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ABSTRACT OF THE DISSERTATION

Gas-Source Molecular Beam Epitaxial Growth and Characterization of the

(ALIn,Ga)NP/GaP Material System and Its Applications to Light-Emitting Diodes

by

Vladimir Odnoblyudov
Doctor of Philosophy in Electrical Engineering (Applied Physics)
University of California, San Diego, 2006

Professor Charles W. Tu, Chair

Nitrogen incorporation into GaAs has received much attention in the last decade,
because of its application to long-wavelength lasers. However, nitrogen incorporation
into GaP (100) has not received much attention to date despite the promising application
of this material system to yellow-amber-red light-emitting diodes. In order to investigate
the not yet well-studied (Al,In,Ga)NP material system, we use gas-source molecular
beam (MBE), in which nitrogen radicals are used as nitrogen precursor, to grow these

mixed group-V alloy semiconductors with excellent crystallinity.

This dissertation is divided into two major parts. In the first part we describe the
growth and characterization of the (Al In,Ga)NP material system. Optical and structural
properties of GaNP bulk layers, AlGaNP bulk layers, and InGaNP quantum wells are
studied. The dependence of the GaNP band gap vs. nitrogen concentration and

temperature dependent PL are analyzed. For AlGaNP layers, using a thermodynamic

X1X



approach we explain the difference between nitrogen incorporation into GaP and AlP.
The dependence of the emission wavelength vs. nitrogen and indium compositions is
studied for InGaNP QWs. The electron effective mass is determined for InGaNP
materials with different indium concentration. The conduction and valence band offsets

are calculated for the InGaNP/GaP heterojunction.

In the second part, we describe LED chip fabrication and contacts optimization.
The development of n-type and p-type contacts is discussed. A description of LED chip
processing optimization is given for a p-i-n diode structure. The band offsets are
compared for (Al,In,Ga)NP-based LED structures and conventional AllnGaP-based LED
structures; they are 2-3 times higher in LEDs based on the (Al,In,Ga)NP material system.
Growth and fabrication results for bulk GaNP-based amber LEDs are discussed. Color
stability (electroluminescence peak wavelength shift vs. current) is compared for GaNP-
based LEDs and AllnGaP-based LEDs; the wavelength shift of (Al,In,Ga)NP-based LED
chips is ~ 6 times less than that of AllnGaP-based LED chips, in the drive current range
of 10 - 60 mA. The influence of In concentration in InGaNP QWs on EL properties of

LED chips is reported. Single and multiple InGaNP QW-based LEDs are studied.

XX



Chapter 1. Introduction.

1.1. Background

Semiconductor heterostructures have been playing a very important role in
science and everyday life for the last several decades. Light-emitting diodes (LEDs)',
diode lasers™*, vertical cavity surface emitting lasers (VCSELs)’, heterojunction bipolar
transistors™’, and solar cells® are examples of electronic and photonic devices built using
semiconductor heterostructures. LEDs experience one of the fastest developments in
semiconductor optoelectronics in recent years. Within two decades, LEDs are expected to
replace conventional light sources, much like transistors replaced vacuum tubes. The
rapid progress in development of semiconductor devices can be partially attributed to the
improvements of the growth technology of semiconductors. The control of material
properties and purity of semiconductors has been achieved from use of liquid phase
epitaxy (LPE) in the early 60s to use of molecular beam epitaxy (MBE) and metal
organic chemical vapor deposition (MOCVD) in the 80s. The choice of semiconductors
for making a particular device is determined by specific optical and electrical design

requirements and ability to grow these materials using one of the growth techniques.

Electronic band structure and lattice constant of a semiconductor are two main
criteria for heterostructure design. Use of compound semiconductors, such as AlGaAs,

InGaN, InGaAsP, InGaNAs and InGaNAs, gives possibilities to construct a material with



a given electronic band structure and lattice constant for a particular device application.
“Bandgap engineering” is a widely used term to describe the process of creation of

semiconductor heterostructures with a given band structure.

On the other hand, the search for novel materials that might exhibit new
properties and/or improve existing devices is still an important issue. One of the youngest
members in the family of III-V compound semiconductors is dilute nitrides (III-NV).
Dilute nitrides (InGaNAs-GaAs) with a small amount of nitrogen (<4%) initially
captured the attention of researchers as a potential replacement for InGaAsP-InP material
system in the laser application for optical fiber communication. That is because laser
diodes based on the InGaAsP-InP material system have disadvantages of relatively poor
temperature stability” and unsuitable for distributed Bragg reflectors (DBRs) for

VCSELs.

Another material system from the dilute nitride family is (ALIn,Ga)NP. Study of
this alloy is interesting because of several reasons: first, GaNy 2P 995 1s lattice matched to
Si and possible integration of Si-based electronics and III-V-semiconductor based
optoelectronics can be realized; second, adding a small amount of nitrogen (~0.4%)
converts indirect bandgap GaP into direct bandgap material and makes it efficient light
emitter in the yellow-red spectral range. The second reason is a key point to motivate
development of light-emitting devices (e.g., LEDs) based on dilute nitride phosphide
material system. The motivation of this research is supported by the fact that substantial

improvement of the existing yellow-red LED technology is required due to poor



temperature stability of conventional AllnGaP-based LEDs. A more detailed description

of the history and current status of LEDs and dilute nitrides is given below.

1.2. Current status

This dissertation is devoted to a study of the (Al,In,Ga)NP material system grown
on GaP (100) substrates and its application to yellow-red LEDs. Much theoretical end
experimental work has been done on LEDs and III-NV dilute nitrides. The following
gives an overview of the history and current status of LEDs and III-NV dilute nitrides

with an emphasis on the (In,Ga)NP material system.

1.2.1. Light-emitting diodes

Right now solid-state lighting is one of the most exciting subjects in research and
business. Light emitting diodes are widely used for full-color displays, signaling, traffic
lights, automotive lights'®, etc. The total LED market size is estimated to be $ 3 Billion in
2005 and growing 15-20% per year. The number of applications is growing rapidly. The
market size is going to grow dramatically once white LEDs reaches the level of

price/performance of conventional incandescent and fluorescent lamps.

In the 1960s, several groups pursued the demonstration of semiconductor lasers.

The first viable LEDs were by-products in this pursuit. During the last 40 years, LEDs



have become devices in their own right and today are versatile light sources with a bright

future.

White LEDs are the ultimate goal to replace incandescent and fluorescent lamps
for general lighting. Many advantages include reduced pollution caused by carbon-related
elements, reduced electrical energy consumption, increased lifetime, and improved
human visual experience. In contrast to many other light sources, LEDs have the
potential of converting electricity to light with near-unity efficiency. Intensive work is
being done now to improve the efficiency and reduce the cost of white LEDs. Much
progress is expected in the area of white LEDs, since they have the potential to deliver a
substantially higher luminous efficiency compared with conventional incandescent and
fluorescent light sources. Whereas conventional light sources have typical luminous
performance of 15-100 Im/W, white LEDs have the potential for luminous efficiencies

exceeding 300 Im/W'".

There are three main approaches to produce white light: blue LED and yellow
phosphorus, ultraviolet LED plus tri-color phosphorus, and tri-color mixing from red,
green and blue LED (RGB approach). These approaches are illustrated in Fig.1.1. Each
of these approaches has its advantages and disadvantages, which are discussed in details
in Ref. [1]. The RGB approach is theoretically the most efficient one, since it does not
require absorbtion and re-emission of the light. Three wavelengths for the best RGB tri-
color mixing are 460, 540 and 610 nm (see Ref. [11]). Currently, the first two are
produced from AlGalnN LEDs, and the last, 610 nm, from AlGalnP LEDs grown on

GaAs substrates. Figure 1.2 (updated by E. Fred Schubert [1] in 2000) shows the
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Figure 1.2. Luminous efficiency of visible-spectrum LEDs and other light sources
versus time (adopted from E. Fred Shubert, Light Emitting Diodes, 2003).



evolution of different LED’s performance (luminous efficiency) with time to the state-
of-the-art LEDs. One can see that AllnGaP-based and InGaN-based LEDs are the

brightest in the yellow-red and blue-green spectral regions, respectively.

Ultraviolet, blue and green LEDs are produced using the AlGalnN material
system grown on sapphire substrates. First GaN p-n-homojunction LED was reported by
Akasaki et al, subsequently after the discovery of the p-type doping of GaN with MgB.
These LEDs were grown on sapphire substrates. LEDs had an efficiency of about 1%,
which was surprisingly high for this highly dislocated material grown on a mismatched
substrate. It also was the first demonstration that nitride LED efficiencies are not affected
by dislocations in the same way as III-V arsenide and phosphide light-emitters. The
closest name associated with GaN LEDs and lasers is the Nichia Chemical Industries
Corporation, Japan. A team of researchers that included Shuji Nakamura has made
numerous contributions to the development of GaN growth, LEDs and lasers. They first
demonstrated viable blue and green InGaN double-heterostructure LEDs'*'>'® that
achieved efficiencies of 10%'’, and the demonstration of the first pulsed and CW
InGaN/GaN blue laser operating at room temperature'®. The InGaN material system is
also suited for white LEDs, based on phosphor wavelength converters’” and on

- 20
semiconductor wavelength converters™.

There is a decrease in internal quantum efficiency (Fig. 1.3) of GaN-based
LEDs”' in the 500-550 nm range due to the high indium concentration required in InGaN
quantum wells (QW). High indium concentration results in a large strain, and phase

separation in the QW occurs, which decreases the internal quantum efficiency



substantially. Figure 1.3 shows that the internal quantum efficiency of the yellow-red

AllInGaP-based LEDs also decreases from 650 nm to 600 nm.
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Figure 1.3. State-of-the-art LED internal quantum efficiency versus the wavelength
(adopted from Paul S. Martin, Lumileds, IEEE Santa Clara, 2003).

Nowadays AllnGaP grown on GaAs substrates is the primary material for
commercial production of yellow-red light emitting diodes. The AllnGaP material system
was first developed in Japan for visible lasers™®****. Efforts started with
AllnGaP/GalnP double heterostructure lasers using GagslngsP as the active material,
which is lattice-matched to GaAs substrates. The bandgap energy of lattice-matched

GalnP is approximately 1.9 eV (650nm), making the material suitable for visible lasers



emitting in the red (laser pointers, digital video disk players). Subsequent to the AllnGaP
laser development that occurred in the early 1980s, AllnGaP LED development started at
the end of the 1980s**?7?%, In contrast to the AllnGaP laser structures, LED structures
typically employ current-spreading layers so that the entire p-n junction plane of the LED
chip lights up and not just the region below the top ohmic contact. Further improvements
were achieved by using multiple quantum well (MQW) active regions™, coherently
strained MQW active regions®®*', distributed Bragg reflectors®, and transparent GaP
34,35,36

substrate technology®>. Comprehensive reviews of the AllnGaP material system can

be found in references 25, 26, and 27.

The addition of Al to the GalnP active region allows one to obtain shorter
emission wavelengths including the orange and yellow spectral region. However,
(AlxGajx)osIng sP becomes an indirect bandgap semiconductor at an Al compositions of x
~ 0.53, so the internal quantum efficiency decreases when going into shorter
wavelengths, as illustrated in Fig. 1.3. There are several other problems with AllnGaP-
based LEDs. First, small (<75 meV) conduction band-offsets’’ of LEDs emitting at
wavelengths shorter than 610 nm result in poor temperature stability of the device. A
second problem is the complicated and high-cost procedure of removing the light-
absorbing GaAs substrate and wafer-bonding a transparent GaP substrate or a reflective

2 38
layer on a carricr .

A summary of the current status of the blue, green and red LED technologies is
presented in Figures 1.4, 1.5, 1.6, and 1.7°°. Optical emission spectra of red AllnGaP-

based and green and blue GalnN-based LEDs are shown in Fig. 1.4. Green LEDs have a
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Gosei Corp., 2000).



1000

500 [~ GaInN/GaN | .| | _

blue LEDs
(470 nm

| -
AlGalnP/GaAs | —
red LEDs is —

(625 nm)

Relative luminous intensity (arb. units)

' I N T | ||
-20 0 20 40 60 80 100
Ambient temperature T (°C)

10

Figure 1.6. Typicél output intensity of InGaN/GaN blue, InGaN/GaN green, and
AllnGaP/GaAs red LEDs versus ambient temperature (after Toyoda Gosei Corp.,
2000).

'

100 ——p—r—p—

50 B N S W— | GaInN/GaN . N R — \
et green LEDs L1 L 4.1 L

10—l f| red LEDs 8%y 5 civew, | (NN FRNY NN |
P (625nm) [ttt

H GalpN/GaN —1—+——+——
7| blueLEDs [T

Diode forward current /; (mA)

1.5 2.0 2.5 3.0 3.5 4.0 4.5
Diode forward voltage V; (V)

Figure 1.7. Typical forward current-voltage (I-V) characteristic of InGaN/GaN blue,
InGaN/GaN green, and AlInGaP/GaAs red LEDs at room temperature (after Toyoda
Gosei Corp., 2000).



11

noticeably wider emission spectrum than either blue or red LEDs. This is due to the
formation of In-rich clusters during the growth of InGaN. Formation of such In-rich
clusters depends strongly on the growth conditions. The light output vs. injection current
is shown in Fig. 1.5. The unity-slope line, which corresponds to an ideal LED with unity
differential quantum efficiency, is shown by the dashed line. The mature AllnGaP LED
closely follows the unity-slope line. However, the green LED has a large deviation from
unity differential quantum efficiency slope because of the lower maturity of the InGaN
material system, especially with high concentrations of In. The temperature dependence
of the optical emission intensity is shown in Fig. 1.6. This figure reveals that III-V nitride
diodes have a much weaker temperature dependence than AllnGaP-based LEDs. This is
an illustration of the previously mentioned poor temperature stability of AllnGaP-based
LEDs. This is one of the main obstacles for utilizing AllnGaP red LEDs for white LEDs
in RGB approach. Ultra bright white LEDs require operation at high currents (>100mA),
which results in the heating of the LED chip and a decrease of its luminous performance.
Another obstacle for adopting RGB approach is its higher cost as compared to UV +

yellow phosphorus approach.

The forward current-voltage characteristics of a blue InGaN, a green InGaN, and
a red AllnGaP LED are shown in Fig. 1.7. The turn-on voltage scales with the emission
energy, indicating a well-behaved characteristic. The diode series resistance can be
extracted from the slope of the I-V characteristics. The blue and green diodes have a
higher series resistance than the red AInGaP diode. The larger resistance in InGaN LEDs

can be attributed to several factors including the “lateral” resistance in n-type buffer layer
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for devices grown on sapphire substrates, strong polarization effects occurring in the
nitride material family, lower p-type conductivity in the cladding layer, and higher p-type
contact resistance. The lower p-type conductivity is due to the high acceptor activation
energy (~200 meV) in GaN and InGaN so that only a small fraction of acceptors is
activated.

Thus, despite the relative maturity of both technologies, some problems still exist.
We are mainly concerned about the problems with AllnGaP-based yellow-red LEDs,
since we are addressing this spectral region in our work. The summarized problems are:
poor temperature stability, decrease of the quantum efficiency in the 650- 580 nm range,

and use of an absorbing GaAs substrate for the initial AllnGaP growth.

1.2.2. Dilute nitrides

The new class of materials, dilute nitrides, captured much attention of the
scientific community in the early 90s. Incorporation of a small amount (<5%) of nitrogen
into GaAs was initially investigated. Several theoretical issues have been addressed,
including phase stability of GaNAs alloys* and N solubility in GaNAs*"***_ The interest
to GaNAs alloys was due to their possible applications in 1.3-1.55 pm lasers for optical
fiber communications, since adding a small amount of nitrogen (~3.5%) into GaAs

44,45

results in bandgap reduction of about 300 meV. Early theoretical studies projected

. . . . . 46,47,48,4 1,52
bandgap bowings based primarily on calculations for large N fractions*®*7#8:49-30-2152.33

The first attempts to explain this unusual behavior were based on a dielectric model that

predicted highly nonlinear composition dependency of the bandgap for alloys of dilute
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nitride semiconductor compounds®®. Several other theoretical explanations of the large
bandgap reduction in III-V-N alloys have been proposed®>~%>"*® Recently, it has been
demonstrated that the band anticrossing (BAC) model, in which localized N states
interact with the extended states of the conduction band, can explain the unusual
properties of ITI-V-N alloys™.

For experimental studies, different growth techniques and nitrogen sources were

used to grow GaNAs alloy. Weyers et al.®®¢'

reported 1.6% in GaNyAs;y using
metalorganic chemical vapor deposition (MOCVD) and NHj cracked in a microwave
plasma as the N source. Bharatan et al.** attempted to grow GaN,As,_, on GaAs and GaP
using electron cyclotron resonance metalorganic MBE (MOMBE), but only
polycrystalline films were obtained. Kondow et al. also reported 1.5% N incorporation in
GaAs using gas-source molecular beam epitaxy (GSMBE) and RF plasma N radical

63,64
beam source™™™".

For device applications, Kondow et al. fabricated the first current-injection
Ing 3Gag 7No.004AS0.0096/GaAs quantum well laser grown by GSMBE with continuous —
wave lasing near 1.18 pm®. A laser operating near 1.3 um under RT pulse operation
using a GaInNAs active layer grown by MOCVD was realized by Sato et al.*®. Egorov et
al.%” reported high-power CW operation of InGaNAs lasers at 1.3 um, grown by solid
source MBE with a RF plasma source. To date, the optical and structural properties of the
InGaNAs material grown on GaAs, as well as its application for long wavelength (1.3-
1.55 pum) optoelectronic devices are well studied. This is not the case for (In, Al)GaNP

material system grown on GaP substrates.
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Incorporation of N into GaP was studied back in 1965°. It is well known that at
very low concentrations (~ 10'® cm™), an isolated N introduces a highly localized state in
GaP, where the energy level is located slightly below the conduction band minimum.
Such a spatial localization leads to quasi-direct transitions in GaP:N, which made GaP:N
a widely used material for green LEDs, even though GaP has an indirect bandgap®. With
slightly increased N concentrations, N forms NN; pairs, which shift light emission
wavelength from green to yellow’"’". The effect of nitrogen doping of InyGa, P ’* and

GaAsxPl_x73 was also studied in the early 70s.

For GaNP alloys, theoretical studies indicate that difficulties arise in synthesizing
GaNP alloys as a result of the large differences in lattice structure (GaN: wurtzite and
GaP: zincblende) and a lattice constant (~20%) between GaN and GaP. Using the delta
lattice parameter (DLP) model® based on the concept that the bonding in alloys is
determined largely by the energy of the electrons, Stringfellow predicted a miscibility
gap in GaNP at 700°C ™. This miscibility gap would be the main obstacle preventing the

successful growth of this material.

Different growth techniques have been utilized to grow GaNP. For example, Li et
al.” achieved 0.08% of N in GaN,P, using chemical beam epitaxy with co-injected
tertiarybutylphosphine (TBP) and ammonia (NHs). Miyoshi et al.”*"""*" obtained 4% of
N in GaNyP; using MOVPE with DMHy as the N source, while Baillargeon et al 308!
reported up to 7.6% of N incorporation in GaP grown by MBE using dissociated NHj as

the N source. Finally, as high as 16% N concentration in GaNyP; without any phase
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separation has been obtained by Bi and Tu*?, but the epilayers were completely relaxed

due to large strain.

As far as the composition dependence of the bandgap energy of this alloy is
concerned, Sakai et al.Y’ and Baillargeon et al.®, using Van Vechten’s mode183’84,
predicted a negative bandgap energy region, while Miyoshi et al.*) using a semi-
empirical tight-binding calculation of the electronic structure of II-V semiconductors
developed by Vogl et al.*®, found that no semimetallic region exists. The data of
Baillargeon et al.*' show that the bandgap energy of GaN,P,., follows the prediction
based on Van Vechten’s model with N concentrations less than 4% **%. Bi and Tu’s
results®” show that although a large bandgap bowing is expected, the material is still a
semiconductor up to 16% of N, rather that semimetal, in agreement with predictions by

1.*” and Baillargeon et al.*’. The

Miyoshi et al.*, contrary to the predictions of Sakai et a
reason is due to the fact that Van Vechten’s model is based on the perturbation theory; it
is valid only for bowing smaller than the average bandgap. Thus, at dilute N

concentrations, the Van Vechten model predicts the trend in agreement with experiments;

but at higher N concentrations, it deviates from experimental data.

All described experimental work assumed that GaNP alloys were indirect
bandgap materials due to poor PL emission. Ballaiche et al., however, using 512-atom
supercell pseudopotential band structure calculations, predicted a transition from indirect
to direct bandgap at nitrogen concentration of 3% for GaNP®’ alloys, but there has been
no report on optoelectronic devices based on GaNP alloys until the year of 2000, when

Xin et al.*® reported red LEDs based on GaNP alloys. This work was a result of a series
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of publications on GSMBE growth and characterization of GaNP material on GaP (100)
substrates. The series started with a report on an experimental observation of indirect-to-
direct bandgap transition of GaNP at about 0.43% of nitrogen incorporated®. The band
anticrossing model was applied by Wu et al.” to explain this transition in GaNP. Also,

1.°!. Photoluminescence and

band anticrossing in GaNP was analyzed by Buyanova et a
absorption coefficient study of GaNP; bulk layers grown on GaP substrates were used
by Xin and Tu to reveal experimentally the direct bandgap nature of GaNyP; (x>0.43%)).
Study of the photoluminescence properties of GaNP/GaP quantum wells’ allowed them
to determine the electron effective mass in GaNy ¢25Po.975, which turned out to be 0.9m..

This large value of the electron effective mass is due to mixture of X and I' wave

functions of the conduction band in GaNP?>.

Some of the structural and optical properties of GaNyP, alloys grown on GaP
substrates were studied by Buyanova et al. Raman studies were performed on GaNP, «
bulk layers’. Several effects have been observed: first, frequencies of GaP-like and GaN-
like longitudinal optical phonons exhibit strong compositional dependence, due to a
combined effect of alloying and biaxial strain; second, a dramatic quenching of two-
phonon Raman scattering and an emergence of zone-edge GaP-like vibrations were
found. Compositional disorder in the alloy was proposed to be a reason for those effects

to appear.

Radiative recombination mechanisms in GaNP;. alloys95 as well as time-
resolved photoluminescence’® were studied by Buyanova et al. It was found that PL

emission in GaNP with x<4% originates from the optical transitions within the N-related
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localized states. Using time-resolved PL, an abrupt shortening of the radiative lifetime of
the near-bandgap photoluminescence, caused by radiative recombination within N-related
centers, was found to occur at about 0.5% of nitrogen, i.e., within the same range of N
compositions as the appearance of the direct-bandgap-like behavior of GaNP alloy. Next,
temperature dependence of GaNP bandgap was studied by Rudko et al.”’. It was shown,
that temperature dependence of the bandgap energy of GaNP remains close to the one of
the GaP indirect gap except in the vicinity of the bandgap crossover (x~1.3%), where a
significantly weaker dependence was observed. The most recent work by Buyanova et
al.”® on properties of GaNP material was devoted to low temperature photoluminescence
excitation measurements. New findings included: a) a drastic change in the ratio of
oscillator strengths between the optical transitions involving the conduction band (CB)
minimum and the high-lying I' CB state; b) a strong blue shift of the I' CB state with
increasing X accompanying a red shift of the CB minimum; ¢) pinning of the localized N
states. The results, described in the last several paragraphs, represent current status of the

investigation of GaNP alloys grown on GaP substrates.

Studying of the quaternary InGaNP material followed the initial study of the
ternary GaNP alloy. Little research has been done on InGaNP grown on GaP substrates.
Xin and Tu®” reported improvement of structural and optical properties of GaNP when
adding In into the alloy. Double-heterostructure red LEDs were fabricated utilizing
InGaNP bulk layer as an active region. No more results have appeared to date on the

InGaNP material, grown on GaP (100) substrates and devices based on it.
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Hong and Tu studied the In.Ga; NP, material system grown on GaAs (100)
substrates. First works include X-ray and PL characterization of Ing 5oGag4sN,Pi.y grown
on GaAs'” and study of the effect of nitrogen on the optical and transport properties of
In0,52Ga0,4gNyPl_y/GaAsml. Several important results have been reported, such as:
nitrogen incorporation dramatically reduces the InyGa;«P bandgap; PL peak energy
exhibits an inverted S-shaped dependence with temperature; nitrogen incorporation
significantly reduces the free-electron concentration and mobility; and, rapid thermal
annealing at 800°C strongly decreases the free-carrier concentration in
Ing 50Gag 4§No.00sPo.99s. Further study102 revealed similarities between Ings»Gag4gNyPi.y
and Ing 03Gag9:NyAs;.y grown on GaAs, such as asymmetric line shape of the PL spectra
with a low-energy tail, indicating the presence of N-related localized states; and a
decrease of free-carrier concentration in Si-doped Ings:Gag4sP and IngsGagorAs when

adding nitrogen into these alloys.

Other investigation of InGaNP grown on GaAs included: band lineup between
InGaNP and GaAs studied by Hong et al.'”’, Hwang et al.'”, and Izadifard et al.'®;

grown- in defects in InGaNP studied by Vorona et al.'®; formation of Ga interstitials in

(ALIn),Gai.«NyP;_, and their role in carrier recombination studied by Thinh et a|107,108;

|.109

and hydrogen-related defects in GaNP studied by Buyanova et a and Polimeni et

al.llO.

Finally, serious attention has been recently paid to the growth of GaNP on Si
(100) substrates. This interest is due to lattice matching of GaNy 02Po.0s to Si (100). If this

growth 1is successfully realized, this would fulfill a long-sought dream to integrate
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mainstream Si-based electronics with III-V-based optoelectronics. Works published by

11
l.

Yonezu et al.” " are currently a milestone in this area. Defect-free GaNP layers have been

112,113,114
d

already reporte . Evaluation of optical and defect properties of GaNP alloys,

lattice matched to Si, have been reported by Izadifard et al'"”.

1.3. Tasks and proposed approaches

So far our knowledge on the (Al,In,Ga)NP material system is limited, despite the
studies reviewed in the previous paragraphs. Little information available on the growth of
the InGaNP/GaP material system and study of its optical and structural properties. No
information is available on the growth of InGaNP/GaP quantum wells, their optical and
structural properties, and, consequently, their device applications. Also, growth and
characterization of the AlGaNP/GaP material system is not studied to date. Given the
current status of research and development of the (Al,In,Ga)NP material system on GaP
substrates and its device applications, as well as current stage of development of
conventional yellow-red AllnGaP-based LEDs, the following tasks are to be studied in

this dissertation:

1. Optimization of the growth conditions of the GaNP/GaP material system.

2. Synthesis of the AIGaNP/GaP material system and study of its structural and
optical properties.

3. Synthesis of InGaNP/GaP quantum wells and study of their optical and structural

properties.
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4. Use of the (Al,In,Ga)NP material system as the active region of LEDs, emitting in
the yellow-red spectral range.
5. Developing a fabrication process for (Al In,Ga)NP—based LEDs.

6. Optimization of the LED structure and its growth conditions.

Synthesizing III-NP is not an easy task because of the existence of a large
miscibility gap in this material. In thermodynamic equilibrium based on the entropy of
mixing, the alloys composed of elements with a large difference in ionic radii tend to
have a miscibility gap''®. The ionic radii of N and P are 0.72 A and 1.13 A'"
respectively, so the difference of ionic radii is 36% for N and P. Therefore, a large
miscibility gap in mixed group-V nitride-phosphides is expected, and materials grown
within this gap would tend to phase separate rather than forming an alloy. In order to
overcome this problem a non-equilibrium growth technique — gas source molecular beam
epitaxy with a radio-frequency (RF) nitrogen radical beam source - will be used to
incorporate nitrogen into III-P alloys. Because of the large miscibility gap expected, low
temperature growth will be required and nitrogen concentrations not exceeding 3% will

be used.

As for LED applications of the (Al,In,Ga)NP material system for the yellow-red
spectral region, our proposed approach has a number of advantages over currently used
AllnGaP-based LEDs. First, all layers of the LED structure are indirect bandgap and
transparent to the emitted light. Second, the LED structure is pseudomorphically grown
on a transparent GaP (100) substrate, so there is no need for substrate removal and

subsequent wafer bonding to a transparent substrate or a reflective layer on a carrier,
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which is the case for AllnGaP-based LEDs. Third, the active region formed using
proposed material system has 2-3 times larger conduction band offsets as compared to
AllnGaP-based LEDs, which should enhance the temperature stability of the device and

its luminous performance.

1.4. Scope of the dissertation

The main goal of this dissertation is to investigate the optical and structural
properties of the (Al,In,Ga)NP material system grown on a GaP (100) substrate, and use
this new material as the active region of yellow-red LEDs. The dissertation has two main
parts. In the first main part (Chapter 3) we study growth and characterization of GaNP,
AlGaNP and InGaNP materials. In the second main part (Chapter 4) we use the obtained

knowledge for applications of the (Al,In,Ga)NP material system in LED structures.

Chapter 2 describes the modification of our GSMBE machine to handle the
growth of III-N-P nitrides. An introduction of the material and device characterization
methods used in this work will be also mentioned. These methods include double-crystal
x-ray diffractometry, photoluminescence, electroluminescence, LED light output using an
integrating sphere, and I-V measurements using a probe station. Also, the equipment used

for the LED processing will be described.

Chapter 3 is devoted to the growth and characterization of the (Al In,Ga)NP
material system. Structural properties of GaNP as dependent on the substrate temperature

will be studied. The dependence of the GaNP band gap vs. nitrogen concentration and
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temperature dependent PL will be analyzed. For AlGaNP layers, using thermodynamic
approach we explain the difference between nitrogen incorporation into GaP and AlP.
We demonstrate and explain the peculiarities of AlGaNP quaternary alloy growth:
dependence of nitrogen concentration on Al composition and dependence of crystal
quality on Al composition. The dependence of the emission wavelength vs. nitrogen and
indium compositions will be studied for InGaNP QWs. The electron effective mass will
be determined for InGaNP materials with different indium concentrations. The
conduction and valence band offsets are to be calculated for the InGaNP/GaP

heterojunction.

In Chapter 4, we describe LED chip fabrication and contacts optimization. N-type
and p-type contacts development will be discussed. A description of LED chip
processing optimization will be given for a p-i-n diode structure. The band offsets will be
compared for (Al,In,Ga)NP-based LED structures and conventional AllnGaP-based LED
structures. Growth and fabrication results for bulk GaNP-based amber LEDs will be
discussed. Color stability (EL peak wavelength shift vs. current) will be compared for
GaNP-based LEDs and AllnGaP-based LEDs. The influence of the In concentration in
InGaNP QWs on EL properties of LED chips will be reported. Single and multiple
InGaNP QW-based LEDs will be studied. Current overflow in InGaNP QWs and

AllnGaP QWs will be calculated and analyzed.

Chapter 5 summarizes the dissertation, and some aspects for the future work are

suggested.
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Appendix A presents an alternative method to achieve yellow-red light emission
from InGaP, directly grown on a transparent GaP (100) substrate. We will present initial
study on metamorphic growth of InGaP layers on GaP substrates, as well as demonstrate
room-temperature amber photoluminescence from InGaP QWs, grown on a metamorphic

InGaP layer.
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Chapter 2. Experimental techniques.

2.1. Overview

Molecular beam epitaxy (MBE) has been widely used for growing high-quality
semiconductor films for different applications as well as for fundamental studies. MBE is
an advanced ultra-high vacuum evaporation technique, which uses atomic or molecular
beams for growth of high-purity semiconductor thin films. The high-vacuum
environment allows the use of in-situ monitoring techniques, such as reflection high-
energy electron diffraction (RHEED). The oscillations of the intensity of RHEED
patterns are used to determine the growth rate of the semiconductor film as well as layer
composition'. For III-V compound semiconductors MBE uses elemental sources, such as
Ga, Al, In, Ass, and P4. Typical dopants used for arsenides (e.g., GaAs) and phosphides
(e.g., InP) are Si for n-type films and Be for p-type films. Gas source molecular beam
epitaxy (GSMBE) was introduced in 1980. Using of thermally cracked arsine and
phosphine allowed better composition control of mixed group-V compounds, such as

InGaAsP>.

All the epitaxial structures described in this thesis were grown by GSMBE. A
Radio-Frequency (RF) nitrogen plasma source was used for N incorporation. This is the
most commonly used type of nitrogen plasma source. It provides stable atomic nitrogen

flux with good uniformity.

31
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Chapter 2 is devoted to a description of the GSMBE system, used for growth, and
several techniques used for material characterization, such as photoluminescence and
high-resolution x-ray diffraction rocking curves (XRCs). Also, light-emitting diode
processing techniques, such as e-beam evaporation, thermal evaporation,
photolithography, wire-bonding, rapid thermal annealing (RTA) are discussed. Finally,
LED chip characterization techniques, such as electroluminescence (EL) and current-

voltage characteristics are described.

2.2. GSMBE growth system with a nitrogen plasma source

A Varian GEN-II MBE system was upgraded to handle group-V hydride gases. A
schematic of the GSMBE system is shown in Fig. 2.1. Two separate gas cabinets for
AsH; (100%) and PHj3 (100%) were installed together with potassium permanganate
(KMnOy) scrubbers. Gases are introduced into the growth chamber through two cracking
furnaces heated to 980°C, which crack arsine and phosphine into dimmers and hydrogen
before reaching the substrate. Although the GSMBE system is equipped with two group-
V precursors, this thesis studies only phosphide materials. Besides the two gas crackers,
there are five other sources for solid Al, Ga, In, Si and Be in the growth chamber. The
group-III fluxes (Ga, Al, and In) and dopant sources (Si and Be) are controlled by the
temperature of effusion cells, and the fluxes of the group-V sources (As, P) are controlled

by mass flow controllers (MFCs). For instance, the phosphine MFC allows a maximum
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Figure 2.1. Schematic of the modified Varian GEN II Gas-Source Molecular Beam
Epitaxy system.
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flux of 20 sccm, and the precision of the flux value control is 0.1%, i.e. 0.02 sccm. The
typical phosphine flux used during growth is about 4 sccm. All furnaces are equipped in
the front with pneumatic shutters, which are both computer- and manually-controllable.
Liquid nitrogen shrouds surround the growth chamber and sources to condense
background molecules in the chamber for growth of high-purity layers. One Ebara
cryopump with a pumping speed of 2200 I/s and one Pfeiffer TMU1600 model
turbomolecular pump with a pumping speed of 1500 I/s are used to keep the vacuum in
the growth chamber. The typical background pressure in the growth chamber with fed
liquid nitrogen and sources heated to operating temperature is about 7*10™ Torr. This is

without group-V gas introduced into the growth chamber.

A RF plasma source is installed into one of the furnace ports, shown in the region
surrounded by dashed lines in Fig.2.1. We use an Oxford Applied Research Model No
MPD21 RF nitrogen plasma source with the following features: electrodeless to avoid
contamination; UHV-compatible for operating at pressures of less than 10” Torr and a
wide range of beam flux of 0-5 sccm with a step of 0.005 sccm (controlled by MFC).
Ultra-high purity (99.99%) N, gas first goes through a regulator, which maintains a
constant pressure of 50 psi, and a purifier (Matheson Gases & Equipment, 6190-V4MM
Membrane Type) to remove water vapor and oxygen. Then N, gas goes through an MFC
and, finally, the RF plasma source, where nitrogen radicals are generated and escape into
the growth chamber through a beam exit aperture, which has 16 holes with a diameter of

0.3 mm.
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Figure 2.2. Nitrogen plasma source.

The basics of the plasma source is creation of a plasma discharge in a pyrolytic
boron nitride (PBN) tube. The discharge is created from inductively-coupled RF
excitation at 13.56 MHz. Nitrogen molecules are excited or break their bonds in this
plasma discharge. Thus, part of the molecular nitrogen converts into atomic nitrogen in
the source, but there are a number of other species (Fig.2.2) coming out of the aperture:
excited molecular nitrogen, and ions, which are formed in the plasma source by impact
ionizatio. Unbroken nitrogen molecules do not participate in the growth process, but

nitrogen atoms incorporate into the growing film with certain efficiency. lons may
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damage the surface of the growing layer without incorporation. A shutter in front of the
plasma source cuts off the nitrogen beam, when no nitride growth is required. A manual
valve is installed between the MFC and the gas inlet of the RF plasma source to isolate

the N, gas line from the growth chamber during the idle state.

The optical spectrum of our nitrogen plasma source at typical growth conditions
(250 Watt, 0.5 sccm, see below in details) is shown in Fig. 2.3. The spectrum was
measured using a CCD spectrometer. An optical fiber, coupled to a plasma source view
port is used to deliver the optical signal into the spectrometer. The regions of the
spectrum corresponding to atomic nitrogen and molecular nitrogen are show in Fig. 2.3.
The intensities of the peaks corresponding to atomic nitrogen are higher than those of

molecular nitrogen, showing high efficiency of the plasma source.

A molecular N atomic N

S5
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> 0.3 sccm
=
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g -

=

400 600 800 1000
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Figure 2.3. Optical emission spectrum of the nitrogen plasma source.
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There are two main parameters of the plasma source — applied RF power (0-500
Watts, controlled by a plasma source power supply), and the nitrogen flux (0-3 sccm,
controlled by an MFC). These parameters determine the optical emission intensity of the
plasma discharge. Optical emission intensity is monitored by a Si detector. The amount
of nitrogen, incorporated into the growing film, is proportional to the optical emission
intensity of the nitrogen plasma source. The experimental dependence of the optical
intensity of the plasma source on the source parameters is shown in Fig. 2.4. The symbols
are experimental data. The family of the lines represents dependence of the plasma
intensity vs. the nitrogen flux at a given applied RF power. One can see that increasing
both N, flux and applied RF power leads to an increase of the plasma intensity, thus, an
increase of the nitrogen incorporation into the growing film. The solid red line in Fig 2.4
borders the region of the graph where the plasma is intensity proportional to the nitrogen
flux for all plasma values applied. The region of the graph above the solid red line shows
saturation of the dependencies, which means that the efficiency of the nitrogen plasma

source is lower than in the region below the solid red line.

The same plasma intensity can be achieved using higher nitrogen flux and lower

RF power or lower nitrogen flux and higher RF power. The choice of the plasma source

conditions for the best crystal and optical quality of the growing nitrogen-containing film
is based on the next statements:

- If the applied RF power is too low (< 100 W), the plasma discharge is unstable and

may switch into low-intensity mode, which is not efficient for producing reactive

atomic nitrogen.
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Figure 2.4. The optical intensity — nitrogen flux diagram for the nitrogen plasma

If the applied RF power is too high (>350 W), the plasma source produces more ions,
which may damage the surface.

If the nitrogen flux is too high (above the solid red line), the dependence of the
intensity vs. flux saturates, which means low efficiency of the plasma source at
relatively high pressure in the growth chamber. However, we would like to have the

maximum plasma source efficiency at the lowest nitrogen flux possible, to keep the
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pressure low in the growth chamber and have enough atomic nitrogen to incorporate
into the growing film.
- If the nitrogen flux is too low, the plasma discharge is unstable, which may lead to its

attenuation.

Based on the above statements, we have determined the area in Fig 2.4 (violet
color oval), which represents the best plasma source conditions for the growth of dilute
nitrides with nitrogen concentrations 0.5%<[N]<2%. Fine-tuning of the plasma source
conditions within this region is based on the evaluation of crystalline and optical

properties of the samples.

2.3. Characterization

This section describes material and device (LED) characterization techniques
used in this study. The material characterization techniques include photoluminescence
(PL), x-ray diffraction (XRC), and Hall measurement setup. For the LED characterization
we use an electroluminescence (EL) setup, a probe station for current-voltage (I-V)

measurements, and an integrating sphere for light intensity measurement.

2.3.1. Material characterization



40

The main optical characterization technique, wused in this study is
photoluminescence, which is a sensitive way to characterize the optical properties of
semiconductors. By observing the photon emission associated with transitions from
optically excited states, the bandgap of a material can be easily determined. Figure 2.5
shows a schematic of our PL setup. An Argon ion laser, emitting at 514 nm, or a HeCd
laser, emitting at 325 nm is used as the light source. A typical Ar ion laser optical output
power of 100 mW and HeCd laser optical output power of 10 mW are used to excite the
sample. Photoluminescence is collected in a back scattering configuration, focused into
and dispersed by a 50-cm monochromator. Finally, the signal is detected at the exit of the
monochromator by a photo-multiplier tube (PMT) through an amplifier. For low
temperature measurement, the sample is mounted on the cold finger of a closed-cycle
cryostat.

Ar ion laser
or

Computer

HeCd laser
y
L Lock-in
Amp.
X ol
Reference | ’Sign_al
<
. H- Monochromator Q]—
Sample Detector

Figure 2.5. Schematic of the photoluminescence measurement system.
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High-resolution X-ray diffraction is used to characterize structural properties of
the samples. Cu Ka line (A=1.5406 A) is used in the XRC measurements. The system is
presented in Fig. 2.6. The x-ray apparatus is a multiple-crystal x-ray diffractometer’,
which consists of a Phyllips PW 1729 x-ray generator, a Bartels monochromator
composed of four Ge crystals set in the (+,-,-,+) configuration®, a Philips PW 1711/10
wide-angle proportional detector and a Lansing four-way adjustable sample holder. The
sample is initially mounted with the surface at the Bragg angle, 0, with respect to the
incident beam. The detector is initially set at 205 to detect the (400) diffraction. During
the measurements, the angular position of the sample is rocked around O with the
angular position of the detector fixed at 20g. Thus, the recorded curve is called a rocking
curve. The typical current and voltage used for the X-ray generator are 20-25 mA and 35

kV, respectively.

Detector

Monochromator

Figure 2.6. Schematic of the x-ray measurement system.
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High-resolution XRCs are measured for two purposes. The first is to characterize
the crystalline quality of the epilayers. In XRCs broadening of the X-ray peaks occurs for
many reasons, such as inhomogeneous lattice parameters due to strain relaxation of the
film, composition fluctuations, micron-tilting of lattice planes due to interfacial misfit
dislocations™°. Therefore, any broadening of the x-ray peak indicates quality degradation.
The other purpose is to determine the layer composition and thickness. By comparing
simulated curves based on the dynamic theory™® with experimental data, the layer
composition, thickness, crystal quality, and interfacial quality can be deduced. In order to
obtain an accurate alloy composition, however, it is important to use the strain-free lattice
constant of the epilayer. For a system consisting of an epilayer and a substrate, the
epilayer can be fully strained, partially strained, or fully relaxed. The peak separation
between the substrate and epilayer in the (400) reflection will differ by about a factor of

two for for fully strained and fully relaxed epilayer.

In addition to PL and XRC, the standard Hall measurement set up is used to
determine free carrier concentration and carrier mobility in the epilayers. This
measurement is important to calibrate doping concentrations for light-emitting diode
structures. Rectangular test samples with dimensions about 0.5 cm X 0.5 cm are used.
Four indium dots are used as contacts at the corners of the sample. By measuring the
resistance of the sample in between the contacts with and without an applied magnetic

field, free carrier concentration and carrier mobility are determined.
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2.3.2. Light-emitting diode characterization

For LED chip characterization three main techniques are used:

electroluminescence, current-voltage measurement, and integrating sphere.
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computer

copper plate

LED chip
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Figure 2.7. Schematic of the electroluminescence measurement system.

Electroluminescence is a measurement of the optical signal (optical emission
spectrum) from the sample under a drive current. The experimental set up is shown in

Fig. 2.7. An LED chip with broad area n-type metal contact on the bottom and circular p-
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type metal contact on the top is placed on a copper plate. A direct current source is
connected to the electrodes. An optical fiber is used to carry the optical signal to a CCD
spectrometer BWTEK (BTC112E), operating in the 510 — 710 nm wavelength range. The
optical fiber is fixed in a 3D micromanipulator to maximize the optical signal input from
the LED chip. The CCD spectrometer is connected to a computer, where EL spectra are
generated and analyzed. A typical DC current range of 5 — 150 mA 1is used for spectrum

recording.

For current-voltage (I-V) measurements a Hewlett Packard probe station and an
oscilloscope are used. -V measurements are important to analyze the series resistance of
an LED structure, the contact resistance, the offset voltage, and the reverse breakdown

voltage. The voltage range of -30 V to 6 V is used for carrying out the [-V measurements.

A 20-cm-diameter integrating sphere is used for light intensity measurements of
the packaged LED chips. The use of the integrating sphere is a courtesy of B. Yhan and J.

J. Song of Xepix.

2.4. LED fabrication

This section describes the experimental processing equipment used for LED

fabrication. The detailed description of the processing optimization is given in Chapter 4.
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LED chip fabrication from LED wafers consists of contact deposition and LED
chip dicing. Contact deposition includes depositing back-side n-type metal contact on the
bottom of the grown LED wafer and 180-um-diameter p-type metal contacts on top of
the wafer. LED chip dicing then takes place to dice the processed wafer into individual

LED chips.

For n-type contact deposition we use e-beam evaporation, which uses a high-
energy electron beam to melt the surface of a target and evaporate it onto the sample. The
process takes place in a high-vacuum chamber with the base pressure of about 5%107
Torr. To form an n-type contact on the GaP semiconductor wafer, we use three different
targets: Ge, Au, and Ni. The thickness of the depositing metal is controlled in-situ by an
oscillating crystal thickness monitor, in which changing settings allow to adjust the
monitor to measure the thickness of a certain metal. The metal growth rate is controlled

by the electron current, and a typical growth rate is 1-2 A/s.

For circular p-type contact the process includes several major steps: spinning
photoresist on the surface of the wafer; exposure under the mask in a Karl Seuss
Microscope (KSM); development of the photoresist in a PLSI developer solution to form
the circle features on the surface; depositing AuZn metal contact using a thermal
evaporator; and, finally, lift-off in acetone. The last process dissolves the photoresist
under the deposited metal and it lifts-off everywhere, but the circle areas where
photoresist has been developed. This leaves the circular metal contacts on the top of the

LED walfer.
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The thermal evaporator is different from the e-beam evaporator. In the thermal
evaporator a small quantity of the metal is put into a PBN crucible. A DC current of 8-12
A goes through the metal spire inside the crucible and heats it up. The metal melts and
evaporates on the exposed sample surface. The thickness is monitored in-situ, using the
oscillating crystal thickness monitor. A typical growth rate is about 1-2 A/s, and it is
controlled by an applied voltage. The reason for using a thermal evaporator for p-type
contact deposition is the following. We use a AugZngo alloy for p-type contacts. One
slug (2 mm X 2 mm X 3 mm) of AuZn is used for one process in the thermal evaporator.
In an e-beam evaporator the target size has to be much bigger to fill in the crucible.
Heating the surface of AuZn may cause Zn segregation and evaporation, which will lead
to a decrease of the Zn concentration in the target, and, consequently in the deposited

contact layer. Therefore, thermal evaporator is used for p-type contact deposition.

Both n-type and p-type contacts are annealed by a Rapid Thermal Annealing
technique to assure the alloying of the deposited metal with the semiconductor. The
homemade RTA machine is a small (25 cm long, 5 cm diameter) glass tube with a
substrate holder and powerful halogen lamp, which heats up the sample in about 5-10
seconds to the desired temperature. The temperature is controlled by a thermocouple,
which has a feedback with the lamp power supply. This closed loop stabilizes the
temperature of the substrate. The process takes place in nitrogen atmosphere to reduce

oxidation of the semiconductor surface.
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Dicing of the LED chip wafer with deposited contacts into individual LED chips
is done manually under an optical microscope. The chip size is around 380 um X 380
pum. Visual chip inspection is performed under an optical microscope, before

characterization, to measure chip dimensions and assure good facet quality.
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Chapter 3. Growth and characterization of (Al,In,Ga)NP.

3.1. Overview

This chapter is devoted to the growth and characterization of GaNP layers,
AlGaNP bulk layers, and InGaNP quantum wells (QWs) grown on GaP (100) substrates
by plasma-assisted GSMBE. For each of the materials, growth and characterization

details are given, and some of the optical and structural properties are studied.

For GaNP layers, growth conditions (e.g. substrate temperature) are optimized.
Dependence of the GaNP band gap vs. nitrogen concentration is studied. Temperature

dependent PL is measured and analyzed.

For AlGaNP layers, we explain the difference between nitrogen incorporation into
GaP and AIP, using thermodynamic approach. We demonstrate and explain peculiarities
of AlIGaNP quaternary alloy growth: dependence of nitrogen concentration on Al

composition and dependence of crystal quality on Al composition.

Temperature - dependent PL and dependence of the emission wavelength vs.
nitrogen and indium compositions are studied for InGaNP QWs. Electron effective mass
is determined for InGaNP material with different indium concentrations. Conduction and

valence band offsets are calculated for the InGaNP/GaP heterojunction.

49



50

3.2. Growth and characterization of GaNP layers

This section is devoted to growth and characterization of GaNP layers. Some of
the optical and structural properties of GaNP layers grown on GaP (100) substrates were

studied by room-temperature and low-temperature PL. and XRC.

3.2.1. Growth details

All the samples were grown on GaP(100) substrates. Substrate temperature was
varied from 430°C to 650°C for different layers grown and the growth rate of 1pum/h was

used.

Figure 3.1 shows a schematic of the test structure, which consists of a 200-nm-
thick GaP buffer layer, a 200-nm-thick GaP bottom and top barrier layer and a 7-to-200-

nm-thick GaNP; active region with various x.

After the surface oxide of a GaP substrate is removed at 640°C under P, flux, a
GaP buffer layer was grown. Nitrogen plasma was ignited at the end of the buffer layer
growth, without growth interruption to minimize the negative effect of a low-quality
transition layer, formed at the moment of plasma ignition. This layer is a result of
uncontrolled nitrogen incorporation into the growing film, when plasma discharge is

ignited and plasma conditions are tuned. One can lower the uncontrolled nitrogen
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Figure 3.1. A schematic of the GaNP test sample.

incorporation by keeping the substrate temperature above 600°C at the ignition moment
and continuing the growth. After plasma conditions are set for the growth parameters, the
substrate temperature was lowered to the growth temperature of GaNP, between 430°C
and 540°C. Growth is monitored by reflection of high-energy electron diffraction
(RHHED). A typical PH3 flow rate of 3.5 sccm is used for the growth of GaP layers. A
slightly reduced PH3 flow rate is used for the growth of GaNP layers, in order to maintain

a constant V/III ratio. The GaP cap layer is grown at a substrate temperature of 640°C.
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All the samples are annealed after the growth under a P, flux of 4.5 sccm at a substrate

temperature of 700-720°C for 2 minutes.

We use an Ar ion laser in the PL setup, presented in Fig. 2.5, for PL study of bulk

GaNP, and a HeCd laser for the study of thin GaNP layers (quantum wells).

3.2.2. Optical properties

GaP is an indirect bandgap material, but it was previously demonstrated by our
group1’2’3’4’5’6 that adding a small amount of nitrogen (~0.5%) into GaP converts this

material into direct bandgap and shifts the emission wavelength into the yellow spectral

range.

The dependence of room-temperature (RT) PL peak wavelength from 200-nm-
thick GaNyP,x layers on nitrogen composition is shown in Fig. 3.2a. Increasing the
nitrogen composition in the layer results in red shift of the PL peak position. This is
similar to the GaNAs material system grown on GaAs substrates, but nitrogen seems to
have a bigger impact when added into GaP. In particular, adding one percent of nitrogen
into GaP decreases the bandgap by 320 meV versus 180 meV in GaAs’. This difference
could be due to the different strain and nitrogen energy levels with respect to the
conduction band in GaAs and GaP. Increasing the nitrogen concentration in the GaNP
bulk layers from 0.6 to 1.7% shifts the light emission color from yellow-amber (605 nm)

to red (670 nm). Room-temperature PL spectra of two GaNP samples with nitrogen



53

composition 0.62% and 1.17%, respectively, are shown in Fig. 3.2b. Unlike in GaNA:s,

increasing the N concentration in GaNP does not result in a decrease of the PL intensity.

560 600 640 680 720 760

1.84-—
164 a) P
© 147 /
— 1.2 S{
— 1.0 /
0.8
0.6
2 | b)) N\ | 300K
E \\\
E \\\\_
- A -

560 600 640 680 720 760
Wavelength, nm

Figure 3.2. a) Dependence of the PL peak wavelength on nitrogen composition in GaNP
at room temperature; b) RT PL spectrums of: 1 — test structure with [N]=0.62%, 2 - test
structure with [N]=1.17%.

Figure 3.3 shows the dependence of PL intensity and FWHM of the PL peak of a

200-nm-thick GaNgosPo.904 layer on substrate temperature. The highest PL intensity is
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position is almost the same for both GaP and GaNP. Thus, holes are free to move
between GaNP and GaP, and increasing the thickness of the GaNP active layer results in
an increase of the probability of electron-hole recombination. Thus, the PL intensity
increases with layer thickness. Then the PL intensity starts to decrease slowly with
thickness. Based on Matthew and Blakeslee’s modelg, the critical thickness of
GaNy 0062P0.993s layer grown on GaP is calculated to be 300 nm, which is in good
agreement with our experimental data, showing a decrease of PL intensity when W > 200

nm.

GaP / GaN P /| GaP

0.0062" 0.9938

1004

PL intensity, a.u.
H
o

=
2aal

- —
GaNP thickness W, A

Figure 3.4. Dependence of PL intensity of GaNy.0062P0.993s layer on layer thickness.
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It is important to mention that in this experiment the Ar laser light gets absorbed
mainly in the GaNP layer and little absorption takes place in the GaP confinement layers,
limiting the number of carriers, that are get excited in GaP and diffuse into GaNP. Figure
3.5 clarifies this statement. Figure 3.5 represents the band diagram of the GaP/
GaNj 0062P0.9938/GaP structure with corresponding energy bandgaps. Eg of GaP is 2.26 eV
(Fig. 3.5), and since GaP is an indirect bangap semiconductor, Eg is the energy distance
between X-valley of the conduction band and I'-valley of the valence band. The energy
distance between I'-valleys of the conduction and valence bands is 2.76 eV, i.e. larger
than the GaP bandgap. Eg of GaNy.g062P0.9938 is 2.032 eV, and GaNP is a direct bandgap

semiconductor. The energy of an Ar ion laser (514 nm) is 2.41 eV. This energy is not
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Figure 3.5. A band diagram of GaP/GaNP/GaP double heterostructure.
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sufficient to excite electrons to the I'-valley of GaP, but enough to excite electrons to the
X-valley of GaP. The photon absorption in GaP with electron being excited into X-valley
is a phonon-assisted process, since electron momentum changes when moved from I'- to
X-valley. This means that optical excitation of GaP is not an efficient process, when an
Ar laser is used, as it requires electrons to change their momentum. Thus, only direct
bandgap GaNy go62Po.9938 layer can be efficiently pumped with an Ar laser (514 nm) in the
structure, presented in Fig. 3.5. Increase of the thickness of the GaNP layer leads to
higher absorption and recombination, leading to increase of the PL intensity of the GaNP
layer. That is why for the temperature-dependent PL measurements of thin GaNP layers

(quantum wells) described below we used a HeCd laser with photon energy of 3.8 eV.

Temperature-dependent PL of a 7-nm-thick GaNjosPogos quantum well is
studied. Figure 3.6a shows temperature dependence of the transition energy. The symbols

are experimental data, and the solid curve is the best fit with the Varshni equation:
E(T)=E(0)-axT*/(T+f) (3.1),

where a and [ are fitting parameters. One can see that the temperature dependence of the
transition energy for the GaNP quantum well can be fit very well with the Varshni
equation with 0=2.7x10"* eV/K and p=140 K, which means that no localized defects are
detected in the studied epi-layer. Figure 3.6b shows PL spectra corresponding to the solid
data points in Fig. 3.6a. One can see that PL intensity decreases 900 times when the
temperature is increased from 80 K to 300 K. This significant quenching of the PL
intensity may indicate the presence of growth impurities (non-radiative recombination

centers, e.g. oxygen) in the GaNP layer. For comparison, a typical difference in the PL
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intensity between 300 K and 80 K for optimized InGaNAs/GaAs quantum wells is a

factor of 20-30 °.

a) b)

B 70-A-thick GaN___P QW

0.005

8- 80K /900
7- 100K /736
6 - 130K /294
5- 160K /65
4-190K /20
3-220K /2
2-260K /2
1- 300K

Photon energy, eV
PL intensity, a.u.

71 Y P — ———————
0 50 100 150 200 250 300 560 580 600 620 640
Temperature, K Wavelength, nm

Figure 3.6. a) Dependence of the photon energy vs. temperature for 70-A-thick
GaNy oosP QW. Symbols are experimental data, and solid lines are the best Varshni fit;
b) PL spectrums for the 70-A-thick GaNg gsP QW, taken at different temperatures.

3.2.3. Structural properties

Structural properties of GaNP layers grown on GaP substrates are studied together
with optical properties. Nitrogen concentration is determined from x-ray diffraction
rocking curves. Figure 3.7 shows x-ray diffraction rocking curves of three 100-nm-thick
GaNP samples with different nitrogen concentration (0.4%<[N]<1.16%), grown at the

same substrate temperature of 510°C. The Pendellosung fringes are well resolved, and the
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full width at half maximum (FWHM) of the peaks is relatively narrow (~ 90-100 arcsec),
which means high crystalline quality. All the layers grown are pseudomorphically
strained, i.e. thinner than the critical thickness calculated based on the Matthew and
Blakeslee’s model. For the GaNy ¢04Po.996 layer the critical thickness is calculated to be ~

400 nm, for GaNo_006P0_994 ~ 300 nm, and for GaN0_0116P0_9gg4 ~ 140 nm.

GaNP bulk layers

>

Cdn Peak

> at 185 M [N]=0.4%

=

0
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c at 285" whiu [N]=0.6%
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at 551" [N]=1.16%

1500 -1000 -500 O 500 1000 1500
@, arcsec

Figure 3.7. (400) x-ray rocking curves for 100-nm-thick GaNP layers with different
nitrogen concentrations ([N] = 0.4%, 0.6%, 1.16%).

A series of 200-nm-thick GaNy oosPo.994 samples is grown at different substrate
temperature (430°C<T,<540°C) in order to study the effect of Ty on the structural

properties of GaNP. Figure 3.8 shows the dependence of FWHM of the x-ray peaks on
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substrate temperature. One can see that for substrate temperature less than 500°C the
FWHM increases slowly, around 10 arcsec per 20°C, but for substrate temperature higher
than 520°C the FWHM increases rapidly, more than 40 arcsec per 20°C, indicating
degradation of structural quality. This is because of the tendency for clustering with
increasing substrate temperature'’ due to the large miscibility gap. RHEED patterns also
confirm this observation, streaky at low growth temperature and dash-like at higher

growth temperature.
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Figure 3.8. Dependence of the FWHM of x-ray peak of GaNy gosPo.994 bulk layer on
substrate temperature.

The results from Fig. 3.8 combined with the results from Fig. 3.3 of the previous

paragraph allow us to conclude that the best substrate temperature for growth of GaNP
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layers is 500°C<Tq,<520°C (shaded area in Fig. 3.8). This provides narrow X-ray and PL

peaks and the highest PL intensity.

3.3. AlGaNP bulk layers

AlGaNP might be used in order to blue-shift the emission wavelength, since the
AIP bandgap (2.71eV) is higher than that of GaP (2.27eV). First green LEDs were based
on nitrogen-doped GaP, because nitrogen is known as an effective isolelectronic trap in
GaP''. There were attempts to decrease the emission wavelength in those kinds of
structures by doping AlGaP with nitrogen. Emission wavelength blue-shift has been

achieved in AlGaP:N structures, compared to GaP:N structures'”.

This section describes growth and characterization of bulk AlGaNP layers.
Thermodynamic approach is used to explain the difference in nitrogen incorporation into
GaP and AIP layers. X-ray diffraction measurements are used to determine Al and N
concentrations in the AlGaNP layers. Based on that, the peculiarities of the growth of
quaternary AlGaNP alloy with different aluminum and nitrogen compositions are

discussed and explained.

3.3.1. Growth and characterization details

All samples are grown on GaP (100) substrates with a Varian GEN II MBE

system. Substrate temperature is varied from 500°C to 650°C for different layers grown,
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and a growth rate of 1.5-2.3 A/s is used. The samples consist of a GaP substrate, a 0.2-
um-thick GaP buffer layer followed by a 0.1-um-thick GaNP, AINP or AlGaNP active
layer and capped with a 0.1-um-thick GaP layer. All samples show mirror-like surfaces.
Both Al and N mole fractions affect the lattice parameter (and, therefore, x-ray peak
position) of quaternary AlGaNP alloys. In order to separate the contributions of each
constituent binaries into the x-ray peak position of AlGaNP, a 0.1-um-thick
pseudomorphic AIP layer is grown on a GaP substrate, and the x-ray peak position of the
AIP layer is measured to be -750 arcsec (Curve 1 in Fig. 3.9). Then, the x-ray peak
position of an AlyGa, <P layer with 0<x<1 can easily be calculated. The Al composition is

" (] "
1
AP
ek FWHM 210"

Peak at -750"
AINP 2

Peak at 180"
N]=1.95% e,
[N] o iy k' S

AINP ° Peak at 714"
[N]=3.08% it bedui. =\ 70"
AINP 4

[N]=4.21% uhhiluHI“ Peak at 1250"

FWHM 80"

v I v I v I v I v I v I v I
-3000 -2000 -1000 0 1000 2000 3000
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Figure 3.9. (400) x-ray diffraction rocking curves of AINP layers with the nitrogen
composition varied from 0 to 4.21%.
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controlled by the Al/Ga flux ratio. When an AlGa;NyPi, alloy is grown, the
contribution of Al into the x-ray peak position is known in advance, based on what is
described above. The difference between x-ray peak positions of AlyGa; (P and AlyGa;.
NyPi.y grown on GaP solely depends on the amount of nitrogen incorporated, assuming
that nitrogen does not affect incorporation of Al. Then, the nitrogen composition can be

determined.

All the layers grown are assumed to be pseudomorphically strained. The lattice
constant of GaP is 5.45 A, and that of AIP is 5.46 A, so the lattice mismatch between
those two alloys is 0.18 % and the critical thickness is calculated to be 3400 A, based on
the Matthew and Blakeslee’s model®. For the AlNp.042P0 953 alloy grown on GaP (Curve 4
in Fig. 3.9), the lattice mismatch is 0.55 % (the highest mismatch among the structures
grown), and the critical thickness is calculated to be 1100 A, based on the Mathew and
Blakeslee’s model®. The above allows determining the nitrogen concentrations in AINP
layers from x-ray diffraction rocking curves, which are presented in Fig. 3.9. The same

approach is taken when the N concentration is determined in AlGaNP layers.

3.3.2. Thermodynamic analysis and structural properties

The efficiency of the nitrogen plasma cell producing nitrogen radicals is
determined by optical plasma intensity (see Chapter 2.2). The nitrogen composition in a
layer is directly proportional to plasma intensity, if all other growth conditions are kept

the same. Figure 3.10 shows the dependence of nitrogen composition on plasma intensity
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for GaNP and AINP layers, grown under the same phosphorus flux and substrate
temperature. The nitrogen composition is normalized to a growth rate of 1.9 A/s, since it
is inversely proportional to growth rate. Both dependencies are linear as expected, but

AINP layers have more nitrogen by a factor of 3.4.

B AINP 0.1pm-thick
® GaNP 0.1um-thick

Nitrogen composition, %

0 50 100 150 200 250 300 350
Plasma intensity, a.u.

Figure 3.10. Dependence of the nitrogen composition in AINP and GaNP layers on
plasma intensity.

To investigate why nitrogen incorporates into AIP more easily than into GaP, we
apply an equilibrium thermodynamic model to describe the growth of these compounds.
This model was developed for description of MBE growth process of AlGaAs'" and
InGaAsP', and it takes into account growth parameters such as elemental fluxes and

substrate temperature. The model was applied to describe the growth of dilute nitrides,
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e.g. GaNAs'>'® and GaInNAs'’, as well. According to the model, the reaction of
formation of AINP and GaNP ternary solutions can be divided into reactions of formation

of binary compounds:

Al+P = AIP (3.2a),
Al+N = AIN (3.2b),
Ga+P = GaP (3.3a),
Ga+N = GaN (3.3b),

Then, a ternary solution is a mixture of two binary components with corresponding
interaction parameters. A larger energy released during a reaction results in easier
formation of the binary compound from the elements. We will consider Gibbs free energy
(4G(T)) for each of those reactions. For (3.2a) and (3.3a) 4G(7) is calculated from the
known temperature dependence of equilibrium constant K '*:

K =exp (AG/RT) (3.4),
where R is the gas constant. For reactions (3.2b) and (3.3b) 4G(7) is calculated using
Ref. 19, in which thermodynamic analysis applied by the authors leads to 4G(7) of GaN
and AIN binary compound formation to be written as:

AG(T)= A+B/T+CxTxIn(T)+D*T+ExT* (3.5).

A, B, C, D and E coefficients’’ are also taken from Ref. 19.

Calculation results in the temperature range of 400°C to 600°C are presented in
Fig. 3.11. AGgan is lower than AGg,p in the concerned temperature range, and 4G is
lower than AGap. This means that nitrogen incorporation into GaP and AIP is

energetically favorable. The difference between AGg,n and AGgqp at 500°C (growth
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temperature) is smaller than that between AGan and AGup at 500°C. Thus, nitrogen
incorporation into AIP is easier than nitrogen incorporation into GaP, if growth
conditions are kept the same. This qualitative analysis explains the difference in nitrogen

incorporation into GaP and AlP.
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Figure 3.11. Dependence of free Gibbs energy on the substrate temperature for
reactions of formation of AIP, GaP, GaN and AIN.

Such a large (factor of 3.4) difference in nitrogen incorporation into AIP and GaP may
affect the growth of AIGaNP quaternary alloys. In order to investigate how this
incorporation difference influences on the crystal quality of AlGaNP, a series of AlGaNP

layers with different aluminum concentration (15, 25, 50 and 80%) is grown. Plasma
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source conditions (power and nitrogen flux) are kept the same as well as the total growth
rate (1.9 A/s) and substrate temperature (500°C). The plasma source conditions result in
0.6% nitrogen incorporated into GaP at a given growth rate (1.9 A/s). Increasing the
aluminum composition in the layer results in increasing nitrogen composition in the

layer, as expected. Figure 3.12 shows (004) x-ray diffraction rocking curves of the

Intensity, a.u.

-800  -400 0 400 800 1200
o, arcsec
Figure 3.12. (004) x-ray diffraction rocking curves of 0.1-um-thick AIGaNP layers with

different nitrogen and aluminum composition. The peak positions from AlGaNP epi-
layers are indicated.

AlGaNP layers grown. One can see that single crystal AlGaNP layers are grown.
Pundellosung fringes are well resolved in the x-ray rocking curves. Figure 3.13a shows

the nitrogen concentration in the AlGaNP layers vs. aluminum composition. The straight
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line is a linear interpolation of nitrogen concentration in AlGaNP, based upon Fig. 3.10.
The symbols represent experimental data. Figure 3.13b shows the dependence of full

width at half maximum (FWHM) of (004) x-ray diffraction peaks of the AlGaNP layers
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Figure 3.13. a) Nitrogen concentration in AlGaNP layers vs. aluminum composition
for the same plasma source conditions used; b) full widths at half maximum of (004)
x-ray diffraction peaks vs. aluminum composition in the AlIGaNP layer.
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on aluminum composition. The corresponding nitrogen concentrations are demonstrated
in Fig. 3.13a. One can see that the maximum FWHM is reached at 50% of aluminum in
the layer. That means at 50% aluminum the crystal quality of the quaternary alloy is the
worst. This result is expected since the difference in nitrogen incorporation into GaP and
AIP has the strongest effect in the AlysGagsP layer. Other compositions will exhibit more
GaNP-like or AINP-like behavior, and the effect of the nitrogen incorporation difference
will be reduced. It is important to notice that the FWHM of AlGaNP with 0%<[A1]<20%
(~ 85 arcsec) is larger than that of AIGaNP with 80%<AI<100% (~ 60 arcsec), given the
same growth conditions. This is due to the smaller strain in the AlIGaNP layer with

80%<Al<100% (see the peak positions in Fig. 3.12).

Thus, during the growth of AIGaNP quaternary alloy, the difference in nitrogen
incorporation into GaP and AIP should be taken into account when predicting the average
nitrogen concentration in the layer. Adding aluminum will increase nitrogen
concentration according to the dependence in Fig. 3.13a. However, these complications
may be avoided if using an AIP/GaNP superlattice as a digital alloy of AIGaNP. In this
case the average nitrogen concentration in the alloy is simply calculated from the

thicknesses of AIP and GaNP layers, and the known nitrogen concentration in GaNP.

Photoluminescence signal has not been detected from the AlGaNP layers both at
room temperature and at low temperature (~80 K). We explain this by two reasons. First,
GaP/AlGaNP heterojunction is a type II heterojunction, and no carrier confinement for
holes exist. Taking into account the use of the relatively thin layers (0.1 pum), we may

conclude that holes diffuse from the AlGaNP layer into GaP barrier and cap layers.
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Second, more nitrogen is required to convert AlGaP from indirect bandgap into direct
bandgap as compared to GaP, because of the larger E, of AlGaP. The lowest Al
concentration used in AlGaNP layer is 15% (Fig. 3.12), and corresponding nitrogen
concentration is 0.8%. This may not be enough for converting AlGaP into a direct

bandgap material.

3.4. InGaNP quantum wells

Incorporation of only 0.4% of nitrogen into GaP converts the material from
indirect into direct bandgap and shifts the emission wavelength into the yellow spectral
range. Unlike the InGaNAs/GaAs material system, there is little information available
about the optical properties of InGaNP quantum wells (QWs) in GaP barriers. In this
section we study the optical properties of InGaNP/GaP QWs and the influence of post-
growth annealing on PL properties of InGaNP/GaP QWs, describe temperature-
dependent photoluminescence, and determine the electron effective mass in InGaNP
material as dependent on the In concentration. Finally, we calculate band offsets of

InGaNP QW in GaP barriers.

3.4.1. Growth details
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All samples are grown directly on GaP(100) substrates in a Varian GEN II gas
source molecular beam epitaxy (GSMBE) system. Substrate temperature is varied from
480°C to 650°C for different layers grown and a growth rate of 1 um/h is used. Post-
growth annealing is carried out in situ at a temperature of 700 °C for 2 minutes under an

excessive phosphorous flux.

The sample structure consists of a GaP (100) substrate, a 200-nm-thick GaP
buffer layer, a 4-to-10-nm-thick In,Ga;.,NsP;« quantum well with various x and y, and a

200-nm-thick GaP cap layer.

Nitrogen plasma source conditions (nitrogen flux, F, and applied RF power, P)
are different for the samples grown in order to change the nitrogen concentration in the
epi-layers. The nitrogen flux range is 0.3 sccm < F < 1 sccm, and the applied RF power is
changed in the range of 100 W < P < 375 W. This range of plasma source conditions
ensures a nitrogen concentration of 0.04% < [N] <2 % in the InGaNP layers. We assume
that In has negligible influence on the nitrogen incorporation efficiency into GaP, and
calculate the nitrogen concentration by normalizing it to the total group-III flux (growth
rate). This assumption is valid for the InGaNAs material system, according to
thermodynamic calculations'”. The total group-V/group-III flux ratio is kept the same for

all the samples grown.

PL measurements are carried out at the temperature range of 20 K to 300 K using
a 15 mW HeCd laser as the optical pumping source. PL signal is detected by a

photoelectron multiplier.
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3.4.2. Optical properties

First, we study the effect of the post-growth annealing on the optical properties of
InGaNP quantum wells. The reason why we are interested in annealing is that the growth
temperature of nitrogen-containing films is relatively low (<500°C). This may lead to a
formation of the point defects, due to a suppressed migration of the atoms on the growth
surface. Another kind of point defects may be created by high-energy ions coming out of
the nitrogen plasma source and bombarding the surface. Post growth annealing allows to

reduce the number of point defects in the epi-layers.

In order to study the effect of post-growth annealing on the optical properties of
InGaNP quantum wells, two test samples with 7-nm-thick Ing ;Gag 9Ny 00sPo 995 are grown
under the same growth conditions. One of the samples is annealed in situ at 700°C for
two minutes. Figure 3.14 shows PL spectra of both samples, taken at 300 K. The
annealed sample exhibits 5 times stronger PL intensity than the unannealed one and
shows a blue shift of 2 nm. Thus, annealing of an InGaNP/GaP QW has similar effects on
the optical properties as annealing of an InGaNAs/GaAs QW?’, as expected. All samples
used for the following study are annealed according to the procedure described above, to

ensure the best optical quality achievable with the equipment and conditions used.

We have studied the optical properties of 7-nm-thick InyGai_yNoo0sPo.99> single
quantum wells with GaP barriers. Figure 3.15a presents the dependence of transition
energy in InyGa;_yNooogPo992 QWs on indium composition at 20K and 300K. The red

shift of the PL peak is clearly observed with increasing In composition, as expected. The
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Figure 3.14. Photoluminescence spectra of as-grown and annealed 7-nm-thick
Ing 1GaNy 0osP quantum well in GaP barriers.

dashed curve in Fig. 3.15a shows the dependence of RT PL intensity of In,Ga;.
yNo.008P0.992 QW on indium composition. The PL intensity increases 12 times, when the
indium composition increases from 0 to 20 %, which is probably due to an increase of the
band offsets between the barrier layers and the QW layer. Figure 3.15b shows RT and

low-temperature (20 K) PL spectra of the Ing 1Gag 9N 00sPo.992 QW.

The effect of changing the nitrogen and indium concentrations in 7-nm-thick
InGaNP/GaP quantum wells has been studied. Twelve samples with different nitrogen

(0.5%=<[N] £2%) and indium (0%=[In] £22%) concentrations in the quantum wells have
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Figure 3.15. a) Dependence of transition energy in InyGa;.yNo00sPo.992 QW on y: 1 — at
20K, 2 —at 300K; 3 — dependence of RT PL intensity of InyGa.yNo.00sP0.992 QW on y; b)
PL spectra ofIng; Gag 9Ny 00sPo.992 QW recorded at 1 — 20K, 2 — 300K.
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been grown. Based solely on interpolation and extrapolation of the experimental data,

taken at 300 K, an x-y diagram for quaternary 7-nm-thick In,Ga; NP« quantum wells

with 0%<[N] <3% and 0%=<[In] <25% has been generated (Fig. 3.16). The solid lines in

the diagram represent constant transition energy for 7-nm-thick InGaNP/GaP quantum

wells. The solid squares are experimental data, determined from PL peak positions. The

filled area at the bottom of the diagram represents InGaNP with an indirect bandgap.

Adding either In or N converts GaP from indirect bandgap into direct bandgap, but

adding nitrogen has a much stronger effect, since the transition occurs at about 0.4%,
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Figure 3.16. The x-y compositional plane for 7-nm-thick InyGa; NxP;x QW in GaP
barriers at 300 K. Solid lines are constant direct-energy values; dashed lines are constant
strain with respect to GaP; symbols are experimental data; and filled area is the indirect
bandgap region of InyGa;.,NsPi« material.
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compared to about 25% for adding indium. Increasing both nitrogen and indium
concentrations in the quantum well leads to a red shift of the PL peak position. The
diagram in Fig. 3.16 shows that by simultaneously changing the nitrogen and indium
concentration in the quantum well, one can obtain the same transition energy. The dashed
lines on the diagram represent constant strain in the quantum well with respect to GaP.
The zero-strain line means lattice-matching condition. Using this diagram it is possible to
construct a 7-nm-thick InGaNP quantum well emitting from yellow-amber to red, while

keeping the strain small or equal to zero.

Temperature-dependent PL of a 7-nm-thick Ing;Gag 9N 00sPog9s quantum well is
studied, and a difference in the behavior of the PL peak position with changing
temperature as compared to the GaNyoosPog9s QW is observed. Figure 3.17a shows
temperature dependence of the transition energy for a 7-nm-thick Ing;GagoNo.00sPo.995
quantum well. The symbols are experimental data, and the solid curves are the best fit
with the Varshni equation (3.1), where o and f are fitting parameters. Figure 3.17b shows
corresponding PL spectra. One can see in Fig. 6a that the temperature dependence of the
transition energy for the GaNP quantum well can be fit very well by Varshni equation
with 0=2.7x10" eV/K and B=140 K. In contrast, the temperature dependence of the
transition energy for the InGaNP quantum well (Figure 3.17a) deviates from the best
Varshni fit (0=2.8x10™ ¢V/K and p=110 K) in the temperature range of 125 K to 290 K.
The maximum deviation of 24 meV is observed at 260 K. We attribute this deviation to
the clustering effect, which occur in InGaNP. This is due to partial phase separation,

which may take place in quaternary InGaNP alloy, leading to formation of In-rich and N-
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Figure 3.17. a) Dependence of the photon energy vs. temperature for 7-nm-thick
Ing.1GaNy0osP QW. Symbols are experimental data, solid lines are the best Varshni fit;
b) PL spectrums for the 7-nm-thick Ing ;GaNy 0osP QW, taken at different temperatures.

rich areas, responsible for lower-energy emission in the range of 125 K to 290 K. Both
GaNP and InGaNP QWs are grown at the same substrate temperature of 490°C, which
may be high enough to cause partial phase separation in the InGaNP alloy. Analogous
effect was observed in Ing3Gag 7N 02ASoos/GaAs QWszl. Growth of high-crystal-quality
quaternary InGaNP material may require lower substrate temperature (<450°C) as
compared to the GaNP material, to avoid formation of In-rich and N-rich areas in the
alloy. Further optimization of the growth conditions (e.g. substrate temperature) of
InGaNP quantum wells is required in order to minimize the effect of clustering on the

optical properties of the structure.
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3.4.3. Electron effective mass

In order to use InGaNP material system as an active region in LED structure, we
need to study its fundamental properties. Electron effective mass is important for
calculations of energy levels in the quantum wells, for minority carrier distribution in the
LED structure, and for calculations of the current overflow in the quantum well. This
paragraph is devoted to determination of the electron effective mass in InyGa;.yNg 005P0.995

with different y.

The dependence of transition energy vs. quantum well width, L, is studied for
three sets of InyGa;.yNo005Po.995s quantum wells with different indium concentration (5%,
10% and 20%). We use the infinite-barrier approximation for the conduction band, but
assume no valence band offset. Since the effect of ~1% of nitrogen on the valence band
of GaAs is negligible”, we assume the same for GaP. The effect of indium on the valence
band of GaP is also small*>. We also neglect the effect of strain in the quantum well in
our model. The infinite barrier approximation model has been used previously to
determine the electron effective mass of InGaNAs** and GaNP*. According to the
model, the energy positions of the quantum levels are determined from:

h’n’ 376

E.= = (meV), (L in nm).
omL moL? (3.6).
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Figure 3.18a shows the dependence of the QW transition energy vs. QW width. In order

to use the model described by Equation 3.6, we re-plot the experimental dependence.
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Figure 3.18. a) Dependence of the transition energy vs. quantum well width for
InyGa;_yNo oosPo.99s QW with different indium concentrations: 5%, 10% and 20%; b)
Dependence of the transition energy vs. inverse squared quantum well width for the
QWs in a).
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Figure 3.18b shows the dependence of the QW transition energy at room temperature vs.
(1/L%). The symbols are experimental data, and the solid lines are the best linear fits.
Increasing the quantum well width leads to a red shift of the PL peak position, as
expected. The linear fits are excellent, justifying our assumptions for the model. The
electron effective mass m.* can be extracted for In,Ga;_yNo 00sPo.995 with different indium
concentrations. Figure 3.19 shows the dependence of the electron effective mass in
In,Ga;_yNo 00sPo.99s alloy vs. indium concentration. The electron effective mass decreases
from 0.77 me to 0.4 m., where m. is the free electron mass, when the indium
concentration is increased from 5% to 20%. This is expected, since InP has a lower

electron effective mass than GaP.
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Figure 3.19. Dependence of the electron effective mass in InyGa;yNooosPo.gos vs.
indium concentration.
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We compare electron effective masses of InGaNP material and conventional
AllnGaP material currently used for yellow-amber-red LEDs. For the considered
bandgap range of 2.05 eV < Eg < 1.94 eV for InyGa;yNoo05Po.995s material (0.05 <y <

0.2), the electron effective mass is in the range of 0.4 m. < my,ganp™ < 0.77 me.

For the same bandgap range for (Al,Ga;)osIngsP material, the electron effective

mass is determined as follow?*:
m*=(0.092+0.146z) m, 3.7).
According to Equation 3.7, calculated values of m* for (Al,Ga,.,)sIngsP in the bandgap
range of 0.05 <z <0.24 are 0.1 m. < majGamp™ < 0.127 m.. These values of electron
effective mass are 4 to 6 times lower than that for InGaNP. This will result in a decrease

of current overflow in InGaNP/GaP quantum wells, as compared to AlGalnP/AlInP

QWs. Detailed discussion of this is given in Chapter 4.

3.4.4. InGaNP/GaP band offsets

Band offsets are very important parameters for an LED structure. They determine

temperature stability of LED characteristics, e.g. internal quantum efficiency.

In this section we calculate band offsets of InGaNP/GaP heterojunction using Van
de Walle’s model-solid theory”’, with effects of hydrostatic strain taken into account. We
determine the band-offsets of Ing;Gag9NooosPogos/GaP as an example. The bandgap of
Ing 1Gag9No 00sPo.g9os material is 2 eV, as determined from PL (see section 3.4.2). By

conduction band offset in the considered InGaNP/GaP heterojunction we mean the
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Figure 3.20. A band diagram of GaP/InGaNP/GaP double heterostructure.

energy distance between the X-valley in GaP and the /-valley in InGaNP (Fig. 3.20).
First, we determine the valence band offset, AE, ,,, then we determine the conduction
band offset, AE. as follow:

AE =Eg Gap-AE, a0y (3.3).
AE, 4, here is the average over the three uppermost valence bands at I" point (those three

are light and heavy hole bands, and the spin-orbit split-off band, according to Ref. [27]).

Since we have a pseudomorphic Ing;Gag 9Ny oosPog9s layer grown on GaP, the
lattice constant, parallel to the growth interface, amgane,;, 1S equal to the GaP lattice

constant:



83

amGaNp, = AGap = 5.45 A (3.9).

The lattice constant of Ing ;Gag 9Ny 00sPo.99s in the growth direction, amgane,1 , 1S calculated
using

anGaNP,L = amGanp [ 1 — DinGane(ai/amGane -1)] (3.10),

where Diyganp 18 the constant, which depends on the elastic constants ¢;; and ¢», and on

the interface orientation.

According to Van de Walle’s model, the strain tensor, & , needs to be derived:
& mGane,i1 = (a)/amGane -1) (3.11),
& mGanp, L - (a1/amGane -1) (3.12),

where a;‘s are equilibrium lattice constants.
We consider the (001) interface, for which

D=2 (c11/ c12) (3.13).

Using equations (3.9)-(3.13), data from Ref. [27], and linear interpolation for equilibrium

lattice constant and elastic constants of Ing ;Gag9No.005Po 995 we find

& mGanp, 1 = -0.0055 (3.14),
& maane, L= 0.005 (3.15),
amGane,L = 5.5 A (3.16).

The next step, according to Van de Walle, is to determine the E, ,, , which is the average
over the three uppermost valence bands at I' point. The E, ,, is subject only to shifts due
to the hydrostatic component of the strain (corresponding to a volume change). The

hydrostatic deformation potential for the valence band is



_ dEv,av
Y dnQ

which expresses the shift in £, ,, per unit fractional volume change, AQ

AQ
Q

AEV, av = Ay

where %: Tr(&)=(& xT& yyTE n).

For Ing 1Gag 9No 005P0 995 we calculated earlier

& xx =& yy=-0.0055

& ,=0.005
which results in a volume change
A2 _ 0,006
Q
The relation
AQ

_ 0
Ev,av - E v,av+ ay

Q
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(3.17),

(3.18),

(3.19),

(3.20),

(3.21).

(3.22),

(based on equation 3.18) expresses E,,, in terms of its value in the unstrained material,

E
Using the data from Ref. [27], AE,, ay follows immediately:

E%F, . =-T4¢eV

EMONP = -7.364—1.657*0.006 = -7.37 eV

This leads to

AE,, o =0.03 eV

(3.23),

(3.24).

(3.25),
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AEc:Evaap -AEWW: 0.24 eV (326),

for the Ing 1 Gagy 9Ny 00sPo.995/GaP heterojunction.

The example listed above has been used to calculate AE, ,,, and AE, for In,Ga;.
yNo.00sP0.09s/GaP heterojunctions with 0 < y < 0.2. Figure 3.21 shows the In,Ga;.
yNo.00sP0.99s/GaP band offsets vs. In concentration in the QW. Quantum size effect was

not taken into account, since the electron and hole effective masses in InyGa;.yNo.005P0.995

are relatively large (m*.;, > 0.5m,).
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Figure 3.21. Calculated conduction and valence band offsets of GaP/In,Ga.
yNo0.00sP0.99s/GaP as a function of'y.
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3.5. Conclusion

In this chapter we have studied growth and characterization of (In,Al,Ga)NP

material system grown directly on GaP (100) substrates by plasma-assisted GSMBE.

In particular, increasing the nitrogen composition in the GaNP bulk layers from
0.6 to 1.7% leads to light emission color from yellow-amber to red. An optimal growth
temperature window of 500-520°C for GaNP bulk layers is determined from analysis of
their structural and optical properties. Temperature dependence of the PL peak position

for 7-nm-thick GaNy osPo.99s QWs agrees well with the Varshni equation.

Then, single-crystal AlGaNP layers with 0%<[Al]<100% are grown on GaP
substrates. The difference in nitrogen incorporation into GaP and AIP has been
determined (factor of 3.4). An equilibrium thermodynamic model, applied to the growth
of AlGaNP, has qualitatively explained this difference. The Gibbs free energy released
during the formation of AIN is larger than that of GaN. The best crystal quality (as
determined from x-ray diffraction) of AlGaNP layers is achieved for an aluminum
compositions of 80%<[Al]<100%, and the worst crystal quality is observed for

[Al]=50%, as expected.

Finally, the optical properties of InGaNP quantum wells in GaP barriers are
studied. Post-growth annealing of InGaNP QWs leads to higher PL intensity by a factor
of 5 and a blue shift of the PL peak position by 2 nm. Emission color from yellow—amber
to red can be realized using 7-nm-thick In,Ga; NP, QWs, while lattice-matching

condition of InyGa;.yNsPi.« to GaP can be satisfied. Temperature dependence of the PL
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peak position of the 7-nm-thick Ing;GagoNooosPogoos QW deviates from the Varshni
equation in the temperature range of 125 K to 290 K, most likely as a result of the
clustering effect. The electron effective mass of the InyGa;.yNooosPo.995 alloy decreases
from 0.77 me to 0.4 m., when the indium concentration is increased from 5% to 20%. The
conduction and valence band offsets of In,Ga;NoosPo99s/GaP heterojunction are
calculated for 0 <y < 0.2, using Van de Walle’s model-solid theory. These will help in

LED structure design.

Materials in this Chapter were partially published in Journal of Crystal Growth
279, 20 (2005), Journal of Vacuum Science and Technology B 23, 1317 (2005), Applied

Physics Letters 88, 071907 (2006).
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Chapter 4. (Al,In,Ga)NP-based light-emitting diodes.

4.1. Overview

This chapter is devoted to the growth, fabrication and characterization of

(Al,In,Ga)NP — based light emitting diodes.

We describe step-by-step LED chip fabrication procedure and contacts
optimization. N-type and p-type contacts are developed and LED chip fabrication is

optimized on a p-i-n diode structure.

Growth details of different (Al,In,Ga)NP-based LED structures are described, and
band offsets are compared for (Al,In,Ga)NP-based LED structures and AllnGaP-based

LED structures.

Results on growth and fabrication of bulk GaNP-based amber LEDs are reported.
Electroluminescence and current-voltage characteristics of 380 um x 380 um LED chips
are studied for GaNP-based LEDs. Color stability - electroluminescence peak wavelength

shift vs. current - is compared for GaNP-based LEDs and AllnGaP-based LEDs.

InGaNP QW-based LEDs are studied. Influence of In concentration in the QW on
EL properties of LED chip is reported. Single and multiple InGaNP QW-based LED
structures are also grown and characterized. Current overflow is compared for InGaNP

QW-based LEDs and AllInGaP QW-based LEDs.

90
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Finally, influence of AlGaP cladding layers on electrical and optical

characteristics of InGaNP QW-based LED structures is studied in this chapter.

4.2. Fabrication of (Al,In,Ga)NP LED chips

This section overviews fabrication steps of LED chips from grown LED wafers.
General step sequence is given with details of each processing step, and n-type and p-

type contacts optimization is described.

4.2.1. General procedures

Pieces of grown LED wafers with dimensions of 1 cm X 1 cm (sample) are used
for processing. Processing equipment (e-beam evaporator, thermal evaporator, RTA,
KSM, etc.) is described in Chapter 2.4. The following steps are used in the fabrication:

1. Clean the bottom of the substrate for depositing n-type contact, with
Tetrachloroethylene (TCE), Acetone (ACE), and Isopropyl Alcohol (IPA) in the
given sequence.

2. Bake the sample in an oven for 3 minutes at 105°C to evaporate moisture.

3. Use Buffer Oxide Etch for 30 sec to etch the oxide on the GaP wafer.

4. Deposit the following layers in the e-beam evaporator with a growth rate of 1 A/s:

100 A of Ge, 500 A of Au, 100 A of Ni, and 1000 A of Au.
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5. Clean the top of the substrate for depositing p-type contact, with TCE, Acetone,
and IPA in the given sequence.

6. Spin S 1818 photo resist onto the top of the sample at 4000 rpm for 40 sec.

7. Bake the sample with photo resist in the oven for 1 minute at 105°C.

8. Use a photo mask with circular 180-pum-diameter features to expose photo resist
under UV light in the Karl Seuss microscope.

9. Develop the photo resist in PLSI developer solution for 1 minute.

10. Use Buffer Oxide Etch for 30 sec to etch the oxide in the developed areas of the
sample surface.

11. Use thermal evaporator to deposit 1500 A of AugoeZng; at a growth rate of 1 Als.

12. Lift-off the AuZn layer in acetone. Circular AuZn contacts are left on the sample.

13. Use Rapid Thermal Annealing (RTA) to anneal the sample with deposited p-type
contact at 370°C for 30 sec in nitrogen atmosphere.

14. Dice the wafer into individual chips (~ 380 x 380 um).

15. (Optional) Mount the chip on a TO can, and wire bond the top contact to a lead.

16. (Optional) Dip the TO can with mounted chip into melted epoxy to form an epoxy

dome, and let it freeze.

AuZn and Ge/Au/Ni/Au metal contacts are used in the fabrication of an LED chips,

following the earlier work' by H. P. Xin, R. J. Welty, and C. W. Tu.

4.2.2. Contacts optimization
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The above described contact fabrication steps have to be optimized before
utilizing the procedure for LED chip fabrication. The first step is to make sure that both

n- and p-type contacts are ohmic.

In order to check if an n-type contact is ohmic we use a piece of n-type GaP
substrate (S-doped) with free carrier concentration of 5*10'7 cm™. Steps 5-10 from
section 4.2.1 are performed, followed by step 4 (e-beam), then by lift-off of the
Ge/Au/Ni/Au and step 13 (RTA). The result of the described steps is to form n-type 180-

pum-diameter circular Ge/Au/Ni/Au contacts on the substrate surface. Figure 4.1a shows a

Ll L]

0 02 04 06

v,V

n-type contact
Ge / Au/ Ni /Au
~{100A/500A/100A/1000A

180 micron

Figure 4.1. a) Micrograph of the n-type metal contacts, deposited on a GaP substrate;
b) I-V characteristic, recorded between two n-type contacts.
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photograph of a GaP substrate with deposited metal contacts, taken under an optical
microscope. All the metal features are of good shape, with sharp borders. The largest
circular features (180-um-diameter) are used as contacts, and the other features are used
for mask alignment. Current — voltage (I-V) characteristics are measured between the
contacts (see Fig. 4.1a). Figure 4.1b shows the result of [-V measurements. As the I-V
dependence is a straight line, we conclude that the Ge/Au/Ni/Au contact is ohmic. The

measured series resistance of this configuration is 14 Ohm.

Similar procedure is performed to check if a p-type contact is ohmic. A special
sample is grown to make a p-type contact, since no p-type doped or semi-insulating GaP
substrate is available. The sample consists of a GaP n-type substrate, a 3-um-thick
undoped GaP buffer layer, and a 0.5-um-thick GaP p-type (Be) 5*¥10" heavily doped
contact layer. The reason for introducing the thick undoped GaP layer is to separate the n-
type substrate and p-type contact layer and make sure that the current between the metal
contacts is conducted through the p-type layer only. AuZn circular metal contacts are
formed on top of the grown p-type GaP layer, following steps 5-14 from section 4.2.1. A
photograph of the sample with p-type contacts is shown in Fig. 4.2a. One can see that the
visual quality of p-type contacts is much worse than that of n-type contact. Figure 4.2b
shows corresponding I-V between two metal contacts. It is ohmic, but the measured
series resistance of this configuration is 250 Ohm, which is much higher than the one for
n-type contact (14 Ohm). There are several reasons for the series resistance to be higher

for p-type contact.
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Figure 4.2. a) Micrograph of the p-type metal contacts, deposited on a p-type GaP
contact layer; b) I-V characteristic, recorded between two p-type contacts.

First, the n-type contact is formed on a polished GaP substrate, and p-type contact
is formed on a grown 3.5-um-thick layer, which has a much rougher surface and many
more surface growth defects (this can be clearly seen if we compare photographs in Fig.
4.1a and Fig. 4.2a). The surface roughness is due to the heavy Be doping. Be tends to
segregate from the grown film, and the substrate temperature has to be lowered to about
550°C for the growth of GaP:Be, as compared to 640°C for growth of undoped GaP layer.

Lowering the substrate temperature results in roughening of the surface.

Second, the hole mobility in Be-doped (5*10') GaP layer is about 8 cm?/Vs,
compared to ~ 100 cm*/Vs for electron mobility in a GaP:S substrate. The hole mobility

and concentration are determined by measuring Hall effect in a series of GaP:Be samples
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with different levels of Be doping. Figure 4.3 shows the dependence of free hole
concentration vs. hole mobility for a series of GaP:Be samples, the symbols representing
experimental data. The electron mobility and free carrier concentration for GaP:S
substrates are taken from substrate specifications. As hole mobility is much lower than
electron mobility, the series resistance should be higher for p-type GaP contacts

compared to n-type GaP contacts.

g 1E20-:j\ GaP: Be
s N\
IS N
g ~
S \-
(@)
[
9 1E19 ~
s N
= N
S N
g [ |
LL
1E18

7 8 9 10 11 12 13
Hole mobility, cm?®/Vs

Figure 4.3. Dependence of the free carrier concentration on the hole mobility in p-
type GaP layer.

Third, the p-type GaP layer, which conducts current between p-type AuZn
contacts is thin (0.5 pm) compared to n-type GaP layer (the whole n-type substrate). A

thinner layer has a higher series resistance.
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To conclude, n-type contact has a much lower series resistance than p-type

contact, but both contacts are ohmic, and, thus, suitable for fabrication of diodes.

After n- and p-type contacts are tested for ohmicity separately, it is important to
check how they would work together in a GaP p-i-n diode, which has no light-emitting
active layer, but n- and p-type GaP layers with thicknesses and doping concentrations,
similar to the real LED structure. The RTA procedure is optimized on this p-i-n diode as

well.

A schematic of a p-i-n diode structure is shown in Fig. 4.4a. It consists of an n-
type GaP (100) substrate, a 0.3-um-thick n-type GaP buffer layer, a 0.3-um-thick GaP
undoped layer, a 0.3-um-thick p-type GaP layer, and a 0.5-um-thick p-type GaP contact
layer. Pieces of the grown p-i-n diode wafer are processed to form Ge/Au/Ni/Au n-type
and AuZn p-type contacts, following the fabrication steps 1-12 from the previous section.
The processed wafer is cleaved into smaller square pieces (~ 3 mm X 3 mm). Different
RTA procedures are performed with each of the pieces. One piece (#1) is left without
RTA for comparison. The positive effect on the I-V characteristics of p-i-n diode is
achieved when using 370°C RTA temperature. Figure 4.4b shows I-V’s of the 4 samples:
#1, #2, #3, and #4. Samples #2-4 are annealed at 370°C for 1 min 30 sec, 1 min, and 30
sec, consequently. The I-V’s are measured on-wafer, without dicing into individual chips.
The copper plate in a probe station is used as the negative electrode, and the needle probe
is placed on a AuZn circular 180-pum-diameter feature as the positive electrode. All four
I-V’s show a diode behavior. One can see from Fig. 4.4b that the lowest series resistance,

12 Ohm (determined from the slope of I-V’s positive linear area), is achieved on a sample
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GaP.p-i-n diode I |
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Figure 4.4. a) Schematic of the p-i-n diode structure; b) on-wafer I-V characteristics
of the p-i-n diode structure with different RTA time.

with 30 sec RTA. The offset voltage for the Sample #1 (2.5 V) is higher than the offset
voltage for Samples #2, #3, and #4 (2.27 eV). The offset voltage of samples with RTA

(#2, #3, and #4) is close to the bandgap of GaP. This demonstrates that no voltage drop is



99

observed in the semiconductor-metal contact interface. Fig. 4.4b only shows the results of
a series of the samples with 370°C RTA. RTA temperatures higher than 380°C (up to
450°C tested) result in higher series resistance, as compared to Sample #1. This is
probably due to deep penetration of the AuZn contact into 0.5-um-thick GaP:Be contact
layer at higher temperatures, which may result in punch through of the metal contact.
RTA temperatures lower than 360°C (as low as 280°C) result in little or no effect on the
p-i-n diode’s I-V characteristics. This is because the temperature from this range is not

sufficient to cause alloying of the semiconductor and metal contact.

This concludes the section about contact optimization. P-i-n diodes are
successfully grown and fabricated; RTA procedure for the contacts is optimized.
Satisfactory diode I-V characteristics are achieved, and contact fabrication procedure can

be used for LED chip processing.

4.3. Band offsets of (Al,In,Ga)NP and AlInGaP LED structures

In this section we compare band offsets of conventional AllnGaP-based LEDs
with our (Al,In,Ga)NP-based LEDs. We determine conduction and valence band offsets

of AllnGaP-based LEDs first.

Figure 4.5° shows the energy distance between different valleys of the conduction
band and the valence band vs. Al concentration in the active region for the AljslngsP /

(AlxGajx)osIngsP / AlgsIng sP LED structure, which is shown in the inset of Fig. 4.5.
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Figure 4.5. Dependence of the EL peak energy vs. Al concentration in AllnGaP-based
LEDs.

AlpslngsP is the cladding layers, and (AliGa;x)oslngsP is the bulk active region. By
conduction band offset we mean the energy distance between X;° of the cladding layers
and T'|" of the active region, and by valence band offset we mean the energy distance
between I'," and I',". To determine band offsets, we first fix the wavelength (610 nm,
see Fig. 4.5). Then, the conduction band offset is determined as the energy distance

between (X - I'1y") and (" - T',%):

AEc ainGar= (Xic- = Tiv) = (T1" = T'iy") = Xie' = Tie" = 75 meV (4.1).
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The valence band offset is the energy distance between (X" - I'1y) and (X" - I'1y"):
AEv ainGar = Xic' = T'iv) = (Xie = T'y") =T, =T =150 meV (4.2).

We will compare the calculated band offsets of AllnGaP-based LEDs with band offsets
of bulk GaNP-based LEDs with Aly3Gag ;P claddings. Fig 4.6 shows a band diagram of a

bulk GaNP-based LED structure with Alg3Gag 7P claddings. All the layers of the GaNP-

25— GaNP-based LED —
24
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- Alo3Gao.7P
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Figure 4.6. Band diagram of a GaNP-based LED.

m— [ valley

based LED structures are indirect band gap and transparent for the emitted light, except

the GaNP active layer, which has a direct band gap. The conduction band offset is the
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energy distance between the X-valley in GaP and the I'-valley in the GaNP layer. The
valence band offset is the energy distance between I'-valleys of GaP (GaNP) and
Aly3Gag 7P (see Fig. 4.6). Since ~ 2% of nitrogen has little influence on the valence band
of GaP (similar to the effect on the valence band of GaAs®), the conduction band offset is
the difference of band gaps of GaP and GaNP. As we compare the wavelength emission

of 610 nm, the conduction band offset follows immediately:
AEc,Gane = EgGap — Eg.Gane(610nm) = 227 meV (4.3).
The valence band offset is calculated based on Ref. [4]:
AEvy ganp= 150 meV (4.4).

Thus, the conduction band offset is 3 times larger for GaNP-based LEDs (227 meV)
emitting at 610 nm, as compared to AllnGaP-based LEDs (75 meV). The valence band
offsets are the same for both kinds of LED structures (150 meV), when using Alj3Gag 7P
claddings in GaNP-based LEDs. The valence band offset may be increased up to 500
meV for GaNP-based LED structure, if AIP claddings are used (Ref. [4]). In this case
both conduction and valence band offsets would be 3 times larger for GaNP-based LEDs,
although the use of the high Al concentrations (> 35%) in the cladding layers is not
desirable due to expected increase of the series resistance of the LED structure. Adding
indium into GaNP will increase valence band offset between GaP and GaNP, according
to calculations in section 3.4.4, which will result in an increase of total valence band

offset between InGaNP and AlGaP cladding layers.
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The larger band offsets of GaNP-based LED structures as compared to AllnGaP-
based LED structures should provide higher internal quantum efficiency at higher current

densities and/or at higher temperatures.

4.4. LED growth details

This section describes the details of different LED structures grown and

corresponding growth conditions.

All LED structures are grown on GaP (100) n-type doped substrates, polished on
one side and etched on the other side. The etching of the back side of the substrate is used
to increase the heat absorption from the substrate heater during growth. Undoped GaP
layers and Si-doped GaP and AlGaP layers are grown at 640°C, and Be-doped GaP and
AlGaP layers are grown at 550°C to prevent Be segregation from the epi-layers. The
GaNP or InGaNP active layers are grown at 480-500°C. The GaP growth rate range of
0.5-2.3 A/s, the AIP growth rate range of 0.4-1.8 A/s, and the InP growth rate of 0.25 A/s
are used. A typical total group V / total group III beam equivalent pressure ratio of 3-4 is
used during growth. Si is used as n-type dopant, and Be is used as p-type dopant in GaP
and AlGaP layers. Typical nitrogen plasma source conditions are 0.3 sccm for nitrogen
flux, and 250 W for RF power, which correspond to a nitrogen plasma optical intensity of

130 a.u.



104

Three different types of LED structures are studied. The first type is GaNP-based
LEDs. These LEDs use a GaNP bulk layer (0.05 um - 0.2 um) as the active layer for light
emission. The second type of LED structures is InGaNP QW-based LEDs. These LEDs
use single and multiple QWs as the active layer(s) for light-emission. The third type of
the LED structures is InGaNP single QW-based LEDs with AlGaP cladding layers.

Figure 4.7 shows a schematic of the three types of LED structures studied.

A schematic of a generic GaNP-based LED structure is shown in Fig. 4.7a. It
consists of a GaP (100) n-type substrate, a Si-doped (~ 5*10'” cm®) 0.3-um-thick GaP
buffer layer, a 0.35-um-thick undoped active region, a 0.3-um-thick Be-doped GaP layer,
and a 0.5-um-thick heavily Be-doped (~ 5*10'") GaP contact layer. The active region

consists of a GaNP active layer sandwiched between GaP waveguide layers.

Fig. 4.7b shows a schematic of a generic InGaNP QW-based LED structure. The
structure is similar to the GaNP-based LED structure (Fig. 4.7a), with the only difference
in the active region. A 0.35-um-thick active region consists of InyGai.yNo.o05P0.995
(0<y<0.2) single or multiple QWs, sandwiched between GaP waveguide layers. In case
of the multiple QW configuration, 100-A-thick InyGa;.yNoosPogos QW layers are

separated by a 300-A-thick GaP spacer layers.

Fig. 4.7c shows a schematic of a generic InGaNP QW-based LED structure with
AlGaP cladding layers. It consists of a GaP (100) n-type substrate, a Si-doped (~ 5*10"
cm’) 0.3-pum-thick GaP buffer layer, a Si-doped (~ 4*10'" cm®) 0.5-pum-thick Al,Ga,P
(0<x<0.77) bottom cladding layer, a 0.35-um-thick undoped active region, a Be-doped

(~5*10" cm?) 0.5-pum-thick AlGa, P top cladding layer, and a 0.5-pm-thick heavily
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Figure 4.7. Different types of LED structures studied: a) bulk GaNP - based LED; b)
AlGaP cladding layers.
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Be-doped (~ 5*%10') GaP contact layer. The active region for this LED structure consists
of a 100-A-thick Ing1GaooNo00sPo.995 single QW sandwiched between GaP waveguide
layers. It is important to notice that all interfaces between GaP and AlGaP are d-doped to
reduce the potential barrier for carriers. d-doping is done by keeping the Si or Be
(depending on the interface) source shutter open for 1 min between the GaP and AlGaP

layer growth.

The active region thickness (0.35 pum) is the same for all types of LED structures
studied. It is also close to the thickness of the undoped layer (0.3 um) in p-i-n diode
structure, discussed in the previous section. The active region thickness (active layers +
waveguide layers thickness) may influence I-V and light output characteristics of an LED
chip. The active layer thickness is kept the same for all types of LED structures for
consistency and direct comparison of the measurement results. The same approach is
taken for the doping profile. It influences on the electrical and light output characteristics
of an LED as well, so the doping profile (electron and hole concentrations in different

layers) are kept the same for all types of the LED structures studied.

4.5. LEDs with a bulk GaNP active layer

This section devoted to fabrication and characterization of GaNP-based LEDs.
We study electroluminescence and I-V characteristics of the GaNP-based LEDs, and

compare the color stability of GaNP-based LEDs and AllnGaP-based LEDs.
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4.5.1. LED chip characterization

The series of three LED structures, shown in Fig. 4.7a, with different active
regions are grown for a study: a GaP/GaNygosPo994/GaP active region with GaNP
thicknesses of 0.05, 0.1 and 0.2 um. The total active region thickness is kept the same for
all the LED structures grown. LED chips are fabricated according to steps 1-14 in section

4.2.1. A sample picture of the processed LED chip (top view) is shown in Fig. 4.8.

Figure 4.8. LED chip micrograph, taken under optical microscope.

Figure 4.9 shows room-temperature electroluminescence (EL) spectra at different

drive currents of the LED chip with a 0.1-pm-thick GaNP active layer. The EL peak is at
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612 nm and the EL intensity increases with drive current up to 50 mA. The emission
color of the LED can be simply changed from yellow to red by increasing the nitrogen

composition in the active region”.

1 1-10mA 4 y

EL Intensity, a.u.

500 550 600 650 700 750
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Figure 4.9. Electroluminescence spectra at different drive currents of a 380 um x 380
um LED chip with a 0.1-pm-thick GaNy 00sPo.994 active layer.

Figure 4.10a shows the dependence of EL peak intensity on drive current for three
LEDs with three different active layer thicknesses. One can see that decreasing the GaNP
thickness from 0.2 pm to 0.05 pm increases the maximum EL intensity. Figure 4.10b
shows dependence of the EL peak intensity vs. GaNP thickness. This is in agreement
with the fact that the recombination rate in the active region is equal to the injection rate

multiplied by the internal quantum efficiency of the diode:
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n/ 7. = (Jled)* N 4.5),
where 7 is the carrier concentration, 7. the recombination lifetime, J the current density, d
the active layer thickness and 7;,, the internal quantum efficiency. Decreasing d leads to
an increase of recombination rate (when keeping J the same), thus, an increase of the EL

intensity.
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Figure 4.10. a) Normalized electroluminescence peak intensity of three LED chips
with different thickness of GaNP active layer; b) normalized EL peak intensity vs.
GaNP active layer thickness.
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Figure 4.11 shows I-V curves of the three LED chips with different active layer
thicknesses. The forward bias shows no significant difference, and the operating voltage
at 20 mA is 2.5 V <V < 2.6 V, which is within the specification range of commercially
available high-brightness AllnGaP-based LEDs. The offset voltage Vo ~ 2.2 V is close

to the bandgap of the active region.
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Figure 4.11. Current-voltage characteristics of three LED chips with different
thickness of GaNP active layer.

However, the minimum breakdown voltage (Viq) at -100 pA is different for LED
chips tested. Vi, increases when the active layer thickness is decreased. We attribute this

experimental fact to a decrease of the total number of defects in the active layer, when the
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thickness of the active layer is decreased. Nitrogen incorporation from the plasma source
into a growing film is accompanied by creation of point defects in the epilayer due to ion
bombardient. Also, GaNyoosPo.994 grown on a GaP substrate (0.12% lattice mismatch) is
strained, and some number of threading dislocations may appear, especially when the
active layer thickness is close to the critical thickness (3000A for GaNg osPo.994, based on
the Mathew and Blakeslee model®). Point defects and threading dislocations decrease the
breakdown voltage of a diode, and a thicker active layer would have more defects. [V
decreases from 25 V for LED chips with a 0.05-um-thick active region up more than 9.5
V for LED chips with a 0.2-um-thick active region. Nevertheless, all |Vy,4| observed is
much higher than that of AllnGaP-based LEDs (typical Vpg = - 6V). Higher [Vyq| for
GaNP-based LEDs may be a result of using a one-step epitaxy process. Conventional
AllnGaP-based LEDs are bonded to a GaP substrate, which results in higher defect

density in the substrate-LED interface and lower |Vyg.

In order to measure the light intensity of the LED chips in an integrating sphere,
chips are mounted on a TO can according to fabrication step 15 from the processing
procedure, described in section 4.2.1. The light intensity of bare LED chips with a 0.05-
um-thick active region is measured to be 8-10 mcd under a drive current of 50 mA. This
is for an LED structure containing no window layer, which can substantially improve
light extraction from the LED chip and its external quantum efficiency’. The next step in
studying (Al In,Ga)NP-based LEDs is to deploy InGaNP quantum well structures as the

active layers for an LED structures.
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4.5.2. Color stability

It is important to note that very small red shift of 2 nm of the EL peak position is
observed when the drive current is increased up to 60 mA (see Fig. 4.9). For comparison,
we have measured the dependence of the EL peak position of commercial AllnGaP-based
bare LED chips (Lumileds P3 Series TS). The EL peak wavelength shifts from 590 nm to
603 nm, when the drive current is increased from 10 mA to 60 mA in CW mode. The
relative wavelength shifts vs. the drive current of GaNP-based LED bare chip and

commercial AllnGaP-based bare LED chip are presented in the Fig. 4.12. The symbols
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Figure 4.12. Wavelength shift vs. the drive current for bare GaNP-based LED chips
and AllnGaP-based LED chips.
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are experimental data. One of the factors that result in the smaller wavelength shift is the
weaker temperature dependence of the GaNP bandgap as compared to that of the
AlInGaP bandgap. The Varshni equation® is used to describe the temperature dependence

of the bandgap of a semiconductor:

i
T+p

E (T)=E,(0)- (eV) (4.6),

where yand £ are fitting parameters. For AlInGaP’ VAlInGap = 4.1% 10* eV/K and PAlinGap
= 136 K. We have measured the temperature dependence of the photoluminescence peak
position of a 0.05-pum-thick GaNy o6Po.994 layer. The best Varshni fit yields yganp=2.7%10
* eV/K and S gane =140 K. While the 3 parameter is almost the same for both materials,
the difference in the y parameter for AllnGaP and GaNP layers is a factor of 1.5. This
means that the bandgap of AllnGaP changes more than that of GaNP in the same

temperature range.

Another factor that influences on the LED chip temperature is thermal resistivity
of the alloys used in LED structures. The thermal resistivity increases in ternary and
quarternary alloys due to increased phonon scattering'. In GaNP-based LEDs only the
active region is a ternary alloy and the rest of the structure is binary GaP. In AllnGaP-
based LEDs lattice-matched to GaAs, the alloy is the most random as the In composition
is 50%. For example, the thermal resistivity of IngsGagsP is around 8 times higher (see
Fig. 4.13) than that of GaP'®, and it is even higher if Al is introduced into the alloy, which
increases disorder. We conclude that the thermal resistivity of GaNP-based LEDs is

lower than that of AllnGaP-based LEDs. This would lead to a higher temperature rise of
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an AllnGaP-based LED die as compared to a GaNP-based LED die at the same drive

current.
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Figure 4.13. Thermal resistivity of InGaP vs. In concentration in the alloy.

4.6. InGaNP QW-based LEDs

In this section we study electroluminescence and I-V characteristics of InGaNP
single and multiple QW-based LEDs, and compare the current overflow in InGaNP QW-

based LEDs with AllnGaP QW-based LEDs.
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4.6.1. Single and multiple quantum well LEDs

The series of three InyGa;.yNo 00sPo.99s5 single QW-based LED structures, shown in
Fig. 4.7b, with different In concentration (0%, 13% and 17%) is grown for a study. LED
chips are fabricated according to steps 1-14 in section 4.2.1. Figure 4.14 shows EL
spectra of the fabricated LED chips at a current of 20 mA. An increase of the indium

concentration in the quantum well results in a red shift of the EL peak position and an

1-GaN__ P QW

0.005" 0.995

2-In,,,Ga N, P QW

0.86 0.005 0.995

- 3-1n, Ga N P QW

0.83° 0.005 0.995 -

EL intensity at 20 mA, a.u.

500 550 600 650 700
Wavelength, nm

Figure 4.14. EL spectra, taken at 20 mA drive current, for In,Ga;.yNo 00sPo.99s QW —
based LEDs with y =0, 0.14, and 0.17.
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intensity. This result is expected since similar behavior has been observed in the
dependence of PL intensity vs. In concentration in In,Ga;_,No 00sPo.992, studied in section
3.4.2 (Fig. 3.15), although the increase of the PL intensity is much higher (12 times, for

0<[In]<0.2), than increase of the EL intensity (2 times, for 0<[In]<0.17).

Another series of three Ing;Gag Ny gosPo.99os multiple QW-based LED structures,
shown in Fig. 4.7b, with different number of quantum wells (1, 3 and 6 QWs) is grown in
order to study the effect of multiple QWs on EL intensity. The active region consists of
multiple Ing;Gag9NooosPogos QWs (1 to 6 QWSs), separated by a 30-nm-thick GaP
spacers. The total active region thickness is kept the same for all the LED structures
grown. LED chips are fabricated from LED structures with different number of QWs.
The peak emission wavelength of all LED chips measured is 620 nm. Figure 4.15 shows
the dependence of EL intensity vs. drive current for LED chips with 1, 3 and 6 QWs. The
EL intensity increases with the number of QWs. The peak EL intensity of the 6-QW LED
structure is higher than that of the 1-QW LED structure by a factor of two. The saturation
current increases with the number of QWs, as expected (inset in Fig. 4.15). This is due to

decreased current overflow from the active region with more QWs (see next section).

Finally, Ing 1Ga9No.005P0.99s single QW-based LED chips are packaged, according
to optional fabrication steps 15-16 from section 4.2.1. Chips are mounted on TO cans and
dipped into epoxy. Figure 4.16 shows the dependence of EL intensity vs. drive current for
a bare LED chip and a packaged LED chip. The EL intensity at 50 mA for the packaged
chip is 3 times higher than that of bare LED chip. This is because light extraction from

the packaged chip is better, when an epoxy dome is used. Using epoxy decreases the
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Figure 4.15. EL intensity vs. the drive current for LED chips with different number of
QWs. Inset shows saturation current as a function of the number of QWs in the LED
structure.
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Figure 4.16. EL intensity vs. the drive current for bare InGaNP single QW — based LED
chip (curve 1), and for LED chip in epoxy dome (curve 2).
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difference in the refractive index between the semiconductor (GaP) and the environment,
thus reducing total internal reflection. Therefore, a larger angle is allowed for light to

escape from the chip.

4.6.2. Current overflow in the quantum well

In the previous section we discussed an increase of the saturation current of the
LED chip, when a larger number of QWs is used in the active region of an LED structure.
In this section we compare current overflow in InGaNP QW-based LED structures and

AllnGaP QW-based LED structures.

The current overflow in a QW occurs when the Fermi level reaches the top of the
barrier. The current density, Joeiow, When overflow occurs in the QW over the

. . 11
conduction band barrier, can be expressed as follows :

* 2

= ( c_EO) eB

verton =| ———
overflow ﬂ(l’l / 2”)2 WQW

4.7),

where m* is the electron effective mass in the QW, AE. is the conduction band offset, £,
is the ground-state energy of the QW, B is the bimolecular recombination coefficient, and
Wow 1s the QW width. In our case, by AE,. we mean the energy separation between the X-
valley in the barrier and the /-valley in the QW. The bimolecular recombination rate, B,
can be simply estimated for a direct bandgap semiconductor, following Garbusov’s

equation':
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3 3/2 2
B=3x1070 (300K Ey (4.8),
s T 1.5eV

where E, is the semiconductor bandgap.

Using (4.7) and (4.8) we can estimate the difference between J,yer0 in InGaNP-
based LEDs and conventional AllnGaP-based LEDs. Ing1GagoNooosPoogos and
Al osIng sGag 1P have the same bandgap of 2 eV, so B will be the same for both
materials, based on equation (4.8). Then, the difference in Jyemmw between
Ing.1Gag.9No 005P0.99s/GaP QW and Al oglng sGag 42P/Alp sIng sP QW will be determined by
the electron effective mass, m*, and (4E.-Ey), if Wy is the same. We have determined
the electron effective mass of Ing1Gag 9N 005P0.995 to be O.63mel4, whereas the electron
effective mass of Al slngsGagsP equals to 0.115m,, according to Ref. [13]. The
conduction band offset of Ing;Gag9No.oosPo.gos/GaP QW is 245 meV (see Fig. 3.21 in
section 3.4.4), and that of AlgoglngsGag42P/AlysIngsP QW is 125 meV (see Ref. [2]).
Because of the large electron effective mass in Ing.1GagoNo.gosPo.g9s (m*=0.63m.), we can
neglect £y in the (4E.-E)) term, since the quantum level will be very close to the bottom
of the conduction band. We will also neglect E; in (4E-Ey) for
Al 08Ing sGag 42P/Alg sIng sP, because this is the worst case scenario for comparing Joyefiow
of the two material systems, as (4E.-Ey) for AlgoslngsGag42P/AlpslngsP QW will be the
largest. Finally, the difference between Joyer0w Of the two quantum wells considered can

be expressed as follows:

* 2

J

m AE
overflow,Ing 1Gag 9N 005 F.995 _ Iny 1Gay 9Ny 05 Fo.995 ¢,Iny 1Gag 9Ny gos o905
o >100 (4.9).

overflow, Aly oz Ing sGag 4o P mAlo.osI’lo.sGao.42P ¢, Aly oglng sGag 4o P
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Thus, because of the higher electron effective mass and larger conduction band offsets of
Ing.1Gag 9No.00sP0.99s/GaP QW vs. Al oslngsGag42P/Alg sIng sP QW a higher light output at
high drive currents of InGaNP-based LEDs over conventional AllnGaP-based LEDs can

be expected.

4.7. Effect of AlIGaP claddings

This section describes the effect of AlGaP cladding layers on Ing 1Gag 9Ng 005P0.995
single QW-based LED performance (I-V and EL intensity). We study the influence of
AlGaP cladding thickness and AlGaP/GaP interface 6-doping on the I-V characteristics,
and the influence of the Al concentration in the cladding layers on the I-V characteristics

and EL intensity of the LED chips.

First, we consider the influence of AlGaP cladding thickness and AlGaP/GaP
interface 0-doping on the I-V characteristics. Two LED structures (A and B), shown in
Fig. 4.7c, are grown with Aly3Gag ;P cladding layers. The LED structure A has 0.75-pm-
thick Alyp3Gagp7P cladding layers but has no AlGaP/GaP interface 6-doping. The LED
structure B has 0.5-um-thick Aly3Gag 7P cladding layers and has an AlGaP/GaP interface
O-doping, described in section 4.4. The SEM image of the LED structure A is shown in
Fig. 4.17. The interfaces are abrupt and all the layers (claddings, active region, contact
layer), except the quantum well, can be clearly seen in the micrograph. We compare the

I-V characteristics (Fig. 4.18) of LED chips, fabricated according to steps 1-14 (section
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Figure 4.17. Cross section SEM image of InGaNP single QW — based LED with AlGaP
cladding layers.
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Figure 4.18. I-V characteristics of LED structure A and LED structure B.
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4.2.1) from LED structures A and B. The I[-V characteristics of LED structure A has an
offset voltage Ve ~ 5.5 V, which is much higher than the GaP band gap (2.26 V). This
large voltage drop may occur on the AlGaP/GaP interfaces, due to the large AlGaP/GaP
band offsets. Once the applied forward voltage to LED structure A is sufficient (> 5 V)
for the carriers to overcome the potential barriers on the AlGaP/GaP interfaces, the
current increases rapidly. For comparison, LED structure B (with d-doping) has a much
lower offset voltage Vo ~ 2.7 V, which is closer to the GaP band gap (2.26 e¢V). This
may be caused by lowering the potential barriers for the carriers on the interface, when o-

doping is used.

It is important to mention that both LED structures (A and B) are processed at the
same time to assure no processing mistakes, which may influence on the I-V
characteristics. LED structure A is processed two times to assure good contact quality.
The same I-V result is observed for the LED chips from the second processing of LED
structure A. Thus, we have made sure that the large offset voltage Vo ~ 5.5 V is due to
internal properties of the LED structure, not contact performance. Since decreasing the
thickness of AlGaP cladding layers from 0.75 um to 0.5 um and introducing 6-doping at
the AlIGaP/GaP interfaces reduce the offset voltage V¢ from 5.5 V to 2.7 V, we use 0.5-
pm-thick AlGaP claddings with 6-doping for the study of the AlGaP claddings with

different Al concentration.

We use AlGaP cladding layers in the LED structures, but AIGaP/GaP is a type II
heterojunction. This will influence on the electrical and optical properties of the LED

structure in ways different from conventional type I heterostructures. We have calculated,
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Fig. 4.19, the band offsets between AlyGa,; P and GaP (AE; and AE,) based on Ref. [4].
The AlGaP cladding layers provide optical and electrical confinement for holes in the
active region. Optimization of the Al concentration in the AlyGa; 4P cladding layers is
required, since there is no additional confinement for electrons. The beneficial effect of
the AlyGa;«P cladding layers on the light output can be achieved within a certain Al
concentration range. A series of four single Ing1GagoNogosPoo9s QW LED structures is
grown with different Al concentrations in the cladding layers: 0, 0.14, 0.3 and 0.77. The

symbols in Fig. 4.19 correspond to the samples grown.
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Figure 4.19. Conduction and valence band offsets of Al,Ga, <P/GaP as a function of x.
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The advantages of introducing the AlGaP cladding layers include optical and
electrical confinement for holes in the active region. Figure 4.20 shows current voltage
characteristics for LED chips fabricated from structures with different Al concentrations.
The series resistance changes from 13.8 Q to 15.4 Q, when the Al concentration in the
cladding layers is increased from 0 to 0.3. When Aly77Gag23P cladding layers are used,
the -V characteristic can be divided into two regions with different series resistance: 280
Q and 13.5 Q. This high initial series resistance is most likely due to the large potential
barrier for holes (385 meV). Using 8-doping does not improve [-V characteristic much,

when such a high Al concentration is used.
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Figure 4.20. Current-voltage characteristics for LED structures with different Al
concentration in the cladding layer (0<x<0.77).
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To find the optimal Al concentration in the cladding layer, EL measurements are
performed. Figure 4.21 shows the dependence of the EL peak intensity at 50 mA drive
current vs. Al concentration in the cladding layers. One can see that the optimal Al
concentration is 0.14 as this provides an overall light output improvement of 15%. When
the Al concentration increases from 0.14 to 0.3 the series resistance increases by 8% (Fig.
4.20), and light output experiences a 64% drop (Fig. 4.21). The reasons for an increase in
the series resistance are an increase of AE; from 43 meV (< 2kT) to 93 meV (~ 4kT), and
an increase of AE,; from 70 meV (< 3kT) to 150 meV (~ 6kT) in this range of Al

concentrations (0.14<x<0.3).
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Figure 4.21. Current-voltage characteristics of three LED chips with different
thickness of GaNP active layer.
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4.8. Conclusions

In this chapter we have studied growth, processing and characterization of
(In,Al,Ga)NP-based LEDs grown directly on GaP (100) substrates by plasma-assisted

GSMBE.

In particular, we have developed a processing procedure for (In,Ga,Al)NP-based
LEDs grown on GaP (100) substrates, and performed contact optimization on a specially

grown p-i-n diode structure, to ensure that n- and p-type contacts are ohmic.

Band offsets of (In,Al,Ga)NP-based LEDs are calculated to be about 3 times
higher compared to those for AllnGaP-based LEDs. This should provide higher internal

quantum efficiency at higher current densities and/or at higher temperatures.

Amber GaNP-based LEDs, directly grown on a transparent GaP substrate, have
been realized. The red shift of the EL peak position for GaNP-based LEDs (2 nm) is
much smaller than that of AllnGaP-based LEDs (13 nm), when the drive current is
increased from 10 to 60 mA. This is because of the weaker temperature dependence of
the GaNP bandgap as compared to that of the AllnGaP bandgap and higher thermal
resistance of the AllnGaP alloy. The EL intensity increases, when the GaNP active layer
thickness is decreased, which is in agreement with the equation for injection-
recombination rate. A decrease of the active layer thickness of GaNP-based LEDs results
in an increase of the breakdown voltage, since fewer defects are introduced into the

structure. Currently achieved light intensity (8-10 mcd) satisfies requirements for
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indicator lamp application, but the LED structure can be optimized further to increase the

light intensity for high-brightness applications.

A series of InGaNP QW-based LEDs has been grown on a transparent GaP (100)
substrates. An increase of the In concentration in the QW from 0% to 17% results in an
increase of EL intensity by a factor of two. An increase of the number of QWs in the
LED structure from 1 to 6 results in an increase of EL intensity by a factor of two as well.
An increase of the saturation current with an increase of the number of QWs in the active
region has been also observed. Packaging of bare LED chip (using epoxy dome)
increases EL intensity by a factor of three. For the same bandgap and well width, the
current overflow density, Joverfiow, 18 €stimated to be 100 times higher for InGaNP QW-

based LEDs as compared to conventional AllnGaP QW-based LEDs.

Finally, the effect of AlGaP cladding layers on I-V characteristics and EL
intensity of InGaNP single QW-based LED is studied. 5-doping of AIGaP/GaP interfaces
substantially reduces the offset voltage, V,; The optimal Al concentration in the AlGaP

cladding layers is found to be 0.14. It provides an EL intensity increase of 15%.

In conclusion, the best LED structure design would be InGaNP MQW-based
LEDs with Al ;5GagssP claddings, since both approaches — QW active layer and

cladding layers, when optimized, exhibited increased light output from LED chips.

Materials in this Chapter were accepted for publication in Applied Physics Letters

and in Journal of Vacuum Science and Technology B.
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Chapter 5. Summary and suggestions for future work.

5.1. Summary

Nitrogen incorporation into GaP (100) changes the band structure of GaP, and
converts this material from indirect band gap into direct band gap material. The
phenomenon of giant band gap ‘bowing’ observed in GaNP (similar to GaNAs) is
promising to increase the flexibility in the choice of semiconductor band gaps available
for specified lattice constants. In particular, InGaNP material, directly grown on GaP
(100) substrates, is a perfect candidate for making yellow-amber-red LEDs. The main
driving force for this dissertation is to investigate some optical and structural properties
of (Al,In,Ga)NP, grown on GaP (100) substrates, demonstrate feasibility of this novel
material system for LED applications, and develop and optimize LEDs, based on this

material system.

There are two major chapters in the dissertation: Chapter 3 and Chapter 4. In
Chapter 3 we described the growth and characterization of the (Al,In,Ga)NP material
system. In particular, increasing the nitrogen composition in the GaNP bulk layers from
0.6 to 1.7% leads to light emission color from yellow-amber to red. An optimal growth
temperature window of 500-520°C for GaNP bulk layers was determined from an
analysis of their structural and optical properties. Temperature dependence of the PL

peak position for 7-nm-thick GaNy osPo.995s QWs agrees well with the Varshni equation.
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Then, single-crystalline AIGaNP layers with 0%<[Al]<100% were grown on GaP
(100) substrates using a RF nitrogen plasma source and thermally cracked phosphine.
The difference in nitrogen incorporation into GaP and AIP has been determined (factor of
3.4). An equilibrium thermodynamic model, applied to the growth of AlGaNP, has
qualitatively explained this difference. The Gibbs free energy released during the
formation of AIN is larger than that of GaN. The best crystal quality (as determined from
x-ray diffraction) of AlGaNP layers is achieved for an aluminum compositions of

80%<[Al]<100%, and the worst crystal quality is observed for [Al]=50%, as expected.

Finally, the optical properties of InGaNP quantum wells in GaP barriers were
studied. Post-growth annealing of InGaNP QWs leads to higher PL intensity by a factor
of 5 and a blue shift of the PL peak position by 2 nm. Emission color from yellow—amber
to red can be realized using 7-nm-thick In,Ga; N Pi.x QWs, while lattice-matching
condition of InyGa;yNyP;.x to GaP can be satisfied. Temperature dependence of the PL
peak position of the 7-nm-thick Ing;GagoNoosPogos QW deviates from the Varshni
equation in temperature range of 125 K to 290 K, most likely as a result of the clustering
effect. The electron effective mass of the InyGa;_,No 00sPo.99s alloy decreases from 0.77 m.
to 0.4 me, when the indium concentration is increased from 5% to 20%. The conduction
and valence band offsets of In,Ga;_yNo 00sPo.99s/GaP heterojunction were calculated for 0

<y <0.2, using Van de Walle’s model-solid theory.

The results of Chapter 3, given above, allowed the use of the (AlIn,Ga)NP
material system to develop new technology for yellow-amber-red LEDs. Chapter 4

describes growth, optimization and processing of (Al,In,Ga)NP-based LEDs.
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In particular, we have developed a processing procedure for (Al,In,Ga)NP-based
LEDs grown on GaP (100) substrates, and performed contacts optimization on a specially

grown p-i-n diode structure, to ensure that n- and p-type contacts were ohmic.

The band offsets of (Al,In,Ga)NP-based LEDs were calculated to be about 3 times
than those of AllnGaP-based LEDs. This should result on higher internal quantum

efficiency at higher current densities and/or at higher temperatures.

Amber GaNP-based LEDs, directly grown on a transparent GaP substrate, have
been realized. The red shift of the EL peak position for GaNP-based LEDs (2nm) is much
smaller than that of AllnGaP-based LEDs (13nm), when the drive current is increased
from 10 to 60 mA. This is because of the weaker temperature dependence of GaNP
bandgap as compared to that of AllInGaP bandgap and higher thermal resistance of the
AllnGaP alloy. The EL intensity increases when the GaNP active layer thickness is
decreased, which is in agreement with the equation for injection-recombination rate. A
decrease of the active layer thickness of GaNP-based LEDs results in an increase of the
breakdown voltage, since fewer defects are introduced into the structure. Currently
achieved light intensity (8-10 mcd) satisfies requirements for indicator lamp application,
but the LED structure can be optimized further to increase the light intensity for high-

brightness applications.

A series of InGaNP QW-based LEDs have been grown on a transparent GaP
(100) substrates. An increase of the In concentration in the QW from 0% to 17% results
in an increase of EL intensity by a factor of two. An increase of the number of QWs in

the LED structure from 1 to 6 results in an increase of the EL intensity by a factor of two
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as well. An increase of the saturation current with an increase of the number of QWs in
the active region has also been observed. Packaging of bare LED chip (using epoxy
dome) increases EL intensity by a factor of three. For the same bandgap and well width,
the current overflow density, Joverfiow, 18 €stimated to be 100 times higher for InGaNP

QW-based LEDs as compared to conventional AllnGaP QW-based LEDs.

Finally, the effect of AlGaP cladding layers on I-V characteristics and EL
intensity of InGaNP single QW-based LEDs was studied. d-doping of AlGaP/GaP
interfaces substantially reduces the offset voltage, Voir. The optimal Al concentration in

the AlGaP cladding layers was found to be 0.14. It increased the EL intensity by 15%.

In conclusion, the best LED structure design would be InGaNP MQW-based
LEDs with Aly5GaggsP claddings, since both approaches — QW active region and

cladding layers, when optimized, exhibited increased light output from LED chips.

5.2. Accomplished tasks

This work was planned to accomplish certain tasks, described in Chapter 1,

Section 1.3. The following is a summary of the accomplished tasks.

1. The growth conditions of the GaNP/GaP material system were optimized.
2. High structural quality AlGaNP/GaP materials were synthesized using plasma-

assisted GSMBE, and their structural properties were studied.



5.

6.

133

InGaNP/GaP quantum wells were successfully grown, sand some of the optical
properties were studied.

The InGaNP material system was used as the active region of LEDs, emitting in
the yellow-red spectral range.

Fabrication process for (Al,In,Ga)NP-based LEDs was successfully developed.

Optimization of the LED structure and its growth conditions were performed.

Thus, all the tasks, planned to be accomplished in this dissertation, were successfully

accomplished.

The next section describes suggestions for future work.

5.3. Suggestions for future work

There are a number of areas not within the scope of this dissertation, but they

require further research and optimization in order to bring (Al In,Ga)NP-based LEDs to

the level of commercially available yellow-amber-red AllnGaP-based LEDs.

First is optimization of the growth conditions of InGaNP/GaP quantum wells. The

growth temperature can be varied and the PL intensity of the samples can be studied in

order to determine the optimal growth temperature. The PH3 flux can also be varied as it

may impact the PL intensity as well.
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Second is further LED structure/design optimization. This may include
optimization of the InGaNP quantum well placement in the waveguide region (barrier

thickness); optimization of the doping profile; optimization of the contact/window layer.

The doping profile, combined with QW placement, is a very important LED
optimization parameter. Improper (too high or to low) doping concentrations of the n-
type and p-type diode areas may lead to a p-n junction displacement away from the active
region, which may result in a significant drop in the LED light output'. Doping profile
has to be carefully chosen in order to keep the center of the p-n junction in the active
region of the LED structure. The best way is to calculate the minority carrier distribution

in the p-n junction, depending on the doping concentration.

The contact/window layer of the LED structure also has to be optimized.
Increasing the thickness of the window layer leads to a better light extraction from the
LED chip and to better current spreading. The contact/window layer alone may increase

the external quantum efficiency of the device by a factor of eight’.

Third, further study of the AIGaNP material for green LED application. Al
increases the band gap of GaP, and nitrogen converts material from indirect band gap into
a direct band gap. This is the basis for moving the emission wavelength into the green

spectral region.

In this dissertation, only structural properties of the AlIGaNP material system were
studied. No PL signal was detected from the AlGaNP bulk layers. One of the reasons for
no PL signal is type-II heterojunction, formed by GaP/AlGaNP. No confinement for

holes exists, thus, holes may diffuse into GaP and do not participate in the recombination
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process. The special LED structure design may be applied in order to create a type-I
heterojunction between the active AlIGaNP layer and barrier layers. This may be achieved
by using a higher Al concentration (x>y) in the AlyGa,«P barrier (cladding) layers than in

the AlyGa;.,NP active layer. Figure 5.1 shows an example of such an LED structure.
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Figure 5.1. a) Band diagram of Al,Ga;.\P/Al,Ga; P/Al;Ga;P structure; b) band
diagram of AlGa; P/Al,Ga; (NP/AlGa, P structure for LED application.
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Fig. 5.1a shows a band diagram of the LED structure without nitrogen in the Al,Ga;.,P
active layer, which is sandwiched between Al,Ga;<P cladding layers. Al,Ga;.,P/Al,Ga;.
«P form type-II heterojunction. Adding nitrogen into the AlyGa;.,P active layer would
result in converting the material from indirect band gap into direct band gap, and lowers
the conduction band of Al,Ga;.,NP below the conduction band of AlyGa;.<P. This process
results in the formation of a type-I heterojunction between AlyGa;.,NP and Al,Ga;P
layers (see Fig. 5.1b). Further experimental work is required to grow and optimize such

an LED structure and observe electroluminescence in the green-yellow spectral range.
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Appendix A. Metamorphic growth of InGaP layers on GaP

(100) substrates.

A.l. Overview

This appendix is devoted to the initial results on the growth and characterization
of metamorphic InGaP layers on GaP (100) substrates for yellow-red light emitters. This
is an alternate approach to the use of the (Al,In,Ga)NP material system, grown directly on

a GaP (100) substrate, described in previous chapters.

The approach is to grow the desired light-emitting structure on a transparent,
larger-lattice-constant InyGa;.xP metamorphic buffer layer on a transparent GaP substrate.
Metamorphic devices have been produced from SiXGel_x/Sil’z, InxGal_XAs/GaAs3’4’5,
InXGal_XAs/InPG, and InxGal_XP/GaP7’8. Close to 100% strain relaxation and reduction in
threading dislocation density to below the detection limit of plan-view transmission
electron microscopy (TEM), 10° cm™, have been reported™®. The demonstrated high
efficiency of strain relaxation is related to the control of misfit dislocation formation rates
(in-plane between the substrate and the epitaxial layer) in the material. Our current
approach differs from our previous work”® in lowering the growth temperature to 400°C

and using quantum wells rather than bulk layers for the active region.
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We present a systematic investigation of the structural and optical properties of
InGaP using a metamorphic InyGa; P buffer layer grown on GaP (100) substrates.
Surface morphology of a metamorphic In,Ga; P buffer layer as dependent on substrate
temperature is studied using AFM. Structural quality of the constant-composition and
linearly graded metamorphic InyGa; P is compared. IngsGaopsP quantum wells with
Ing 3Gag 3P barriers are grown on a constant-composition metamorphic buffer layer, and

room-temperature photoluminescence is studied.

A.2. Growth and characterization details

All samples were grown by Gas Source Molecular Beam Epitaxy (GSMBE) with
a Varian Gen II MBE system. Two sample structures have been studied, as shown in Fig.
A.1. Sample structure #1 consists of a 0.5-um-thick InyGa,.xP metamorphic buffer layer
followed by a 0.5-pum-thick InyGa; P buffer layer. On top of this a 0.4-um-thick In,Ga,.
«P waveguide layer was grown, sandwiched between 0.03-um-thick Al 3Gag ;P barrier
layers. 0.4 um was chosen because it is similar to the typical thickness of the active
region in AllnGaP-based LEDs. Finally, the structure was capped with a 10-nm-thick
InyGa, P layer. The composition X was varied for different samples. Sample structure #2
is the same as that of Structure #1 except a 7-nm-thick In,Ga;.,P quantum well inserted in
the middle of the InyGa; P waveguide layer with y>X. The metamorphic buffer layer of

Structure #1 was grown two different ways: constant composition of InyGa; P on GaP
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Figure A.1. Layer-by-layer schematic of Structures #1 and #2.

and linearly graded InyGa,P, where x was varied from 0 to the desired value by

changing the temperature of the In cell during growth. The growth temperature of the

layers subsequent to the metamorphic layer of all structures was kept to be 500°C.

(400) x-ray rocking curves were measured by a Philips double-crystal

diffractometer, and photoluminescence (PL) measurements were carried out at 20 K and

300 K using a 70 W/ecm® Ar laser as the optical pumping precursor. A GaAs cathode

photomultiplier tube was used to detect the signal at the exit of a 50-cm monochromator

through a lock-in amplifier.

A.3. Optical and structural properties
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Figure A.2 shows AFM images of 0.5-um-thick constant-composition Ing3Gag 7P
metamorphic buffer layers grown at substrate temperatures of (a) 500°C and (b) 400°C at
5 um full scale (top row) and 20 um full scale (bottom row). The metamorphic buffer
layer grown at 400°C shows much smoother morphology than that grown at 500°C. The

a) b)
500° C 400°C

RMS=0.9nm

5 micron
scale

20 micron
scale

Figure A.2. AFM images at 5 um (top row) and 20 um (bottom row) full scale of the
metamorphic buffer layer grown at (a) 500°C and (b) 400°C.
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RMS roughness (shown in Fig. A.2) of the buffer layer grown at 400°C is one third that
grown at 500°C. This is in agreement with the results reported for InGaAs/GaAs’, which
show that constant-composition InGaAs metamorphic buffer layer grown on GaAs at
450°C or lower results in injection lasers emitting at 1.3 um due to much reduced
threading dislocations. Without the metamorphic buffer layer, i.e., direct growth of a
constant-composition layer at higher temperatures shows three orders of magnitude
higher threading dislocation density (10° cm™), and injection lasers could not be realized.

Thus, a metamorphic layer is required.

Our earlier work demonstrates that a linearly graded InyGa; <P metamorphic layer,
grown on GaP at a substrate temperature varying from 650°C to 500°C as X is varied from
0 to 0.3, confines the dislocations and results in reduced threading dislocation density in
the top layer’. To check the influence on crystal quality of a linearly graded metamorphic
buffer layer grown at a low temperature of 400°C, we compare two Structure #1 samples
with Ing3Gag;P: one with a 0.5-um-thick linearly graded InyGa;4P (X from 0 to 0.3)
metamorphic buffer layer and the other with a 0.5-um-thick constant-composition
metamorphic buffer layer. X-ray rocking curves of these two structures are shown in Fig.
A.3. The peak positions of the x-ray curves are the same for both structures as expected.
The x-ray signal between the epi-layer peak and the substrate peak in Curve #1 represents
the linearly graded metamorphic buffer layer. The FWHMs of the epilayer peaks for both
samples are the same (around 700 arcsec), which means that linear grading grown at low
temperature (400°C) results in comparable structural quality of the subsequent InGaP

epilayer as the simpler process of constant composition grown at the same temperature.
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Figure A.3. (400) x-ray rocking curves of Structures #1: 1- InyGa, P linearly graded
(x from 0 to 0.3) metamorphic buffer layer; 2- Ing3Gag7P constant-composition
metamorphic buffer layer.

Therefore, for subsequent samples we use a constant-composition metamorphic buffer

layers grown on GaP (100) substrates at 400°C.

Figure A.4 shows the dependence of the FWHM of x-ray peak vs. indium
composition (0.22, 0.30, 0.36, and 0.42) in the metamorphic layer (0.5 pm thick).The
FWHM remains almost the same when the In composition is less than 0.30. When the
indium composition exceeds 0.3, the FWHM starts to increase rapidly, indicating

degradation of structural quality due to increased lattice mismatch. The FWHM increases
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Figure A.4. Dependence of FWHM of x-ray peak vs. indium composition in the
structures of Fig. A.3.

from 740 arcsec to 1800 arcsec when the In composition increases from 0.30 to 0.42.
This means that using a 0.5-um-thick metamorphic layer containing more than 30% of In

1s not reliable.

A series of Structure #1 with different In composition x (0.26, 0.30, 0.35, and
0.41) was grown for photoluminescence measurements. The PL spectra of these
structures, taken at 20 K, are presented in Fig. A.5a. With increasing indium composition,
a red shift of PL peak position is clearly observed. The dependence of PL peak

wavelength on In composition is shown in Fig. A.5b. While the In composition is
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Figure A.5. a) PL spectra (recorded at 20 K) of a series of Structures #1 samples with
different x; b) dependence of PL peak position and PL intensity on In composition.

increased from 0.26 to 0.41, the emission wavelength shifts from 559 to 587 nm. The PL
intensity increases first for 0.25<x<0.3, and then it starts to decrease for x>0.3. This non-
monotonic behavior of PL intensity vs. In composition can be explained by several
reasons. InGaP becomes direct bandgap when [In]>0.25, and the PL intensity increases.
When x>0.30 the crystal quality of the structure degrades, as shown in Fig. A.4, and the

PL intensity decreases. In that case, a thicker metamorphic layer is required.

Finally, a sample of Structure #2 (x=0.30, y=0.50, well width W=7nm) was grown
in order to obtain room-temperature light emission with peak wavelength around 600 nm.
Figure A.6 shows the PL spectra recorded at 20K (curve 2) and 300K (curve 1). Room-
temperature PL with peak wavelength at 610 nm was observed. Low-temperature PL
shows two peaks. The high-energy peak at 568 nm corresponds to the Ing3;Gag7P

waveguide layers and agrees well with the PL peak position of bulk Ing3Gag ;P in Fig.
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A.5a. The low-energy peak at 594 nm corresponds to the IngsGagsP QW emission. There

is no low-energy defect-related tail, which means good structural quality of the sample.

Ino_gGaojP / Ino.SGaO'SP (7 nm)/ Ino‘3GaO.7P QW)

I -
1-InGaP QW 300 K -
2 -InGaP QW 20 K

PL intensity, a.u.

520 540 560 580 600 620 640 660
Wavelength, nm

Figure A.6. Room-temperature (curve 1) and low-temperature (curve 2) PL spectrum
of Structure #2 with Ing3Gag sP/Ing sGag sP (7 nm)/Ing 3Gag 7P QW.

A.4. Conclusions.

Structures with an InyGa, P metamorphic buffer layer grown on GaP(100) were
investigated. The morphology of the metamorphic buffer layer is much smoother when
grown at 400°C than at 500°C. When grown at 400°C, a constant-composition

metamorphic buffer layer results in comparable structural quality of the top layers as a
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linearly graded metamorphic buffer layer. When the In composition of a 0.5 um-thick
constant-composition InyGa; P buffer layer is less than 0.30, the structural quality
remains good. When x>0.30 the structural quality degrades rapidly with increasing X, and
a thicker (>0.5 um) metamorphic layer is required. PL spectra of Structures #1 show red
shift of the PL peak position with increasing X. The PL intensity vs. X dependence has a
maximum around X=0.30 because of indirect-direct cross over point of InyGa;4P at X
around 0.26 and degradation of the sample crystal quality when x>0.30. A peak
wavelength of 610 nm of room-temperature PL emission from an Ing3Gag 7P/ IngsGagsP
(7 nm)/ Ing3Gag7P QW grown on a constant-composition Ing3Gag 7P metamorphic buffer
layer on GaP (100) was achieved.

Materials in this Appendix were published in Journal of Crystal Growth 279, 20

(2005).
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