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Introduction

Long regarded as a scientific curiosity, IlI-nitrides have attracted significant attention in
science and technology of semiconductor devices and have earned substantial commercial
interest for modern electronics and optoelectronics devices. Every alloy of this group has a
direct bandgap ranging from 0.7 eV (InN) to 3.4 eV (GaN) and 6.2 eV (AIN) which covers
the entire visible, near-ultraviolet and near-infrared portions of the electromagnetic wave
spectrum. Therefore, devices performing in this wide spectral range can be tailored by
adjusting the composition of binary alloys. There is also great scientific interest as this
material system appears to form one of the first semiconductor material systems in which
extended defects do not affect severely the optical properties of the devices. Moreover,
nitride-based devices are the most environmentally friendly of the compound
semiconductors. InGaN/GaN structures constitute an indispensable part of the Ill-nitrides-
based devices. The recently identified smaller bandgap of InN implies that In,Ga; xN can be
utilized for optoelectronic applications in a broader spectral range than previously suspected.
All these properties render the InGaN materials system indispensable for development of
optoelectronics applications such as LEDs and LDs. Despite recent technological advances, a

number of questions regarding fundamental material aspects have been left unanswered.

This is the main question that first drove the collaboration of the Institute of Electronics,
Microelectronics and Nanotechnology (IEMN, Lille, France) and the Institute of Materials
Research and Engineering (IMRE, Singapore). Within the framework of the Hubert Curien
MERLION program from the Embassy of France in Singapore, both institutes decides to start
a research project with the goal of improving the global knowledge on IlI-nitrides in general,

and InGaN in particular, which laid the foundations of this thesis.

Benefiting the strong capabilities of IMRE for epitaxial growth and material characterization
and the ability of IEMN to complete structural characterization and lead optical
characterization, | have been given a unique chance to describe precisely a set of InGaN
samples and determine their optical indices. Work is first focused on the visible and near
infrared range. Outside collaborators suggested that InGaN was also a very potent candidate
for applications in the terahertz range and that fundamental properties in this domain were

absolutely unkown.
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The terahertz (THz) frequency range lies from 0.3 THz to 10 THz, which corresponds to
wavelengths between 1 mm and 30 um. It is an exceptionally underused domain of the
electromagnetic spectrum, although THz radiations have a great number of potential
applications in several domains: spectroscopy in physics, in chemistry (gas detection,
pollution and environment control), in astronomy (detection of gas, atoms and ionized
molecules), in telecommunications (wireless and broadband networks, short range networks,
radars), in industrial imaging (materials, devices and systems controlling), in medicine
(detection of caries, oncology) or in security (detection of weapons and dangerous materials).
Therefore the realization of devices able to operate at these frequencies has great potential
still held back by the lack of efficient sources and detectors. There is however a huge
international effort to develop low-cost, reliable, compact and tunable sources, able to operate
continuously at ambient (or near-ambient) temperature and compatible with the standard
technologies to achieve easy integration in complex systems and circuits. In this race, IlI-
nitrides possess a number of electrical and optical advantages that would make it a solution to

the emission/reception bottleneck.

This study is composed of 5 chapters, each treating a separate aspect of the issues we’ve
exposed so far. Chapter 1 establishes the ground knowledge we need on Ill-nitrides to
understand what the state of the art in the global research community is to date. Chapter 2
details the growth and microstructural/compositional characterization of our samples. Chapter
3 and 4 follow the similar goal to determine the optical indices of several In,Ga;.xN samples
in the visible/near-infrared and THz frequency ranges respectively. Finally, we broaden in
chapter 5 the focus of our study by suggesting and discussing the design and fabrication

process of a THz photodiode.
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I11-nitride semiconductors in
microelectronics
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1.1 Fundamental properties

The IlI-nitride materials are referring to compounds of group Il elements with nitrogen,
commonly known as aluminum nitride (AIN), gallium nitride (GaN), indium nitride (InN)

and their alloys.

II-nitrides crystallize into two crystallographic structures: the cubic zinc-blende and the
hexagonal wurtzite structures, but the more commonly studied allotrope is the wurtzite one,
as it is the more thermodynamically stable form under ambient conditions. Nitrogen atoms
form a hexagonal close packed structure and the group Il atoms occupy half of the

tetrahedral available sites as shown in Figure 1.1 [1].

N
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gine
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\
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Figure 1.1: Zinc-blende (left) and wurtzite (right) crystallographic structures. Larger and smaller
spheres represent cations and anions, respectively

What makes the IllI-nitride alloy system particularly suitable for optoelectronics is its direct
bandgap, which covers continuously the entire visible, near ultraviolet and near infrared

portions of the electromagnetic wave spectrum as illustrated in Figure 1.2 [2].
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Figure 1.2: Bangap energy vs. lattice constant a for Il11-nitrides at 300 K

The bandgap energy for GaN is 3.4 eV [3]. Early studies reported values of 1.8 to 2 eV for
InN [4] but improvements in epitaxial growth techniques eventually lead to a bandgap around
0.76 eV [5,6]. The bandgap energy of the ternary alloy In,Ga;«N is calculated as [7,8]:

Ey(x) =xEg(InN)+ (1 —x)Eg(GaN) — b(x) - x- (1 — x) (1.1)
where the bowing parameter b(x) accounts for the deviation from a linear interpolation
between GaN and InN:

b(x)=(1-x)-(11.4-19.4-x) (1.2)

Equation (1.2) was determined experimentally and provides values for the bowing parameter
such as b(0.25)=4.9, b(0.5)=0.9 and b(0.75)=-0.8. Figure 1.3 represents the evolution of

Eq(X).
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Bandgap energy (eV)

A IR I RPN S SR NI ST R R
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In composition x

Figure 1.3: Bandgap of In,Ga; 4N as a function of indium composition x according to Equ. (1.1) and
1.2

Table 1-1 presents some basic parameters for the wurtzite Ill-nitride binary compounds

[5,6,9,10].

Parameters AIN GaN InN
Lattice constant

a(A) 3.112 3.189 3.548
¢ (A) 4,982 5.185 5.760
Poisson’s ratio v 0.202 0.205 0.272
Bandgap energy Eg (eV) 6.2 3.4 0.7

2

Electron mobility M (cm /V.s) 300 1100 3200
Dielectric constant e 9.1 8.9 15.3

Electron saturation velocity
7

VSat (x 10 cmf/s)

Effective electron mass

1.8 2.7 4.4

0.3 0.22 0.14
me (mo)

Table 1-1: Basic parameters for binary wurtzite 111-nitrides at 300 K
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1.2 Growth of GaN and InGaN

The emergence of Il1-nitrides-based devices has been made difficult by a number of technical
challenges associated with the growth and processing of the materials. Developing
sophisticated growth techniques, finding suitable substrates and achieving doping, especially

p-type, have been slowing down the rise of this system.

GaN was first synthesized in 1910 [11] and crystals were grown in 1932 by Johnson et al. by
reacting metallic gallium with ammonia gas at 900-1000°C [12], but the material was
polycrystalline and could not be used for semiconductors devices. It’s only much later, with
the development of modern epitaxial growth techniques, that GaN single crystals on sapphire
substrate were achieved: first by hydride vapor phase epitaxy (HVPE) in 1969 [13], then in
1971 by metalorganic chemical vapor deposition (MOCVD) [14] and in 1974 by molecular
beam epitaxy (MBE) [15].

1.2.1 Choice of a substrate

Due to its high melting temperature (over 2500°C), GaN crystals cannot be produced by
typical techniques like Czochralski or Bridgeman, which means that homoepitaxy is not
possible. Instead, the heteroepitaxy of GaN lead to an intensive search for suitable substrates
[10, 16]. Such substrates have different physical properties compared to those of IlI-nitrides,
especially lattice constants and thermal dilatation coefficients. These differences increase the
stress of the grown layers and the misfit and threading dislocation densities, causing higher
leakage currents and poorer thermal dissipation. Table 1-2 details the properties of the most
popular substrates used to grow GaN [17].
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6H-SiC AlLO,

Parameters GaN InN Si (111

D 001  (ooon)
Crystal structure wurtzite wurtzite diamond wurtzite wurtzite
Lattice constant a (A) 3,189 3,548 5,431 3,081 4,785
Lattice constant ¢ (A) 5,185 5.760 - 15,117 12,991
La_tttlce mismatch 0% +11% +17% 3.4% 16%
with GaN

Thermal dilatation  coeff.

6 -
ac(xlo K ) 3,17 2,9 2,6 4,7 4,3

Approximate price
of a 2in-wafer (USD)

Table 1-2: Properties of GaN, InN and some of their potential substrates

3000 - 30 1000 100

Silicon is the substrate of choice for many applications in micro- and nanotechnologies and is
still an interesting option for Ill-nitrides as it is well-established, well-known and very
affordable, but it has a different crystal structure (diamond cubic) and the lattice mismatch
with GaN is large (17%).

Silicon carbide (SiC) on the other end presents a much closer lattice matching (-3.4%) and

already possesses a wurtzite structure, but its cost is very high.

Sapphire (Al,O3) is a good compromise and remains the most popular alternative: it is
affordable and available in large high-quality wafers, has a hexagonal structure; the lattice
mismatch, although not good (16%), is better than silicon and it presents good chemical and
thermal stability. Its transparent nature and electrical insulator properties can also be

advantages.

1.2.2 Nucleation layer

The growth of GaN on sapphire was held back for a decade by poor nucleation that was
causing high dislocation densities. A major breakthrough occurred in 1986 when Amano et
al. demonstrated that a low-temperature nucleation layer (or “buffer layer”) of AIN was

dramatically improving the quality of GaN-on-sapphire, if grown prior to the actual epilayer
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[18]. In 1991, Nakamura et al. reported that a low-temperature GaN nucleation layer was
further improving the epilayer quality [19].

The buffer layer grown at low temperature (450 — 550 °C) provides high nucleation centers
density and promotes the lateral growth of the main GaN layer. AFM and TEM studies show
that under these conditions, the Volmer-Weber growth mode is favored, which leads to 3-D
islands [20,21]. In this islanding process, individual grains are made of dislocation-free cubic
GaN crystals and most threading dislocations result from islands coalescence, as represented
in Figure 1.4 [22].

Threading dislocations

e \

\

GaN layer

Coalescence layer (200-300 nm)

1T Ih’ llll‘
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i

\ Nucleation layer (30 nm)

Sapphire substrate

Figure 1.4: Schematic representation of a GaN film grown on a sapphire substrate

A high-temperature annealing, in which the buffer layer is slowly brought up to GaN growth
temperature (~ 1050 °C) and held for a short time, causes the 3-D islands to coarsen and
coalesce into a continuous layer and makes the crystal structure evolve into a mostly
hexagonal configuration [23,24]. This recrystallization process, although empirically well-
known and commonly used today, still remains unclear due mostly to the lack of in-situ
control data. It’s been observed that the thickness of the nucleation layer, its growth
temperature and rate, as well as the annealing parameters all influence the quality of the GaN
epilayer. An optimal point can be found to grow high-quality layers, but the mechanism by

which the buffer layer evolves during the annealing is not well established.
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1.2.3 Doping

Due to nitrogen vacancies and Si, O or C impurities that keep the dislocation density as high
as 10’ — 10" cm™, GaN layers grown under normal conditions exhibit a high donor
background carrier concentration (~ 10*" c¢m™) [12]. Understanding and controlling the
residual and intentional doping levels is a key requirement for the growth of devices
nonetheless and both n-type and p-type doping must be carefully studied.

Silicon is the universally-used n-type dopant (typically in silane SiH4 precursor for MOCVD
growth) as its covalent radius is close to the one of gallium, which allows it to incorporate
easily into the GaN lattice by occupying the Ga sites. It has a very shallow activation energy
(~ 17 meV), which enables high n-type conductivity with no change in growth parameters
other than the introduction of a silicon source [25]. By varying the SiH, flow rate, the carrier

concentration can be linearly controlled from undoped (10** cm™) to 10* cm™,

P-type doping on the other hand has proven to be significantly more challenging. Numerous
acceptors have been studied (Li, Na, K, Be, Zn, Ca) but the most common p-type dopant for
GaN is magnesium Mg. Through bis(cyclopentadienyl)magnesium precursor in MOCVD,
Mg atoms are incorporated in Ga sites and become acceptors. The large activation energy of
Mg in GaN (~ 160 meV) leads to a low ionization fraction, requiring the incorporation of
large amounts of dopant to obtain significant doping [26]. It’s also necessary to compensate

the background electron concentration, demanding even higher Mg incorporation.

Adding the dopant alone is not sufficient to obtain conductive Mg-doped layers as Mg atoms
tend to combine with hydrogen to form Mg-H complexes, which get incorporated in the film
and make it highly resistive. These complexes are electrically neutral and don’t contribute to
the doping, and a post-growth treatment is required. Amano et al. first incidentally discovered
in 1989 that low-energy electron beam irradiation (LEEBI) can break the Mg-H bond and
activate the Mg acceptor center, dramatically enhancing the conductivity of the GaN layer
[27]. Further progress was made in 1992 when Nakamura et al. demonstrated that thermal

annealing in N, could achieve the same result [28].
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1.2.4 InGaN growth

1.2.4.1 The InN challenge

A full understanding of the InGaN ternary alloy begins with a discussion of the InN
compound. InN has not received as much attention as GaN or AIN and is far less studied and
understood despite its supposedly superior optical and electrical properties. Thanks to its low
electron mass especially (the lowest one for Ill-nitride materials), InN offers significantly
higher electron saturation velocity and mobility compared to GaN (see Table 1-1). Early
theoretical and experimental studies of InN reported a bandgap of ~ 1.9 eV [4], which was
making other well-known compounds such as AlGaAs [29] more suitable alternatives as they
can be easily grown on matched substrates. But in 2002, the first single crystal of InN was
grown by Davydov et al. who measured a bandgap energy of 0.7 — 0.8 eV [5,30]. This made
InN a candidate for new applications and helped to build up the interest for InGaN as it could

be utilized for optoelectronics applications on a much broader spectral range.

The core problem with InN is the difficulty to grow high-quality crystals, mostly due to its
high N, equilibrium vapor pressure at typical CVD deposition temperatures (~ 10° Torr at
800 °C), as seen in Figure 1.5 [31]. At these temperatures, this leads to InN premature
dissociation on the growth surface and formation of metallic indium that will evaporate
subsequently.
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Figure 1.5: Equilibrium nitrogen vapor pressures of common I11-V semiconductors
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InGaN, while suffering from the same (but less pronounced) issues, is a lot easier to grow,
especially at low (<10%) indium concentrations, and has been used by the optoelectronics

industry for 10 years.

1.2.4.2 InGaN growth model

Bedair et al. proposed a model describing the competitive processes that occur during the
InGaN growth process [32]. The model defines three possible pathways for an In adatom on
the growth surface:

e the In atom can be incorporated in the solid ternary alloy
e the In atom can be incorporated as a metallic In droplet

e the In atom can be released by the growth surface (desorption)

These three pathways are concurrent processes that result in the following mass balance

equation:

Fin:Fs+Fm+Fd (13)
with Fi,, Fs, Fy and Fq representing the fluxes of incident In, In incorporated in the solid, In

forming metal droplets and In desorption from the growth surface respectively, all in

atoms/cmz.s, as shown in Figure 1.6.

desorption
TMin §
input flux
Fin Fd (
() ~A~
F, In metal
@ AN - droplets
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Figure 1.6: Reaction pathways for In adatoms on a growth surface
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The Bedair model links F4 with the residence lifetime of an In adatom on the growth surface

T.

T =1, efa/kT (1.4)
where Eq is the activation energy for desorption, 1o is fixed for a given set of conditions and T

is the growth temperature. The desorption rate can then be represented as:

Fy x e Ea/kT (1.5)
Although E4 has not yet been determined for IlI-nitride materials, the weakness of the In-N
bond compared to Ga-N means that Fq4 is much higher for In than for GaN. Experimental data
showing that In content in InGaN films is inversely proportional to the growth temperature
confirm this analysis, which means that very high In/Ga flux ratio is necessary to incorporate
InN in InGaN crystals [33].

Lowering the growth temperature also has the effect of lowering the cracking efficiency of
ammonia [32], as seen in Figure 1.7 [34], which reduces the amount of nitrogen available for
bonding. This leads to the formation of small droplets of In metal that act as sinks for other In

adatoms, increasing Fn, and further reducing F.
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Figure 1.7: Cracking efficiency of NH3 as a function of temperature
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Desorption and metal droplets formation remain the biggest challenges to grow InGaN layers,
as balancing growth temperature, indium flux and nitrogen pressure proves increasingly

difficult with higher In content films.

1.2.4.3 Lattice mismatch and strain

Another major issue related to the growth of InGaN is the large lattice mismatch between
GaN and InN (11%, see Table 1-2) that affects the material through strain and composition

inhomogeneity. The misfit strain for In,Ga(1.N can be approximated as [35]:

£=-0.1065-x — 0.0003 (1.6)

This results in significant strains for semiconductor crystals: -1.1% at x=0.10 and -2.2% at
x=0.20. This compressive strain in the a-plane is compensated by the elongation of the lattice
along the c-direction in accordance with Poisson’s ratio. It increases with the thickness of the
InGaN layer, until the Critical Layer Thickness (CLT) is reached (typically a few 10s of
nanometers [36]), beyond which misfit dislocations form to fully or partially release the strain
energy and allow the film to grow unconstrained. Monitoring the strain inside an InGaN film
is important as internal strain affects the lattice parameter and, with it, fundamental values
such as bandgap energy, composition and internal fields.

1.2.4.4 Inhomogeneity and phase separation

The lattice parameter difference between GaN and InN heavily affects their miscibility which
favors the emergence of inhomogeneities in the local In incorporation and concentration in
the alloy. Theory from Tersoff et al. [37] and TEM observation on InGaN/GaN multiple
quantum wells structure [38] have shown the presence within the material of nanometer-scale
regions with high In content, which arise from different mechanisms: strain-induced islands
formation [37], spinodal decomposition [39], composition pulling effect [40] and surface
segregation effect [41]. While being an inconvenience for electronic transport properties and
overall efficiency of optoelectronic devices, this can also be put to good use in the case of
light emission, as these quantum dot-like nanoclusters create localized minima/maxima in the
conduction and valence bands, providing energy traps for charge carriers. This enhanced
confinement prevents the carriers from diffusing to non-radiative recombination centers such

as dislocations and therefore increase the internal quantum efficiency of the structure.
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In more extreme cases though, the lattice mismatch can result in phase separation by spinodal
decomposition, in which the up-hill diffusion of In atoms leads to the formation of two
phases with high and low In content. Ho et al. [39] provided a study of the temperature
dependence of the bimodal and spinodal lines of InGaN using a valence-force-field model to
predict that the equilibrium solubility of In in GaN is less than 6% at 800 °C for a relaxed

film, as shown in the phase diagram in Figure 1.8 (a) [42].
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Figure 1.8: Phase diagrams of (a) relaxed and (b) strained In,Ga;4N films

Points above the binodal are thermodynamically stable and the alloy can be grown. Below the
spinodal curve, the material is unstable and will transform homogeneously via spinodal
decomposition into two phases whose composition can be predicted by the intersection of the
isotherm and the binodal curve. Between the two curves, a metastable state of the material
can exist and phase separation will only occur if triggered by discontinuities [43] or InN
precipitation [44, 45].
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It is important to understand the role of strain in phase separation. Cahn’s spinodal
decomposition theory [46] mentions that a spinodal phase transformation involves three
energy terms: the free energy which is the driving force of the spinodal decomposition while
the gradient energy (due to composition fluctuations) and strain energy work to stabilize the
material. A strained film can therefore sustain higher In content and be grown at lower
temperature, explaining for example the higher stability of GaN/InGaN quantum-well

structures. This can be seen in Figure 1.8 (b) [42].
1.2.4.5 Polarization

Wourtzite I11-nitride materials meet the requirements for polarization due to highly ionic bonds
resulting from the large electronegativity difference between group 111 elements (Ga, Al, In)
and N and the wurtzite crystal structure that lacks inversion symmetry. Ill-nitrides also
display piezoelectricity as they can convert mechanical stress and strain into an electric field
[47]. The high strain values in InGaN/GaN structures thus induce a significant piezoelectric
field along the (0001) direction that leads to the bending of the conduction and valence bands
and is responsible for the quantum-confined Stark effect [48] that occurs in quantum wells

when the energy gap between the two bands is reduced, as illustrated in Figure 1.9 [49].

energy
N

with
E-field

N

posiﬁon

Figure 1.9: Band-bending in a quantum well due to the piezoelectric field

When the band bending takes place, the minima of the two bands shift to a lower energy

level. The maximum of the valence band, however, remains at the same energy, which lowers
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the effective bandgap of the material and results in a redshift. While this effect is extremely
interesting and useful to build structures that achieve longer emission wavelength than
otherwise possible (especially given the difficulty of growing high In content InGaN), it
introduces two drawbacks: the broadening of the emission spectrum, and, more importantly,
the reduction of the internal quantum efficiency due to the decreased overlap of the electron

and hole wavefunctions.

1.3 Optoelectronics applications of GaN and InGaN

The late discovery of the role of nucleation layer and p-type doping delayed for a long time
the rise of GaN-based industrial devices, but as soon as these were established, blue and
green light-emitting diodes (LEDs) and laser diodes (LDs) started to appear that lead to the
commercialization of the first candela-class GaN-based blue LEDs in 1993, shortly followed
by yellow and amber LEDs based on InGaN [50]. In 1996 the first white LED was
demonstrated, combining a blue LED with phosphor coating [51]. More recently, phosphor
free white LEDs have been reported [52]. Solid-state lighting has been for a long time a
driving force to keep working on GaN-based LEDs as it presents a number of potential
applications ranging from full color electroluminescent displays to automotive or general
lighting, replacing incandescent light bulbs and fluorescent lamps for energy savings in a
global market that will soon reach US$ 100 billion [53]. To further increase the efficiency of
the GaN-based devices, researchers now work on incorporating quantum dots with various In

content inside InGaN layers to directly emit white light.

The first InGaN LD with continuous wave operation was built in 1996 [54] and the first
commercial room-temperature continuous-wave blue-violet laser diode reached the market in
2001 and had massively spread through high-density optical disk video recording
applications under the Blu-ray disc technology.

Other applications of Ill-nitrides include metal-oxide-semiconductor and metal-
semiconductor field-effect transistors (MOSFETs and MESFETSs) [55] and more recently
high electron mobility transistors (HEMTSs) [56], high frequency and high power amplifiers.

The superior electrical properties of InN also open opportunities in high-speed electronics.
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A further area of research is visible-blind and solar-blind ultraviolet (UV) photodetectors
used in space-to-space communication, UV astronomy, chemical and biological agent
detection, flame detection or engine and furnace monitoring. After the first report of GaN UV
photodetector in 1992 [57], GaN p-n junction photodiode in 1995 [58] and metal-
semiconductor-metal GaN photodetectors [59], the discovery of the lower-than-expected
bandgap energy of InN triggered a movement to produce high-efficiency solar cells as the
solar spectrum can be reproduced with an InGaN-multiple layer arrangement [60]. Still in the
energy harvesting field, photo-electrochemical cells based on GaN and InGaN were used for
H2 generation by splitting water via sunlight [61].

GaN is also a biocompatible material [62], which could lead to biomedical electronic

applications.

1.4 Motivations and objectives of the thesis

InGaN, because of its tunable properties according to the In content, can be a very versatile
material system for many applications. But the fundamental structural, optical and electrical
properties of the alloy remain mostly unstudied. In spite of the successful demonstration and
commercialization of a number of devices including LEDs, LDs and photodetectors, a
complete understanding of InGaN is still an absolute necessity to keep developing the

knowledge of the compound and overcome the challenges that come with its growth.

The main objective of this thesis project is to investigate in detail the structure and optical
properties of InGaN thin films grown on GaN-on-sapphire by MOCVD with In content of up
to 20% and thus increase the global knowledge and understanding of the material.

Chapter 2 will describe the growth process that was used and how the microstructure of the
subsequent films is characterized. Chapter 3 and 4 will focus on the optical characterization
of the InGaN thin films in two frequency ranges of interest for further applications of InGaN
materials: the UV/visible range and the terahertz range respectively. Finally, chapter 5 will
detail the design process, the fabrication and the characterization of an InGaN-based terahertz

photodiode.
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2.1 Growth of InGaN thin films

The first step in the experimental study of InGaN-based materials is the growth of high-
quality nominally-undoped GaN and InGaN layers. Many methods have been employed to
grow llI-nitride thin films. With the development of crystal growth technology, each new
technique has been applied to the Ill-nitrides growth and today, almost all the high-quality
I1I-nitride material are reportedly grown using one of two modern techniques: molecular

beam epitaxy (MBE) and chemical vapor deposition (CVD).

This dissertation utilizes metalorganic chemical vapor deposition (MOCVD) for the epitaxial
growth of Il1-nitride films.

2.1.1 Introduction to MOCVD

The groundwork for MOCVD was laid by Manasevit et al. in 1968 [1]. Alkyls of the group
Il metals (hence the metalorganic terminology) and ammonia are used as precursor species.
Their diluted vapors are transported at near-room temperature to the heated surface of the

substrate where a pyrolysis reaction occurs that can be generalized as:
R3;M + NH3; - MN + 3RH (2.1)

M represents the group 111 metal, either indium or gallium in our case, and R is the organic
radical, typically an alkyl. The metalorganic precursors used for GaN and InN deposition are
trimethylgallium (TMGa) and trimethylindium (TMIn) respectively, which translates

equation (2.1) into:
(CH3),Ga + NH3 - GaN + 3CH, (2.2)
(CH3),In+ NH3 - InN + 3CH, (2.3)

In the case of InGa;«N, the alloy composition X is determined by the relative speed of the
two reactions, which depends on a number of factors including gaseous diffusion,

thermodynamics, intermediate steps and gas dynamics.

Our samples were grown at the Institute of Materials Research and Engineering (IMRE) on
the EMCORE Discovery 180 vertical MOCVD reactor pictured on Figure 2.1. The system is

dedicated to the epitaxial growth of group-I1I nitride materials. It has a vertical stain-less steel
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chamber in which the deposition can take place from room temperature to 1100 °C and GaN,
InGaN and AlGaN thin films and multiple layer structures with n-type or p-type doping can
be grown. Temperature is monitored and controlled inside the chamber via thermal couples
and pyrometers. In-situ monitoring of the growth process is provided using spectroscopic

reflectance. [2,3]

Figure 2.1: IMRE MOCVD reactor

2.1.2 Experimental InGaN growth process

2.1.2.1 GaN growth

The GaN growth is performed on 330 um thick, 2 inch diameter, (0001) sapphire substrates.
The wafers are epi-ready so require no cleaning process and are chamber-ready. A non-
intentionally doped (i-GaN) or n-doped (n-GaN) GaN layer will be grown on all the
substrates, either to obtain a GaN sample or as a GaN-on-sapphire template to later grow

InGaN and InN layers.

Table 2.1 lists the detailed step-by-step growth recipe that was found experimentally to give
the highest quality GaN. It follows the generally accepted recipe for GaN growth [4] and is

composed of the following steps:

(i) Substrate cleaning and restructuring: the substrate is baked at 1080 °C under H,
overpressure to desorb water and hydrocarbons, and to deplete O, from the Al,Os

and obtain an aluminum-rich surface.
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(i) Nucleation layer: TMGa and NH3 are introduced into the chamber at 530 °C to
deposit a 35 nm-thick buffer layer. At this low temperature, nucleation rate is high
and small islands of cubic GaN are formed, as described in paragraph 1.2.2.

(iii) Buffer anneal: the wafer is heated up to 1050 °C and annealed for 30 seconds for
GaN islands to coarsen and coalesce. This operation also initiates the transformation
of the cubic structure to a hexagonal one.

(iv) Coalescence layer: to accommodate the stress between sapphire and GaN and thus
further improve the quality of the subsequent GaN thin film, an extra 200 nm-thick
layer of GaN is grown at 950 °C.

(v) GaN epilayer: Finally, the bulk GaN layer can be grown at 1030 °C at a V/III ratio
of 250. A thickness of 2.2 to 2.3 um is achieved in 45 to 50 minutes. To obtain n-
type GaN, a silane (SiHy) flux is added.

Temperature  Pressure  TMGaflux NH3flux H2flux Time

Step [°C] [torr] [sccm] [sIm] [sIm] [s]
Clean/Bake 1080 500 - - 20 300
Buffer layer 530 500 20 30 20 240
Buffer anneal 1050 500 - - 20 30
Coalescence layer 950 500 100 25 20 280
Bulk GaN growth 1030 500 100 25 20 -

Table 2-1: Experimental conditions of the GaN growth steps

This process is represented graphically in Figure 2.2. The time between each step depends on
the thermal inertia of the reactor chamber and may not be accurately depicted.
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Figure 2.2: Temperature profile of the GaN growth process

Four GaN samples were grown using this

procedure, as described in Table 2-2. Several

samples with the GaN-0 properties were grown to be later used as a template for InGaN

growth. GaN-1, GaN-2 and GaN-3 are thicker and cover a range of carrier concentrations, as

determined by Hall effect measurements.

Estimated GaN thickness

Sample name

Carrier concentration

[nm] [cm™]
GaN-0 2 3.1x10"
GaN-1 4 2.5x10"
GaN-2 6 1.8x10"
GaN-3 4 3.3x10"

Table 2-2: List of the studied GaN samples

2.1.2.2 InGaN growth

InGaN films are grown on the GaN-on-sapphire template described in the previous

paragraph. The goal of this study is to obtain and characterize a set of InGaN thin films with

© 2012 Tous droits réservés.
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varying In fractions. As discussed in section 1.2.4.2, increasing the TMIn flux to increase the
final In content of the film is not enough. Studies have actually shown that the InGaN alloy
composition is mostly dependent on the growth temperature. [5,6]

The Bedair model [7] shows that at high temperature, the desorption flux is the controlling
factor and increasing the incident In flux only results in more desorption. In contrast,
reducing the growth temperature is an effective way to increase the incorporation of In in the
compound. Altogether, it’s important to remember that the growth temperature, not the In/Ga

adatoms ratio, is the primary parameter to control the indium content of a layer.
The conditions to grow InGaN films differ from the ones used for GaN in a number of ways:

e TMIn is introduced in the chamber as the indium source. It is important to maximize
the In/Ga flux ratio to oppose the effect of the weaker In-N bond compared to the Ga-
N one. Therefore, TMIn flux is chosen as high as possible and TMGa is lowered
significantly.

e The growth temperature is dropped to the 700 — 800 °C range in order to incorporate a
higher amount of In in the alloy.

e Hyisreplaced with N3 in the chamber as it has been demonstrated that hydrogen has a
negative impact on In incorporation. [8]

e To grow an InN layer, the temperature is further decreased to 595 °C and the TMGa
inlet is closed. Growth of InN layer directly on GaN is very difficult because of their
large miscibility gap. Inserting a 50 nm-thin Ing3Gag 7N interlayer helps the nucleation

of InN as it reduces the lattice mismatch. [9]

These conditions are tabulated in Table 2-3:

Temperature Pressure TMGaflux TMinflux NH3flux N2 flux

Step
[°C] [torr] [sccm] [sccm] [sIm] [sIm]
Bulk InGaN
700 - 800 150 3 400 20 6
growth
Bulk InN growth 595 150 - 400 12 6

Table 2-3: Experimental conditions of the InGaN growth
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Using these parameters, three InGaN samples were grown at varying temperatures, as well as

one InN sample with its Ing3Gag 7N 50 nm-thick transition layer. They are presented in Table

2-4 and Figure 2.3:

Top layer thickness

Sample name

Intended In fraction

Carrier concentration

[nm] [ [cm™]
InGaN-1 200-300 0.01 5.1x10"
InGaN-2 200-300 0.1 6.4x10"
InGaN-3 200-300 0.3 6.5x10"
InN 300 1 4.4x10"
Table 2-4: List of the studied InGaN samples
200-300nm InGaN T
2um i-GaN 2um i-GaN 2um i-GaN

200nm GaN coalescence

200nm GaN coalescence

200nm GaN coalescence

35nm LT-GaN buffer

35nm LT-GaN buffer

35nm LT-GaN buffer

Sapphire Sapphire Sapphire

Figure 2.3: Structures of the GaN template (left) InGaN samples (middle) and InN sample (right)

An important aspect of MOCVD is its capability to grow I11-N alloys in a single apparatus, in
any sequence during a single deposition experiment, creating heterostructures with novel
physical properties (e. g. different doping levels for junctions or different material
compositions for multi-quantum-well structures). It means that we can grow multilayered
(ML) InGaN/GaN structures. This is very interesting as we have established in paragraph
1.2.4.4 that a strained film can accommodate a higher In fraction than a relaxed one (see
Figure 1.8 (b)). By alternating thin layers of GaN and InGaN, we are therefore able to grow
InGaN films with higher In content and lower dislocation concentration densities (typically
from 10° cm™ to 10’ cm™) [10-11].
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Three samples were grown with several InGaN layers separated by 10 nm-thick GaN

interlayers and different In fractions:

Intended In fraction

Sample name Structure ]
InGaN-1-ML 3*130 nm 0.3
InGaN-2-ML 6 * 60 nm 0.3
InGaN-3-ML 6 * 60 nm 0.2

Table 2-5: List of the studied InGaN multilayer samples

Figure 2.4 represents the two structures used for the samples. Two 10 nm-thick layers with

lower In fractions are grown as transition layers between the GaN-on-sapphire template and
the first InGaN layer.

60nm InGaN

10nm GaN

60nm InGaN

10nm GaN

130nm InGaN 60nm InGaN
10nm GaN 10nm Gal
60nm InGaN

130nm InGaN 10nm GaN
10nm GaN 60nm InGaN
10nm GaN

130nm InGaN 60nm InGaN

© 2012 Tous droits réservés.
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10nm InGaN x=0.05

10nm InGaN x=0.05

2um i-GaN
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200nm GaN coalescence

200nm GaN coalescence

35nm LT-GaN buffer

35nm LT-GaN buffer

Sapphire

Sapphire

Figure 2.4: Structures of the studied InGaN multilayer samples
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2.2 Structure and composition characterization of InGaN thin

films

Due to the difficulties of growing Ill-nitrides, a thorough study of the grown layers is
necessary. Several studies of the InGaN growth by MOCVD have focused on specific aspects
such as surface morphology [12,13] or the rate and fraction of indium incorporation as a
function of the temperature [14,15], TMI flux [16] or H; flux [8], V/III ratio [17] and growth
rate [7].

High-resolution X-ray diffraction (XRD) [7,12,15,18], photoluminescence (PL) [7,16,19],
Rutherford backscattering spectrometry (RBS) [12], X-ray photoelectron spectroscopy (XPS)
[12] and secondary ion-mass spectrometry (SIMS) [20,21] have been employed in these
studies. The accurate determination of the InsGa;«N composition is usually not
straightforward, as compositional inhomogeneity and internal strain can cause discrepancies

between the measures and the actual values of the In fraction.

2.2.1 InGaN monolayer thin films characterization

2.2.1.1 Microscopy

The layer structure can be directly observed using cross-sectional scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Figure 2.5 and 2.6 show
respectively SEM and TEM pictures of the InGaN and InN samples. The thicknesses of the
GaN templates and InGaN layers are measured and reported in Table 2-6.

N——

InGaN:,.__

SEI 50KV X20,000 1um

Figure 2.5: SEM images of samples InGaN-1 (left) and InN (right)

33

© 2012 Tous droits réserveés. http://doc.univ-lille1 fr



Theése de Aurélien Gauthier-Brun, Lille 1, 2012
CHAPTER 3 OPTICAL CHARACTERIZATION OF INGAN THIN FILMS IN THE VISIBLE DOMAIN

Figure 2.6: TEM images of samples InGaN-1 (left), InGaN-2 (center) and InGaN-3 (right)

GaN layer thickness Top layer thickness
Sample name

[um] [nm]
InGaN-1 2.4 180
InGaN-2 2.2 190
InGaN-3 2.2 250
InN 16 350

Table 2-6: Layer thicknesses of the InGaN monolayer samples

The TEM pictures provide further information on the internal structure of the InGaN layers
by showing threading dislocations and v-pits. The v-pits are hexagonal pits often associated
with the growth of InGaN films by MOCVD. They have been identified and characterized
extensively on both thin films and single and multiple quantum well structures using TEM
[22-28] and atomic force microscopy (AFM) [23,26]. The defects present a six-sided inverted
pyramid with a measured inclination of 60° which suggests that the sidewalls are inclined to
the {1 0 -1 1} plane, as represented in Figure 2.7 [29]. Their average diameter increases with
thickness and has been found to be greater than 50 nm for bulk layers thicker than 100 nm
[23,26-28].
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(10-11) facets

(0001) surface

dislocation

Figure 2.7: Schematic view of a v-defect

Figure 2.8: TEM images of v-pits in sample InGaN-1 (left), InGaN-2 (center) and InGaN-3 (right)

Figure 2.8 shows more precise TEM images of the v-pits. Notably, we can observe the
intersection of a threading dislocation core with the apex of a defect. Each dislocation is not
necessarily related to a v-pit, but TEM pictures cannot be used to verify this: while we can
observe images of v-defects without an associated threading dislocation, it can be because the
dislocation core is in front of or behind the section examined by TEM. It’s also interesting to
note that the dislocation density in InGaN grown by MOCVD lies between 10® cm™ and 10%°
cm® while the density of the v-defects has been reported to be between 10° cm™ and 10° cm™
[25-27,30]. In our own AFM measurements (Figure 2.9), we can count a couple of dozens of

v-defects per square micron, i.e. a density of about 10’ cm™.
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Digital Instruments NanoScope
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Image Data Height
Data scale 16.00 nm

Figure 2.9: AFM picture of the v-defects on sample InGaN-1

The nucleation of a v-defect in the InGaN film is the result of complex interactions between
chemical inhomogeneity, strain due to the lattice mismatch with the GaN underlayer and
surface mediation by dislocation cores [27,30]. It is seen from a thermodynamic standpoint as
a way to release surface energy, strain energy and the termination of dislocation core energy
[29].

2.2.1.2 X-ray diffraction

The estimation of the In mole fraction from XRD spectra are based on the shift in planar
spacing associated with the substitution of an alloying element. ®-26 scans of the 0002
diffraction peaks were conducted on a PANalytical X’Pert PRO XRD with a Cu sealed anode

and a four-crystal monochromator with Ge(220) configuration.

According to Bragg’s law, constructive interferences occur when the path difference is an

integer of wavelength, as seen in Figure 2.10.
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1 n-A1=2d-sin (0) (2.4)

Figure 2.10: Conditions required for Bragg diffraction

n being the order of reflection, A the wavelength of the incident x-ray (A=1.5406 A for the
Cu-Ka line), d the interplanar spacing and 6 the Bragg angle [31]. The composition x can be
calculated by applying Vegard’s law, following a linear interpolation of the lattice parameter
with the pure binary alloys as end points and under the assumption that any increase in planar
spacing is isotropic throughout the solid:

— dmcaN—AGaN
= dinn—dGan (2:5)
dean and dinn are calculated with the values of ¢ given in Table 1-1 as c=2.d for (0002)

planes.

Data of the symmetric (0002) reflections are plotted in Figure 2.11 and measured values of x
are reported in Table 2-7. The position of the InGaN peaks shift to a lower angle with the
increase of x, indicating the expected increase in the c lattice constant [18]. The peak’s width
(through their measure full width at half maximum, or FWHM) broadens with x which

suggests an increase in the compositional inhomogeneity with films of higher In fraction [32].

It’s important to keep in mind that a single symmetric XRD measurement can only provide
one of the two lattice parameters of the material [31]. On- and off-axis scans are necessary to
extract the composition and strain of the films which both influence the position of the XRD
peaks [15,18,33]. In our case, we can assume that our samples are partially or fully relaxed as
we are well above the critical layer thickness, which makes the contribution of the strain less
important. Still, we should observe an overestimation of the compositions compared to results

from other methods due to this internal strain.
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Figure 2.11: (0002) XRD scans of samples InGaN-1 (black), InGaN-2 (red), InGaN-3 (blue) and InN

(green)

Sample name  Layer Peak position FWHM XRF) In Inten-ded In

[°] [°] fraction [ ] fraction [ ]
InGaN-1 InGaN 34.069 0.082 0.077 0.01
InGaN-2 InGaN 33.904 0.118 0.121 0.1
InGaN-3 InGaN 33.749 0.138 0.165 0.3
InN InGaN 33.671 0.140 0.187 0.3

InN 31.373 0.129 0.969 1

Table 2-7: XRD results for the InGaN monolayer samples

The measured values are quite different from the expected ones, higher for InGaN-1 and
InGaN-2, lower for InGaN-3 and InN. This goes to show the difficulty to estimate the indium
incorporation rate in a thin film grown by MOCVD. In our case, reaching In fraction superior
to 0.2 is limited by the maximum TMIn flux we can insert in the MOCVD reactor (400sccm).
Decreasing the TMGa flux to 3 sccm to maximize the In/Ga adatoms ratio only has a limited

influence as the primary factor remains the temperature. The width (FWHM) of the peaks
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increases with the indium fraction, suggesting a less homogeneous and/or more stress inside

the InGaN layers, yet no phase separation is observed.

2.2.1.3 Photoluminescence

We established in chapter one a relationship between the bandgap energy and the indium
fraction using Equations (1.1) and (1.2) so the measurement of the band gap of our samples
through photoluminescence (PL) provides us with another way to determine the composition
of InyGaz.xN thin films.

However, internal strain could have a strong influence on the measurements and skew our
results if not accounted for [34]. By using micro-PL, we focus the incident beam at the
surface of our samples where we expect the films to be relaxed, hence providing values of the

bandgap energy that can be directly related to the composition.

Room-temperature micro-PL spectra are collected using a 325 nm HeCd excitation laser for
the InGaN samples and 785 nm laser for InN and are reported in Figure 2.12. Intensities are
being normalized to clearly distinguish peak features. Without normalization, the peak
intensities are inversely proportional to emission wavelength. Estimation results using
Equations (1.1) and (1.2) are tabulated in Table 2-8.

60000 , . | . . 0 : T r T " 0

InGaN-2
InGaN-1 InGaN-3 InN

40000 —

20000

s A

400 600 800 1000 1200 1400 1600

Normalized PL intensity [a.u.]

Wavelength [nm]

Figure 2.12: Normalized room-temperature micro-PL emission spectra for samples InGaN-1 (black),
InGaN-2 (red), InGaN-3 (blue) and InN (green)
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Peak position Peak position FWHM Micro-PL In Intended In
Sample name ) )
[nm] [eV] [nm] fraction [ ] fraction [ ]
InGaN-1 410 3.02 18 0.03 0.01
InGaN-2 504 2.46 53 0.09 0.1
InGaN-3 579 2.14 59 0.14 0.3
InN 1540 0.81 114 0.96 1

Table 2-8: Micro-PL results for the InGaN monolayer samples

The values are slightly inferior compared to the results extracted from XRD characterization,
suggesting that the InGaN layers are not fully relaxed, at least until a certain depth. Sample
InGaN-1 exhibits a broad and weak peak between 500 nm and 600 nm, which has been
commonly reported for n-GaN in literature [19,35]. The origin of this yellow emission is still
under debate, with hypothesis including complexes of extended defects and point defects or
impurities [36-38], edge dislocations [39] and N vacancies [40].

The fringe appearance of the PL emission spectra of samples InGaN-2 and InGaN-3 is caused
by interferences of the multiple reflections of light between the reflecting surfaces (InGaN,
GaN and sapphire) known as Fabry-Pérot [41]. These resonant reflections are related to the
film thickness by:

d — 11'12
2:[A3n(A1)-21n(A2)]

(2.6)

where A; and A, correspond to the wavelengths of two successive interference peaks and n()
is the refractive index calculated using the first order Sellmeier dispersion equation given by:

B2

7’1(/1) = AZ +m

@.7)

with A, B and C being fitting parameters. As these factors have not been determined for
InGaN yet and as the GaN/InGaN film acts as one single interference layer, we use the fitting
values for GaN [42,43]. We determine thicknesses around 2.5 pum for both samples InGaN-2
and InGaN-3. These values determined from the Fabry-Pérot interference patterns are in good

agreement with the thicknesses determined by SEM and TEM measurements.
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Additionally, the peak width (FWHM) increases with the indium mole fraction, providing
further evidence that the homogeneity of the samples decreases with increasing indium

fraction.

2.2.1.4. Secondary ion-mass spectrometry

To validate our results, we conduct a series of time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) measurements. ToF-SIMS allows determination of chemical composition of
materials and the distribution of chemical species through the depth of the sample using a
pulsed primary ion beam to desorb and ionise atoms and molecules from the surface of the
sample. The resulting secondary ions are accelerated into a mass spectrometer, which
measures their “time-of-flight” from the sample surface to the detector to determine the mass
of the ions. Due to the different masses of each element, analysis of the mass spectrum allows
us to determine what elements are in the sample. Depth profiles are obtained when the sample

is gradually sputtered and mass spectra are measured from deeper and deeper layers.

As we do not have InGaN reference samples to calibrate the SIMS equipment, two samples
(InGaN-3 and InGaN-2-ML) were first sent out to Evans Analytical Group (EAG) Labs for
analysis. These data are used as reference for the rest of our own measurements. Figures 2.13
and 2.14 present the SIMS data for InGaN and InN samples, respectively.
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Figure 2.13: SIMS profiles of samples InGaN-1 (black), InGaN-2 (red) and InGaN-3 (blue)
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In Figure 2.13, gallium fractions are in the top half of the graph and indium fractions in the
bottom half. The dashed line represents the data provided by EAG and according to which we
calibrate our measurements (solid lines). The samples InGaN-1 and InGaN-2 present flat
profiles, which confirms the steady, homogeneous incorporation of indium in the InGaN
layer. The indium fraction for sample InGaN-3 is not constant and varies between 0.109 and
0.144, meaning that the incorporation of In was more efficient in the later part of the growth
process and that the upper part of the InGaN layer is richer in indium than the lower one. The
SIMS study also provides indication on the depth of the layers, which confirms the

observation that were initially carried out through SEM and TEM (section 2.2.1.1)

1.0 N B B T T__-t---F

Ga, In atomic fractions [ ]

0 50 100 150 200 250 300 350 400
Depth [nm]

Figure 2.14: SIMS profile of the InN sample for In (solid) and Ga (dashed)

Figure 2.14 reveals that the InN sample is in fact an InGaN sample with a high In content.
Only the top-50 nm of the thin film possesses an indium fraction superior to 0.9, which is in
good agreement with the values we obtained from the micro-PL. The fraction then diminishes
to 0.75 then brutally drops to 0.5 and slowly decreases until it reaches 0, showing the

difficulty to grow InN.

Table 2-9 regroups the information we could gather from the SIMS study:
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sample name Top layer thickness SIMS In IntenQed In
[nm] fraction [ ] fraction [ ]

InGaN-1 250 0.07 0.01

InGaN-2 180 0.10 0.1

InGaN-3 180 0.11-0.14 0.3

InN 130 0.70-0.96 1

Table 2-9: SIMS results for the InGaN monolayer samples

2.2.1.5 Summary

Tables2-10 and 2-11 regroups the conclusions on the InGaN layers characteristics from each

method that we used:

Intended SEM/TEM Micro-PL SIMS

Sample GaN layer Top-layer GaN layer  Top-layer GaN +top-  Top-layer
name thickness  thickness  thickness  thickness layer thickness thickness

[um] [nm] [km] [nm] [um] [nm]
InGaN-1 2.0 200-300 2.4 180 - 250
InGaN-2 2.0 200-300 2.2 190 25 180
InGaN-3 2.0 200-300 2.2 250 25 180
InN 2.0 300 1.6 350 - 130

Table 2-10: Structures of the InGaN monolayer samples summary

Sample Intended In XRD In Micro-PL In SIMS In
name fraction [ ] fraction [ ] fraction [ ] fraction [ ]
InGaN-1 0.01 0.077 0.03 0.07
InGaN-2 0.1 0.121 0.09 0.10
InGaN-3 0.3 0.165 0.14 0.11-0.14
InN 1 0.969 0.96 0.70-0.96

Table 2-11: Composition of the InGaN monolayer samples summary

The values on film thicknesses are reasonably consistent in a range between SEM, TEM,
SIMS and micro-PL interference patterns. Composition values differ slightly from a study to
another but form a coherent set, although far from the expected indium fractions we hoped to

achieve in the first place.
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We’ve already established and can verify that anisotropic strain associated with lattice
mismatch and pseudomorphic growth of the films on the GaN-on-sapphire template leads to
an overestimation in the composition obtained from XRD (0002) scans. The values calculated
from room-temperature micro-PL are similar to the ones we determined through SIMS in the

top 50 nm and will be used as reference for the rest of the study.

2.2.2 InGaN multilayer thin films characterization

Incorporating high indium fractions in InGaN monolayers is a difficult task. We mentioned in
section 1.2.4.4 how strained InGaN films were able to accommodate higher indium content at
lower temperatures compared to their relaxed counterparts, so we use the MOCVD capability
to grow heterostructures in a sequenced single deposition operation to reach compositions
with more indium and better crystal quality. A study covering SEM, TEM, XRD, micro-PL
and SIMS is conducted on the multilayer samples InGaN-1-ML, InGaN-2-ML and InGaN-3-
ML.

2.2.2.1 Microscopy

GaN { InGaN

sapphire

InGaN
InGaN
GaN
GaN
sapphire S — - - -~~~ -
sapphire

Figure 2.15: SEM images of samples InGaN-1-ML (top center), InGaN-2-ML (bottom left) and
InGaN-3-ML (bottom right)
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Figure 2.15 shows SEM images of the three samples. The multilayer structure cannot be
observed but the total layer thickness of the InGaN layer appears to be consistent with the

cumulated thicknesses of the multiple layers of the structures.

The multilayer character of the samples only appears in the case of InGaN-3-ML under TEM
observation. We can count the 6 periods on Figure 2.16 and measure their average size to 65
nm. A v-pit and its associated threading dislocation are clearly displayed. The v-pit goes

through the top three InGaN layers and the dislocation through the bottom three ones.

Figure 2.16: TEM image of sample InGaN-3-ML

Table 2-12 presents the information we could extract from SEM and TEM study:

GaN layer thickness Multilayer structure
Sample name )
[um] thickness [nm]
InGaN-1-ML 2.3 410
InGaN-2-ML 2.5 420
InGaN-3-ML 2.0 390

Table 2-12: Layer thicknesses of the InGaN multilayer samples
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2.2.2.2 X-ray diffraction

Similarly to what is done with mono-lay samples, (0002) XRD reflection spectra are
examined to determine the composition of the InGaN layers. The curves plotted in Figure
2.17 are used to estimate the In fraction.
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Figure 2.17: (0002) XRD scans of samples InGaN-1-ML (black), InGaN-2-ML (red) and InGaN-3-
ML (blue)

Two approximations are made for the calculations related to determining the indium content

of the InGaN layers from the position of the XRD peaks:

e as we already mentioned, the strain inside the InGaN layers, still undetermined as we
only access to symmetric XRD measurements, results in an overestimation of the In
content. In the case of monolayer samples, this may only play a small role, but its
importance grows with structures closer to the critical layer thickness.

e the multilayer In,Ga; xN/GaN structure in each sample is considered as a single layer
of similar composition x. This means that we should obtain compositions slightly less

In-rich than they really are.

Table 2-13 presents the results from the calculations done with these assumptions. The

measured indium fractions indeed seem to be higher than in the case of the monolayer

samples, but further investigation is necessary to make sure that this is not related to the
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internal strain shifting the position of the peaks. FWHM is consistently higher than for

monolayer samples, which can be explained by higher In content and by strain, distorting

the lattice over a broader range.

Sample name Layer Peak poosition FWOHM XRI_D In Inten(_jed In
structure [°] [°] fraction [] fraction []
InGaN-1-ML 3 * 130 nm 33.692 0.292 0.256 0.3
InGaN-2-ML 6 * 60 nm 33.664 0.352 0.264 0.3
InGaN-3-ML 6 * 60 nm 33.966 0.354 0.171 0.2

2.2.2.3 Photoluminescence

Micro-PL measurements are reported on Figure 2.18 and Table 2-14.

Normalized PL intensity [a.u.]

25000

20000

15000

10000

5000

Table 2-13: XRD results for the InGaN multilayer samples

InGaN-1-ML

InGaN-2-ML

InGaN-3-ML

400 500 600 700 800

Wavelength [nm]

900

Figure 2.18: Normalized room-temperature micro-PL emission spectra for samples InGaN-1-ML

© 2012 Tous droits réservés.

(black), InGaN-2-ML (red) and InGaN-3-ML (blue)
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Pe_a_k Peak position FWHM Micro-PL In Intended In
Sample name  position v fracti fracti

[nm] [eV] [nm] raction [] raction []
InGaN-1-ML 669 1.85 167 0.23 0.3
InGaN-2-ML 655 1.88 199 0.21 0.3
InGaN-3-ML 647 1.92 104 0.18 0.2

Table 2-14: Micro-PL results for the InGaN multilayer samples

The compositions given by micro-PL are inferior to the ones provided by XRD except for
sample InGaN-3-ML. This discrepancy can be explained by the fact that the micro-PL
experiment only interacts with the surface of the samples. We don’t have any evidence of a
multilayer structure for samples InGaN-1-ML and InGaN-2-ML so we can expect similar
comparisons as with monolayer samples. For the InGaN-3-ML sample however, clear InGaN
multiple layers can be observed in TEM images (see Figure 2.16). A possible explanation is
that micro-PL measures the indium fraction in the top InGaN layer, while XRD accounts for

the GaN interlayers too.

If we try to use the interference fringes and Equations (2.6) and (2.7) to measure the size of
the Fabry-Pérot cavity, we obtain thicknesses of 2.7 pum, 2.8 um and 2.6 pm for sample
InGaN-1-ML, InGaN-2-ML and InGaN-3-ML respectively. These values are in agreement
with the added GaN and InGaN thicknesses determined by SEM and TEM.

2.2.2.4 Secondary ion-mass spectrometry

As for monolayer samples, a sample (InGaN-2-ML) was first characterized through SIMS by
EAG labs to provide a benchmark and a reference point for the rest of our analysis. The
samples are all analyzed at IMRE and results are displayed in Figure 2.19. Gallium fractions
are reported in the upper half, indium ones in the lower half. Table 2-15 gives tabulated

results of the study.
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Figure 2.19: SIMS profiles of samples InGaN-1-ML (black), InGaN-2-ML (red) and InGaN-3-ML

(blue)
Sample name Top layer thickness SIMS In Intended In
[nm] fraction [ ] fraction [ ]
InGaN-1-ML 400 0.12-0.17 0.3
InGaN-2-ML 400 0.11-0.17 0.3
InGaN-3-ML 370 0.09-0.12 0.2

Table 2-15: SIMS results for the InGaN multilayer samples

The obtained indium contents are once again much lower than the expected ones, by a factor

around 2, as we could already observe for sample InGaN-3 in the monolayer samples’ study.

The multilayer structure doesn’t improve the stability of the composition with depth as well

compared to the InGaN-3 sample. Sample InGaN-2-ML shows a more flat profile, due to its

lower indium fraction.

As seen in SEM and TEM images and suggested by XRD and micro-PL studies, no sign of

multilayer structure is found for samples InGaN-1-ML and InGaN-2-ML. The depth

precision of the SIMS measurements is 3 nm so even a 10 nm-interlayer should show up on

the depth profiles if it existed, as it does for sample InGaN-3-ML. It’s not surprising that the

© 2012 Tous droits réservés.
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GaN interlayers are not displayed as only containing Ga in the SIMS profile: the growth
process has already shown how difficult abrupt transitions are to realize for the InN sample,
on top of which the ToF-SIMS adds its own special resolution issues. The average period of

the structure is around 80 nm, slightly more than the expected value of 70 nm.

2.2.2.5 Summary

Tables 2-16 and 2-17 gather the results we obtained for the InGaN multilayer samples from

the different studies for layer structure and composition respectively:

Intended SEM/TEM Micro-PL SIMS
Sample GaN layer Multilayer GaN layer Multilayer GaN + multilayer
name thickness  thickness  thickness  thickness multilayer thickness
[um] [nm] [um] [nm] thickness [um] [nm]
InGaN-1-ML 2.0 430 2.3 410 2.7 400
InGaN-2-ML 2.0 430 2.5 420 2.8 400
InGaN-3-ML 2.0 430 2.0 390 2.6 370

Table 2-16: Structures of the InGaN multilayer samples summary

Sample Intended In XRD In Micro-PL In  SIMS In
name fraction[] fraction[] fraction[] fraction][]
InGaN-1-ML 0.3 0.256 0.23 0.12-0.17
InGaN-2-ML 0.3 0.264 0.21 0.11-0.17
InGaN-3-ML 0.2 0.171 0.18 0.09-0.12

Table 2-17: Composition of the InGaN multilayer samples summary

While we can only observe the size of each layer in the multistructure with TEM or SIMS,
we can still observe total size of the InGaN/GaN heterostructures. Measured values form a
coherent group and are in good agreement with the intended numbers, except for the double
GaN layer that was grown in the template of sample InGaN-1-ML.

Observations reveal that a multilayer structure was only clearly achieved in the case of
sample InGaN-3-ML. Samples InGaN-1-ML and InGaN-2-ML look to be only composed of
a single InGaN layer with indium content fluctuations similar to a monolayer sample having

the same intended composition. Broader XRD and micro-PL peaks reveal the presence of
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internal stress that is also the reason for the overestimation in indium contents obtained

through these indirect methods compared to SIMS study [44].

2.2.3 Structures and compositions summary

We’ve lead in this second chapter the characterization of InGaN single layers and multilayer
structures grown by MOCVD. SEM, TEM, AFM, XRD, micro-PL and SIMS were used to

determine the structures and composition of the samples. This step is decisive as we must

know precisely how the studied samples are structured and how much indium the InGaN

layers contain for the following optical parameter characterization. Ultimately, we decide to

only work with the monolayer set of samples with the following values:

GaN layer thickness Top layer thickness In fraction
Sample name
[nm] [nm] [
InGaN-1 2.4 250 0.07
InGaN-2 2.2 180 0.10
InGaN-3 2.2 180 0.14
InN 1.6 130 0.96

Table 2-18: Structure and composition of the samples used for the rest of this study

These samples will be optically characterized in the visible and terahertz frequency domains

in Chapters 3 and 4 respectively.

© 2012 Tous droits réservés.
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As a key-parameter describing the interaction of light with a material, the optical index in the
visible range (350 nm to 750 nm) is at the heart of the optical characterization. From InGaN-
based high-performance device application point of view, a detailed knowledge of this
property is crucial. In literature, Anani et al. theoretically determined the index dispersion
from bandgap calculation [1], showing a hyperbola tendency for wide indium content.
Sanford et al. reported the refractive index evolution for InyGa;«N samples for a narrow
range of In content x=0 to 0.07 [2]. Goldham et al. used a parametric dielectric function
model to obtain refractive indices and extinction coefficients for two cubic In,Ga;.xN samples
with x=0.02 and 0.07 [3]. Due to the difficulty to grow thin films with higher indium
fractions, very little to no experimental information exist for In compositions above 0.07, a

void this chapter hopes to narrow.

There are a number of direct and indirect methods to determine the refractive index of a
material, and our initial effort was focused on prism coupling, a method well-known and
established within IEMN. This technique observes the evanescent coupling of light through a
prism to excite one by one the different guided modes of the incident beam in a wave-guide
formed by the film we want to characterize [4]. Figure 3.1 shows the principle of this

experiment.

TiO, prism

Reflected
intensity

lncide,, 20° 10° 0° -10° -20° 6

guided wave

air 7 \/\(7\/ } thin film

Figure 3.1: Principle diagram of the prism coupling technique

By measuring the reflected intensity versus the angle of incidence 0, we draw the guided-
mode spectrum of the material. The reflectivity dips observed at certain angles correspond to
the excitation of guided modes in the film structure. Sharp and distinguishable mode lines are
detected and indicated the optical quality of this film. From the knowledge of the 6 angle for
modes along different polarization, we can compute the corresponding effective mode indices
N, according to:
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N, =n, -sin [Ap + arcsin (W) ] (3.1)

T
where ny is the refractive index of the prism, 0 is the angle of incidence and A, is the prism
angle with respect to the normal. From the experimental values of effective indices Ny, and
using the calculation procedure reported by Ulrich et al. [5], the refractive indices of the

films and the thickness have been determined simultaneously.

Figure 3.2 displays the reflection spectra for an incident beam along different polarization
axes with a wavelength of 1.539 um for the GaN-on-sapphire template we introduced in the
previous chapter [6]. We can observe the different guided modes of the thin film and, by
reproducing this experiment at multiple wavelength, we obtain a good idea of the dispersion
of the refraction index of the material. Correlation with literature [7,8] proves that our values

are accurate and that the template crystal quality is good.

500 T T T T T T T T T T N T N T T
R R 2.60 + Prism coupling measurements |
| p polarization : - - - - Pezzagna et al. (2008)
—-= Chowdhury ef al. (2003)
— 400 [ 4 255 4
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Figure 3.2: Reflection spectra at 1539 nm for polatizations s and p (left); dispersion of the refraction
index as a function of wavelength measured by prism coupling and comparison to literature (right)

A major caveat of prism coupling is that it can only characterize thin films whose thickness is
larger than the longest wavelength used for measurement. While this is the case for the GaN-
on-sapphire template that is 2 pm-thick, it is not for our InGaN samples whose top layer
measure only between 130 nm and 250 nm. Existing models also limit the use of this
technique to samples with a single or dual layer structure. It’s for these reasons that we

further focused our investigations on ellipsometry.
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3.1 The ellipsometry optical characterization method

Ellipsometry is a technique based on measuring the modification of the polarization state of a
polarized light beam after its reflection on a plane surface, as described on the diagram of

Figure 3.3.

Light source Detector

Polarizer Analyzer

Sample

Figure 3.3: Principle diagram of the ellipsometry technique

It is not a direct method that allows to determine the optical index of a material. Instead, a
numerical model is used to try and simulate the same experiment to make the result fit the

experimental values.

3.1.1 Interaction of an electromagnetic wave with a medium

3.1.1.1 Propagation of an electromagnetic wave through a medium [9,10]

Light is an electromagnetic wave that is described by four vector fields: the electric field E,

the electric displacement field D, the magnetic field H and the magnetic induction B. These
four vectors are related to each other by the Maxwell’s equations. For a non-magnetic and

electrically neutral material, these equations are:

divD =0 (3.2)
= o8
rotE = T (3.3
divB=0 (3.4)
= . 8D
rotH =]+ ke (3.5)
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7 represents the current density in the medium (including free and bound current). The D and

B vectors are linked to the other fields by:

Bze-ﬁzeo-ﬁ+ﬁ (3.6)
B=u,-H (3.7)
with € being the dielectric constant of the medium, &y the permittivity of free space, o the

permeability of free space and P the polarization density of the medium.

By applying the rotational operator to Equation (3.3) and introducing Equation (3.5), we
obtain the propagation equation of the electric field in a non-magnetic and electrically neutral

medium. If there is no current in the material (j = 0), this equation becomes:

d%E a%p

grad divE — V2E + py - & - 2 = —Ho 5z (3.8)

For an isotropic and homogeneous medium, the dielectric constant ¢ is a constant and:
divD=0=¢-divE = 0= divE =0 (3.9)

And Equation (3.8) provides:

d02E 2P

VZE =Ug" & F+y0 F (310)

A solution to Equation (3.10) for a plane electromagnetic wave can be expressed as:
E =E, - el(wt-k7) (3.11)

where Ej is the amplitude of the E field, o the angular frequency, k the wave vector and Z the

direction of propagation of the plane wave in an orthonormal basis.

The propagation equation can then be written as:

V2E = —py - w? - er(w)* E (3.12)
with the total dielectric or dielectric function of the medium being e(w) = ¢y — i 0(w)/w,

where o(w) is the conductivity of the medium.

This Equation (3.12) is the propagation equation of an electromagnetic wave E =

E, - e/@t=¥2) jn a non-magnetic, electrically neutral, homogeneous, isotropic medium in the

absence of current circulation.
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We define the propagation speed v of the electromagnetic wave in this medium as:

o=t (3.13)

It can also be written as:

_ 1 _ 1 _
V= Thoe@) Jioee @) ~ Nw) (3.14)

w
€0

introducing the complex optical index of the medium N(w):
N(@) = np(@) =i nyw) = [*2 (3.15)
0

n, and n; are the real and imaginary optical indices of the medium respectively.

The complex optical index compares the propagation speed of the wave in a medium v with
the one of a wave in free space c. Due to the interactions of the wave with the medium, its
propagation speed in lower than in free space. This complex optical index is the square root

of the relative permittivity (o) of the medium.

The general solution to Equation (3.12) can be expressed as function of the complex optical

index as:

-

E=E, e tkZ. plot —_F . pl@t=gma) =iz (3.16)
The first exponential term represents the propagation of a wave at a c/n, speed in the

direction z. The second exponential term expresses the wave attenuation due to interactions

with the medium.

The propagation of an electromagnetic wave in a medium can therefore be fully described by

the complex optical index N(w) of this medium.

By solving Equation (3.10) for the vector field E and its equivalent for H and with Maxwell’s

equations (3.2) to (3.5), we can conclude that:

e The E and H vectors are perpendicular to the propagation direction z, i.e. in the (X,y)
plane

e The amplitudes of these two fields display a constant ratio, such as:

(3.17)
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Er
H, = —\/#:()Ex (3.18)

As we have already explained that there is a constant relation between Eand D (Equation

(3.6)) and Band H (Equation (3.7)), we can fully describe an electromagnetic wave with its

electric field E alone.

3.1.1.2 Propagation of a polarized electromagnetic wave [9,11]
An electromagnetic wave is modified by interacting with a medium. If we only consider the
intensity | of E field, which is proportional to |l770| these modifications only appear in the

variations of the intensity. Considering the amplitude of the E field on the other hand displays
much more complex modifications that require complex modeling, because of the

polarization properties of the electromagnetic waves.

A light wave is said to be unpolarized when the temporal observation of its E field in a fixed
point reveals a random behavior. If it’s not random and the wave can be regarded as a

monochromatic plane wave, it’s called a totally polarized.

The electric field of a plane wave propagating along the z direction can be decomposed
following the x and y axes:
E(z,t) =E (z,t) -+ E,(zt) -y (3.19)
For a monochromatic wave, the components are given by:
Ey(z,t) = Egx(2) - cos(w - t + &) (3.20)
Ey(z,t) = Egy(2) - cos(w - t + &) (3.21)
where Eox(z) and Eqy(z), dx and Jy are the amplitudes and the phases of the electric field

vector along the x and y axes, respectively.

The most generic polarization type of a wave is the elliptic polarization represented in Figure

3.4. If we omit the z and t variables for more clarity, the components are written:

E, =Ey,cos(w-t+6,) (3.22)
Ey, = Egy - cos(w-t+ 6, +¢€) (3.23)

€ is the phase difference between the two components.
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Figure 3.4: Elliptical polarization diagram

The trajectory of the extremity of the E vector is obtained by combining Equations (3.22) and
(3.23) to eliminate the t parameter:
Ey E

(—) +(—y) —Z-E—"-—y-cose=sinze (3.24)

Eox Eqy
This is the equation of an ellipse, which means that at a fixed point, the extremity of the E
vector describes during the time an ellipse in the plan perpendicular to the propagation
direction of the light wave. This is the polarization state of a polarized light wave after

reflecting on a sample.

3.1.1.3 Interaction of an electromagnetic wave with a sample [12]

When an electromagnetic wave is sent on a sample, a part of the wave is reflected and
another part can be transmitted. Analyzing the modifications of the incident wave through
reflection of transmission allows us to determine properties of the said sample. As we saw in
section 3.1.1.1, these are fully described by the sample’s complex optical index. This means
that the observation of the modifications of an incident electromagnetic wave can provide us
with a full characterization of the sample. In the case of ellipsometry, we focus our attention

on the amplitude of the incident wave.

We consider an electromagnetic wave on a sample. It can be fully described by its electrical

field E(z,t) where t is the time variable and Z the propagation direction of the incident wave.

We decompose the electric field into a p component (parallel to the incident plane formed by
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Z and the normal direction of the sample’s surface) and § component (perpendicular to the

incident plane), as showed on Figure 3.5:

E(zt) = E,(z,t) D+ Es(zt) 5 (3.25)

Figure 3.5: Definition of the reflected and transmitted electric fields for a sample

For a plane sinusoidal monochromatic wave, the E, and E; components are written:

E, = |E,|e" @ (3.26)
Eg = |Eg|e"@ttes) (3.27)

where |Ep|, ¢p, |Es|, s are the amplitudes and phases of the p and s components respectively

and o is the angular frequency of the wave.

When considering the electric fields of the incident, reflected and transmitted waves Ei E,

and E;, we can similarly write:

—

El'(Z, t) = El'p(Z, t) - 2_9) + EiS(ZI t) 'g (328)

—

E.(z,t) = E;,(2,t) "D+ E.s(z,t) -3 (3.29)

wi

Ef(zt) =Ey(z,t) P+ Ey(zt)- (3.30)
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The components of each electric field are described by its amplitude and its phase. We define
r, and r as the complex reflection coefficients for the p and § components:
_ Ero _ Bl iorp=0ip) = |- | . pibr
" T e, T Byl ¢ PP = |r,| - e (3.31)

e = Ers _ 1Ers| el (Prs—@is) — (AR eldrs (3.32)
Eis  |Eisl

with |rp| and |rs| the amplitude attenuations and &y, and & the phase differences due to
reflection. We similarly define the complex transmission coefficients for the p and §

components t, and ts:

Etp _ |Eenl  iorm—0ip) is
t. = —L =P ol @p=Pip) — |t |+ elOtp 3.33
P Ep  |Egl | p| (3.33)
Ets |Ets| I(Qrs—Pis) id
=5 = 25 ol Pts=Pis) = |t | - elOts 3.34
Eis |Eis| | Sl ( )

t,| and |ts| are the amplitude attenuations and &y and & the phase differences due to

transmission.

While it’s impossible to obtain the absolute phase of the electric fields, we can measure their
phase difference; we can therefore define the complex reflection factor p:
— o = el elBrp=8rs) = tan @ - 4 (3.35)
Ts |7s]
where tan W represents the attenuation ratio of the two components of the electric field due to

the reflection and A is the phase difference between the two components due to the reflection.

To obtain homogeneous values and as the phase difference A is an angle, we express the
amplitudes attenuation ratio as the tangent of another angle, W. The angles (A,¥) are

measured by ellipsometry.

3.1.2 Modeling the optical response of a thin film on a substrate

We detailed in section 3.1.1.3 the phenomenological aspect of the interaction of an
electromagnetic wave with a medium. We now present the model used to predict the optical
behavior of a thin film deposited on a substrate that allows us to calculate theoretical values
of (A,¥) from the physical properties of the thin film. We proved in paragraph 3.1.1.1 that
these properties are contained within the complex optical index N for a homogeneous and
isotropic medium. Said index can still vary within the sample due to the composition (related
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to the indium incorporation in the GaN material) as well as the microstructure of the layer

(thickness, roughness, interface).

3.1.2.1 Physical principle

In the optical domain, the interaction between an electromagnetic wave and a medium is
generally considered from a macroscopic standpoint, without taking into account the discrete
nature of matter. This interaction is calculated by solving the Maxwell’s equations, as
exposed in section 3.1.1.1. In the case of a homogeneous and smooth material, this resolution

leads to the Fresnel theory of light reflection and transmission [13].

Physically, the interaction is interpreted as the diffraction of the incident wave by the
electrons of each atom of the material, i.e. an interaction at the microscopic level. This
calculation, although simple for an atom, becomes extremely complex when it comes to
determining the global effect of the diffraction of all the electrons of all the atoms of a
sample. This approach can only be solved in the case of periodically disposed atoms for the
material [14] (i.e. crystals) and the reflection and transmission represent the collective result
of the diffraction of the wave by the atoms of the sample.

The equivalence between the microscopic (diffraction) and macroscopic (Fresnel’s theory)
approaches has been demonstrated [15-17] and studies show that both methods give similar
results [18].

We’ve established (Equation (3.16)) that the only macroscopic parameter characterizing the
behavior of an electromagnetic wave in a medium is the evolution of its complex optical

index as a function of the wavelength (w) = n(w) — i - k(w) :

E= EO ] ei(w-t—?-n(w)-Z) . e—?-k(w)-z (3.36)

3.1.2.2 Ideal thin films

a) Interface between two mediums [12]

We consider the propagation of an electromagnetic wave through a plane interface between

two homogeneous and isotropic mediums, as shown in Figure 3.6.
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normal

medium 0 0, 0,

interface

medium 1

Figure 3.6: Reflection and transmission at an interface

The upper medium, noted 0, is characterized by a complex optical index N, = ny, — i - k, and
the lower one, noted 1, by an index N; =n; —i-k;. The index change is supposed

discontinuous at the interface.

At this interface, a part of the electromagnetic wave is being reflected and another part is
transmitted. The boundary conditions at the interface for the components of the electric field
E and the magnetic field H that are parallel to this interface require them to vary continuously
on either of its sides. These conditions make the resolution of the Maxwell’s equations

possible in the mediums 0 and 1 and lead us to several conclusions [9-11]:

e The incident, reflected and transmitted beams are all in the same plane, called the
incident plane. It also contains the normal to the surface.

e 0o, 09’ and 0; are the respective angles of incidence, reflection and transmission of the
electromagnetic wave and are measured from the normal to the interface. These

angles are related with each other through Snell-Descartes law:

6, = 6, (3.37)
No-sinfy = N;-sinfq (3.38)

e If the electric field of the incident beam is linearly polarized along the parallel (or
perpendicular) direction to the plane of incidence, the reflected and transmitted fields
will stay polarized along the same direction. It’s because of this property that we
decompose fields into the p and s components, as we can then work on either of these
independently later on.

e We call (Eip, Eis), (Erp,Ers) and (Eyp,Ets) the complex amplitudes of the electric fields of

the incident, reflected and transmitted waves. The boundary conditions lead to the
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following values for the amplitude ratios of the different components of the beams

(Equations (3.30) to (3.33)):

E
r, = =
p Egp
re =

Ey
t :_p:
p Eg
tS:&_

Eis

o

Ers _

Eis

N1-cos6y—Ngy-cos 6

Np-cosB8y+Ng-cos by

Ny -cos6y—N1-cos8q
No-cos6p+N1-cos b,

2:Ngy-cos 6y

Ny-cosB8p+Ng-cos b,

2:Ny-cos b6y
No-cos6p+N1-cos by

(3.39)

(3.40)

(3.41)

(3.42)

The complex reflection (rp, rs) and transmission (t,, ts) coefficients for polarizations p and s

are also called Fresnel’s coefficients.

b) Thin film on a semi-infinite substrate [12]

We consider now the case of the reflection and transmission of polarized light on a substrate

covered with a thin film, as represented in Figure 3.7. The three mediums (ambiance, film

and substrate) are homogeneous, isotropic and separated by smooth interfaces that are

parallel with each other.

ambiance (0)

film (1)

\ \ substrat (2)

Figure 3.7: Reflection and transmission in a thin film on a substrate

We can observe that the incident light goes through a succession of reflections and

transmissions at the different interfaces. The global reflection and transmission is the infinite

sum of these elementary reflections and transmissions. We define for the p component the

complex reflection and transmission coefficients as follows:

© 2012 Tous droits réservés.
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* 1oy IS the complex reflection coefficient from the ambiance (0) to the film (1)
* Ty IS the complex reflection coefficient from the film (1) to the ambiance (0)
® ryy IS the complex reflection coefficient from the film (1) to the substrate (2)
* 11y is the complex reflection coefficient from the substrate (2) to the film (1)
e to1p is the complex transmission coefficient from the ambiance (0) to the film (1)
e tigp is the complex transmission coefficient from the film (1) to the ambiance (0)
ety is the complex transmission coefficient from the film (1) to the substrate (2)

e 1y, is the complex transmission coefficient from the substrate (2) to the film (1)

Each of these coefficients is calculated using Equations (3.39) to (3.42) at the relevant

interface.

Each time a beam goes through the film, its phase is shifted of B, with:

p=2-m-L-N; - cose, (3.43)
where d is the film thickness.
With N, N; and N, the complex optical indices of the ambiance, the film and the substrate,
we use the Snell-Descartes law to obtain the angles of incidence:

Ny - sinfy = Ny -sinf; = N, -sin6, (3.44)

The global reflection coefficient can be written as:

T

— . . L p—i2 . . i 3
g =To1 T tor1 tio T2 € Pty tigrmo rh-e P+

—i-2
_ T01p+1‘12p‘€ B

PI ™ Targryrigyet2P (3.45)
The global transmission coefficient is obtained similarly:
tpg = tor " tiz € ™F +tor iz 1o Tp eI 4o
t01p+t12p-e_i'ﬁ
tpg = 1471y T1ap e~ 2F (3.46)
Equations (3.45) and (3.46) can be transposed to the s polarization case, and:
_ rors+rizse 2P
Tsg = 1+7g15T125€ ~02F (3.47)
t = torsttiose P 3.48
sg — 1+T01S'T125'€_i'2'5 ( . )
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The (rpg, rsg, tog, tsg) coefficients are the global complex reflection and transmission

coefficients for the ambiance-film-substrate system.
c) Stack of thin films on a semi-infinite substrate [12]

Adding multiple reflections inside a film quickly becomes impossible if the number of layers

in the system increases. In this case, we have to use a matrix method.

A stack of m thin films is represented in Figure 3.8. The films are indexed from 1 to m, 0 is
assigned to the ambiance and m+1 to the substrate. We still suppose that all the interfaces are
smooth and parallel with discrete index changes, that the ambiance and the substrate are

semi-infinite.

ambiance (0)

film 1 (1)
film j (j)
Bm
film m (m)
substrat (m+1)
em+1

Figure 3.8: Reflection and transmission in a stack of thin films

This method is based on the principle that the interactions at an interface and inside a film are
independent. We will lead the calculations for the p component but they are applicable to the

s component as well, as we saw in the previous cases.
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At each interface, the light wave is subject to reflection and transmission phenomena. We’ve
already established that the relations between the electric fields on either side of the interface
only depend on the complex reflection and transmission coefficients according to Equations
(3.39) to (3.42). This can be translated into the matrix form:

L)

[Zﬂ - li j ' [E(;p] (3.49)

t

[E=N

p
This matrix is called interface matrix I. In the general scenario from a film i to a film j, it’s

written:

1 rijp

tjp  Lijp
lip = ry, 1 (3.50)

tijp  tip

where the r;; and t;; coefficients are defined using Equations (3.39) to (3.42).
Snell-Descartes law is still used to link the relevant angles:

Ng - sin6y = Ny -sinfy =+ =N;-sin6; == Ny *sinbp, = Nypyq - SinOpiq (3.51)

While going through a film, the wave is also shifted with a phase difference  as defined in
Equation (3.42), which leads to the definition of a layer matrix L. For the film j:

L. =

j [ei'ﬁj O] (3.52)

0 e
To obtain the global complex reflection and transmission coefficients, we now need to link
the electric fields in the ambiance and in the substrate. We define the diffusion matrix S of

the system:
Ey E, S11p S12p] [E
_g.[Ew] = [ ] [Eew 3.53
[Erp] [ 0 ] So1p  Sa2p [ 0 ] ( )

As the modifications of the electric field while going through the m films is only depending
on the interface and in-layer phenomena describes by the interface and layer matrices, S can

be written as the product of the I;; and L; in the order of the stack:

S=lo1 Ly Lip Ly I(j—l)j ’ Lj ’ Ij(j+1) 'L(j+1) et Im(m+1) ’ L(m+1) (3.54)
The global complex reflection and transmission coefficients for a structure of m films are a

function of only the diffusion matrix S and are determined by:
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E S

Thg = e _ 221p (3 55)
Eip Sllp
Ey 1

Equations (3.55) and (3.56) are also applicable for the s component of the electric field,

mutatis mutandis.

The global complex reflection and transmission coefficients are the fundamental quantities in
the characterization of the optical behavior of a material. These parameters are the ones that
are compared to experimental values measured by ellipsometry. The reflection factor defined
in section 3.1.1 is simply the ratio of the global complex coefficients for the two polarization
pands:
p="L=tany - e (3.57)
sg

d) Stack of thin films on a finite substrate [20,21]

The model we presented in the previous paragraph for a structure of m layers is only
applicable if the ambiance and the substrate are semi-infinite. It’s the case of the ambiance
(generally air) but it doesn’t always hold true for the substrate. A substrate material that is
sufficiently absorbing will ensure that there is no reflection on the back side of the substrate,
but if the substrate is transparent or insufficiently absorbing, we need to consider the

substrate as an extra layer that must be added to the structure.

As ellipsometry is a reflection technique, eliminating the reflection on the back side of the
substrate also provides a solution to not have to take into account the effect of a reflection

and consider the substrate semi-infinite.

3.1.2.3 Non-ideal thin films

Ideally, a thin film is modeled by a homogeneous film with a constant optical index at any
point of the layer, separated from the ambiance and the substrate by discrete and parallel
interfaces. In practice, the optical index can vary inside the film between the two interfaces
that are not necessarily smooth and immediate. The physical causes are generally related to
the growth process: variations in the crystal structure, variations of the composition,

roughness, etc.
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These non-ideal effects are separated into two categories, as depicted in Figure 3.9: non-
homogeneity for small variations of the index inside the film and interface phenomena for the

more important index variations due to the crossing from a medium to another.

ambiance
film
Ideal ambiance film substrate
film substrate
interface _ interface
ambiance \l, inhomogeneity l,
oA i apm : ' i :
srefim g ¥
Real ambiance !} ! [\ substrate
film substrate 0o h
Microstructure Optical index profile

Figure 3.9: Microstructure and index profile for ideal and real films

a) Non-homogeneity

Non-homogeneity is a volumic phenomenon due to the variation of the film’s optical index as
a function of the depth. Solving propagation equations for a medium with a non-
homogeneous index is not immediate and can be done using various approaches. Some
studies solve the Maxwell’s equations for a given index profile [13], others use the
perturbation theory assuming small variations around a mean value [22-25]. We use a
different method, decomposing the optical index profile into a stack of layers with constant

indices whose values follow the real profile index, as presented in Figure 3.10.
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Figure 3.10: Decomposition of a non-homogeneous optical index profile into homogeneous films

The advantage of this method is that it transforms a single film with non-homogeneous index
profile into a stack of films with homogeneous indices, which is the theoretical case we
detailed in section 3.1.2.2 c).

This method is only applicable if the film is decomposed in a stack with a sufficient number
of elementary layers. Studies find that decomposing a film in 0.8 nm-thick layers provides
simulation results that are close enough to the real measurement to make the approximation

stand.
b) Interface phenomena

There are two categories covered by non-ideal phenomena at the interfaces: roughness and

interface diffusion.

Roughness designates the non-planarity of the separation between two mediums, which is
characterized by the variation of the boundary between them around an average position (the
median plane). At each point of the interface, the crossing from a medium to the other is
discrete, only the position of the transition changes from a point of the surface to another. If
the variation of the interface position is large compared to the wavelength of an incident light
source, the beam is diffused in all the directions, not only in the specular direction of the
median plane. For a beam with a sufficient size, the reflection depends on the mean positions
of the illuminated surface, transforming the discrete index at the interface into a gradient of

index.

Interface diffusion on the other hand is related to two materials inter-diffusing in each other

at their interface, causing an index gradient along the normal direction [14,28]. We observe
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that, although these two phenomena are fundamentally different, they are equivalent from an

optical point of view, as displayed in Figure 3.11.

Ideal interface Rough interface Interface diffusion

medium 1
""" Mtssishene ' I—
medium 2

medium 1 medium 2 j j

H HE

Figure 3.11: Profile indices of a smooth and a rough interface; equivalence with interface diffusion

Roughness is quantified by the RMS roughness ¢ defined as the square root of the average of
the squared distance z; of each point to the median plane along the normal direction [29]:

o= |B=f (3.58)

As the distinction is not necessary, we will designate both phenomena as “roughness” in the
rest of this study. For ellipsometry, roughness is usually modeled by introducing inter-layers
composed of various compositions of the two mediums at the interface and using equations

from paragraph 3.1.2.2 c).

As a conclusion, Figure 3.12 presents the typical shape of an index profile used for modeling
the behavior of a thin film, considering the unique properties of InGaN materials, like rough

surface and diffusion, as well as In composition gradient inside the layer.

ambiance

T Y Y rougtmes

thin|film E
____________________________________________________ g R

- - o

inhomogeneity 3

/N interface =

101.112131415161.7 18192021

8 23 3|38

8

substrate refractionindex[]

Figure 3.12: Schematic representation and profile index of a non-ideal thin film on a substrate
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3.1.3 Measures analysis methodology

Realizing ellipsometry measurements for a sample provides experimental values of (A,V),
noted Aexp and Weyp, as a function of the wavelength. Using the formalism introduced in
section 3.1.2, it is possible to define a numerical model of the structure expressing theoretical
values of (A,¥), noted Ay, and Wy, as a function of the physical properties of the material and

of the experimental conditions.

3.1.3.1 Definition and determination of the parameters of the model

For a thin film deposited on a substrate, we can classify the parameters in three categories:

e Parameters depending on the experimental conditions, who are fixed during the
measuring operation:
- the wavelength of the light beam A
- the incidence angle of the light beam Al
e Parameters related to the properties of the sample:
- the ambiance complex optical index N,(4) = ng(1) —i - k4(1)
- the substrate complex optical index Ng(1) = ng(A) — i - ks(A)
- the complex optical index of each elementary sub-layer i used in the model N;(1) =
n;(A) — i k()

Na(A) and Ng(A) are usually known or can be independently determined. The Nj(A) are

unknown.

e Parameters defining the structure of the sample:
- the substrate thickness ds
- the thickness of the elementary sub-layers d
- a number of other parameters p for the different sub-layers of the model, such as

roughness, porosity, interface diffusion, etc.
The model we chose defines (f;,f,), the relations between (A,¥) and these parameters:

Aen (4, AL = f1(A, AL, Ny (A), Ns(2), ds, N; (1), d;, pr) (3.59)
Yin(4, Al = (A, Al Ny(1), Ng(1), ds, N; (1), d;, pr.) (3.60)

It is technically always possible to obtain at least as many parameters as independent
measurements, so that there is always a solution to this system. We can then solve the inverse
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problem to find out the parameters that lead to desired values of (A,). It is desirable to be in
the case of an overdetermined equation system to reduce the statistical error on

measurements.

Fitting (A, P) to (Aexp,Pexp) 1S accomplished by minimizing the following mean-square

deviation:

2 2
1 COS Apyyi—COS Agpy i tan¥eyi—tan Wy,
X = NP lZﬁvﬂ( L ) +Z§V=1< . - ) l (3.61)

ECOS Aexpi etan¥eyy;

where N is the number of data points, P is the number of model parameters to be determined,
oS Aexp; and tan W, ; are the measured cos A and tan W values while cos A, ; and tan Wy, ;

are their calculated values from the model. €A; and €V are the experimental errors in Aeyp |

and \Ilexp i

Minimization is performed using a modified version of the Levenberg-Marquardt algorithm
[29]. The closer 4 is to 1, the better the theoretical values of (A,¥), and with them the

parameters of the model, explain the measurements.

3.1.3.2 Regularization

The method for determining the different parameters of the model we introduced in the
previous paragraph is a typical mathematical inverse problem, which consists in determining
experimentally inaccessible causes from the observation and modeling of their effects. While
mathematically correct, this approach doesn’t account for the fact that several causes may
produce similar results. The current model we use defines n and k as the fitting parameters
for each wavelength, which results in a system with 2 x (number of wavelengths) variables
for each elementary sub-layer and solving the problem by minimizing the * provides noisy
results that sometimes don’t have a physical sense. For this reason we use a mathematical
technique called regularization that consists in adding constrains on our material so that we
can reduce the overall number of variables in our equation system [30,31]. In our case, we

work on the dielectric function model.

E=¢& —li"& (3.62)
There are many dielectric function models, and we need to select an appropriate model

according to the optical properties of the sample. For dielectric function modeling in a

transparent region (e; = 0), the Sellmeier or Cauchy models are used [32,33]. When there is
78

© 2012 Tous droits réserveés. http://doc.univ-lille1 fr



Theése de Aurélien Gauthier-Brun, Lille 1, 2012
CHAPTER 3 OPTICAL CHARACTERIZATION OF INGAN THIN FILMS IN THE VISIBLE DOMAIN

free-carrier absorption, the data analysis is generally performed using the Drude model [34].
To express the electric polarization in the visible/UV region, various models have been used,
including the Tauc—Lorentz dispersion law detailed by Jellison et al. in 1996 and widely
accepted and used since then [35]. It defines the imaginary part of the dielectric function for

photon energy above the band edge as:

A-EO-F-(E—Eg)Z

&2(E) = 2-n(E) - k(E) = E{(2-E2) +172?

-O(E — E,) (3.63)

where A and I represent the amplitude and broadening of the &;, Eq is the peak transition
energy and Eg is the bandgap energy. ®(E-Eg) is the Heavyside function (O(E) = 1 for
E>0and O(E) =0 for E < 0). The real part of the Tauc-Lorentz dielectric function is

obtained by performing a Kramers-Kronig integration of &,(E):

e1(E) = &1(0) + 2 [ e ds (3.64)

P stands for the Cauchy principal part of the integral and an additional parameter €;1(c0) has
been included. Normally, €1(c0) = 1, but it can be greater if there is a significant optical
transition at an energy greater than is sampled by the ellipsometer. The integral is exactly

evaluated by Jellison.

We can now reduce 2 x (number of wavelengths) variables with the parameterization to 4
fitting terms: A, T, Eq and E4. As any parametric law, it also provides much smoother index

dispersion.

3.2 Experimental study of InGaN thin films

The ellipsometry measurements are realized at IEMN on a HORIBA JOBIN YVON UVISEL
spectroscopic ellipsometer. It’s an automated ellipsometer that provides us with values of
(A,¥) in the visible and near-infrared domains, namely between 4.55 eV (~ 270 nm) and 0.75
eV (~ 1650 nm). The measurements are performed at an angle of incidence of 60°. The model
used to extract the optical indices, described in the previous paragraph, is developed by Eric
Dumont [29,36] in the framework of a collaboration with the University of Mons, Belgium

and is based on Jellison’s work [35,37].
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We first examine the GaN-on-sapphire template to compare the values with the ones we
obtained previously through prism coupling, and then measure the InGaN monolayer samples

we described in Chapter 2.

3.2.1 Experimental study of a GaN thin film

We start our analysis with a GaN sample to compare ellipsometric results with the ones we
obtained through prism coupling in Figure 3.2. The sample is composed of a 2 um-thick GaN

layer on top of the GaN-on-sapphire template we described earlier.

Figure 3.13 shows the values of cos(A) and tan(¥) measured by spectroscopic ellipsometry
and their best numerical fit through simulation. The agreement is excellent, suggesting that

the model provides an accurate representation of the GaN thin film.

0.20 ' H

0.15

cos(a) []
tan(¥) []

0.10

0.05

V

1.0 - .

I I I 1 1 I 0.00 1 1 L I !
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Wavelength [nm] Wavelength [nm]

Figure 3.13: Spectroscopic ellipsometry cos(4) (left) and tan(¥) (right) results showing the
experimental data (black plain lines) and the best numerical fit (red dotted line) for GaN

The corresponding values of the parameters and the Tauc-Lorentz model detailed in
paragraph 3.1.3.2 lead to the reconstruction of the refractive index n and extinction

coefficient k presented in Figures 3.14.
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Figure 3.14: Extracted values (red) of refractive index (left) and extinction coefficient (right) for GaN
with comparative results from prism coupling (blue) along s (plain) and p (dotted) polarizations

The values measured by prism coupling are slightly lower than the ellipsometry ones due the
void that exists in the structure. As the index of air is lower than the one of gallium nitride,
the average measurements are underestimated. Similarly, the difference between the values
measured along the p and s polarizations can be explained by the anisotropy of the material
structure. We made the approximation for ellipsometry that the layers were isotropic. The
refractive index difference between the ordinary and extraordinary values is around +0.03,

very close to the margin of error of ellipsometry for GaN, £0.02

If we compare these values with the ones reported in the literature and presented in Figure
3.2, the agreement is good, validating the model and method used. The low extinction
coefficient suggests the quasi-transparency of the sample, which can be observed de visu in
the visible range. Due to the Heavyside function in the Tauc-Lorentz model, k = 0 for

wavelengths above 568 nm.

The index profile that was used in the best numerical fit is shown on Figure 3.15 for
wavelengths of 458 nm and 633 nm. As we could expect from the index dispersion from
Figure 3.14, the index decreases with the wavelength. The roughness is represented using a
single elementary sub-layer while the interface diffusions can be observed at depth around
4.5 um. Voids and interface defects also appear at the junction of the GaN layer and the GaN-

on-sapphire template at 2.3 pum, as shown by the decreased index in the interfacial regions.
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Figure 3.15: Index profiles for the best numerical fits for GaN at 458 nm (black) and 633 nm (red)

3.2.2 Experimental study of InGaN thin films

Similar experiments were carried out for the InGaN-1, InGaN-2 and InGaN-3 samples (see
descriptions in chapter 2). We were not able to characterize the InN sample, which presents
too weak oscillations of (cos(A),tan('V)) and a structure that proves too difficult to model (due

to the uncertainty of the composition of the Ing3Gag 7N interlayer) to obtain reliable results.

The values of the ellipsometry measurements and the best numerical fit are displayed in

Figure 3.16 for sample InGaN-2.

0.2 |-

cos(A)
tan(¥)

0.1 -

0.4 1 I ! 0.0 I 1 1
400 500 600 700 400 500 600 700

Wavelength [nm] Wavelength [nm]

Figure 3.16: Spectroscopic ellipsometry cos(4) (left) and tan('P) (vight) results showing the
experimental data (black plain lines) and the best numerical fit (red dotted line) for InGaN
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The best fit is obtained for sample InGaN-1 with y* = 4.23 and the errors in the values for the
InGa;xN samples is £0.05 and +0.01 for the refractive index and extinction coefficient,
respectively. These optical indices are reported on Figure 3.17:

T T T T T T T T T

28 InGaN-1 1

0.3 ~

27 | -

InGaN-2

26 | B

InGaN-3

0.2 - -

25 |-

Refractive index []

0.1 .

Extinction coefficient [ ]

I 1 I L 1 1 0.0 Lt 1 . 1 . I " I
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400

Wavelength [nm] Wavelength [nm]

Figure 3.17: Extracted values of refractive index (left) and extinction coefficient (right) for samples
InGaN-1 (black), InGaN-2 (red), InGaN-3 (blue) and GaN (green)

The refractive indices of InGa;—N are larger than GaN over the frequency range between
400 nm and 1500 nm. Bandgap-related feature at ~ 400 nm (3 eV) is strongly pronounced in
all the In,Ga;—\N samples and is shifted to higher frequencies as compared to GaN, in

accordance with the micro-PL observations we made in paragraph 2.2.1.3.

The gap structure is broader in case of InGaN-3, possibly due to the increased alloy scattering
and small compositional fluctuations as explained earlier and also reported by Goldhahn et
al. [3] for cubic Ingp,GaggesN and Ingo7GagesN samples. The inhomogeneity in the InGaN-3
sample is also seen as a reason for the decrease in the refractive index as compared to InGaN-
1 and InGaN-2 as a higher In composition leads to higher v-pits density (as seen in the TEM
images from section 2.2.1.1). It’s also responsible for the Urbach tail observed in the
extinction coefficient spectra of InGaN-3, resulting in a lower refractive index value [38].
The Urbach tail can be attributed to a number of mechanisms including the presence of point
defects, disordered structure, excitonic transitions, or the presence of inhomogeneous strain in

the semiconductor [39].

The band gap values can also be determined in all the samples from the extinction coefficient
curve. The curves of InGa;—xN samples shift to the higher frequency (i.e. lower energy) side
as the indium composition increases, resulting in lower bandgap energy, in agreement with

the theoretical Equations of paragraph 1.1 and measurements of section 2.2.1.3.
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InGaN-1 and InGaN-2 show sharp turning points at 416 nm and 441 nm in the extinction
curve respectively while InGaN-3 sample has the broadest damping stretched to around 650
nm (Urbach tail). There is a slight discrepancy with the room temperature micro-PL spectra
reported in chapter 2, but values are pretty consistent and we can observe in both cases the

broad emission from 400 nm to 600 nm of the InGaN-3 sample.

The index profile, such as the InGaN-2 one displayed in Figure 3.18, provides further
information on the structure used in the numerical model. We deduce an InGaN layer
thickness of 175 nm and a GaN layer thickness of 2.27 um, to compare with 180 nm and 2.2
pm respectively, otherwise reported in chapter 2.

InGaN + air 19.5 nm, 27% of voids
26 |- 4

. 108.0 nm, 6% (top) to 0%
/—I h @ 458 nm 174.7 nm InGaN + air (bottoan of \/fo(idosf,)li:eaﬁ

? 24 \ i InGaN 47.2 nm, compact
E / n @633 nm \ M
Q
2
E 22 ] GaN 2163.0 nm, compact
2 2273.9 nm
y
o | "";;N":;;;"" 110.9 nm, 0% (top) to 12.8%

| (bottom) of voids, linear

I I I I I 4
0 500 1000 1500 2000 2500

Depth [nm]

sapphire

Figure 3.18: Index profiles for the best numerical fits (left) at 458 nm (black) and 633 nm (red) and
layer structure (right) for sample InGaN-2

In summary, the model developed to simulate the interaction of polarized light with a
medium has led us to determine the structural and optical properties of a set of GaN and
InGaN thin films. The results are coherent with the other characterization experiments
reported in chapter 2 and provide very valuable information as we extract the refractive index
and extinction coefficient by obtaining a best fit for the ellipsometric measurements. It is also
the first time that optical index is reported for In,Ga;.xN with x > 0.07, which constitutes a
significant progress in the development on the InGaN growth and characterization front. The
emergence of a line of InGaN-based optoelectronic components is still limited by the ability
of researchers to grow high-indium InGaN layers, but the methodology has proven its

reliability and can be used further on as new InGaN samples are fabricated.
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The terahertz (THz) frequency range lies from 0.3 THz to 10 THz, which corresponds to
wavelengths between 1 mm and 30 pm. First known as the far infrared range, it is an
exceptionally underused domain of the electromagnetic spectrum (also called the “THz gap”)
as electronic and optic approaches are not able to reach it. The frequency performances of
current transistors are limited by carrier transit times and capacitive effects while for lasers,
sub-millimeter and millimeter waves remain a challenge due to the small difference in energy

levels that are at play.

1 km 1m 1cm 1mm 1 um 1nm 1A
! ! 1 ! ! 1 ! ! ! 1 ! ! 1 !

1 |

10° 10* 10" 410® 4107 40* 40° 40% 100 16° 107 10° 40? 10% oM qo™
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1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1

10° 10 46" 10° 10 16" 10" 106" 16™ 46" 4106 A6™ 10% 40" 10" 10 416

Broadcast and wireless Microwave ETerahertz E IR [l uv X-ray Gamma

electronics optics

Figure 4.1: The "THz gap"

Nevertheless, THz radiations have a great number of potential applications in several
domains: high-resolution spectroscopy in physics (for study of electron dynamics, interaction
with phonons, impurities, etc.), in chemistry (gas detection, pollution and environment
control, study of chemical reactions), in astronomy (detection of gas, atoms and ionized
molecules), in telecommunications (wireless and broadband networks, short range networks,
radars), in industrial imaging (materials, devices and systems controlling), in medicine
(detection of caries, oncology), in biology (water detection, food industry) or in security
(detection of weapons and dangerous materials). Therefore the realization of devices able to
operate at these frequencies represents a great challenge. At present, the main bottleneck is
the lack of efficient sources and detectors and there is a huge international effort to develop
low-cost, reliable, compact and tunable sources, able to operate continuously at ambient (or
near-ambient) temperature and compatible with the standard technologies to achieve easy

integration in complex systems and circuits [1].

The IlI-nitride family is a very promising system, thanks to their many excellent electron
transport properties, such as good mobility and high saturation drift velocity [2-4] that could
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provide large amplitude of the transient current. In addition, the IlI-nitrides exhibit LO-
phonon energies around 90 meV, which means that the onset of thermally-activated LO-
phonon emission that leads to a breakdown in device performance in terahertz quantum
cascade lasers would occur at much higher temperature than in current GaAs-based models
and even suggest that room-temperature terahertz lasing may be feasible with IlI-nitrides

structures. [5-9]

As in the visible domain, the knowledge of the fundamental optical and electrical properties
of the material is a critical step. However, while there are some reports on the properties of
GaN at such high frequencies [10-13], it’s barely the case for InN [14] and literature on

InGaN properties in the THz range is still inexistent.

Terahertz time-domain spectroscopy (THz-TDS) is a powerful and fast technique to measure

the complex optical index of a material over a broad range of frequency.

4.1 The terahertz time-domain spectroscopy [15]

Terahertz time-domain spectroscopy is a non-destructive optoelectronic method for materials
studies over a wide range of frequency which extends from a few tens of gigahertz to a few
terahertz. It gives access to complex intrinsic parameters (refractive index, absorption,
permittivity, conductivity), of a variety of materials such as dielectrics [16], semiconductors
[17] and liquids [18]. It also allows following the dynamics of ultra-fast charge carriers in

semiconductors and carrier-phonon interactions [19].

The THz-TDS technique is based on recording the time dependence of the electric field of a
short electromagnetic pulse transmitted through a sample. Unlike common optical
spectroscopy, which only measures the intensity of light at specific frequencies, the THz-
TDS directly captures the electric field of the temporal THz wave and Fourier
transformations of this time-domain data provides the amplitude and phase of the pulse. The
ratio of the Fourier transforms of the signals collected with and without the sample yields the
complex transmission coefficient of the sample in the frequency domain, therefore providing
the real and imaginary parts of the optical index of the material, as well as its dielectric and

conductivity functions, avoiding the uncertainty caused by the Kramers-Kronig analysis [20].
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Figure 4.2 shows schematically the set-up for THz-TDS measurements; two temporal waves
are measured (Figure 4.3) with and without the sample, their characteristic electric fields are
noted Eo(t) and E;(t) respectively.
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Figure 4.3: THz signals without (black) and with (red) sample in the time (left) and frequency (right)
domains

The Fourier transformations of this time-domain data gives the amplitude and phase of the
THz wave pulses; their ratio provides the complex transmission coefficient of the sample
(Figure 4.4).
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Figure 4.4: Transmission (left) and phase shift (right) of the complex transmission coefficient, ratio of

the THz signals with and without a sample

4.1.1 Single layer

We have already defined the complex transmission and reflection coefficients in section

3.1.2.2 along with Huygens-Fresnel’s Equations (3.39) to (3.42). If we label 0 and 1 the terms

related to the ambiance and the sample respectively, we can write:

2N
tor =7~
N0+N1
2N

tio =75 +N
0 1
NN

T10 =

No+Nq

(4.1)

(4.2)

(4.3)

assuming a normal incidence, No and N; being the respective complex optical indices of the

ambiance and the sample.

For a d;-thick sample, we can define the time shift B and express the global complex

transmission coefficient tq as:
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T(w) and ®(w) are the power transmittance and relative phase shift that are measured through
THz-TDS.

It is not possible to determine directly the general solution to Equation (4.5) and thus infer the
optical index of the sample N, =n, —i-k,. Depending on the thickness of the sample

though, there are some cases when we can neglect the echoes inside the sample.

4.1.1.1 For optically thick samples

For an optically thick sample, we can separate the echoes, so it is possible to ignore the
Fabry-Perot effect. Equation (4.5) then becomes:

. w-d
tg = tOl " th . e_l. c 1'(N1_N0) (47)
ty =T (@) e @ = p(w) - e "*@) (4.8)

where p(o) and ®(w) are the amplitude and phase shift of the ratio between the sample and
the reference pulses. In the case of a material (such as sapphire [19]) with k; << n; and

ambient conditions where No = 1, we can further reduce these expressions and write:

-d . wd
dng _u.kl _l.“’_cl.(nl_l)

ty = i) e (4.9
S0:
() = 1. = (4.10)
PRO) =y '
D(w) =<2 (ny — 1) (4.11)
These equations can be analytically inversed and we can conclude that
_ ?(w)-c
n, =1+ i, (4.12)
c 4nq
ky=—-1In (4.13)

wdi  pw)(n+1)?

4.1.1.2 For optically thin samples

For optically thin samples, we must take the echoes into account and Equation (4.5) can only

be written as

L w-dq
—i (N1 —N
to1-tio-€ v c (N1-No)

g 1_r%0.e—i-2-ﬁ

t (4.14)
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There is no analytical way to separate the amplitude and the phase shift of this expression and
link directly Equation (4.14) to values of p(®w) and ®(w), we must use an approach similar to
the one described in Chapter 3 for ellipsometry, numerically modeling ty () as a function of

N1 and making it correlate with ty exp(®). The best fit will provide values for ni(®) and ki().

So long as we obtain the complex optical index of the sample, we can determine the complex

dielectric and conductivity functions, e(w) and o(w) respectively:

. o(w)

e(w) = N(w)? = g4, +

(4.15)

l
WEy

with g4 being the dielectric constant.

4.1.2 Thin film on a substrate

In the case of a thin film deposited on a substrate, we define three waves and their associated
electrical fields, as depicted in Figure 4.5: the reference signal Eq(w) without the sample, the
signal going through the substrate E;(w) and the signal through the whole sample E;(o)
including the substrate and the film. They are represented in time and frequency domains in
Figure 4.6.

Reference Substrate Substrate + film

(0) (1) (1)

Eq(t) Ei(t) Eq(t)

A
Y

4
A J

Figure 4.5: THz-TDS measurements necessary for the analysis of a thin film deposited on a substrate
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Figure 4.6: THz signals without any sample (black), with a substrate (red) and with a thin film on a

substrate (blue) in the time (left) and frequency (right) domains

The parameters of the substrate can be calculated using the method described in section 4.1.1.

We consider the substrate to be optically thick. We can write:

w-dl-Nl
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From Equations (4.18) and (4.19), we can finally conclude that:

Ey(w) t1p-tyo-e P2
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If we re-introduce the complex indices of the three mediums, we obtain:
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This Equation (4.21) is used to fit the ratio of the Fourier transforms of the signals through
the as-grown sample and through the sample, similarly to what is done in section 4.1.1.2.
Equation (4.15) provides the dielectric and conductivity functions.

From the conductivity function, it is then possible to extract values of the free carrier
concentration N and mobility p. We will see in the experimental study that the real part of the
conductivity is monotonically decreasing as the frequency increases while the imaginary part
increases. This frequency dependence is characteristic of Drude-like materials below the
plasma frequency [17,19]. The simple Drude model assumes that the velocity of the carriers
is relaxed with a single, energy-independent relaxation time 1o and the carriers scattering is
isotropic [20,21]. We thus fit the inferred conductivity using the simple Drude model that

establishes:

o(w) = —0 (4.22)

*

where o, is the plasma frequency w,? = %and the relaxation time 7, = “':” , m"is the
.
effective electron mass and e the elementary charge. The fitting allows the extraction of

values for N and p that can be compared to the ones measured by Hall effect.

4.2 Experimental study of InGaN thin films

The THz-TDS data are obtained using a TeraView Spectra 3000 system. It is commercial
terahertz spectrometer based on two low-temperature-grown GaAs (LT-GaAs) photo-
conductive dipole antennas that are used for generation and detection of THz pulses
generated by a mode-locked amplified Ti:sapphire laser (A = 800 nm) emitting ~ 100 fs-long
pulses at a repetition rate of 76 MHz. The generated THz wave is collimated and focused on
the samples by off-axis parabolic gold-coated mirrors and the set-up is placed in a chamber

purged with dry nitrogen to minimize the water vapor absorption, as described in Figure 4.2.

All the studied samples are of the “thin film on a substrate” type introduced in paragraph
4.1.2, which means that we need to collect three signals as a reference, for the substrate alone
and for the substrate and the as-grown thin film. In the case of InGaN samples, we consider
the sapphire and GaN-on-sapphire template to form a single homogeneous effective substrate.
This leads to non-usable substrate optical indices in the intermediary calculations, but does

not influence the final results and the values of the extracted optical indices for the thin films.
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To measure the E;(t) signal, the top layer is removed on half of the surface of the studied
samples using inductively coupled plasma (ICP) etching with Cl, and BCl; gases. By
focusing the THz beam on either half of the sample, we can therefore obtain data for the
effective substrate (E1(t)) or the full samples (Ex(t)), as pictured in the Figure 4.7. Eq(t) is

simply measured in the empty chamber.

réference Eq(t)
effect|ve susptrate E4(t)
sushtrate + E,(t)

e s
effective sushtrate film

Figure 4.7: Etched sample and measured signals necessary to the THz-TDS analysis

4.2.1 Experimental study of a GaN thin films

As with spectroscopic ellipsometry, we start our analysis with GaN samples. This material is
the most widely studied in the Ill-nitride family and there are several publications reporting
THz-TDS [10-13]. We use the samples GaN-1, GaN-2 and GaN-3 defined in section 2.1.2.1.
They cover a range of carrier concentration (N=2.5x10%" cm™, 1.8x10'® cm™ and 3.3x10" cm’
% respectively) that will help us to compare our experimental values with the optical indices
reported by Zhang et al. [10] (N=0.9x10"° cm™®), Fang et al. [13] (N=1.0x10"®cm™), Tsai et
al. [11] (N=1.5x10" cm™) and Guo et al. [12] (N=6.1x10"" cm™ and N=2.0x10'® cm™®).

The values of the dielectric constant and effective electron mass for GaN can be found in the
literature and are chosen as &4. = 9.4 [23] and m" = 0.22mq [24] with mg being the mass of the

free electron.

Figure 4.8 presents the extracted refraction indices and extinction coefficient for our samples

and the comparative values reported in literature.
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Figure 4.8: Refractive indices (left) and extinction coefficients (right) of samples GaN-1 (black plain
line), GaN-2 (red dashed line) and GaN-3 (blue dotted line) and comparison with values provided in
other works [10-13]

As suggested in the theoretical study by Equations (4.15) and (4.22), both the refractive index
and extinction coefficient increase with a rise of the carrier concentration N. We saw in
paragraph 4.1.2 that this correlation is also related to the mobility u, but the relative variation
of the carrier concentration (between 10 cm™ and 10" cm™) compared to the one of the

mobility (124 cm?.s.V™* to 337 cm?.s™.V?, see Table 4-1) means that o(), and by extension

¢(w) and N(w) are influenced by the carrier concentration a lot more significantly than by the
mobility.

The THz-TDS study provides values for the carrier concentration and mobility that can be

compared with Hall effect measurements. They are tabulated in the Table 4-1:

-3 3 pn TDS u Hall
Sample N TDS [cm ] N Hall [cm ] [sz - v'l] [sz - v'l]
17 17
GaN-1 1.10x10 2.50x10 245 124
GaN-2 1.10x10 1.80x10 436 337
18 18
GaN-3 1.90x10 3.30x10 300 260

Table 4-1: Carrier concentrations and mobilities from THz-TDS analysis and Hall effect
measurements for GaN samples

The THz-TDS method gives underestimated values of N and overestimated values of p

compared to Hall measurement. This can be explained by the nature of both experiments: in-

plane for the Hall measurements, normal to the layers for THz-TDS. For example, Hall
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measurements are known to be affected by scattering from grain boundaries. On the contrary,
the results derived from optical measurements are not influenced by the grain size in a

semiconductor thin film when the frequency is high enough [25].

Still, if we compare the relative evolutions of the carrier concentrations and mobilities for
THz-TDS on one hand and Hall measurements on the other, we find similar variations, which

proves that each data set is coherent on its own.

4.2.2 Experimental study of InGaN thin films

A big issue for the In,Ga; «N THz-TDS analysis is that there is no information on the topic in
literature. Values for g4c and m~ for example are not available at any given value of x and
would require a full carrier dynamics study to be determined. As an approximation, we use
the values of GaN for the InGaN samples. Fortunately, InN is a better-known material and
such constants have been clarified. In our measurements, we use €gc = 13.1 [26] and m” =
0.14mq [27] for InN. Figure 4.9 plots the refractive indices and extinction coefficients of
sample GaN-1, InGaN-1, InGaN-2, InGaN-3 and InN.

40 30
* InN
30 . —_
= 2 20
% 2
: :
£ 20 g
2 . o ..
3 InGaN-1 s el
£ £ 10 ..
E e =
10 - =
0 w-z InGaN-3 = A ,
X - Y - SR E S = S
GaN-1 e
0 T T 0 T T
0 1 2 3 0 1 2 3
Frequency [THz] Frequency [THz]

Figure 4.9: Refractive indices (left) and extinction coefficients (right) of samples GaN-1 (plain black),
InGaN-1 (red), InGaN-2 (blue), InGaN-3 (green) and InN (dotted black)

We observe that the indices of InGaN samples are between the ones of GaN and InN and
ordered by increasing indium fraction: the higher the indium content, the higher the refractive
index and the extinction coefficient. While the values of GaN-1, InGaN-1 and InGaN-2 are
clearly distinct from each other, InGaN-3 is very close to InGaN-2 as we already concluded

in chapter 3 (Figure 3.17). This is believed to be due to the alloy scattering, inhomogeneity
100
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and a growing number of defects with x, as showed by the higher v-pit density in the TEM
images (see section 2.2.1.1). The higher indium concentration increases the internal strain,

modifying the bandgap structure and resulting in a lower refractive index value [28].

The only other report on InN optical index in the THz domain by Ahn et al. [14] provides
values 25% higher than ours at a similar range of carrier densities ( ~ 10'® cm™) but at a
mobility of 1217 cm?s™.V* against 580 cm?.s.V"* with our Hall measurement, which makes
our measurements in good agreement overall. Carrier concentrations and mobilities are
provided in Table 4-2.

3 3 u TDS u Hall
Sample N TDS [cm ] N Hall [cm ] [cmz.s'l.v'l] [cmz.s'l.v'l]
GaN-1 110x10 250x10 245 124
InGaN-1 7.20x10" 5.10x10 91 94.2
InGaN-2 7.60><1017 6.40><1017 83 92.5
InGaN-3 1.00x10 6.50x10 80 92.4
InN 2.60x10 4.40x10" 718 580

Table 4-2: Carrier concentrations and mobilities from THz-TDS analysis and Hall effect
measurements for GaN, InGaN and InN samples

The behaviour of InN is comparable to the one described for GaN: an underestimation of the
carrier concentration and overestimation of the mobility by THz-TDS compared to Hall
measurements. For InGaN samples though, the situations seems to be reversed and the
agreement between the values from both method is much better. A possible cause for this
phenomenon lies in the approximation we made for €4 and m” as the discrepancy seems to

increase for samples with higher indium fractions.

Another issue raised by InGaN sample lies in the low absorption of the thin films. InN has a
high absorption coefficient and the low absorption is compensated in the case of GaN by
thicker layers. In the case of InGaN, the signals from the effective substrate and the as-grown
sample is very small, which leads to a lower precision of the measurements and noisier

results, as can be seen in the conductivities drawn in Figure 4.10:
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Figure 4.10: Conductivity functions for GaN-1 (top), InGaN-2 (middle) and InN (bottom) samples

These curves provide valuable information on the overall precision of our measurement as
the comparison of the carrier concentration and mobility with Hall effect measurements only
gives an element of comparison on the entire frequency range whereas the conductivity
functions actually details the fit between the Drude model and the experimental measures for

every frequency. In our case, we can observe that the numerical fitting is good for GaN and
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InN but the values for InGaN are more irregular not as precise. This can also be correlated
with the estimated precision of the optical indices determined by THz-TDS: 1-2% for InN, 4-
5% for GaN and 5-10% for InGaN.

This is a limitation of the time-domain spectroscopy as it can only reliably extract optical
index values under the condition of a thin film that absorbs enough of the THz wave. This
calls for a series of measurements on a new set of InGaN samples, either with a higher
thickness, an increased carrier concentration or a higher indium composition. Unfortunately,

these are not yet available but the characterization technique has proven its relevance.

We have been able to determine and report the values of the refractive index, extinction
coefficient, dielectric and conductivity functions for InGaN in the THz range for the first time
and consolidated the current knowledge on GaN and InN. This opens the door to further
characterization of InGaN as new samples will be made available and carrier dynamics
knowledge will get more precise. Beyond the characterization, this brings the reality of IlI-
nitride-based components operating in the THz domain closer, and with it, the possibility of
efficient, compact and tunable sources and detectors, able to operate continuously at ambient

temperature.
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We have already described in chapter 4 the intrinsic advantages of the IlI-nitrides for THz
waves emission. The goal of these characterization experiments we applied to GaN, InGaN
and InN, is to provide information on the material that are essential for the design of devices.
However reports on InGaN for THz sources and detectors are still scarce. We examine in this
chapter the different ways to emit THz radiations and suggest a device structure design using

GaN, InGaN and InN that can generate a continuous wave in the THz domain.

5.1 Terahertz sources

As explained in the introduction to chapter 4, the terahertz frequency range is situated in the
electromagnetic spectrum space between the radio- and microwaves of the electronics
spectrum and the infrared region in the optics domain. For this reason, two technology
roadmaps exist for THz devices, as seen in Figure 5.1 [1]. From the lower side of terahertz
frequencies, electronics-based devices, such as Gunn diodes, impact avalanche transit time
(IMPATT) diodes, resonant tunneling diodes based on negative differential resistance,
backward wave oscillators and field effect transistors (FETs) are extensively investigated for
THz frequencies. From higher side, photonics-based devices such as gas lasers and quantum
cascade lasers (QCLs) try and extend the emission wavelength from mid- and far-infrared to

the THz spectral range.
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Figure 5.1: THz emission power as a function frequency. Ovals denote recent THz sources.

108

© 2012 Tous droits réserveés. http://doc.univ-lille1 fr



Theése de Aurélien Gauthier-Brun, Lille 1, 2012
CHAPTER 5 APPLICATION — FABRICATION OF AN INGAN-BASED THZ PHOTODIODE

As a combination of both electronics and optics, the optoelectronics approach seems to be an
ideal third way to reach the THz domain, as it can call for a number of effects like
photoconduction, photomixing, surface effects or non-linear effects. In optoelectronics, 111-
nitrides have already proven their usefulness numerous times and could prove a very suitable
candidate in THz range as well. We will detail in this section the most commonly used

terahertz sources using the three different approaches.

5.1.1 Electronics approach

The challenge with the electronics approach is that the frequency limit of electronic devices is
hindered by two concurrent physical phenomena: capacitive effects and carriers transit time.
For example, limiting capacitive effects is possible through the increase of the thickness of

depleted zones, but it also increases the transit time and lowers the work frequency.

5.1.1.1 Transistor-based oscillators

Recent investigations reveal that it is possible to realize some ultra-fast transistors able to
generate frequencies above 100 GHz and up to the THz frequency domain. Two types of
structures are preferred, high electron mobility transistors (HEMTs) and heterojunction
bipolar transistors (HBTS).

Source Gate Drain

: | : capping layer

barrier

2-dimentional electron gas (2DEG)
spacer

channel

buffer

substrate

Figure 5.2: Typical layer structure of a HEMT

HEMTs are FETs in which the donor atoms are placed in the &-doping layer (2DEG)
separated from the channel by a spacer layer built to limit the far-interaction of the ionized

impurities with carriers in the channel, as shown in the diagram of Figure 5.2. Combined with

109

© 2012 Tous droits réserveés. http://doc.univ-lille1 fr



Theése de Aurélien Gauthier-Brun, Lille 1, 2012
CHAPTER 5 APPLICATION — FABRICATION OF AN INGAN-BASED THZ PHOTODIODE

a high-mobility material such as GaAs, InP or InN, this helps building a very fast carriers

transit in the channel.

HBTs are an evolution of the bipolar transistors built to obtain higher frequencies. The
principle of these devices is to add a heterojunction to limit the injection of holes in the
emitter region, thus allowing the increase of the base doping and by consequence the

reduction of the base resistance. HBTs have a vertical structure shown in figure 5.3.

contacts x‘

emitter
,7

base

collector ,7

sub-collector

substrate

Figure 5.3: Typical layer structure of HBT

InP/InGaAs HBTSs have reached unity gain cut-off (fr) of at least 845 GHz at 220 K (745
GHz at room temperature) [2] while SiGe HBTSs are being tested at an fr of 510 GHz at 4.5 K
(352 GHz at room temperature) [3].

As for HEMTs, InGaAs/InAlAs devices have been reported to yield 400 GHz to 1 THz
radiations [4] and a AlGaN/GaN HEMT was reported to produce 1.5 THz radiation at room

temperature [5].

5.1.1.2 Resonant tunneling diodes

Negative differential resistance (NDR)-based diodes have been used in high frequency
regime for many years. Their high output powers as well as their manufacturing feasibility

are strong advantages that promote their use in the THz regime.

Resonant tunneling diodes (RTDs) are a type of NDR-based device that presents a negative
differential resistance under particular biases. This property is due to quantum effects during

carriers displacement into the diode. A typical RTD is represented in the Figure 5.4; it is built
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with two potential gates and a quantum well in the opposite direction of the electron

displacement.

emitter

collector

buffer

substrate

Figure 5.4: Typical layer structure of a resonant tunneling diode

quantum well energy levels
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Figure 5.5: Step by step building of the current-voltage characteristics of a resonant tunneling diode
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As we increase the bias of the diode, the electrons begin to cross the quantum well gates to
reach the optimal bias corresponding to the alignment of the Fermi injection level with the
first energy level inside the quantum well. If the bias voltage is increased, the number of
electrons decreases in the channel, and so does the current. As a consequence, a negative
differential resistance occurs in this domain of bias as shown in figure 5.5. This is then used

to maintain oscillations in a device.

InAs/AISb RTD have been reported to operate at 712 GHz for over a decade now, but with
very low output power [6]. More recently, InGaAs/AlAs devices reached 587 GHz and, using
harmonics, 1.02 THz [7]. AlGaN/GaN double-barrier RTDs have demonstrated excellent
room-temperature operation and very high potential thanks to a peak-to-valley ration of 32

[8], but instabilities caused by traps due to crystal quality remains an issue [9].

5.1.1.3 Frequency conversion

Transistors and diodes, despite the attention they are getting, still hardly function above 500
GHz. An alternative method to obtain THz frequencies is to use an existing input source in
the radio frequencies (RF) domain and use some non-linear devices which can multiply the
frequency by harmonics generation until the THz range is reached. This can be achieved by
using components such as the varactor and varistor modes of GaAs Schottky diodes. The
latter technology is able to generate frequencies up to 2.7 THz [10]. There are many
advantages of choosing this technology to generate THz waves such as the accuracy in term
of frequency directly related to the accuracy of the RF source, but the efficiency of this
system can be low, the first stages need to support high power and the system is usually

complex and mechanically delicate.

5.1.2 Optics approach

A second possible approach is based on increasing the wavelength of a laser source, which

already cover a wide range of domain, from infrared to visible to ultraviolet.

5.1.2.1 Gas lasers

Historically, gas lasers have been the first THz sources. Although the transitions between the
different energy levels in the valence band of hydrogen cyanide (HCN) and methyl-fluorine

(CH3F) can be used to produce terahertz radiations, the much more benign CO, is more
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popular and has been responsible for the development of optically pumped terahertz lasers.
Germanium-based lasers are tunable from 1 THz to 4 THz and display high power output and
narrow bandwidth, but require very strong electric and magnetic fields. Heating effect also
prevents the continuous wave emission and operation is only possible under liquid helium

cooling [11].

5.1.2.2 Quantum cascade lasers

One of the most popular optical devices adapted for the generation of THz frequencies is the
quantum cascade laser (QCL). It is a heterostructure made of a succession of building blocks:
each one is composed of an injection and an active region as illustrated in Figure 5.6. In the
active region, the electron stimulates the generation of a photon by making a transition from
upper to lower energy level while in the injection region they are injected from the lower

level of the last block to the excited one of the next block active region.

e
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Figure 5.6: Schematic diagram of the conduction band in the active region of a QCL

The first MQWSs QCL was realized in 1994 employing InGaAs/InAlAs [12]. From then on, a
rapid progress has been shown in performance, leading to the first THz QCL based on
AlGaAs/GaAs in 2002 [13]. QCL wavelengths vary from 3.5 um (~ 0.4 eV ~ 80 THz) up to
160 um (~ 8 meV ~ 2 THz) and beyond. Pushing to the lower (THz) end, there are a number

of differences and complications since the intersubband transitions used to create the laser
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radiation are much narrower (1-4 meV). Currently, the maximal output power of GaAs-based
THz QCL has approached 250 mW at 10 K [14], the wavelength has extended to 1.39 THz
[15] and operating temperatures of 164 K and 117 K were reported in pulsed and continuous
mode respectively [16]. The design and Monte-Carlo simulation of AIGaN/GaN-based THz

QCLs also demonstrate the good expected optical gain and operating temperature [17].

5.1.3 Optoelectronics approach

A third approach, capitalizing on the position of the THz domain in the electromagnetic
spectrum, can a joint make use of both electronics and optics. Using the non-linearity of a
photodetector in which the current or potential depends on the received optical power; that

signal is then radiated by an antenna, as represented on Figure 5.7.

Optical source

optical
incident signal

Photodetector

electrical
converted signal

Antenna

\ / radiated
V\/ THz signal

Figure 5.7: Principle diagram of a THz optoelectronic source

In the case of a pulsed mode system, the photodetector generates an electrical signal related
to the envelope of an optical impulsion. Due to the response time of the photodetector, the
envelope is broadened and allows creating an ultra-short electrical impulsion with a wide
frequency spectrum. A wideband antenna finally radiates the signal. A typical system consists
of a split antenna switch structure fabricated on a low temperature-grown GaAs as described
in Figure 5.8. A DC potential difference is set up across a gap in the structure illuminated by

pump near-infrared (NIR) laser pulses. Photo-generated charge carriers jump the gap with the
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current burst producing terahertz electromagnetic waves. Optical collection, collimation and
focusing of the radiation produce a THz beam. Such sources give the broadband short-pulse
radiation necessary for time-domain spectroscopy and are used in the experimental TeraView

set-up we used in the previous chapter [18].

Hs
f— |-
NIR pulse THz pulse

= ¢

Figure 5.8: Laser-gated photoconductive semiconductor antenna

Continuous-wave mode consists in the generation of a monochromatic signal with a THz
oscillation frequency obtained by the photomixing of two continuous-wave lasers of near
wavelengths in a photodetector and detection of the oscillation corresponding to the
frequency difference. The oscillation associated with the sum of the frequencies is too fast to
play a role in this system (for two lasers with wavelengths of about 1.55 pum, it is around 400

THz). The photodetector needs to be ultra fast and stand high optical powers [19].

It is this last type of THz emitter that we try to design and build in the last part of this thesis.
There is no report of such devices using the electrical and optical advantageous properties of
the Il1-nitrides and the first step on this road is to prove that THz emission can be achieved

with an InGaN-based THz photodetector.

5.2 Ultrafast photodiode for terahertz generation

Ultrafast photodiodes are realized using the heterojunction of semiconductors with different

doping levels. Photodiodes are based on the rapid expulsion of the photo-generated charge
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carriers by the electric field in the depleted zone. As with other electrical systems, the speed
of the device depends mostly on two parameters: the carriers transit time and the time
constant RC.

As the goal of our work is to only prove the feasibility of a photodiode emitting in the THz

range, we will not detail the calculations leading to the dimensions used in our device.

5.2.1 Design of a terahertz photodiode

We base our work on the p-i-n and uni-travelling-carrier (UTC) photodiodes designed at
IEMN, specifically the work of Alexandre Beck under the direction of Jean-Francois Lampin
[20]. Adapting the models used for the InP/InGaAs to Ill-nitrides materials, we suggest the
following design of a UTC 1.55 um laser-based THz photodiode.

The band structure of a UTC photodiode is presented in Figure 5.9. The absorption of the
photo-carriers and their expulsion are done in two separate zones to uncouple the need for a
low junction capacity and the small carriers transit time. Electrons and holes are created in
the absorption zone (AZ), a layer of n-doped InN. InN, because of its small bandgap energy
(~ 0.7 eV), can be excited by a 1.55 um laser, which is not the case for GaN or most InGaN
compositions. The carriers diffuse through the AZ towards the InGaN-made collector as the
electrical field is close to zero in the AZ. The choice of InGaN for the collector is also due to

the need for a lattice adaptation layer. A material with a wider band gap (GaN) is used for the

anode.
O—
EEEEE—
Optical input
—0
absorption collector n-contact
layer

Figure 5.9: Band structure of a UTC photodiode
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UTC photodiodes usually use a reverse band structure, with the AZ made of a p-type material
and a n-type material-based diffusion barrier to use electrons (and their higher mobility) as
the significant charge carriers. The photo-carriers are then generated in a zone where the
holes are already in excess and the anode is providing a potential barrier that prevents the
holes from circulating in the wrong direction [21]. However in our case, the difficulty to
grow p-type InN is a constrain that forces us to switch to a device in which holes will be the

significant carriers.

We use the small signal modelling to determine thicknesses of the AZ and of the collector.
Considering the structure as a capacitor with a desired cut-off frequency of 1 THz and
assuming a resistance of 50 Q, we need the capacity of the structure to be around 3x10™ F.
For a capacitor surface of 1 um x 1 pm, this leads to a thickness of 50 nm for the InGaN and
InN layers together. We chose thicknesses of 30 nm and 20 nm for the AZ and the collector
respectively. It is important to keep in mind that these are first values providing the
dimension of a proof-of-concept and that a full analytical and numerical study will be
necessary for the design of a more efficient device. The schematic view of the device is
provided in Figure 5.10.

InGaN

BCB
p* GaN

n.i.d. GaN

sapphire substrate

Figure 5.10: Suggested UTC photodiode design using an InN absorption layer and an InGaN
collector

The device is connected to an equiangular spiral wideband antenna. The design of this planar
antenna was proposed by Dyson in 1958 and has been extensively used since then for THz
radiation [22].
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5.2.2 Fabrication of a terahertz photodiode

5.2.2.1 Growth of the structure

The layer structure is grown by MOCVD at IMRE in accordance with what has already been
discussed for thin films in chapter 2. The basic layer structure is described in Figure 5.11,
where the n-type InN, undoped InGaN and n-type GaN layers are grown on a GaN-on-

sapphire template:

InGaN 20 nm
p* GaN 1pm
n.i.d. GaN 1-2pum
sapphire substrate

Figure 5.11: MOCVD-grown layer structure

5.2.2.2 Technological steps for the fabrication of the photodiode

We divide the technological processes to obtain the final device in three main steps: etching,
planarization and metallization of the contacts and of the antenna.

a) Etching

There are two sub-tasks in this step: first, we need to free the InN absorption zone and InGaN
collector and then isolate the device on the sapphire substrate. This is important as leaving
some GaN on the substrate would create a capacitive effect when the antenna is added at the

top of the structure in the final step.

Etching is done using Ar/Cl, inductively-coupled plasma (ICP) etching. Preliminary tests
have been made to determine the etching speed through InN and GaN. The protected areas
are covered using Microchemicals AZ n-LoF 2020 photoresist.
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For fluxes of 10 sccm and 30 sccm for Cl, and Ar respectively with a reactive-ion etching

power Prie = 40 W and an inductively-coupled plasma power P,cp = 500 W, we obtain

etching speeds of 16-17 nm.s™* for GaN and 5-6 nm.s™ for InN.
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n.i.d. GaN n.i.d. GaN
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InGaN InGaN
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n.i.d. GaN n.i.d. GaN
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ICP etching of the InN and InGaN layers
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p* GaN p* GaN
n.i.d. GaN n.i.d. GaN

sapphire substrate

sapphire substrate

Photoresist removal

Photoresist deposit

photoresist photoresist
InGaN InGaN |
p* GaN p* GaN
n.i.d. GaN n.i.d. GaN

sapphire substrate

sapphire substrate

Photoresist exposure

© 2012 Tous droits réservés.

Photoresist development

http://doc.univ-lille1.fr



Theése de Aurélien Gauthier-Brun, Lille 1, 2012
CHAPTER 5 APPLICATION — FABRICATION OF AN INGAN-BASED THZ PHOTODIODE

photoresist
InGaN InGaN |
p* GaN p* GaN
n.i.d. GaN n.i.d. GaN

sapphire substrate sapphire substrate

ICP etching of the GaN layer Photoresist removal
Figure 5.12: Step-by-step technological etching process

b) Planarization

Planarization, while simple in principle, is actually a challenging part of our technological
process. We need to put the n and p metallic contacts in the same plane as the antenna, which
requires us to handle 2 to 3 pum steps. If we were to put all our contacts directly on the
sapphire, we would have to do the planarization in several steps, as current techniques only
work with ~ 1 um steps. Instead, we decide to bring all the contacts to a higher level and add
a via to reach the GaN contact. Using photosensitive benzocyclobuten (BCB) photoresist, we

can easily realize the operation. Wet etching enables us to access the photodiode.

p* GaN

n.i.d. GaN

p* GaN

n.i.d. GaN

sapphire substrate

sapphire substrate

Photoresist deposit Photoresist exposure

I

BCB
p* GaN

n.i.d. GaN

sapphire substrate

Photoresist development
Figure 5.13: Step-by-step technological planarization process

c¢) Metallization
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The final step of our process consists in adding the ohmic Ti/Al/Ni/Au contacts on GaN and

InN [23] and deposit the antenna. A via is a prerequisite for the contact on GaN.
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BCB p* GaN
p* GaN

n.i.d. GaN

n.i.d. GaN

sapphire substrate

sapphire substrate

. Photoresist removal
Contacts metallization

Figure 5.14: Step-by-step technological metallization process

We designed a series of masks to build the devices on 2-inch half-wafers. A number of
photodiodes are drawn with different surfaces. For lower frequency (microwave) electrical
testing purposes, a series of devices is also added without antennas but with coplanar lines for
electrical interconnections. Figure 5.15 presents several top views of the masks designed
using LayoutEditor: a view of the entire half-wafer, the detail of one device with and antenna,
the photodiode at the center of an antenna (with an photodiode surface of 1 um x 1 um, but
other devices exist with surfaces from 0.5 um x 0.5 pm to 2.5 ym x 2.5 um) and a view of a
1 um x 1 um device with coplanar lines (other dimensions vary from 0.5 um x 0.5 um to 100
pum x 100 pm). Resistance scales are also integrated to measure the p* GaN and n* InN

conductivities.
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Figure 5.15: Masks for the design of the photodiodes. Global view of the semi-wafer (top), inserts
detail one antenna (top left corner) and one photodiode (top right corner). Devices with coplanar
lines are added for electrical microwave testing (bottom)
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5.3 Conclusion and perspectives

Our initial target was to be able to characterize the device, but time constrain will not make
this possible by the time of this writing. Still, the photodiode has been designed, the layers
have been grown and the technological process is now well-defined. The fabrication process,
while it’s been engaged is unfinished. To investigate the capabilities of our device, extensive
electrical and optical characterization will be required. IEMN possesses a number of
electrical experimental equipment, as well as a THz photomixing characterization set-up
under the supervision of Jean-Francois Lampin, head of the THz group at IEMN, that will

prove a great help for the characterization of our device.

Ultimately, we hope to be able to prove that a device built using GaN, InGaN and InN can
emit in the THz frequency domain. Our expectations towards efficiency are still somewhat
limited for the moment as the component has not been designed with that focus in mind.
There is also a lot of room for improvement in the growth of Il1-nitrides, especially for InN,
and technological processes, while existent, are still far from mature. In any case, a positive
result, even with low power output or frequency below our anticipation could be an important
stepping stone on the path to a Ill-nitrides-based compact, efficient and tunable THz emitter

working at room-temperature, opening new possibilities for an entire field of applications.
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Conclusion

This thesis had set itself the goal to improve the knowledge of the scientific community on
GaN, InN and their ternary alloy InGaN and to provide information on these materials that
will make future InGaN-based device-oriented projects possible. In this framework, we have
successfully grown by MOCVD thin films of GaN with various carrier concentrations, as
well as InyGa;«N and InN on GaN-on-sapphire templates. Characterization through
microscopy, X-ray diffraction, micro-photoluminescence and secondary ion-mass
spectroscopy has detailed the numerous challenges and issues related to the synthesis of these
materials and helped determining precisely the structure and composition of each sample.

The core of our work was focused on the optical characterization of these materials and the
study of the evolution of the optical index with the indium fraction. This was achieved first in
the visible/near infrared domain through ellipsometry thanks to collaboration with the
University of Mons and through terahertz time-domain spectroscopy in the terahertz range
under our partnership with IMRE. In both cases, we have set up an experimental process and
an accurate, reliable and reproducible data analysis method that will be usable in the future as
new samples are fabricated. There is still a lot of work to do to grow and characterize samples
that enable us to obtain a broader picture on the evolution of the properties of InGaN on its
full composition range, but ellipsometry and THz-TDS provide now-proven tools for this.

Of course, this characterization work is only a step towards the emergence of a new line of
devices based on InGaN material. Recent works have shown the relevance of InGaN-based
components and devices are starting to appear, taking advantages of the unique set of
properties of InGaN. We hope that the contribution of this thesis will help fostering the 111-
nitrides family as a whole and provide a set of values and tools that will help characterize and

design new pieces of hardware.

Applications in visible domain are already numerous and InGaN provides the base for
candidates to more efficient devices, while in the terahertz range, there is hope that InGaN
will be part of a solution to the source scarcity problem, making possible the fabrication of

efficient, compact, tunable and room-temperature-operable sources and detectors. As the THz
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domain is still a nascent field, there is room for new materials and applications and we
strongly believe that InGaN has a set of properties that make it a suitable semiconductor
candidate for a number of applications that are impossible to realize with the current material

solutions.
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Abstract

The InGaN compound is a promising ternary alloy system that receives a lot of attentions
thanks to its tunable bandgap that varies from the near infrared region to the near ultraviolet
region. InGaN/GaN materials have been widely used in various applications like high
efficiency solar cells, high-brightness blue to green light emitting diodes or laser diodes as
well as non-phosphor based direct white light generation. The unique set of properties of this
material also makes it a suitable candidate for a number of other new applications. However,
to design efficient InGaN-based devices, it is a prerequisite to know the optical properties of
InGaN films at the frequencies of interest and there is currently very little information on the
index of GaN and InsGa;.xN with x>0.07. In this thesis, we study and characterize the optical
indices of GaN, InN and In,Ga;xN thin films grown by metalorganic chemical vapor
deposition with indium concentration varying up to x=0.14. We discuss the design and

fabrication process of an InGaN-based ultrafast terahertz photodiode.

L’alliage ternaire InGaN recoit beaucoup d’attention grace a son energie de bande interdite
ajustable qui varie entre I’infrarouge et 1’ultraviolet. Les matériaux GaN et InGaN sont
largement utilisés dans de nombreuses applications telles que des cellules photovoltaiques a
haute efficacité, des diodes électroluminescentes ou des diodes laser a forte luminosité allant
du bleu au vert ou encore la génération de lumiére blanche directe. L’ensemble des propriétés
de ce matériau en fait aussi un candidat sérieux pour un certain nombre d’autres applications.
Pour concevoir des composants a base d’InGaN, il est cependant vital de déterminer au
préalable les propriétés optiques du matériau aux fréquences d’intérét et il n’existe que tres
peu voire aucune communication sur les indices du GaN ou de I’'InyGa;.xN pour x>0.07.
Nous étudions dans cette thése la croissance par metalorganic chemical vapor deposition et la
caractérisation des indices optiques de GaN, d’InN et d’InxGa;-xN avec une concentration en
indium variant jusqu’a x=0.14 dans les domaines de fréquence visible et térahertz et

discutons la conception et le procédé de fabrication d’une photodiode térahertz ultrarapide.
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