that of an in-plane laser (typical to 250 um). The mirrors of a
VCSEL can be created in a number of ways. The trends include incorporating a
sequence of distributed Bragg reflectors directly into the epitaxial growth of the laser
structure. The DBR is constructed by two quarter-wave layers with different refractive
index. For instance, varying the aluminum composition in AlGaAs material with lattice
matching to GaAs allows a range of refractive index change (An~0.7). Alternatively,
dielectric (SiO,, TiO,, Ta,0s) or even metal mirrors can be deposited onto the epitaxial

structure. As well as a result of the highly reflective mirrors and the smaller active

28



region volume, the threshold current of a VCSEL can be ~mA or even smaller. These
unique advantages hasten the development of VCSELs being in applications of optical
fiber communications, local area networks, laser printing, consumer electronics, optical
sensors, barcode scanners, digital displays, spatial light modulators, backplanes and

smart pixels, and microscopes [88-91].
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(a) in-plane laser (b) VCSEL

Figure 1.15 Schematic illustrations of (a) an in-plane laser and (b) a VCSEL.

In 1979, the first VCSEL structure was originated by Dr. Iga et al [92]. An
InGaAsP material was used as active region and laser action occurred at 1180 nm under
low temperature pulse operation. A threshold current density of 44 kA/cm® was
obtained on that time. This is high due to that a large volume of active region, the poor
crystal quality and carrier confinement, and the reflectivity of two mirrors, which were
made by metallic reflectors, was not so high as to be >99%. So, with an aim to reduce
the threshold current of a VCSEL, Ogura ef al. initiatively used the DBR structure into
the epitaxial structure, while the reflectivity of the mirrors can be >99%. The
demonstrated VCSEL characteristics showed a reduced threshold current density of 1

kA/cm® at room temperature [93]. In 1989, the VCSEL with high reflectivity DBR

29



mirrors combining the QW design in the resonance cavity was demonstrated by Lee et
al [94]. The VCSEL could be operated at room temperature continuous wave operation
with a threshold current density of 1.8 kA/cm®. Hereafter, the epitaxial structure of a

VCSEL was almost fixed as schematically plotted in Figure 1.16.
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Figure 1.16 A schematic plot of & VCSEL:epitaxial structure. The reflectors are formed
by DBRs with reflectivity above 99%.

Short cavity characteristics

From the physics of semiconductor lasers, it is well-known that the cavity length is
quite sensitive to the laser output characteristics. A laser with large cavity length always
has higher threshold current, lower slope efficiency, and temperature insensitivity. As

for the lasing mode control, we know that the longitudinal mode separation is equal to

AA =A% /(2n,y L), which indicates that a laser with shorter cavity length can be easier to

achieve single longitudinal mode operation. A comparison of the cavity mode spectrum
distributions of an in-plane laser and a VCSEL is shown in Figure 1.17. Due to the
larger cavity length of an in-plane laser, the mode separation is relatively smaller than
that of a VCSEL, and it results in that the lasing wavelength shifts to red emission as the
gain spectrum shifts caused by the increase of current or device temperature. In contrary,
the cavity length of a VCSEL is about two orders less than that of an in-plane laser, and

30



it is always designed to be one-wavelength-thick. Therefore, it is possible to have single

longitudinal mode operation in the range of gain spectrum.

(a) m-plane laser (b) VCSEL
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Figure 1.17 Lasing modes of (a) an in-plane laser and (b) a VCSEL change with the
shift of gain spectrum.

Gain-cavity detuning

As depicted in Figure 1.17, one ¢an know that a better VCSEL output performance
is obtained if the gain spectrum:of the| active region iatches to the cavity mode. This
condition only can be obtained in a specific temperature range because the cavity mode
changes with temperature at roughly 0.8 A/C while the peak of the gain spectrum shifts
at a rate of 3.3 A/°C [95]. As illustrated by Choquette et al., the gain-cavity detuning
dominates the threshold current of a VCSEL in a particular full wafer mapping. As
depicted in Figure 1.18, the threshold current of VCSELSs located at different position in
a wafer was different. This phenomenon can be illustrated in such a way that the optical
thickness of a VCSEL cavity is different across a wafer. Since the gain spectrum of the
active region is not the key element to affect the VCSELs at different wafer positions,
the changes in the threshold current are mainly due to the variant optical thickness of
the cavity which make the spectral misalignment between the gain spectrum and the

cavity mode [96].
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Figure 1.18 (a) Schematic illustration of the spectral misalignment between the cavity
mode and the gain spectrum. (b) The- VESEL threshold current dependence on the
position across a wafer. (c¢) The VCSEL thréshold current dependence on the device
temperature.

In such a way, the VCSEL output performance can be less temperature sensitive
as compared to the typical in-plane laser. With a careful design of the gain-cavity
detuning in a VCSEL structure, the threshold current of a VCSEL can be stable in a

specific temperature range.

Device fabrication varieties

In the processes of fabricating VCSEL devices, there are several main techniques,
including mesa etching, transverse confinement of electrical current or optical fields,
ohmic contact metal deposition, and dielectric film deposition. Due to the laser light of
a VCSEL is in vertical emission, the mesa etching is to isolate and form the shape.
Ohmic contact metal deposition facilitates driving current injecting well into the active

region with the minimum of electric resistance. The deposition of dielectric film is for
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the purpose of passivation. As for the transverse confinement, the shape and the way to
confine current and optical field may strongly affect the electrical output performance
and the transverse mode pattern. It is undoubted that a well fabrication design of
electrical and optical confinement will more enhance the natural characteristics of a
VCSEL. Basically, the fabricated VCSEL structure can be divided into four mechanism
such as index-guiding, gain-guiding, or hybrid gain/index-guiding. As illustrated in
Figure 1.19(a), the simplest method to provide electrical and optical confinement of a
VCSEL is the air-post type. By means of wet or chemical etching to form a smaller
current injection volume, the current density in the active region becomes higher. As
well, since the index difference between the air and the posted semiconductor is larger,
a strong transverse confinement of the optical field is achieved. However, there may
have diffraction and scattering losses while decreasing the active region diameter.
Neither, single-mode operation- is..hot stable in this structure, and high thermal

resistance problem may be serious.
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Figure 1.19 Schematic representations of (a) air-post index guide (b) oxide confine
index guide (c) implant confine gain guide and (d) hybrid index and gain guide confine
VCSELs.
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To confine current effectively in a VCSEL, selective oxide confine technique is
used to form a smaller current injection region. As shown in Figure 1.19(b), a mesa
structure must be formed by etching so as to expose the sidewall of the oxide confine
layer. For VCSELs with 850 nm emission or the VCSEL on GaAs substrate, the oxide
confine layer is normally to be AlGaAs with high aluminum content (Al=0.98~1.0
typically). An oxide aperture can be obtained by placing the mesa structure into a
H,O/N, steam environment at temperature of ~420 °C, then the Al og-1.0Gag-0.02As layer
becomes an insulating oxide layer and therefore forming an oxide aperture above the
active region. Due to the refractive index of the oxided layer (AlOy) is relatively lower
than that of the surround semiconductor materials, the lateral mode can also be tightly
confined by the oxide layer. As well, the oxided layer is insulated, the injected current
can be further confined in a smaller area so that the threshold current can be reduced
and so as improving the efficiency.

A gain-guiding mechanism-¢an 'be realized by depositing the ring metal contact
directly onto the wafer near the active.region to confine the transverse mode. Laser
action occurs at the active region where the current injects. Typically, to minimize the
current injection region of a VCSEL, an ion implantation technique is used. The ion
implantation is that implanting protons or oxygen ions into the p-DBR region forming a
high resistance region to block the current without flowing into. As illustrated in Figure
1.19(c), the flow of the injection current can be well confined in the center of VCSEL
device, and hence the threshold current can be reduced as compared to the air-post type
VCSEL. For this type of VCSEL, the advantages include low threshold current
achievement, easy fabrication, and high yield rate. However, the implantation shall
prevent the damage of the active region. It is because that an additional optical loss may
be induced if the active region is damaged. As for the optical lateral mode confinement,

even the current path can be defined by the implanted areas, inherent transverse optical
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confinement does not exist in this structure. That means, the transverse mode can
always be found owing to the spatial hole burning effect in a gain-guide implanted
VCSEL [97].

In a VCSEL, the output power is quite sensitive to the current aperture gain region.
Enlarge the current aperture can increase the output power but in term results in the
increase of transverse mode numbers. Hence, with an aim to obtain a low threshold
current, high output power, and single mode operation VCSEL, hybrid index/gain guide
technology is noticed and developed. As shown in Figure 1.19(d), the hybrid index/gain
guide oxide/implant VCSEL structure is reported by Young ef al. The current aperture
can therefore be made smaller than the index-guide aperture; therefore a relatively low
threshold current can be achieved. Furthermore, the overlap between of fundamental
mode and gain spectrum can be kept sufficiently while optical loss of the higher-order
modes decreases due to the larger mode spreading profile [98]. Other hybrid index/gain
guide structures such as oxide/surface relief f99] and Zn diffusion/surface relief [100]
can also have the VCSEL to operatewith. low-threshold current, high output power and
single mode.

To date, VCSEL devices have become the standard in free space optical
communication and local area networks. These surface emission laser devices possess
low divergent angle and circular beam, which lead to simple packaging and low
electrical power consumption. The surface emission from the VCSELs also assists the

integration of two-dimensional laser array and the facilitation of wafer level testing.

1-4 Historical review of 1.3-um InGaAsN EELs

As depicted in Figure 1.13, the semiconductor layer plays an important role in the
development of optical fiber communications due to the characteristics of coherent laser

light emission, pure emission spectrum linewidth, and low divergent angle. Particularly,
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semiconductor lasers with an emission wavelength of 1.55 pum are significant due to a
relatively lowest attenuation loss in the silica fiber, and in addition, 1.3-um
semiconductor lasers are noticed due to the nearly zero dispersion. Being as the active
light source in the optical communication system, the semiconductor lasers are
demanded to be less temperature sensitive, low power consumption, high power
operation, and high modulation speed. Due to the early and well-developed epitaxy and
process techniques, the semiconductor lasers made by InGaAsP/InP material have
become the standard active light sources. However, there always exists a major
disadvantage in the InGaAsP/InP material system; that is, the conductor band offset
ratio (AE./AE,) is lower as 0.4/0.6 [101-104]. Even the InGaAsP semiconductor lasers
can provide a laser performance with low threshold current and high output power
operation, the high temperature dependent laser output characteristics are found poorer
as compared to the InGaAs/GaAs semiconductor lasers. It can be realized that the low
conduction band offset always indicates a-peor-carrier confinement in the active region.
When the lasers are at high current’ or -high temperature operation, the probability of
carrier leakage may increase; therefore, the photon generation rate decreases. To clarify
the temperature dependent characteristic of a semiconductor laser, a characteristic
temperature (7)) value, defined by [, =1,-exp(T/T,), was used. It can be realized
that less threshold current variation with elevated device temperature in a
semiconductor laser leads to a higher 7, value, which in other words indicates that the
device becomes temperature insensitive. For InGaAsP/InP based semiconductor lasers,
the 7y value is typically in a range of 50-70 K [105]. While other material systems such
as InGaAlAs/GaAs and InGaAsN/GaAsN based 1.3-um semiconductor lasers can have
a Tp value exceeding 100 K. Specifically, the InGaAsN/GaAsN material is preferred

due to the large conduction band offset (AE.//AE,= 0.7/0.3) [106].
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InGaAsN material

In 1990, the material of GaAs incorporated with nitrogen was studied by Liu et al.
It was the first observation of different nitrogen pair complexes in GaAs. The
luminescence of excitons bound to nitrogen pairs as well as to isolated nitrogen in GaAs
was studied. The bandgap energy of the GaAs incorporated with nitrogen was found
decreased and it was though as a result of the inducing a exciton bonding state within
the bandgap energy of GaAs [107]. Continued works on the theoretical calculations and
growth film analysis were done to investigate the GaAs; Ny material, in which the
studies showed only a small amount of nitrogen could be incorporated into GaAs [108]
and a large bowing parameter was found [108—111]. As shown in Figure 1.20, the
bandgap energy of GaAs;xNx functioned by nitrogen composition has a bowing
parameter as high as 20 eV. Based'on Van Vechten’s model (solid line), a theoretical
calculation also obtains a large-bowing parameter, and negative bandgap energy of

GaAs; <Ny alloy is indicated.
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Figure 1.20 Bandgap energy of GaAs; xN as a function of nitrogen composition.
As shown the open squares are the experimental data and the solid line is the theoretical
calculation.
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Theoretically, GaAs; xNx material is attractive because it provides a lower bandgap
energy, which can emit with a wavelength longer than GaAs characteristic wavelength
(0.87 um). However, the emission wavelength in the experiment when increasing
nitrogen composition in the GaAs; <Ny material seems to be distant from the theoretical
trend. By incorporating 14.8% nitrogen into GaAs; 4Ny material, the bandgap energy
changes slowly to 1.029 eV (1.205 um). This phenomenon observed from experiment is
suggested due to the variation of bowing parameters with variant nitrogen composition
in GaAs;xNx material. Nevertheless, GaAs; Ny material is preferred to be an active
region material due to the large bowing parameters. In 1996, GaAs; <Ny material has
again received great attraction when Kondow et al. successfully create the incorporation
of indium into GaAs; 4Ny material. For long wavelength emission, InGaAsN material is
much preferred because it can be grown on the GaAs substrate, a type I band lineup,

and thus very deep quantum well-structures can be fabricated.
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Figure 1.21 A schematic diagram of the band lineups for GaAsN, InGaAs, and
InGaAsN materials.

As shown in Figure 1.21, GaAs material is located at center with bandgap energy
of 1.42 eV and zero lattice mismatch as a template. Increasing In composition in

InGaAs material results in a compressive strain, while increasing the nitrogen
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composition in GaAs; 4Ny results in a tensile strain. If a small amount of nitrogen is
added into InGaAs to form InGaAsN, the conduction and valence bands will move from
A to B and from D to E, respectively. At the alloy composition in which the InGaAsN is
lattice matched, the conduction and valence bands will be located at C and F. Therefore,
a type I band lineup is easily achieved, which indicates that choosing InGaAsN as active

region material can provide a better confinement of carriers.

Growth of InGaAsN

In early development of growing InGaAsN material, the most challenge has been
how to achieve high quality quantum well structure. No one had grown InGaAsN until
Kondow et al. did. In 1997, the key to obtain large nitrogen composition in GaAs;.xNx
material is the use of plasma-activated nitrogen source. In spite of M. Sato et al.
developing a wunique ultraslow-pressure = MOCVD apparatus that utilized
dimethylhydrazine (DMHy) as the nitrogen precursor, Kondow ef al. had chosen the use
of a commercial nitrogen radical cell that could be attached to a conventional gas-source
molecular beam epitaxy (GS-MBE) system [113]. Both two ways were the sole method
for InGaAsN growth in the late 1990s. The GS-MBE system used by Kondow ef al. is
schematically plotted in Figure 1.22. Metal-Ga, metal-In, arsine gas, and nitrogen gas
were used as precursors. It is an advantage that using GS-MBE to grow InGaAsN
produces more reactive-nitrogen and fewer reactions between the sources. By using
GS-MBE to grow, the surface morphology of InGaAsN was mirror-likely smooth. After
X-ray diffraction determination, the quantum well was found to be Ing3Gag7AS0.996N0o.004,
and an emission wavelength of 1.17 um was obtained for the first time.

Afterward the first demonstration of InGaAsN QW and the fabrication of InGaAsN
laser in 1997, the research have been focused on the achievement of high-performance

long wavelength InGaAsN/GaAs semiconductor lasers. Specifically, extending the
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emission wavelength by increasing indium or nitrogen compositions in the InGaAsN
quantum well but simultaneously keeping a feasible film quality is the most crucial
issue. As a result of the InGaAsN is a solid solution with a large size mismatch of
constituents on the group-V sublattice, this material brings a number of unusual optical
properties, such as a large bandgap bowing as mentioned previously, a large Stokes shift
between absorption and emission [113], and a blue-shift of the emission with
post-growth annealing. Nitrogen incorporation into InGaAs beyond about 1% causes
strong quenching of the luminescence and a broadening of the luminescence linewidth.
Even post-growth annealing can improve the luminescence significantly and improve
the optical properties but leads to a blue-shift of the PL peak [114—116]. The blue-shift
of the PL on annealing is found due to the homogenization of the indium composition

and to diffusion of nitrogen out of the active region{117].

AsHs

heater

Figure 1.22 A schematic diagram of GS-MBE growth apparatus.

To date, a 1.55-um InGaAsN quantum well with a GaAsN or an InGaAsN barrier
and space layer is presented. By increasing nitrogen composition in GaAsN barrier and
space layer instead of increasing nitrogen composition in InGaAsN quantum well, a
stronger improvement of photoluminescence efficiency is observed [118]. As a result,
by means of successful demonstration of high-quality quantum well structures, long

wavelength InGaAsN/GaAsN semiconductor lasers with high output efficiency can be
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fabricated.

InGaAsN/GaAs semiconductor laser

As illustrated in the beginning of this subsection, 1.3-um or 1.55-um
semiconductor lasers are used as light sources to minimize the transmission loss at the
silica optical fiber window in optical fiber communication system. These diodes consist
mostly of InGaAsP alloy semiconductors formed on an InP substrate; however, their
lasing characteristics remain unsatisfactory at high temperature operation. Compared to
a typical InGaAs/GaAs semiconductor laser with 980 nm laser emission, which has a 7
value of 150 K, the T value of InGaAsP/InP semiconductor laser is much low as 60 K.
Therefore, it always requires thermoelectric cooler in most practical uses. In order to
drastically improve the high temperature characteristics of long wavelength lasers, the
InGaAsN material is proposed due to a large conduction band offset value. Based on the
calculation of Ty value as a function of AEg value with thermoionic emission model by
Suemune et al., while the quasi-Férmi levels for electrons are assumed to be 50 and 70
meV at 300 and 360 K, a maximally achievable Tj value of 180 K is predicted with a
AE, value over 300 meV, which completely suppress electrons from overflowing [119].

Recently, substantial works on InGaAsN/GaAs semiconductor lasers have showed
an improvement in the 7 values of 70—-110 K over those achievable by the conventional
InP technology under CW mode operation [120-124]. Improvement of lasing
characteristics and high-temperature operation performance by
anti-reflection—high-reflection facet coating that obtains a CW output power of 210 mW
[125], and fabrication of laser chips that are bonded p-side-down onto copper heat-sink
with pulsed anodic oxidation (PAO) technology, which can operate in CW mode up to
130 °C with a high 7)) value of 138 K [126] by Qu et al. is also found. In the case of

laser structure design for improving lasing characteristics or obtaining better 7} value,
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Tansu et al. utilized tensile-strain GaAsygsPo s layers on both sides of the
InGaAsN/GaAs active region to reduce the strain in quantum wells for achieving better
crystal quality [127—129]. Even the relatively low and unexpected low 7) values when
compared to the theoretical prediction are found due to the large Auger recombination
and nitrogen penalty [130, 131], InGaAsN/GaAsN based design in the active region is

still preferred in the development of long wavelength semiconductor lasers.
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Chapter 2  Physical and numerical models

In this chapter, a description of the fundamental theories in the all of the simulation
programs (APSYS, LASTIP, and PICS-3D) used in this dissertation is applied. Since
the drift-diffusion model is though to be the governing model of semiconductors and the
most basic equations to illustrate the electric behaviors of a semiconductor device, it is
shown in advance. The QW models with relevant interband optical transition such as
optical gain/absorption calculation, self-consistent carrier density and optical gain with
many-body coulomb interaction in wide-bandgap nitride-based materials are
investigated. Thermal effects in semiconductors are included. At last, the specific

models used in each of the three simulation programs are given.

2-1 Drift-diffusion model

To describe the semiconductor deviee behavior, Poisson’s equation, in which can

be shown in a typical form as V2V.=—p/ &, is though to be the basic. As considered in

the semiconductors, this equation to describe the electric field shall be revised as

_v(go‘quc XVVJz_n+p+ND(l—fD)—NAfA +2th(§j _.f;j)’ (21)
J

where VIV represents the electric field, &, 1is the relative dielectric constant, n and p

are the electron and hole concentrations, N, and N, are the acceptor and donor

doping concentration with respective Fermi levels of f, and f,, 0, is a

delta-function that equals to zero when acceptor is considered and equals to one when

donor is considered. Also, based on the current continuity equation, VJ +0p/0t =0, it

can be

VJ,-X RV -R, - R, —R,, =@+ND6f—D, and (2.2)
j ot ot
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VJ,+YRI+R,+R;+R,, = —6—p+NA Ya (2.3)
I ot ot

to describe the electron and hole continuities in semiconductors, where the carrier flux

density is equal to J,=n-u,-VE; and J,=p-u,-VE, . In equation (2.1), the

recombination rates in each confined energy deep level traps, spontaneous emission,
stimulated emission, and Auger are represented, respectively, and are illustrated
subsequently.

The carrier recombination due to deep level traps (Shockley-Reed-Hall, SRH
recombination), which is one of the main nonradiative recombination processes, can be

illustrated in the following expressions:

qu/:an'n'sz(l_f;j)_cnj'nlj'th'f;j_thﬂ (24)
RZ:Cp]'p.Nt]'f;j_cp].plj.Nlj(l_ﬁ])_Gm’ (2'5)

with the trap occupancy 0< f, <1.7m; isthe electron concentration when the electron
quasi-Fermi level coincides with the energy level'E,; of the jth trap. Under transient

condition, the dynamic variation of the trap occupancy can be N; -of,; / ot =RY —RZ,

and because the capture coefficient is related to the carrier lifetime and carrier

concentration as 1/7; =c; - N;, which can be further expressed by
Cpj =0y /8T (7 -m,,) (2.6)
Cpi =0, 8KT [(7r-m,,) . (2.7)

Each last term in expressions (2.4) and (2.5) can be though as the photon-carrier
generation to emission. Because it is still possible to generate photo-carriers if deep
level traps are sensitive to light whose energy is less than the semiconductor bandgap, it

shall be taken into account. In general, this term is proportional to the trap density and
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carrier occupancy, as given by

Gy =vy SNy [ Orns (2.8)
Gy, =y S-Ny-(1=f;) 0, (2.9)
for trapped electrons and holes where v, is the group velocity of light, S is the photon

density, o, is the unit of area.
Another main nonradiative recombination, which is shown by the terms of R, in

equations (2.2) and (2.3), is the Auger recombination. The rate can be determined by

R, =(C,-n+C,-p)-(np-n}), (2.10)
with the Auger coefficients C, and C,,. As for the electron and hole concentrations in

semiconductors, Fermi-Dirac distributions and a parabolic density of states which, when

integrated, yield

Efn _Ec
nch'E/Z'(T)a
EV—Eﬁ,)

kT

@2.11)
p:Nv'Fl/2'(

where Fj,, is the Fermi integral of order one-half. The occupancies f, and f, are
used to describe the degree of ionization of shallow impurities in semiconductors. It is
assumed that the shallow impurities are in equilibrium with the local carriers, and

therefore can be
3 1
1+ g, -exp[(Ep —E )/ kTT
B 1
1+g,-expl(E,—E )/ kT]

)

(2.12)

fa

where g, and g, are the donor and acceptor wave functions.

The carrier mobilities 4, and x,, which account for the scattering mechanism

in electrical transport, is typically as a function of the electric field. In the simulation
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program, a commonly used mobility model has the following forms for electrons and

holes:

— Hon
(14t F /v, PV o

1, = :qu
P (U oy F 1 vy, )oYV B

Mo
(2.13)

where £ 1is used to define a unitless parameter appearing in the field dependent carrier

mobility function of the semiconductors.

2-2 Optical gain/absorption calculation for quantum well

In the simulation programs, the QW models assume the QW having a single,
symmetric, flat-band, and step-wise potential profile. Parabolic subbands are assumed,
and non-parabolic subbands appear «while theé:valence mixing model is taken into
account. The calculation of QWgralways starts from'the QWs without external applied
field. All the confined levels in QWs for.the subbands of I', L, light holes, and heavy
holes (and crystal field holes for Wurtzite) are computed from well-known formulas in
quantum mechanics for a square QW [1]. As external filed is applied, the quasi-Fermi
levels are allowed to vary as a function of distance. The density of states and quantum
levels are assumed to be the same as if there is no applied filed. The density of electrons

and holes in a QW is revised from expression (2.11), and can be expressed by

n=y p;’kT In[1+ e E»EN' T L ynconfined electrons,
J

(2.14)
p =3 pPkTIn[1+ e E~Er)' ¥+ unconfined holes,

where the subscript i denotes all confined states for the different hole bands, and j
denotes those for the I' and L bands. The number of unconfined carriers is calculated
using Fermi-Dirac distributions.

As the QW is strained, the valence band of III-V semiconductors splits into

separated light-hole and heavy-hole bands. The bands become strongly non-parabolic.
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To treat this, an anisotropic parabolic band structure is approximated to simplify the

calculation of gain, spontaneous emission, and carrier concentration. For zinc-blende

structure, a simplified analytical band structure of a strained QW is developed [2], and

is based on the k-p theory. Typically, by using the Luttinger-Kohn model [3], the

valence band structure can be described by a 6x6 Hamiltonian in the envelope function

space [4] as

HY (k) = H3, (k) 0
L0 Hik)
P+O-V,(2)

H30>-<3(k): Rk ilSk

where

V2R, T8,

V2

P:Pk+Pg: Q:Qk+Q8

Pk:(h

Sk:

2

—jm (k2 +k2),

2m0
72

y2 (k2 —2k2),
2m0

2m0 2

2
h_ 2\/§73ktkz s
2m0

Pg :_av(gxx +€yy +€zz)a

Qg = _g(‘c“xx +gyy _2‘9zz )a

|

P=0-V(2)

ﬁQTn‘J%Sk

R, FiS,

2
h \/5[72 "‘73]]{2,

V2R, iLsz

ﬁQiiJ%Sk

P+A(z)-V,(2)

S

(2.15)

(2.16)

V,(z) 1is the unstrained valence band edge, &, is the wave factor in the plane of QW.

a, and b are the deformation potentials. A(z) is the spin-orbit split-off energy. y,,

72, and y; are the Luttinger parameters. In general, the reference energy is taken to be

the top of the unstrained valence band. For QW, £k, is replaced by —i(d/ dz). The
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valence band structures are obtained by solving the expression (2.15). Within the

effective mass approximation, the wave function of a QW can be though in the

Schrodinger equation by adding an appropriate potential V,,,(z) to the periodic

potential V(7) of the crystal lattice, and is given by Y(¥)=®(z)u,,(¥) . The

envelope function ®(z) is the solution to the one-dimensional Schrodinger equation:

S Emee’ qu(z)}qD(z) = E(k,)®(2), (2.17)

where the periodic crystal potential V(7) is represented by the effective mass mz(z),
which is different for well and barrier material. The subscript z is band index.
The optical gain spectrum is then calculated by taking the valence band mixing

into account over k, as[3]

q*h ZT (7 /T) fap kM (F = f1)dk?

2eqcmniE 5 o1+ (Egkp) =Bk )— E)? / T

g(E)= (2.18)

where ¢ is QW thickness, I'=#%/7, 7is broadening due to intraband scattering

relaxation time, E, is the jth conduction subband, £, is the ith valence subband

from the k-p calculation, n is the refractive index. M, is the bulk dipole moment

given by

Eoo(Epo+A
M, = Lm0d EeolFeo *4s) (2.19)
6 m. Ey+(2/3)A,

f; and f; are the Fermi functions expressed by

272
i)
fit=1+e oe

’ (2.20)
|:Ekpi(kt):|
fi=l+el #T
The evaluation of spontaneous emission rate when a laser is under threshold can be
expressed by
w 2hw \ \
RY(E)=[y [Z(—) (—)2 (—) Mj-f;(0=1)-D(E)- py ldE - (2.21)
2z 4e1g0w?
i=j 1€0
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where D(E) is the optical mode density in the material which has a refractive index of

n, given by D(E)=n3E?/nh3c3. ‘M U‘ is a transition matrix element being averaged
over all polarization directions. The Fermi factor f;(1- f;') gives the probability that

the conduction band level is occupied and the valence band level is empty at the same

time [5].

2-3 Self-consistent carrier density in nitrides

To solve the quantum confined states in uneven band condition when the local
potential well is under strong piezoelectric effect in nitride-based materials, it is
assumed in the simulation program that the well is tilted to one side, as well as the wave
function, the optical transition between conduetion and valence bands will have a
different dipole moment. The two-dimenstonal self-consistent electron density is given

as

, _ Eju (xv.0)-E;
nyp (X, ) =2.&1 (¥)po kT In(1+ e k), (2.22)
J

where g/(y) is the electron wave function assuming the well is parallel to x-axis. p;

is the 2D density of states.

The confined hole density can be written as an integral over the non-parabolic

subbands E;(k),

. 1 E(0)
P=2i0) - L (1= (B (R).E ) k2. (2.23)
J —00

2-4 Many-body Coulomb interaction in nitrides

It has been reported that the inter-band Coulombic enhancement of the optical
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transitions, together with a bandgap renormalization result in an increase in gain and a
reduction in the antiguiding or linewidth enhancement factor [6]. Especially, the
Coulomb enhancement is stronger in short wavelength ZnCdSe and nitrides due to the
lower values of dielectric constant in wide bandgap materials. Many-body
carrier-carrier Coulomb interaction can be though as it attracts the electrons and holes in
the QW active region so closer that the radiative recombination rate is enhanced. As a
result, the spontaneous emission increases with a shift of gain peak towards to lower
energies. The Coulomb interaction effects the bandgap to renormalize and the
inter-band recombination of electrons and holes. Often, it is called bandgap narrowing
effect because of the screening of conduction band electron-electron Coulomb repulsion

by positively charged valence band holes available near electrons. If think the

renormalization bandgap as E,_,.;=E, + AE,, the total bandgap narrowing is given
by AE, with AE, =AE,cy +AE sy, Where AE ., is called the Coulomb Hole

bandgap renormalization and AE g .is called self-energy correction to electron-hole

plasma due to exchange interaction. The Coulomb Hole contribution to the bandgap

reduction can be given in two-dimension by

AE :—2E0a0k-ln[l+\/327zN2D /C K3y ] (2.24)
where a, is the Bohr radius of QW electron-hole exciton given by 47%h%g,8,/e?m,;,
and E, is corresponding effective Rydberg energy given by #%/2m a}. x is the

inverse screening length for electrons and holes confined in the QW. C,; is a unitless

constant typically n a range of 1-4. The reduction of bandgap energy due to

electron-hole plasma exchange interaction is given by
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1+ CleaOkz /327TN2D

2Eodo o i
O g/ Kk +Chagk® /327N,

p [fo (B + FuEy)]  (225)

AEgSX =

The effected gain spectral function derivation after including interaction becomes

0 gO(Ecv) ~Ecv —hw
hw) = real 1- hw—E,)dE,, | » 2.26
) =reat 8o B, 226)
in which
—7 M'l' Ecv' e EC" + EV" _1
Q(Ecvahw):MJg)dkvkv‘ .]( )Xf( ik ) Ju( jk) x @k, k"),
ﬂk‘Mﬁ (Ecv) Ecv' 1—‘cv + Z(Ecv —hW)
1+ C,kayq? /327 N
®(k,k')=Igﬂd9 pl*doq / 7T Nap ’
1+q/k+Cp1ka0qk3/327ZN2D
and ¢? =k? +k"?>-2kk'cos0, (2.27)

where where 6 is the angle between in-plane vectors & and k’; go(E.,) is the spectral
wave function, which consists of a sumpof gi(E.,) contributions from transitions
between jth-subband electrons and i™-subband holes; I, represents the Lorenzian width

and equals to 7%/ z,,, which is simplified without considering the dependence upon #Aw

and £, energies in the calculations; ‘@; 1s exciton Bohr radius given by
drh’e,e/e*m,; ; Ep is the corresponding Rydberg energy; E., is specified by
E. (k)=E, +AE, + E 4 + E,; where Ej and E\; are electron and hole energies from

j™-subband of conduction band and i"™-subband of valence band in the QW active region;

2 . .. )
‘M is the transition matrix element.

ji‘

2-5 Thermal effects

For the treatment of device heating, the thermoelectric power and thermal current
induced by temperature gradient are solved utilizing the method provided by Wachutka

[7]. Various heat sources, including Joule heat, generation/recombination heat,
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Thomson heat, and Peltier heat, are taken into account in this dissertation.

Joule heat
In Joule heating, the heat sources can be from two parts, which are the steady state

or low frequency part of the electric field and the optical frequency. In which,

2 J2
H oo ge =217 (2.28)
qH.n  qUpp

The heating caused by the optical frequency can be regarded as the absorption by the
impure material, which the internal loss is the cause. A simple derivation of this term is
ma,

power loss =o,,F2 =——&,0F2 (2.29)
ptiop T P
0

where the optical field F,, is the root mean square of the oscillating field.

Generation/recombination heat

The generation/recombination héat ‘comes from an assumption that the photons emitted
by spontaneous radiative recombination. are-eventually absorbed by the semiconductor
and are converted into heat. The heated 'is'released from the difference between the

quasi-Fermi levels as

Hrec = (Rtrap + RAug + Rspon )(Efn - Eﬁ7 ) (230)

Thomson and Peltier heat
The Thomson heat comes from the change in thermoelectric power when an

electron-hole pair recombines:
HT =thota1T(Pp _])n) (231)
where P, and P, are thermoelectric power for holes and electrons. The Peltier heat is

related to the spatial variation in thermoelectric power:
H,=-T(J,VP,+J,VP,) (2.32)
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2-6 Specific models in APSYS

APSYS is a simulation program that to model almost devices, except for
semiconductor lasers, such as silicon MOSFET’s, HBTs, and LEDs, etc. It is a
two-dimensionally powerful simulation program, which mainly solve, self-consistently,
the Poisson’s equations, current continuity equations, carrier energy transport equations,
and heat transfer equations. Mainly, the APSYS simulation program used in this
dissertation is to model and optimize our fabricated ultraviolet InGaAIN/InGaAIN LED.
Based on the semiconductor physics, it is well-known that the LEDs are quite different
from laser devices because LEDs operate well below laser threshold and no stimulated
emission is observed. Continuous emission spectrum have to be considered for LEDs
while longitudinal modes of laser only requite a limited number of lasing wavelength.
The spontaneous emission power shallibe calculated by the integral of all mode

spontaneity:
n 2 b
Poon (W)W = (1= y7) £ Afy 1232z, (0w 557 (EDAE, (2.33)

where in the APSYS simulation program, the LED is regarded as a special case of
Fabry-Perot laser with cavity length of L, and the waveguiding is in the z -direction.
While at the same time, it is assumed that the extraction efficiency is concerned in only
one facet with a factor of 1/6. y; is set from the wave function in a Fabry-Perot cavity,
and can be though as a value of facet reflectivity. A4 is the active region cross section

in the LED. The extracted output power from the LED top surface can be:

Lig) 142, (2| dz, (hw)(n|rZ" (E)|n)- AE, (2.34)

n
PL(wAw =Y (1-r2)—%
ny n k

where n and n, are the indices, and g; 1is a integral constant. The ratio of P;/Pgy,n

gives the LED external efficiency.

2-7 Specific models in LASTIP
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LASTIP (LASer Technology Integrated Program) is a simulation tool to model the
electrical and optical behaviors in a semiconductor laser in two dimensions. Typical
laser emission L-I-V curves, 2D potential, electric field, and current distribution, special
electron and hole concentrations, band diagram, optical field distribution, gain spectrum,
and far-field patterns can be obtained. It is a useful simulation program to give a
qualitatively theoretical analysis and to provide a way to realize the physics of the
optoelectronic semiconductor lasers. Typically, LASTIP is used to simulate an edge
emitting laser by solving the photon rate equation of stimulated recombination and

typical drift-diffusion equations etc. The stimulated emission rate, R defined in
LASTIP is as the rate of photon emission per unit volume as a result of material gain

enhanced by traveling waves. The modal gain can be

g =5 (h)] R,y (235)
where P represents the power, can be further replaced by P=7%wv,S under using

group velocity as the traveling speed of the optical power; v, is the group velocity and

g

can be 1/v, =0k/0w. § gives the photon number in the 2D simulation plane. By

normalizing a 2D optical wave function W as I|W|2 dxdy =1, we can have

2
gn =] g(x, W] dxdy . (2.36)

Combining equations (2.35) and (2.36), we therefore can have an expression of R, as
2
Ry =vg-g(x,y)-S-W|

Therefore the stimulated emission can be [R,dxdy=v,g,S .

2-8 Specific models in PICS-3D

PICS-3D (Photonic Integrated Circuit Simulator in 3D) is a program to simulate
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laser diodes and related waveguiding photonic devices, such as VCSELs, DFB lasers
etc., in three dimensions. PICS-3D usually combines solutions of the semiconductor
equations in multiple 2D cross sections of a waveguiding device with the longitudinal
mode solution to construct a quasi-3D model of a photonic device. It to model a VCSEL
device, a cylindrical coordinate system shall be set up to treat the drift-diffusion model
in 3D characteristics. As well, a multiple longitudinal mode must be solved. The
differential equations in drift-diffusion models shall be revised by converting the

gradient parts into cylindrical symmetry coordinate system:

V=MoL O, (2.37)
or 0z,
and the divergence by
v.a=1 i(rAr)+i(rAZ) : (2.38)
r| or 0z,

For the calculation of lateral*optical modes of a VCSEL, an effective index method
approximation [8] is utilized. This method is useful if the VCSEL structure becomes
more complex, especially when a“oxide confine layer is existed. Based on the solution
of scalar wave equation in VCSELs, the laterally optical modal filed distribution is

solved in

L L P RAsy W = A0 P, (2.39)
2ky <& >|ror or r? ‘

where ¢&; is the relative permittivity of a region in the transverse direction in which the
effective index is calculated. ky =w,/c, Aw,, is the deviation of the LP,, mode
from the angular oscillation frequency @, . ¥,, represents the modal field

distribution function as V,,,(r,@,t) =¥, (r,1)e™?.
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Chapter 3  Ultraviolet AlGalnN/GaN LEDs

During the past few years, greatly impressive development of III-V nitride based
light emitting devices have been witnessed for illuminated devices, laser diode light
sources for high-density optical storage system, full-color display, and medical
applications. High-efficiency GaN-based LEDs between the UV and amber spectral
regions are now commercially available [1-6]. Especially, UV LEDs have recently
attracted much attention to be strong candidate in biological agent detection, air cleaner,
and transceivers for convert nonlinear-of-sight optical communications. As well, using
UV LED:s as light emitters to excite phosphor can achieve white fluorescence for solid
state lighting. The LEDs with an emission wavelength less than 370 nm are specifically
significant due to most of the phosphors canabsorb and provide a more effective
down-conversion quantum efficiency. To:date, the UV LEDs in a spectral region of
267-370 nm have been successfully fabricated [7-10]. However, as decreasing UV
LED emission wavelength to a deeper level in the fabrication of UV LEDs, a rapid
degradation of light output power is observed. The reason had been found to be
attributed to the large threading dislocation, poor carrier confinement in the QW active
region, and self absorption in the thick GaN contact layers [11].

As expected to be a replacement of conventional incandescent and fluorescent
lamps, high-efficiency UV LEDs are strongly demanded. In particular, the UV LED
with an emission wavelength between 365-370 nm is more favorable due to it can

provide relatively higher output performance to pump phosphors [3].

3-1 Literature survey

To fabricate an UV LED with 365-370 nm emission, InGaN, AlGaN or quaternary

AlGalnN are expected to be applied as QW active region in UV LEDs due to the
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naturally direct high-bandgap transition. However, as compared with those of the visible
LEDs, the illuminated power and efficiency of the UV LEDs are extremely worse.
While, the reasons had been observed due to some factors, including defects in the
quantum well active region, device heating under continuous-wave operation, and
especially carrier leakage from the active region.

Significant progress of UV LEDs had been made in emission wavelength region of
325-400 nm with mW output [12—15]. For UV LEDs with an emission wavelength of
267 nm, AlGaN-based LEDs with a pulse operation output power of 4.5 mW and 165
uW at 435 mA under CW operation for an array of four LEDs in parallel had been
demonstrated by Yasan ef al. [16]. For 365 nm UV LEDs, with the use of laser-induced
liftoff and polishing technologies, Morita et al. had obtained an output power of 100
mW with an external quantum efficiency of 5.6%at 500 mA [17]. On the other hand,
with an emission wavelength sherter than the.characteristic wavelength corresponding
to the GaN bandgap, Nishida ef-al. adopted-a.short period alloy superlattice as p-type
cladding and p-type contact layers to have a transparent 348-351 nm LED with 7 mW
output at 220 mA [18].

These efforts had made the UV LEDs to have an acceptable output characteristic;
however, it needs to be mentioned that substantial work is necessitated with an aim to
improve the emitting power and efficiency. For 370 nm UV LED, the use of quaternary
AlGalnN QW active region is beneficial for obtaining better material quality and higher
internal quantum efficiency [19]. Zhang et al. had also pointed out that the use of
quaternary AlGalnN as barriers could drastically improve the heterostructure quality
[20]. In this chapter, we presented the growth and fabrication of UV LEDs operating at
370 nm based on quaternary AlGalnN QW active region. To create more efficient UV
LED, we further theoretically investigated the relationships of the Al composition in

AlGaN electron-block layer and the QW number to the LED output performance, with
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an aim to reduce the electron leakage current.

3-2 Device fabrication and characteristics

The LEDs used in this study were grown on c-face sapphire substrate by
low-pressure horizontal-flow MOCVD system using a 30-nm-thick low-temperature
GaN nucleation layer at 550 °C, followed by a 2-um-thick high-temperature undoped
GaN buffer layer and a 1-um-thick Si doped GaN to form the n-contact layer at 1050 °C.
Next, a 50-nm-thick graded n-type AliGa;«N (x=0.1 to 0.14) was deposited for
cladding. Then, the growth temperature was linearly decreased to 850 °C to grow the
active region of the UV LED. The active region was consisted of three quaternary
Alp0sGag.gsIng ooN multiple QWs sandwiched by four AlposGagoalngoiN barriers. The
temperature was afterwards increased to 1050 °C. for growing a 25-nm-thick p-type
Alp.19Gag g1N electron-block layer, followed by-a 125-nm-thick p-type Aly¢9Gag ;N and

a 10-nm-thick p-GaN contact layer to complete-the structure.

p-pad
GaN 10 nm p=3x1017 cm™?

AlpgsGaN 125 nm p=1.5%1017 cm3

Alg19GaN 25 nm p=6x10'¢ cm3

AlGalnN/AlGalnN MQW

Alg1.014GaN 50 nm n=1x10!8 cm3

n-pad

GaN 1 pm n=3%1018 ¢m3

undoped GaN 2 pm

sapphire (0001)

Figure 3.1 A schematic plot of the UV LED device.

After MOCVD growth, the fabrication process began from partially etching by
reactive ion etching from the surface of the p-type GaN contact layer until the n-type

GaN exposed. Ni/Au metal was evaporated onto the p-type GaN, and Ti/Al metal was
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evaporated onto the n-type GaN. The chip size was 300x300 pm® and was formed by
packing into 5 mm lamps with a standard process for output characteristic measurement.
A schematic plot of the UV LED device was shown in Figure 3.1.

The device characteristics were obtained with a probe station, Keithlyn 238 current
source, and Newport 1835C power meter module. Electroluminescence (EL) spectrum
was measured by Advantec optical spectrum analyzer (OSA) with a 0.1 nm spectrum
resolution. Figure 3.2 showed the EL spectrum of the UV AlGalnN LED under
continuous-wave operation when the input current was in a range of 10-100 mA. The
main peak of the emission wavelength designed slightly longer than 365 nm was for the
purpose of preventing strong internal absorption by the bulk GaN, and it shifted from

368 nm to 372 nm with increased input current from 10 mA to 100 mA.

3000 5=
F ——20mA
2500 ——30 mA
- F ——40 mA
= 2000F ——50:mA
= — 60'mA
2 1500 —— 70 mA
2 [ ——80mA
8 1000 T Y9mA
E ——100 mA

500 F
| IR T NS |

0' | Lo
350 355 360 365 370 375 380 385 390
Wavelength (nm)

Figure 3.2 EL spectrum of the UV AlGalnN LED under continuous-wave operation
when the input current was in a range of 10-100 mA.

Figure 3.3 showed the output characteristics of the UV LED when the device
temperature was varied in a range of 300-380 K. During the measurement of the
temperature dependent output characteristics, the UV LED was mounted on a hot plate,
and the device temperature was monitored with a thermal coupler. The

room-temperature UV power of the LED was near 0.8 mW at 20 mA with 3.6 V

70



operation voltage and increased to 4 mW when the LED was driven at 125 mA under
CW operation. The wall plug efficiency was approximately 1.1% and the external
quantum efficiency was 1.2%. When the device temperature was operated at 380 K, the
UV LED could still provide 0.5 mW output when the input current was 20 mA. A

maximum output power of 2.1 mW could be achieved at 380 K when the input current

was 100 mA.
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Figure 3.3 Output characteristics of thetUV-LED when the device temperature was
varied in a range of 300-380 K.

For blue and green LEDs, which were made by Ill-nitride materials, the reports
had shown that the main peak of the emission wavelength decreased first and increased
afterward as the input current was increased. This phenomenon was found to be
attributed to the localized states resulting from indium inhomogeneity. However, there
was no short-wavelength shift in our UV AlGalnN LED, and it was supposed that the
indium composition in the AlGalnN QWs was much less than that in the blue or green

LEDs and the segregation of indium could not dominate under this situation.
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3-3 Theoretical analysis

It is universally known that qualitatively theoretical analysis can advantageously
provide a way to realize the output characteristic of the optoelectronic semiconductor
device. Numerical simulation is always required to model and optimize the output
characteristic of the device. In this study, the numerical simulation was executed with
the use of an advanced physical model of semiconductor devices (APSYS) [21], which
was utilized as a full two-dimensional simulator that solved the Poisson’s equation,
current continuity equations, photon rate equation and scalar wave equation, and
accounts for current spreading in this specific study.

For this specific simulation, the temperature dependent bandgap energies of binary
InN, GaN, AIN alloys were governed by, Varshni equation and the bowing factors of
ternary GalnN, AIGaN and AllnN:alloys were 2:4, 0.7, and 2.5 eV respectively [22, 23].
Most Luttinger-like valence band parameters ' we used'in this study such as A, Ay +-A¢
for nitrides and the deformation’-potentials;-elastic constants, etc. were also obtained
from Ref. 13, as listed in Table 1.1, exceptedthat the electron and hole mobilities were
taken from the default database values given in the APSYS material macro file [21].

For the treatment of device heating, the thermoelectric power and thermal current
induced by temperature gradient were solved utilizing the methods provided by
Wachutka et al. [24-26]. Various heat sources, including Joule heat,
generation/recombination heat, Thomson heat and Peltier heat, were taken into account
in this specific study. The boundary temperature between the LED contacts and the
ambiance was solved assuming that the contacts were connected to a thermal conductor
with a fixed temperature set by the simulator. The calculation of the interface charge
density including spontaneous and piezoelectric polarization in the ternary Ill-nitride

material as a function of composition and microscopic structure was by the use of ab
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initio density-functional techniques and Berry phase method [27], while we assumed the
charges at multiple QWs were with partial 85% screening. For the interface charge of

quaternary AlGalnN QW, it was predicted by ternary interpolation formulas [28]:

x'y'Dcharge(AluGalfuN) + y'Z'Dcharge(GayInlny)
Xy+ yz+zx Xy+ yz+zx

z2-XDeparge (Iny, AL, N)
i Xy+yz+zx

D

Al Ga,In_ N =

charge

>

1+ x— — _
+x—y v:1+y z, w:1+z x
2 2 2

z=l-x-y, u= (.1

while the calculated interface charge densities in the fabricated UV AlGalnN/GaN LED

structure were summarized in Table 3.1.

Table 3.1 Net surface charge density at each interface of the UV LED.

Interface Surface charge density
GaN/Aly GagoN +5.50%10" m™
Alp.14Gag s6N/Alg 0sGagsang o N ~6.60x10" m™
Aly.0sGag.oalng o1N/Al0sGag sskngpoN ~1.13x10"* m™
Aly.06Gao gsIng ooN/Alg 0sGag.o4lng o1 N +1.13x10'° m™
AlposGag.oslng o1 N/Alg 10Gap 4N +9.50x10" m™
Aly.19Gag g1N/Alg.09Gag o1\ ~5.80x10° m?
Aly 090Gag o N/GaN ~4.90x10"° m™

The numerical spontaneous emission rate spectrum of the UV AlGalnN LED as a
function of the input current was shown in Figure 3.4. The inset in Figure 3.4 depicted
the main peaks of the numerical spontaneous emission rate spectra and the experimental
EL spectra. It was clearly seen that the main peaks of the numerical spontaneous
emission rate spectra and the experimental EL spectra were of great agreement. The

spontaneous emission rate calculated in this study was given by [29]:
" (E) = 2( )\H,,\ [i(=f)D(E)py, (32)

where \H,,\ = (—)2( ———)M

7> and Pij :piQ h(ha)_Elo)’ (33)’ (34)
my 46‘16‘0 i 2 /) g
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and fj, f; represented the Fermi functions for the i™ and /™ levels. D(E) was the optical

mode density.
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Figure 3.4 Numerical spontaneous emission rate spectrum of the UV AlGalnN LED as
a function of the input current. The inset shows the main peaks of the numerical
spontaneous emission rate spectra-and the-experimental EL spectra.

The spontaneous emission power (Pg.n) Was Calculated by the integral of all

modes spontaneity:
Pspon (W)AW = A.[()Ldzv (hW ' rczw (E))AEa (3 5)
and the extracted output power from the LED top surface was

PL(w)Aw =3 (-7 )%% 1422z dz, (hw){(n|r&" (E) n)- AE, (3.6)

ny

where A4 was the active region cross section in the LED and we regarded the LED as a
special case of Fabry-Perot laser with cavity length of L. n and n, were the indices, and
g was a integral constant. We wished to underscore that the package loss assumed in
this study was zero, and therefore the ratio of P;/P,,, gave the LED external efficiency.
Besides, a current efficiency could also be obtained from the ratio of the spontaneous
recombination current (/,,,) to the total current, which was the sum of the spontaneous
recombination current, nonradiative recombination current (/,), and leakage current
(Liear):
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[Spon (37)

Ispon + Inr + Ileak

Neurr =

To fit the experimental LED output characteristic, some parameters were used such
as the radiative recombination coefficient for the bulk AlGalnN, AlGaN, GaN was
2.9x107"> m%/s, the auger coefficients for n and p carrier were both set to 4x10~** m%s,
and the carrier lifetime was 1 ns [30]. A large internal loss value of 1000 m™' was
assumed due to the large defect density in III-V nitride material. It was clearly seen that
the temperature dependent light output versus current (L-/) characteristic obtained
numerically was fit in with the experiment despite that the differential resistance was
slightly inconsistent. Practically, the characteristics of the UV AlGalnN LED could be
quantitatively analyzed by the simulator with the parameters shown above, which
remained unchanged throughout the study..To enhance the output power of the UV
AlGalnN LED, we further investigated the effects. of the aluminum composition in
AlGaN electron-block layer and the QW.number on the UV AlGalnN LED. The
purpose was with an aim to reduce the glectron-leakage current and therefore improved

the output performance.
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Figure 3.5 Numerical temperature dependent output characteristics of the UV AlGalnN
LED.
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Several reports had shown that the electron leakage current played an important
role in the III-V nitride material due to the large discrepancy of electron and hole
effective masses and the low p-type doping concentration [31-36]. For UV LEDs with
emission wavelength of 305-365 nm, the Al composition in AlGaN electron-block layer
was typically in a range of 23-70% [37—40]. When the emission wavelength was
shorter, the Al composition in AlGaN electron-block layer should be increased
accordingly because the conduction band offset was decreased and more electrons
overflowed to the p-type layers. Figure 3.6 showed the L-/ characteristics of the UV
AlGalnN LED with variant Al compositions in AlGaN electron-block layer when the
device temperatures were 300 K and 380 K. It was observed that the output power was
enhanced when the Al composition in AlIGaN electron-block layer was increased, and
the output power at 300 K was limited wheén the Al composition in AlGaN
electron-block layer was higher than 19%. .For.the UV LED operated at 380 K,
increasing the Al composition in AlGaN.electron-block layer to be higher than 19%
could also effectively prevent the ¢lectrons overflow, and the output power remained

unchanged when the input current was lower than 110 mA.
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Figure 3.6 L-I characteristics of the UV AlGalnN LED with variant Al compositions in
AlGaN electron-block layer when the device temperatures were 300 K and 380 K.
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Figure 3.7 showed the current efficiency of the UV AlGalnN LED as a function of
the input current for variant Al compositions in AlGaN electron-block layer when the
device temperature were 300 K and 380 K. Increasing device temperature with
decreased internal efficiency was found due to the increase of recombination loss and
carrier leakage from the active region. With higher input current and higher device
temperature, the electron leakage current and the nonradiative recombination increased
which in turn resulted in reduction in current efficiency. The simulated results suggested
that the low internal efficiency might be limited by the electron leakage current and the
large nonradiative recombination we assumed for the purpose of fitting the experimental

output characteristics.

——AI=0.13
-— Al=0.15
— — Al=0.17

Current efficiency (%)

Current (mA)
Figure 3.7 Current efficiency of the UV AlGalnN LED as a function of the input current

for variant Al compositions in AlGaN electron-block layer when the device temperature
were 300 K and 380 K.

To further reduce the electron leakage current and improve the output
characteristics, we subsequently investigated the QW number effect on the output
characteristics of the UV AlGalnN LED. In this specific study, the Al composition in
AlGaN electron-block layer was 19% since our numerical analysis indicated that the

relatively better output characteristics were indicated when the Al composition in
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AlGaN electron-block layer was 19%. The internal loss value was set and remained
unchanged at 1000 m™' when varying the QW number in a range of 1-11, without
contemplating the increased defects by increasing QW number during crystal growth.
Figure 3.8 showed the L-/ characteristic of the UV AlGalnN LED with variant QW
numbers when the device temperatures were 300 K and 380 K. Figure 3.9 showed the
percentage of electron leakage current as a function of the device temperature when the
QW number was in a range of 1-11. It could be observed that the lowest output power
was obtained when the QW number was one. As the QW number increased, the output
power was enhanced respectively; however, we wished to underscore that the output
power at lower injection current was decreased as the QW number was more than five,
and the hole leakage was much small in the numerical analysis. Nevertheless, more
QWs in the active region could undoubtedly reduce the electron leakage current and
provide higher output power for higher mjection, current operation. Thus, numerical

results suggested that the optimized QW-number in-the UV AlGalnN LED was in a

range of 5-7.
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Figure 3.8 L-I characteristic of the UV AlGalnN LED with variant QW numbers when
the device temperatures were 300 K and 380 K.
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Figure 3.9 Percentage of electron leakage current as a function of the device
temperature when the QW number was in a range of 1-11.

3-4 Summary

We had fabricated high-pesformance 370-nm AlGalnN UV LED. The AlGalnN
LED could provide an output power of 0.8 mW at 20-mA with 3.6 V operation voltage
and 4 mW at 125 mA under continuous-wave operation. With the help of numerical
analysis, we further investigated the effects of the Al composition in AlGaN
electron-block layer and the QW number on the 370-nm AlGalnN LED. The results
obtained numerically suggested that the 370-nm AlGalnN LED could provide better
output characteristics when the Al composition in AIGaN electron-block layer was in a
range of 19%-21% and the AlGalnN QW number was in a range of 5-7. The

qualitative analysis was significant for improving the output characteristics of the UV

LED.
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Chapter 4  Temperature Insensitive 660-nm RCLED

RCLEDs are promising light emitters when compared to typical light emitting
diode for the application of data communication due to they provide higher extraction
efficiency, improved spectral purity, highly directional light output, less chromatic
dispersion and improved modulation bandwidth [1]. As compared with vertical-cavity
surface-emitting lasers, the epitaxial complexity of RCLED structure is reduced since
the reflectivity of upper DBRs has to be less than 90%, and thus the RCLEDs provide
thresholdless operation, less temperature dependence and better fabrication reliability.
RCLEDs with visible red emission are suitable candidates for short-distance data
communication applications due to a minimum attenuation loss (0.15 dB/m) at 650 nm
in the polymethyl methacrylate plasticoptical fibers (PMMA POFs) [2]. Recently, the
application of POFs has been extended to.the automotive industry, such as MOST,
which needs to carrier 50-250 Mbps of data over POFs. In a RCLED, the Fabry-Pérot
cavity, sandwiched between upper and lower DBRs, is generally designed with 1-A
thickness, and the QWs are embedded at the antinode of the standing wave cavity mode.
The gain cavity detuning (Algewning=Arp-Aqw) 1S Often designed to be positive to have a
higher optical gain. Most importantly, to obtain better characteristics under high
temperature operation the careful design of AAgetning 1S required because the maximal
modal gain red-shifts and matches the resonance dip as the device temperature increases.
Hild et al. had reported the RCLEDs were less temperature sensitive over 15-75 °C
temperature range by a large gain cavity detuning [3]. However, the high temperature
output performance was still restricted by carrier leakage [3]-[5]. In the field of 650-nm
RCLED:s, the researchers had reported a high output power of 8.4 mW operated at 120
mA with 202 um device diameter [6], a peak external quantum efficiency of 10.2% for

large area device [7], low voltage operation [8], a maximum emission in the normal
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direction [9], and high modulation bandwidth [10]-[13].

These efforts have made the RCLEDs to have better output characteristics under
room temperature operation and improving modulation bandwidth; however, it needs to
be mentioned that substantial work is still necessitated with the aim of stabilizing output
performance in RCLEDs with elevated device temperature and injection current. In this
chapter, the design and fabrication of temperature insensitive InGaP/InGaAlP RCLEDs
by means of widening the resonant cavity to 3 A, where the number of QWs was
increased by a factor of three and the QWs were separated into three parts to reduce
electronic leakage current, were reported. As compared with conventional RCLED of
1-A-cavity design, the temperature dependent light output and voltage (L-I-V)
characteristics, 3 dB modulation bandwidths, and far-field patterns are characterized
and discussed. To further investigate the deviee .physics of the RCLED devices, a
theoretical analysis of the structure dependent RCLED output characteristics was
presented. An advanced physical model-of-semiconductor devices (APSYS) program

[14] was utilized for a main purpose of specifying the electronic leakage current.

4-1 Fabricated device characteristics

The RCLED structures in the specific study were grown by a low pressure (50 torr)
Veeco D180 metal-organic chemical vapor deposition (MOCVD) system on n-type
GaAs substrates. Methyl-organometallics, phosphine, and arsine were used as the
sources for epitaxy. SiHi, CBr4, and DEZn were the n- and p-type dopants. A schematic
plot of device structures was shown in Figure 4.1. Two structures were prepared, in
which the bottom DBR was identically comprised of 35 pairs of n-type quarter-wave
AlposGag osAs/AlysGagsAs layers for both devices to provide a ~99% reflectivity, and
the top DBRs was identically comprised of 7 pairs of p-type Aly.osGag.osAs/AlysGagsAs

layers.
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Figure 4.1 A schematic plot of device structure. Device A was designed with a_
conventional 1-A resonant cavity. Device B was designed to have a 3-A resonant cavity,
while the number of QWs was tripled and separated into three parts.
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Figure 4.2 Spectra of QW photoluminescence and reflectivity of devices A and B.

A separate-confinement-heterostructure strained multiple QWs active region,
which contained Ings;GagssP  wells and Ings(GagsAlps)osP  barriers, and
Ing s(Gap3Alp7)osP cladding layers formed the resonant cavity. For device A, the cavity
was standardized to 1 A, and the cavity for device B was widened to 3 A and the number
of QWs was tripled. The AAgewning Was designed to be 8~10 nm, as could be found in

Figure 4.2. The doping levels of n- and p-type DBRs, determined from ECV
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measurement, were 2x10'® and 4x10'® cm™. After epitaxial growth, standard fabrication
processes, including photolithography, implantation, metallization, and bonding
techniques, were used to fabricate the devices with surface emission. The light
extraction window of both devices in this study was 80 pum in diameter. The RCLED
chips were mounted onto TO-46 headers and the chip size was in 250x250 um® square.
The direct current characteristics of RCLEDs were measured using a Keithly 238
current source, a Newport 1835C power meter module, and an Advantec optical
spectrum analyzer (OSA) with a 0.1 nm spectral resolution. As a result of Joule heating,
the peak emission wavelength increased with increased bias current at a redshift of
0.083 nm/mA for device A, 0.082 nm/mA for device B, and the devices exhibited a
peak of 656.8 and 659.4 nm when the bias current was 40 mA, respectively.
Temperature dependent L-I-V characteristics of devices A and B are shown in Figure
4.3. The highly C-doped p-type BPBRs and high quality ohmic contacts resulted in a low
operating voltage of 2.1 V at a current,of 20-mA.in device A, while the thicker undoped
cavity in device B gave a higher voltage of 2.37.V at 20 mA. An output power of 1.9
mW in device A at 20 mA under RT operation was achieved, and it reached to a
maximum of 3.1 mW output when the device was biased at 57 mA. For device B, even
though the output power at low current was not higher than that in device A, the output
characteristic was stable, which indicated that the temperature effect on device B was
much less sensitive. The power variation between 25 and 95 °C for devices A and B at
20 mA were approximately -2.1 and -0.6 dB. We supposed that the improved stable
output performance under high current injection and high temperature operation in

device B was from the increased number of QWs that decreased the carrier leakage.
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Figure 4.3 Temperature dependent L:-1-V-_characteristic of the fabricated (a) device A
and (b) device B. The curve was’obtained ina‘device temperature range of 25-95 °C.

The temperature dependent external quantum efficiency (nex) normalized to the
value obtained at 20 mA was depicted in Figure 4.4. The inset showed the ney value
versus current at RT. For device A, a maximum 1y value of 6% was achieved when the
device was biased at 5.8 mA. As shown in previous studies, the highest nex value of
RCLEDs was often obtained at a low current level, typically less than 10 mA, and
consequently decreased at higher current levels by internal heating effect. In red
emitting devices, this phenomenon was more serious because the conduction band
offset value in InGaP/InGaAlP material is relatively low compared to the InGaN/GaN
and AlGaAs/GaAs materials [15, 16]. The increased device temperature at higher
current level would induce more leakage current, resulting in less radiative

recombination, and therefore decreased the output performance. To reduce the induced
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leakage current at high current level injection and under high temperature operation, the
resonant cavity in device B was increased to 3 A and the number of QWs was tripled
simultaneously, which was a direct way to confine more carriers in the QWs of the
resonant cavity. This approach should be effective since the normalized nex value for
device B dropped only 14% with elevated device temperature to 95 °C. In addition, the
decrease of mex at high current levels, shown in the inset of Figure 4.4, was also less
pronounced. The lower nex for device B than for device A might be due to the number
of QWs was tripled that induced more absorption in QWs, and a less optimally tuned

cavity due to the thicker emission region.
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Figure 4.4 Normalized external quantum efficiency (nex) value obtained at 20 mA with
elevated device temperature from 25 to 95 °C. The inset was the 1 value versus
current at room temperature for both devices.

Dynamic properties of the RCLED devices were studied by using a calibrated
vector network analyzer (Agilent 8720ES) and 50-pm multimode optical fiber
connected to a Si photodetector. A light extraction window diameter of 80 um was used
for POF-based communication. However, there is a trade-off between light extraction
output power and small signal 3 dB frequency bandwidth (f3 4s). A smaller light

extraction window diameter will bring on a lower capacitance, resulting in the
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decreased RC time constant, but a weak output power performance. The measured f3 4g
frequency bandwidth for devices A and B as a function of bias current were shown in
Figure 4.5. In our devices, the f3 ¢ value was found to increase with increased bias
current with a slope of 0.44 MHz/mA for device A, 0.2 MHz/mA for device B, and
achieved to a maximum of 116, and 87 MHz at 70 mA, respectively. The lower f3 4
value for device B than for device A might be attributed to that the number of QWs is
tripled. Hence, the current density in each QW of the device B may be relatively lower
than that of the device A. In addition, the thicker resonant cavity might cause the
increase of series resistance that reduced the f3 g value. Further minimization of the
capacitance at the pn junction and adjustment of the bonding pad to reduce the parasitic

capacitance will be required.
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Figure 4.5 f3 45 frequency bandwidth for devices A and B as a function of bias current.
The current aperture for both devices A and B was 80 um in diameter.

The evolution of far field patterns under room temperature with increased bias
current of 10-50 mA was shown in Figure 4.6. For device A, the emission took place at
the angle of +£33°, and the angle became £20° when the device was biased at 50 mA.
Narrowing far field angle was undoubtedly required under the consideration of fiber
coupling efficiency. In conventional 1-A-cavity RCLEDs, while increasing bias current
could narrow the far field emission angle, the output power often rolled over at high

current level injection. By widening the resonant cavity to 3 A, we found that the angle

90



of the lobe was zero and the small divergence angle of the far field pattern remained

almost unchanged over the entire measured bias current range.

(a) Device A

1002 5% S0% 25% 0% 5% 50% 5% 100%
(Tntensity)

100% ThE 0% 259 0% 259 0% 5% 100%

Figure 4.6 Evolution of far field patterns for both devices under room temperature
operation with increased bias current of 10-50.mA. The slightly unsymmetrical patterns
could be attributed to the TO package.

4-2 Theoretical analysis

It is universally known that qualitatively theoretical analysis can provide a way to
realize the physics of the optoelectronic semiconductor devices. The numerical
simulation in this study was executed with the use of an advanced physical model of
semiconductor devices (APSYS) [14], which solved the Poisson’s equation,
three-dimensional drift diffusion and photon rate equations, and scalar wave equation
inside RCLEDs. In the optical mode model, all modes were treated as possible since
they all contribute to the non-coherent spontaneous emission power [17]. Photon

recycling effect was rigorously taken into account by accurately determinate photon
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power density. In the gain model, material gain and loss for both bulk and QW as
functions of wavelength and carrier density were computed. For the numerical
simulation, based on the kp theory, a Hamiltonian matrix of the Luttinger-Kohn type
and an envelope function approximation were used to solve the QW subband structures
[18]. Except for the unstrained bandgap energies, in order to obtain the numerical
parameters required for &-p calculations for the InGaAlP materials, a linear interpolation
among InP, GaP, and AIP was utilized in this study [19], [20]. The material parameters
of the binary semiconductors used in this study were taken from the values reported by
Vurgaftman et al. [21]. The formula for the calculation of unstrained InGaAlIP bandgap
energies were considered in accordance with the model provided by Mbaye et al. [22].
The temperature dependent bandgap energies of the relevant binary semiconductors
were calculated using the commonly employed'.Varshni formula and the Varshni
parameters were taken from Ref: 22. The conduction to valence band offset ratio was
chosen as 65:35 according to the ldtest-measurement results [23]. The spontaneous
emission rate, with the valence-band-mixing effect being taken into account, could be

expressed by [24]

2ng’E o kM, (k)T /(27)
o (E) = 2
P m2h2c3egmiL, n,mjo (Ee (k)= Egp (k) — E) +(T'/2)?
x £ (1= fim)dk, 4.1)

where g was the free electron charge, # was the reduced Planck’s constant, n was the
index of refraction, & was the free-space dielectric constant, ¢ was the speed of light, L.
was the thickness of QW, E was the photon energy, M,,,(k;) was the momentum matrix
element in the strained QW, I' = A/7 was the broadening due to intraband scattering
relaxation time 7, E., was the n™ conduction subband, Ej,, was the m™ valence subband
from the kp calculation, f» and f» were the Fermi functions for the conduction

band states and the valence band states respectively. The indices » and m denoted the
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electron states in the conduction band and the heavy hole (light hole) subband states in
the valence band. To account for the broadening due to scattering, it was assumed that 7
= 0.1 ps [25]-{27] during the calculations.

The effect of self heating has a major impact on the performance of RCLED
devices. The increased internal temperature caused by current injection limits the
maximum output power due to the increase of nonradiative carrier recombination, the
spread of gain spectrum, and the temperature-induced gain-cavity misalignment at
higher operation current. For the treatment of device heating, the thermoelectric power
and thermal current induced by temperature gradient were solved by utilizing the
methods provided by Wachutka ez al. [28]. Various heat sources, including Joule heat,
generation/recombination heat, Thomson heat and Peltier heat, were taken into account
in this specific study. The random.distribution of .alloy atoms in quaternary AlGalnP
compounds caused strong alloy- scattering of phonens, which lead to a significant
reduction in the thermal conductivity s The-thermal conductivity of quaternary alloys of
the type AB,C,D;_, could be estimated from binary values using [29]

| LY l-x—y

= + +xyCABC
K(x,y) Kup Kac Kap 4.2)

+x(1=x=y)Cypp + y(1=x=y)Cycp

with the empirical bowing parameters Cypc, C4pp, and Cycp. In our calculation, the
thermal conductivities of the binary AIP, GaP, and InP were 1.3, 0.77, and 0.68 W/Kcm,
respectively [29], [30]. The empirical bowing parameters of AlGaP, AllnP, and GalnP
were 30, 77, and 19.9 Kecm/W, respectively [29], [30].

The calculations of carrier capture and escape from the QWs are considered in
accordance with the model provided by Romero ef al. [31]. As for the parameter of
refractive index, Adachi model is employed to calculate the refractive index values of
the AlGalnP materials [32]. More description about the physical models utilized in

APSYS simulation program, which is a useful tool to access new designs or to optimize
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existing devices after calibrating with specific materials, can be found in [29], [33], [34].
During numerical simulation, the device structures, including the active regions and
DBRs were considered in accordance with the experimental device structures. Device A
(1-A cavity) and device B (3-A cavity) were numerically analyzed for investigating the
internal physical mechanism. Figure 4.7 showed the vertical profile of refractive index
and optical intensity for device A [Figure 4.7(a)] and device B [Figure 4.7(b)]. The
position of QWs was designed to be located at the peak of optical standing wave. This
design can enhance the spontaneous emission and photon recycling in

microcavity-based system [35], [36].
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Figure 4.7 Vertical profile of refractive index and optical intensity for (a) device A and
(b) device B.

The simulation results of temperature dependent L-I characteristics of devices A

and B were shown in Figure 4.8. It was clearly seen that the results obtained
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numerically were approximately fit in with the experiments, and the same tendency that
device B provided a relatively temperature-insensitive L-I characteristics was obtained.
For the design of device B, the positions of the twenty one pairs of QWs were separated
into three parts, and each period of QWs were also individually located at the peak of
the optical standing wave. Basically, a good overlap between the optical standing wave
and the position of QWs could provide a better emission output performance. However,
it could not be prevented that an external optical loss occurred when device B was
biased at low input current. Because the distribution of electrons and holes in the special
QW regions was inhomogeneous, the QWs that did not contribute spontaneous emission
might absorb photons. Thus, the output power in device B could not be comparable to
device A. The optimal design of position and number of QWs in the 3-A cavity might be
important for obtaining better temperature dependent L-I characteristics and large

output power.
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Figure 4.8 Numerical results of temperature dependent L-I characteristics of devices A
and B.
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Figure 4.9 Vertical electron current distribution at 70-mA injection current within the
activeregions-of-deviees A and B.

To further investigated the effects of electronic leakage current on RCLED
performance, the vertical electron current distributions at 70 mA injection current
within the active regions of devices A and B were plotted in Figure 4.9. The positions of
QWs are marked with gray areas. The left-hand side of the figure was the n-side of the
device. The electron current was injected from n-type layers into quantum wells and
recombined with holes in quantum wells; therefore, the electron current density was
reduced in the quantum wells closed to the right-side (p-side) of the figure. Electron
current which overflows through quantum wells was viewed as leakage current, while in
this study, the percentage of electronic leakage current was defined as the ratio of
electronic leakage current to the total current pouring into the QW active region. For

InGaAlP materials, since the limited barrier height in the InGaP/InGaAlP quantum-well
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structures and larger thermal resistivity due to the large mass difference between
gallium and indium, the electronic leakage current was more due to the poor electron
confinement and the serious self-heating effect. For device A, as indicated in Figure
4.9(a), the electronic leakage current was observed more when compared to device B.
Less electronic leakage current was found in device B, and we supposed that it was as a
result of tripling the QW numbers to be twenty one pairs. Increasing more QWs in the
resonant cavity was found to beneficially reduce the electronic leakage current.

Figure 4.10 depicted the percentage of electronic leakage current as a function of
the bias current in devices A and B when the device temperatures were 25 and 95 °C,
respectively. When the devices were at an input current range of 0-75 mA, the
percentage of electron leakage current of device A was about twice larger than that of
device B. As the device temperature was increased to 95 °C, the electronic leakage
current in device A became more Serious with-increased bias current. In the mean time,
it was noteworthy that the percentage of-electronic leakage current in device B was
apparently reduced. Therefore, the temperature: dependent L-I characteristics in device

B showed more stable.
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Figure 4.10 Percentage of electronic leakage current as a function of the bias
current in devices A and B when the device temperatures were 25 and 95 °C.
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4-3  Summary

In summary, we have fabricated visible InGaP/InGaAIP RCLEDs with low
temperature sensitivity of the output performance. By widening the resonant cavity to 3
A, the degree of power variation was apparently reduced to -0.6 dB, and the nex value
dropped only 14.1% when the device was biased at 20 mA with elevated temperature
from 25 to 95 °C. The current dependent far field patterns also showed that the emission
of the 3-A RCLEDs always took place perfectly in the normal direction. The results
indicate the 3-A RCLEDs can provide stable output characteristics and are suitable for
data communication applications. The results obtained numerically also suggested that
the temperature insensitive light output characteristics of the 3-A RCLED was due to the

reduced electronic leakage current by tripling the QW numbers.
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Chapter 5 850-nm InAlGaAs/AlGaAs VCSEL

Vertical-cavity surface-emitting lasers with 850 nm emission had become standard
in local area interconnects and free-space optical communications. The advantages,
including relatively low threshold current, low divergent angle, and circular beam,
which lead to simpler packaging, of these surface emission devices had been found to
provide the low-cost short-distance data links [1]-[4]. To emit at 850 nm, the choice of
the active region grown on GaAs substrate had been conscious of the materials
including (In)GaAs/AlGaAs [5], [6], InAlGaAs/AlGaAs [7]-[9], and InGaAsP/InGaP
[10], [11]. The incorporation of In into GaAs QWs had been demonstrated to provide
compressive strain, which in turn resulted in lower threshold current and higher
modulation speed [12], [13]. Previous!researchalso showed that the InGaAsP, which
was used during most of the initial development of:long wavelength VCSELSs, could
provide comparable laser performance [5];[14]-[16].

It is well known that low transparency curreént achievable with strained QWs is
required for providing low threshold current in a semiconductor laser. For laser devices
with an emission wavelength of 850 nm, the incorporation of Al into InGaAs QWs with
higher In composition can possess a desired strain level that beneficially reduces the
threshold current densities of the devices [17], [18]. However, qualitative analysis of
varying Al and In contents in approximately 850 nm InAlGaAs QWs is rarely reported
in literature. In this study, we first theoretically study the gain-carrier characteristics of
InGaAs and InAlGaAs QWs with variant In and Al compositions in order to investigate
the In and Al compositional effect in InAlGaAs QWs. Then, an InAlGaAs QW is
prepared by low-pressure MOCVD (VEECO D180), and the optical properties are
studied by temperature dependent PL. The device characteristics of 850-nm

InAlGaAs/AlGaAs VCSELs are then investigated. To improve the high temperature
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performance, we propose to incorporate a high-bandgap 10-nm-thick Aly75GagasAs
electronic blocking layer into the InAlGaAs/AlGaAs VCSELs for the first time. The
threshold current and slope efficiency of the devices with a high-bandgap 10-nm-thick
Alp75GagasAs electronic blocking layer are found to be less sensitive to the substrate

temperature, and the output performance is enhanced in the mean time.

5-1 Theoretical analysis on InAlGaAs QWs

All the well widths of InGaAs and InAlGaAs QWs are designed to be 7 nm.
Numerical parameters, required for k-p theory, used in this calculation are taken from
Ref. [19]. The energy bandgaps of binary InAs, AlAs, GaAs alloys at room temperature
are 0.354 eV, 3.004 eV, 1.423 eV, respectively, and the temperature dependent energy
bandgaps are governed by Varshini-equation. Specifically, the temperature dependent

energy bandgaps of the binary alloys.are calculated.by-following expressions:

0.276 x1073 . ?

E, (Inds) = 0417 - === (55 (5.1)
-3 Ne
Eg(AlAs)=3.099—O'885T X15030 oLy (5.2)
+
-3.72
Eg(GaAs):1.519—0'54(fX;g4 . (5.3)
+

For the energy bandgaps of ternary GalnAs, AllnAs and GaAlAs, and quaternary
InAlGaAs alloys, the interpolation formulae are adapted from the composition

dependent properties [20]:

xyE, (GadlAs) + yzE,(IndlAs) + xzE; (InGaAs)

E,(InGaAlAs) = e—— , (5.4)
E(GadlAs) = uE, (AlAs)+ (1~ u)E, (Gads) —u(1-u) B(GaAlAs), (5.5)
E}(InAl4s) = VE,(InAs)+(1-v)E (AlAs) - v(1-v)B(InAlAs), (5.6)
E(InGaAs) = wE, (In4s)+(1-w)E, (GaAs) - w(l- w)B(InGaAs), (5.7)
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where x, y, and z = 1-x—y represented the compositions of Ga, Al, and In in the
InAlGaAs material system respectively. The bandgap bowing parameters of AlGaAs,
InAlAs, and InGaAs were —0.127+1.310y, 0.70, and 0.477 eV, respectively. The
temperature dependent bandgap energies of the binary semiconductors were calculated
using the Varshni formula. The conduction band offset for the compressively strained
InAlGaAs/AlGaAs QW was assumed to be 67% of the total band offset [21].

During the simulations, the VCSEL devices were built up layer by layer except for
the stepped Aly15GaggsAs/Alyg9Gag1As DBRs which were assumed to be a bulk layer
having an averaged Al content with the same thickness under simulation efficiency
concern. It was convenient and might not influence the qualitative simulation results in
this study because we specifically-focused on the catrier blocking effect on the VCSEL
devices by employing a high bandgap layer on the p-side of the QW active region.

For the InGaAs QWs and InAlGaAs QWs-with variant In and Al compositions, the
gain spectra and optical gain as a functionof carrier density were calculated using the
k-p theory with valence band mixing effects. For a fixed QW emission wavelength of
838 nm, the In composition in InGaAs QW is theoretically determined to be 2%, and a
series design of InAlGaAs QWs with various In and Al compositions of (In, Al)=(8.5%,
4%), (15%, 8%), (21%, 12%), and (27%, 16%) are performed with unchanged
Alp3Gap7As  barriers. The induced compressive strains in  InggyGagosAs,
Ing 0ssAlo.04Gag s75As, Ing.1sAlo0sGag77As, IngaiAlp12GagerAs, and IngarAlp16Gags7As
QWs are 0.143%, 0.611%, 1.053%, 1.498%, and 1.918%, respectively. The material
gain available from a QW can be affected by a number of factors that need to be taken
into account. It is well known that the QWs have to be designed with a low density of

states and a closely matched density of states in the valence and conduction bands
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[22]-[24]. However, a low density of states will cause the rapid rising of Fermi level
with increased temperature; that is, more carriers may escape from the QW at elevated
temperatures. Therefore, a large conduction band offset is required to secure the carrier
confinement. Figure 5-1 shows the calculated material gains of the Ing¢2GagosAs and
InAlGaAs QWs with Aly3Gag;As barrier at 25 °C when the input carrier concentration
is 6x10'® cm™. The InAlGaAs QWs with variant Al compositions of 4%, 8%, 12%, and
16% are calculated and compared with the Ing0,GagosAs QW. In the calculation of the
radiative currents, the thickness of the AlGaAs barriers is assumed to be three times that
of the QWs. Moreover, the material of the barriers is Aly3Gag;As throughout the
numerical analysis. It is found that the InAlGaAs QWs can provide higher material gain
than the Ing 0,GagosAs QW. It is also noteworthy that the material gain of the InAlGaAs
QWs can be enhanced when the Al composition‘in InAlGaAs QW is increased. The

material gain tends to saturate when.the Al composition in InAlGaAs QW is higher than

8%.
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Figure 5.1 Calculated material gains of the Ing0,Gag9sAs and InAlGaAs QWs with
Alp3Gag 7As barrier at 25 °C when the input carrier concentration is 6x 10" cm™. The

material gain tends to saturate when the Al composition in InAlGaAs QW is higher than
8%.

Figure 5.2 shows the peak material gain as a function of (a) carrier concentration

and (b) radiative current density of the Ing¢yGaposAs and InAlGaAs QWs with
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Alp3Gag7As barrier at 25 °C. The radiative current density is obtained from the integral
of spontaneous emission spectrum and the thickness of QW [25], [26]. Both the
transparencies of carrier concentration and radiative current density of the InAlGaAs
QWs are lower than those of the Ingg,GagosAs QW. The transparency carrier
concentration depends primarily on the band curvatures, which is sensitive to the
effective masses and the amount of strain. When the Al composition in InAlGaAs QW
increases with increased In composition, the transparency carrier concentration
decreases. Numerical results indicate that the density of states and the effective mass
decrease with increased Al composition in InAlGaAs QW. The decrement in

transparency carrier concentration is less apparent when the Al composition is higher

than 8%.
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Figure 5.2 Peak material gain as a function of (a) carrier concentration and (b) radiative
current density of the Ing0,Gag9sAs and InAlGaAs QWs with Aly3Gag7As barrier at
room temperature.

Figure 5.3 shows the curves of valence band for the Ing,GagosAs and InAlGaAs
QWs with variant In and Al compositions at room temperature. The y axis of the figures

represents the valence band QW potential. It is found that there are four confined hole

levels in the InAlGaAs QWs, and the Ing¢>Gagg9sAs QW has another confined hole level
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(LH;) in addition to the four HH;, HH,, LH;, and HH3 confined levels. The number of
confined hole levels may be influenced by the amount of strain in QWs and the
effective masses of electrons and holes. With the increase of In and Al compositions in
InAlGaAs QW, the amount of strain in QWs increases, and the effective mass of holes
decreases. The reduction of the density of states in the valence band is desirous because

low transparency carrier concentration can be achieved.
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Figure 5.3 Curves of valence band for the IngpGagosAs and InAlGaAs QWs with
variant In and Al compositions at 25 °C. The y axis of the figures represents the valence
band QW potential.

When the QW is at a temperature of 95 °C, the spectra of material gain, and the
peak material gain as a function of carrier concentration and radiative current density of
the Ing2GagosAs and InAlGaAs QWs with Aly3Gag7As barrier are shown in Figures
5.4, and 5.5, respectively. The InAlGaAs QW with more In and Al compositions is also
found to provide higher material gain, and the gain tends to saturate when the Al
composition is higher than 12%. The red shift of the peak emission wavelength is 0.25
nm/K, which is approximately the same for all Ing¢,GagogAs and InAlGaAs QWs. The
decrement of the peak material gain with increased temperature from 25 to 95 °C in
Ing02GagosAs and InAlGaAs QWs is also approximately the same when the input

. . . 18 -3 . g . .
carrier concentration remains unchanged at 610" cm . As indicated in Fig. 5, lower
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transparency carrier concentration and radiative current density are observed when the
In and Al compositions in InAlGaAs QW increase. Due to the relatively incremental
compressive strain, higher differential gain is also obtained over the temperature range
under study. In this study, it is prognosticated that the transparency carrier concentration
of the Ing0,GagosAs QW is increased by approximately 26.8% as temperature increases
from 25 to 95 °C. For InAlGaAs QWs, the transparency carrier concentrations are
increased by 26.3% (Al=4%), 25.2% (Al=8%), 23.8% (Al=12%), and 21.7% (Al=16%)
as temperature increases from 25 to 95 °C, which are smaller than those of the
Ing.02GagosAs QWs because more compressive strain in QW can reduce the
transparency carrier concentration and the relatively large conduction band offset,
which is increased with the increase of In and Al compositions in InAlGaAs QW, can
prevent carriers from escaping from the QW. In addition, the increase of transparency
carrier concentration with increased temperature. is: attributed to the increment of
nonradiative recombination and the poor electron confinement; namely, large amount of
electrons can pile up from the QW+and overflow without attributing to the radiative

recombination, when the temperature is high.
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Figure 5.4 Calculated spectra of material gains of the Ing 0,Gag9sAs and InAlGaAs QWs

with Aly3Gag7As barrier at 95 °C when the input carrier concentration is 6x 10" em™.
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Figure 5.5 Peak material gain as a function of (a) carrier concentration and (b) radiative
current density of the Ing0,Gag9sAs and InAlGaAs QWs with Aly3Gag;As barrier at 95
°C.

5-2 Optical properties of fabricated QWSs. and device fabrication

After investigating the numerical gain-catrier characteristics of the Ing2GagosAs
and InAlGaAs QWs, the next step. is'to fabrrcate the'850-nm VCSELs. The numerical
results suggest that the InAlGaAs ‘QWs. with ‘Al composition higher than 8% can
provide better gain-carrier characteristics. However, although crystal quality concerns
cannot be taken into account in numerical calculations, it is noteworthy that increase of
In and Al concentrations will result in a larger amount of strain in InAlGaAs QW and a
higher strain level in QW may have crystal quality concerns. Thus, the In and Al
concentrations in InAlGaAs QWs cannot be too high. In fact, degradation in higher Al
content QW PL has been experimentally observed. Therefore, the
Ing 15Alp0sGag77As/Aly 3Gag7As with a compressive strain of 1.053% is chosen and
grown to form the QW active region of the 850-nm VCSEL. The temperature dependent
PL of the Ing15Alp08Gag 77As triple-QW structure is shown in Figure 5.6. The QW was
grown by low pressure MOCVD on GaAs (100) substrate with group-V precursors of

arsine (AsHj). Trimethyl (TM-) sources of aluminum (Al), gallium (Ga), and indium
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(In) were used for group-III precursors. The thickness of QW is 7 nm, which is identical
to that used in numerical calculation. The thickness and Al composition of barriers are 8
nm and 0.3, respectively. The growth rate is about 0.75 nm/s and the growth
temperature is 720 °C. The composition in QW is characterized by the rocking curve of
high-resolution x-ray diffraction. Temperature dependent PL. measurement is performed
by a 325-nm He-Cd laser with 20 mW output over a temperature range of 17-300 K.
The laser power is 20 mW and the spot size is about 100 um in diameter. Luminescence
is analyzed by a 320-mm grating monochromator and detected by a charge couple

detector.
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Figure 5.6 Temperature dependent PL peak emission wavelength of the
Ing 15Alp.0sGag 77As triple-QW structure. The inset is the optical spectrum obtained at
300 K.

In Figure 5.6, the dots represent the peak emission wavelength obtained from PL
measurement, and the curve represents the numerical spontaneous emission rate of the
Ing.15Alo0sGag77As/Aly3Gag7As QW that i1s obtained when the input -carrier
concentration is 510" c¢m™, which is calculated based on the excited power density
and laser spot size. The peak emission wavelength at 300 K is 838 nm, and the FWHM
is 13.5 nm, which is comparable to the (In)GaAs/AlGaAs material systems. When the
temperature decreases to 20 K, the peak emission wavelength shifts to 793 nm with a

FWHM of 6.6 nm. Figure 5.7 shows the normalized integrated PL intensity plotted as a
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function of reciprocal temperature for the Ing;sAlgosGag77As triple-QW structure.
Fitting our data to the classical Arrhenius law, I=Iy/{1+cexp(—E./KT)}, according to the
thermal carrier transfer mechanism, the activation energy (£,) of the Ing 5Aly0sGag 77As

QW is determined to be 39.8 meV.
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Figure 5.7 Normalized integrated PL-intensity, plotted as a function of reciprocal
temperature for the Ing 1sAlpsGag77AS triple-QW structure.

As investigated in the numerical discussion, it is observed that the InAlGaAs QWs
can provide a lower transparency carrier concentration and a higher differential gain.
The transparency carrier concentration of the InAlGaAs QWs increased with elevated
temperature up to 95 °C is also less sensitive than the Ingo,GagosAs QW. However,
more than 20% increment of the transparency carrier concentration is too high to be
ignored for the InAlGaAs QWs. Therefore, methods for reduction of temperature
sensitivity need to be sought. To reduce the electronic leakage current and the
temperature sensitivity of semiconductor lasers, a high bandgap layer is regularly
embedded into the active region before the growth of p-type layers [27]-[29]. In this
paper, we propose to employ an AlGaAs electronic blocking layer to improve the high

temperature performance for the 850-nm VCSELSs under study.

A schematic plot of the VCSEL devices with and without a high bandgap electron

blocking layer is shown in Figure 5.8. The devices were assumed to be on the GaAs
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substrate with a 0.5-um-thick GaAs buffer layer having an n-doping level of 1x10'®
cm”. The bottom and top DBRs were consisted of 39 pairs and 21 pairs
Alp.15Gag gsAs/Aly9Gag As, which had 99.93% and 99.73% reflectivity, respectively.
The active region, which was surrounded by one-wavelength-cavity AlpsGagsAs
claddings, was formed by three 7-nm-thick Ing;sAlposGag77As QWs and four
8-nm-thick Aly3GagsAs barriers. A 30-nm-thick Aly97Gago3As was introduced on the
upper cavity spacer layer to form an oxide confinement. A one-wavelength-thick
Alp15GaggsAs current-spreading layer (p=5X1018 cm‘3) and a heavily doped GaAs
(p=2x10" cm™) contact layer were ultimately put to complete the structure. Three
VCSEL devices A, B, and C were presented and compared in this study, in which
device A was in a conventional design, without containing a high bandgap electron
blocking layer on the p-side of QW active region. Both devices B and C were designed
to have an electron blocking layer,.in which the material was chosen as AlGaAs with
higher Al content because of its-natural lattice.match to GaAs. The electron blocking
layers in devices B and C were 10-nm-thick Aly75GagosAs and 13-nm-thick
AlpoGay 1As. For all three devices, the detuning between the QW spontaneous emission
and the cavity was 12 nm, where the dip of Fabry-Pérot was 850 nm. The oxide aperture
for the three devices was 7 um in diameter.

The fabrication process began from depositing a 1.3-pm-thick SiNy layer, which
acted as a hard mask in the following process, onto the wafer by plasma enhanced
chemical vapor deposition (PECVD) at 300 °C. Standard photolithography and reactive
ion etching (RIE) using SF¢ with a flow rate of 20 sccm as etching gas were then
performed to define etching pattern on the hard mask. Trench mesa etching by CI, with
a flow rate of 2 sccm and Ar plasma were performed to transfer the mask pattern onto
the wafer. The etching depth was cautiously controlled to penetrate the active region,

and the 30-nm-thick Alp¢7Gago3As aperture layer was exposed for selective oxidation in
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400 °C stream environment. The mesa diameter was 22 um and the oxide aperture was
7 um. After oxidation, the residual dielectric was removed, and a second 150-nm-thick
Si0, by PECVD was deposited for passivation, followed by a partially etched process
for contact window. Ti (30 nm)/Pt (50 nm)/Au (200 nm) were deposited onto the
heavily p-doped GaAs contact layer for p-contact, and AuGe (50 nm)/Ni (20 nm)/Au
(350 nm) were deposited for n-contact.
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Figure 5.8 A schematic plot of the:VCSEL devices with and with a high bandgap
electron blocking layer.

5-3 Fabricated device characteristics

For each design of the fabricated VCSELSs, nine devices were randomly selected to
measure the output characteristics, and the discrepancy of the nine devices for each
design was negligibly small. Figure 5.9 shows the RT L-I-V characteristic of the
fabricated VCSELs for devices A, B, and C. The oxide aperture for all the three devices
was 7 pm in diameter, and was determined from a series of calibration samples having
similar structure design. In device A, a threshold current of 1.47 mA with a slope
efficiency of 0.37 mW/mA, and a threshold voltage of 1.85 V were obtained. The L-I
curve started to roll over at about 2.8 mW as a result of internal heating effect. In device

B, the laser output performance was found to be improved by inserting a 10-nm-thick
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high bandgap Aly75Gag2sAs electron blocking layer, as indicated in the simulations. The
threshold current of device B was reduced to 1.33 mA with a slope efficiency of 0.53
mW/mA, while a maximum power of 4.7 mW was achieved. However, it was found in
device C that the threshold current increased to 1.87 mA and the slope efficiency
became 0.26 mW/mA when a 13-nm-thick Aly9Gay;As layer was substituted as the
high bandgap electron blocking layer. The decreased output performance might be
attributed to the higher resistance during the device process and the small distance
between the AlpoGag1As electron blocking layer and QWs that degraded the crystal
quality during oxidation process. The increase of threshold current in device C might
also be partially due to the difficulty of hole injection into QWs from numerical
simulation analysis. The discrepancy of the slope efficiencies between theory and
experiment may be attributed to the fact that the thermal behavior of a VCSEL is

difficult to characterize in theoretical calculation.
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Figure 5.9 RT L-I-V characteristic of the fabricated VCSELSs for devices A, B, and C
with an oxide aperture of 7 um.

Figure 5.10 shows the experimental temperature dependent variation of threshold

current and slope efficiency of devices A, B, and C. As compared with the standard
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design of device A, device B showed a less temperature sensitive output performance,
where the amount of increase in threshold current at an elevated temperature of 95 °C
was only 0.27 mA and the slope efficiency dropped by only 24.5%. The threshold
current of device A increased to 2.17 mA with a slope efficiency reduction of 32%
when the substrate temperature was 95 °C. For device C, the increase of threshold
current was from 1.85 to 2.01 mA with a slope efficiency reduction of 43% when the

substrate temperature increased from 25 to 95 °C.
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Figure 5.10 Experimental temperature dependent variation of threshold current and
slope efficiency of devices A, B, and C.
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Figure 5.11 RT relative intensity noise (RIN) value of the three devices in a bias current
range of 2—5 mA.

The measured RIN value of the devices was shown in Figure 5.11, where the solid

lines are the fitting curves in accordance with the RIN transfer function:

RN =2y, LD (5.9)
TS 2m)?

where f. represents the resonant frequency, and r is the damping rate. The RIN
illustrated the maximum available amplitude range for signal modulation and served as

a quality indicator of a laser. The value of RIN could be thought as a type of inverse
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carrier-to-noise-ratio measurement, and could be defined as the ratio of the mean-square
optical intensity noise to the square of the average optical power. The RIN values of the
three devices were obtained in a bias current range of 2—5 mA. As the bias current
increased, the peak RIN frequency responses of the three devices increased respectively,
and a frequency response of 8.5 GHz for device A, 8.9 GHz for device B, and 8.7 GHz
for device C was obtained when the bias current was 5 mA. The results also suggest that
the insertion of an electron blocking layer to reduce the electronic leakage current and

improve the light output performance does not deteriorate the frequency response.

5-4 Theoretical analysis on devices’ characteristics

The room temperature light output and voltage versus current (L-I-V)
characteristics of the devices A, B, and C studied in.simulation are shown in Figure 5.12.
It was found theoretically that the threshold current was slightly reduced and the laser
output power at high current injection,région-was enhanced by inserting a 10-nm-thick
Alp75GagosAs electron blocking layeér indevice B."However, when the electron blocking
layer was substituted to be a thicker (13 nm) and higher Al content AlpoGayg;As layer,
the threshold current in device C was increased in the opposite way. Nevertheless, the
slope efficiency and the maximum output power at roll over point in device C were
improved. The decreased threshold current in device B should be attributed to the
increase of optical confinement factor value, and hence enhancing the radiative and
stimulated recombination in the QWs. The values of optical confinement factor for
devices A, B, and C were 2.812%, 2.853%, and 2.869%, respectively. For device C,
even the value of optical confinement factor was the highest among the three devices,
the holes in the valence band would meet a higher and thicker barrier when injecting

into QWs because of the higher Al content and thicker electron blocking layer.
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Figure 5.12 Simulation results of the RT light output and voltage versus current
characteristics of devices A, B, and C. The electron blocking layers for devices B and C
are 10-nm-thick Aly75GagzsAs and 13-nm-thick Aly9GagAs, respectively.
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Figure 5.13 Expanded energy band diagram near the QW active region of device C. The
diagram was obtained at RT with an applied voltage of 2.1 V.

To further explain the difficulty of holes injection into QWs when using a
13-nm-thick AlyoGagAs as electron blocking layer in device C, the expanded energy
band diagram near the QW active region is shown in Figure 5.13. The diagram was
obtained at RT with an applied voltage of 2.1 V (10 mA). The left-hand side of the

diagram was the n-side of the VCSEL device, and the dashed lines represented the

118



quasi-Fermi levels. It was shown that the high bandgap Aly9Gay;As layer was on the
p-side of the QW active region. And, because the electrons have higher mobility than
the holes, the AlyoGag1As layer can act as an electron blocking layer to prevent electron
leakage and hence improve the laser performance at high current injection. However,
the increased barrier height in the valence band would result in the difficulty of hole
injection into QWs when the device was at lower current injection and therefore
increasing the threshold current.

Next, the electron leakage current as functions of input current and device
temperature was discussed. In this study, the percentage of electron leakage current was
defined as the ratio of the current overflowed to the p-type layer to that injected into the
devices. As an example of device A, the percentage of electron leakage current as a
function of input current when the’device temperature was in a range of 25-95 °C is
indicated in Figure 5.14. More percentage of electron: leakage current was found when
the input current was increased, and the percentage of-electron leakage current increased
rapidly when the device temperature increased: It is reasonable because the electrons
will have higher kinetic energy and the probability of electrons overflowing away from
the QWs is increased when the device temperature increases. The percentage of electron
leakage current as a function of device temperature for devices A, B, and C is shown in
Figure 5.15. The total input current for all three devices was 10 mA and the device
temperature under discussion was in a range of 25-95 °C. We found that the percentage
of electron leakage current could be apparently reduced using a high bandgap AlGaAs
layer. Therefore, as depicted from the simulation results, the laser output performance
of 850-nm VCSEL can be improved by inserting a high bandgap electron blocking layer
to reduce electron leakage current. Especially, a 10-nm-thick Al75Gag2sAs may be
appropriate because of the reduced threshold current and better laser output

performance under high temperature operation.
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Figure 5.14 Percentage of electron leakage current as a function of input current in
device A when the device temperature was in a range of 25-95 °C.
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Figure 5.15 Percentage of electron leakage current as a function of device temperature
for devices A, B, and C. The curves were obtained when the devices were biased at 10
mA.

5-5 Summary

In summary, the gain-carrier characteristics of the Ing,GagosAs and InAlGaAs
QWs with 838 nm emission are theoretically investigated. The numerical results suggest
that the incorporation of Al into InGaAs QW is found to provide higher material gain,

lower transparency carrier concentration and radiative current density due to the
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increment of the amount of strain and the reduced density of states. The optical
properties of Ing 15Alp 0sGag77As QW are also investigated by temperature dependent PL.
The carrier blocking effect on the output performance of 850-nm InAlGaAs/AlGaAs
VCSELs are also experimentally and theoretically investigated. With the use of a
high-bandgap 10-nm-thick Al 75Gag2sAs layer in the Ing;5Alg0sGag77As/Alg3Gag7As
QW active region, the high temperature characteristics and the output performance are
found experimentally improved. The results obtained theoretically also approved that
the improvement in output performance is due to the reduction of the electron leakage
current. Small-signal frequency response shows that these VCSELs can provide a

modulation bandwidth of approximately 9.2 GHz.
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Chapter 6  1.3-um InGaAsN/GaAsN EEL

Recent progress of the semiconductor lasers with emission wavelength of 1.3 pm
for optical communication system has focused on using InGaAsN/GaAsN materials as
quantum well active region. Laser performances of InGaAsN/GaAsN EELs have been
found comparable to or superior to some of the best published results based on the
conventional InP technology [1]—[11]. High-temperature operation has been anticipated
in these material systems due to better electron and hole confinement by increased band
offsets and a more favorable band-offset ratio. Previous research showed that for pulse
operation of InGaAsN lasers, the characteristic temperature coefficient Ty value of
exceeding 200 K was demonstrated [12]—[14]; while for continue-wave operation, the
Ty of 70-110 K was also achieved.[15]=[19]. Unfortunately, based on the predicted
theoretical calculation of the maximal Ty value in InGaAsN laser structures, these high
performance InGaAsN lasers showed only‘a slight improvement in Ty values over those
achievable by the conventional InP technology. Fehse et al. found that the unexpected
low Ty value of InGaAsN lasers was attributed to the existence of large Auger
recombination [20]. The difficulty of nitrogen atoms incorporating into InGaAs alloys,
which lead to poor crystal quality, and the hole leakage problem [21] might be the key
issues that resulted in the unexpected low Ty value of InGaAsN lasers.

To achieve a more favorable T( value and a better output performance of InGaAsN
lasers, there had been several works investigating the InGaAsN lasers with
strain-compensated GaAsN as direct barriers. Even GaAsN is a smaller band gap
material system, using GaAsN barrier instead of GaAs barrier could reduce nitrogen
outdiffusion from the well and balancing the highly compressive strain in InGaAsN QW
[22]. The same phenomenon had also numerically obtained by Fan et a/ [12]. However,

adding more nitrogen atoms into barrier may decrease barrier potential and the carrier
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leakage problem follows at high device temperature, even though longer wavelength
emission can be obtained. This problem was solved by Tansu et al., who utilized
tensile-strain GaAsssPo s layers on both sides of the InGaAsN/GaAs active region to
reduce the strain in QWs for achieving better crystal quality that in turn improved the
laser performances [15], [16], [21]. Nevertheless, it could be though in the physical
band alignment that the high bandgap GaAs(ssPo 15 layer on the n-side InGaAsN/GaAs
active region may obstruct electrons pouring into the active region, while the
GaAs 5P 15 layer on the p-side active region can blocking electrons overflowing to the
p-side layers.

To obtain a more favorable characteristic temperature coefficient Ty in 1.3-um
InGaAsN/GaAsN lasers, in this chapter, we first investigate the material gain properties
of InGaAsN/GaAs; xNx QW lasers.with various-GaAs; N strain compensated barriers
(x=0%, 0.5%, 1%, and 2%). It is=shown that, 1n-addition to the crystal quality concern of
InGaAsN QWs during crystal growth, the-nitrogen composition of GaAs; Ny strain
compensated barrier also plays an important role in the confinement of carriers. Next, to
better confine carriers in the InGaAsN/GaAsN active region, a high bandgap
15-nm-thick GaAs 9Py is proposed to be inserted into the active region before the
growth of p-type layers of the conventional structure. The demonstrated laser
characteristics and a theoretical analysis are given in the mean time. Specifically, the

phenomenon of electronic leakage current is investigated.

6-1 Method and numerical parameters

Based on the k- p theory with valence band mixing effect, a 6x6 Hamiltonian of
the Luttinger-Kohn type matrix and an envelope function approximation were used to
solve the InGaAsN/GaAsN QW subband structures. Detail illustrations could be found

in Chapter 2. For this specific simulation, the ratio of conduction band to valence band
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offset in InGaAsN/GaAsN band alignment was estimated to 0.7/0.3 [23]. The bandgap
energy of InGaAsN material at room temperature was governed by the following

bilinear terms with two bowing terms:

Eq(terml)=x-y - Eq gous +X-(1=3) - Eq Gan (6.1)
Eg(termZ) = (l_x)'y'Eg,InAs +(1_x)'(l_y)'Eg,1nN (62)
Eq(bowing)=x-b_GaAsN-y-(1-y)+y-b_InGads-x-(1—x) (6.3)

where x and y denoted the gallium and arsenide compositions in InGaAsN alloy, and the
bandgap energies of GaAs, InAs, GaN and InN were 1.424, 0.355, 3.42 and 0.77 [24]
eV. The bowing parameters for GaAsN and InGaAs ternary alloys were -18 [25] and

-0.6 eV. The temperature dependent bandgap energy was as follows:

T? 3002

E,(T)=-5.5x10"% [ 5
T+225 300% 225

15 (6.4)

where E,(T) was the bandgap energy of InGaAsN alloy at temperature 7. Therefore, the

temperature dependent bandgap energy of InGaAsN alloy was:

E,(InGaAsN) = E, (terml) + E, (term2) +'E, (bowing) + E,(T) (6.5)

The effective mass of electrons used in simulation was as follow:

me(terml) =X Y M Gads +x'(1_y)'me,GaN (66)
me (te}"m2) = (1 - ‘x) : y : me,]nAs + (1 - X) : (1 - y) ' me,InN (67)
m,(InGaAsN ) = m,(terml) + m,(term?2) (6.8)

where the effective mass of electrons in GaAs, InAs, GaN and InN were 0.064xmy,
0.023xmyg, 0.2xmqy and 0.11xm respectively. The effective masses of light holes (LH)
and heavy-holes (HH) were governed by the same form in Eq. (6), and the effective
masses of light holes and heavy holes for GaAs were 0.09xm and 0.377xmy, 0.027xmy
and 0.263xmy for InAs, 0.9767xmy and 1.3758 for GaN, and 0.5133xmq and 1.5948xmy

for InN respectively. The Auger coefficients for InGaAsP and InGaAsN were 3.5x10™*
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and 1.5x10™*" m%/s. Other material-dependent parameters were taken from the default

database values given in the material macro file [26].

6-2 Optical gain properties of InGaAsN QW with GaAsN barriers

Temperature effects on the optical gain properties of Ing4GagAsoossNooi4 and
Ing sGag2As0.60P031 QW materials were studied in the first instance. For the purpose of
obtaining an emission wavelength of 1.3 um, the nitrogen composition in InGaAsN QW
was assumed 1.4% with an indium composition in InGaAsN QW of 40%. The
calculated material gain of room-temperature Ing4GagsAsoossNooia  and
Ing sGap2As0.69P031 QW materials at an input carrier concentration of 2x10" em™ was
shown Figure 6.1. The barrier materials used under this study for Ing4GagcAso.9s6No.014
and InggGagrAsoePoszi QWs were GaAs; Ny with x=0%, 0.5%, 1%, 2% and
IngoGag 1Asp24P076 [27]. It was found that dng4GagcAsoossNooia/GaAs; (N (x=0%,
0.5%, 1%, 2%) materials have highér maximuimn material gain than that of InGaAsP
material. The highest maximum material gain’ was obtained when x=0%, i.e. GaAs
barrier, and the maximum material gain was found to be red shift from 1.3 to 1.34 um
by increasing x value from 0% to 2% in GaAs; Ny barrier. In addition, the maximum
material gain decreased rapidly with increasing x value in GaAs;.x\N barrier, which was
suggested as a result of the decreased conduction band carrier confinement potential.
Nevertheless, the maximum material gain of Ing4Gag sASo.986No.014/GaAs; Ny was twice
approximately higher than that of InggGag,As0e9Po31/In90Gag 1AS024P076 When the
input carrier concentration was 2x10" cm™.

The maximum material gain of using GaAs; xNx barriers with x=0%, 0.5%, 1% and
2% as a function of temperature were shown in Figure 6.2. With increasing temperature,

an almost linearly drop of maximum material gain was found. A red shift of the

maximum material gain with x=0% from 1.3 to 1.35 um and the decrease of the
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maximum material gain value from 2443 to 1575 cm™, which was due to the wider
spreading of the Fermi distribution of carriers and stronger Auger recombination losses,
were numerically obtained when the temperature increased from 300 to 370 K.
Manifestly, the severe decrease of the maximum material gain value caused by the
linear increase of x value indicated that increasing nitrogen composition in GaAsN
barrier might procure the poor laser performance as a result of the relatively low

material gain.
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Figure 6.1 Calculated material gain“of room-temperature Iny 4Gag 6Aso.936No.014 and
Ing 3Gap2As0.69P031 QWS when the input catrier concentration is 2% 10" cm™.
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Figure 6.2 Maximum material gain of using GaAs; 4Ny barriers with x=0%, 0.5%, 1%
and 2% as a function of temperature.

Figure 6.3 showed the transparency carrier concentration as a function of
temperature when using GaAs; 4Ny barriers with x=0%, 0.5%, 1% and 2%. A trend of

the increased material gain with increased input carrier concentration was found. As

129



well, the  room-temperature  transparency  carrier  concentrations  of
Ing 4Gag 6ASo 986N 014/GaAs| Ny materials were lower than that of
Ing sGag.2As0.60P0.31/Ino.9Gag 1 Aso24Po 76 material, 1.35%10'® cm™. The differential gains
of Ing4GageAspossNoo14/GaAs; xNy materials were also higher than that of
Ing sGag 2AS0 69P0 31/Ing 0Gag 1AS0.24P0 76 material due to the fact that
Ing 4Gap 6Asoos6No.014/GaAs xNx based material had relatively high conduction band
offset and more electrons could be confined in the active region effectively. The
transparency carrier concentrations at room temperature of using GaAs;.xNy barriers
with x=0% and x=2% are 9.8x10"" and 1.06x10"® cm™ respectively. For x=0%, the
transparency carrier concentration increased almost linearly to 1.25x10'® cm™ when the
temperature was 370 K. The transparency carrier concentrations of using GaAs; Ny
barriers with x=0.5% and 1% wete slightly higher than that of GaAs barrier in a
temperature range of 300-370 =K, However,- the. transparency carrier concentration
increased apparently when the X valué.-was-2% and it increased rapidly when the

temperature was higher than 350 K.
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Figure 6.3 Transparency carrier concentration as a function of temperature when using
GaAs;xNy barriers with x=0%, 0.5%, 1% and 2%.

From the analysis of the optical gain properties of Ing4GagsAsoossNooia QW

sandwiched between GaAs; Ny barriers with variant x values, we find that using
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GaAs| xNy barriers with x value ranging from zero to 1% can have better temperature
dependent optical gain properties. When the x value increases to 2%, the maximum
material gain and the transparency carrier concentration abate remarkably. It indicates
that Ing4Gag cAsoos6Noo14a QW sandwiched between GaAs; <Ny barriers may have better
laser performance, i.e. lower threshold current density and higher slope efficiency, when
the x value is zero or less than 2%. Especially, using high potential GaAs barrier
provides better electron confinement and results in obtaining highest material gain and
lowest transparency carrier concentration. A highest Ty value may also be obtained as a
result of reducing the probability of electronic leakage current if the LD structure is
under high temperature operation. Besides, after the consideration of using GaAsN
barrier instead of GaAs barrier has several advantages in experiment and longer
wavelength can easier be obtained,;'we find in this.study that using GaAs; <Ny barriers
with x=0.5% and 1% can also provide high material gain and low transparency carrier

concentration.

6-3 Fabricated device characteristics

After numerically investigated the material gain as a function of nitrogen
composition in GaAsN barrier of InGaAsN/GaAaN active region, we further tried to
fabricate the 1.3-um InGaAsN/GaAsN edge emitting lasers in this subsection. Based on
the numerical results in prior subsection, a GaAsN material with 0.5% nitrogen
composition was chosen as barrier for InGaAsN QW active region because of the
comparable material gain properties when compared to GaAs and the help of preventing
nitrogen outdiffusion from InGaAsN QW during crystal growth. As schematically
plotted in Figure 6.4, the InGaAsN/GaAsN laser structure was grown on the n-type
Si-GaAs substrate with (001) orientation. The laser structure under study was grown by

low pressure MOCVD with group-V precursors of arsine (AsH3), phosphine (PH3), and
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U-dimethylhydrazine (U-DMHy) for N-precursor. Trimethyl (TM-) sources of
aluminum (Al), gallium (Ga), and indium (In) were used for group-III precursors. The
dopant sources were SiH4 and CBry. On top of the GaAs template was a 1.0-pm-thick
n-type AlysGapsAs layer, followed by a 0.15-um-thick n-type Aly4GagsAs with growth
temperature of 770 °C. Then, the growth temperature was down to 530 °C for the
growth of active region, which contained two Ing41Gags9AsS987No013 Wells. The V/III
ratio for the growth of active region was kept to 20. The thickness of
Ing 41Gap s0AS0.987Np 013 well and GaAsgo9sNo s barrier, which were determined by
X-ray diffraction and growth condition, were 6 nm and 10 nm, respectively. The strains
of well and barrier were 2.08% in compressive and 0.2% in tensile, respectively. After
the growth of active region, a 10-nm-thick undoped GaAs layer was grown to cap the
active region for maintaining better QW quality. and a 15-nm-thick undoped high
bandgap GaAsgoPy layer was then.grown with a.purpose of blocking electrons from
overflowing to the p-type layers. The ‘guiding region was formed by 0.72-um-thick
updoped GaAs with growth temperature.of 530 °C, followed by a 0.4-pum-thick p-type

Alp4GapeAs layer with a doping concentration of 5%x10'® cm™

and a 1.0-um-thick
p-type Alo¢GagsAs layer with a doping concentration of 5x10'® cm™. Finally, a p-type
100-nm-thick GaAs with a doping concentration of 2x10" cm™ was grown to complete
the structure. The device was proposed by photolithograthy and reactive ion-etching
into narrow stripe ridge waveguide lasers with 4 um in width and 1000 um in length.

The end facets of the laser chips were uncoated and the laser chip was mounted

p-side-down onto copper heat sinks with indium.
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Figure 6.4 A schematic diagram of the double-quantum-well InGaAsN/GaAsN laser
Shustyre.
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Figure 6.5 Electroluminescence spectrum when the laser device was at an input current
of laser threshold.

To better confine carriers in the active region, two structures that were without and
with inserting an undoped high-bandgap GaAs¢Py; layer into the active region before
the growth of p-type layers were prepared. The double-quantum-well structure for type
A was the conventional structure that was without capping the high bandgap GaAs, Py
layer on top of the QW active region. Type B was the structure with the high bandgap

GaAsgoPo layer. The fabricated laser devices were tested under CW mode operation.
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Figure 6.5 showed the electroluminescence spectrum when the laser device was at an
input current of laser threshold. A peak emission wavelength of 1.295 um was obtained
for both type A and type B lasers.

The temperature dependent L-I characteristic of type A laser under CW mode
operation in a temperature range of 25-105 °C was shown in Figure 6.6. The threshold
current and the threshold current density per QW were 84 mA and 1.05 kA/cm? at 25 °C.
Figure 6.7 showed the temperature dependent L—I characteristic of type B laser under
CW mode operation in a temperature range of 25-105 °C. The threshold current was 99
mA and the threshold current density per QW 1.23 kA/cm® at 25 °C. The room

temperature slope efficiencies of type A and type B lasers were 0.09 and 0.11 W/A.
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Figure 6.6 Temperature dependent L—I characteristic of type A laser under CW mode
operation in a temperature range of 25-105 °C.
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Figure 6.7 Temperature dependent L—I characteristic of type B laser under CW mode
operation in a temperature range of 25-105 °C.
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Despite of the high threshold current density at 25 °C, which was caused by the
high strain in the QWs and the nonradiative recombination centers, it was found that the
slope efficiency was increased in device B, and the threshold current increased from 99
to 172 mA with a Ty value of 155 K under CW mode operation when the device
temperature was in a range of 25-95 °C. The T, value could achieve to 179 K when the
device temperature was in a range of 25-85 °C. In conventional structure of type A laser,
the Ty value under CW mode operation was 118 K in a temperature range of 25-95 °C.
As the device temperature was higher than 105 °C, the threshold current of type B laser
was found lower than that of type A laser. We suggested that the reduced threshold
current was due to the reduction of electronic leakage current and the improvement of
hole injection into the active region at higher temperature when the high bandgap
GaAso 9Py was inserted into the active region before the growth of p-type layers. The
obtained high T, value might be partially due te the.decreased electronic leakage current
and the slight increased thresholdicufrent-at 25 °C and monomolecular defect

recombination [12].

6-4 Numerical analysis of InGaAsN/GaAsN laser characteristics

Founding on the experimental results that the high temperature performance was
improved by inserting a high bandgap GaAsyoPy; into the active region before the
growth of p-type layers, we further theoretically investigated the effect of the high
bandgap GaAsooPp; layer on the laser performance of the 4x1000 ;,tm2
Ing 41Gap 50AS0.087N0.013/GaAs 995N gos  double-quantum-well laser. The threshold
current and slope efficiency of type A and type B lasers obtained experimentally and
numerically were depicted in Figure 6.8. For the specific study, the conduction/valence

band offset ratio of GaAsP to GaAs was assumed 0.58/0.42 [28].
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Figure 6.8 Threshold currents-and slepe efficiencies of type A and type B lasers
obtained éxperimentally and numerically.

It was found that the simulation’tesults-could approximately fit in with the
experiments. Results of numerical simulation also indicated that the use of GaAsg Py
could beneficially improve the high temperature performance, and an increased T, value
from 107 to 130 K in a temperature range of 25-95 °C was anticipated. Even though the
Ty value was not much consistent with the experiments. The discrepancy of the slope
efficiencies obtained from the simulations comparing to the experiments was due to the
fact that we assumed the laser device was isothermal in simulation and the thermal
effects were arduous to be completely considered.

The room-temperature energy band diagrams of type A and type B lasers were
shown in Figure 6.9. The diagrams were obtained when the input current was 250 mA
and the applied voltage was 1.63 V. The left-hand side of the diagrams was the n side of
the laser structure and the dashed lines were quasi-Fermi levels. It was shown that the

high-bandgap GaAsgoPo; was in the p-side of the active region and acted as an

136



electronic blocking layer to prevent the electronic current overflow. However, a barrier
height in the valence band of inserting the high-bandgap GaAsy Py 1, shown in figure
6.9(b), was found and this might result in the difficulty of hole injection and the
increased threshold current. The increased threshold current caused by inserting
GaAs) 9Py might also be attributed to the slight decrease of optical confinement factor

from 7.4% to 7.2% and the blemished interface between GaAsyoPo; and GaAs in crystal

growth.
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Figure 6.9 Room-temperature energy band diagrams of type A and type B laser
structures near the QW active region.

Figure 6.10 illustrated the percentage of electronic leakage current obtained
numerically as a function of device temperature for type A and type B lasers. The
results were obtained when the devices were at an input current of 250 mA and the
percentage of the electronic leakage current was defined as the ratio of the current
overflowed to the p-type layer to that injected into the active region. Note that the

percentage of electronic leakage current increased with device temperature for both
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laser structures. With the help of the increased conduction band offset caused by
inserting GaAsgoPo 1, the percentage of electronic leakage current was apparently
reduced and in turn decreasing the threshold current at higher temperature. When the
device temperature was 95 °C, there were 8.2% and 4.7% current overflow for type A
and type B lasers, respectively, and the percentage of electronic leakage current

increased more rapidly for the laser structure without the GaAsgoPo ;.
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Figure 6.10 Percentage of electronic leakage current obtained numerically as a function
of device temperature for type A and type B laser structures.
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Figure 6.11 Percentage of electronic leakage current of the laser structure without
GaAsP and with GaAsP current blocking layer of P=10%-20% as a function of device
temperature.
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Figure 6.12 Numerical 7) value of the laser structure without GaAsP and with GaAsP
current blocking layer of P=10%-20%. The T, value was obtained in a temperature
range of 25-95 °C.

To obtain a more favorable Tg value_ of the Tng.41Gag s9AS 987N 013/GaAS0.995N0.005
laser, we further theoretically discussed the effect of the high bandgap GaAsP layer
with the P composition of 10%-20% on:thelaser performance. The T, value might be
improved if the electrons could be efficiently confined in the active region by the higher
GaAsP bandgap. The percentage of electronic leakage current of the laser structure
without GaAsP and with GaAsP current blocking layer of P=10%-20% as a function of
the temperature was indicated in Figure 6.11. More electronic leakage current
overflowing to the p-type layers with increased temperature for the laser structures with
and without the high bandgap GaAsP was found, and the electronic leakage current was
significantly reduced with increased P composition in GaAsP. As illustrated in Figures
6.6 and 6.7, the slope efficiency and the high temperature performance were improved
by inserting a high bandgap GaAs(¢Py into the active region. It was find theoretically
that the improved characteristics might be due to the reduced electronic leakage current.

Figure 6.12 depicted the numerical Ty value of the laser structure without GaAsP and
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with GaAsP current blocking layer of P=10%-20% in a temperature range of 25-95 °C.
A better Ty value could be obtained when the P composition in the GaAsP increased.
However, we wished to underscore that the better Ty value was obtained from the
decreased threshold current at 95 °C due to the reduced electronic leakage current and a

part of slightly increased threshold current at 25 °C.

6-5 Summary

The temperature dependent material gain properties of InGaAsN QW with
GaAs;xNx barrier of x=0-2% were numerically investigated, while the simulation
results suggested that using GaAs; 4Ny strain-compensated barriers with x value less
than 0.5% might provide better optical gain properties. To obtain a temperature
insensitive output performance of InGaAsN/GaAsN laser, a high-badgap 15-nm-thick
GaAsooPy electronic blocking <ayer was utilized. Experimental results showed that
high temperature performance ofithe Inga1Gags9As0.987N0.013/GaAs 995No 005 lasers could
be improved by inserting a high-badgap. 15-nm-thick GaAsoPy; electronic blocking
layer before the growth of p-type layers. While the Ty values of 155 K in a temperature
range of 25-95 °C and 179 K in a temperature range of 25-85 °C for CW mode
operation were obtained. Numerical simulation also suggested that the percentage of
electronic leakage current was reduced with the appearance of high-bandgap GaAs Py ;
layer. The results obtained numerically also suggested that a more favorable T, value
could be obtained when the P composition in the GaAsP electronic blocking layer was

in a range of 15%-20%.

140



References

[1] S.F.Yu, in: Analysis and Design of Vertical cavity Surface Emitting Lasers, John
Wiley & Sons, Inc, Hoboken, New Jersey, 2003.

[2] S. Sato and S. Satoh, “Metalorganic chemical vapor deposition of GalnNAs lattice
matched to GaAs for long-wavelength laser diodes,” J. Cryst. Growth, vol. 192, pp.
381-385, 1998.

[3] D. Gollub, S. Moses, M. Fischer, and A. Forchel, “GalnNAs for GaAs based lasers
for the 1.3 to 1.5 um range,” J. Cryst. Growth vol. 251, pp. 353359, 2003.

[4] S. Mazzucato, N. Balkan, A. Teke, A. Erol, R. J. Potter, M. C. Arikan, X. Marie, C.
Fontaine, H. Carrere, E. Bedel, and G. Lacoste, “In-plane photovoltage and
photoluminescence study in sequentially grown GalnNAs and GalnAs quantum
wells,” J. Appl. Phys., vol. 93, pp. 2440-2448, 2003.

[5] H. D. Sun, M. D. Dawson, M. Othman, J. C. L. Yong, J. M. Rorison, P. Gilet, L.
Grenouillet, and A. Million, “Optical transitions in GaInNAs/GaAs multi-quantum
wells with varying N content investigated by photoluminescence excitation
spectroscopy,” Appl. Phys. Lett., vol. 82, pp. 376-378, 2003.

[6] H. Riechert, A. Ramakrishnan, and G« Steinle; “Development of InGaAsN-based
1.3 um VCSELSs,” Semicond. Sci. Technol.,veol. L7, pp. 892—897, 2002.

[7] W. Li, M. Pessa, T. Ahlgren, and J..Decker, “ Origin of improved luminescence
efficiency after annealing ‘of Ga(In)NAs materials grown by molecular-beam
epitaxy,” Appl. Phys. Lett., vol:79;pp. 1094-1096, 2001.

[8] N. Tansu, Luke J. Mawst, “Temperature sensitivity of 1300-nm InGaAsN
quantum-well lasers,” IEEE Photonics Technol. Lett., vol. 14, pp. 1052-1054,
2002.

[9] J. C. L. Yong, J. M. Rorison, M. Othman, H. D. Sun, M. D. Dawson, and K. A.
Willaims, “Simulation of gain and modulation bandwidths of 1300 nm RWG
InGaAsN lasers,” IEE Proc.-Optoelectron., vol. 150, pp. 80—82, 2003.

[10] J. C. L. Yong, Judy. M. Rorison, and Ian H. White, “1.3-um quantum-well
InGaAsP, AlGalnAs, and InGaAsN laser material gain: A theoretical study,” IEEE
J. Quantum Electron., vol. 38, pp. 1553—-1564, 2002.

[11] D. Alexandropoulos and M. J. Adams, “Assessment of GalnNAs as a potential
laser material,” IEE Proc.-Optoelectron., vol. 150, pp. 40—44, 2003.

[12] W.J. Fan, S. T. Ng, S. F. Yoon, M. F. Li, and T. C. Chong, “Effect of tensile strain
in barrier on optical gain spectra of GalnNAs/GaAsN quantum wells,” J. Appl.
Phys., vol. 93, pp. 5836-5838, 2003.

[13] S. Sato, “Low threshold and high characteristic temperature 1.3 pm range
GalnNAs lasers grown by metalorganic chemical vapor deposition,” Jpn. J. Appl.

141



Phys., vol. 39, pp. 3403-3405, 2000.

[14] T. Kitatani, K. Nakahara, M. Kondow, K. Uomi, and T. Tanaka, “A 1.3-um
GalnNAs/GaAs single-quantum-well laser diode with a high characteristic
temperature over 200 K.,” Jpn. J. Appl. Phys., vol. 39, pp. L86-L87, 2000.

[15] N. Tansu and L. J. Mawst, “Low-threshold strain-compensated InGaAs(N)
(A=1.19-1.31 um) quantum-well lasers,” I[EEE Photonics Technol. Lett., vol. 14,
pp. 444446, 2002.

[16] N. Tansu, N. J. Kirsch, and L. J. Mawst, “Low-threshold-current-density 1300-nm
dilute nitride quantum well lasers,” Appl. Phys. Lett. vol. 81, pp. 2523-2525, 2002.

[17] C. S. Peng, T. Jouhti, P. Laukkanen, E.-M. Pavelescu, J. Konttinen, W. Li, and M.
Pessa, “ 1.32-um GalnNAs-GaAs laser with a low threshold current density,”
IEEFE Photonics Technol. Lett., vol. 14, pp. 275-277, 2002.

[18] D. A. Livshits, A. Yu. Egorov, and H. Riechert, “8 W continuous wave operation
of InGaAsN laser at 1.32 um,” Electron. Lett., vol. 36, pp. 1381-1382, 2000.

[19] J. Wei, F. Xia, C. Li, and S. R. Forrest, “High T, long-wavelength InGaAsN
quantum well lasers grown by GSMBE using a solid arsenide source,” [EEE
Photonics Technol. Lett., vol. 14, pp:597=599, 2002.

[20] R. Fehse, S. Tomic, A. R. Adams, Szd=Sweeney, E. P. O’Reilly, A. Andreev, and
H. Riechert, “A qualitative study 'of. radiative, auger, and defect related
recombination processes in-1.3-pm GalnNAs-based quantum-well lasers,” IEEE J.
Sel. Top. Quantum Electron:, vol. 8, pp.-§01-810, 2002.

[21] N. Tansu and L. J. Mawst, “The role of ‘hole leakage in 1300-nm InGaAsN
quantum-well lasers,” Appl. Phys. Lett., vol. 82, pp. 1500-1502, 2003.

[22] W. Li, T. Jouhti, S. Peng. Chang, J. Konttinen, P. Laukkanen, E.-M. Pavelescu, M.
Dumitrescu, and M. Pessa, “Low-threshold-current 1.32-um GalnNAs/GaAs
single-quantum-well lasers grown by molecular-beam epitaxy,” Appl. Phys. Lett.,
vol. 79, pp. 33863388, 2001.

[23] L. Bellaiche, S.-H. Wei, and A. Zunger, “Localization and percolation in
semiconductor alloys: GaAsN vs GaAsP,” Phys. Rev. B, vol. 54, pp. 17568—17576,
1996.

[24] J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E. Haller, H. Lu, and W. J.
Schaff, “Small bandgap bowing in In;«GaxN alloys,” Appl. Phys. Lett., vol. 80, pp.
47414743, 2002.

[25] M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, and Y. Tazawa,
“GalnNAs: A novel material for long-wavelength-range laser diodes with excellent
high-temperature performance,” Jpn. J. Appl. Phys., vol. 35, pp. 1273—-1275, 1996.

[26] LASTIP User’s Manual Version 2003.12 Crosslight Inc Software, Canada.

Available online at web page http://www.crosslight.ca.

142



[27] A. F. Phillips, S. J. Sweeney, A. R. Adams, and P. J. A. Thijs, “The temperature
dependence of 1.3- and 1.5-pm compressively strained InGaAs(P) MQW
semiconductor lasers,” IEEE J. Sel. Top. Quantum Electron., vol. 5, pp.401-412,
1999.

[28] H. Q. Hou, C. W. Tu, W. Shan, S. J. Hwang, J. J. Song, and S. N. G. Chu,
“Characterization of GaAs/GaAsP strained multiple quantum well grown by
gas-source molecular beam epitaxy,” J. Vac. Sci. Technol. B, vol. 11, pp. 854856,
1993.

143



Chapter 7 Conclusion and future work

In this dissertation, the improvement in operation performance of III-V
optoelectronic  semiconductor light emitting devices, including ultraviolet
AlGaInN/GaN LEDs, 650-nm red resonant-cavity LEDs, 850-nm VCSELSs, and 1.3-um
EELs were experimentally demonstrated and theoretically analyzed. Specifically, by
optimizing the configuration of quantum well active regions in the four light-emitting
devices, the respectively fabricated operation performances are expectedly improved.
The results obtained numerically show that the improvement is mainly attributed to the
better confinement of carriers in the quantum well active region. It is hoped that the
works in this dissertation can stimulate the researchers having more inspiration and a

better understanding in designing the,structure of light-emitting devices.

Future work

(a) GaN-based RCLEDs and VCSELs

Based on the well trainings in the MOCVD growth techniques, the semiconductor
physics background, and the capability in modeling and designing the semiconductor
device structures during my past engaging Ph.D. degree period, I will turn my research
field into the design and fabrication of GaN-based RCLEDs and VCSELs. It is quite
important to develop high-performance green—blue RCLEDs and VCSELSs. For green
RCLED, it can be used in the POFs, in which a minimum attenuation loss is observed at
510 nm, and the device is much temperature insensitive. For blue RCLED and VCSEL,
the high-direction and elliptic beam shape properties help the device to be used in the
applications of optical fiber communication and data storage systems. However, recent
development in the green—blue RCLEDs and VCSELSs shows that there still has room to

improve the device performance. The structure design and growth condition
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optimization seem the most important.

(b) Compound solar cells

III-V compounds are the basic materials for modern optoelectronic devices. Apart
from this, they often show superior properties compared to Si in the field of
microelectronics, for example high-speed transistors. In the field of solar cells, GaAs
has higher theoretical and practical efficiencies than Si. For multi-junction solar cells
including InGaP, (In)GaAs, and Ge, they are known as super-high efficiency and are
now of great significance for space applications and light concentrations. A
concentrator photovoltaic (PV) system using high-efficiency solar cells is one of the
important issues for the development of an advanced PV system. The production cost of
multi-junction solar cells composed of III-V. materials is higher than that of Si solar
cells. However, the necessary cell size decreases with increasing concentration ratio,
and the total cost of concentratorsystems decteases.

To date, I have made the conversion efficiencies of single p-n junction GaAs and
InGaP solar cells up to 23% and 16.2%, respectively. The two-junction InGaP/GaAs
tandem solar cell will have higher conversion efficiency if epitaxially combined by a
tunnel junction. So, it is quite urgent to optimize the tunnel junction, while the
constitution of  tunnel  junction can  be p’-GaAs/n'-GaAs and
p+—A10_4Ga0,6As/n+—In0.5Gao,5P. Hopefully, I can improve the efficiency of the
two-junction InGaP/GaAs up to 27%. In the mean time, the single-junction GaAs and
InGaP shall be optimized to have higher short-circuit current density (Js), open-circuit

voltage (V,.), and fill-factor (FF) value.
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