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Abstract

Deep ultraviolet (UV) light sources are useful in a number of applications that
include sterilization, medical diagnostics, as well as chemical and biological identification.
However, state-of-the-art deep UV light-emitting diodes and lasers made from
semiconductors still suffer from low external quantum efficiency and low output powers.
These limitations make them costly and ineffective in a wide range of applications. Deep
UV sources such as lasers that currently exist are prohibitively bulky, complicated, and
expensive. This is typically because they are constituted of an assemblage of two to three
other lasers in tandem to facilitate sequential harmonic generation that ultimately results in
the desired deep UV wavelength.

For semiconductor-based deep UV sources, the most challenging difficulty has been
finding ways to optimally dope the (Al,Ga)N/GaN heterostructures essential for UV-C light
sources. It has proven to be very difficult to achieve high free carrier concentrations and low
resistivities in high-aluminum-containing IIl-nitrides. As a result, p-type doped aluminum-
free Ill-nitrides are employed as the p-type contact layers in UV light-emitting diode
structures. However, because of impedance-mismatch issues, light extraction from the
device and consequently the overall external quantum efficiency is drastically reduced. This
problem is compounded with high losses and low gain when one tries to make UV nitride
lasers.

In this thesis, we provide a robust and reproducible approach to resolving most of
these challenges. By using a liquid-metal-enabled growth mode in a plasma-assisted
molecular beam epitaxy process, we show that highly-doped aluminum containing II-nitride

films can be achieved. This growth mode is driven by kinetics. Using this approach, we have



been able to achieve extremely high p-type and n-type doping in (Al Ga)N films with high
aluminum content. By incorporating a very high density of Mg atoms in (Al,Ga)N films, we
have been able to show, by temperature-dependent photoluminescence, that the activation
energy of the acceptors is substantially lower, thus allowing a higher hole concentration than
usual to be available for conduction. It is believed that the lower activation energy is a
result of an impurity band tail induced by the high Mg concentration. The successful p-type
doping of high aluminum-content (Al,Ga)N has allowed us to demonstrate operation of deep
ultraviolet LEDs emitting at 274 nm. This achievement paves the way for making lasers that
emit in the UV-C region of the spectrum. In this thesis, we performed preliminary work on
using our structures to make UV-C lasers based on photonic crystal nanocavity structures.
The nanocavity laser structures show that the threshold optical pumping power necessary to
reach lasing is much lower than in conventional edge-emitting lasers. Furthermore, the
photonic crystal nanocavity structure has a small mode volume and does not need mirrors
for optical feedback. These advantages significantly reduce material loss and eliminate
mirror loss. This structure therefore potentially opens the door to achieving efficient and

compact lasers in the UV-C region of the spectrum.
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Chapter 1

Introduction

It is critical and timely to develop compact, highly efficient, and environmentally
friendly deep ultraviolet light-emitting sources that emit in the UV-A (400 — 320 nm), UV-B
(320 — 280 nm), and UV-C (280 — 100 nm) regions of the spectrum. These spectral regions
are of considerable interest for some important potential applications summarized in Figure
1-1. Some miscellaneous applications of UVA and UVB light emitters include high density
optical storage, and phototherapy for treatment of psoriasis and vitiligo. Higher volume of
applications of UVC light sources include near-line-of-sight (NLOS) communications,
sterilization, water purification, and biomedical diagnostics. In biochemical detection as an
example, only a few chromophores absorb in the visible region, whereas all functional
agents absorb in the UVC region. Due to the myriads of applications, progress in the

development of solid-state UV light-emitting sources has surged in recent decades.
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Figure 1-1: Application areas of ultraviolet light emitting devices.
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Compared to conventional UV light sources, such as mercury lamps, ultraviolet LEDs
offer a number of advantages: robustness, compactness, environmental friendliness, fast on-
and-off switching, and long lifetimes. The achieved and projected performance of UV light-
emitting diodes (LEDs) is summarized in Figure 1-2 [1]. In the past decade, UVA LEDs
with excellent performance have begun to replace some conventional ultraviolet light lamps.
However, deep ultraviolet LEDs in UVB and particularly UVC range still suffer from
extremely low external quantum efficiency (EQE), which is a function of the internal
quantum efficiency (IQE) in the active layer. This performance metric is defined as

FOE — number of photons emitted into free space P/(hv)  I0E - LEE
OE = number of electrons injected into LED ~  [/e ¢

where LEE represents light extraction efficiency.

To date, the highest EQE of deep UV light-emitting diodes is extremely low: it is currently
about 20 % and was achieved by Takayoshi et al. [2]. In addition, most UVB and UVC
LEDs provide only a few milliwatts or less of output power. These twin problems prevent
ultraviolet LEDs from widespread applications. Ultraviolet light sources that exhibit narrow
linewidths, high beam quality, and high output powers would therefore provide more
functionality for applications in biochemical detection, general sensing, and non-line-of-
slight communication. For example, intense UV lasers are required in order to achieve
adequate signal-to-noise ratios in identifying diverse biological and chemical compounds in
Raman spectroscopy. However, producing a UV laser diode has proved to be even more
difficult because of the need for significant gain to overcome losses. The peak gain

coefficient, g(n), can be expressed as

gn) =g'(n—ng) (1-1)



where g’ is the differential gain (Z—‘z), and ny, is the transparency carrier concentration when

the gain is zero. The threshold condition (g.,) is when peak gain equals the sum of the
intrinsic loss (a;) and the mirror transmission loss (a,,); this is given as

Lgin =a; +ap

1, 1 (1-2)
%m =51 " R.R,

where T" is the optical confinement factor, L is the length of the cavity, and R; and R,
represent the reflectivity of the facet mirrors in a cavity. The relationship between optical

gain and bias current can be described by the linear expression
9=2(=- ) (13
where n; is the internal quantum efficiency, d is the thickness of an active layer, and j, is

normalized transparency current density (J, = J:-/d). By combining Equation (1-2) and

(1-3), the threshold current density for lasing can be given by

]0d< gth) Jod 1 ( 1 1 )
=—((1+=)="—(1+—(a; +—In— 1-4
Y g0/ goT\'" " 2L RyR, (1-4)

From the discussion above, it is clear that a laser diode requires high current
injection and low losses to achieve lasing. These conditions, however, are very difficult to
achieve in AlGaN-based ultra-wide bandgap semiconductors. This has restricted the
development of low-cost and compact deep-UV lasers, thus limiting a range of possible
applications for this technology. A summary of recent developments in UV current-
injected laser diodes is shown in Figure 1-3 [3]. This figure shows that the shortest
wavelength laser diode is at 336 nm; this result was reported by Hamamatsu [4]. We

summarize the key challenges in the development of AlGaN-based UV light emitters in the



following paragraphs. Most of the problems are common to the realization of both lasers and
LEDs operating in the deep UV region.
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One of the significant challenges for AlGaN-based emitters is lack of native
substrates for lattice-matched epitaxial growth. Although GaN and AIN bulk substrates are
commercially available, they are still expensive, small-sized and not of sufficiently high
quality. In addition, because of the wide range of film compositions and lattice constants in a
typical device structure, lattice-mismatch-induced defects still limit the performance of
ultraviolet devices. Currently, sapphire is therefore the most popular substrate for growing
I11-nitrides primarily because it is low cost and readily available in high quality. The only
problem is the large lattice mismatch between sapphire and Il1-nitrides. This leads to a high
density of dislocations which act as non-radiative recombination centers that limit the
internal quantum efficiency for both LEDs and laser diodes.

Another major challenge is to fabricate highly doped and low resistivity n-type and
especially p-type IlI-nitride alloys with aluminum mole fractions greater than 30%. This is
primarily due to the high ionization energies for Mg acceptors (630 meV) and Si donors
(282 meV) in AIN [5] and (Al,Ga)N alloys. As a result, only a small portion (about 1 %) of
Mg acceptors are ionized at room temperature in Mg-doped AlGaN films, resulting in low
free hole concentrations and high resistivity. Apart from the low thermally activated hole
density, the bottleneck of low solubility in GaN and AIN materials strongly restricts the
efficiency of Mg doping in AlGaN films. This limited solubility becomes obvious at higher
Al content in AlxGai-xN because the formation enthalpy of Mgai in AIN is much higher
than that for Mgea in GaN [6]. In addition, AlGaN materials typically suffer from a high
density of compensating defects, such as nitrogen vacancies and oxygen and hydrogen
impurities. Among the defects, nitrogen vacancies have been proposed as the most dominant

compensating centers in Mg-doped AlxGai-xN materials. They are more likely to be



generated in AIN than in GaN due to a strikingly lower formation energy in AIN [7]. These
problems make it difficult to achieve effective doping, particularly in p-type films. To
exacerbate the problem, good ohmic contacts are difficult to achieve in p-type (Al, Ga)N
due to lack of universal metals with the right work functions. These factors contribute to
the relatively high operating voltages of UV light-emitting devices. To circumvent this
doping issue, most researchers use p-type GaN instead of transparent p-type AlGaN as a
contact layer to reduce resistivity and increase hole concentration. However, this brings
the problem of absorption of UV light by the top-most p-GaN layer, thus reducing the light
extraction efficiency in ultraviolet LEDs; yet another problem is the back reflection of UV
light at the sapphire/air interface on the bottom surface due to total internal reflection.

Due to these cumulative problems, it is very difficult to achieve UV lasers in typical
electrically-driven stripe-geometry laser diodes such as that illustrated in Figure 1-4. This is
due to the fact that to simultaneously achieve optical and electrical confinement is very
difficult. To achieve optical confinement, a cladding layer of high Al-containing AlGaN
with low index should be employed. This however makes it difficult to achieve high carrier
concentration and low resistivity in the high-aluminum-containing AlGaN layer. This
subsequently makes it difficult to create population inversion in the large bandgap gain
media. Furthermore, increasing the index of refraction discontinuity in the layers leads to
more dislocations because of the large lattice mismatch in the epilayers; this of course
reduces carrier recombination efficiency. Another practical issue is that it is difficult to
make Fabry-Perot mirror facets by cleaving the sapphire substrate to make conventional
edge-emitting UV laser diodes. Any mirror facets made by dry or wet chemical etching have
large facet losses that significantly impact the performance of UV laser diodes.

6
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Figure 1-4: A typical configuration of ridge-type edge-emitting laser.

The primary objective of this thesis is to resolve the key problems of Mg- and Si-
doped (Al,Ga)N films and their film quality grown by plasma-assisted molecular beam
epitaxy; the secondary objective is to demonstrate a high efficiency deep ultraviolet LED,
and thereby pave the path to the realization of ultraviolet laser diodes. We also theoretically

investigate the potential of the ultraviolet laser based on a photonic crystal structure.

1.1 State-of-the-art I11-Nitride semiconductor ultraviolet laser diodes

In this Section, we review recent developments in Il1-nitride semiconductor UV laser
diodes. Since the first IlI-nitride laser diodes were reported by Nakamura and coworkers in
1996 [8], these devices (particularly in the blue) continue to revolutionize our lives. Over
time, applications that require compact, high power light sources with shorter wavelengths
have created an imperative to develop electrically-pumped ultraviolet laser diodes. To

achieve devices with these shorter wavelengths requires AlGaN films with higher aluminum



compositions. No functioning electrically-driven ultraviolet laser diodes have so far been

fabricated from the nitride materials.

1.1.1 Prior approaches to resolving the challenges of making UV lasers

Of the many challenges we have already discussed in the previous Section, the
biggest is the lack of suitable substrates on which to grow high crystalline quality aluminum
containing IlI-nitride layers. Bulk AIN substrates are currently the only alternative substrates
for growth of UV laser structures that emit at short wavelengths. The first electrically-driven
UV laser diode at 368 nm grown on an AIN substrate was reported by M. Kneissl et al. in
2007 [9]. Even though the threading dislocation density of the AIGaN heterostructures was
reduced to the range of mid—108 cm, the threshold current density was 13 kA/cm?, which is
very high; it is even worse for UV lasers with shorter wavelengths.

Unlike the case for UV LEDs, where satisfactory performance can be realized with
partial absorption in the p-type layers, the p-side of a laser diode must be highly transparent.
Ultra-violet lasers therefore require p-type AlGaN cladding layers with high aluminum mole
fractions with minimal absorption. This requirement is contingent on achieving high p-type
doping concentration and low resistivity in the Mg-doped AlGaN layers. Many approaches
have been proposed to resolve this problem. Simon et al. proposed an approach that
enhances p-type polarization doping by using compositionally graded AlGaN alloys [10].
This takes advantage of the existence of acceptor-like or donor-like impurities or defects that
can be ionized by polarization. However, Moustakas et al. have reported that the acceptor-
like and donor-like polarization-induced impurities or defects generated by this approach are
insufficient for p-type and n-type doping without incorporation of intentional dopants [11].

Another viable approach is to use a short period Mg-doped AlxGai-xN/AlyGai.yN superlattice
8



(SPSL), first proposed by Schubert et al. [12]. This technique increases the overall hole
concentration by allowing deep acceptors in the wide band gap barriers to ionize into the
valence band of the neighboring narrow band-gap nitrides, rather than into the valence band
of the bulk material. The method allows both vertical and lateral hole transport since the
SPSLs are very thin; the approach has recently been demonstrated in UV light-emitting
diodes [12, 13]. However, the p-type AlGaN superlattices still suffer from a high resistance
that leads to significant electrical losses. Another recent approach is by Rajan et al. where
they proposed and experimentally demonstrated use of quantum tunneling junctions with
high hole injection efficiency in UV LEDs [14, 15]. Forming a tunneling diode, however,
typically requires degenerate doping of both the p-type and n-type regions. This is a difficult
materials problem: it is almost impossible to achieve degenerate p*-type doping in AlGaN
with high Al mole content. Such tunneling heterostructures are therefore of limited practical
use in deep ultraviolet devices emitting in the UVC region. The simultaneous achievement
of the desired electrical performance and the low optical absorption is still a difficult and

unresolved problem.

1.1.2 Alternative concepts for compact UV IlI-nitride lasers

Alternative methods to circumvent the problems discussed in the previous Section
have been proposed. One promising approach is to utilize electron-beam pumped multi-
quantum wells. Non-equilibrium electron-hole pairs in electron-beam pumped lasers are
generated by ionization of the lattice atoms and avalanche electron collisions initially
injected by the electron beam. Oto et al. reported deep UV emission at 240 nm from
electron-beam pumped AlGaN/AIN quantum wells that resulted in a high output power of

100 mW with power efficiency of 40% [17]. Shimahara et al. demonstrated a device with an
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output power of 20 mW, with a power efficiency of 4%. An electron-beam pumped UV
device using Si-doped AlGaN films that provide higher emission intensity at 247 nm with an
output power of 2.2 mW and a power efficiency of 0.24% was reported by Shimahara et al.
[18]. Most recently, Matsumoto et al. also demonstrated deep UV emission in AlGaN/AIN
quantum wells using graphene nanoneedle field emitters [19]. Although several efforts have
succeeded in achieving deep UV laser emission by electron-beam pumping, the major
drawbacks of this method are the bulk and low electron generation efficiency of the
electron-beam sources. Another challenge is the fact that photons are not well confined in
the active region and thus stimulated emission is difficult to achieve. Heating is also
problem; this arises from the electron-phonon interactions and the quasi-equilibrium
electron-hole plasma in the active region of the crystal due to the high intensity electron
beam.

Second harmonic generation (SHG) is another promising method for achieving
electrically-pumped deep UV laser. Conventionally, it involves passing a high power beam
in the infrared spectral range though multiple stages of nonlinear crystals which convert the
long wavelengths to visible light. However, there is a limited number of frequency-doubling
materials for deep UV light emitters. Most common non-linear crystal materials absorb the

UV light. Furthermore, it is difficult to meet the critical phase matching condition for

efficient second harmonic generation. The most suitable nonlinear optical material is -

BaB.Os (BBO). Tangtrongbenchasil et al. reported the generation of UVC light at the
wavelength of 220 nm from a BBO nonlinear crystal by using a blue laser diode at 440 nm
as the fundamental input light [20]. Large inefficiencies and the cumbersome optical setup
of this method make it of limited practical use.

10



Most recently, Mi and his coworkers [21] successfully demonstrated optically-
pumped ultraviolet lasers by employing tapered AlGaN nanowire structures. These
nanostructures, nearly free of structural defects, were directly grown on n-type Si substrates
by plasma-assisted MBE [21-23]. The tapered geometry effectively reduces the refractive
index at the bottom of nanowires, thereby preventing significant optical loss through the
underlying Si substrate. Although lasing characteristics with a low threshold current density
of 200 A/cm? is demonstrated because of the high quality (Q) factor of the optical cavity, the
device operates at 77K. One of the significant unresolved issues with this approach is how to
make a good ohmic contact without utilizing any filling materials. Contact metals are likely
to deposit on the side walls of the nanowires and cause electrical shorts. Another issue is that
it is very difficult to control the size and spacing of the nanowires. Effective tailoring of the
wavelength and the other optical properties of the laser are still challenges. Although the
AlGaN-based nanowires represent a breakthrough into UV laser technology, they still have a
long way to go in realizing commercially viable and electrically-driven laser devices that
can operate at room-temperature.

In summary, we have discussed the major challenges in developing electrically-
driven UV laser diodes based on wide band gap IlI-nitride semiconductors. A number of
novel heterostructure devices have been proposed to improve the device structures necessary
for efficient current injection. Despite the progress made to date on the development of sub-
300 nm emitters, the achievable optical gain through electrical injection does not yet exceed
the intrinsic and mirror losses. Consequently, the shortest wavelength of AlGaN-based laser

diodes reported has remained at 336 nm [4]. For devices grown by molecular beam epitaxy,
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the wavelength of ultraviolet laser diodes operating at room-temperature has not yet been

pushed below 388 nm [24].

1.1.3 Are advanced photonic crystal lasers feasible in the UV region?

Except for the alternative UV laser designs already discussed, miniaturization of
photonic crystal lasers offers another option. This approach provides a new pathway to
achieving a compact UV laser. A typical defect-type photonic crystal structure, illustrated in
Figure 1-5, is composed of a periodic dielectric membrane with a defect region. The defect
region provides a resonant cavity with a high quality (Q) factor and very small mode volume
(Vinode)- This high ratio of quality factor to modal volume (Q/Vmode) promotes a high
radiative recombination rate which is enhanced through the Purcell effect, whose

enhancement factor is usually expressed as

3

: (A) VQ (1-5)

FP = -
2
4 \n mode

This feature leads to extremely low threshold current (I;1,), given as [25]

N,V
Iip = <q S_mode + ﬂ) + Ly (1'6)
Tsp B

where N is the transparency carrier density, 7, represents spontaneous emission time into
all optical modes. The second term in Eq. (1-6) represents the current needed to overcome
losses in the optical cavity, while the last term I,,, is the current for non-radiative process.
The Purcell effect has been extensively studied on photonic crystal lasers based on
I11-arsenide and Ill-phosphide semiconductors in the past decades. Vuckovic et al., for
example, reported work on visible and near infrared photonic crystal lasers based on (In, Ga)

(As, P) materials [25-30]. However, there are only a few reports on photonic crystal
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nanocavity laser in ultraviolet region. Wu et al. demonstrated use of ZnO ultraviolet
photonic crystal structure that lased at the wavelength of 388 nm under optical pumping at
room temperature [31]. Yet another group reported an optically-pumped (In, Ga)N photonic
crystal nanocavity laser emitting at the wavelength of 390 nm [32]. In spite of the fact that
photonic crystal structures have the potential for realization of advanced UV lasers,

electrically-driven UV photonic crystal laser devices have not yet been developed.

Defect region Dielectric membrane

/

2D square air hole pattern

Figure 1-5: Schematic illustration of defect-type 2D patterned dielectric photonic crystal.

1.2 Overview of the thesis

Historically, many research groups have extensively investigated approaches to
improving the crystalline quality and efficient doping of GaN-based materials for
conventional edge-emitting laser diodes. However, it remains difficult to realize electrically-
driven laser diodes operating at the shorter wavelengths, especially in the UVC region.
Although many approaches have been proposed and tried, none of them has led to the

successful fabrication of reliable, compact, and cost-effective electrically-driven ultraviolet
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laser diodes. In this work, we propose and examine a new approach based on photonic
crystals which could avoid or alleviate most of the problems of the existing approaches.
Even with the new approach, improving p-type doping remains crucial for electrically-
driven devices.

The rest of the thesis is organized as follows. In Chapter 2, we will discuss the
synthesis of p- and n- type AlGaN films with high doping concentrations grown by plasma-
assisted MBE under a liquid-enabled growth mode. This approach is reliable and
reproducible for growing high quality device structures that require high-Al-content IlI-
nitrides. On the way to making the ultraviolet lasers, we developed conventional p-i-n
heterojunction as well as metal-insulator-semiconductor (MIS) heterostructure light-emitting
diodes that emit in the ultraviolet region. The device results are discussed in Chapter 3. In
Chapter 4, we discuss the fabrication, characterization, and simulation of advanced
ultraviolet photonic crystal nanocavity laser structures, and then compare these to
conventional edge-emitting lasers.

In Appendix A, we describe the molecular beam epitaxy process used for growth of
the epitaxial films used in this work, and in Appendix B, we will present the fabrication

processes and discuss the characterization methods Appendix C used in this work.
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Chapter 2 Liquid-metal-enabled synthesis of (Al,
Ga)N films by plasma-assisted molecular beam

epitaxy

2.0 Introduction

To date, most aluminum-containing nitride films grown by molecular beam epitaxy,
up to date suffer from poor crystalline quality and low doping efficiency; these problems
hamper development of high performance devices. Optimal growth conditions for high
crystalline quality aluminum-containing nitride compounds generally require growth under
group-IlI-rich conditions. On the other hand, to achieve high p-type doping efficiency,
without compensating donor defects, requires nitrogen-rich conditions [1]. These conditions
are mutually exclusive.

Many studies have now established that aluminum-containing nitride films with
smooth surfaces are best grown under metal-rich conditions; nitrogen-rich conditions lead to
rough and faceted surface morphologies that are unsuitable for optoelectronic devices.
Neugebauer et al., for example, used analytical arguments from density-functional theory
and scanning-tunneling microscopy experiments to demonstrate that smooth nitride films
can only be achieved under metal-rich growth conditions. Their arguments support the idea
that a thin liquid metal layer at the growth front acts as a surfactant that opens up an efficient
diffusion channel for lateral adatom transport; this promotes growth of atomically smooth
nitride films [2]. Similarly, numerous experimental studies support the notion that presence

of excess Ga, which can act as a surfactant, leads to layer-by-layer growth of smooth GaN
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films [3, 4]. A negative aspect of the excess liquid Ga is formation of metal droplets; this
prevents creation of abrupt heteroepitaxial interfaces in multilayer structures.

Another challenge that has limited development of high performance ultraviolet light
sources is low doping efficiency in high-aluminum-containing nitride films. P-type doping
of aluminum-containing Ill-nitrides is complicated by the high activation energy of Mg
acceptors in the films. The low incorporation of Mg dopant [5] and the significant tendency
for self-compensation is attributed to a presence of donor-like native defects or complexes
[6]. It is not yet a settled matter what the optimal MBE growth conditions are for synthesis
of AlGaN films with high p-type doping. Most researchers agree that nitrogen-rich
conditions are necessary for p-type doping because of the availability of Ga substitutional
sites for Mg and the decrease of compensating nitrogen vacancies. The problem however is
that under nitrogen-rich conditions, Mg-doped films are likely to be of poor crystalline
quality, with rough surfaces. These twin problems make it difficult to synthesize aluminum-
rich nitride films that are doped with a high concentration of Mg acceptor impurities and are
also of high crystalline quality; overall, there are still no detailed studies on highly doped p-
type aluminum-rich AlGaN grown by molecular beam epitaxy.

Recently, Moustakas et al. reported experiments and some theoretical analyses of
high quality AIGaN/AIN multi-quantum wells with high internal quantum efficiency. They
also reported results on GaN films with high p-type doping concentrations of up to 3x10*®
cm3. All their samples were grown by plasma-assisted molecular beam epitaxy at extremely
high 111/V ratios [7]. They suggested that the growth mechanism for their (Al, Ga)N films
under the extreme metal-rich conditions was similar to that in conventional liquid phase

epitaxy; in effect, the growth could be treated as if it were near thermodynamic equilibrium.
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Hoke et al. provided additional purely thermodynamic analyses to explain the chemical
reactions and the incorporation behavior of group Il species and impurities in nitride films
under metal-rich growth conditions [8]. They argued that MgsNz, one of the by-products of
the reaction, is a stable phase in metal-rich conditions. This chemical reaction is expressed
as:
3Mg + 2GaN - Mg;N, + 2Ga, AG 1000k = —79.3 k] /mole

However, this appears to contradict available experimental evidence for molecular
beam epitaxy. In fact, there are reports in the literature indicating that MgsN2, which causes
polarity inversion in Ill-nitrides, is likely to be formed when there is a high flux of active
nitrogen instead [9]. It appears, therefore, that the mere presence of liquid metal during
molecular beam epitaxy cannot be easily explained within the thermodynamic equilibrium
model because of the low growth temperatures involved, which are far below the thermal

equilibrium temperatures for I11-nitride compounds.

2.1 Thin film growth mechanisms and associated thermodynamic and
dynamic processes

Early quantitative studies of epitaxial thin film growth of semiconductors were
largely empirical [10, 11]. It was known then that the driving force for thin film growth was
primarily dominated by competition between thermodynamics and Kinetics. In the
following, we compare and contrast the growth mechanisms for liquid phase epitaxy,
dominated by thermodynamics, and molecular beam epitaxy, governed primarily by

kinetics.
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At its simplest, conventional liquid phase epitaxy is crystallization by cooling and
solidification from the liquid (molten) state, where the driving force is the temperature
gradient of the cooling along a relevant coordinate. Under the right conditions of chemical
equilibrium among mixed crystals in a melt, a crystalline solid can form. For a general
A,B;_,C ternary compound formed from group-Ill elements and dimeric group-V
molecules in liquid-solid equilibrium, the essential chemical reaction is

Ag + By + Coy = AyB1_,C (o). (2-1)

The phase diagrams that describe the equilibrium conditions are generally
determined by consideration of the thermodynamics of the binary systems that form the
boundaries of the ternary compound [12]. For the canonical ternary under discussion, the
binary systems are AC, BC, and AB. Their deviation from ideality is described in terms of

the interaction coefficient

AGE  AHp,—TASH, (2_2)
NacNpc NacNpc '

where AGZ, is the excess free energy of mixing—a form of a fundamental thermodynamic
relationship; when normalized by the concentrations N, and Ng of the binaries AC and BC
in the solution, it is the interaction coefficient. The equilibrium conditions between the solid
and liquid phases can be evaluated by relating the interaction parameter, k, to the activity
coefficients, yis(”, and the chemical potentials, uf(l) in the solid and liquid phases. For the
canonical three-component compound, the activity coefficient for element A is

RTIny} = b (N + kg (N5)” + (iche + rchp — Kb )NSNL (2-3)
Similar equations for elements B and C can be written down as cyclic permutations of the

subscripts. The corresponding chemical potential in the liquid is
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ua(T) = g (T) + RT - In(yaNy), (2-4)
and in the solid it is
tae(T) = pge(T) + RT - In(x). (2-5)
The superscripts [, 0, and ¢ denote, respectively, the liquid state, pure state, and the
crystalline solid state; x denotes the fraction of AC in the compound (AC),(BC),_, Which is
assumed to form a perfect solid solution. A similar equation can be written down for the BC
compound. The chemical potential of the pure compound above can be related to the
chemical potentials of its constituents in the liquid state by the Vieland formula:[13, 14]

. 2-6
WSECT) = w5 (T) + wg(T) = ASJo(Tfe = T) = AC, (Tfy =T — T+ In[2]),  (20)

where ASj¢ is the entropy of fusion, AC, is the difference between the specific heat of the
compound and its supercooled liquid, and sl denotes a stoichiometric liquid. At equilibrium,
the chemical potentials of the crystalline solid and of the constituent elements in the liquid
are related to each other by
e (T) = pua(T) + ue (1), (2-7)
and
Ui (T) = up(T) + ug(T). (2-8)
Two basic assumptions undergird the foregoing discussion. The first is that it is
possible to dissolve a solute in a liquid solvent; this is the ideality condition. The second is
that the processes are near thermodynamic equilibrium. The latter assumption allows one to
use Equations (2-4), (2-5), and (2-6) in the relations for the chemical potentials in Equations
(2-7) and (2-8), at equilibrium to derive the liquidus surfaces by elimination of x in the
resultant equations, and to derive the solidus lines by elimination of the temperature, T. In

this type of analysis, one typically neglects the specific heat term [14].
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In the usual arrangement of a liquid phase epitaxy system, constituents diffuse
vertically because of a concentration gradient in the liquid solution to the growth front
where they are incorporated into the growing crystal. The growth rate is diffusion-limited,
which endows the liquid phase epitaxy process with a decided advantage in that extremely
high growth rates in the range of 0.1 — 1.0 um/minute are possible. Such growth rates are
much higher than what is possible in the typical molecular beam epitaxy process [15], where
there is no temperature gradient or vertical diffusion of the constituent species to the growth
front. Furthermore, the requirement for high solubility of solutes in bulk solvents cannot be
satisfied in the MBE process. For growth of GaN, for example, high solubility of nitrogen in
liquid gallium would be required. This solubility can be estimated according to [16]

din(x) (2-9)
dT

AHp = RT?

where AHp is the melting enthalpy and x is the mole fraction of nitrogen in liquid gallium.
Generally, the solubility of nitrogen in gallium would require elevated temperature and
pressure conditions. Because of this, it remains a challenge to grow GaN thin films from
liquid solutions [19, 20]. Despite the fact that metastable active nitrogen species, such as
atomic nitrogen (N), ionic nitrogen (N5), and metastable molecular nitrogen (N), could
improve solubility of nitrogen in liquid Ga [19], this is irrelevant for the molecular beam
epitaxy process in its vacuum and low temperature growth environment.

In contrast to liquid phase epitaxy, the MBE process is dominated by surface
kinetics. For the nitrides, the growth rate is controlled by the effective arrival rate of the
molecular fluxes, substrate temperature, and the interatomic bonding strength. It may
usually appear that liquid-metal-assisted molecular beam epitaxy is similar to conventional

liquid phase epitaxy because of the presence of a liquid metal layer on the surface. This is in
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fact not the case. The metallic film (which is probably only a few atomic monolayers thick)
provides a diffusion channel for adatoms which may then find subsurface adsorption sites.
In this respect, plasma-assisted molecular beam epitaxy under extreme metal-rich conditions

is dominated by adatom Kinetics.

2.2 High-aluminum-content AlGaN films and quantum wells grown by
molecular beam epitaxy

Aluminum-containing single-layer nitride films and quantum-well heterostructures
were grown by plasma-assisted molecular beam epitaxy. The films were investigated in-sifu
using a 10-kV reflection-high-energy-electron diffraction (RHEED) system. All the AlGaN
films were grown under extreme metal-rich conditions at substrate temperatures of 770 °C,
well above the GaN decomposition temperature (750 °C) [20]. To achieve high crystalline
quality epilayers, two special AIN films were grown: the first is a 100-nm AIN buffer layer
deposited at a temperature of 800 °C; this is followed by a thin AIN nucleation layer grown
at the intermediate temperature of 750 °C before the actual growth of the AIGaN films. Note
that the AIN buffer layers were grown under excess aluminum flux, enabling the formation
of liquid aluminum at the growth front. During growth of the (Al,Ga)N films, indium flux,
which is used as a surfactant, is introduced; this reduces the surface energy and helps to
uniformly distribute the liquid metal layer on the growth surface, thus preventing surface
roughness of the grown films. The compositions of the AlxGa;xN films were determined by
HRXRD w-26 scans as shown in Figure 2-1 (a). The Al mole fraction (x) is determined from
the peak position of the AlxGaixN film shifting from the reference peak position of the AIN

(26 = 35.94°). According to Vegard’s law, the calculated compositions are 70%, 58%, and
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42% corresponding to Al cell temperatures of 1000°C, 990°C, and 980°C, respectively, for a
given growth temperature. In Figure 2-1 (b), the Al mole fraction (x) in AlxGaixN varies
almost linearly with Al cell temperature. Low-temperature (77 K) photoluminescence
emission spectra of the AlxGaixN films for different Al mole fractions is shown in Figure
2-2. As expected, the sharp emission peaks shift to shorter wavelengths with increasing Al
composition, irrespective of the Ga flux as long as there is excess metal flux. Figure 2-3 is a
schematic illustration of the action of the constituent species during growth, accompanied by
the relevant RHEED pattern in (a); the other illustrations, and the related RHEED patterns in
(b) and (c), show a model of what is going on subsequent to closure of the constituent
shutters. We observe and note that the RHEED patterns of the AlxGaixN films are visibly
dim during the growth. It is believed that the “dimness” of the patterns is due to the presence
of an extremely thin liquid metal layer on the growing film surface. It is unlikely that a
RHEED pattern would be observable if the metal layer was a thick liquid pool at the growth
front; the pristine underlying crystalline order would be inaccessible to the surface electron
diffraction process; the electron beam is incident at a glancing angle, with a shallow
penetration depth of less than a nanometer [21]. When the constituent fluxes are shut off,
while the substrate is maintained at the high growth temperature, very bright and streaky
RHEED patterns emerge after only a few minutes as a result of re-evaporation of the thin
excess gallium liquid layer from the surface. After this thermal treatment, the grown films
were examined under an optical microscope, and were found to be free of any metal droplets
on the surface. Figure 2-4 (a) is a schematic illustration of the relative magnitudes of Al, Ga,
In, and active nitrogen atomic fluxes during growth of the AlxGaixN films with an Al

composition of 42 % and 58 %, respectively. Since the bonding strength of AI-N (11.52
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eV/bond) is much higher than that of Ga-N (8.92 eV/bond) and of In-N (7.72 eV/bond) [22],
aluminum adatoms were consumed first by the active nitrogen. Any active nitrogen atoms
that were not consumed by the Al then react with Ga atoms and the remaining excess Ga and
In atoms contribute to the thin liquid layer at the growth surface. As can be seen in Figure
2-4 (b) and (c), the RHEED pattern is brighter for an (Al,Ga)N film with the relatively low
Al fraction of 42 % than that for an (Al,Ga)N film with a composition of 58%; this is
because of the much thinner liquid layer on the surface of the lower content aluminum. We
also note that the growth rate of the liquid-enabled AlGaN films is constant at about 4.2
nm/min, irrespective of the metal fluxes as long as there is excess metal flux. This growth
rate is slightly higher than that encountered in stoichiometric and nitrogen-rich growth
conditions without the presence of liquid metal for equivalent nitrogen flux as in the liquid
metal case. This fact provides evidence that high solubility of solute atoms in extremely thin
metal monolayers is not necessary for molecular beam epitaxial growth under metal-rich
conditions. If solubility were required under the metal-rich conditions, the growth rate
would be much lower than what is observed since it is known that the solubility of nitrogen
is negligible in liquid group-III metals. Note that this is in contrast to what the situation is in
conventional liquid phase epitaxy where high solubility is crucial. It appears therefore that
the chemical reaction that takes place when ternary nitrides are grown under liquid metal

conditions by plasma-assisted molecular beam epitaxy may be described by
Gagy + Algg) + N3y = AlGaN(s). (2-10)

The thin liquid gallium layer on the surface serves the function of a fluid-like surfactant

to improve the lateral diffusion of the impinging vapor fluxes by lowering the diffusion
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barrier. One can describe the gallium consumption rate during the growth by the first-order

rate equation

d dnga -
d_i = —Taigan — Paes — %a (2-11)

where p is the Ga adatom density, [4;cqy 1S the AlGaN growth rate, ¢, is the Ga
desorption rate, and ng;, is the remaining liquid Ga on the surface. This rate equation
approximation is a consequence of assuming that the growth rate of the AlGaN film is
constant irrespective of the gallium flux whenever excess metal conditions prevail;
desorption only occurs at the liquid-vapor interface. In short, the extremely thin metal layer,
which is incapable of supporting any temperature gradient on the surface, limits the
influence of a thermodynamic driving force. The only reasonable assumption therefore is
that growth of nitride films under metal-rich conditions by molecular beam epitaxy is

dominated by kinetic processes.
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Figure 2-1: (a) The theta-2theta scan of AlGaN films with different Al cell temperatures; (b) The
diagram of Al molar fraction of AlGaN changing with the Al cell temperature grown by MBE.
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Figure 2-3: Illustration of the liquid-metal-enabled epitaxial growth mechanism. Photographs on top

show RHEED patterns emanating from an AlGaN film (a) during the growth, (b) 1 minute and (c) 3

minutes after cell shutters were closed, but with the substrate still at the growth temperature.
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fluxes during growth of AlGaixN films. The RHEED pattern in (b) is for an AlxGa:ixN film with Al
content of 42%, and (c) is for a film with an aluminum content of 58%.

We also studied the optical and structural characteristics of AlxGaixN/AlyGaiyN
multiple quantum-well films grown under such metal-rich growth conditions. Five-period
AlxGaixN/AlyGaiyN quantum-well structures were grown on AIN buffer layers at the
growth temperature of 770 °C. The barrier and well widths were estimated, respectively, to
be about 8 nm and 2.5 nm. These estimates are based on scanning transmission electron
microscopy (STEM) measurements whose micrographs are shown in Figure 2-6 (a). The
schematic structure of the films and their corresponding low-temperature (77 K)
photoluminescence spectra are shown in Figure 2-5. The strong emission peak at 299 nm in
Figure 2-5 (a) originates from the quantum well region of the Alo7Gao3N/Alo.42GaossN
structure while the weaker peak at 262 nm is associated with emission from the barrier

region. The emission peak is blue-shifted to 286 nm in Figure 2-5 (b) for the
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Alo7Gao sN/AlossGao.s2N multi-quantum structure with the higher aluminum composition of
the well region as expected. According to Vegard’s law, theoretical estimates require higher
Al compositions in the AlGaN well regions for the emission peaks to be pushed toward the
short wavelength region. Bhattacharyya et al. have suggested that this is probably due to
compositional inhomogeneity in aluminum-containing films grown under extreme Ga-rich
conditions [23]. This is also confirmed by the Z-contrast high angle annular-dark field
(HAADF) electron micrograph of the cross-sectional Alg7GagaN/AlossGao42N quantum-
well structure. Figure 2-6 (b) of the enlarged image reveals the cluster-like features in the
AlGaN well regions that is confirmed by the cross-sectional TEM elemental mapping image
as shown in the Figure 2-6. These features could lead to strong localized exciton emission at
the minimum of the energy potential, which is illustrated in Figure 2-7. The domination of
defect-related nonradiative recombination will be potentially reduced, leading to higher
internal quantum efficiency in solid state UV lighting devices. This analogy is similar to
what happens due to compositional inhomogeneity in indium-containing nitrides [24]. This
compositional inhomogeneity, however, is unlikely to occur from a thermodynamic point of
view because there is no miscibility gap in ternary AIGaN compounds; on the other hand,
from a growth Kinetics point of view, a compositional inhomogeneity could occur due to the
difference in adatom mobilities on the growth surface. While this has been experimentally
demonstrated in AlGaN films grown by molecular beam epitaxy under nitrogen-rich growth
conditions [25, 26], it would still be misleading to assert that growth is dominated by

thermodynamics when liquid metal conditions prevail.
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compositions in the AlGaN quantum wells. (c) Cross-sectional elemental mapping image of

Alo.70Gao.30N/AlpssGao.42N multiple quantum wells.
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Figure 2-7: The schematic diagram of energy potential on compositional inhomogeneous nitride
films, where the potential valley represents Ga-rich regions in (Al, Ga)N films grown under liquid-
enabled growth model by molecular beam epitaxy. These potential minima can localize electrons and
holes to form localized excitons.

2.3 Highly-doped AlGaN films grown by liquid-metal-enabled growth

To further investigate the range of possibilities under the liquid-metal-rich
conditions, we have grown films with intentional dopant impurities. A number of 900-nm
thick GaN films doped with Mg were grown on c-plane sapphire substrate; an initial layer of
a certain thickness of GaN was grown without Mg, and then the Mg shutter was opened
without growth interruption. The thin, initial, unintentionally doped GaN film was grown to
prevent inversion of the surface polarity. All doped films were grown under metal-rich
conditions at substrate temperatures of 770 °C. The Ga-cell temperature was kept constant at
895°C during the growth; this corresponds to a Ga beam equivalent pressure (BEP) of 8.3 x

10® Torr in our system. The Mg-cell temperature was varied from 310 — 380 °C. We
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emphasize that a thin liquid metal layer was always present on the film surface during the
growths in order to enhance the diffusion of impinging adatoms and to avoid polarity
inversion. Figure 2-8 shows the carrier types determined from Hall-effect measurements,
and the corresponding RHEED patterns for various Mg-cell temperatures (hence fluxes). All
films showed streaky RHEED patterns, indicating that the surface structure was covered
with Ga with no MgsN2 formed, which would have induced polarity inversion. This further
shows that the liquid metal wetting-layer uniformly covers the growth surface. If this were
not the case, the RHEED patterns would be spotty because of rough surface morphology
caused by the fact that some regions may be terminated by nitrogen atoms. Note that for
high Mg fluxes (Tmg > 370 °C), the samples become n-type probably due to formation of Mg
clusters at interstitial sites that contribute to donor-type defects. This conversion causes
wider and streaky RHEED patterns as seen in the insets of Figure 2-8 (a). On the other hand,
Figure 2-8 (b) shows that p-type GaN films with high hole concentrations of up to the mid
10'® cm™ range with low resistivity can be obtained under the liquid metal growth

conditions of molecular beam epitaxy. Electrically active high hole concentrations of up to 6

x 107 cm™ were also achieved in AlGaN films with Al compositions of up to 70 %. The
corresponding secondary ion mass spectrometry (SIMS) result shown in Figure 2-9 indicates
that high Mg doping concentrations of up to 5 x 10*® cm™ can be achieved in the p-type
Alo7GaosN film. There are a number of reasonable explanations for the high incorporation
efficiency. In one scenario, it could be that due to the presence of the thin liquid metal layer
on growth surface, the vapor pressure of the Mg buried by the liquid is negligible at the
substrate growth temperatures of molecular beam epitaxy. If the surface liquid layer were

not there, Mg would otherwise have a higher probability of re-evaporating, making it
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difficult to dope aluminum-containing nitrides because of the high vapor pressure of Mg
which, at the substrate temperatures of 700 °C, is over 10 mTorr. We would also like to
comment that at the growth front, the interface between solid and liquid is at a Kkinetic
equilibrium because of the high substrate temperatures used in these experiments.
Incorporated gallium is easily re-dissolved to liquid metal because of the weaker Ga-N bond
(compared to the stronger Al-N bond); nitrogen on the other hand is difficult to re-sublimate
into vacuum due to the thin liquid metal layer on the surface. We thus speculate that the
higher probability of desorption of incorporated gallium generates more group-I11 vacancies
that become available for Mg incorporation. This would lead to fewer nitrogen vacancies
(Vn) that could act as compensating defects in p-type material when the growth is carried
out under extreme metal-rich conditions. With such a high density of Mg atoms
incorporated, the Bohr radii of the free holes overlap, allowing the Mg acceptors to interact
and form an impurity band rather than a single acceptor level within the band gap. This
probably leads to an extended band tail, and thus a lowering of the activation energy as
illustrated in Figure 2-10. It then becomes plausible and practical that high p-type doping of
Al-rich nitrides is possible because of the reduction of the activation energy when growth is
carried out under liquid metal growth conditions.

Under normal circumstances, it is difficult to achieve highly conductive n-type IllI-
nitride alloys that have a high composition of Al in them. Our p-type results on aluminum-
containing alloys, discussed in the foregoing, have motivated us to re-examine the prevailing
status of n-type, silicon-doped nitrides. We have grown a series of Si-doped (Al, Ga) N
films under various conditions on top of an undoped GaN layer, which in turn, was grown

on top of an AIN buffer layer as discussed earlier. These films were grown at several Si-cell

36



temperatures that ranged from 1150 — 1250 °C; streaky RHEED patterns were observed in
all cases. We were able to measure high electron concentrations of up to 1022 cm™ in both
GaN and Al-rich AlGaN fims as shown in Figure 2-11. These data indirectly provide
additional evidence that high solubility is not necessary at the extreme metal-rich growth
conditions used; this is especially so since silicon exhibits a low solubility of about 2 % at
700 °C in liquid gallium [27]. As already argued in the case for p-type doping, the high n-
type concentration of Il1-nitrides would not be possible if solubility, which is governed by

equilibrium thermodynamics, is necessary for liquid-metal-assisted molecular beam epitaxy.
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Figure 2-8: (a) Carrier type for Mg-doped GaN films for varying Mg-cell temperatures with the
corresponding RHEED patterns shown as insets; (b) Resistivity and hole carrier concentration of

Mg-doped GaN films for varying Mg-cell temperatures.
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of dopant impurities in aluminum-containing nitrides.
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2.4 Study of the activation energy of Mg-doped (Al, Ga)N films

Here, we continue to study the mechanisms for achieving highly-doped (Al,Ga)N
films grown by plasma-assisted molecular beam epitaxy under the liquid-metal-enabled
growth mode. To characterize Mg-doped (Al,Ga)N films, we carried out temperature-
dependent PL measurements. Figure 2-12 (a) shows that the band-edge emission peak of p-
type GaN film is located at around 360 nm (3.44 eV). As the temperature decreases, the
strong ultraviolet luminescence (UVL) band centered at 379 nm (3.27 eV) becomes intense
but without shifting. We attribute this UVL band to the conduction band-to-acceptor band
(e-A%) or shallow donor-acceptor-pair (DAP) transitions. It is worth noting that the Mg-
doped GaN film are free of nitrogen vacancies (Vn) or related complexes because such

self-compensated defect complexes would be attributed to deep donor-acceptor pair (DAP)
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recombination, which is associated with a blue luminescence (BL) band at around 2.8 eV
[28]. This BL band does not occur in our PL spectra. Another weak emission feature in the
PL spectra is at around 390 nm (3.18 eV); this is attributed to longitudinal-optical (LO)
phonon replicas, which are associated with the interaction between bound excitons and LO
phonons.

We also performed the temperature-dependent PL experiments on Mg-doped AlGaN
films with Al concentration of up to 70%; the data is shown in Figure 2-12 (b). The band-
edge emission is located at 265 nm (4.68 eV); the emission at 307 nm (4.04 eV) is
associated with donor-acceptor-pair (DAP) transitions. This can be inferred from the fact
that the broad UVL band gradually shifts to longer wavelengths as temperature of the
sample is increased. This is probably because photo-generated electrons initially captured by
neutral shallow donor levels are excite into the conduction band at elevated temperatures,
but only few bound holes can be ionized to the valence band because of the relatively higher
ionization energy (> 26 meV) at room temperature.

The thermal activation energy of Mg acceptors in p-type (Al, Ga)N films can be
determined from the Arrhenius formula

1(0) (2-12)
1+ a-exp(—E,/kT)

I(T) =

where I(T) represents the PL intensity at temperature of T, I(0) is the PL intensity as the
sample temperature approaches zero Kelvin, E, is the activation energy of the acceptors, and
k is the Boltzmann constant. The parameter a is defined as the rate constant a = tg/Ty,
where T is the radiative lifetime of carriers, and T, is the nonradiative lifetime constant of
the carriers. The temperature-dependence of thermal quenching of the UV emission intensity

can be fitted by using Equation (2-12). The fitted curves for p-type GaN and p-type
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Alo.7Gag3N are shown in Figure 2-13 (a) and (b), respectively. As temperature decreases, the
PL intensity remains relatively constant because negligible acceptors are activated at
cryogenic temperatures. We estimated that the activation energies as determined by the
slope of curves are 128.3 meV for GaN and 220.1 meV for the high-Al-content Alp7Gao 3N,
respectively. Compared to theoretical results in the literature [29, 30], these activation
energies are drastically lower for both p-type GaN and p-type Alo.7Gao3N grown by the
liquid-metal-enabled molecular beam epitaxy. We have further studied the temperature-
dependent PL spectra and noticed that the full width of half maximum (FWHM) of UVL
bands are estimated to be 206 meV in p-type GaN and 146 meV in p-type Alp7GaosN films,
respectively. These broad UVL bands provide evidence that the energy levels of Mg
acceptors overlap and interact to form an acceptor band at high Mg incorporations. As a
result, the reduction of the thermal activation energies can be attributed to significantly
broadened Mg energy levels and to a band tailing effect that effectively leads to hole
hopping conduction in the impurity band.

In summary, we have provided experimental evidence to demonstrate that
aluminum-containing Ill-nitride films with high crystalline quality and high doping
efficiency can be synthesized by plasma-assisted molecular beam epitaxy under extremely

metal-rich growth conditions dominated by kinetics.
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Chapter 3
Ultraviolet light-emitting diodes

After successful achievement of high p-type and n-type doping and high quality
multi-quantum wells, we have attempted to integrate these elements to create light-emitting
devices. In addition to conventional AlGaN-based PIN heterostructures, we have also
examined a metal-insulator-semiconductor (MIS) type of diode to clarify the conduction and

emission mechanisms in ultraviolet LEDs.

3.1 Ultraviolet light-emitting diodes based on PIN heterostructures

Figure 3-1 shows a schematic structure of the UV LED epilayers and the
corresponding band diagram. This band diagram, which is for a forward-biased condition,
was created using a commercial software called SIiLEDSe, which implements a one-
dimensional drift-diffusion model that accounts for specific features of the nitride materials,
such as strong piezoelectricity and spontaneous polarization. Prior to fabricating the UV
LEDs, we performed such simulations to optimize the parameters and dimensions of the
quantum wells and the p-type dopant density in the Ill-nitride layers for high current
injection efficiency and internal quantum efficiency. Following this optimization, we
synthesized typical LED structures which are comprised of 0.2 um of an AIN buffer layer on
top of a 30-nm thick AIN nucleation layer on a sapphire substrate; these buffer layers were
grown by plasma-assisted molecular beam epitaxy. They are followed by 10 periods of an
AlGaN/AIN (3 nm/ 3 nm) short period superlattice (SPSL) before deposition of the Si-doped
Alo7GaosN cladding layer. The purpose of the superlattice is to relieve strain. The

composition of the AlGaN layer in the superlattice is the same as that of the Si-doped
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AlGaN cladding layer. Following growth of the n-AlGaN cladding layer, an active region
consisting of 5 periods of AlossGao.42N/Alo.70Gao30N quantum wells, each with a thickness
of 2 nm is grown. The active region is followed by a 10-nm Mg-doped AlosGao2N electron-
blocking layer. The thickness of the barrier layer close to the n-type AlGaN cladding layer is
10 nm, while the other barrier layer close to the electron blocking layer is 7 nm. Such an
asymmetric quantum well design is used to balance the electron and hole injections since
electrons and holes have different diffusion lengths. The entire structure is capped with 150-
nm thick p-type Alo.7GaosN contact layer. The quantum wells were grown under metal-rich
conditions to allow formation of uniform and compositionally homogeneous layers. The n-
type AlGaN cladding layer was also grown under the same conditions to enable an
atomically smooth surface for growing subsequent quantum wells, while the p-type AlGaN
cladding layers were grown under extreme Ga-rich conditions to prevent three-dimensional
island growth as well as to achieve high doping efficiency (as described in previous
chapters).

Light-emitting diodes were then fabricated by a standard photolithographic process,
illustrated in Figure 3-2. Figure 3-3 schematically shows the fabrication steps for ultraviolet
light-emitting diodes. The as-grown samples were first patterned so that an n-type electrode
could be deposited. The patterning is done using Cl.-based inductively coupled plasma
reactive-ion etching (ICP - RIE) to define the n-contact mesa. The etch rate for the
Alo7GaosN layer using Cl, (25 sccm)/ BCls (5 sccm)/ Ar (70 sccm) gases was estimated to
be about 230 nm/min. The n-type electrode was then annealed in forming gas to achieve an
ohmic contact. After that, a thin p-type current spreading layer and a thick p-type contact

pad were deposited by electron-beam evaporator on the p-type (Al, Ga)N. The deposited p-
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type contact was then annealed. The last step was the etching of the mesa to isolate each

LED device.
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Figure 3-1: The schematic structure of LED epitaxial layers and the corresponding band diagram

simulated by the commercial software, SiLENSe.
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Figure 3-3: The schematic illustration of LED micro-fabrication.
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3.1.1 Current-voltage characterization of the UV LEDs

3.1.1.1 Evaluation of the quality of the contacts

The transmission line method (TLM) was used to characterize the quality of the
contacts. A general diagram of the TLM structure is shown in Figure 3-4 (a). Fixed
dimensions for the metal contact bars with lengths of W separated from each other with
distances L were designed to determine the specific contact resistance. The total resistance
(Ry) is given by

RshL RshL 2RsthT
Rt = 2R¢ =~ 3-1
T W + 2R¢ W + W (3-1)

where Rg;, is the sheet resistance of the doped semiconductor layer, R¢ is the contact

. . Rshcle . .
resistance which can be expressed as R¢ = % R IS the sheet resistance under the

contact, and Lt = (p./Rsne) /2 is the transfer length. The total resistance (Rt) for various
contact separations can be plotted as functions L as shown in Figure 3-4 (b). The sheet
resistance of the doped semiconductor can then be determined from the slope (Rg,/W) of
the plot, while the contact resistance (R.) can be obtained from the intercept at L = 0. The

intercept at Ry = 0 gives 2L.
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Figure 3-4: (a) The schematic diagram of TLM measurement (b) The plot of total resistance as

function of contact spacing.

3.1.1.2 Formation and measurement of the n-type contact

The n-type ohmic contact for the deep UV LEDs fabricated in this work was based
on the following combination of metals: Ti/Al/Ni/Au (20nm/100nm/40nm/50nm). Figure
3-5 (a) shows the current-voltage characteristic of an n-type AlGaN layer with a high AIN
mole fraction of 70 %; as can be seen, this contact is approximately linear and hence ohmic
after annealing at 900 °C in an ambient of forming gas for 30 secs. The corresponding TLM

result for the n-type contact is shown in Figure 3-5 (b). From the plot, the contact resistance

is 0.45 kQ, while the calculated sheet resistance is 6 kQ/[1
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Figure 3-5: (a) I-V characterization of n-AlGaN with Ti/Al/Ni/Au contact annealing at 900 °C in N
ambient for 30 secs. (b) The TLM plot of Ti/Al/Ni/Au n-contact.

3.1.1.3 Formation and measurement of the p-type contact

Forming a p-type contact is a challenge for two main reasons: first, it is difficult to
achieve high conductivity in high-Al-content AlGaN, and second, identifying metals with
the proper (high) work functions is still an open problem. In this work, we used Ni/Au
(20nm/100 nm), which are the best combination of metals for p-type contact. The deposited
contact was annealed at 500 °C in air for 3 minutes. Figure 3-6 shows the I-V characteristic
for such a p-type contact; the behavior approximately linear and hence ohmic as in the case

for the n-type contact.
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Figure 3-6: |-V characterization of p-type AlGaN with Ni/Au contact annealing at 500 °C in air
ambient for 3 min.

3.1.1.4 Current-Voltage (I-V) characterization of prototype deep UV

LEDs

A current-voltage (I-V) characteristic of a LED with mesa dimensions of 500 x 500
um? is shown in Figure 3-7. The device exhibits a rectifying behavior and a turn-on voltage
of approximately 7 V. The I-V characteristic of a conventional forward-biased diode is
given by

1 — —(V D) =I5 exp [—e(Vn;;,RS)] (3-2)

Rp s

where Ry is the resistance in parallel with the current paths or channels in the p-n junction,
and Ry is a series resistance attributed to excessive contact resistance or to the resistance of
the neutral regions. The diode turn-on voltage is made up of a distributed range of voltages

rather than being a single value due to parasitic resistances for each diode. In highly doped
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semiconductors, the turn-on voltage in general, can be approximated by the bandgap energy
divided by the elementary charge, Vyyn-on = Eg/e. However, it is generally higher for 11I-
nitride-based LEDs due to the following reasons. First, large bandgap discontinuities occur
in the nitride system; these cause additional voltage drops. Second, high contact resistances
in these materials can cause additional voltage drops at the ohmic contacts. Lastly, high

parasitic contact resistances can occur in the nitride layers themselves.
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Figure 3-7: 1-V characteristics of a deep UV LED device emitting at 274 nm.

3.1.2 Optical characterization of the UV LEDs

The electroluminescence (EL) spectra of deep UV LEDs whose typical die size is 500
pm x 500 um are illustrated in Figure 3-8. These spectra were measured under various dc
current injection levels from 10 mA to 25 mA using a calibrated integrated sphere at room
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temperature. The near band-edge emission is located at 274 nm with a narrow FWHM of 11
nm. The optical output power of this device under continuous current injection is shown in
Figure 3-9. The output power begins to saturated at 0.76 mW at a current of 30 mA CW
probably due to heating. The corresponding external quantum efficiency (EQE) and wall-
plug efficiency (WPE) is estimated to be about 0.56 % and 0.35%, respectively. This
external quantum efficiency is rather high compared to state-of-the-art UV LEDs grown by
molecular beam epitaxy [1]. The relatively high value is attributed to the successful
achievement of n-type and particularly p-type doping and in high quality aluminum-rich
AlGaN films. As illustrated in Figure 3-10, utilizing Al-rich AlGaN as a p-type contact layer
enable to enhance the light extraction to free space due to the inhibition of UV light
absorption. In addition, p-AlGaN with a large band gap serves as a thick barrier to prevent
electrons effusion out of the quantum-well region; most importantly, it can significantly
reduce the barrier height (Es) for injecting holes from a p-type layer to an active layer.
Cumulatively, p-type AlGaN with high aluminum mole fractions can increase overall carrier

injection efficiency of a deep ultraviolet LED.
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Figure 3-10: Schematic band diagram of an ultraviolet light emitting diode using (a) Mg-doped GaN

and (b) Mg-doped AlGaN as the topmost p-type contact layer.

3.2 Ultraviolet light — emitting diodes based on Metal — Insulator —
Semiconductor (MIS) structures

(Al, Ga) N is the most promising material for ultraviolet light-emitting diodes.
However, as we already discussed, Mg-doped IlI-nitride films with high hole concentrations
and low resistance are extremely difficult to achieve. Although we have presented a viable
approach to high p-type doping concentration, there is another feasible approach to avoiding
the need for high doping: it is by using metal-insulator-semiconductor (MIS) structures, first
proposed by Maruska et al. [2]. An intriguing advantage is that light-emitting diodes with

MIS Schottky diode structures, in general, have lower turn-on voltages than conventional
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PIN heterostructures due to higher current flow across a low potential barrier [3,4]. This
should reduce power consumption, thus saving energy.

The fundamental working principle of an MIS structure is illustrated in Figure 3-11.
Figure 3-11 (a) shows the energy band diagram of an MIS structure without any forward
bias applied. When sufficient forward bias is applied, as in Figure 3-11 (b), minority carriers
(holes) are injected into the n-type semiconductor by tunneling through an insulating layer
of a suitable thickness (t). To achieve sufficient minority carrier concentrations, the
insulator material should be chosen such that the band gap and the work function lead to a
lower tunneling barrier height (¢;,) for holes than the barrier for electrons (¢,). In this way,
the majority carriers (electrons) accumulate at the interface between the insulator and the
semiconductor layer. The accumulated electrons can then recombine with the holes to emit

light.

Figure 3-11: Schematic picture of energy band diagram for a metal-insulator-semiconductor
structure (a) without bias and (b) with forward bias applied. ¢, and ¢, represent, respectively, the

barrier height for holes and for electrons. The thickness of the insulating layer is denoted by t.

59



3.2.1 GaN — based MIS ultraviolet light — emitting diodes

Figure 3-12 illustrates the schematic diagram of a GaN-based MIS light-emitting
diode. A thin insulating AIN layer of 10 nm was deposited on 1 um of n-type GaN layer
doped with silicon to an electron carrier concentration of 1x10' cm™. We employed a multi-
layer metal structure consisting of Ti (40 nm)/Al (120 nm)/Ni (40 nm)/Au (80 nm) stack for
the n-contact electrode; this is annealed at 875 °C for 30 seconds in a forming gas
atmosphere. A thin transparent contact layer of Ni (5 nm)/Au (5 nm) and a thicker contact
layer of Ni (20 nm)/ Au (100 nm) was deposited on top of the AIN insulating layer for
electrical probing. The Ni/Au stack layer was annealed at 500°C for 3 minutes in air
ambient. The Ni/Au metal combination was chosen because it has a high work function that
potentially reduces the barrier height for holes (¢) and enhances carrier recombination at

the AIN/N-type GaN interface.

Ni/Au

AIN Ti/Al/Ni/Au
N-type GaN

Sapphire

Figure 3-12: Schematic diagram of GaN-based MIS light emitting diodes.
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Figure 3-13 shows the I-V characteristic for a typical GaN MIS diode at room
temperature. The current increases dramatically above the threshold voltage of 3.1 eV,
demonstrating good diode-like rectifying behavior. Note that the turn-on voltage for this
GaN MIS LED is much lower than that for a conventional PIN heterostructure; this is
probably because of the absence of the high voltage drops found in typical p-type (Al, Ga)N
layers.

We have also performed TLM measurements for the GaN MIS diode. In Figure 3-14,
the linear 1-V characteristic between Ti/Al/Ni/Au contact metal combination and the N-type
GaN demonstrates that a good ohmic contact is formed. From the plot, the contact resistance

is 12 Q, while the calculated sheet resistance is 0.145 kQ/[1.
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Figure 3-13: I-V characterization of the GaN MIS light emitting diode.
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Figure 3-14: (a) I-V characterization of n-GaN with Ti/Al/Ni/Au contact annealing at 875 °C in
forming gas for 30 seconds (b) TLM measurement on the mesa with various spacing of rectangular
bars from 5 um to 45 um.

The electroluminescence (EL) spectrum of a typical GaN-based MIS LED at room
temperature is shown in. Figure 3-15. The emission peak is located at 366 nm under a
forward bias of 5 V. This result demonstrates the successful creation of a MIS UV light-
emitting diodes without any p-type doping. This has potential for design and fabrication of

solid state UV lighting with low power consumption.
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Figure 3-15: Electroluminescence spectrum of the GaN MIS light emitting diode.

3.2.2 AlGaN - based MIS deep ultraviolet light-emitting diodes

After successfully achieving a GaN-based MIS Schottky-barrier-type light-emitting
diode, we attempted to push the emission wavelength of a such device to the shorter
wavelengths by incorporating high-aluminum containing I1I-nitrides. The schematic diagram
and design of the band structure of an AlGaN-based MIS LEDs are illustrated in Figure 3-16
(@) and (b). A 1-um thick Si-doped AlossGao.42N film with an electron carrier concentration
of 1x10%° cm® was deposited on a sapphire substrate by molecular beam epitaxy. Following
this, a thin insulating layer of a composite of AIN with two different thickness of 15 nm and

50 nm was deposited on top of the n*-AlGaN film. We note that a palladium (Pd) metal
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contact instead of nickel is used for this MIS diode due to its higher work function (¢)
required to match the larger band gap of the (Al,Ga)N. This should decrease the barrier to
the minority holes (¢},) being injected from the metal to the n-type AlGaN semiconductor.

Figure 3-17 shows the current-voltage (I-V) characteristics of the AlGaN-based MIS
LEDs with different thickness of the insulating AIN layer. The I-V curves of both devices
exhibit a diode-like rectifying behavior. However, the device with the thinner insulating AIN
layer of 15 nm has a larger leakage current than that of the device with a thicker AIN layer
(50 nm). As expected, the thicker insulating layer provides better carrier confinement at the
interface of insulating AIN layer and the heavily doped AlGaN semiconductor layer. Despite
the good carrier confinement, the turn-on voltage of the device with the 50-nm AIN layer is
2.8 V, which is slightly higher than the 2.5 V of the device with a 15-nm AIN layer. This
indicates that the thicker insulating layer reduces the injection of minority carrier into the
semiconductor region. Compared to the GaN-based MIS LEDs, the turn-on voltages of the
AlGaN-based MIS LEDs are slightly lower. We suspect that the lower turn-on voltage is
probably a result of the higher work function of the Pd metal which reduces the barrier
height for minority carrier injection. We have also investigated the contact resistance
between the Ti/Al/Ni/Au contact metal combination and the n-type AlGaN by TLM
measurements. Figure 3-18 shows that a low contact resistance of 41 Q and a low series
resistance of 0.61 kQ/[1 can be achieved for this metal contact combination on n-type high
aluminum-containing AlGaN films. The electroluminescence spectrum of the AlGaN-based
MIS LEDs is shown in Figure 3-19. The weak emission peak at around 275 nm can be
attributed to the low carrier density and low carrier confinement in such a device.

Therefore, to further improve the devices in terms of high quantum efficiency, we
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have fabricated MIS LEDs designed with low-dimensional quantum well structure in them.
Such a structure should provide strong carrier confinement in the well region and enhance
excitonic recombination. The epitaxial structure of the MIS quantum well light-emitting
diode is illustrated in Figure 3-20 (a). In this structure, an ultra-thin GaN single quantum
well is inserted between the insulating layer and the n-type AlGaN. The band structure of
this device is shown in Figure 3-20 (b). By carefully controlling the GaN layer thickness to a
monolayer precision, the quantum confined energy levels can be shifted to higher energies
(E,) by reducing the thickness of the GaN quantum well (L), according to the equation

_ h’ky  RPn’m?

En 2m  2ml,

(3-3)
This is experimentally demonstrated in the room-temperature photoluminescence shown in
Figure 3-21. The emission wavelength shifts from 350 nm to 320 nm with decreasing
thickness of the GaN quantum well from 7-8 ML to 4-5 ML. These thicknesses are
estimated from the growth rate.

A schematic of the GaN quantum well MIS LEDs with different well thicknesses is
illustrated in Figure 3-22 (a). A combination of Pd/Au metals are utilized for the Schottky
contact to the AIN insulator layer, while a combination of Ti/Al/Ni/Au serves as the ohmic
contact to the n-type AlGaN semiconductor layer. Figure 3-22 (b) shows the EL spectra of
GaN quantum well MIS LEDs under 6V forward voltage at room temperature. This shows
that the emission wavelength can be shifted by controlling the thickness of the ultrathin GaN

guantum well in the electrically-injected ultraviolet MIS LEDs.
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Figure 3-16: The schematic diagram of (a) AlGaN-based MIS light emitting diodes and (b) the

corresponding band structure.
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Figure 3-17: 1-V characterization of the AIGaN MIS light emitting diode.
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Figure 3-18: (a) I-V characterization of n-AlGaN with Ti/Al/Ni/Au contact annealing at 875 °C in
forming gas for 30 seconds (b) TLM measurement on the mesa with various spacing of rectangular

bars from 10 um to 40 um.

EL Intensity (a.u.)

l v l L l L
220 240 260 280 300 320

Wavelength (nm)

Figure 3-19: Electroluminescence spectrum of the AIGaN MIS light emitting diode.
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Figure 3-20: (a) Schematic illustration of GaN single quantum well MIS LED epitaxial layer. (b)

The illustration of band structure of single quantum well MIS LEDs.
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Figure 3-21: Room-temperature photoluminescence spectra of GaN quantum well metal-insulator-

semiconductor LEDs.
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Figure 3-22: (a) Schematic diagram of GaN single quantum well MIS LED devices (b)

Electroluminescence spectra of monolayer thin GaN MIS LEDs.
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Chapter 4

Ultraviolet lasers

Having succeeded in making UV LEDs, we now focus on UV lasers. Two types of
UV lasers will be discussed in this Chapter: a conventional edge-emitting laser structure,

and an advanced photonic crystal surface-emitting laser.

4.1 Conventional edge-emitting UV laser diodes

4.1.1 Optically-pumped (Al, Ga)N UV lasers

Achieving high quality (Al, Ga)N epitaxial layers in which smooth mirror facets can
be made is imperative to realizing electrically-pumped UV laser diodes. The first step
along this path is demonstration of the feasibility of optically-pumped (Al, Ga)N lasers.

Figure 4-1 shows a schematic epitaxial layer structure for an (Al, Ga)N MQW laser
structure grown on a c-plane sapphire substrate by plasma-assisted MBE. Growth is initiated
by deposition of superlattice comprised of 30 periods of AIGaN/AIN on an AIN template.
This superlattice can potentially release the built-in strain at the interface of the AIN
template and the c-plane sapphire substrate. On top of the superlattice is grown an
Alo2sGao.7sN buffer layer with a thickness of 650 nm. This is followed by 10 periods of
Alo2GagsN (10 nm)/GaN (2 nm) MQW:s that are sandwiched between Alp2GaosN cladding
layers, each of which has a thickness of 50 nm.

The room temperature photoluminescence spectra of the (Al, Ga)N/GaN MQW
structure are shown in Figure 4-2. An intense emission peak originating from the

(Al,Ga)N/GaN multi-quantum well structure is observed at 362 nm; another weaker peak
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located at 315 nm is also observed. The weaker peak is associated with the Alp2GaosN
cladding layers.

We have fabricated laser facets onto the (Al, Ga)N structure using chlorine-based,
inductively-coupled plasma reactive-ion etching (ICP-RIE) tool. The etched facets were not
anti-reflection coated. Laser devices with cavity lengths (L), ranging from 500 um to 1000
um, and ridge widths (W) ranging from 20 um to 50 um were isolated; these are illustrated
in Figure 4-3. The laser bars were optically-pumped with a frequency-quadrupled Nd:YAG
laser source at 266 nm with 400-ps pulses. The emission from the (Al, Ga)N MQW laser
structure was characterized with a holographic grating spectrometer. A schematic of the
measurement system is shown in Figure 4-4. Figure 4-5 (a) shows the emission spectra from
the multiple-quantum well structure with the cavity length of 500 um for different pumping
power levels that range from 0.5 uW to 50 uW; these correspond to power densities of 0.159
W/cm? to 15.923 W/cm?. We note that the spectra exhibit features typical of longitudinal

Fabry-Perot waveguide modes. The mode spacing is given by

AL = % [}\2—2 (n — xj—?\)l (4-1)

where L is the cavity length, and n is the index of refraction at a wavelength A. For a given
A, the mode spacing AA scales in proportional to the inverse cavity length (1/ L). The inset
image in Figure 4-5 (a) shows the successful emission resulting from the optically-pumped
(Al, Ga)N MQW laser structure. The output light power as a function of excitation power
density (Output Light versus Input Light curve) is shown in Figure 4-5 (b). The estimated

input threshold lasing power density is larger than 26 W/cm?2.
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Figure 4-1: Schematic illustration of (Al,Ga)N MQW laser structure.
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Figure 4-2: Photoluminescence spectrum of an epitaxial Alo.GaosN/GaN MQW laser structure.
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Quantum Wells

Figure 4-3: Schematic structure of an array of (Al, Ga)N MQW ridge-guide edge-emitting lasers,
where W, L, and D represent the width, length, and depth of laser ridges, respectively.
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Figure 4-4: Schematic of the laser optical-pumping and measurement system.
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Figure 4-5: (a) Room temperature emission spectra from an Alo2GaosN/GaN MQW laser structure
for different optical pumping power levels. The insert is an image of the emission from the optically-
pumped MQW laser structure. (b) Output light intensity (in arbitrary units) as a function of the

optical pumping power density at room temperature.

4.1.2 Electrically-pumped (Al, Ga)N UV lasers

Figure 4-6 depicts the schematic cross-sectional structure of an (Al, Ga)N UV laser
diode. The structure was grown on top of a 25-nm AIN template on a c-plane sapphire
substrate by plasma-assisted molecular beam epitaxy under liquid-metal-enabled growth
conditions. On top of the templated is grown 30 periods of an AlGaN/AIN superlattice.
Following this, a 1.5-um-thick Si-doped AlosGaosN cladding layer is grown; the cladding is
followed by a 100 nm-thick Si-doped Alo35GaoesN wave-guiding layer. The active region
has 5 periods of an Alg35GagesN (7 nm)/GaN (2 nm) multiple-quantum-well structure. On

top of the active region is a 100-nm-thick Mg-doped Alo3sGao.esN wave-guiding layer, then
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a 10-nm-thick Mg—doped AlosGaosN electron-blocking layer; finally, a 20-nm-thick Mg-
doped AlosGaosN cladding layer is grown; this is capped with 80 nm of p-GaN contact
layer.

The (Al, Ga)N UV laser structure was then fabricated into devices by standard
photolithographic processes depicted in Figure 4-7. Laser stripes of widths ranging from 20
um to 50 um were then created by chlorine-based dry-etching. A stack of metals consisting
of Ti (40 nm)/ Al (120 nm)/ Ni (40 nm)/ Au (80 um) was deposited as the n-type contact
electrode. This is annealed at 875 °C for 30 seconds in forming gas. This step is followed by
deposition of a 100-nm-thick SiO: insulating layer on the p-side wall of the ridge for
confining carrier flow. The last step is to deposit the p-type contact comprised of Ni (20
nm)/ Au (100 nm) layers; this metal combination is then annealed at 500 °C for 3 minutes in
ambient air. Devices with cavity lengths ranging from 500 um to 1000 um were then formed

by dry etching.

4.1.1.1 Electrical characteristic of UV laser diode

The contact resistivity of the fabricated UV laser diode was characterized by the
transmission line measurement (TLM) method we discussed earlier. The linear I-V
characteristic shown in Figure 4-8 (a) shows that a good ohmic contact is achieved for the n-
contact electrode formed on top of the n-type AlosGaosN contact layer; this contact
electrode was annealed at 875 °C in forming gas for 30 seconds. From the TLM curve in
Figure 4-8 (b), we extract the contact resistance as 11 Q and the corresponding sheet
resistance as 0.605 kQ/L1. Figure 4-9 shows the I-V characteristic for the (Al, Ga)N UV

laser diode. The forward current increases dramatically above the threshold voltage of 1.5 V.
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This low turn-on voltage is attributed to the restriction of the current flow into the narrow

stripe.
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Figure 4-6: Schematic illustration of an edge-emitting UV laser diode.
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Figure 4-7: Schematic illustration of the micro-fabrication process for the UV laser diode.
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Figure 4-9: Current-voltage (I-V) characteristic of and (Al, Ga)N-based UV laser diode.
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4.2 Photonic crystal surface-emitting UV laser diodes

Photonic crystal lasers with two- or three-dimensional Bragg reflectors have
attracted considerable attention because of their potential advantages over conventional laser
geometries as discussed in Chapter 1. In this section, we present one type of such laser —

the photonic crystal defect-type nanocavity laser.

4.2.1 Numerical simulation of photonic crystals

Before fabricating a complex photonic crystal structure, it is imperative that an
accurate computational model be developed for optimizing the key parameters. There are
several numerical simulation methods for computing photonic crystal band structures. One
such method is the plane wave expansion (PWE) method which can be used to analyze
photonic crystals with infinite or defect-type periodic structures, photonic crystal
waveguides, or photonic crystal fibers [1]. We briefly introduce the fundamental theory of
the PWE method.

Propagation of light in periodic photonic crystal structures is governed by the
macroscopic Maxwell equations, which are:

V-B=0

0B
VXE+—=0
ot
(4-2)

V-D=p

VXH b _
at_]

where E and H are the macroscopic electric and magnetic field intensities, D and B are the
displacement and magnetic induction fields, and p and J are the free charge and current

densities, respectively. We will assume that light propagates within a mixed dielectric
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medium, in which the dielectric material is a function of position vector r, and there are no
free charges and currents (p = 0 and J = 0). With these assumptions, D and B can be related
to the electric and magnetic field intensities through the constitutive relations as:

D(r) = gye(r)E(r)

B(r) = pop(r)E(r)

(4-3)

where ¢(r) is the relative permittivity and p(r) is the relative magnetic permeability. Our
medium is assumed to be loss-less, where ¢(r) is real in the regions of interest, and p(r) = Mo

is constant. The Maxwell equations then become

V-H(r,t) =0
dH(r,t)
VXE(r,t)+ u T =0

(+-4)
V:le(r)E(r,t)] =0

0E(r) _

VX H(r,t) — gye(r) 5%

We can separate the time dependence from the spatial dependence for both E and H by
expanding the fields into a set of harmonic modes as below.
H(r,t) = H(r) - e~'ot
(4-5)
E(r,t) = E(@r)-e '@t
To find the equations governing the mode profiles for a given frequency, we insert Equation
(4-5) into Equation (4-4) to obtain:
V-H(r)=0
VXE(r)—iwuH(r) =0
(4-6)
V:[e(r)E(r)] =0

VX H(r)+iwee(r)E(r) =0
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One can obtain the eigen value equation, or the master equation, for the magnetic and
electric fields, respectively, by combining the equations above and noting that = 1/,/eou, ,

thus:

W 2

V x [%v x H(r)] = (=) HE

c

(4-7)
2

1 w
mv X [V X E(F)] = (?) E(r)

According to Bloch’s theorem, the eigen function of an infinite periodic structure can be
represented as plane wave multiplied by a periodic function that has the periodicity of the

lattice as follows:

H(r) = Hyu(r) exp( -k 1)
(4-8)
E(r) = Exn(r) -exp(j k1)
Here, H, ,,(r) has the periodicity of the lattice with wave vector k and state number n. We

further expand the fields in Equation (4-7) into a Fourier series using the reciprocal lattice

vectors, which for the magnetic field can be written as
HO) = ) Hin(6) - explj - (ke +6) 1] (4-9)
G

Since the dielectric function of the material is also a periodic function, it can be written as a

Fourier series, thus:

5 > x(@")-explj- (k +6) 7] (4-10)
GI’

where y(G'") are the Fourier expansion coefficients of the inverted dielectric function.

Equations (4-9) and (4-10) can be substituted into Equation (4-7) to get
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0 d
;m(aﬂ) exp(j - (k +6) - rW; Hin(G") - explj - (k +G") - 7]
(4-11)
= (:—ZZG: Hyn(G) -explj- (k+G) 7]

where G = G' + G"'. Then, taking derivatives and combining the exponents we obtain:
D X6 =) Hin(G) - explj - (k +6) 7]
G G’
ek +6)j-(k+GY)] (4-12)
wZ
=2 Hen(@) - explj - (k +6) 7]
G

The projection to the basis exp[j - (k + G) - r] gives the equation:

2

H
~ > XE =) (k+6)- (k+ G Hin(6") = == Hyen(6) (4-13)
GI

This eigen value equation for the Fourier expansion coefficients of electric fields can also be

performed in a similar fashion to give

2

E
5 Ein(6) (4-14)

w

=Y HG =Gk + 6 - (e + G- Byen(61) =
GI

where wj, and wy ., are eigen frequencies for the TE and TM polarizations, respectively,
corresponding to the eigenvectors for mode n; Hy, ,, and Ey ..

We show below an example of a photonic crystal band structure obtained by using
the PWE method for a triangular array of air-holes in a GaN dielectric medium (¢ = n? =
2.52). Figure 4-10 (a) and (b) are the calculated band structure diagrams for a 2D hexagonal
lattice for the TE and TM modes, respectively. The vertical axes represent the ratio of the

lattice constant to wavelength (a/A); the horizontal axes represent the k-vectors in the
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reduced Brillouin zone in the directions I', M, and K within the zone. The yellow shaded
area represents the photonic band gap. Within the band gap, light cannot propagate in certain
directions with specified frequencies. This unique property enables manipulation of various

photonic behaviors in artificial photonic crystal structures.
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Figure 4-10: The photonic band structure of (a) TE modes and (b) TM modes for a GaN 2D
triangular lattice structure.

4.2.2 Defect-type photonic crystal lasers

In the photonic crystal surface-emitting nanocavity, the optical cavity is created by a
defect in the photonic crystal. This creates an optical mode localized in the defect region of
high quality (Q) factor cavity. Defect modes are resonant in the cavity region and are
evanescent away from the cavity in the x-y plane. The localized optical mode can be

coupled to the gain medium in the defect region so that it emits when the threshold condition
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is reached. Typically, photonic crystal nanocavity lasers have relatively small active
volumes, leading to ultra-low threshold current densities. Such a structure also leads to
extremely low material and cavity losses and to long photon life times in the cavity. These
advantages make photonic crystal nanocavity lasers superior to conventional Fabry-Perot
lasers for developing deep UV highly coherent sources.

In the following, we discuss our effort at making GaN photonic crystals before
working on AlGaN-based photonic crystals. The photonic crystal band structure of a
triangular GaN lattice with r/a = 0.28 is shown in Figure 4-11. Based on this band structure,
a few of eigen-frequencies are located at around a/A = 0.55 near the I" point, where the most
efficient coupling of horizontally guided modes and radiation modes occur. Figure 4-12
shows a two-dimensional GaN photonic crystal with a type of defect known as H2, which
consists of seven missing air holes. The structure is fabricated from 1-pm-thick Si-doped
GaN layer grown at 770 °C by molecular beam epitaxy. The photonic crystals are fabricated
using a standard electron-beam lithography process that is illustrated in Figure 4-13. A hard
mask consisting of a SiNx layer of 200 nm was first deposited on the as-grown sample by
plasma-enhanced chemical vapor deposition; this is followed by a soft mask consisting of a
200-nm polymethylmethacrylate (PMMA) layer. A hexagonal photonic crystal pattern
covering an area of 20 x 20 um?was defined by electron beam lithography on the PMMA
mask. The circular air hole diameter (r) ranges from 55 nm to 60 nm, while the lattice
constant (a) is chosen to be 200 nm such that the ratio r/a is about 0.28. The photonic crystal
pattern is transferred to the PMMA layer by developing in a solution of methyl-
isobutylketone (MIBK) and isopropanol (IPA) mixed in the ratio MIBK:IPA = 1:3. The

pattern is then transferred to the hard SiNx mask by etching using an inductively-coupled
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plasma reactive-ion etching (ICP-RIE) process. After the PMMA layer is removed by
dissolution in acetone, ICP-RIE is used to etch the GaN film down to a depth of about 200
nm. Finally, the SiNx hard mask is removed using buffered oxide etch (BOE). The fabricated
GaN photonic crystal structure is examined under a scanning electron microscope; the
completed structure is shown in the inset of Figure 4-14. The photonic crystal device was
then optically-pumped by a frequency-quadrupled Nd:YAG laser that emits 400-ps pulses at
266 nm. The pump light is focused down to a spot size of about 20 pum around the H2 defect
region by a 50X objective lens. Figure 4-14 (a) shows the emission spectra for varying pump
input powers ranging from 1 pW to 50 pW. A single emission peak at the wavelength of
363 nm is observed from the GaN photonic crystal. The full-width-half-maximum (FWHM)
of the emission peak is estimated to be about 11 nm. Figure 4-14 (b) shows the characteristic
curve for the output emission intensity as a function of the input pump power. The threshold
input pump power for the onset of emission is about 12.3 W/cm? Compared with
conventional edge-emitting lasers, a lower threshold is expected for the photonic crystal

layers.
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Figure 4-11: Schematic illustration of a photonic crystal band structure with GaN triangular lattice.
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Figure 4-12: Schematic illustration of a GaN H2 defect photonic crystal.
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Figure 4-13: Schematic illustration of standard electron-beam lithography process for fabricating
defect-type GaN photonic crystals.
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Chapter 5

Summary and future work

5.1 Conclusions

The primary focus of this thesis was to develop schemes for growth and fabrication
of compact and efficient semiconductor ultraviolet light-emitting devices for a range of
applications. Semiconductor ultraviolet light emitters have several unique advantages over
conventional sources. However, challenges in the development of high quality and
efficiently doped semiconductor thin films of the right band gaps have limited progress in
this quest.

In our research work, we have made tremendous progress in successfully developing
techniques for synthesis of high quality, highly-doped, high-aluminum-content Ill-nitride
films by using plasma-assisted molecular beam epitaxy under liquid-metal-enabled growth
conditions. We show that under these conditions, the prevailing growth mechanism is driven
by kinetics, which is unlike that of conventional liquid phase epitaxy as has been incorrectly
suggested for liquid-metal-enabled MBE synthesis. Using the new experience and
knowledge gained, we demonstrated that extremely high p-type doping of up to 6 x 107 cm
3 and n-type doping of up to 1 x 10 cm™ in Alp7GaosN films could be achieved.
Furthermore, with the ability to grow high quality high-aluminum-content (Al,Ga)N films,
we showed that high quality (Al, Ga)N multi-quantum-wells structures can be grown; these
are essential building block structures for UV light emitters. The next logical step after
achieving high crystalline quality and highly-doped (Al, Ga)N films, was to integrate them

into device structures for deep UV light-emitting diodes. Two categories of AlGaN-based
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light-emitting diodes have been investigated: conventional PIN heterostructures and metal-
insulator-semiconductor (MIS) Schottky-type diodes. We utilize highly transparent p-type
AlGaN layers in the structure of the conventional LED. By careful design of the device
structures and control of the growth process, a maximum external quantum efficiency of
0.56% was achieved in our devices. This value is the highest efficiency ever reported for
UVC LEDs grown by molecular beam epitaxy. However, AlGaN LEDs in the PIN
heterojunction structure generally have high turn-on voltages which mean high energy
consumption. We have therefore examined another type of LED structure based on a metal-
insulator-semiconductor (MIS) configuration which potentially has low turn-on voltage.
Such a low power LED would provide a huge advantage in energy-saving solid-state light
emitting sources. The devices we fabricated do have low turn-on voltages but exhibit low
emission intensities. We suspect this is probably due to low minority carrier (hole) injection
and low carrier confinement. To mitigate this problem, we inserted a GaN quantum well
structure at the interface between the insulating AIN layer and the n-type AlGaN
semiconductor layer. This structure provided better carrier confinement and vyielded
relatively higher luminescent intensities.

The successful demonstration of efficient deep UV (Al,Ga)N light-emitting diodes
cleared the path for development of coherent UV light sources. We investigated two types of
laser structures: a conventional ridge-type edge-emitting laser, and a photonic crystal
nanocavity laser. Both structures exhibited lasing characteristics at the ultraviolet
wavelength of 360 nm. The defect-type photonic crystal nanocavity laser showed a lower
threshold for lasing when compared to the conventional edge-emitting structure. In addition

to the lower lasing threshold, the defect-type photonic crystal nanocavity laser has the
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advantage that its small volume has low material losses and because it has no mirrors, no
losses are suffered from this feature. We therefore believe that the photonic crystal nanolaser

is the most viable path toward a deep UV laser for wavelengths below 300 nm.

93



5.2 References

[1] M. S. Shur and R. Gaska, “Deep-ultraviolet light-emitting diodes,” IEEE Trans.

Electron Devices, vol. 57, pp. 12-25, 2010.

94



Appendices

Appendix A : Molecular beam epitaxy

In this Section, we briefly discuss the fundamentals of crystal growth by molecular
beam epitaxy (MBE). In MBE growth, group-I1l metals such as Al, Ga, In and dopants such
as Be and Si evaporate from high purity sources in Knudsen effusion cells to produce a
stream of atomic fluxes that impinge onto a substrate at an appropriately elevated
temperature in an ultra-high vacuum environment. The required nitrogen comes from a
gaseous source that is converted to  reactive radicals that can be incorporated in the
epitaxial film. The most widely used source for generating reactive nitrogen is a radio-
frequency (RF) or electron cyclotron resonance (ECR) generator through which the nitrogen
is passed to create a plasma comprised of reactive nitrogen ions, free electrons, and neutral
nitrogen atoms. Ammonia-based MBE systems, where ammonia molecules are thermally
cracked are also in use. These systems however require higher temperature growths than the
plasma-based MBE systems. The higher substrate temperatures can lead to high quality I11-
nitride films.

Growth by molecular beam epitaxy occurs far from thermodynamic equilibrium and
is mainly governed by kinetics. The adatoms undergo adsorption, diffusion, incorporation,
and desorption processes; these are illustrated in Figure A.1. Different atomic flux rates and
arrival times can be precisely controlled by the temperature of the source and the substrate,
as well as by timing of the opening of the mechanical shutters associated with the source.
These features of molecular beam epitaxy enable growth of ultra-thin quantum layers with

very sharp interfaces. The MBE growth method is also flexible to allow the engineering of
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high quality two-dimensional planar films, superlattices, nanowires, and quantum dots
simply by tuning the group I11 to group V ratios of the sources and the substrate temperature.
Another advantage of this technique is that crystal surface reconstruction and the surface
morphology of the epitaxial films can be analyzed and understood through use of reflection
high-energy electron diffraction (RHEED), a technique that can provide a wealth of
information about the epitaxial film growth process. At present the MBE growth technique

is one of the most important approaches for growing high quality semiconductor thin films.

. Adsorption
Desorption

Nu_gleation
Diffusion ;

Figure A.1: Schematic illustration of the surface processes occurring during epilayer growth by

MBE.

Figure A.2 shows a schematic layout of our RIBER Compact 12 MBE system. The
chamber is equipped with effusion cells that contain high purity Al, Ga, In, Mg, metals and
Si. The beam equivalent pressure (BEP) of each of these elements can be measured by a
Bayard-Alpert type nude ionization gauge. An RF plasma source is employed for generating
active nitrogen in our system. Ultra-high pure nitrogen is introduced into a prolytic boron
nitride (PBN) cavity, where RF energy at 13.56 MHz is inductively coupled through a

96



copper coil to create a plasma of ionized nitrogen atoms, neutral nitrogen atoms, and
electrons striped off from the nitrogen. The MBE system is also equipped with a 10-kV
RHEED gun, a phosphor display screen, and a camera that provides real-time images for
analyzing the crystal growth processes. The angle of incidence of the high energy electron
beam is typically about 1° with respect to the surface of the epitaxial film. The ultimate
pressure in this system can be as low as 10° Torr. This ultra-high vacuum environment
minimizes incorporation of unwanted impurities such as carbon and hydrogen in the
epitaxial films during e growth. High quality (Al,In,Ga)N-based films can be grown by
optimizing the substrate temperature, source cell temperatures, and the group 111 to group V

ratio of the constituent fluxes in the MBE system.
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Figure A.2: Schematic of RIBER compact 12 MBE system.
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Appendix B : MBE growth process

Prior to loading samples into the MBE chamber, the sapphire substrates, which are
coated with molybdenum on the backside, should be cleaned in the following sequence: in
acetone for 10 minutes, iso-propanol for 10 minutes, methanol for 10 minutes, in a mixture
of HCI:H3PO4 = 3:1 at 100°C for 30 minutes, and rinsed with DI water. An outgassing
process is then performed on the cleaned substrates at 800°C in the MBE chamber for 30
minutes. Following this, the sapphire substrate is nitridated at 750°C for 30 minutes.

The beam fluxes of each effusion cells must be measured by an ion-gauge during the
calibration process. The quality of the growing film and its morphology can be examined in-
situ by a RHEED system during the growth. Throughout the deposition process, a
continuous flow of liquid nitrogen is used to cool around the substrate holder and cells to

remove condensable contaminants such as CO2 and H20O from the growth environment.
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Appendix C : Characterization

After growth, the Ill-nitride thin films are characterized by several well-established
techniques to obtain their structural, optical, and electrical properties. Information obtained
from the characterization is important for optimizing the quality of the films for use in

device structures.

C.1 Structural characterization

The structural and compositional properties of the IlI-nitride films are characterized
by high resolution X-ray diffraction (HRXRD) and transmission electron microscopy
(TEM). For the X-ray diffraction, we use a Panalytical X’Pert Pro X-ray Diffractometer
system. One can obtain crystal structure, strain, and composition information with using
this system. A schematic configuration of the X-ray diffraction set-up is illustrated Figure
C.1. Crystal orientation and lattice spacing information can be determined from the position
of the diffraction peak according to Bragg’s law:

2+-d-sinf =nAi (B.1)

where d is the inter-plane spacing in the crystal, 4 is the wavelength of the X-ray radiation,
is the angle of incidence for the radiation, and n is an integer. A typical composition of an
(Al, Ga)N film can be determined from the HRXRD w-26 scans. By Vegard’s law [1], the
mole fraction in an alloy can be easily evaluated as

A6
A,
where A6 is the angular shift of of the AlxGaixN peak from that of the AIN, and Aé, is the

Al mole fraction (x) = (B.2)

angular shift of the AIN peak to that of GaN.
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Figure C.1: Schematic configuration of X-ray diffraction set-up.

In addition to the XRD analysis, the composition of (Al, Ga)N-based epitaxial layers
is also characterized by field emission Titan TEM equipped with an energy dispersive x-
ray (EDX) spectrometer. An illustration of a typical implementation of an EDX system in a
TEM is shown in Figure C.2. Characteristic X-ray radiation carrying information about
elements in a specimen of interest are collected by the EDX spectrometer which displays the
information. This technique can generally be coupled with scanning transmission electron
microscopy (STEM) to record the energy-based elemental mapping images to extract
information on compositional distribution in the sample. In addition to the TEM-EDX
analysis, Z-contrast high angle annular dark field (HAADF) electron micrographs can be
used to obtain information on quantum well structures. Figure C.2 depicts how the HAADF

detector gathers electrons scattered through very high angles (8 > 50 mrad). The
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compositional contrast is proportional to the atomic number Z, i.e. intensity ~ Z2. Because of

this dependence, it can enhance compositional contrast and provide better resolution images.
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Figure C.2: Schematic illustration of STEM image detectors on EDX and HAADF.

C.2 Optical characterization

Photoluminescence (PL) is a major tool for evaluating the emission properties,
crystalline quality, and doping characteristics of epitaxial AlGaN fims and device structures.
We use a combination mini-Raman/PL system with a Hg-Ag deep UV pulsed laser source
emitting at 248.6 nm as an excitation source for the PL measurements. The incident laser
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excites electron-hole pairs in the semiconductor. These recombine and emit photons that
are collected by a spectrometer. The spectrometer has a 1200 /mm grating for dispersing the
collected photons which are directed to a photomultiplier (PMT) connected to a signal
processor. Our system is equipped with cryostat for performing temperature-dependent PL.
The cryostat facilitates the study of impurity and defect states in the materials or devices of

interest.

C.3 Electrical characterization

The electrical properties of epitaxial Ill-nitride films doped with Si or Mg are
characterized by conventional Hall effect measurements, using the Van der Pauw method.
Figure C.3 shows the setup of the Hall effect system for measuring the Hall voltage, Vu, for a
semiconductor material where an electric field is applied along the x-axis and a magnetic
field (B,) is applied along the z-axis. Charge carriers of either polarity (electrons or holes)
pile up at one side of the sample due to the Lorentz force exerted on them; this force can be
expressed as

F, =qvy X By (B.3)
where v, represents the carrier velocity which is related to the current density through
Jx = quyp = quyn (B.4)
By balancing the Lorentz force with the force exerted by the Hall field, one obtains
qEy, = qu,B; (B.5)
where the Hall voltage, V, is externally measured and is expressed as

:]xBZW
qap

(B.6)

VH = EyW = RH]szw
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where Ry is the Hall coefficient which representing the inverse of charge carrier density.
The sign of the Hall coefficient determines whether electrons or holes predominate the
available charge carriers. The sign of Ry is negative when electrons are the majority
charge carriers and vice versa. As a result, Hall effect measurements provide a unique
approach to extracting information about carrier type, carrier concentration, and resistivity
of a film.

In our work, we use a model HEM-2000 Hall measurement system for characterizing
the IlI-nitride films. The magnetic flux density applied in this system is 0.27 T, and all the

measurements are carried out at room temperature.

Figure C.3: Schematic representation of the Hall effect on measuring electrical properties of a

semiconductor.
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