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Resumen

A través de un estudio detallado de figuras de polos obtenidas mediante difraccion de
rayos X y de electrones, este trabajo describe la pureza de fase y la calidad cristalina de epicapas
de GaN en fase zincblenda (zb) crecidas por epitaxia de haces moleculares asistida por plasma
usando diferentes condiciones. Se estudiaron los efectos de las primeras etapas del proceso
epitaxial variando la temperatura de crecimiento de capas de nucleacién de GaN-zb de 5 nm
de espesor. El andlisis aqui presentado reveld6 que una temperatura de nucleacién de 665 °C
resultd en crecimiento homoepitaxial posterior con hasta un 99.6 % de contenido de zincblenda—
de lo cual un 99.7 % fue material sin maclar—, asi como una excelente calidad cristalina y
superficial. Adicionalmente a estas propiedades buscadas, también se logré un alto grado de
orientacion siguiendo la de los sustratos de GaAs. Temperaturas mayores causaron cantidades
de defectos més altas, probablemente debido a la movilidad aumentada de los adatomos durante
la nucleacién, llevando a la formacion de islas mas grandes con densidad menor donde los defectos

no alcanzaron las orillas para ser aniquilados.

Ademas, se estudiaron epicapas de GaN-zb dopadas con Mg crecidas bajo condiciones ricas
en Ga y en N. El crecimiento rico en Ga permitié hasta un 99.9 % de zincblenda—con un 99.1
% sin maclar—, una calidad cristalina excelente y superficies lisas. En contraste, las peliculas
ricas en N sufrieron un maclado severo e inclusiones de wurtzita, con solo un 27 % de zincblenda.
Esto debido posiblemente a la una capa de mojado debido al exceso de metal en condiciones
ricas en Ga, aumentando la movilidad atémica y reduciendo la cantidad de defectos. Mediante
espectrometria de masas de iones secundarios y mediciones de efecto Hall, se encontraron entre
2 y 3 6rdenes de magnitud mas aceptores de Mg eléctricamente activos con condiciones ricas en
Ga, resaltando el papel surfactante del exceso de Ga. Especialmente en las muestras ricas en N,
el aumento de la temperatura de la celda de Mg resulto en una calidad general degradada de las

peliculas, sugiriendo que los atomos de Mg actian como centros de defectos.

Finalmente, el desarrollo de un script en Python para la simulaciéon de figuras de polos
ayudo en gran medida a llevar a cabo una descripcién exhaustiva de la orientacién cristalina de
las epicapas de GaN zincblenda con respecto a los sustratos, ayudando a identificar senales prove-
nientes de maclas, inclusiones de wurtzita, asi como wurtzita crecida sobre maclas. Este trabajo
determiné con éxito las condiciones éptimas para crecimiento de epicapas de GaN dopadas y no
dopadas de alta calidad en fase zincblenda, allanando el camino para optoelectrénica monolitica

de GaN-zb aprovechando la madurez de la tecnologia actual de GaAs.
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Abstract

Through detailed analyses of pole figures from x-ray and electron diffraction, this work
describes the phase purity and crystalline quality of zincblende (zb) GaN epilayers grown by
plasma-assisted molecular beam epitaxy using various conditions. The effects of the very first
stages of the epitaxial process were studied through varying the growth temperature of 5 nm
thick zincblende GaN nucleation layers. The analysis of this work revealed that a nucleation tem-
perature of 665°C resulted in subsequent homoepitaxial growth with up to 99.6 % of zincblende
content, from which 99.7 % was untwinned material, as well as excellent crystalline and surface
quality. Additionally to these sought-for properties, a high degree of orientation following that
of the GaAs substrates was also achieved. Higher temperatures caused more defects likely due
to enhanced adatom mobility during nucleation leading to bigger, lower density islands where

defects could not glide out to the edges and annihilate.

Moreover, Mg-doped zb-GaN epilayers grown under Ga-rich and N-rich conditions were
also studied. Ga-rich growth enabled up to 99.9 % zb purity with 99.1 % untwinning, superb
crystalline quality, and smooth surfaces. In contrast, N-rich films suffered severe twinning and
wurtzite inclusions, with as low as 27 % zincblende content. This was likely due to the Ga
wetting layer formed by the excess metal under Ga-rich conditions, improving adatom mobility
and reducing defects. Secondary ion mass spectrometry and Hall effect measurements revealed
between 2 to 3 orders of magnitude more electrically active Mg acceptors for Ga-rich films,
highlighting the surfactant role of excess Ga. Especially in N-rich samples, upping the Mg cell
temperature resulted in degraded overall quality of the films, suggesting that Mg atoms act as

defect-generation centers.

Finally, developing a Python script for pole figure simulation greatly aided carrying out
a thorough description of crystalline orientation of the zincblende GaN epilayers with respect
to the substrates, helping the identification of signals coming from twins, wurtzite inclusions,
and the latter growing on the former. This work successfully determined the optimal conditions
for high quality doped and undoped GaN epilayers in the zincblende phase, paving the way for

monolithic zb-GaN optoelectronics leveraging the maturity of current GaAs technology.
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Chapter 1: Introduction

1.1 Motivation

Being at the heart of many optoelectronic devices, semiconductors are one of the most
important kind of materials as of today. Among them, an important group of semiconductors
that has gained traction the last decades is the III-nitride (also III-N) group of semiconductors.
More specifically, this group is comprised by one or more atoms of the group IITA, or group 13
according to the International Union of Pure and Applied Chemistry [1], as cations and a N atom
(group VA or 15) as anion. Gallium nitride (GaN), as a representative of the binaries (with AIN
and InN), the ternaries (AlGaN, GalnN, and AlInN), along with the quaternary (AlGalnN) of
the III-N group, has found its way into applications such as high-power amplifier [2], detectors [3],
and illumination [4, 5], which ultimately led Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura
to win the Nobel Prize in Physics in 2014 [6].

GaN is most commonly grown and used along the ¢ direction of the hexagonal wurtzite
phase. Along ¢, however, this phase tends to produce strong polarization fields across heterostruc-
tures which are the active core of many optoelectronic devices. Hence, radiative recombination
rates are reduced and current-density dependent wavelength emission are produced [7, 8]. More-
over, polarization in hexagonal nitrides produce normally-on transistors [9]. In order to avoid
polarization, such as to attain higher efficiency emission or normally-off transistors, complicated
structures or growing on semipolar/non-polar directions are some of the means currently used
[10-14].

A promising approach to solve these problems altogether is using the cubic zincblende phase
of GaN, which, thanks to its symmetry, does not have a meaningful polarization field along the
common cubic growth direction [15]. Moreover, the zincblende phase has smaller bandgap [16],
thus facilitating shorter wavelength emission with low In contents in In,Ga(;—,)N alloys. Finally,

zincblende GaN has a higher optical gain [17] and is easier to cleave.

Unfortunately, zincblende nitrides are metastable outside a narrow range of growth condi-
tions and tend to suffer from phase transitions toward the more-stable wurtzite phase [18-22].
This results in poor-quality GaN rich in wurtzite inclusions, thereby degrading device perfor-
mance; hence, it is of extreme importance to understand and prevent this process as much as

possible.



1.2. Objectives of the work

This problematic is exacerbated by the fact that there are not native substrates for zincblende
nitrides. Therefore, foreign substrate such as MgO [23-25], 3C-SiC [26-28], and GaAs [19, 29-31]
are commonly employed in their growth via molecular beam epitaxy (MBE), with their associ-
ated problems due to lattice mismatch. From these, 3C SiC has shown the best results due to
the negligible lattice mismatch to GaN. However, GaAs may enjoy other advantages, such as
lower price and already widespread utilization. Alas, the huge lattice mismatch between GaN
and GaAs poses challenges for defect reduction; therefore, it needs more attention in research,

which currently focuses mainly on 3C SiC.

Yet another challenge hindering zincblende utilization, and nitrides in general, is p-type
doping. For many years, achieving p-type doping in nitrides was a significant challenge. Managing
to do it was actually the reason as to why the Nobel prize mentioned at the beginning of this text
was awarded. With that, Mg is currently the quintessential dopant for achieving p-type nitrides
for wurtzite [32-34]; nevertheless, although there is somewhat extensive research of p-type doping
with Mg in zincblende [35-38], there has not been a clear description of its effects on crystalline

purity and quality of the obtained material.

1.2 Objectives of the work

With all that in mind, the main objective of this work was:

e To find the optimal conditions to obtain high crystalline purity and quality of undoped and
p-type, Mg doped zincblende GaN epilayers grown on GaAs (001) substrates by MBE.

Among the parameters that may be studied to better understand and help solve the afore-
mentioned problematics, for both doped and undoped GaN, growth temperature and the Ga/N
stoichiometric ratio, closely related, are two of the most influential on the material properties.

For that reason, the present work’s particular objectives were:

e To study the effects of growth temperature during the first stages, e.g., < 5 nm, of the
growth on the phase purity and crystalline quality of epitaxially grown zincblende GaN on
GaAs (001) substrates.

e To study the effect of Ga/N ratio and Mg cell temperature on phase purity and crystalline
quality of the p-type doped zincblende GaN epilayers.
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1.3 Summary

The work carried out to those ends is hereby reported. For convenient navigation, the
report is structured into 4 parts. Part I comprises the current Chapter 1, presenting motivation,

objectives, and a summary.

Part II reviews relevant background theory. Chapter 2 describes properties of nitride
semiconductors, including crystalline structure, bandgaps, and polarization. Applications in
electronics and optics comparing wurtzite and zincblende phases are also discussed. Chapter 3
details MBE conditions for wurtzite and zincblende GaN. Chapter 4 explains x-ray diffraction
geometry, types of measurements, giving pole figure analysis—the primary technique used here—

for orientation and phase content calculation.

Then, Part III describes pole figure simulation methodology in Chapter 5, covering key
geometric considerations and calculations, such as orthogonalization and rotations. For clarity,

two examples are given for wurtzite and one of its twins.

Finally, Part IV presents experimental results. Chapter 6 investigates the effects of
initial growth stages on crystal purity and quality of epitaxial zincblende GaN grown on GaAs
(001) by MBE. On the other hand, Chapter 7 examines purity and quality of Mg-doped samples
with different Ga/N ratios and various Mg cell temperatures used during the MBE growth. To

close, Chapter 8 summarizes key findings and conclusions for both experimental chapters.
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Chapter 2: Nitride Semiconductors:

Properties and Applications

2.1 General properties

Gallium nitride (GaN), as well as the other nitrides, can be found in three different crys-
talline structures, namely wurtzite (space group P6smc), zincblende (space group F43m), and
rocksalt (space group Fm3m) [39]. First, the wurtzite structure has a hexagonal unit cell con-
sisting of two group-III metals and two nitrogen atoms. Each kind of atom form a hexagonal
close-packed sub-lattice (one for the group-III metal and one for N atoms) separated along the
c axis by 5/8 of the cell height from each other.

On the other hand, the zincblende structure has a cubic unit cell, consisting of four metallic
and four N atoms arranged in two cubic close-packed, or face-centered cubic (FCC), sub-lattices

(one for the anions and one for the cations) displaced 1/4 of the body diagonal from one another.

Finally, the rocksalt consists of, yet again, one FCC sub-lattice for each kind of atom;
however, in this case, the separation between the two is 1/2 along the sides of the unit cell.
Fig. 2.1 shows the unit cells of wurtzite, zincblende, and rocksalt nitrides and Table 2.1 shows

their lattice parameters.

Table 2.1. Lattice parameters of wurtzite and zincblende nitrides. Note that for the former,
a = b and o = 3, while, for the latter, a =b=cand a = = 1.

Wurtzite [40] Zincblende [41-43] Rocksalt [43, 44]
GaN AIN InN GaN AIN InN GaN AIN InN
Space group P6smc F43m Fm3m
a/A 3.190 3.110 3.533
¢/A 5180 4980 5.602 4503 4.372 4.960 4.230 4.070 4.630
a/deg 90
v/deg 120 N 0
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Ga, In, Al

Cwz N

TR

Fig. 2.1. Unit cells of (a) wurtzite, (b) zincblende, and (c) rocksalt GaN. Drawn using VESTAS3
[45] with data from [40] for wurtzite and [43] for zincblende and rocksalt. The crystal basis
vectors are shown for each structure.

(a) [OOOl]WZ T (b) [111]zb T
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zé [1010], g [112],,
— —

B B

a a
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b c

(c) (d)

Fig. 2.2. Stacking sequence of (a) wurtzite and (b) zincblende in views along [1010],, and
[112],1, so that the close packed directions lie vertically along the [0001]y, and [111],, directions,
respectively. Views from below show (c) the aBbA stacking for wurtzite and (d) the aBbC for
zincblende.

Due to the high pressures required for producing the rocksalt phase [43], nitrides in the said
phase cannot be grown by molecular beam epitaxy; therefore, from this point on, the discussion is
centered around the other two phases. The crystal structures of wurtzite and zincblende nitrides

are remarkably alike. Both structures consist of close packed lattices, in which the group-III

10
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cations are tetrahedrally coordinated by four N anions and vice versa. The main difference

between the two polytypes is the stacking sequence of the close-packed planes.

Whereas, in wurtzite nitrides, the (0002)y, planes have an ...AaBbAaBbAaBb... stacking,
zincblende (111)y,, planes exhibit an ...AaBbCcAaBbCec... stacking sequence. Aa, Bb, and Cc
denote metal-N bilayers, as schematically shown in Fig. 2.2, where the close-packed planes are

perpendicular to the vertical direction in both cases for an easier comparison.

Even in the schematic representation, the space between the close-packed planes seems
very similar for both structures. For more precision, however, the interplanar distances can be
calculated via Eq. (4.11), for the wurtzite polytype, and Eq. (4.12) for zincblende nitrides.
Using the lattice parameters given in Table 2.1 results in a d%, of 2.594 A and a d?%, of 2.599
A, which are nearly identical. Moreover, the views from below in Fig. 2.2 show that the two
stacking sequences differ only by a rotating through 60° around the [0001],/[111],,, making the

two structures remarkably similar to one another.

Table 2.2. Bandgap, lattice parameters, and bowing factors for some semiconductor alloys.

Material E,/eV a/A  Alloy bg, be,

GaN 3470 3.190 AlGaN 1.775 0.006
Wz nitrides [46] AIN  6.300 3.110 InGaN 1.775 0.140
InN  0.770 3.533 AllnN  3.678 0.040

GaN  3.270 4.503 AlGaN 0.391 -0.007
Zb nitrides [46]  AIN  6.250 4.372 InGaN 1.164 -0.011
InN  0.620 4.960 AllnN  1.464 -0.015

GaAs 1.519 5.653 AlGaAs 0.055 0

Arsenides [47]  AlAs  3.099 5.665 InGaAs 0477 0
InAs  0.417 6.058 AllnAs 0.700 0

GaP  2.886 5.450 AlGaP 0 0

Phosphides [47] AP 3.630 5.467 InGaP  0.650 0
InP 1.423  5.869 AllnP  -0.480 0

GaSb  0.812 6.095 AlGaSb -0.044 0

Antimonides [47] AlISb  2.386 6.135 InGaSb 0.415 0
InSb  0.235 6.479 AllnSb  0.430 0

CdTe 1.560 6.480 - - -
ZnTe  2.310 6.103 - - -

. CdSe 1910 6.220 _ ) )
Selenides [48] /) o 5740 2.830 _ _ _
Si [49] 1.560  5.431 _ ) ]

Ge [49] 0.665 5.655 - - -

Tellurides [48]

11
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This results in very similar optoelectronic properties. More specifically, the bandgaps of
both polymorphs exhibit a wide coverage of the spectrum, ranging from 0.77 eV for InN up to
6.3 eV for AIN, passing through 3.47 eV for GaN (Table 2.2), all in wurtzite phase. Similarly,
the range in the zincblende phase goes from 0.62 eV for InN, to 3.27 eV for GaN, and up to 6.25

eV for AIN (Table 2.2).

A complete description of the bandgaps, and the lattice parameters, for the three A, B _,)N

ternaries can be carried out with Vegard’s law

Papi N =2Pan+ (1 —2)Peny — (1 — 2)ba,B,_,N, (2.1)

where PAZB(H@)N is the bandgap, or lattice parameter, of the alloy, Pxx and Pgn the same for
the AN and BN binaries entailing the A,B(;_,)N alloy, with bowing parameter bAzB(l,z)N and a

composition of A and B can be Ga, Al, or In.

Fig. 2.3 shows a plot of the bandgaps of these three materials for both polytypes, along
with the ternaries in between them as a function of composition and lattice parameter a calculated
using Eq. (2.1) with data from Table 2.2. Arsenides, phoshides, antimonides, tellurides, Si

and Ge are added for comparison.

AIN mole fraction

(a) (b)
0.00 0.25 0.50 0.75 1.00
—— Wurtzite AIN e Binary direct
6r Zincblende 207 61 o Binary indirect 207
Ternary direct
% 5r Alea(Lx/)I/\I B 1248 g % ot - --- Ternary indirect | 248 é
E 4l ~ 310 = E4_ ZxSc 310 3
= GaN % = AlP %
o0
< 3} 13 < ¢ 3f '\Ai“ Case  lyj3 &
= % = GaP, ‘\ Ale %
A 2t 1620 A A 24 IHP, mTe 1620 &
R GIA
1E Gy N 7 et Tyagg 1l nglTSj) 1240
I | L InN . ) InA,s InSb
1.0 0.5 0.0 0.5 1.0 30 35 45 50 55 6.0 6.5 7.0

GaN mole fraction AIN mole fraction Lattice parameter/A

Fig. 2.3. (a) bandgaps of GaN, AIN, InN and their ternaries for wurtzite and zincblende and a
comparison (b) with different materials. Calculated with Eq. (2.1).

Fig. 2.3 illustrates one of the greatest advantages of nitrides over other semiconductors.
The wide range of bandgaps they cover, from infrared through the whole visible spectrum and up
to the ultraviolet, is partly what translates into the wide range of applications in which they are

used. Moreover, the bandgaps of nitrides are direct for most of that outstandingly wide range.
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For wurtzite nitrides, the whole system exhibits direct bandgaps, contrary to arsenides,

phosphides, and antimonides, where the Al binaries, and ternaries containing certain amounts

of it, display indirect bandgaps. Unfortunately, nitrides in the zincblende phase also suffer from

this problem, having AIN and ternaries with high contents of Al with indirect bandgaps.

Additionally, the figure also points out one of the main disadvantages of nitrides. While

the rest of the material systems exhibit lattice constants that area close to each other, nitrides

are farther away towards smaller lattice parameters. This makes it more difficult to integrate

them with existing technologies based on the other semiconductor groups due to the large lattice

mismatch. Finally, other general properties of nitrides are shown in Table 2.3.

Table 2.3. General properties of nitride semiconductors. Data taken from [39] unless stated

otherwise.
Properties Wartzite
GaN AIN InN

) 3.5 [50] 4[51] -

Breakdown field in MV /cm 5 [52] 5.84 [53) i
Electron affinity in eV 3.9 [54] 1.44 [54] 5.5 [54]
. ) llc 10.4 ||c 9.32 l|lc 13.1
Dielectric constants e 05 Lo 776 o144

Effective electron mass

Effective hole mass

m), = 1.1my

mﬁh = 1.6my
myh = 1.1Imyg

mfh = 0.15my

ml = 0.35mq [55]
mt = 0.25mq
m), = 3.13mq [56]
mis, = 10.42my [57]
m), = 4.41my [55)
mj, = 0.35mq [55]

ml = 0.138mq [55]
mt = 0.141mq [55)

m), = 2.493mq [55]
m, = 2.661my [57]
m), = 2.493mq [55

[55]
m), = 0.196my [55]

Zincblende
GaN AIN InN
Breakdown field in MV /cm ~5 [58] -
Electron affinity in eV 3.4 [54] 2.08 [54] 5.2 [54]
Dielectric constants 9.7 [58] 9.56 8.4
Effective electron mass ml = 0.13my[55) ml = 0.23m ml = 0.13mq [55]
[001] _ 001] _ 001] _
Effective hole mass mhh[om]_ 0.8my [59] mﬁ)%u = 1.02myq [55] mﬁ)}éu = 1.18my [55]
my, * =021lmg  my, ' =0.3Tmg [55] my, = 0.21mg [55]
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2.2. Polarization properties

2.2 Polarization properties

Spontaneous and piezoelectric polarization are two properties that the nitride semicon-
ductors exhibit due to the symmetry of their unit cells. These two kinds of polarization are
strong enough that can significantly affect device performance in both negative and positive

ways. Therefore, it is of significant importance to understand such effects.

Consider the ball and stick representation of the nitrides’ tetrahedra with the staking planes
displayed horizontally, i.e., wurtzite’s [0001] or zincblende’s [111] directions pointing upwards, in
Fig. 2.4.

Fig. 2.4. Nitride tetrahedra showing compressive strain, no strain, and tensile strain along the
[0001],||[111],, axes. Adapted from [60].

The differences in electronegativity between the centered metallic cation and the N atoms
at the corners causes electrons to be close to the corners of the tetrahedrons. This brings about
a polarization P, towards the metallic atoms in the center, where the vertical components of
the triple bounds on the bottom cancel out the polarization due to the vertical bond when the

tetrahedron is ideal.

However, this does not hold when, for example, there is tensile or compressive strain along
the plane formed by the three N atoms below in the figure. In such a case, there is a net
polarization resulting from the vertical Ga-N bond and the vertical components of the other
three bonds. With tensile strain, there is a resulting polarization pointing upwards, whereas

compressive strain causes a polarization pointing downwards.

This causes is the so called piezoelectric effect and generates a polarization PP in the bulk

material whose components are defined by [60]
Pipz _ Z CijkE k) (2.2)
jk
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where e;j, are the piezoelectric coefficients, components of the third-rank piezoelectric tensor e
and ¢;;, the components of the second-rank strain tensor e. Eq. (2.2) stands for 3 equations,

each with 9 terms on the right-hand side for a total of 27 piezoelectric coefficients.

Using Voigt notation, however, e;;;, can be reduced to e;; and €, to ¢; [61], so that Eq. (2.2)

can be rewritten as

PZPZ — 62-]-5]', (23)
which in matrix form is
_gxx_
Z 9
]’ 0 0 0 0 es 0] ™
622
P, =10 0 0 e5 0 , (2.4a)
Eyz
P, es1 ez ez 0 0 0 Y
WZ E;vz
gxx
Z £
217 000 ey 0 0]|™
622
P, =10 00 0 €4 O , (2.4b)
Eyz
P, 000 0 0 eyl
Zb ng

for wurtzite and zincblende, using their respective point group symmetry to simplify the reduced
piezoelectric tensor [61], leaving three distinct coefficients for the former and one for the later.
Moreover, €4, €y, €. are tensile or compressive strain components along the z,y, and 2 axes,

respectively, and ¢,., €., and ,, are the shear strain components.

It is important to notice that, in wurtzite geometry, the z axis points to the normal to the
so-called m-plane (1100), the y axis to the normal to the a-plane (1120), and the z axis to the
c-plane (0001) [39]. As for zincblende, z|[[100], y||[010] and z||[001].

By solving the matrix multiplication in Eq. (2.4), one gets

P:v €15€z2
Byl = €15Ey= ; (2.5a)
Pz €31 (52330 + 5yy) + €33Ez2
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Pz

Px 6145yz
Py = | €14€4x2 | - (25b)
Pz zb €14€zy

In epitaxially grown nitrides, such as the subject of this work, shear strain can be considered
non existent. Thus, in zincblende, due to Eq. (2.5b), polarization along all directions is 0. The
same goes for wurtzite along the [1100]m and [1120]a directions according to Eq. (2.5a). The

only term left is then polarization along the z axis in wurtzite

PZpZ = 631(€$x + Eyy) —+ €33E,5. (26)

With the help of the generalized form of Hooke’s law [62]
oij = Z Cijki€rt, (2.7)
ki

where o0;; are the components of the second-rank stress tensor o and Cjjj; the components of the

fourth-rank elastic tensor C' and represents the elastic stiffness constants of the crystal.

Although there are a total of 81 stiffness coefficients, they can be reduced due to symmetry
of the crystal class to 36 so that, with Voigt notation, Hooke’s law can be rewritten in a simplified

form as follows

g; = ZC’ijsj, (28)
J

where 0;; was reduced to o; in the same manner. In matrix notation, for wurtzite, Eq. (2.8)

can be rewritten as [15]

Oz Cn Cip Ciz3 0 0 0 Exx
Oyy 012 011 013 0 0 0 Eyy
- Cis Ci3 Ci3 00 0 i
0wz | _ |C1s Ciz Css < (2.9)
Oyz 0 0 0 C44 0 0 Eyz
Oz 0 0 0 0 044 0 Erz
0w [0 0 0 0 0 “uzfu| e,

If the crystal is stressed in the (0001) plane, and allowed to expand or compress in the
[0001] direction, i.e., if the growth direction is along the ¢ axis, then o,, and oy, are the only

non-zero components of o and Eq. (2.9) has only three nonvanishing terms
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Oua Cn Cip Cis Exx
oy | = |Cia Cii Ciz| |eyy| - (2.10)
0 Ciz Ciz Cs3] |€22

With biaxial strain, which is the case for epitaxial films [60], €., = €, leads to

Oxx (Cll + 012>5x:c + OISEZZ
oy | = [(C11+ Cr2)egs + Craee | (2.11)
0 20136%2 + 033822

whose third equation describes the Poisson effect

_ 2013

€22 = T~ Cux- 2.12
O (2.12)
Combining Eq. (2.12) and Eq. (2.6) yields
C
PP = 240 (631 - 633ﬁ> ) (2.13)
Ci3

which describes the piezoelectric polarization in terms of four material constants and ¢,,, which,

in turn, represents the ratio of change of the in-plane lattice constant.

For pseudomorphic epitaxial films, that can be described by

as — Qy
o= 2= 2.14)

where as and a, are the strained lattice constant of the epitaxial film and its relaxed value.

Piezoelectric polarization is sometimes also treated in terms of the piezoelectric moduli

d;jk, whose reduced form with Voigt notation is d;;, as follows [62]

R
Pipz = Zdijaj' (215)
J

Due to crystal class symmetry, d;; has the exact same shape as e;;, and, with the help of
Eq. (2.8), they can be related as [60]

€ij = ZdlkC’kj (216)
k
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2.2. Polarization properties

Writing Eq. (2.15) in matrix form

o
Z g.
pr]° 0 0 0 0 ds 0] "
UZZ

Pl =0 0 0 ds 0 0 (2.17)
Tys
P, dsy ds; dsz 0 0 O Y
O-Q?Z

and using the same considerations as before for epitaxially growth on the wurtzite c-plane (o, =

Oy = Oy = 04y = 0), it is clear that only one component of PP* is left
Y Yy

PZPZ = 2d310xz~ (2].8)

Then, from Eq. (2.8)
0z = (C1 + Cr2)ese + Cizeas. (2.19)

Finally, with the aid of Eq. (2.12), Eq. (2.19) can be rewritten as

02
Oze = Exa (Cn + Chp — 20—2) , (2.20)

to, similarly to Eq. (2.13), finally obtain the polarization component left in terms of five material

constants and e,

C2
sz = ngle’:"gm (011 + 012 — 2£> . (2'21)
C133
Posp,GaN POSP’AIN Posp,AlN Posp,GaN
- -~ -~ -
Ga : : N
1 1
1 1
l l
1 1
1 1
l l
N i : Gal —
| |
| |
GaN ! AIN ! GaN
AP [0001] axis AP’
- —_—> B

Fig. 2.5. GaN/AIN/GaN interfaces showing the directions of the spontaneous polarization and
the difference formed at the interfaces. Adapted from [60].
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As for spontaneous polarization, consider the schematic representation of the GaN/AIN/-
GaN double interface along the c axis of wurtzite in Fig. 2.5. Due to the greater electronegativity
difference of AIN compared to that of GaN’s, the polarization in AIN is consequently greater. In
the bulk of either material there is not any net polarization; however, at the interface between
two nitrides, there is a net difference between the two values of polarization, and therefore, this

results in accumulation of charges across the interface.

The total polarization is then
Pr = PY + PP, (2.22)

where PP* is the piezoelectric polarization described by Eq. (2.13) or Eq. (2.21) and Fy® is the
difference of spontaneous polarization across a junction. Values of P”, e;;, and C;; are shown in
Table 2.4.

Table 2.4. Spontaneous polarization Py” (C/m?), piezoelectric e;; (C/m?), and elastic C;; (GPa)
coefficients for wurtzite nitrides.

P Sp €31 €33 €15 Ci Cio Ci3 Css Cuy Reference
. 017 0.29 0.10 359.4 129.2 92.0 389.9 98.0 [63]
GaN -0.034 -0.14 1.15 -0.22 359.7 129.9® 104.6 391.8 99.6 [64]
-0.58 1.55 -0.48 345.0 125.0 120.0 395.0 118.0 [65]
AIN -0.090* -0.58 1.39 -0.29 410.0 140.0 100.0 390.0 120.0 [66]
-0.60 1.34 -0.32 402.5 135.6 101.0 387.6 122.9 [67]
227.0 1140 94.0 242.0 48.0 [68]

InN -0.042* -0.41* 0.81 70.0¢  205.0%

“Reference [69]

"Value not given in reference. Calculated trough the relationship Cygg = =612

2

2.3 Applications of nitride semiconductors

There are two important areas in which nitride-based optoelectronic devices are used. Both
of those are heavily affected by the so called built-in electric fields due to the polarization effects

across junctions discussed in the previous section.

2.3.1 Power electronics applications

Due to the high breakdown voltage of nitrides (Table 2.3), compared to the typically used
Si (0.3 MV /cm [49]) or GaAs (0.4 MV /cm [70]), they are used as a base for the high-electron-
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2.3. Applications of nitride semiconductors

mobility transistor (HEMT), often sought for high-power electronics. For this kind of application,

research is mainly focused on enhancing the piezoelectric response so that the amount of electrons
in the channel increases [71-73].

A HEMT is a field-effect transistor that works using a heterojunction between two materials
with different bandgaps [74]. Due to band bending at the junction, a quantum well (QW) is
created, where electrons are confined vertically but free to move horizontally. This is known

as a two-dimensional electron gas (2DEG) and serves as the transistor’s channel in a HEMT
(Fig. 2.6).

T EAlGaN
qoB a T
EAlGaN 7t FGaN
| ar
2 o
Gate
contact AlGaN GaN

Fig. 2.6. Band structure at an AlGaN/GaN junction. Adapted from [75].

In a nitride-based HEMT, typically a pseudomorphic A1GaN barrier layer is used on top of
a fully relaxed GaN buffer layer, as shown in Fig. 2.7 along with polarization, both spontaneous
and piezoelectric. The positive charges +0 = AP at the interface from the AlGaN side attract
electrons on the GaN side, and confine them in the 2DEG.

Negative net
e © & & 6 6 6 66 © © ©6 © 6 O =—
—0 polar charges

[0001]

Hsp,AlGaN

Positive net
2DEG attracted

C. polar charges
by the positive & © © 6 © © © © © & © © © 9

charges

GaN buffer l perGaN

Fig. 2.7. Strained AlGaN on a relaxed GaN buffer showing the directions of polarization.
Adapted from [75].

The amount of electrons in the 2DEG is approximately the same as the positive charge
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Chapter 2. Nitride Semiconductors: Properties and Applications

carriers at the interface [75], which can be estimated by

AP — PZpZ’AlGaN + PSp,AlGaN . ng,GaN. (223)

Using Vegard’s law to estimate the spontaneous polarization as follows
AP(z) = —0.090z — 0.034(1 — =) — 0.0192(1 — z). (2.24)

where z is the molar fraction of Al in Al,Ga(;—,)N and 0.019 is its bowing parameter for sponta-
neous polarization [60]. Using, for instance, an Al content of 30 %, results in PN = —(.05479.
With the help of Eq. (2.1) to calculate a (and thus &,, with Eq. (2.14)), es1, e33, Ci3, and Cs3
yields P, = —0.00948 C/m? (Eq. (2.13)) for the AlGaN alloy. With that value combined with
spontaneous polarization, the total polarization across the junction is AP = —0.02229 C/m?,
which, in turn, yields an electron concentration of about 1.39x10cm ™2 (dividing AP by the
elementary charge ¢). Experimental values in that range have already been reported in the lit-
erature [76-78|, along with a more precise estimation of the carrier density n, at the 2DEG by
Ambacher et al. [76]

N

=28 (%) wn + Br - AE), (2.25)
€p is the vacuum permittivity, ¢ and ¢ the dielectric constant and thickness, respectively, of
AlGaN, ¢p the height barrier of the gate contact, £, the Fermi level, and AE, the offset of
conduction band at the junction. A plot of Eq. (2.25) as function of Al content in AlGaN is
shown in Fig. 2.8 for three different AlGaN values of thickness.

1014

00 02 04 06 08 10
Al content

Fig. 2.8. Sheet carrier density at the 2DEG formed at an AlGaN/GaN junction with different
Al contents. Plotted with data from [76].

As seen from Eq. (2.25), there are different means to increase n, other than increasing
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2.3. Applications of nitride semiconductors

the polarization difference across the junction. For instance, the thickness of the barrier can be
increased. Yet, care must be taken because, if ¢ reaches and crosses the critical thickness, the
ternary layer may relax, causing crystallographic defects and reducing PP”. Additionally, AE,

can be increased by using higher Al contents.

Since the electrons at the channel are induced by polarization, there is no need for doping
at the GaN layer. Therefore, the lack of positively charged donors reduces electron scattering,

with which mobilities up to 2000 cm?/Vs are achieved at room temperature [79].

A finalized representation of a HEMT is shown in Fig. 2.9, showing the all its main
components. First, a substrate, typically sapphire, SiC or Si, on top of which a thin nucleation
layer is grown to improve quality. Then, a GaN buffer layer, where the channel is located below
the junction with the AlGaN barrier. Finally, gate, drain, and source to connect the device and

a pasivation layer to protect it are deposited.
SiN pasivation
Source Cate Drain

AlGaN barrier

GaN or AIN nucleation

Substrate

Fig. 2.9. HEMT structure showing the basic components. Adapted from [80].

2.3.2 Zincblende nitrides in power electronics

It has been discussed that the 2DEG forms naturally at the AlGaN/GaN junction without
the need of an applied bias [9]. This behavior describes a normally-on HEMT, which work
nicely in low-voltage applications. Nevertheless, when higher voltages are required for power

switching, normally-off (no conduction at 0 bias) devices are preferred due to higher safety [13].
A normally-off HEMT is also referred to as enhancement mode HEMT (E-HEMT) [10].

Different approaches have been made in order to produce nitride E-HEMT': using a recessed-
Gate [10], F-ion implantation [12], and inserting a p-type GaN layer above the barrier [13]. All
three approaches seek to deplete the 2DEG so that there is no current flowing between drain and
source unless a positive gate bias is applied. In the first approach, the thin AlGaN resulting from

recessing the gate do not provide enough carriers to the buffer and the 2DEG is not even formed.
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Fig. 2.10. p-n junction before and after metallurgical contact. Adapted from [81].

Furthermore, in the ion implantation approach, the potential created by the negatively charged
F ions implanted below the gate leads the electronic bands (see Fig. 2.6) to move upward,
preventing also the formation of the 2DEG. Finall, much like in the band diagram shown in
Fig. 2.10, the p-GaN insertion approach causes a lift the energy bands, yielding the same result

as F ion implantation.

These methods for preventing the formation of a 2DEG at 0 gate bias, nonetheless, require
a fine control of etching, implantation, doping, and growth. Recalling that Eq. (2.5)b indicates
that zincblende nitrides are naturally polarization-free, using this phase instead of wurtzite is a
sound proposition to produce reliable E-HEMT [9]. In this case, there is no need for complicated
procedures such as etching or ion implantation, since the absence of built-in electric fields avoids
the formation of a 2DEG.

2.3.3 Light emitters

As mentioned before, the bandgaps of the nitride semiconductor system span a wide range
from approximately 0.7 to 6.2 eV, covering the infrared region, the entire visible, and part of
the ultraviolet spectrum (see Fig. 2.3). Therefore, they offer a great option as light emitters for
various applications. While the active region of modern light emitters is a quantum well, their

working principle is similar to that of traditional semiconductor devices.

Traditional semiconductor light emitters operate based on a light-emitting diode formed by
a p-n junction, which is achieved when a p- and an n-type materials are brought into metallurgical

contact. At the junction, electrons from the n-type side and holes from the p-type side diffuse
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2.3. Applications of nitride semiconductors

towards the junction, where they recombine. This ongoing process leads to the accumulation
of positive charge due to uncompensated, immobile donors in the n-type region. Conversely,
negatively charged acceptors are left in the p-type side with no holes to neutralize their charge
[81].

This creates a so-called depletion region devoid of free carriers and a built-in electric field
& (with corresponding potential difference V) across the junction, inducing a drift current that
opposes diffusion until there is no net current. The band diagrams of this region is shown before
contact in Fig. 2.10(a) and after contact Fig. 2.10(b), where a ¢V}; barrier at the junction is
established at the junction, with ¢ the elementary charge.

Under equilibrium, i.e., no injected carriers, the Fermi Er level across the junction remains

constant, and the electron n and hole p concentrations at a temperature 7" are given by [81]

Er —FE;
n = n; exp(%) (2.26a)
E,—F

where n; is the intrinsic carrier concentration, F; is the intrinsic Fermi level, and k is the Boltz-

mann constant. Moreover, the product
pn = n? (2.27)

holds.

Fig. 2.11. Biased p-n-junction. Adapted from [81].

When, an external forward bias V, is applied, the equilibrium breaks due to the injected
charge carriers, leading to the band diagram in Fig. 2.11. In such a case, the external electric
field decreases the barrier height by ¢V, and splits the Fermi level to account for the excess charge
carriers on both sides of the junction, leaving a quasi-Fermi level Er,, for electrons on the n-type

side and a quasi-Fermi level K, for holes on the p-type side, where
EFn - EFp = an (228)
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Taking these two new quasi-Fermi levels into account, the new charge carrier concentration is

n=mn; exp(FT) (2.29a)
E,— Ep,
with their product
Er, — F
pn = n; exp(%). (2.30)

With V, > 0, it follows from Eq. (2.28) and Eq. (2.30) that the product pn > n?
increases exponentially with applied bias. Thus, the depletion region, devoid of charge carriers
under equilibrium, now finds itself flooded with excess electrons and holes that can recombine
radiatively, generating a photon with energy hv = E, + kT', where h is Plank’s constant. For

practical reasons, k7 is usually ignored so that

hv = B, (2.31)

Although radiative recombination recombination may occur inside the p- or n-type materi-
als alone, the amount of holes in the n-type, or free electrons on the p-type, material is extremely
low that the amount of times recombination happens is not enough for it to make a properly
functional device. At the junction, however, both charge carriers are found in enough quantities,
as depicted in Fig. 2.12(a).

(a) (b) ()
[
Q SISISISISISIS] SISISISISISISIS]
Ec
BEp. Ern
++++++++T
++++++++++ E
+4++++++++++ Vv
+++++++++++++FFFFFFFFT

Fig. 2.12. Profile of a p-n-junction. Adapted from [82].

Since the amount of light being emitted by a solid-state device depends on the amount
of times radiative recombination takes place, and this, in turn, depends on the amount of car-
riers at the active region of the device, it is imperative to increase carrier concentration to
increase efficiency [82]. In the first place, a double heterostructure can be used, in which an
undoped material, e.g., GaN (InN), is sandwiched in between an n-type and a p-type layer of
a larger-bandgap material, e.g., AIN (GaN). This creates an electronic band structure as shown

in Fig. 2.12(b) that traps electrons and holes inside the samller-bandgap material, increasing
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considerably radiative efficiency.

Moreover, if the thickness of the central layer, Ly, is reduced to the order of the de Broglie
wavelength, a quantum well as depicted in Fig. 2.12(c) is formed. The potential barriers con-
fine carriers to two-dimensional movement, producing sharper carrier densities and increasing
even more the efficiency of the device. Using a thin layer, additionally, allows for the use of
higher bandgap differences (through the use of different compositions) since reaching the critical
thickness is avoided. Fig. 2.13 show the representation of GaN/InGaN/GaN and AlGaN/-
GaN/AlGaN QW structures. Finally, due to the confinement, the allowed states within the well
are pushed to higher energies above (below) the edge of the conduction (valence) band, so that

higher-energy emission can be attained. Eq. (2.31) then becomes [83]
hv = E,+ el + hi, (2.32)

where e; and h{ are the first allowed energy states for electrons and holes in the conduction and

valence bands, respectively.

(a) (b)

n-type GaN barrier n-type AlGaN barrier
InGaN well GaN well

p-type GaN barrier p-type AlGaN barrier
GaN buffer AIN buffer

GaN or AIN nucleation GaN or AIN nucleation
Substrate Substrate

Fig. 2.13. Quantum well structure used for light emitters using the (a) GaN/InGaN and (b)
AlGaN/GaN systems. Adapted from [84, 85].

2.3.4 Zincblende nitrides in light emitters

The results of polarization effects are more notorious in light emitters than they are in power
electronics. The strong electric fields generated at AlGaN/GaN and GaN/InGaN junctions bend
the electronic bands even before applying a bias. For example, these electric fields can have
magnitudes of a few MV /cm for a QW with well width of 10 nm and composition up to 30 % In
in a GaN/InGaN/GaN structure.

There are two main consequences of band bending due to electric fields. First, the emission

26



Chapter 2. Nitride Semiconductors: Properties and Applications

L
i |

Fig. 2.14. Band structure of a QW (a) with and (b) without polarization. Adapted from [86].

F1==

undergoes a red shift due to the reduction of the transition energy between the first electron and
the first hole levels. This phenomenon is referred to as quantum confined Stark effect (QCSE)
and is somewhat screened when forward bias is applied, leading to a blue shift [82]. Fig. 2.14
shows a schematic representation of the band bending due to the built-in electric field &,; and
the caused red shift (hvy > hvy) of the emission due to the transition between the first allowed

states in the conduction e; and valence h{ bands QW.

The emission energy considering the QCSE writes [87]
hy = Eg,well + 61_ + hi‘_ - ngiLW7 (233)

where the term ¢&; Ly accounts for the red shift. For a thin well (Ly < 2 nm) the effect is
relatively weak; however, for thicker wells, the emission energy hv is potentially smaller than the
bandgap of the bulk material that constitutes the well [82].
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Fig. 2.15. Evolution of the squared modulus of the overlap integral with well thickness with and
without built-in electric field for an InGaN/GaN QW with 17 % In content. Data from [87].
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Furthermore, because the radiative recombination rate R, depends on the overlap of the

envelopes of the electron and hole wavefunctions f, and f, [87]

2

R, ' [ 1@ (2.34)

when electrons and holes are pushed onto opposite sides of the well by the band structure
bending, non-radiative recombination processes gain the upper-hand and light emission efficiency

drastically decreases.

Although the effects of polarization can mitigated to a certain degree, complicated so-
lutions such as limiting well thickness (Fig. 2.15), growing on semipolar (1122) or nonpolar
(1120)/(1010) planes [14], or producing polarization-matched AllnGaN/GaN structures [11].
Once again, the zincblende phase offers a naturally polarization-free—see Eq. (2.5b)—alternative,
where common (001) growth directions can be utilized for simple heterojunction device fabrica-

tion, as the shown in previous sections.
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Nitride Semiconductors

The growth of nitrides for their use in optoelectronic devices is commonly carried out by
epitaxial (from the Greek eme: epi, upon, attached to; and Taio: taxis, arrangement, order
[88]) techniques such molecular beam epitaxy (MBE) or metalorganic vapour phase epitaxy. In
that sense, epitaxial growth denotes the crystallization of atoms, or molecules, resulting in a new
phase (epilayer) whose orientation and crystalline structure is reliant on the substrate on which

it is being grown.

The epitaxial growth process is influenced by numerous factors, including the substrate
type, temperature, adhesion energy, and flux rates of the nitrogen and metal sources. Depending
on these factors, four main growth modes have been identified in epitaxial growth, namely Frank-
van der Merwe (FM), step flow, Stranski-Krastanov (SK), and Volmer-Weber (VW).

Frank-van der Merwe

—> —> (layer by layer)
—
—_— —>
Step flow growth
) i Stransky-Kranstanov
Volmer-Weber
—> —> (Island growth)

Fig. 3.1. Growth modes in epitaxy. Adapted from [89].

First, in the FM mode, the adatoms (atoms of the growing crystal) start nucleating at
various points over the substrate surface forming monolayer-thick islands. If adatom mobility
is sufficiently large, they are allowed to reach the edges of such nucleation points, making these
islands grow until they meet each other and coalesce. This results continuous layer-by-layer
growth. On a surface that is not a perfect facet, a related growth mode can be described. Due to

the misorientation from perfect atomic planes, ledges, or steps, naturally occur. In the so-called
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3.1. Molecular beam epitaxy generalities

step-flow mode, atoms arriving at the growth front diffuse to the energetically-favored steps,
producing a very smooth surface. In both cases, the interactions adatom-substrate is stronger
than those of adatom-adatom [89].

Conversely, the VW mode takes place when the atoms of the growing film are strongly
bound to each other, therefore not completely wetting the substrate’s surface, leading to the
formation of 3D islands [90]. These islands can coalesce to form a continuous layer, but their 3D
nature can result in strain and defects within the film. Finally, the SK mode can be considered
as a combination of the FM and VW growth modes. During the first stages, the incoming atoms
distribute uniformly on the surface, generating a layer-by-layer growth. If the lattice mismatch
between epilayer and substrate is large enough, stress accumulates as the film grows, until a
critical point is reached and lattice relaxation occurs. At this point, there is a transition to
island growth [91]. A schematic representation of the three modes during different stages of the

growth is shown in Fig. 3.1.

Using any of the three modes can have significant implications for the properties and
applications of the resulting epitaxial crystals. For instance, the SK mode can be used to produce
quantum dots [92, 93|, whereas, the FM mode is preferred for high-quality thin films that are
suitable for the fabrication of quantum wells [94]. The VW mode, on the other hand, may be

desired to produce nanowires [95].

3.1 Molecular beam epitaxy generalities

As mentioned above, one of the two main techniques to achieve epitaxial growth of nitride
semiconductors is MBE, a versatile growth technique used to produce a variety of materials
entailing semiconductors, metals, and insulators [96]. There are a few reasons as to why MBE
stands out as a method for growing advanced epitaxial structures. To illustrate, MBE provides
a fine control over thickness, composition, and doping, allowing for high-quality, ultra-sharp

interfaces needed for low-dimensional structures [97].

There are a few fundamental factors allow MBE to produce such high quality materi-
als, namely the ultra-high vacuum (UHV) chambers, high-quality effusion cells, precise shutter
control it uses. Moreover, characterization techniques such as reflection high-energy electron

diffraction (RHEED) can be easily integrated to control the growth process in-situ.

First, the UHV conditions are required to prevent the contamination of the produced
semiconductor films. Theoretical estimations indicate that a typical background pressure of 1071°

Torr within an MBE system yields an incorporation of about 5x 10*” ecm ™ foreign atoms. Yet, the
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impurity levels observed in epitaxial layers grown under these conditions are significantly lower
than these predictions [98]. Moreover, the UHV environment ensures that the mass transport
from the sources maintains its beam nature, meaning there is no scattering between the source

species with residual gas molecules [99].

3.1.1 Growth setup

In order to accomplish such conditions, a standard MBE setup comprises three stainless
steel chambers employing various combinations of turbomolecular, diffusion, cryogenic, and ion
pumps. The incorporation of Ti sublimation pumps is also often utilized. All that pumping
is supplemented with an efficient baking out system [100] as well as a cryo-shroud cooled with

liquid nitrogen in the main chamber [99], resulting in the UHV environment needed.

The first chamber, referred to as load lock, acts as an interface between the UHV conditions
within the MBE setup and the ambient conditions outside. Through it, fresh substrates are
introduced and grown structures extracted. Usually, the primary degassing of the substrates is
also carried out there. Right after the load lock, a buffer chamber is used before the main chamber
in order to keep the latter as clean as possible. This second chamber is sometimes called analysis
chamber as it can accommodate surface characterization techniques, such as x-ray photoelectron

spectroscopy or Auger electron spectroscopy.

RHEED

RHEED screen
gun S W
To P Pumpin
load-lock ping

Material sources

Ga, Al, In, As Dopant sources

Mg, Si

Active N

source

Fig. 3.2. MBE schematic representation. Adapted from [101].

The main chamber, also growth chamber, contains all the material sources, along with
their shutters, observation ports, in-situ characterization techniques, and the substrate holder

with a heater. Here, the sources are heated to produce atomic, or molecular, beams that are
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directed towards the substrate. The beams then condense on the substrate to form crystalline

layers, resulting in the growth of a new material or structure.
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Fig. 3.3. Surfaces mechanisms happening in MBE. Adapted from [102].

Effusion cells are the responsible for providing the atomic/molecular beams. For condensed
sources, e.g., Ga, Al, In, and As, a modified Knudsen cell (larger openings than the ideal),
consisting of a crucible surrounded by an electrical o