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ABSTRACT
PLASMA-ASSISTED LIQUID PHASE EPITAXY OF GALLIUM NITRIDE USING
MOLTEN GALLIUM
Daniel Felipe Jaramillo-Cabanzo

April 24, 2019

Next generation semiconductor materials such as Gallium Nitride (GaN) and
Silicon Carbide (SiC) are rapidly replacing Silicon (Si) for high power and high frequency
applications due to Si’s inherent limitations. Despite the advantages of GaN over SiC,
adoption of GaN has been hindered due to the lack of a cost-effective bulk production
technique. Thus, the inability to precure native substrates requires GaN-based architectures
to be heteroepitaxially synthesized on non-native substrates, such as sapphire and even
SIiC. This research seeks to develop a cost effective and scalable method to produce low
defect, bulk GaN encouraging the adoption of GaN based devices which ultimately will
allow reduction of energy losses in the grid. Specifically, two conceptual methods for the
growth of bulk GaN will be explored. The first one is a film-based method, which is based
on self-oriented growth of GaN films on a melt gallium layer. In this process, a highly
oriented GaN film, made by exposing Ga to plasma-activated nitrogen atoms, is epitaxially
thickened into a millimeter-thick GaN film via metalorganic chemical vapor deposition
(MOCVD) or halide vapor phase epitaxy (HVPE). The second proposed concept is a

crystal-based method. In this process, single crystalline GaN crystals are obtained by



nucleation of GaN out of a Ga melt when exposed to nitrogen plasma. Later, those crystals
are enlarged via plasma-assisted liquid phase epitaxy.

As a first step to develop a plasma-assisted liquid phase epitaxy technique the
wetting properties of Ga, as well as the interaction between molten Ga and plasma were
studied. It was found that both an increment in temperature and the addition of other
elements can improve the wettability of Ga by reducing the surface tension of the molten
metal. However, these variables were not as effective as the dissolution of nitrogen radicals
into the melt. Absorption/desorption experiments indicated a rapid adsorption/dissolution
of the gas into the molten metal when gallium was exposed to plasma. The overall
interaction between Ga and plasmas is composed of five processes: (1) surface adsorption,
(2) diffusion into the bulk, (3) recombination inside the bulk, (4) surface recombination,
and (5) desorption of species from the bulk. The concentration of radicals inside the metal
is determined by the rate in which each process is completed.

The self-oriented growth of GaN crystals on molten Ga was found to be dependent
of the ability of Ga to spread. XRD characterization showed that flat GaN films only
presented reflections of the (0002) and (0004) planes of the hexagonal GaN, whereas the
non-flattened GaN films showed the presence of all the characteristic planes of the wurtzite
GaN. On the other hand, micron-sized wurtzite and zincblende GaN crystals were obtained
by exposing a mixture of Ga and LiCl to nitrogen plasma. It is believed that GaN crystals
crystalized from a Li-Ga-N melt that was formed by the interaction between LisN, Li and
Ga.

In a typical plasma nitridation experiment, spontaneous nucleation of GaN out of

molten Ga leads to the formation of a thick GaN crust on top of the surface of the metal.

Vi



Similarly, the regrowth experiments using GaN seeds or GaN-on-sapphire substrates failed
because of such spontaneous nucleation. The formation of the GaN crust can be explained
by the spinodal decomposition mechanism when the concentration of nitrogen inside the
Ga reaches a limit. To control the concentration of nitrogen inside the melt, a unique
concept of pulsed plasma was introduced. Results showed that pulsed plasma-assisted
liquid phase epitaxy allowed a delay in spontaneous nucleation while promoting the growth
of additional layers on the pre-existing seeds. A mass transport model was developed to
discuss the effect of bulk recombination, diffusion, and pulsing in the concentration of
nitrogen into the molten Ga. Results indicated that in the pulsing experiments both the
recombination of radicals in the bulk and the diffusion of species into the metal are favored
compared to the dissolution of radicals. As a result, the concentration of nitrogen at the
surface of the metal is decreased, while the concentration of nitrogen at the surface of the
substrate is increased.

The results presented in this work provide insights into low-pressure, metastable
crystal growth processes that include both nitrogen dissolution and crystallization of GaN
out of a Ga melt. Specifically, the roles of plasma and alkali or semi alkali metals in the
dissolution of nitrogen into Ga and the understanding of the mechanism in which GaN
crystals nucleate are elucidated. Furthermore, the results obtained in this work could be
extended to several other compound semiconductor systems that decompose before

melting and are unsuitable for traditional crystal growth techniques.

vii



TABLE OF CONTENTS

PAGE
ACKNOWLDEGMENTS ...ttt sre e iv
F N SIS I ¥ N O [P %
LIST OF TABLES ...ttt Xi
LIST OF FIGURES ..ottt sttt Xiii
CHAPTER
1. INTRODUCTION ...ttt sttt be s sa e e e e e snesaesresreaneaneas 1
P =7 A 01 11 2 {0 11 11| 5 S 8
% B € - 1| 1100 01 1 Lo SR 8
2.2, Growth of GaN FilMS ..o s 12
2.2.1.  Substrate CONSIAEratiON ........cccveveiiieiiee e 13
2.2.2. Metal organic chemical vapor depoSition ...........cccoovevrieiienenene e 17
2230 MBE e 19
224, HVPE ..ot eneenes 20
2.3, Growth Of BUIK GaN .......ccoiiiiiiiieiesese e 21
2.3.1. High pressure SOIULION .........ccooiiiiiiiiiecee e 22
2,32, AmMMONOTNEIMAL ......cooviiieiiee s 26
2330 NATIUX oo s 28
2.4.  Low pressure liquid phase epitaxy of GaN..........cccociiiiiniiniiiiiiee e 32
2400 NIAE FIUX o 33
2.4.2.  Low pressure growth of GaN under ammonia atmosphere ...........c.cccoe...e. 38

viii



2.4.3.  Plasma-assisted growth of GaN ..........ccccovvriiiiiniiiiineee e 46

244, CRABNGES.... .o 50
2441, WELtING PrOPEITIES ...voviieiieiiiesiieieeeie e 50
24,42, HOmMOQGENEOUS NUCIEALION .......ccviiiiiieiiesie e 53
3. EXPERIMENTAL METHODS ..o 58
3.1 NItridation EXPErIMENTS .....ceeveiiieiieiterie e 58
311, RF-PIaSMA FBACION ......evviieiieie st 58
3.1.2.  ECR-PIaSMA rBACION ......c.viiiiiieieieciieiee e 60
3.1.3.  Typical nitridation eXPeriment..........ccocvvierererininesieeeeee e 62
3.2.  Contact angle eXPErimMENtS..........cccueiieieiieie e see e sre e 63
3.3, Characterization teCANIQUES .........c.eiiiiiiieeieeee s 64
331, Xeray diffraClion ...ecvceeie e 64

3.3.2.  Scanning electron MICIOSCOPY .....ccveeeierierieriesieniesesreseeeeseeseeseesiesiessessens 65

4. FUNDAMENTAL PROPERTIES OF GA IN THE PRESCENCE OF PLASMA .. 67

4.1, INEFOTUCTION .....iiiiiiiiieiiee bbbt 67
4.2, WELtING PrOPEITIES. .. .eeiveeie ettt ettt e re e sre et e eneesre e e 68
4.3.  Interaction radicals into MOIEN Ga.........coeiiiiiiiiiiiiee s 76
4.4.  Growth of S NWS 0N Cu fOilS.......cccooiiiiiiii s 85
O T 10 1 01 0 0 T 1Y SRRSO 95
5. PLASMA-ASSISTED LIQUID PHASE EPITAXY OF GAN .....cccccoiiiiiiiieeien 97
5.1 INEOAUCTION. ...ttt bbb 97
5.2.  Highly oriented GaN films ..........ccccoviiiiiii i 98
5.3.  GaN seeds for growth of GaN ..........cccceiiiiiiiiii e 100
53.1.  Regrowth of GaN SEEUS ........ccccuiiiiiiiieiese s 104
5.4.  Plasma-assisted liquid phase epitaxy of GaN ...........cccccoeiieiiiiiiii i, 105

5.5.  Parametric analysis of pulsed plasma-assisted liquid-phase epitaxy of GaN. 116
5.6, SUMMEAIY ...ttt 127
6. CONCLUSIONS ...ttt et sb et b e 128



7. RECOMMENDATIONS ..ot s 132

REFERENCES ... 135
APPENDIX T oo s 148
CURRICULUM VITAE ... s 149



LIST OF TABLES

Table 1-1. Material properties of Si and GaN> ...........ccccveeeeveeceee e 2
Table 2-1. Physical and optical properties of wurtzite (hexagonal) and zincblende
(cubic) GaN. Adapted from Levinshtein et al.?l..........ccoovvvveieieceseeeee, 9
Table 2-2. Electronical properties of wurtzite (hexagonal) and zincblende (cubic)
GaN. Adapted from Levinshtein et al.?h..........c.cccovvvviveieeeceeeeee e 10
Table 2-3. Problems commonly faced with heteroepitaxy. Adapted from Liu and
EAQAr. 2.ttt 14
Table 2-4. Crystallographic information and thermal expansion coefficient of
sapphire, Si, and BH-SIC..........ccccooiiieece e 15
Table 2-5. Lateral lattice mismatch and the difference in the thermal expansion
coefficient of sapphire, Si, and 6H-SiC with respect to GaN. ...............c.c....... 15
Table 2-6. Relationship between the experimental conditions and the type of

outcome in a LisN flux process for GaN growth. Adapted from Song et

Table 2-7. Equilibrium pressures of N2 over GaN and the N equivalent. Adapted

FIOM J.S. DYCK. 20 .ot 48
Table 4-1. Contact angle experiments results. Ambient Setup.........cccocvevvveiieiiieiiiecinnns 70
Table 4-2. Contact angle experiments results. Vacuum SEtup. ........cccocvvvvvvevieiieeiiecinnns 71

Xi



Table 4-3. Estimated surface tension of different Ga alloys at the temperatures that
the contact angle experiments were performed............ccccovvevviieiiciecieseeie
Table 4-4. Chemical reactions and their enthalpy of formation for the Ga - N2 and

Ga - Hz Plasma SYSEMS.......c.uviiiiieiie st

xii



LIST OF FIGURES

Figure 1.1 (a) Film-based and (b) crystal-based methods proposed for the growth

OF DUIK GaN ... ettt e e e e e

Figure 2.1. Graphical representation of (a) hexagonal and (b) cubic GaN, and the
stacking sequence in (c) wurtzite GaN along the [0001] direction and in

(d) zincblende GaN along the [111] direction. Ga and nitrogen atoms are

represented in gray and purple, respectively.........cccocevvveiiiiecicce e

Figure 2.2. Atomic arrangements of the sapphire (0001) surface and the (0001)
surface of GaN. Aluminum and oxygen atoms in sapphire are shown in

blue and red, respectively while gallium and nitrogen atoms in GaN are

shown in gray and purple, respectively.........cccoveiviiiiicii e,

Figure 2.3. Atomic arrangements of the Si (111) surface and the (0001) surface of

GaN. Silicon atoms are shown in green while gallium and nitrogen atoms

in GaN are shown in gray and purple, respectively. ...........cccccoviiieiviienen,

Figure 2.4 (a) Temperature dependence of the solubility of N in liquid Al, Ga, and
In. Adapted from S. Porowski.>? (b) Gibbs free energy of GaN and its

constituents (reaction 2.8) in terms of pressure and temperature. Adapted

FrOM 1. GIZEOOIY.2 ...ttt

Xiii

... 16



Figure 2.5 Li-Ga-N ternary phase diagram at 800°C and 1 bar. Data taken by Chen

Figure 2.6. (a) Partial pressure of N2 in equilibrium with GaN when formed from
Ga and N2, (PN2vs.104T ). (b) Partial pressure of NHz in equilibrium
with GaN when formed from Ga and NHs, (logPNH3vs.104T ). PH2is

1 atm. Dashed lines represent a £1 kcal uncertainty in the free energy of

formation of GaN. Adapted from Thurmond and Logan.'?........................

Figure 2.7. Diagram for the LP-LPE growth of GaN using ammonia. Ammonia
partial pressure versus temperature with regions of dissociation of GaN
(checkered), homogeneous nucleation and GaN growth (striped), and the
Ostwald-Miers region (gray). Hydrogen and nitrogen were used as

carrier gases and the total pressure was 1 atm. Adapted from Hussy et

Figure 2.8. (a) Self-oriented growth of GaN. Adapted from Chandrasekaran et al**,
(b) Self alignment of the platelets due to the movement. Adapted from

Chandrasekaran et al*. (c) Cross-sectional SEM image of oriented GaN

film. Adapted from Li et al.®.........c.coovoieiieece e

Figure 2.9. Interaction between liquid, solid, and gas in a liquid-solid-gas system. .....

Figure 2.10 Synthesis of Ge nanowires form a Ga melt. The region between the

liquidus and the spinodal line depicts the condition in which the growth

OF NANOWITES IS PrOMOTEM. .....evieiieiieieie e
Figure 3.1 RF-plasma reactor P&ID. .........coouiiiiiiiieii e

Figure 3.2 ECR-plasma reactor P&ID. .........cccoeiiiiiiiiiiiiseeee s

Xiv

.. 49

Y

... 95

.99

.61



Figure 3.3 ASTeX AX4500 source configuration. Adapted from the operation

manual of the ASTeX AX4500 ECR Plasma Source.r ........cccooveevevevennn,

Figure 4.1 Process that explains the wetting behavior of Ga under hydrogen plasma.
(@) A solid Ga film is transformed into a (b) liquid Ga film by increasing
the temperature of the system. Hydrogen plasma exposure removes the
oxide layer of the melt, which causes (c) agglomeration of the film.

Finally, after the oxide layer has been completely removed a (d) Ga

droplet is FOrMEd. .........oovviece e

Figure 4.2 Ga film after being exposed to nitrogen plasma at 800 °C. (b) Ga droplet

contained in a reservoir made of GaN-on-sapphire. (c) Same

Galreservoir arrangement after pulse experiment. ...........cccoeevveveeiieieennnn,

Figure 4.3 Schematic of the system used for the absorption/desorption experiments.

Figure 4.4. On/off experiments. Change in pressure when uncoated (top) and Ga-

coated (bottom) supports are exposed intermittently to nitrogen plasma.

Experiments were performed at 400 °C and a power of 100 W. .................

Figure 4.5. On/off experiments. Change in pressure when uncoated (top) and Ga-

coated (bottom) supports are exposed intermittently to hydrogen plasma.

Experiments were performed at 400 °C and a power of 100 W. ..................

Figure 4.6. Proposed mechanism: (a) creation of atomic species, (b) surface
adsorption, (c) diffusion into the bulk, (d) recombination inside the bulk,

(e) surface recombination, (f) desorption of molecular species, and (g)

molecular species in the gas Phase. ........ccccvveiieiiiciic e

XV

e

.. 76

w79

... 80

.81



Figure 4.7 Growth of Si NWs on Al>Os-coated Cu substrates. Densely packed (a)
Si NWs (d~100 nm) were grown (b) uniformly all over the surface of

the alumina-coated substrates. (c) Formation of silicides was not

OBSEIVEA. .ot e et aaenn

Figure 4.8 Flexible anode for Li-ion batteries. Anode is composed Si NWs arrays

grown 0N Al203-CaEA CUL. ..ocuviiiiiiiiiieieie e

Figure 4.9 Charge/discharge cycle performance of Si NWs arrays grown on Al,O3-

coated Cu as anode material in Li-ion batteries. ........oooooeeeeeee e

Figure 4.10 Growth of Si NWs on Si substrates at (a) 200, (b) 250, (c) 300, and (d)

350 CC. i

Figure 4.11 Growth of Si NWs on UNCD-coated Si substrates. The temperature of

the growth Was 350 °C. ......eciiiiiiieii e

Figure 5.1. (a) Top morphology of flat GaN film, with the top right corner (b)
showing the film as deposited. (c) X-ray spectra for the flat film. (d) Top

morphology of non-flatten GaN film with the top right corner (e)

showing the film as deposited. (f) X-ray spectra for the non-flatten film....

Figure 5.2. Morphological analysis of the samples synthesized by exposing a Ga-
LiCl melt to N2 plasma. (a) Particle formed out of platelets. (b) Close-up
of the platelets. (c) Agglomerates with pillars on their surface. (d) Close

up of one of the pillar structures. (e) Agglomerates of hexagonal and

cubic crystals. (f) Close up of a cubic crystal. ...........cccooeiiiiiiiiiiiciec

Figure 5.3. XRD spectrum of powders synthesized by exposing a Ga-LiCl melt to

N2 PIASIMA. ... e

XVi

... 89

.. 91

... 93

... 94

... 95

.. 102

.. 103



Figure 5.4 (a) Formation of a GaN crust on top of Ga after continuous exposure to

nitrogen plasma. Dashed circle indicates (b) the interface between Ga

AN TN GAN CIUSL. ..ot 107
Figure 5.5. Growth of GaN via pulsed plasma-assisted liquid phase epitaxy was

performed at 900 °C utilizing a five-minutes on, five-minutes off pulse. ..... 107
Figure 5.6 Pulse experiment performed for a short period of time.............ccccccecverrennn. 108
Figure 5.7 Ga film formation during LPE experiments. A Ga film with varying

thickness is formed on top of the substrate due to the incorporation of

NItrogen iNto the MElL. ..o 108
Figure 5.8 Growth of GaN via pulsed plasma-assisted LPE utilizing a Ga film with

varying thickness. (a) Polycrystalline GaN was obtained in the thinnest

area of the film. (b) Epitaxial growth of GaN was obtained in a mid-point

between the edge and the center of the film. (d)-(e) GaN crystals were

obtained in the thickest area of the film. ... 110
Figure 5.9 TEM characterization of the GaN crystals obtained in the thickest area

of the Ga film. (@) SEM image of the TEM lamella used during

characterization. White outlined area indicates the (b) area that was

analyzed using TEM. (c) High resolution TEM image of the crystal.

White outlined area indicates the interface between the grown layer and

the substrate. (d) High-resolution TEM image of the interface. The area

between the dashed lines indicates where the interface is. (e) Electron

diffraction pattern of the substrate. (f) Electron diffraction pattern of the

GrOWN CIYSTAL. .. 111

XVii



Figure 5.10 Pulsed plasma-assisted LPE of GaN utilizing a modified pulse

sequence. In this experiment a two minutes-on, five-minutes off pulse

WAS USEO. ...ttt bbb 114
Figure 5.11 TEM characterization of the GaN film grown via the pulsed plasma-

assisted LPE technique utilizing the modified pulse sequence. (a) SEM

image of the TEM lamella used during characterization. White outlined

area indicates the (b) area that was analyzed using TEM. (c) TEM image

of the film. White outlined area indicates the interface between the

grown layer and the substrate. (d) High-resolution TEM image of the

interface. The area between the dashed lines indicates where the interface

is. (e) Electron diffraction pattern of the substrate. (f) Electron diffraction

pattern Of the grown laYer. .........ccviviiicc e 115
Figure 5.12. Time-dependent diffusion of nitrogen radicals from a plasma source

INt0 @ MOIEN Ga FIlM. ..o 116
Figure 5.13 Effect of bulk recombination in the concentration of nitrogen inside a

1mm thick Ga film. Concentration profiles were calculated using DNGa

=5x10%cm?s?, pt =1and kBR = (a) 0, (b) 1 x 107, (c), 1, and (d)

Figure 5.14 Effect of diffusion in the concentration of nitrogen inside a 1mm thick

Ga film. Concentration profiles were calculated using kBR = 1 x 107,

pt =1and DNGa = (a) 5 x 10, (b) 5x 10, (c) 5x 10, and (d) 5 x 10-

XViil



Figure 5.15 Effect of pulsing in the concentration of nitrogen inside a 1mm thick
Ga film. Concentration profiles were calculated using kBR = 1 x 10!

DNGa =5 x 10% cm? s, and pt = (a) 1, (b) 0.5 and (c) five to five

minutes on/off pulse. Pulse wave is shown in (d).........cccccovverininiiienennnnne

Figure 5.16. Liquid phase epitaxy of GaN utilizing a diluted nitrogen plasma.
Nitrogen was diluted in argon in a 1:9 ratio in order to reduce the
concentration of nitrogen radicals in the system. (a) Resultant film is

characterized by having two distinct growths i.e., epitaxial and

polycrystalline. (b) Zoom into the epitaxial GaN layer. ..........ccccoevervnnnne.

Figure 5.17 Concentration profile of modified pulsing sequence. Concentration
profiles were calculated using kBR =1 x 10 DNGa =5 x 10° cm? s
tand a modified pulse sequence. Concentration profile in (a) corresponds

to pulse sequence presented in (b), while concentration profile in (c)

corresponds to pulse sequence presented in (d) .......cccoovvvereieiencienininns

Figure 5.18 Pulsed plasma assisted LPE of GaN using a modified pulsing sequence.
The sequence is described as five min on, then thirty min off, and then a

one-to-thirty min on/off pulse, which is performed until the end of the

BXPEITMENT. ...ttt bbbttt b bbbt

XiX

. 125



CHAPTER 1

INTRODUCTION

As clean energy is being adopted around the globe, the role of power electronic
devices, which convert and control the flow of electrical power, become even more
relevant. Historically, these devices have been manufactured using silicon (Si). However,
the operating limits of Si devices, which are set by the material’s intrinsic properties, fail
to perform with more demanding applications.! Gallium nitride (GaN), a direct bandgap
semiconductor, has emerged as the prime material to be utilized in the new generation of
power devices. With inherent high breakdown strength, high saturation electron velocity,
and good thermal conductivity (see Table 1-1), GaN has the potential to revolutionize not
only the fields of power conversion and transmission via power switches, amplifiers and
transistors, but also the field of optoelectronics. In the case of power switching
applications, GaN has the potential to reduce the consumption of energy in various
commercial, industrial and military systems, namely smart grid, electric and hybrid
vehicles and bulk energy storage, among others.? In fact, GaN Systems Inc., one of the
most prominent global developers and distributers of GaN devices, claims that their power
systems are already four times smaller, four times lighter and four times more efficient
compared to its Si counterpart.* Furthermore, GaN microwave amplifiers can provide ten

times more signal and power enhancement compared to Si and gallium arsenide (GaAs)



devices in cell phones.® Qorvo, a public company that specializes in radiofrequency (RF)
solutions, argues GaN will overtake traditional semiconductor materials for fifth-
generation (5G) network applications like small cells, which will require higher
frequencies, tight integration, and minimal implementation cost.® In terms of transistors,
GaN also offers the ability to form heterojunctions, making this material suitable for
fabrication of high electron mobility transistors (HEMTs).” Finally, the blue and UV light
emission of GaN is of great interest in optoelectronics, specifically in the light, display,
and storage industries as it can make light bulbs last up to ten years, brighten flat panel
displays, and quadruple the storage capacity of traditional optical storage devices such as
CDs and DVDs.%*

Table 1-1. Material properties of Si and GaN*

Material property Si GaN
Bandgap (eV) 112 34
Critical Field (108 VV/cm) 0.3 3.3
Carrier mobility (cm2/Vs) 1500 990,2000?
Electron saturation velocity (10® cm/s) 10 25
Thermal conductivity (W/cm?K) 15 1.3

2ln bulk GaN/2D electron gas region of GaN/AlGaN HEMT, respectively

The potential of GaN for semiconductor applications is substantial. According to a
report by Transparency Market Research (TMR), the global GaN semiconductor devices
market was estimated to be at US$870.9 mn and is expected to grow to US$3.438 bn by
2024. The military (i.e. aerospace and defense) sector dominates with 42% of the total

market share. However, the relatively higher price of GaN-based devices compared to Si-



based devices has become the main obstacle for large-scale adoption. The reason for this
price difference is attributed to the high cost of low defect density GaN wafers. Currently,
there is no commercial technique for bulk GaN growth, which would alleviate the higher
price of GaN-based devices.

Due to the lack of a commercial technique for bulk GaN, current GaN-based
devices are being made through heteroepitaxial vapor deposition of GaN on sapphire,
silicon carbide (SiC) or silicon (Si) substrates. However, these films suffer from a large
dislocation density (~ 108-10° cm™) due to a mismatch of lattice parameters and thermal
expansion coefficients between the GaN and the underlying substrate'®. These values are
significantly higher than those required for high-efficiency power devices (<10% cm-?). The
use of native substrates for homoepitaxial growth, rather than heteroepitaxial growth, of
GaN has been identified as the only existing way to overcome this problem. GaN crystals
cannot be grown using typical Bridgman or Czochralski type of techniques because the
decomposition occurs prior to the melting point. Bulk synthesis methods, i.e. high-pressure
solution, ammonothermal, and alkali salt fluxes, have been used to obtain GaN crystals
with low defect density.'* Among these, the ammonothermal method has been the one that
provides the best quality.*> However, bulk synthesis methods are characterized for being
performed under extreme temperatures and pressures for long periods of time (in the order
of days)'® making them cost prohibited and therefore noncompetitive for production.

In the development of this dissertation, two different approaches have been
proposed for the growth of bulk GaN, which potentially would help to achieve the ultimate
technological goal of producing large area single crystalline GaN with low defect density

at low cost. The approaches are presented in Figure 1.1.
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Figure 1.1 (a) Film-based and (b) crystal-based methods proposed for the growth of bulk
GaN

The first one, Figure 1.1(a), corresponds to a film-based method, which is based on
results obtained from Sunkara et. al on self-oriented growth of GaN films.}4® In this
process, upon exposure of metallic Ga to plasma-activated nitrogen atoms, GaN platelets
nucleate and coalesce on the surface of the molten Ga. During the process, these platelets
self-orient and form an epitaxial layer. In a following step, hydride vapor phase epitaxy
(HVPE), which is characterized by high growth rate and excellent crystal quality, is used
for epitaxial thickening of these layers to obtain millimeter thick GaN wafers. When the
process is performed on a foreign substrate, the epitaxial film grown in the first step acts

as a buffer layer for the second step. Conversely, when the growth is performed on a native



substrate, the homoepitaxial GaN film obtained in the first step can reduce the dislocation
density of the original substrate, which promotes the growth of higher quality GaN in the
second step.t’-18 Alternatively, metal organic chemical vapor deposition (MOCVD) can be
used in the second step. The second approach, Figure 1.1(b), is described as a crystal-based
method. In this process, single crystalline GaN crystals are synthesized by exposing a Ga
melt or a mixture of molten Ga and alkali metals, alkali salts, or alkali nitrides to nitrogen
plasma. These crystals are then immersed in a new Ga-based melt and expose to nitrogen
plasma. As a result, homoepitaxial layers of GaN are grown onto the crystals, which
ultimately is reflected in crystal size enlargement. This step can be repeated successively
until the desired final size of the crystal is achieved.

In contrast to other bulk growth techniques, these processes are performed at low
pressures (sub-atmospheric), relatively low temperatures (~900°C) and are considerably
faster (in the order of hours) making them easy to scale and, more importantly, cheaper
than the current GaN bulk techniques. If successful, these techniques will enable wide
spread applications of GaN in power electronics and optoelectronics, which can ultimately
result in enormous energy savings.

Because the success of these two approaches is determined primarily by the step in
which the epitaxial growth of GaN takes place, the main goal of this dissertation is to
provide a reliable process that allows for the epitaxial growth of GaN. Specifically, this
dissertation presents the utilization of a novel technique in which epitaxial layers of GaN
are grown via plasma-assisted liquid phase epitaxy (LPE).

The proposed technique, which is based on the interaction of gallium and nitrogen

plasma and are carried out at relatively low temperatures (~900°C) and subatomic



pressures, will provide insight into low-pressure, metastable crystal growth processes that
include both nitrogen dissolution and crystallization of GaN out of a Ga melt. Specifically,
the roles of plasma and alkali or semi alkali metals in the dissolution of nitrogen into Ga
and the understanding of the mechanism in which GaN crystals nucleate will be elucidated.
The experiments presented in this work will also provide information about the flowing
and the wetting behavior of nitrogenated-Ga melts on various substrates. Additionally, the
results obtained in this work could be extended to several other compound semiconductor
systems that decompose before melting and are unsuitable for traditional crystal growth
techniques.

This dissertation is divided into nine distinct chapters. Chapter one presents the
motivation behind developing a process to produce bulk GaN. Within this chapter, an
introduction to the challenges and the limitations of current techniques for growth of bulk
GaN are presented. Two different approaches, which are based on the interaction of
nitrogen plasma and molten gallium, are proposed as alternatives to growing bulk GaN.
Furthermore, main challenge of these two approaches is identified, and therefore, the main
objective of this work is to develop a reliable plasma-assisted liquid phase epitaxy
technique for GaN growth. The impact of this dissertation is also stated in this chapter.

Chapter two assesses the structure and fundamental properties of GaN, introduces
the GaN thin film technology, and presents a comprehensive review of the state of the art
of techniques for growth of bulk GaN. There will be an emphasis in the low-pressure
techniques. Additionally, the main challenges in low-pressure liquid phase epitaxy of GaN

are discussed.



Chapter three presents an overview of the experimental methods and
characterization techniques employed in this study.

Chapter four presents a set of fundamental studies in order to understand the
influence of different variables on the wetting properties of Ga and gain insight into the
interaction between nitrogen plasma and molten Ga. Additionally, this chapter presents the
growth of Si NWs on Cu foils to elucidate the potential of the synergism between molten
Ga and plasma in other applications different than the growth of GaN

Chapter five presents a novel low-pressure technique for liquid-phase epitaxy of
GaN. A unique concept of pulsed plasma allows for the control of spontaneous nucleation
and promotes the epitaxial growth of GaN during the process. A mathematical model is
also presented to discuss the effect of bulk recombination, diffusion, and pulsing in the
concentration of nitrogen into the molten Ga. Additionally, this chapter presents the results
concerning the growth of seeds for both the film- and crystal-based approaches.

Chapter seven and chapter eight present the conclusions of this study and the

recommendations for future work, respectively.



CHAPTER 2

BACKGROUND

2.1. Gallium nitride

Gallium nitride (GaN) is a Il1l-V semiconductor material mostly known by its
pivotal role in the development of light-emitting diodes (LEDs) for illumination (white
light). GaN has a direct band gap of 3.4 eV that can be tunable in the visible and ultraviolet
(UV) range by alloying with InN or AIN. Even so, the potential of GaN goes beyond the
LED technology. GaN’s physical and electrical properties make this material suitable for
utilization in the new generation of power devices. A review of the physical and electrical
properties of GaN is presented in Table 2-1 and Table 2-2 respectively.

The unique properties of gallium nitride are closely related to its crystal structure.
GaN exists in two different polymorphs: wurtzite (hexagonal) and zincblende (cubic).
Although very similar in their crystallographic structure, i.e. the bonding to the next
neighbor in both structures is tetrahedral, the wurtzite polymorph is more stable.!® The
wurtzite GaN consists of two interpenetrating hexagonal close-packed (hcp) lattices. The
unit cell is formed by two Ga toms and two nitrogen atoms.?° The Ga atoms are located at
(0,0,0) and at (2/3,1/3,1/2), while the nitrogen atoms are located at (0,0,u) and at
(2/3,1/3,1/2+u), where u is approximately 3/8. The crystallographic structure of wurtzite

GaN is presented in Figure 2.1 (a).



Table 2-1. Physical and optical properties of wurtzite (hexagonal) and zincblende (cubic)

GaN. Adapted from Levinshtein et al.?!

Property Wurtzite GaN Zincblende GaN
Band gap (eV) 3.39 3.2
Lattice constants (A)

a 3.189 4.52

C 5.186 -
Density (g/cmq) 6.15 6.15
Bulk modulus (dyn cm™) 20.4 x 10% 20.4 x 10
Melting point (°C) 2500 2500
Specific heat (J g °C?) 0.49 0.49
Thermal conductivity (W cm™°C?) 1.3 1.3
Thermal diffusivity (cm? s?) 0.43 0.43
Thermal expansion, linear (°C™)

Ola 5.59 x10° -

Olc 3.17 x 10 -
Infrared refractive index 2.3 2.3
Radiative recombination coefficient (cm®s™) 1x1078 1x108




Table 2-2. Electronical properties of wurtzite (hexagonal) and zincblende (cubic) GaN.

Adapted from Levinshtein et al.?*

Property Wourtzite Zincblende
Dielectric constant

Static 8.9 5.3

High-frequency 5.35 0.13
Electron affinity (eV) 4.1 4.1
Breakdown field (V cm™) ~5 x 10° ~5 x 106
Mobility (cm? V1 s?)

electrons <1000 <1000

holes <200 <350
Diffusion coefficient (cm? s?)

electrons 25 25

holes 5 9
Electron thermal velocity (m s?) 2.6 x 10° 3.2x10°
Hole thermal velocity (m s) 9.4 x 10* 9.5 x 10
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On the other hand, the zincblende GaN consists of two face center cubic (fcc)
structures displaced along the cubic space diagonal by a vector (1/4,1/4,1/4)a,, with a,
being the lattice constant. One of the fcc-substructures is occupied exclusively by Ga atoms
and the other one is occupied exclusively by nitrogen atoms. As a result, the GaN
zincblende unit cell is composed of 8 atoms: four gallium atoms and four nitrogen atoms.?
The crystallographic structure of zincblende GaN is presented in Figure 2.1 (b)

Both the wurtzite and zincblende structures present a close packed arrangement in
which the atoms on the (0001) planes of the wurtzite structure and the atoms on the (111)
plane of the zincblende structure are arranged in a hexagonal pattern. The difference
between the two structures is the stacking sequence along the axis perpendicular to the
hexagons.*® For the wurtzite structure, the stacking sequence along the [0001] direction is:

w.GayN,GagNgGayN,GagNgGagNgGayNy ... (2.1)

Whereas for the zincblende structure, the stacking sequence along the [111]
direction is:

..GayN,GagNgGasN-GayN,GagNgGa;N ... (2.2)

A graphical representation of both crystallographic structures as well as their
respective stacking sequences is presented in Figure 2.1.

Due to its more stable nature, the wurtzite polymorph is easier to produce and
therefore all commercial GaN applications are made out of hexagonal GaN. This work will
focus on the growth of bulk hexagonal GaN. For the purposes of brevity and throughout

this work, GaN will refer to hexagonal GaN unless specified otherwise.
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Figure 2.1. Graphical representation of (a) hexagonal and (b) cubic GaN, and the stacking
sequence in (c) wurtzite GaN along the [0001] direction and in (d) zincblende GaN along

the [111] direction. Ga and nitrogen atoms are represented in gray and purple, respectively.

2.2. Growth of GaN films

This section presents a brief review on the growth of GaN films. Specifically, this
section elucidates the consequences of depositing GaN films on foreign substrates
(materials other GaN) and introduces the most widely used vapor phase epitaxy methods

for GaN growth.
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2.2.1. Substrate consideration

GaN-based devices, in most cases, rely on the growth of high quality GaN layers.
However, due to the lack of truly freestanding GaN wafers, the growth of GaN is performed
on foreign substrates i.e. heteroepitaxial growth of GaN. As a result, the quality of the GaN
films is conditioned by the properties of the substrate. A summary of the problems that
arise from heteroepitaxy is presented in Table 2-3.

Commonly, the lateral lattice constant mismatch and the difference in thermal
expansion coefficient have been the primary criteria for determining if a material is suitable
as substrate for heteroepitaxial growth of GaN. Among the different materials that have
been used as a substrate for GaN heteroepitaxy, sapphire (Al203), Si, and SiC are the most
widely utilized. The crystal structure, the lattice parameters, and the thermal expansion
coefficient of these materials are presented in Table 2-4.

Because sapphire and Si have a completely different crystal structure than that of
GaN, the lattice mismatch calculation cannot be performed using the difference between
the lattice constants. Instead, the lattice spacing within the atoms on the planes where the
atomic matching occurs should be used.?> Among the different sapphire and silicon
substrate orientations, sapphire (0001) and Si (111) are the ones that present the lowest

lateral mismatch with respect to the c-oriented GaN. The lattice spacing in sapphire (1000)

is 2.75 A (\g—g a) while in Si (111) is 2.75 A (‘/Z—Ea). A comparison between the atomic

arrangements of the sapphire c-plane (0001) surface and the Si (111) surface with respect
to the c-plane (0001) surface of GaN is presented in Figure 2.2 and Figure 2.3, respectively.
The lateral lattice mismatch and the difference in the thermal expansion coefficient, o, of

sapphire, Si, and SiC with respect to GaN are presented in Table 2-5.
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Table 2-3. Problems commonly faced with heteroepitaxy. Adapted from Liu and Edgar.?*

Substrate property Consequence

High misfit (primarily edge) dislocation densities

which can cause: high device leakage currents, short
Lateral (a-lattice constant)

minority carrier lifetimes, reduced thermal
mismatch

conductivity, and/or rapid impurity diffusion

pathways

Vertical (c-lattice constant)
Antiphase boundaries, inversion domain boundaries

mismatch
Coefficient of thermal Thermally induced stress in the film and substrate
expansion mismatch which causes crack formation in film and substrate

Poor heat dissipation, unsuitability for high-power
Low thermal conductivity

devices

Contamination of the film by elements from the
Different chemical composition substrate which can cause: electronic interface states
than the epitaxial film created by dangling bonds and/or poor wetting of the

substrate by the growing film

Mixed polarity in the epitaxial film, inversion
Non-polar surface

domains

Surface steps in non-isomorphic  Double positioning boundaries (stacking mismatch

substrates boundaries)
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Table 2-4. Crystallographic information and thermal expansion coefficient of sapphire, Si,

and 6H-SiC
Material Structure Lattice constants a? Ref.
a c a c
Sapphire (Al2Oz) Rhombohedral 4.768 12.991 7.5 8.5 19
Si Diamond 5.431 2.62 24
SiC 6H Hexagonal  3.081 15.117 4.46 4.16 24

?Linear thermal expansion coefficient

Table 2-5. Lateral lattice mismatch and the difference in the thermal expansion coefficient

of sapphire, Si, and 6H-SiC with respect to GaN.

Material Structure Lattice mismatch (%) Aa®

a c
Sapphire (Al203) Rhombohedral 13.9 -1.91 -0.75
Si Diamond -20.41 2.97
SiC 6H Hexagonal 3.38 1.13 3.59

dMismatch = (GaN — Substrate) / GaN

b)Difference in thermal expansion coefficient = GaN - Substrate
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Figure 2.2. Atomic arrangements of the sapphire (0001) surface and the (0001) surface of
GaN. Aluminum and oxygen atoms in sapphire are shown in blue and red, respectively

while gallium and nitrogen atoms in GaN are shown in gray and purple, respectively.

Figure 2.3. Atomic arrangements of the Si (111) surface and the (0001) surface of GaN.
Silicon atoms are shown in green while gallium and nitrogen atoms in GaN are shown in

gray and purple, respectively.
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2.2.2. Metal organic chemical vapor deposition

Metal organic chemical vapor deposition (MOCVD), also known as metalorganic
vapor phase epitaxy (MOVPE), is a gas phase technique used to deposit thin layers of
single or polycrystalline materials. Gas phase precursors, of which at least one of the them
is a metal organic compound, are fed into a reaction chamber where a substrate is already
placed. Inside the chamber, the precursors are subjected to a series of gas phase and surface
reactions that lead to the nucleation of atoms of the material of interest on the surface of
the substrate. Due to continuous nucleation of atoms and their ability to diffuse along the
surface, atoms meet and coalesce to form a thin layer of the material of interest. The growth
of GaN via MOCVD is typically performed using trimethylgallium (TMG) and ammonia
(NHs). Although this process involves multiples steps it can be described by reaction 2.3.

Typical growth rates of this process are between 1 and 3 pm/h.?

Ga(CH3); (g) + NH3 (g) = GaN (s) + 3CH,(g) (2.3)

Alternatively, triethylgallium [(C2Hs)Ga] and 1,3-[(dimethylamino)propyl]-1-
gallacyclohexane can be used as a Ga source; whereas NFs, hydrazine (N2Hs), 1,1-
dimethylhydrazine [(CH3)2NNHz2], hydrogen azide (HN3), tert-butylamine (tBuNH>), and
isopropylamine (iPrNH2) can be used as a source of nitrogen.?®

Different challenges have been addressed in the past to obtain high quality GaN. S.
Nakamura identified that at high substrate temperature i.e. over 1000 °C, which is needed
for the growth of high quality, single crystalline GaN films, thermal convection is induced.

As a result a gas flow that is not favorable for uniform growth of GaN is created.'®
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Nakamura et al. proposed a system in which a second gas jet containing nitrogen and
hydrogen is placed perpendicular to the surface. This new flow pushes the gases towards
the surface of the substrate which leads to an improved crystal growth.?® To improve the
mixing of the precursors and still obtain excellent growth uniformity, Wang et al. proposed
to add a third flow jet to the system.?’ Later, technologies that have been used in other
systems like the planetary rotating discs and close-coupled showerhead (CCS) feeder were
introduced into the growth of GaN films. The growth of GaN on non-native substrates
causes poor GaN films and severe cracking. Akasaki et al. reported that the cracking of
films could be suppressed by using an AIN buffer layer.?® Later, S. Nakamura found that
this effect could also be achieved by using a GaAIN or GaN buffer layer.?®

Growth of conductive doped GaN films via MOCVD was instrumental in the
development of the blue LED technology. N-type doping of GaN is easily achieved using
silicon (Si) as the donor. Typically, a Si precursor is diluted in hydrogen and fed into the
reactor where the precursor participates in the growth process. Common Si precursors in
MOCVD processes are silane (SiH4) and disilane (SizHs).% P-type doping of GaN is more
complicated. Akasaki et al. discovered that to obtain conductive p-type doping in GaN, it
was needed to initially obtain a Mg-doped GaN film and then activate the Mg acceptors by
irradiation of low energy electrons (LEEBI). During growth, hydrogen passivates Mg
acceptors by forming an Mg-H complex. The LEEBI process activates the Mg acceptors
by removing the hydrogen. Later, Nakamura et al. reported that by annealing the Mg-doped
GaN films in a nitrogen atmosphere it was possible to obtain highly conductive p-type GaN

films without using the LEEMI process.®
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2.2.3. MBE

Molecular beam epitaxy (MBE) is a non-equilibrium technique used to grow
epitaxially thin films of crystalline semiconductor materials. The process involves the
reaction of one or more thermal molecular beams with a crystalline surface (substrate)
under ultra-high vacuum conditions (108-1072 torr).3? The substrate is usually placed in a
heated, rotatory substrate holder that allows to control the growth temperature and improve
the growth homogeneity.*® To obtain GaN epitaxial layers, a Ga vapor beam and an
activated nitrogen beam are directed toward the heated substrate where deposition of Ga
and N atomic planes takes place. The Ga beam is created using ultra-pure Ga and an
effusion cell. The temperature of the cell plays an important role in the process as it allows
to control the evaporation/sublimation rate which ultimately is reflected in the net Ga flux
rate. To generate enough activated nitrogen atoms that react with the Ga source, a plasma
source is utilized.®® Typical growth rates of GaN using this technique are between 0.2 and
1.5 um/h.?

Growth of doped GaN films in MBE is performed by introducing molecular beams
of the dopant materials. Similarly to the case of Ga, these beams are created using effusion
cells containing the dopant source in its pure state. N-type and p-type doping are generally
attained using Si and Mg, respectively. Because no hydrogen is used during the process,

Mg does not passivate and therefore no annealing process is required.34-3
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2.2.4. HVPE

Hydride vapor phase epitaxy (HVPE) and halide vapor phase epitaxy are growth
techniques that use gaseous chloride precursors to grow epitaxial layers of IlI-V
semiconductors. These two techniques differ from each other by how the group V element
is supplied. In halide phase epitaxy, both the anion and the cation are transported as
chlorides whereas in the case of HVPE the group V element is supplied as a hydride.%®
HVPE is the only vapor phase epitaxy technique that operates close to equilibrium of
deposit reactions. This condition allows HVPE processes to have high growth rates, and
selective and anisotropic growth.%® HVPE of GaN is carried out in a multi-temperature
zone reactor using Ga, hydrogen chloride (HCI), and ammonia as precursors and H as the
carrier gas. HCl is fed into the source zone where reacts with Ga forming gallium chloride
(GaCl). Then, GaCl and NHz are transported independently to the growth zone where the

following chemical reactions occur simultaneously.®’

GaCl (g) + NH; (g) = GaN (s) + HCL (g) + H, (g) (2.4)
GaCl (g) + HCL (g) = GaCly(g) + 1/2 H, (g) (2.5)
GaCl (g) + 2HCL (g) = GaCly(g) + H, (g) (2.6)
GaCly(g) = (GaCly),(g) (2.7)

As a result of the reaction between GaCl and NHs, reaction 2.4, GaN epitaxial
layers are grown on the substrate. Growth of GaN via HVPE was reported for the first time
by Maruska and Tietjen in 1969.% Since then, HVPE of GaN has been seen as a way to

obtain freestanding GaN wafers.®® GaN can be grown at growth rate as high as 1000
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um/h.*% Due to this high rate, HVPE is sometimes considered as a bulk GaN growth
technique. The process to produce GaN wafers consists in growing a thick GaN layer on a
foreign substrate, followed by substrate removal, crystal slicing, and wafer polishing.*’
Different techniques have been developed for substrate removal. Among them, the most
widely used techniques are laser lift-off, self-separation, mechanical polishing, plasma
etching, and chemical etching and spontaneous self-separation.>” However, due to the use
of non-native substrates, the HVPE-grown freestanding GaN wafers exhibit residual strain
and extended defect concentration which makes them not suitable for demanding present

and future devices.!®

2.3. Growth of bulk GaN

As a consequence of the strong binding energy of the Ga-N bond, GaN melts at
2500 °C.* At that temperature, the nitrogen partial pressure in equilibrium with the solid
GaN is over 5 x 10* bar.*> When the pressure of the system is lower than the equilibrium
pressure, GaN does not melt but decomposes. Because of that, bulk GaN cannot be grown
using standard melt-growth methods like Bridgman or Czochralski type of techniques.
Different techniques have been proposed to produce bulk GaN. Among them, the high-
pressure solution (HPS), the ammonothermal, and the Na flux techniques have been
identified as the most promising. In this section a review of the experimental details as
well as the advantages and challenges of these three techniques are presented. For a more
extensive review in these techniques, the reader may refer to specific HPS,*344

ammonothermal,*>-*" and Na-flux review articles*.
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2.3.1. High pressure solution

In the early 80s Bockowsiki et al, after studying the thermodynamics of the N2-Ga
system, proved that the growth of GaN was possible from a Ga melt and molecular nitrogen
at high temperature and pressure. They called this technique “high pressure solution” 42 4°
The HPS method is based on the direct reaction between gallium and nitrogen (reaction
2.8) at high temperature (1400-2250°C) and high nitrogen pressure (0.75-2 GPa).>*®! By
combining high temperatures and pressures, the system is able to remain in equilibrium
while the solubility of the nitrogen in the Ga is increased. This effect is illustrated in Figure
2.4. A rise in temperature increases the solubility of nitrogen in liquid Ga, Figure 2.4 (a),
and decreases the Gibss free energy of the reactants, Figure 2.4 (b). When the Gibbs free
energy of the products is higher than that of the reactants, the reaction is no longer
spontaneous. However, by increasing the pressure, the Gibbs free energy of the reactants

shifts and the reaction can reach equilibrium again as seen in Figure 2.4 (b).4% 52-%
Ga(l)+1/2N, (g) = GaN (s) (2.8)
In a typical HPS process a crucible containing Ga is placed into a pressure chamber.
The chamber is then pressurized with N2 and heated up to the process pressure and
temperature.>5->¢ During the process, which lasts between 100 to 200 hours, N dissociates
into atomic nitrogen at the Ga surface and dissolves into the metal.®” As a result, Ga
supersaturates, leading to spontaneous nucleation of GaN crystals and their consequent
enlargement into bigger crystals. To supersaturate the melt, two different approaches can
be used. In the first one, a temperature gradient along the z-axis of the melt is used.*® Usual

values for the gradient are between 2 and 100 °C/cm.>*%° In the second one, the N2 pressure
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is increased beyond the equilibrium condition and is maintain at that value during the

crystal growth.>®
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Figure 2.4 (a) Temperature dependence of the solubility of N in liquid Al, Ga, and In.
Adapted from S. Porowski.>? (b) Gibbs free energy of GaN and its constituents (reaction

2.8) in terms of pressure and temperature. Adapted from I. Grzegory.>®
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Unseeded growth of GaN via HPS was characterized by the growth of GaN thin
hexagonal platelets. The platelets, which reached a lateral dimension of about 1 cm and a
thickness of ~100 pum, exhibited, in the best of the cases, a dislocation density of 10-10?
cm2.5% % The hexagonal surface of the platelets corresponded to the {0001} planes,
whereas the side faces of the crystal were mainly the {10-11} and {10-10} planes. The
strong anisotropy of the growth, i.e. 100 times faster in the directions perpendicular to the
c-axis than the ones parallel to the c-axis, was explained by a slow nucleation rate on the
{0001} surfaces.®* The platelets obtained via the HPS method have been used as substrates
for further growth of the GaN using HVPE, MBE, and MOCVD processes.>* %2 GaN was
grown along the c-direction of the platelets using HVPE at growth rates as high as 50 um/h.
The dislocation density of the as-grown GaN layers was 10 cm™. The main drawback of
the use of HVPE for further growth of GaN was the need to perform a surface preparation
of the Ga-terminated face of the crystals. No growth on the N-polar surfaces was
obtained.?

Seeded HPS growth of GaN has also been investigated. Initially, GaN platelets that
were obtained through HPS were used as a substrate. The results showed that the use of a
GaN seed promoted the growth along the c-axis.>® The growth rate was reported to be 2-
10 um/h depending on the temperature gradient. A small temperature gradient promoted
slower growth rates, and larger temperature gradients promoted faster growth rates. Due to
a radial temperature gradient, the growth rate at the center was different than at the edges
of the seed, which resulted in the formation of macrosteps and step bunching.®? Later,
Bockowski et al. examined the use of SiC, sapphire, and GaN/sapphire as substrates for

HPS growth of GaN. The growth of GaN on both SiC and sapphire was found to be
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unsatisfactory. The HPS growth on SiC substrates was characterized by the formation of
GaN hillocks that coalescence to each other, silicon nitride crystals, and free carbon bullets.
These last two substrates were explained as a consequence of the decomposition of the SiC
surface during the growth. When sapphire substrates were used, two different growth
modes were observed. At the edges of the substrate the growth was reported as single
crystalline, whereas close to the center the crystal growth was defined as polycrystalline.
Lastly, the growth of GaN on GaN/substrates was promising. The growth mechanism,
which was similar to the one observed when HPS GaN platelets were used as seeds, was
described as propagation of macrosteps.®® A following study showed that the dislocation
density of GaN layers grown using the HPS technique was an order of magnitude lower
than that of the GaN/sapphire substrates.*® Proper growth was found to be dependent on
the position of the seed inside the crucible. At the top, where the nitrogen concentration in
the melt was higher, parasitic nucleation was observed. At the bottom, where the
concentration of nitrogen is lower, the GaN seeds were dissolved. Stable homoepitaxial
growth of GaN was observed only when the seed was placed at an intermediate place where
the concentration of nitrogen inside the melt was optimal.® This zone is called the Ostwald-
Miers region. For more discussion on the implications of the Ostwald-Miers region and
spontaneous nucleation refer to sections 2.4.2 and 2.4.4.2.

More recently, Bockowski et al. proposed a novel concept in which free standing
HVPE-grown GaN crystals are converted into HPS-grown GaN crystals.®* (0001) oriented
HVPE-grown GaN crystals were positioned one over the other with Ga in between them.
Due to axial temperature gradient, the nitrogen side of the HVPE-grown GaN crystals

dissolved, supplying atomic nitrogen to the melt. The nitrogen is then transported to the
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adjacent HVPE-grown GaN seed where crystallization takes place on the crystal’s Ga side.
In this technique the HVPE seeds act as both feed and substrate. By converting the HVPE-
grown crystals to HPS-grown crystals, it is possible to decrease the dislocation density and
increase the free carrier concentration.®®
2.3.2. Ammonothermal

Due to its more reactive nature, when compared to molecular nitrogen, ammonia
has been used as nitrogen source in different chemical reactions. Above its critical values,
i.e. Tc = 405.23 K, Pc = 11.33 MPa, and pc = 0.225 g cm™, ammonia becomes a
supercritical fluid allowing it to be used as a liquid solvent with gas-like properties, such
as diffusivity, surface tension, and viscosity.%® The synthesis of metal nitrides using
supercritical ammonia was presented originally in 1984 by Jacobs et al., but it was not until
the mid-90s that it was applied to the synthesis of GaN.®"®® The synthesis of GaN using
supercritical ammonia is known as ‘“ammonothermal” or “AMMONO” technique.
Dwilinski et al. obtained micron-sized GaN crystals with good optical properties by
exposing Ga to supercritical ammonia and alkali-metal amides (LiNH2 or KNH>) i.e.
mineralizers at 550°C and 0.5 GPa. The reaction between Ga and supercritical ammonia
led to homogeneous crystallization of hexagonal GaN. The role of the mineralizers was
found to be critical in the process. The authors pointed that the mineralizers facilitated the
dissolution of undesired GaN and accelerated the chemical reaction.®®"* Furthermore, the
type of mineralizers influenced the structure of the GaN crystals. Purdy et al. reported that
the use of acidic mineralizers (NHsX or LiX; X = Cl, Br, ), instead of the basic mineralizers

used by Dwilinski et al., promoted the crystallization of cubic-GaN.”>"® Depending of the
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type of mineralizers used during the process, the technique is identified as ammono-basic
(basic ammonothermal) or ammono-acidic (acidic ammonothermal).

To obtain bulk GaN, Dwilinski et al., in collaboration with Nichia Corporation,
developed the ammonothermal bulk technique.*® As a result of this collaboration, Ammono
S.A. was created. The technique was described as a process in which GaN seeds are
enlarged via epitaxial growth of GaN under ammonothermal conditions. To produce large
crystals, a seed is enlarged and then used as a new seed in a new enlargement process. This
sequence of processes is repeated until the desired size of the crystal is reached. In general,
the process is carried out at 0.1-0.5 GPa and 400-750°C in an autoclave that is placed in a
multiple-zone furnace, which enables a temperature gradient inside the chamber. In the
warmer zone of the autoclave, a nutrient, such as metallic Ga or polycrystalline GaN, is
dissolved in supercritical ammonia, and then transferred by convection to the
crystallization zone (colder zone), where GaN is crystallized on the native seeds; this
crystallization is due to the supersaturation of the solution.”*’” When ammonothermal-
grown crystals are used as a seed, the process is referred to as “true bulk ammonothermal”.
Dwilinski et al. reported the growth of large GaN crystals with a low dislocation density
of 5 x 102 cm using the true bulk ammono-basic method.”® Crystals were sliced into polar
(c-plane oriented), non-polar (m- and a-plane oriented) and semi-polar [(20-21)-plane
oriented] GaN substrates. Up to 2-in. polar GaN wafers have been obtained.'?> These
substrates exhibited a large lattice curvature ranging from 107 to 10 m and a small FWHM
value of (0002) X-ray rocking curve of about 16 arcsec.”® On the other hand, non-polar
substrates and semi-polar substrates with sizes up to 17 x 8 mm? and 9 x 12 mm?,

respectively, were initially obtained.28! Continuous enlargement of those seeds allowed
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the researchers to obtain 26 x 26 mm? m-plane substrates.? Although the final size of the
crystals is limited only by the size of the autoclave, the slow growth rates of this process
makes it difficult to obtain GaN crystals that fulfill the industry requirements.®2 Ammono’s
current growth rates for production of bulk GaN are 2 um/day, 50 um/day, and 80 um/day
in the m-, —c-, and a-direction, respectively.®®

Epitaxial growth of GaN on HVPE-grown GaN substrates using the basic
ammonothermal technique has also been reported.®4%” GaN growth on flat c-oriented GaN
substrates was characterized by a distinct growth on its two main surfaces. The Ga-polar
surface exhibited the formation of pits, whereas the N-polar surface was featureless.®*
Furthermore, the dislocation density of the Ga surface, estimated by plain-view TEM
observations, was less than 1x10% cm™2, which corresponds to an order of magnitude less
than that of the N-surface. Finally, no dislocation generation was observed at the interface
on the Ga face, while few dislocations were found at the interface on the N face.®® The
anisotropic nature of the growth rate resulted in the formation of crystals with a three-
dimensional polyhedron shape.®® The total growth rate in the c-direction was reported to
be in the order of 50 pm/day.&#’

2.3.3. Na flux

In 1997, Yamane et al. introduced the concept of the sodium (Na) flux method.®
In this technique, which works similarly to the HPS method, a Ga-Na flux is exposed to a
nitrogen atmosphere at high pressure and temperature. The addition of Na into the Ga melt
increases the solubility and reactivity of nitrogen in Ga.!® This effect is reflected in the use
of milder growing conditions compared to the other two techniques. In a typical Na flux

growth, the pressure is <10 MPa and the temperature ranges from 700 to 900°C.*® Initial
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studies used NaNz as the source of Na and reported the growth of GaN crystals with sizes
of 1.0-2.0 mm and ~0.5 mm after 96 and 24 hours, respectively; these sizes differed
depending on the process’s conditions.#®° The morphology of the crystals varied between
granules, platelets, and prisms and was determined by the Ga/Ga+Na ratio.*® Further
growth of the crystals was limited by the formation of a polycrystalline GaN layer on the
surface of the flux.>* Aoki et al. reported that by using a cone-shaped crucible they were
able to control the formation of GaN crystals on the surface which enabled continuous
crystal growth for over 360 hrs.%? Furthermore, the researchers identified that by using
high-purity (99.95%) Na also helped to reduce the formation of the GaN layer.*® Finally,
Kawamura et al. reported that by adding small amounts of carbon into the flux the
formation of polycrystals was suppressed.®

Two different approaches have been attempted to obtain bulk GaN using the Na
flux method. The first approach is to grow epitaxially a thick GaN layer on a
MOCVD/HVPE/MBE-grown GaN substrate (layer). The second approach corresponds to
the epitaxial enlargement of GaN crystals that were previously obtained via the Na flux
method.®® Independently of which approach is used, it is needed to guarantee that the
epitaxial growth GaN is possible. Aoki et al. identified that depending on the process
conditions, i.e. temperature and pressure, three different outcomes are possible: (1)
decomposition of the GaN seed, (2) spontaneous nucleation of GaN crystals, and (3)
epitaxial growth of GaN.%¢ Therefore, the process conditions in the Na flux method are of
utmost importance to obtain bulk GaN. The main advantage of the first approach is that
large substrates are easily available. However, those substrates have a large dislocation

density, which restrict the quality of the grown bulk GaN crystal. The first study in which
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this approach was attempted, reported the growth of a 2 in crystal with a dislocation density
of 2.3 x 10° cm, which is lower than that of the MOCVD-grown GaN substrate.®’
Kawamura et al. found that the dislocation density of the crystal reduced as the crystal gets
thicker. The researchers explained this phenomenon as a two-step dislocation reduction
process; they stated that the constant change in the propagation direction of the dislocations
leads to the aggregation of dislocations and therefore the reduction of the dislocation
density.®® As a way to control the reduction of the dislocation density of the grown GaN
crystals, different tactics have been reported. Imade et al. grew high quality GaN crystals
using a GaN-on-sapphire wafer covered with a sapphire plate with a hole in the center as
substrate. By limiting the initial growth of the bulk GaN to the volume of the hole (necking
region), the dislocations, which are being originated from the substrate, cannot propagate
further than the hole’s sidewall. As a result, the GaN crystal that grows beyond the necking
region is characterized for having a lower dislocation density.* Imashi et al. was able to
grow GaN crystals with a dislocation density of ~10° cm™ by using the “point seed” tactic.
In this tactic a GaN layer grown by MOCVD on a sapphire substrate is etched away leaving
only a GaN point seed. Then, this point seed is used as a seed for epitaxial growth of GaN.
In their study they used two different sizes of seeds i.e. 250 and 1000 um. When the smaller
seed was used the dislocation density of the grown crystal was ~10° cm, whereas when
the bigger seed was used it was ~10° cm™. However, the mechanism in which the
dislocation density decreases dramatically was not well understood by the researchers.®
The use of a GaN crystal as a seed allowed the researchers to obtain GaN hexagonal
pillar crystals with a size of ~10 mm in length and 5 mm in height. The corresponding

growth rates of the process were 30 um/h in the c-direction and 33 pum/h in the a-direction
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(66 pm/h in both directions).® 1%t Further growth enabled crystals with over 20 mm in
width and 15 mm in height to be obtained.'? Imanishi et al. proved that when two GaN
crystals coalesce along the a-direction no dislocations are formed.1% This information was
used by Mori et al. who proposed to obtain a larger crystal by the coalescence of GaN
crystals from many isolated small seeds. The researchers, who were able to obtain a 2-in-
diameter GaN crystal from multiple small seed crystals, believed that this technique could
promote the fabrication of large-diameter, high quality GaN crystals.'%* Recently, Hayashi
et al. came with a hybrid approach called the “multi point seed growth of GaN”. In this
approach, multiple point seeds are created on a sapphire substrate. Then GaN crystals are
grown from these seeds; as the crystals grow in the a-direction (growth rate of 80 pum/h)
they coalesce. As a result, a large GaN crystal is created.%®

Other alkali metals (lithium, potassium) and semi alkali metals (calcium) were
successfully used in the growth of bulk GaN via the flux method.'%-1'! Lithium (Li) and
calcium (Ca) were used primarily as an additive to the Na flux technique. When used as
an additive, both Li and Ca increased the solubility of GaN and nitrogen in the solution.%®
As a result, the process pressure can be reduced. Kawamura et al. reported that by adding
3 mol of Ca to a 138 Ga/Na mixture they were able to reduce the pressure from 20 to 10
atm and still obtain epitaxial growth of GaN.%” They also reported that the yield of GaN
grown in a Ca-Na flux drastically increased compared to that in the Na flux. However, an
excessive amount of Ca in the flux reduces the yield and inhibits the growth of GaN at
700°C.1% Additions of Li also improved the yield of the process. The crystals obtained
using the Li-Na flux were larger crystals than that the ones obtained using the Ca-Na flux

due to the low nucleation frequency. Furthermore, large addition of Li did not inhibit any
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growth.%®® For more information involving the growth of GaN from a Li-based flux refer
to section 2.4.1. Yamane et al. reported the growth of zincblende-type cubic GaN (c-GaN)
using a potassium (K) flux. The researchers obtained a translucent single crystalline c-GaN
crystal with a size of 40 x 30 x 30 um?® by exposing a K flux (Ga:K = 2:3 molar) to a
nitrogen atmosphere at 70 bar and 750°C for 100 hours. The researchers, however, were

not able to explain why cubic GaN was formed instead of hexagonal GaN.

2.4. Low pressure liquid phase epitaxy of GaN

The reaction between Ga melt and nitrogen (N2), reaction 2.8, thermodynamically
favors the GaN product only when the pressure of nitrogen in the system is higher than the
equilibrium partial pressure of No. Unfortunately, the equilibrium partial pressure of N2 at
the temperatures that bulk GaN is synthesized (1200-1750°C) are high (0.75-2 GPa),
forcing the use of even higher pressures in the system. For more details in liquid phase
epitaxy at high pressures refer to Section 2.3. However, it has been proven that the
replacement of molecular nitrogen for alternative chemical species, which supply atomic
nitrogen to the melt, allows GaN to grow at lower pressures. The growth of GaN from a
melt at pressures of ~1 atm and below is labeled as low-pressure liquid phase epitaxy (LP-
LPE) of GaN, or low-pressure solution growth (LPSG) of GaN. Those species can be
grouped into three different groups: alkali and semi-alkali metal nitrides, ammonia, and

nitrogen radicals. In this section, a review of these three groups is presented.
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2.4.1. Nitride flux

In the case of GaN growth, the term “nitride flux” refers to a liquid phase process
in which a solution, made of an alkali or semi-alkali metal nitride and molten Ga, is used
to dissolve nitrogen. The solution then transports the dissolved nitrogen to seed crystals
where GaN crystallizes and grows.'*2 X. L. Chen and collaborators were the first group to
propose and use an alkali or semi-alkali metal nitride in conjunction to molten Ga to grow
GaN.'%11% Their process consisted of placing LisN and Ga into a tungsten crucible and
heating it to ~800°C in a growth furnace, which was pressurized up to 2 atm with N2 gas at
room temperature. The crucible was kept at those conditions for 120-180 h and then was
cooled down at a rate of 2-3°C/d.**® Initial results demonstrated the growth of hexagonal
GaN platelet crystals with a size of 1-4 mm. The researchers believed that the process
consisted of a two-step reaction, in which LisN transforms to LisGaN2 and then to GaN.

The process is described by reactions 2.9 and 2.10.1*3
2 LisN (s) + Ga (1) = LisGaN, (s) + 3 Li () (29)
LisGaN, (s) + Ga (1) = 2 GaN(s) + 3Li () (2.10)
Additional experimentation allowed them to construct a process map, which
demonstrated that the type of growth depended on the experimental conditions. The process
map is summarized in Table 2-6. It was found that crystalline GaN could only be
synthesized when the moles of Ga exceeded the moles of LizN. However, the yield of GaN
was reported to increase by increasing the Ga content. The process temperature window
was limited at the upper end by the reaction between LisN and the W crucible and at the
lower end by the thermodynamics of the process. The researchers hypothesized that at

temperatures below 700°C the free energy of formation of LisN is smaller than the free
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energy of formation of GaN.''31!* The process pressure was limited by the decomposition
of LisN. When the pressure was lowered to about 400 torr, Schonherr et al. reported the

decomposition of LisN into N2 gas and liquid Li at 814°C.1’

Table 2-6. Relationship between the experimental conditions and the type of outcome in a

LisN flux process for GaN growth. Adapted from Song et al.*'4

Variable Value Result

2:1 GaLisN2 granule
LisN to Ga molar ratio
1:1-20 Crystalline GaN

700 LisN + Ga
760 Poorly crystalline GaN
Reaction temperature (°C)
800 Highly crystalline GaN
850 WLisN4 granule
0.5 Li + Ga
N2 pressure (atm) 0.9 Crystalline GaN

1.5-2.0 Crystalline GaN

Top Poorly crystalline GaN
Position of LisN in crucible
Bottom Highly crystalline GaN

New findings from Schonherr et al. allowed Chen et al. to reconceptualized the
mechanism for the growth of GaN via the LisN flux technique. They proposed in the first
step that LisN and Ga reacted to form LizGaN2 and liquid Li, reaction 2.9. Later, LisN and

LisGaN: dissolved into the Li-Ga melt creating a Li-Ga-N melt. Finally, GaN crystallizes
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from the Li-Ga-N melt.}** This result implies that the growth of GaN does not occur by the
direct reaction of LizGaN2 and Ga, as described in reaction 2.10. The dissolution of LizN
in the Li-Ga melt is explained by the study performed by Yonco et al. who reported that
LisN is highly soluble in Li.}*® Furthermore, Chen et al. constructed a Li-Ga-N phase
diagram at 800°C and 1 bar using the calculation of phase diagrams (CALPHAD)
methodology.*® In the CALPHAD method, both the thermodynamic information of the
compounds of interest and experimental data are used. The Li-Ga-N phase is presented in
Figure 2.5. The diagram shows the presence a single-phase region composed of a Li-Ga-
N melt (L), two two-phase regions composed of L and LisGaN;, and L and GaN and a
three-phase region comprised of L, LisGaN2 and GaN. In addition to the presence of pure
Li, Ga and N at the corners, the diagram presents the presence of pure LisN, LizGaN2 and
GaN, denoted as dots in the diagram. According to the Li-Ga-N ternary phase diagram,
GaN can only be obtained in the Ga-rich region. This result is consistent with the data
presented in Table 2-6. Chen et al. was able to obtain LisGaN2 when the ratio of LisN to
Ga was 2:1 (Li:Ga = 6:1). On the other hand, when the number of moles of Ga exceeded
the number of moles of LisN, GaN was obtained. They believed that due to volatilization
of LisN during the process, the Li to Ga molar ratio is actually lower than what it is
expected from the composition of the precursor melt. Additionally, the researchers related
the crystal size to the phase diagram. They found that, within the Ga-rich region, the higher
the composition of N, the larger the size of the GaN crystals.!'411> However, enlargement
of the GaN crystals does not depend exclusively on the composition of the melt. X. L. Chen
pointed that the main difficulty in enlarging the size of the GaN crystals is the

homogeneous nucleation of GaN which is a competing process to crystal growth. The
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author pointed that in order to obtain larger GaN crystals the parasitic growth of GaN must

be prevented, and they acknowledged the need of further optimization of their process.*®

0 0.2 04 0.6 0.8 |
Mole fraction of Ga

Figure 2.5 Li-Ga-N ternary phase diagram at 800°C and 1 bar. Data taken by Chen et al.1%®

In following studies, X.L. Chen et al. investigated the use of other alkali or semi-
alkali metals in a nitride flux process. First, the authors added Ca metal to a LisN flux and
monitored the differences in the growth of GaN with respect of the pure LisN flux. They
found that additions of Ca improved the size distribution and changed the morphology of
the grown GaN crystals. However, the use of excessive amounts of Ca prevented any type
of growth.!'® Later the researchers proposed two new alkali or semi-alkali metal nitride
fluxes for LPE of GaN. First, the researchers reported the use of a CasN2-based flux. CazN>

and Ga were charged in a crucible and heat up at 900°C under a nitrogen pressure of about
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2 atm. The results showed that GaN crystals, which were up to 1.5 mm in length and 100
pum in width, were grown from a Ga-rich melt. The crystals that were characterized by its
hexagonal prismatic morphology exhibited a preferential growth in the c-direction.*?® An
additional advantage of a CasN; flux is that at 900°C, the vapor pressure of CasN2 is less
than 1x107 atm allowing to carry the process at lower pressures.'?* Secondly, Chen et al.
investigated the outcomes of a BasN2 flux in GaN growth. Their experimental set up was
the same as they had done for their CasN2 study. Similarly, to their previous CasN: study,
they found that the type of flux used affected the morphology. The crystals obtained with
the BasN2 flux were described as pyramidal crystals with a flat top and hillock-like bottom.
The researchers conjectured that this type of morphology was a result of an unbalance
growth of the non-polar face.'?> The use of different nitride fluxes has been proven to be
advantageous for different purposes. Nonetheless, their use at low pressures is limited by
their decomposition temperature/pressure. For example, NasN decomposes at around
300°C when the pressure is lower than 100 atm which makes it not suitable for this type of
process.¥

Between 1997 and 2001 lvantsov, Sukhoveev, Dmitriev, et al. reported the growth
of GaN crystals from a Ga-based melt at a reduced temperature and pressure.'?3126 The
growth of GaN was carried out by heating the flux up to ~1000°C in a N2 atmosphere at a
pressure not exceeding 2 atm for 30-120 minutes. The crystals, which grew spontaneously
on the surface of the solution, were characterized by their regular hexagonal prism shape.
The dimensions of individual single crystals reached up to 2x2x0.1 mmS3. XRD
characterization indicated that the crystals were 2H-GaN and had a (0001) plane

orientation.?-12* Subsequent studies performed by these researchers focused on using this
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technique for seeded growth of GaN. A graphite rod, which was used as the growth seed,
was inserted into a Ga-based melt at 850-1000°C in a N2-rich gas mixture at a total pressure
of less than 2 atm. The rod was then lifted up slowly, allowing the growth of a GaN ingot.
The linear velocity of the rod (~2um/h) determined the process growth rate. GaN ingots of
up to 21 mm in diameter and 15 mm in length were obtained via this approach. The ingots
were sliced into 2 mm thick wafers for further characterization. XRD of the wafers revealed
that the wafers had a polycrystalline structure with the [10-10] preferred orientation.
Additionally, the wafers were used as substrates for homoepitaxial growth of GaN via
HVPE. The results showed that the 3 um thick HVPE-grown films were stress free and
displayed an improvement in the structural and optical properties when compared with the
substrate.'?® Further optimization of the process allowed them to obtain samples with up to
2.5 inches in diameter.?

Although it is not mentioned in the experiments by Ivantsov, Sukhoveev, Dmitriev,
et al, the author of this dissertation believes that given the description and process
conditions of the studies performed by these researchers., the melt could have contained

alkali or semi alkali metal nitrides.

2.4.2. Low pressure growth of GaN under ammonia atmosphere
The growth of GaN from molten Ga and ammonia at low pressures was reported
for the first time in 1931 by Johnson et al. as an attempt to produce the only group Il
nitride, which had not been reported as being produced up to that date. The nitride, which
was synthesized by exposing a boat containing Ga in a temperature-controlled system,

appeared as a dark gray powder. The reaction was reported to procced at temperatures as
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low as 700°C. However, the process had to be carried out at 900-1000°C to obtain enough
GaN for analysis due to the slow reaction rate at the lower temperature end. At temperatures
higher than 1000°C, Ga was appreciably volatile, evaporating from the boat and
condensing in the cooler regions of the reactor.*?” The volatility of Ga at high pressures
brings additional problems to the LP-LPE of GaN. E. Ejder reported the growth of single
crystalline whiskers of GaN from the vapor phase by the reaction of Ga and ammonia at
1000 and 1150°C.*?® Although the study of Johnson et al. provided some insights into the
growth of GaN using Ga and ammonia, the mechanism in which GaN is formed was not
discussed. It was not until 1972, after a series of studies from Logan and Thurmond, that
the use of ammonia was seen as an alternative to N> for epitaxial growth of GaN from a Ga
melt at significant lower pressure.'?%1% The equilibrium partial pressure of N2 determines
the minimum partial pressure of N2 required to grow GaN from molten Ga and molecular
nitrogen, reaction 2.8. In a similar way, the equilibrium partial pressure of ammonia
determines the minimum partial pressure of ammonia required to grow GaN from molten
Ga and ammonia, reaction 2.11.

Ga (1) + NH3(g) = GaN(s) + 3/2H,(g) (2.11)

The equilibrium partial pressure of N, Py, is related to the standard free energy of
reaction 2.8, AG, g, by the following expression.

1/2RTInPy, = —AG,g (2.12)

The standard free energy of reaction 2.8 is, at the same time, related to the free

energy of formation of GaN, AG/,, and subsequently to the heat, AH/_,, and

entropy, AS(’:aN, of formation of GaN. This relationship is expressed by equation 2.13.
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~AGyg = AGL,, = AHL_,, — TAS/ (2.13)
Similarly, the equilibrium partial pressure of ammonia, Py, can be expressed by:

Pyy
P*—3/32 = K311 (2.14)
H;

Where Pj, and K, 4, are the equilibrium partial pressure of Hz and the equilibrium

constant for reaction 2.11, respectively. In addition, the pressure ratio Py, /Py, 3/2 can be

correlated to Py, using the following expression.

\ NH
Py, = K2.16*—3/32 (2.15)
Py,

Where K, 14 is the equilibrium constant for reaction 2.16.
NH; (g9) = 1/2H,(9) + 3/2 H,(9) (2.16)
Using the equations presented previously, available data in the literature, and some
assumptions, Thurmond and Logan were able to calculate the equilibrium partial pressure
of N2 and ammonia for reactions 2.8 and 2.11, respectively. The results, which are
presented in Figure 2.6, showed that the growth of GaN using N2 requires significantly
higher pressures than when ammonia is used as the nitrogen source. The calculated partial
pressure of N2 in equilibrium is greater than 1 atm at 800°C. At 1200°C the pressure is
~1x10° atm and reaches ~1x10° atm at approximately 1700°C. In contrast, the calculated
partial pressure of NHs in equilibrium at 900 and 1200°C is ~1x107 and ~ 3x107 atm,

respectively.!?®
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Figure 2.6. (a) Partial pressure of N2 in equilibrium with GaN when formed from Ga and
N2, (Py,vs.10*/T ). (b) Partial pressure of NHs in equilibrium with GaN when formed
from Ga and NHs, (logPypy,vs. 10*/T). Py,is 1 atm. Dashed lines represent a +1 kcal

uncertainty in the free energy of formation of GaN. Adapted from Thurmond and Logan.!?®
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Experimentally, Logan and Thurmond, grew epitaxial layers of GaN onto single
crystal sapphire substrates by heating Ga under a partial pressure of ammonia in Ha.
Growths were carried out at a partial pressure of ammonia in the range of 5x10 - 2x107
atm and at temperatures in the range of 850-1050°C. The researchers found that the growth
was only possible when the following three conditions were met: first, the partial pressure
of ammonia is higher than the equilibrium partial pressure of ammonia at the temperature
that the process is being carried out; second, there is a temperature gradient across the
growth melt; and, third, the spontaneous homogeneous nucleation is controlled. The first
condition was explained thermodynamically hereinbefore. The second condition states that
by reducing the temperature of the end, where the growth takes place, the transport of
dissolved nitrogen to the growing zone is improved. Finally, the third condition refers to
the elimination of any GaN layer that was formed via homogeneous nucleation that limits
the epitaxial growth of GaN. The researchers found that by adding Bi to the Ga melt, the
homogeneous nucleation was decreased, allowing for the epitaxial growth of GaN.
Nonetheless, the researchers claimed that the suppression of spontaneous nucleation of
crystal growth by Bi addition was still not understood.*3

Elwell et al., who used a similar set of experiments as those utilized by Logan and
Thurmond*®, focused their attention on optimizing the conditions for the growth of GaN
via LP-LPE and studied the influence of the addition of Bi or Sn to the Ga melt. In their
experiments, a vitreous carbon crucible was charged with Ga, or Ga/Bi or Ga/Sn alloys and
placed in a temperature gradient between 870 and 990°C and then exposed to ammonia
and hydrogen. The partial pressure of ammonia was adjusted between 3.4x10* and 2.3x10°

3 atm. They reported that the reaction between molten Ga and ammonia is primarily a
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surface reaction. The initial stages of the growth took place either on the surface of the
liquid, on the walls of the crucible, or onto the substrates that were introduced into the Ga.
The full reaction of a Ga droplet would result in the formation of a hollow, dome-shape
GaN polycrystalline crust. It was believed that the GaN, formed on the surface of the Ga
droplet in the initial stages, provided nucleation sites for further growth. The growth of
GaN on the walls and substrates was determined by the wetting properties of the melt. The
formation of a thin Ga film allowed for the relatively quick layer growth of GaN due to the
large area of contact with the vapor phase. The addition of Bi and Sn was found to increase
the nucleation of crystallites. Finally, the researchers found that the temperature gradient
transport does not provide a significant effect in the growth of GaN from a Ga solution.
They concluded that the growth occurs via a vapor-liquid-solid (VLS) mechanism with the
Ga being supplied as a thin film by the outside flow of Ga.**

Following studies reported growth of GaN crystals and homoepitaxial growth of
GaN via LP-LPE using ammonia as the nitrogen supplier specie.®?134 Shibata et al.
obtained large quantities of fine, good quality GaN crystals (1x10um) by injecting
ammonia into molten gallium at 900-980°C under atmospheric pressure.'3 Alternatively,
Meissner et al. reported the growth of millimeter sized GaN crystals usinga MOCVD GaN
layer as substrate.®*® The production of GaN crystals is of utmost importance as it allows
the growth of bulk GaN via LPE. Klemenz et al. suggested that the LP-LPE of GaN is very
sensitive to different substrate parameters. They found that among the different substrates
that were used during experimentation, i.e. (0001) sapphire, (001) LiGaO (LGO), (001)
LiAIO, (LAO), and HVPE-grown GaN, the HVPE-grown GaN substrates provided the

best results. The process in which homoepitaxial layers of GaN were grown was

43



characterized by an initial nucleation of GaN on existing defects of the seed followed by
the growth of those nuclei and the formation of a continuous film.* The ammonia-based
LP-LPE has shown to reduce the dislocation density remarkably during growth and can be
easily scaled up. Up to three wafers have been produced in parallel without compromising
the quality of the material.%’

Sun et al. studied the formation reaction of GaN from Ga melts under ammonia
atmosphere via a thermogravimetric technique. The authors described the process as a four-
step process. The process is explained as follows: First, NH3 is decomposed and N is
dissolved into the molten Ga; second, the nuclei are formed,; third, nuclei grow to detectable
size; and, finally, they grow into large GaN crystal through a crystal growth step. The first
three steps are considered the induction period of the process. From these findings, they
were able to introduce the concept of the Ostwald-Miers region for the growth of GAN via
LP-LPE.'® The Ostwald-Miers region is defined as the difference between the
supersaturation and equilibrium concentrations. Therefore, the Ostawald-Miers region
allows stable supersaturation without homogeneous parasitic nucleation of GaN. After a
rigorous study, Hussy et al. constructed an GaN growth diagram in terms of the ammonia
partial pressure and the experimental temperature, Figure 2.7. The diagram, which exhibits
three different regions i.e. dissociation of GaN into Ga and NH3, homogeneous nucleation
and GaN growth (parasitic nucleation), and the Ostwald-Miers-Region, is used to predict

the outcome of an ammonia-based LP-LPE process depending of the process conditions.**
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Figure 2.7. Diagram for the LP-LPE growth of GaN using ammonia. Ammonia partial
pressure versus temperature with regions of dissociation of GaN (checkered),
homogeneous nucleation and GaN growth (striped), and the Ostwald-Miers region (gray).
Hydrogen and nitrogen were used as carrier gases and the total pressure was 1 atm. Adapted
from Hussy et al.**

Proper epitaxial growth, however, does not depend exclusively on the partial
pressure of ammonia and the process temperature. Hussy et al. reported that particles,
which are generated by abrasion from sliding parts of the boat, or small crystals formed by
homogeneous nucleation, can create macroscopic or secondary (misoriented areas, terraces
or depressions) defects in the LPE layers. To limit the effect of the particles in the solution,

the researchers proposed to increase the density of the melt to a value higher than that of

45



the particles. By doing that, the particles are not in contact with the substrate, which is
placed at the bottom of the crucible. They also claimed that their methodology enables the
process to be operated at supersaturation conditions as the particles, formed by
homogeneous nucleation, float on top of the melt, allowing for higher growth rates.¥’
Tanaka et al. argued that an adequate thickness of the melt is required to obtain the
preferable nitrogen saturation that permits high-quality LPE. The authors used an inclined,
rotatory substrate holder to create a Ga film with varying thickness on the substrate surface.
Once the metal is exposed to ammonia, the concentration of nitrogen inside the melt
depends on the ammonia partial pressure and the mass of the melt. Because the localized
mass of Ga varies as the thickness of the film changes, the researchers were able to create
a Ga film with a varying nitrogen concentration. The results showed that for the same
process conditions i.e. overall pressure, carrier gas, and temperature, the nitrogen
concentration inside the melt, and not the ammonia partial pressure, is what determines the
process’s growth region. The area in which the Ga film had the highest nitrogen
concentration, which corresponds to the thinnest area of the film, depicted the presence of
homogeneous nucleation. On the other hand, in the area where the concentration was the

lowest and the film was the thickest, the process was characterized by growth of epitaxial

layers of GaN.'3®

2.4.3. Plasma-assisted growth of GaN
Angus et al. demonstrated that the growth of bulk GaN at under atmospheric
pressures was possible when atomic nitrogen (N), derived from a microwave plasma

source, is used as the nitrogen source. As explained by the researchers, the formation of
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GaN using N, reaction 2.17, is favorable at N partial pressures (Py) which are easily
reached in low pressure plasma environments.’®® The extreme difference in required
pressures of N2> and N to achieve equilibrium, as seen in reactions 2.8 and 2.17, was
calculated by J.S. Dyck.*® The results are depicted in Table 2-7.
Ga () + N(g) = GaN(s) (2.17)
The N partial pressure, Py, can be calculated in terms of Py, and thermodynamic
data for the dissociation reaction of nitrogen (reaction 2.18).

N,(g) = 2N(g) (2.18)

The equilibrium constant for that reaction is,

AG®
] (2.19)

K =exp I_ﬁ

Where AG° is the standard Gibbs free energy of formation, R is the universal gas
constant and T is the temperature in Kelvin. Alternatively, if ideal gases are assumed, K

can be expressed in terms of the normalized partial pressures of the N2 and N.

K Pu” (2.20)
Py, '
Combining equations 2.19 and 2.20, Py can be written as,
AG°
~ p. 1/2 —
Py = Py, exp [ 2RT] (2.21)

In their study, Angus et al. exposed a liquid pool of Ga, held in a crucible, to a
nitrogen plasma, which was generated by an electron cyclotron resonance (ECR)
microwave (MW) source, at a pressure of 0.5 mTorr and a temperature of 1000°C. As a

result, the researchers obtained a GaN deposit onto the molten gallium pool; the deposit
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was characterized for its polycrystallinity and small domain size (<10um).}* In a
subsequent study they were able to obtain oriented GaN films on sapphire substrates via
direct nitridation of a Ga film formed onto the substrates’ surface. However, these films
presented a high density of dislocations similar to those observed in vapor phase epitaxy

techniques.'#

Table 2-7. Equilibrium pressures of N2 over GaN and the N equivalent. Adapted from J.S.

Dyck.40
Temperature (°C) N2 pressure (bar) N Pressure (bar)
1640 20000 3.40x10%
1440 7000 6.00 x10™%°
1100 100 1.5 x10

Later, Sunkara et al. demonstrated a self-oriented growth concept in which GaN
platelet crystals nucleated and joined together (similar to the self-assembly phenomenon)
when grown directly out of Ga films supported on amorphous substrates in the presence of
N2 plasma at sub-atmospheric pressures.!1® The proposed concept, Figure 2.8a, states that
different platelets tend to move toward each other and form chemically bonded junctions
at the edges where the growth is faster. The movement of the platelets, produced by the
force of these bonds, causes the platelets to align themselves with respect to each other,
which facilitates in their conjoining, see Figure 2.8b. Because the growth rate of the m-
planes (10-10) is an order of magnitude faster than that of the c-plane (0001), the platelets

bond at their m-planes which in turn causes their c-plane to be parallel to the substrate’s
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surface.’* X-ray diffraction (XRD) spectrums showed that the primary reflections were
from the (0002) and (0004) planes of wurtzite GaN, indicating a preferred c-plane
orientation, which is in agreement with the self-assembly concept.!**® The researchers
claimed that the physical movement of the platelets is only possible because of a thin film
of molten Ga between the platelets and the substrate, which prevents the pinning of the
platelets to the substrate by epitaxy. A cross-sectional scanning electron microscope (SEM)
image of one of their typical as-deposited GaN films, Figure 2.8c, shows the presence of

the Ga film in between the substrate and the GaN film.
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Figure 2.8. (a) Self-oriented growth of GaN. Adapted from Chandrasekaran et al**. (b) Self
alignment of the platelets due to the movement. Adapted from Chandrasekaran et al**. (c)

Cross-sectional SEM image of oriented GaN film. Adapted from Li et al.™®
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Novikov et al. identified that the plasma-assisted liquid phase epitaxy of GaN
requires: (1) an efficient transport of N species from the surface of the Ga melt to the
substrate, and (2) the prevention of the formation of polycrystalline GaN on the surface of
Ga. The researchers proposed the use of a plasma-assisted electroepitaxy setup would
fulfill these two conditions. By applying a DC current throughout the growth cell, the
researchers were able to obtain the nitrogen concentration at the substrate-Ga interface
required for GaN epitaxy. The researchers reported that the nucleation of GaN islands on
sapphire (0001) and GaN-on-sapphire substrates at ~650 °C and ~3 x 107 torr. By
increasing the growth time, those islands coalesced into a continuous layer.*>43 |t was
found that the nucleation density of GaN on GaN-on-sapphire was higher than that of
sapphire. The researchers hypothesized that this was a consequence of an improved wetting
behavior of Ga on GaN compare to sapphire.**® However, the results showed that the
growth rate was very low and the uniformity was poor. After 60 hours of growth, it was

possible to observe pin holes as big as 10 pum.**

2.4.4. Challenges
According to the information presented hereinbefore, two main challenges have
been identified for the LP-LPE growth of GaN: (1) control of the wetting properties of the
Ga melt and (2) prevention of the parasitic nucleation. In this section both challenges are
discussed.
2.4.4.1. Wetting properties
The formation of a film has been reported during the growth of GaN at low pressure

via the ammonia and nitrogen plasma techniques. This phenomenon has caught the
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attention of several scholars. Tanaka et al., who grew epitaxial layers using ammonia as
precursor, suggested that an adequate thickness of the film is required to obtain a nitrogen
concentration in the melt that leads to epitaxial growth of GaN. If the film is too thin, the
melt saturates, and parasitic nucleation occurs. Contrary, if the film is too thick the nitrogen
concentration in the melt is not enough to grow GaN.**® Similarly, Chandrasekaran et al.
pointed the importance of having a Ga film on top of the substrate in order to obtain highly
oriented GaN films via the plasma-assisted technique.** The formation of the film and its
thickness depend on the wetting properties of Ga in its liquid state.

The wettability of a liquid resting on a solid and surrounded by a gas or vapor is
determined by the interaction of the phases at the different interfaces i.e. solid-liquid (SL),
liquid-gas (LG) and solid-gas (SG). These interactions create a surface energy, v,
characteristic of each interface. The total energy of the liquid-solid-gas system at
equilibrium is minimized by moving the triple line, which is where the three interfaces
meet, see Figure 2.9. A balance of forces at this line results in the Young’s equation

(equation 2.22).

cos § = 136 —¥is (2.22)
YLG

The contact angle, 0, is used to determine the degree in which a liquid wets a solid
surface. When the liquid molecules are strongly attracted to the solid molecules, the liquid
spreads out completely and forms a thin liquid film. In this case, the contact angle
corresponds to 0°. Conversely, when the liquid does not wet, the solid surface and a liquid

sphere are formed, and the contact angle is 180°.
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Figure 2.9. Interaction between liquid, solid, and gas in a liquid-solid-gas system.

In accordance to equation 2.22, the wettability of Ga depends on the interaction
between Ga, the substrate, and the atmosphere used during experimentation. Furthermore,
preliminary results indicate that the process temperature also affects how much Ga wets a
certain substrate.! 18 Although different authors have reported the ability of Ga to wet
different substrates, the reason why this happens is still unclear. Logan et al. described
how, during their GaN growths via liquid phase epitaxy (LPE), Ga flows up the inside
walls of the boat when it was exposed to a H2/NH3 atmosphere at temperatures above
850°C. As an explanation for this phenomenon, the authors proposed that Ga spreads over
an adjacent GaN film which is formed by Ga when Ga evaporated and reacted with NH3.%°
If true, this would indicate that interfacial energy between Ga and GaN, y¢q/Gan, IS VEry
small.}*® T. J. Peshek, who also grew GaN by exposing Ga to NHs, observed a similar
phenomenon but held an alternative explanation. The author attributed the spreading
phenomena to a decrease in the surface tension due to nitrogen saturation of the metal 24
Ga has been also reported to wet different substrates when exposed to plasma. J. S. Dyck
reported how molten Ga, which was saturated by nitrogen due to its exposure to nitrogen
plasma, wet the walls of a boron nitride crucible at temperatures above 900°C.*40 H. Li

studied the wetting properties of Ga on a quartz substrate. The results showed that Ga only
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spread onto the surface of substrate when it was exposed to nitrogen plasma at high
temperatures. The author suggested that the incorporation of nitrogen into the Ga melt
induced the spreading behavior of the metal onto the quartz substarte.!*’ In a similar
manner, additions of others metals like, bismuth (Bi), tin (Sn), and indium (In) to Ga have
been shown to reduce the surface tension of the alloy compared to that of pure Ga.}*
Moreover, Kleinbaum et al., who obtained GaN films via plasma-assisted LPE, stated that
the ability of Ga to wet a surface is increased by adding hydrogen to the nitrogen plasma.
As explained by the authors, the use of hydrogen plasma in the process promotes the
spreading of Ga by removing a native oxide layer that holds the liquid together.'*® This
effect is well seen in Dickey’s work where he used this native oxide “skin” for a variety of
applications, which include: self-healing circuits, shape-reconfigurable conductors,

stretchable antennas, wires, and interconnects and 3D printing.*>

2.4.4.2. Homogeneous nucleation

“Nucleation” refers to the initial step in the formation of a crystal from a solution,
a liquid or a vapor. The process is described as the arrangement of a small number of ions,
atoms, or molecules into a pattern characteristic of a crystalline solid, which creates a site
upon which additional particles are deposited as the crystal grows.>! There are two types
of nucleation: heterogenous and homogeneous. In heterogeneous nucleation, a surface of a
different substance acts as the center upon which the first atoms, ions, or molecules of the
crystal become properly oriented.'® On the other hand, homogeneous nucleation refers to
a process in which nuclei are randomly and spontaneously formed without the need of any

nucleation site.*® Homogeneous nucleation has been found to be harmful to LP-LPE of
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GaN in three different ways. First, crystals that have been grown through homogeneous
nucleation compete with the substrate (seed) used in this process as centers for epitaxial
growth. 16 135136 Sacond, crystals can precipitate and deposit onto the substrate surface
inducing defects in the LPE grown layers.*®" Lastly, homogeneous nucleation near the
surface of the melt promotes the formation of a polycrystalline crust on top of the molten
metal. This film acts as a diffusion barrier that prevents the incorporation of any gaseous
species into the melt limiting further growth.!* ¥ Logan and Thurmond reported the
formation of a polycrystalline GaN crust when a Ga melt was exposed to ammonia at
temperatures below 950°C. They found that if the melt was agitated by mechanical
vibration or placed on a temperature gradient the formation of the crust could be
suppressed. In a similar way, the researchers pointed that carrying the experiment at higher
temperatures also inhibited the formation of the crust. Furthermore, they reported that by
adding Bi to the melt, the homogeneous nucleation was considerably reduced.**® However,
an explanation of this phenomenon was not provided.

Sun et al. and Hussy et al. determined the existence of an Ostwald-Miers region in
relation to the partial pressure of ammonia and the process temperature for LP-LPE of
GaN.1%-13 Thjs region determines the conditions in which the growth of GaN occurs only
on the seed (heterogeneous nucleation). When the partial pressure of ammonia in the
system was higher than the ammonia partial pressure at the upper limit of the Ostwald-
Miers region for a given process temperature, homogeneous nucleation was observed. 13>
136This behavior is similar to the one reported by Chandrasekaran et al. in regard to the

synthesis of nanowires using low-melting point metals. The researchers found that the
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growth of Ge nanowires from a Ga melt was only possible between the liquidus and the

spinodal lines. > This behavior is depicted in Figure 2.10.
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Figure 2.10 Synthesis of Ge nanowires form a Ga melt. The region between the liquidus
and the spinodal line depicts the condition in which the growth of nanowires is promoted.

The liquidus line is defined as the locus of temperatures above which only the liquid
phase is stable. Mathematically, the liquids line can be obtained by solving equation

2.23.1%8

(a@> =0 223
oxXs). (2.23)

Where G, is the Gibbs free energy of the liquid (mix) and X is the concentration of
the solute in the mix. For a given temperature, the concentration that satisfies equation 2.23
corresponds to the equilibrium solubility of the solute.*®® Conversely, the spinodal line
determines the conditions at which the solute nucleates. When a system crosses this line,

the phases separate spontaneously without the need of any nucleation step. This process is
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known as spinodal decomposition and in the case of a binary mixture can be described by
the Cahn-Hillard equation (equation 2.24 ).1%+1%

aC
a_tB = DV2(Cy — 2MKV*Cs = 0 (2.24)

Where Cg is the composition of the of homogeneous material, D is the diffusion
coefficient, and M and k are a positive constant and a positive parameter, respectively. Due
to the positive value of M, the sign of the diffusion coefficient (defined by equation 2.25)

is determined by the sign of 82f/9Cz*.*>

_ (9%
D=M (ach) (2.25)

Where f is the free energy of homogeneous material with composition Cz. When
92f/0Cz* > 0 the solution is stable and the diffusion, if any, occurs from higher to lower
concentration. Conversely, when 8%f /8Cgz* < 0 the solution has crossed the spinodal line
and is unstable. In this case, diffusion takes place from lower to higher concentration.
However, the second term on the right-hand side of equation 2.24 is responsible for
stabilizing the system against short distance scale fluctuations when D < 0. The latter
means that spinodal decomposition only occurs when mass is moved over long distances
i.e. large distance fluctuations.'>*

The region between the liquidus line and the spinodal line in the Ge-Ga system,
depicted in Figure 2.10, is analogous to the Ostwald-Miers region in the ammonia-based
LP-LPE growth of GaN via, Figure 2.7. In both cases, homogeneous nucleation can be
prevented by operating far from the supersaturation limit of the system. The ability to

suppress parasitic nucleation by modifying the experimental conditions represents an
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advantage for any LP-LPE technique. However, in order to effectively control the parasitic

nucleation, a proper understanding of the system is needed.
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CHAPTER 3

EXPERIMENTAL METHODS

The experimental methods and characterization techniques employed for the
completion of this work are presented in this chapter.
3.1. Nitridation experiments

In this work, nitridation experiments refer to the process in which a material reacted
with nitrogen radicals to form a nitride. Experiments were performed using two distinct
systems. For purposes of this document the systems are refer as RF-plasma reactor and
ECR plasma reactor. In this section an overview of the systems used during
experimentation and a description of the procedure of a generic nitridation experiment is
presented. Specific experiments are described as experimental details in Chapter 4, Chapter
5, and Chapter 6.

3.1.1. RF-plasma reactor

The RF-plasma reactor is described as a custom-built, capacitively-coupled, radio-
frequency (RF) plasma reactor. The piping and instrumentation diagram (P&ID) of the
system is presented in Figure 3.1 . The reaction chamber is a 30-mm-diameter quartz tube
(90 cm in length) that is placed inside a tube furnace with temperature control. The
maximum temperature of the furnace is 1100 °C. The system has 4 different gas

connections with their respective mass flow controllers which allows to obtain different
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gas mixtures. However, in most of the cases, during the nitridation experiments only N2
and Hz were used. The gases are fed at the front end of the tube and two-concave stainless-
steel parallel plate plasma electrodes are positioned outside the tube between the gases’
inlet and the tube furnace, immediately adjacent to the furnace. The working electrode is
connected to a 600 W, 13.6 MHz, RF power generator (Seren R601) through an automatic
matching network controller (Seren MC2). This configuration allows the control of the
forward power and the reduction of the reflected power to zero during operation. The
counter electrode is connected to a common ground. During operation, the glow discharge
region of the plasma extends to approximate 45 cm into the tube furnace. Vacuum is
achieved using a roughing pump (Edwards 18) with a maximum pumping speed of 12.1
cfm. The pressure inside the reaction chamber is measured downstream the tube using an
absolute capacitance manometer with an accuracy of +0.50% at the pressures observed

during this study. The base pressure of this system is in the order of 10 torr.
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Figure 3.1 RF-plasma reactor P&ID.
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3.1.2. ECR-plasma reactor

The ECR plasma reactor is a system that consists of a 15 in. long, 8 in. diameter,
water-cooled, stainless-steel vacuum chamber equipped with an ASTeX AX4500 electron
cyclotron resonance (ECR) plasma source. The chamber, which is aligned vertically, has
six different flanges: two 8-in. conflat flanges (CF), one at each end of the cylinder, and
four lateral 2.75-in. CF. The lateral flanges are located at the same height and are
distributed evenly around the chamber. The plasma source, which has a standard NW160
flange, is connected to the top of the vacuum chamber using a NW/CF adapter. An 8-in to
2.75-in. water cooled CF reducer equipped with electrical feedthroughs is used to make the
gas exhaust connections and to set up a rotatory, substrate heater. The substrate heater,
which consists of a tungsten strip and a substrate susceptor, is positioned in such way that
the substrate susceptor is aligned with the lateral flanges. Two viewports were installed in
two of the lateral flanges. One of the viewports is used for monitoring the process while
the other one is used exclusively to measure the substrate susceptor temperature. The
temperature is measured using an infrared temperature sensor (Mikron M770/780). The
temperature is controlled using an Omega PLATINUM Series PID controller that is
connected to the temperature sensor and that sets the power that is sent through the tungsten
strip. The system has 3 different gas connections with their respective mass flow controllers
which allows to obtain different gas mixtures. The gases are fed at the top of the chamber
through the gas inlet included in the ASTeX AX4500. Vacuum inside the chamber is
achieved using a rotatory vane (Alcatel 2063) pump and a turbomolecular pump (Edwards

18) connected in series. The pumping speed of the rotatory vane and turbomolecular pumps
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are 45 cfm and 40-50 | s, respectively. The pressure inside the chamber is measured with
two different MKS Baratron capacitance manometers that are connected to the remaining
two lateral flanges. One of the sensors is used to measure pressures in the 1-1000 torr range
while the other one is used in the 1 x 103-1 torr range. Additionally, an ion gauge (SRS
GW-100F) is connected downstream the chamber to measure the base pressure of the
system. This gauge is not used during experimentation. The base pressure of the system is

in the order of 10°® torr. The P&ID of the ECR plasma reactor is presented in Figure 3.2
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Figure 3.2 ECR-plasma reactor P&ID.

The ASTeX AX4500 ECR plasma source system is a high density, low pressure,
low temperature plasma source used for a variety of plasma applications. The system
consists of a water-cooled plasma source, a microwave power generator, a coaxial slug
tuner, a coaxial cable, and a magnet power supply.'®® The configuration of the system is

shown in Fig. 4.2.
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Figure 3.3 ASTeX AX4500 source configuration. Adapted from the operation manual of

the ASTeX AX4500 ECR Plasma Source.®®

3.1.3. Typical nitridation experiment

The experiment is started by cleaning the substrates that are going to be used in the
experiment. The cleaning procedure consists of three steps. The substrates are sonicated
first in acetone for 20-30 minutes and then in DI water for 5-10 minutes, and finally blown
dried using dry air. Once the substrates are cleaned, Ga (99.99 % purity) is placed on top
of the substrate either as a droplet or as a film. The substrates are then placed inside the
chamber and the chamber is pumped down until it reaches the base pressure of the system.
Subsequently, at least three purging cycles are performed. In a purging cycle, a valve
downstream the reaction chamber is closed, and nitrogen gas is fed into the reactor causing
the pressure inside the chamber to rise. Once the pressure has increased by at least two

orders of magnitude, the valve is slowly opened, and the flow of nitrogen is stopped. When
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the pressure in the system has reached its base pressure, the next purging cycle is initiated.
After completion of the purging cycles, the temperature of the substrate holder is raised to
500-600 °C without flowing any gases. At that temperature the samples are exposed to
hydrogen or hydrogen plasma for 5-10 minutes to reduce any gallium oxide layer that is
present on the surface of the molten Ga. After the reduction period, the flow of hydrogen
is stopped, and the temperature is raised to the desired experimental temperature. The
samples are then exposed to nitrogen plasma. In the case of the RF plasma reactor the
forward power used during experimentation is 100 W with a nitrogen flow of 100 sccm.
On the other hand, in the ECR plasma reactor the microwave power is 260 W and the
nitrogen flow is 3-20 sccm. Due to the lack of a pressure controller in both systems, the
pressure inside the chamber is determined by the total gas flow. The pressure in a
nitridation experiment ranges between 0.5 and 0.75 torr in the RF plasma reactor and
between 5 and 30 mtorr in the ECR plasma reactor. After the desired plasma exposure time

has been met the plasma is shut off and the cooling process is started.

3.2. Contact angle experiments

A contact angle experiment consists of six steps. First, a droplet of Ga or Ga alloy
is placed onto a substrate. Second, the surface oxide layer on the Ga/Ga alloy is removed
by using a solution of hydrochloric acid (HCI). Third, the substrate is placed on one of the
contact angle experiment setups. Fourth, the experimental temperature is set. Fifth, a
picture of the Ga/Ga alloy droplet is taken. Lastly, the image is analyzed using an image

processing software and the contact angle value is obtained.
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Two different setups were used. The first one, which is performed under ambient
conditions, consists of a perfectly flat aluminum plate that is placed on a hot plate and a
digital camera. The camera is placed next to the plate in such way that the lens of the
camera is at the same height of the plate and perpendicular to the plate. The samples are
placed on the plate and the temperature of the plate is raised to the experimental
temperature. Temperature was measured using thermocouple type K. Due to the rapid
formation of an oxide layer at high temperatures, the experiments performed using this
setup did not exceed 300 °C. The second setup, which is performed under vacuum, consists
of the ECR plasma reactor and a digital camera. The camera is positioned in front of one
of the view ports in such way that it was aligned with the substrate susceptor. The samples
are placed onto the substrate susceptor and the chamber is evacuated. Once the base
pressure of the reactor has been reached, the temperature of the substrate susceptor is
increased to the experimental temperature. The temperature sensor equipped in the ECR
plasma reactor does not record temperatures below 500 °C thus this setup was used for

experiments in which the experimental temperature exceeded 500 °C.

3.3. Characterization techniques
This section describes the characterization techniques utilized in this work.
3.3.1. X-ray diffraction
X-ray diffraction (XRD) is a rapid, analytical, non-destructive technique that is
used to study the structure, composition, and physical properties of crystalline materials.
This technique is based on the scattering of X-ray photons by regularly spaced atoms in a

crystalline material. A material is exposed to a monochromatic beam of X-rays and the
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scattered X-rays are recorded using an X-ray detector. When constructive interference of
the scattered monochromatic X-rays occurred, the detector records a peak in the intensity.
Because constructive interference only occurs when the Bragg’s law, equation 3.1, is
satisfied, the lattice spacing of the material can be determined.*®’

nA=2d sin6 (3.1)

Where n is an integer called the order of reflection, A is the wavelength of the X-
rays, d is the interplanar spacing, and 6 is the angle between the incident beam and the
crystal plane. To identify the composition of a material, a diffraction pattern is recorded as
a function of 6 and compared with standard line patterns available for various compounds
in the Powder Diffraction File (PDF) database.’®’

In this study XRD was used to determine the chemical composition of the
intermediate and final products in the nitridation experiments. This information was used
to understand the different mechanisms of our proposed concepts. Additionally, this
technique was used to obtain the crystalline quality and orientation of the films. All samples
were characterized using a Bruker Discovery D8 XRD system equipped with Cu Ka
radiation. Generally, the scans were performed between 10 and 90° utilizing a scan speed

of 0.2-1 seconds per step with angle steps of 0.01°.

3.3.2. Scanning electron microscopy
The interaction between a high-energy electron beam and the atoms of a material
leads to the generation of a variety of signals, i.e. Auger electrons, secondary electrons,
backscatter electrons, X-rays, visible light, diffracted beam, transmitted beam, and

inelastically scattered electrons, that can be used for characterization of a given material.
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Scanning electron microscopy (SEM) is a type of electron microscopy that is used
primarily to obtain topological images of surfaces in the millimeter and nanometer-scale.
Imaging is accomplished by scanning a finely focused beam of electrons over an area of
interest while a desired signal is collected. Among the different signals, secondary
electrons and backscatter electrons are used for this purpose. Secondary electrons, which
are low energy electrons, are usually limited to the beam impact area. As a result, the
resolution of the images that are obtained using secondary electrons are in the order of the
electron beam size. Backscatter electrons, which electrons that have been scattered out of
the sample, provide a lower resolution than that of secondary electrons but allow to
discriminate areas of a sample that is composed of different materials. The number of
backscatter electrons increases with the atomic number of the material that is interacting
with the electron beam, thus different materials generate different backscatter electron
intensity. Energy dispersive spectroscopy (EDS) is used in conjunction with SEM to obtain
the elemental composition of a sample. The X-rays that are emitted by the electron beam-
sample interaction are characteristic of each electron transition of each element which
allows to perform elemental mapping of the sample.®

In this work, surface morphology, layer thickness, uniformity, and qualitative
chemical composition were routinely controlled using SEM. Two different system were
used in this work: a FEI Nova NanoSEM 600 in secondary electron mode and a TESCAN
VEGA3 also in secondary mode. The TESCAN VEGAZ is equipped with an EDS detector

thus all EDS imaging and analysis was performed using the TESCAN VEGAS.
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CHAPTER 4

FUNDAMENTAL PROPERTIES OF GA IN THE PRESCENCE OF PLASMA!

4.1. Introduction

As mentioned in section 2.4.4, proper wettability of the substrate by molten Ga and
the prevention of homogeneous nucleation of GaN have both been identified as the main
challenges for LP-LPE of GaN. Poor wetting is reflected in low substrate coverage and
non-uniform nucleation of GaN on the surface of the substrate. On the other hand,
spontaneous nucleation of GaN leads to the formation of crystals that compete with the
substrate as centers for epitaxial growth, as well as creates defects in the LPE grown layers
and promotes the formation of a GaN crust that prevents further incorporation of gaseous
species into the melt. Homogeneous nucleation occurs due to a localized high concentration
of nitrogen in the melt. Because of this, the prevention of spontaneous nucleation of GaN
can only be achieved by controlling the concentration of nitrogen in the melt. Nitrogen
concentration in the melt is determined primarily by the dissolution of nitrogen radicals
into the metal. However, other processes also participate in what has been identified as a

synergistic interaction between molten Ga and plasmas. Thus, in order to control the

! The texts in Section 4.3 were reproduced with the permission of AIP Publishing (Appendix 1).
Original article was published as “M.L Carreon®, D.F Jaramillo-Cabanzo®, I. Chaudhuri, M. Menon, and M.
K. Sunkara (2018), Synergistic interactions of H, and N2 with molten gallium in the presence of plasma,
Journal of Vacuum Science & Technology A 36, 021303 (2018), https://doi.org/10.1116/1.5004540
(SAuthors contributed equally to this work)”.
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concentration of nitrogen in the metal, the interaction between nitrogen plasma and molten
Ga needs to be studied.

The synergistic effect of molten Ga in the presence of plasmas can be utilized in a
variety of applications, other than the growth of GaN. For example, Si nanowires (NWS5)
have been grown in a tip-led fashion by dissolving Si radicals into molten Ga. For this type
of process a non-wetting characteristic of Ga is needed; the process needs multiple
nanometer-sized Ga droplets that can be used as individual seeds instead of a continuous
film.

In this chapter a set of fundamental studies regarding the wetting properties of Ga
and the interaction between nitrogen plasma and molten Ga is presented. These studies aim
for: (1) understanding the influence of different variables on the wetting properties of Ga;
and (2) gaining insights into the interaction between nitrogen plasma and molten Ga and
how this interaction is related to the nitrogen concentration in the melt. The interaction
between molten Ga and hydrogen plasma is also discussed herein. Additionally, an
example in which Ga is used as catalyst to grow Si NWs on Cu foils is presented.

4.2. \Wetting properties

A set of contact angle experiments were performed to identify the influence of
different variables in the wetting properties of Ga. Specifically, the influence of the surface
that is in contact with the metal, the temperature, and additions of other elements were
evaluated. The effect of the surface was assessed by using quartz and GaN-on-sapphire
substrates. In the case of the temperature, this variable was evaluated by carrying the
experiments at four different temperatures. The following temperatures were used during

experimentation: 50, 250, 650, and 950 °C. Finally, the effect of additions of other metals
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to the melt was assessed by alloying Ga with three different metals i.e., In, Sn, and Bi. As
a result, four different materials were tested: pure Ga and three different alloys i.e.,
Gao.g951N0.05, Gag.95SNo.05, and Gao.osBio.os. The experimental procedure of the contact angle
experiments is explained in section 3.2. The results of the contact angle experiments are
summarized in Table 4-1 and Table 4-2. The experiments performed in the ambient setup
are presented in Table 4-1, while the ones that were performed in the vacuum setup are
presented in Table 4-2. No data was collected for GagesBioos at 50 °C because at that
temperature the alloy was a solid.*>°

Although, in most cases, the contact angle was lower when GaN was used as a
substrate. There is no experimental evidence that supports that Ga and/or Ga alloys wet
easier on GaN surfaces than on quartz surfaces. Furthermore, the contact angle values
presented in Table 4-1 and Table 4-2 indicate bad wettability of Ga and Ga alloys. Except
for three of the experiments, the contact angles were larger than 90°. These observations
disagree with the hypothesis presented by Logan et al.in which they explain the spreading
behavior of Ga by a small interfacial energy between Ga and GaN.'* On the other hand,
the temperature and the addition of other elements to the melt were found to have an effect
in the wetting properties of the molten metal. In the case of temperature, it was found that
as the temperature increased, the contact angle was reduced. Similar behavior was found
when Ga was alloyed with other elements. The Gao.osIne.os and Gao.e5Bio.os alloys depicted
lower contact angles than that of Ga and Gao.9sSno.os at the same experimental conditions.
There was no significant difference between Ga and Gao.9sSno.os in terms of the resulting
contact angle. These results can be explained by a change in the surface tension of the

alloy. As the surface tension of the alloy decreases, the contact angle of the droplet also
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decreases.*® To support this hypothesis the surface tension of the different melts were

calculated at the temperatures that the experiments were performed.

Table 4-1. Contact angle experiments results. Ambient setup.

Temperature Melt Substrate Angle
Quartz 120.3
Ga
GaN 120
Quartz 117.5
Gao.gs51No.0s
GaN 115.3
50
Quartz 122.2
Gap.955N0.05
GaN 123.7
Quartz -
Gao.95Bio.05
GaN -
Quartz 118
Ga
GaN 110.7
Quartz 110.7
Gao.g51N0.05
GaN 104.6
300
Quartz 118.8
Gao.955N0.05
GaN 108.3
Quartz 87.6
Gao.osBio.os
GaN 55.2
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Table 4-2. Contact angle experiments results. Vacuum setup.

Temperature Material Substrate Angle
Quartz 117.1
Ga
GaN 122.5
Quartz 109.7
Gao.gs1No.0s
GaN 108
650
Quartz 115.9
Ga0.95SN0.05
GaN 116.7
Quartz 110.4
Gao.o5Bio.os
GaN 93.1
Quartz 115.2
Ga
GaN 121.7
Quartz 106.4
Gao.e51No.05
GaN 104.5
950
Quartz 104.1
Gao.95SN0.05
GaN 110.4
Quartz 112.8
Gao.95Bio0.05
GaN 88.4
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Dogan et al. calculated the surface tension of the Ga-In and Ga-Sn alloys at different
temperatures as a function of the In and Sn concentrations, respectively.!*® Assuming that
the surface tension changes linearly with temperature, it was possible to create a
relationship between the surface tension and the temperature at a given concentration.
Similarly, Aqgra et al. calculated the surface tension of different Ga-Bi alloys as a function
of temperature.'®* Although the study did not report the surface tension of Gao esBio 05, this
one was estimated by utilizing data that was provided in the study and some assumptions.
Specifically, the surface density of Gao.osBioos was estimated by averaging the surface
tensions of Gao.geBio.os and GagesBioos. The surface tension of the different melts is
presented in Table 4-3. As seen in this table, the surface tension in all melts decreases as
the temperature increases which explains why the contact angle tended to get smaller as
the temperature was increased. When other elements were added to Ga, it was found that
Bi is the element that reduces the surface energy the most, which is in good agreement with
the contact angle experiments. At the temperatures that the experiments were performed
Gao.osSnoos exhibits a lower surface tension than that of Gageslnoos. This result is
contradictory with the results obtained from the contact angle experiments in which at the
same conditions Gao.gs1no.0s exhibited a lower contact angle than Gag.95Sno.os. However, it
was found that in the calculations presented by Dogan et al.}*® the surface tension of pure
Ga (i.e., when the concentration of In or Sn is equal to zero) varied depending of the system.
The surface tension of Ga in the Ga/ln system was higher than the surface tension
calculated in the Ga/Sn system. These values are also included in Table 4-3. A comparison
between the surface tension of Ga and the surface tension of its alloy for each system shows

that the absolute change in surface tension is higher when In is incorporated. This means
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that under the same conditions it is expected that Gao.esIne.os has lower surface tension than
Gao.95Sno.os. Therefore, a smaller contact angle in the Ga-In alloy, in comparison to the Ga-
In alloy, is expected. This behavior is in good agreement with the results presented in Table
4-1 and Table 4-2. In the same way the small difference between the contact angles that
were obtained with pure Ga and Gao.esSno.os can be explained by the small change in

surface tension after Sn is added to the melt.

Table 4-3. Estimated surface tension of different Ga alloys at the temperatures that the

contact angle experiments were performed.

Surface tension (mN/m)

Ga/ln Ga/Sn Ga/Bi
Temperature (°C) Ga Gao.e51no.0s Ga Gao.95SN0.05 Gao.g5Bio.os
50 690.98 679.91 676.33 670.46 603.02
300 683.23 672.11 668.86 663.09 545.02
650 672.38 661.19 658.39 652.76 463.82
950 663.08 651.83 649.42 643.91 394.22

The influence of nitrogen and hydrogen plasmas in the wettability of Ga was also
investigated. Due to constraints in the experimental setup it was not possible to perform a
systematic study as done previously for the other variables. In the presence of hydrogen
plasma, Ga agglomerates as a droplet and is maintained in this shape independently of the
exposure time. The process in which Ga is exposed to hydrogen plasma is presented in

Figure 4.1. A solid Ga film [Figure 4.1(a)] was heated to 350 °C which caused the
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formation of a liquid Ga film [Figure 4.1(b)]. Liquid Ga maintained its shape as a film due
to a native oxide layer that prevents the movement of the liquid.**® Once the film is exposed
to hydrogen plasma the Ga»Os layer started reduce causing the film to agglomerate [Figure
4.1 (c)]. After approximately 20 minutes of plasma exposure, the oxide layer is completely
removed, and the film has been shaped into a big droplet [Figure 4.1 (d)]. Continuous
exposure of up to 45 more minutes to hydrogen plasma did not modify the shape of the

droplet.

Figure 4.1 Process that explains the wetting behavior of Ga under hydrogen plasma. (a) A
solid Ga film is transformed into a (b) liquid Ga film by increasing the temperature of the
system. Hydrogen plasma exposure removes the oxide layer of the melt, which causes (c)
agglomeration of the film. Finally, after the oxide layer has been completely removed a (d)

Ga droplet is formed.
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The effect of nitrogen plasma in the wetting properties of Ga was evaluated by
exposing the Ga to nitrogen plasma at different temperatures. Before the nitrogen plasma
exposure, the Ga>Os layer was removed either ex-situ utilizing HCI or in-situ by exposing
the samples to hydrogen or hydrogen plasma. At low temperatures the metal agglomerated
into a big droplet similarly to the hydrogen plasma case. However, when Ga was exposed
to nitrogen plasma at high temperature i.e. over 800 °C, the behavior was found to be
different. In this case, Ga agglomerated into a droplet initially and then as the droplet was
exposed to nitrogen plasma, it started to spread. Continuous exposure to nitrogen plasma
resulted in the formation of GaN on the surface of the droplet, which prevented the droplet
from spreading any further. The spreading effect was not seen in any of the other contact
angle experiments which suggests that the dissolution of nitrogen radicals into Ga is the
most effective way to increase the wettability of Ga. This conclusion is in good agreement
with previous studies. 140 146147 An example of a Ga droplet exposed to nitrogen is
presented in Figure 4.2 (a). Proper wetting of Ga is the result of increasing Ga’s wettability
without promoting the formation of a GaN crust. The dissolution of nitrogen radicals into
the melt increases the wettability of Ga but also the local nitrogen concentration. When the
concentration of nitrogen in the melt is too high, spontaneous nucleation of GaN is
promoted. However, as it is discussed in Chapter 5, it was found that by maintaining the
concentration of nitrogen inside the melt below the spinodal concentration it was possible
to wet different surfaces. A Ga droplet contained in a reservoir made of GaN-on-sapphire
[Figure 4.2 (b)] was used in a pulse experiment, which is also explained in Chapter 5, as a
way to control the concentration of nitrogen inside the melt. After the experiment was

performed it was found that the metal wetted the walls of the reservoir even though these
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were aligned vertically. Additionally, it was observed that Ga spread freely on GaN and
sapphire surfaces. Details of the Ga/reservoir arrangement after the pulse experiment are

shown in Figure 4.2 (c).

a)

Figure 4.2 Ga film after being exposed to nitrogen plasma at 800 °C. (b) Ga drplet
contained in a reservoir made of GaN-on-sapphire. (c) Same Ga/reservoir arrangement

after pulse experiment.

4.3. Interaction radicals into molten Ga

In order to control the concentration of nitrogen in Ga, it is necessary to understand
first how nitrogen plasma and Ga interact. M. Carreon presented through
absorption/desorption experiments that both nitrogen and hydrogen radicals produced from
plasma dissolve into Ga. Additionally, the researcher calculated the number of moles
absorbed of each type of radicals at different conditions. Results showed that (1) absorption
of hydrogen and nitrogen radicals reduces with temperature, and (2) the absorption of
species is higher at low power plasmas.*®? However no mechanism or explanation of how

these plasmas and Ga interact was provided. Additionally, due to the nature of the reactor
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that was used by the researcher during experimentation, i.e. the plasma discharge did not
extend throughout the whole length of the reactor it is believed that their setup acted as a
dynamic system where a constant recombination and generation of radicals take place. If
the rate of diffusion of molecules is faster than the recombination of the radicals outside
the plasma zone, one could expect a gradual increment in pressure, which could alter the
absorption/desorption experiments results.

To understand the relationship between the concentration of nitrogen inside the
metal, which is directly related to the moles that are absorbed, and the interaction between
molten Ga and plasmas, a new set of adsorption/desorption experiments, in which Ga was
exposed intermittently to nitrogen and hydrogen plasmas, was performed.®® By limiting
the exposure to plasma, it was possible to identify different processes that are happening
and decrease the diffusion issues that arise from the experimental setup. The experiments
were carried out in the RF-plasma reactor operated in a batch mode, Figure 4.3. Details of
the RF-plasma reactor are provided in section 3.1.1. Ga-coated and uncoated capillaries
were exposed intermittently, 10 minutes at the time, to nitrogen and hydrogen plasmas,
Figure 4.4 and Figure 4.5, respectively. Similar results were obtained for both nitrogen and
hydrogen. By limiting the plasma exposure to 10 minutes it was possible to identify the
different phenomena that are taking place in the process. During the first 10 minutes of
plasma exposure the uncoated and coated capillaries behaved differently but in good
agreement with the results previously presented in M. Carreon’s work.'®2 The increment in
pressure observed when the uncoated capillaries were exposed to plasma follows the same
behavior as the first regime explained hereinbefore, suggesting that, by reducing the plasma

exposure time, the diffusion effects are limited. The opposite behavior was observed when
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coated capillaries were used, i.e., a rapid decrease in pressure followed by stabilization
followed by an exponential decay in pressure. In the case of nitrogen, a slight increase
before the exponential decay was perceived. Once the plasma was shut off the pressure
decreased for both cases. Nonetheless, when gallium was used, the decrement rate was
slower. In the case of hydrogen after approximately 5 minutes of shutting the plasma off,
the pressure started to increase. The difference between both cases indicate that while the
decrease in pressure of the system without gallium is a response exclusively of the almost
instantaneous recombination of radicals, the system with gallium-coated capillaries present
two different coexisting phenomena. The recombination of radicals due to the lack of
plasma excitation and the desorption of species from the molten metal is suspected to be
responsible for the overall number of species in that system. The samples were exposed to
plasma for 10 minutes one more time. The results show a similar response in pressure in
the gallium free configuration compared to the response obtained during the first plasma
exposure, whereas the pressure in the other system decreases initially and then increases.
The shape of the curve once the pressure increases is similar to the curve obtained in the
system without gallium, suggesting that the metal got saturated, reducing considerably the
amount of species that are being dissolved and acting like a non-catalytic material. Finally,
the pressure after shutting the plasma off was monitored for an extra 10 minutes. The curves
obtained in this period are in accordance with the ones obtained the first time the plasma

was turned off.
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Figure 4.3 Schematic of the system used for the absorption/desorption experiments.
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Figure 4.4. On/off experiments. Change in pressure when uncoated (top) and Ga-coated
(bottom) supports are exposed intermittently to nitrogen plasma. Experiments were

performed at 400 °C and a power of 100 W.
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Figure 4.5. On/off experiments. Change in pressure when uncoated (top) and Ga-coated
(bottom) supports are exposed intermittently to hydrogen plasma. Experiments were
performed at 400 °C and a power of 100 W.

The overall interaction of molecular nitrogen with molten Ga is proposed to be as
follows: (1) creation of atomic nitrogen species; (2) surface adsorption of nitrogen on
molten gallium, i.e., formation of Ga-N species; (3) diffusion of N or Ga-N into the bulk;
(4) recombination inside the gallium bulk; (5) surface recombination between atomic
nitrogen in the gas phase and adsorbed species on the surface; and (6) desorption of
molecular nitrogen. A graphical representation of the mechanism is presented in Figure
4.6. Nitrogen was chosen as an illustrative example; it is believed that the mechanism for

the interaction of molecular hydrogen with molten gallium is the same.
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Figure 4.6. Proposed mechanism: (a) creation of atomic species, (b) surface adsorption,
(c) diffusion into the bulk, (d) recombination inside the bulk, (e) surface recombination,

(F) desorption of molecular species, and (g) molecular species in the gas phase.

Besides the diffusion and the desorption steps, all the steps can be represented by a
chemical reaction. The enthalpy of reaction (AHxn) Of a particular reaction can be estimated
by subtracting the total energy of the bonds formed from the sum of the broken bonds’
energy, Equation 4.1. This approximation becomes useful for determining the thermal
behavior of a reaction; for example, when the bonds that are being broken are stronger than

the ones that are being formed (AHmn>0), the reaction will be endothermic. This expression
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does not provide exact values for AHmxn because it uses average bond energies. The bond
enthalpy of a chemical bond depends upon the molecular environment in which the bond
exists. Therefore, the bond energy values reported in the literature are averaged. Table 4-4
presents the different reactions that take place in the gallium-nitrogen and gallium-
hydrogen plasma systems with their respective AHmn. In the case of hydrogen, it is
important to notice that while the surface adsorption and the surface recombination
processes are exothermic, the gas dissociation and the bulk recombination are endothermic.
It is believed that the energy in the gas dissociation step is supplied principally by the RF
generator, whereas the energy in the bulk recombination step is provided by the
temperature of the system. Accordingly, while bulk recombination rates should increase
with increasing temperatures, the production of radicals should remain unaffected,
independent of temperatures, thus leading to a decrease in the quantity of moles absorbed.
Even though the bulk recombination of nitrogen atoms is exothermic, this energy is smaller
in magnitude than both the surface adsorption and the surface recombination, which
explains why the bulk recombination is favored over the other reactions at higher
temperatures. This statement is in good agreement with the experimental data presented
by M. Carreon'®? i.e., the higher the temperature, the lower the number of molecules

absorbed.

AH,,, ~ Z(broken bond energy) — Z(formed bond energy) (4.1)
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Table 4-4. Chemical reactions and their enthalpy of formation for the Ga - N2 and Ga - Hz plasma systems.

Nitrogen Hydrogen
Reaction AHrxn (kJ/mol) Reaction AHrxn (kJ/mol)
Gas dissociation N, >N+ N (4.2) 945 (Ref. 164 Hy,->H+H (4.3) 436 (Ref. %%
Surface adsorption Ga+ N - Ga-N (4.4) -218 (Ref. %) Ga+ H - Ga—H (45) -262 (Ref. 1)
Surface recombination Ga-N+N — Ga+ N, (4.6) 7279 Ga-H +H - Ga+ H, (4.7) -174%
Bulk recombination ~ Ga—-N + Ga—N - 2Ga + N, ( 4.8) -509 @ Ga—H + Ga—H - 2Ga + H, ( 4.9) 88

9Enthalpies calculated using Equation 4.1 and reported bonds energies (Equations. 4.2-4.5).



Nitrogen and hydrogen atoms recombine differently on dissimilar surfaces.
Rahman and Linnett studied the recombination of nitrogen on pyrex and different metals.
In the case of Pyrex surfaces, they found that the recombination of nitrogen is first order at
pressures ~0.1 Torr; a second order process is noticeable at higher pressures (i.e. 0.9 Torr).
Because of this observation, the authors proposed that both Hinshelwood and Rideal
mechanisms occur on a varying sticking coefficient surface. In their study, the
recombination coefficient, v, which is defined as the fraction of atoms striking the surface
which recombine, was reported in the order of 10°.1%" In another study, Rahman and
Linnett presented yn for different metals: 2 x 103, 6.7 x 10°, and 6.8 x 107 for Fe, Ni, and
Cu, respectively.’®® Argoitia et al. exposed molten gallium to nitrogen plasma at low
pressure. They found that the surface recombination is slow enough that nitrogen atoms
diffuse into the bulk and form GaN crystals.**

In the case of hydrogen radical recombination on surfaces, Wood and Wise reported
that the formation of a hydrogen molecule from two hydrogen atoms on Pyrex glass and
fused quartz surfaces occurs through two varying mechanisms: Rideal (R) and
Hinshelwood (Hi) with two binding states: strongly bound (a) and weakly bound (b). They
concluded that the overall recombination of hydrogen is composed of four different
regimes: Rideal-strongly bound (R-a), Rideal-weakly bound (R-b), Hinshelwood-strongly
bound (Hi-a), and Hinshelwood-weakly bound (Hi-b). Depending on the temperature, one
of these terms becomes dominant. Specifically, Hi-a, Hi-a, Hi-b and R-b are the
predominant regimes for temperatures >500, 500-120, 120-50 and <50 K, respectively.
Additionally, Wood and Wise reported a recombination coefficient in the order of 1073, as

well as recombination rates of ~10'7 and ~10'® atoms/cm?s at 500 and 77 K, respectively.6°
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The recombination of hydrogen onto diamond has also been reported. Gat and Angus found
that for this system, 1>y>0.23 with a recombination rate of ~10*° atoms/cm?s. The authors
suggested that due to this high recombination rate and the exothermic behavior of the
reaction, much of the energy that reaches the surface during diamond deposition is
transported by atomic hydrogen.'’ In the case of metals, recombination of hydrogen atoms
is strongly dependent on the metal surface where atoms recombine. Melin and Madix
reported the hydrogen recombination coefficient on Ag (0.05), Au (0.03), Co (0.13), Cu

(0.09), Fe (0.1), Ni (0.1), Pt (0.06), and W (0.08).172

4.4. Growth of Si NWs on Cu foils

To increase the capacity of carbon-based anodes in lithium ion batteries, other
group IV elements have been investigated to replace carbon as the anode material. Among
these, silicon has gained significant attention from scientists from all over the world mainly
due to its high specific capacity. At room temperature each Si atom can alloy with up to
3.75 Li atoms which is reflected in a theoretical specific capacity of 3579 mAh/g.
Unfortunately, this materials presents a substantial volumetric change during cycling of up
to 310%.%"? This causes, in most cases, the pulverization of the material and the subsequent
fade in the battery’s overall capacity. To overcome this issue, researchers have decided to
use nanostructured materials that can buffer the change in volume. Thin films,*”® nano-
sized porous materials,*’* nanoparticles,*”>"” nanowires!’®-1"® and nanotubes'® have been
tested, showing a significant improvement when compared to bulk material. Out of these
morphologies 1D nanostructures have shown to be advantageous over the other type of

morphologies due to their facile strain relaxation, enhancement in the power rate, efficient
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1-D electron transport, and when grown directly onto the substrate, a good contact with the
current collector. Nevertheless, the volumetric expansion is not the only problem that these
two materials must address in order to break into the market.

The use of 1D Si anodes in commercial applications is promising but the reduction
of the dead weight needs to be resolved for this technology to succeed. Freestanding 1D
materials are generally mixed with conductive carbon and some binder into a slurry and
coated onto a thin copper film. The overall specific capacity of the anode is determined by
the contributions of all the materials that comprise anode. Equation 4.10 is used to estimate
the overall specific capacity of the anode in terms of the specific capacity (Ci) and mass
(Wi) of all materials that conform the anode. As seen in Equation 4.10, the overall specific
capacity of the anode is calculated by adding the specific capacities of all materials used in
the anode. Thus, by adding materials with a lower specific capacity like carbon and/or
inactive materials, like a binder or the metal current collector, to the freestanding 1D Si
material, the overall specific capacity of the anode is reduced. In the case of arrays, no
carbon black or binder is needed. Nevertheless, 1D Si arrays have been mostly grown on
thick stainless-steel substrates, which substantially increases the weight of the anode when
compared to the thin copper films used in commercial Li-ion batteries. Some studies have
shown 1D Si arrays on other substrates like Ti*®, Si'®? and Cu.'8-18 |n both cases where
copper was used as the substrate, the 1D Si structures were made with the same top down
approach. Bundle type nanorods were prepared by etching a previously deposited Si film
(~2pum) using the metal-assisted chemical etching technique (MACET). 78184 The problem
with this approach is that in order to prevent the oxidation of the Cu foil by the etching

solution and the consequent detachment of the Si array from the substrate, a thin Si film is
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used at the interface between the substrate and the array.*®® The underlayer film can cause
loss of capacity due to delamination of the array during cycling.'8 In fact, the Si nanorods
on Cu foil exhibit a poor reversible capacity retention of 46.0% after 100 cycles.'® No
bottom up method has been reported for growth of Si NWSs or Si NTs on copper foils.
Memarzadeh et al. pointed that the growth of Si NWs on Cu foil is not possible due to the
high reactivity of Au, which is the most widely used catalyst for the growth of Si NWs,
with Cu and the high reactivity of the SiH4 with Cu to form copper silicides.'® Utilizing
other catalysts has seen as way to overcome these issues. For example, Ga has been
proposed as a catalyst to grow Si NWs. Carreon et al. grew Si NWs on Si, quartz and
stainless-steel (SS) substrates at temperatures as low as 200°C by utilizing Ga in the
presence of a SiHa/Hz (2%) plasma.1%? 18" The potential for using silicon nanowires as a
replacement of carbon as anode material in Li-ion batteries is indeed promising, but more
efforts are needed to overcome current challenges and limitations. Specifically, it is
important to develop a new method for the large-scale growth of highly packed SiNWs on

thin Cu substrates.

total capacity Y, C;W;
total weight Y. W,

overall specific capacity = (4.10)

In this work, we present our more recent results regarding the production of Si NWs
on Cu foils. Si NWs were grown in the RF plasma reactor using SiH4/H2 mixture plasma.

Cu foil (0.025 mm thick) was cut into circles with a diameter of 15.5 mm which could be
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use directly in CR2032 coin-type cells. A solution of Ga>O3 particles (<10 pum) was drop-
casted on the Cu substrates. The substrates were introduced to the reactor and then exposed
to hydrogen plasma for 30-60 min at 350-400 °C. This step is performed to obtain
individual, uniformly distributed Ga droplets on the surface of the Cu substrate that can act
as catalyst for the growth of Si NWs. It is important to mention that due to the wetting
characteristics of Ga in the presence of H> plasma, the Ga droplets maintained their shape
throughout the length of the process. Once the reduction step had concluded, the
temperature of the reactor was changed to the growth temperature (i.e. 400 °C) and then
the substrates were exposed to SiHa/H> mixture plasma for 60-180 min. Initial results
showed that no wires were grown, instead a copper silicide layer was formed. To prevent
the formation of the silicide layer, a diffusion layer was used. This approach was already
reported by Memarzadeh et al. who minimized the formation of a silicide on their SS
substrates by coating them with a TiN layer.’8® Different materials were utilized as
diffusion blocking layer. Specifically, amorphous carbon, copper oxide, titania (TiO2) and
alumina (Al20s) were tested as diffusion blocking layers. Results showed that after the
exposure to SiHs/H2 plasma, the carbon and copper oxide-coated substrates exhibited the
formation of a metal silicide all over the surface. In the case of the TiO2-coated (20 nm)
substrates it was found that the surface was covered by patches of Si NWs and metal
silicide. Finally, densely packed Si NWs (d-100 nm) were grown uniformly all over the

surface of the alumina-coated (20 nm) substrates, Figure 4.7.
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s. Densely packed (a) Si NWs
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Figure 4.7 Growth of Si Ns on
(d-100 nm) were grown (b) uniformly all over the surface of the alumina-coated

substrates. (¢) Formation of silicides was not observed.
The difference in the results obtained from the different coating materials is

explained by the way these materials interact with hydrogen. Sp2-bonded carbon is easily

etched away when is exposed to hydrogen plasma.*® Thus it is expected that during the
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process that the carbon layer is removed allowing the reaction between Cu and Si to occur.
Similarly, hydrogen plasma can reduce metal oxides into metals which can limit the
efficiency of the film as a diffusion blocking layer. The degree in which a metal oxide is
reduced depends on its stability; the more stable the metal oxide is the harder it is to be
reduced. The Ellingham diagram is a plot used to determine the ease of reduction of
different metal oxides. From the Ellingham diagram reported by S.M Howard*®® it was
found that the reduction of copper oxide is significantly easier than that of TiO2 or Al20:s.
Furthermore, Al,O3 is a more stable oxide compared to TiO, and copper oxide. Among the
different oxides utilized as diffusion blocking layers, Al,Os3 is the most difficult to reduce.
Additional experiments using Al-coated Cu substrates were performed. The results showed
the formation of a continuous silicide layer on the surface of the substrate which indicates
that Al does not perform adequately as a diffusion blocking layer. This result suggests that
when Al>O3 was used as diffusion blocking layer it was not completely reduced to Al. To
test the hypothesis that the oxide blocking layers are reduced to metals during the process,
a new set of experiments, in which the thickness of the Al,O3 coating was varied, was
performed. Specifically, Si NWs were attempted to grow on Cu substrates coated with a
5, 10, 15, 20, and 30 nm-thick Al.Oz layer. Results showed that the outcome depended on
the thickness of the diffusion blocking layer. The substrates with 5 and 10 nm-thick Al,O3
layers only exhibited a copper silicide layer on their surface. When the thickness of the
layer was 15 nm both Si NWs and metal silicide were found on the surface of the substrate.
Finally, when the thickness of the Al>O3 layer was 20 nm or larger, only densely packed

Si NWs were found. The results suggest that during the process, at least 15 nm of the Al>O3
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layer are reduced into Al. By having a layer thicker than that value is possible to guarantee

that a Al,Oz layer is still left to prevent the reaction between Cu and Si.

Figure 4.8 Flexible anode for Li-ion batteries. Anode is composed Si NWs arrays grown

on Al,Os-coated Cu.

The Si NWs arrays on Al>Osz-coated Cu, which exhibited flexibility as seen in
Figure 4.8, were tested as anode material for Li-ion batteries. Charge/discharge
measurements were performed using CR2032 coin-type cells assembled in a dry argon-
filled glove box. The test cell consisted of the Si NWs arrays on Al,Oz-coated Cu as the
working anode electrode and lithium metal as the counter electrode. The measurements
were performed at a current density of 100 mA g in the potential range between 0.05 and
2.20 V. The results are shown in Figure 4.9 Charge/discharge cycle performance of Si NWs
arrays grown on Al>Os-coated Cu as anode material in Li-ion batteries.. The anode
exhibited a high initial reversible specific capacity of 3083 mAhg™. This value is over eight

times higher than the theoretical specific capacity of carbon. The specific reversible
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capacity of the anode after 13 cycles was 2988 mAhg™ which is reflected in a capacity
retention of 96.9 %. The high capacity retention can be a consequence of the small number
of cycles that the anode was tested. Assuming that the capacity loss per cycle (7.30 mAhg
1Y is constant, the capacity of the anode after 100 cycles would be 2345 mAhg?, which is
still very competitive compared to current technologies. On the other hand, it was found
that the Coulombic efficiency was constant at ~74%. In 1D Si-based anodes, the anodes
are expected to have low efficiency in the first cycle due to irreversible secondary reactions
like the SEI formation. Additionally, it is also expected that, once these reactions have
taken place, the Coulombic efficiency increases to over 95%. The fact that the Coulombic
efficiency of the tested anode did not improve within 13 cycles indicates the presence of
secondary reactions. However, due to the low capacity loss per cycle it is believed that
these reactions do not involve the Si NWs, as it could be continuous SEI formation due to
SEI cracking or delamination. Although the low Coulombic efficiency is not well
understood, and further studies are needed to understand this behavior properly, the results
presented in this work are a immense step towards obtaining Si NWs arrays on thin Cu
foils in a large-scale.

The eutectic temperature between Au and Si occurs at 363 °C which limits the use
of gold as catalyst for growth of Si NWs at lower temperatures. Conversely, Si NWs can
be obtained at temperatures below the Si-Au eutectic temperature when Ga is used as
catalyst. A set of experiments in which Si NWs were grown on Si substrates at 200-350 °C
were performed. The results showed that at 200 and 250 °C the reduction of gallium oxide
particles did not occur, thus in those cases, the reduction step was performed at 400 °C.

When the process was performed at 200 °C, Si NWs were only observed coming out of big
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(larger than 500 nm) Ga particles. A similar behavior was observed when the process was
performed at 250 °C. At 300 °C, two different regimes were identified. At the center of the
substrate, the growth of NWs was observed only around big Ga particles. On the other
hand, at the edges of the substrate the growth was dense and uniform. Finally, when the
process temperature was 350 °C the resultant growth of Si NWs was identified as uniform
and dense. This type of growth is very similar to the one previously obtained at 400 °C.
Results are shown in Figure 4.10 Growth of Si NWs on Si substrates at (a) 200, (b) 250,

(c) 300, and (d) 350 °C.Figure 5.14.
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Figure 4.9 Charge/discharge cycle performance of Si NWs arrays grown on Al,Oz-coated

Cu as anode material in Li-ion batteries.
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Figure 4.10 Growth of Si NWs bn Si sbstrates at (a) 200, (b) 250, (c) 300, and (d) 350 °C.

Finally, the use of ultrananocrystalline diamond (UNCD) was explore as an
alternative to the Al>O3 coating. UNCD has several advantages over Al>Oz. First, UNCD
is more conductive than Al>O3. Second, the UNCD coating process is easier to scale up
than the ALD process in Al>Os coating. Finally, UNCD consists mostly of sp3-bonded
carbon which makes it more resistant to etching than graphite when exposed to hydrogen
plasma. Previously, we showed that UNCD does not etch under high-power hydrogen
microwave plasma.'® UNCD-coated Si was used as substrate for the growth of Si NWs.
The results of the growth, which was performed at 350 °C, are shown in Figure 4.11. As
seen from the figure the growth of Si NWs was successful. Si NWs were grown uniformly
all over the surface of the substrate without etching the UNCD coating. These results
suggest that UNCD or diamond-like carbon coatings can be used as diffusion blocking

layers for growing Si NWs on Cu foils.
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Figure 4.11 Growth of Si NWs on UNCD-coated Si substrates. The temperature of th

growth was 350 °C.
4.5. Summary

In this chapter a set of fundamental studies were presented in order to understand
the influence of different variables on the wetting properties of Ga and gain insight into the
interaction between nitrogen plasma and molten Ga. The results obtained from contact
angle experiments suggested that both an increment in temperature and the addition of
other elements can improve the wettability of Ga by reducing the surface tension of the
molten metal. However, these variables were not as effective as the dissolution of nitrogen
radicals into the melt. Nitrogenated-Ga melts were found to spread freely on different
substrates. Absorption/desorption experiments indicated a rapid adsorption/dissolution of
the gas into the molten metal when gallium was exposed to plasma. The overall interaction
between Ga and plasmas is composed of five processes: (1) surface adsorption, (2)
diffusion into the bulk, (3) recombination inside the bulk, (4) surface recombination, and
(5) desorption of species from the bulk. The concentration of radicals inside the metal is
determined by the rate in which each process is completed. Finally, the growth of Si NWs

on Cu foils was presented to elucidate the potential of the synergism between molten Ga
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and plasma in other applications different than the growth of GaN. Si NWs were tested as
anode in Li-ion batteries showing a promising result. The anode exhibited a high reversible
specific capacity in the first cycle of 3083 mAhg twith a capacity retention of 96.9 % after

13 cycles.
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CHAPTER 5

PLASMA-ASSISTED LIQUID PHASE EPITAXY OF GAN

5.1. Introduction

As stated in Chapter one, there is a need to develop a cost-effective technique for
the production of bulk GaN. Two different approaches, which are based on the synergistic
interaction between molten Ga and nitrogen plasma, have been proposed for this task. The
first approach is a film-based method, in which a GaN film, grown through exposure of
metallic Ga to plasma-activated nitrogen atoms, is grown into a millimeter-thick crystal via
HVPE. Plasma nitridation of Ga can be performed using foreign or MOCVD/HVPE-
grown GaN substrates. When foreign substrates are used, the resulting GaN film acts either
as a buffer layer or as a substrate for the second step depending if the film adheres to the
substrate or if it is a free-standing film, respectively. Previous reports suggest that when
quartz is used as a substrate highly oriented GaN flakes are obtained.** On the other hand,
when the process is performed on a native substrate, the homoepitaxial growth of GaN can
be used to reduce the dislocation density of the original substrate, which promotes the
growth of higher quality GaN in the second step.’'® The second approach is a crystal-
based method in which single-crystalline GaN seed crystals, grown by exposing a Ga-based
flux to nitrogen plasma, are enlarged into bulk GaN crystals via plasma-assisted liquid-

phase epitaxy. Because the success of these two approaches is determined primarily by the
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step in which the epitaxial growth of GaN takes place, this work focuses on providing a
reliable plasma-assisted liquid phase epitaxy process. Among the existing challenges in
liquid-phase epitaxy of GaN, homogeneous nucleation of GaN has been identified as the
most critical. Spontaneous nucleation of GaN is a consequence of a supersaturation of
nitrogen in the melt. Different researchers have identified the existence of an Ostwald-
Miers region in their high and low-pressure LPE processes.® 1*-1% This region determines
the conditions in which the nitrogen concentration in the melt promotes the growth of GaN
only on the seed. Outside this region neither growth nor spontaneous nucleation occurs. To
find an equivalent region in the plasma-assisted LPE process presented in this work, the
concentration of nitrogen needs to be control by one of the process variables.

In this chapter, pulsed-plasma-assisted liquid phase epitaxy is introduced as a
process to grow homoepitaxial GaN layers which simultaneously reduces the
homogeneous nucleation of GaN. A parametric analysis of this technique is also presented
to provide a relationship between the concentration of nitrogen inside the melt and the
process variables. The analysis also indicates the advantages of performing pulse over non-
pulse plasma-assisted liquid phase epitaxy of GaN. The growth of highly oriented GaN
films is also presented in this chapter. Finally, this chapter presents the growth of single-

crystalline GaN crystal seeds.

5.2. Highly oriented GaN films
Based on the self-oriented growth concept reported by Sunkara et al.}*®, GaN
films up to 1 cm? were grown on quartz substrates. In a typical growth experiment, Ga-

coated substrates were placed inside the ECR-plasma reactor. Once the chamber was
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purged, the substrates were exposed to nitrogen plasma and the heater was turned on. As
the temperature was ramped up, the Ga film agglomerated into droplets with a considerable
size distribution. These gallium droplets started to spread about 10 minutes after exposure
to the atomic nitrogen at ~950°C. Gradually, the nitrogenated gallium melt covered the
substrate, and a thin, gray colored solid film is formed on top of the gallium layer. The
spreading of the gallium melt during the growth phase was found to be critical in growing
smooth textured films. XRD characterization showed that flat GaN films only presented
reflections of the (0002) and (0004) planes of the hexagonal GaN, whereas the non-
flattened GaN films showed the presence of all the characteristic planes of the wurtzite
GaN. Differences between flat and non-flatten GaN films are shown in Figure 5.1. Thus,
in order for GaN films to be produced effectively for a large-scale industrial need, this
process necessitates flat and uniform Ga film, which can ultimately be nitridated into large-
area highly oriented GaN films. In this work, two adjustments were necessary for obtaining
flat, uniform films. The first adjustment was to utilize Ga as a film instead of a drip. When
the Ga film is heated up, the film is transformed into several small Ga droplets that later
spread and form a film. Conversely, when the drip is heated up it forms one big droplet
that does not spread uniformly due to the formation of a GaN crust. The second adjustment
was to expose the sample to nitrogen plasma at a mid-temperature, i.e. ~650-750 °C, for
15-45 minutes before raising the temperature to the process temperature. By performing
the second adjustment, the concentration of nitrogen inside the melt was increased without
having GaN nucleation. As mentioned in section 4.2, the incorporation of nitrogen into Ga

improves the wettability of Ga by reducing its surface tension.
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Figure 5.1. (a) Top morpholoy of flat G film, with the top right corner (b) showing the
film as deposited. (c) X-ray spectra for the flat film. (d) Top morphology of non-flatten
GaN film with the top right corner (e) showing the film as deposited. (f) X-ray spectra for
the non-flatten film.

5.3. GaN seeds for growth of GaN

The use of both alkali or semi alkali metals and nitrogen plasma to grow bulk GaN,
for the best of our knowledge, has not been reported. As a proof of concept, a series of
experiments, where a mixture of Ga and LiCl is exposed to nitrogen plasma, were

performed. The experiments were carried out in a custom-built, capacitively-coupled, RF
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plasma reactor. The mixture, which had a molar ratio of 1:4 (Ga:LiCl ) was spread onto a
quartz substrate and placed inside the chamber. After a couple of purging cycles, the
temperature was raised to 800°C and a nitrogen/hydrogen plasma was ignited. Hydrogen
was added to reduce any oxide that might be in the system and to prevent any oxidation of
Ga during the experiment. Hydrogen represented10% of the total flow. After two hours,
the plasma was shut down and the samples were cooled at a rate of ~10°C/min.

The post-processed samples, which were identified as yellow/gray powders, were
characterized by SEM and XRD. Morphological analysis of the powders showed the
presence of two different growth patterns. The first one, Figure 5.2 (a)-(b), corresponds to
hexagonal platelets that stack on each other, forming a particle. The second one, which is
described as hexagonal pillars, was found to be either on the surface of micron-size
agglomerates, Figure 5.2 (c)-(d), or as crystals with hexagonal or cubic shapes, Figure 5.2
(e)-(f). The size of this pillars was found to be ~10 um in length and ~2 um in width.
Moreover, XRD studies suggested that the powders are composed primarily of hexagonal
GaN. In addition to all characteristic planes of the wurtzite GaN, the XRD spectrum, Figure
5.3, shows the presence of cubic GaN, LisN and hydrated LiGaOx. It was not possible to
identify the existence or absence of metallic Ga in the sample because its peaks slightly

overlap with the ones of GaN. The other precursor, LiCl, was not found in the sample.
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Figure 5.2. Morpholgical alysis of the samp]es syntheszd by expsing a Ga-LiCl melt

to N2 plasma. (a) Particle formed out of platelets. (b) Close-up of the platelets. (c)
Agglomerates with pillars on their surface. (d) Close up of one of the pillar structures. (e)

Agglomerates of hexagonal and cubic crystals. (f) Close up of a cubic crystal.
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Figure 5.3. XRD spectrum of powders synthesized by exposing a Ga-LiCl melt to N>

plasma.

The presence of LisN indicates that there was a reaction between Li and N radicals
and suggests that LisN is an intermediate product in the process of producing GaN. This
statement is backed by Song et al. who proposed that the first step in the growth of GaN
via a Li flux is the reaction between LisN and Ga to form LisGaNzand liquid Li, Reaction
2.9. Later, LisN and LisGaN: dissolved into a Li-Ga melt creating a Li-Ga-N melt from
which GaN crystallizes.'** Although no chlorine compounds were found, the results
suggest that LiCl might have participated in the process. It is believed that LiCl promoted
the crystallization of cubic GaN. The XRD spectrum, Figure 5.3, shows the presence of
cubic GaN in the sample. Purdy et al. reported that the use of acidic mineralizers like LiCl
promoted the crystallization of cubic-GaN in ammonothermal processes.’?" The presence

of LiGaO:; is attributed to Ga>O3, which was already present in the sample and was not
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reduced by the hydrogen plasma. Nonetheless, the possibility of a leak in the system that
allows oxygen to enter the chamber was not discarded. It is believed that the big
agglomerates were indeed LiCl particles, which were coated with gallium; the gallium
reacted very quickly with N creating a GaN layer that prevented the particle from melting
completely. The powders were washed in acidic solutions and water to remove any metal
or salt that might still be present. No significant changes were found after these washes,
suggesting that these particles are GaN coated. It is believed that the process takes place at
the surface of the LiCl, which explains why the growth of platelets and pillars was observed
primarily on the surface these particles. It is believed that if the area of contact between Ga
and Li is enlarged and the formation of a GaN film at the interface between these two
elements can be suppressed, the size of the crystals can be improved significantly.
5.3.1. Regrowth of GaN seeds

Regrowth experiments of these seeds were attempted by taking the powders
obtained in Section 5.3 and immersing them into a drip of Ga that was previously placed
onto a substrate. Then Ga and seeds were exposed to nitrogen plasma following the same
process as the pulsed plasma-assisted LPE explained in Section 5.4. Due to the good
wettability of nitrogenated Ga, the Ga droplet that contained the crystals spread onto the
substrate. This created a film in which the powders appeared at the surface. As a result, the
powders were mixed with the eventually formed GaN crust. The resultant crust was milled
and examined using SEM. Due to similar morphology between the platelets and the crust
it was not possible to identify which crystals were a part of the powders that were immersed
into the Ga and which crystals were obtained because of spontaneous nucleation. No

crystals with pillar morphology were observed. However, larger amorphous particles were
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found. The presence of these types of particles suggests that the agglomerates contained in
the powders were covered by a layer of GaN. Similarly, when the GaN powders were
incorporated into a Ga-LiCl mixture and exposed to nitrogen plasma it was not possible to
differentiate between old and new GaN crystals. It is believed that in order to obtain proper
regrowth of the seeds, only single crystals, like the one presented in Figure 5.2 (d), should
be used. In the Recommendations chapter, a variation of the process in which these crystals
are formed is presented in an attempt to reduce the formation of agglomerates and promote
the formation of crystals with pillar morphology.
5.4. Plasma-assisted liquid phase epitaxy of GaN

Liquid phase epitaxy growth of GaN was performed in RF plasma reactor using N2
and Ga precursors following the experimental procedure explained in section 3.1.3. GaN
crystals ~1mm?, purchased from Ammono, were used as substrates by immersing them
into the molten Ga. The furnace temperature was held at 800-900°C. Initially, it was found
that a GaN crust was being formed on top of the Ga. This phenomenon is seen in Figure
5.4. As seen in Figure 4.4, the dissolution of N into Ga is significantly faster than the
recombination of radicals. This phenomenon can cause a rapid saturation of the melt and
the consequent precipitation of GaN via the spinodal decomposition mechanism. This
mechanism is explained in detail in Section 2.4.4.2. To promote the growth while
decreasing the spontaneous nucleation, a pulse experiment, in which the sample is exposed
intermittently to nitrogen plasma, was performed. The dissolution of radicals takes place
only when the plasma is on. Conversely, the recombination of radicals can occur when the
plasma is on or off. Thus, pulse experiments are intended to promote the recombination

over the dissolution of radicals as an attempt to reduce the concentration of nitrogen inside
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the melt. The pulse was described as five minutes of plasma exposure, followed by five
minutes without plasma and so on until the end of the experiment. A cross sectional view
of the substrate used in this experiment, Figure 5.5, depicts the growth of GaN on top of
the GaN substrate. Evidence of growth on top of the substrate suggests that the reduction
of radicals dissolved in the melt helped the reduction of spontaneous nucleation. Although
the results obtained in this experiment were promising, it was needed to gain a better
understanding on how the degree of saturation of the Ga melt affects the nucleation and
the homoepitaxial growth of GaN.

Utilizing substrates with small surface areas was found to be difficult. Due to the
good wettability of nitrogenated Ga, the Ga that was place on top of the substrates spread
freely, displacing the crystals and leaving just a thin layer of Ga on top of the substrate. If
the Ga film is too thin, it is difficult to identify whether or not the growth of GaN is
occurring via liquid phase epitaxy or through the vapor-liquid-solid (VLS) mechanism. To
prevent the displacement of the substrates and the formation of a thin layer all over the
surface of the substrate, the small GaN crystals were replaced by large surface area
MOCVD grown (0001) GaN-on-sapphire substrates, which are not easy to displace by the

movement of Ga.
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Figure 5.4 (a) Formation of a GaN crust on top of Ga after continuous exposure to nitrogen
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Figure 5.5. Growth of GaN via pulsed plasma-assisted liquid phase epitaxy was performed
at 900 °C utilizing a five-minutes on, five-minutes off pulse.

To confirm that GaN was obtained via liquid phase epitaxy and not through the
VLS mechanism, a new pulse experiment using a GaN-on-sapphire substrate was
performed. The experiment was shorter than previous experiments in an attempt to

guarantee that not all Ga was consumed. A cross-sectional view of the substrate after the
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experiment is presented in Figure 5.6. It was found that the on top of the grown GaN layer
there was a Ga film. Thus, the growth of GaN took place underneath the Ga which indicates
that the growth of GaN was indeed obtained via liquid phase epitaxy and not through the

VLS mechanism.

Plasma-assisted LPE of GaN
MOCVD-grown GaN

Sapphire

Figure 5.6 Pulse experiment performed for a short period of time.

In the pulse experiments Ga was placed on top of the GaN-on-sapphire substrate as
adrip. During the process, Ga agglomerates into a big droplet and then as the concentration
of nitrogen inside the melt is increased it begins to spread. As a consequence of this
phenomenon a Ga film with varying thickness was formed on top of the surface of the

substrate. A graphical description of this phenomenon is presented in Figure 5.7.

i BN S—

Figure 5.7 Ga film formation during LPE experiments. A Ga film with varying thickness

is formed on top of the substrate due to the incorporation of nitrogen into the melt.
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The type of GaN growth was found to be dependent of the thickness of the Ga film.
Close to the edge where the thickness was the thinnest, a highly polycrystalline GaN film
was obtained, Figure 5.8 (a). In a mid-point, between the edge and the center of the Ga
film, a GaN film sample was obtained. The film, Figure 5.8 (b), indicates that the film was
formed by GaN columns that merged together. It is believed that the film was obtained due
to a faster growth rate in the c-direction of GaN crystals, which were grown epitaxially in
the beginning of the process. In between of some of the columnar structures, the presence
of voids was observed, suggesting a low the quality of the film. Finally, towards the center
of the film, where the film was thickest, nucleation of individual GaN crystals was
observed. A cross-sectional view of one of the crystals shows good growth quality as the
interface between the substrate and the crystals is almost unnoticeable, Figure 5.8 (d). The
crystals were described as hexagonal pyramids with a flat top, which is characteristic of
crystals that are oriented in the c-direction. The size of the crystals varied between 1 and 5
pm in length and between 0.1 and 1 um in height, Figure 5.8 (e). The crystals were analyzed
using transmission electron microscopy (TEM). The results, Figure 5.9, indicated that the
crystals were grown epitaxially. High-resolution TEM images of the interface show that
the atomic arrangement of the GaN substrate is maintained in the GaN crystal.
Additionally, no differences were found between the electron diffraction patterns of the
substrate and the crystal, Figure 5.9 (e)-(f). The ring pattern in the electron diffraction
pattern of the GaN crystal corresponds to amorphous platinum that was deposited on top
of the GaN crystal to make the TEM lamella. Imanishi et al. proved that when two GaN
crystals coalesce along the a-direction no dislocations are formed.*%® Thus, the enlargement

of c-oriented crystals induces the coalescence of crystals along the a-direction, which, at
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the end, results in the formation of a single crystalline film. The nucleation density of
crystals obtained in this area however is low, which means that crystals need to grow
significantly in the a-direction to coalesce with their neighbors. In order to obtain
homoepitaxial GaN films, the process needs to be adjusted to promote the nucleation of

crystals and their growth in the a-direction.

thickness. (a) Polycrystalline GaN was obtained in the thinnest area of the film. (b)

Epitaxial growth of GaN was obtained in a mid-point between the edge and the center of

the film. (d)-(e) GaN crystals were obtained in the thickest area of the film.
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Figure 5.9 TEM characterization of the GaN crystals otained in the thickest area of the
Ga film. (a) SEM image of the TEM lamella used during characterization. White outlined
area indicates the (b) area that was analyzed using TEM. (c) High resolution TEM image
of the crystal. White outlined area indicates the interface between the grown layer and the
substrate. (d) High-resolution TEM image of the interface. The area between the dashed
lines indicates where the interface is. () Electron diffraction pattern of the substrate. (f)

Electron diffraction pattern of the grown crystal.
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The fact that three vastly different outcomes were obtained under the same
experimental conditions indicates that the concentration of nitrogen in Ga at the surface of
the substrate is different. Similar results were reported by Tanaka et al. who studied the
LP-LPE of GaN under ammonia while utilizing a Ga film with varying thickness. From
the results the researchers concluded that the nitrogen concentration inside the film varied
according to the thickness of the film.**® The results presented in this work suggest that the
concentration of nitrogen inside the metal at the surface of the substrate is inversely
proportional to the thickness of the film. This means that the concentration of nitrogen in
the melt at the surface of the substrate is determined by the transport of nitrogen radicals
from the surface of the Ga to the surface of the substrate. Due to the lack of a large thermal
gradient along the z axis of the film it is assumed that there is no convection in the process.
Therefore, the transport of nitrogen radicals to the surface of the substrate occurs through
diffusion. The transport of radicals from the surface of the film to the surface of the
substrate has two outcomes: (1) the concentration of nitrogen close to the substrate is
increased, and (2) the concentration of nitrogen near the surface of the film is reduced.
Thus, similar to the case of the recombination of radicals, the diffusion of radicals needs to
be favored more than the dissolution of radicals in order to prevent the spontaneous
nucleation of GaN. In the pulsed plasma-assisted LPE process this can be achieved by
decreasing the on/off time ratio of the pulse sequence.

To improve the quality of the films a new set of experiments with a different pulse
sequence was performed. The new sequences are explained as follows: first, the plasma
was on for five minutes followed by five minutes in which the plasma was off; then a

repetitive sequence in which the plasma was on for two minutes and then off for five
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minutes was performed until the end of the experiment. The purpose of exposing the
samples to plasma for five minutes in the first step was to rapidly increase the concentration
of nitrogen. From previous experiments it was known that after five minutes of plasma
exposure no GaN crust is formed. Thus, this step allows the initial nitrogen concentration
of the melt into a growth regime to be set. On the other hand, the two-to-five on/off time
ratio was intended to promote the transport of radicals to the surface of the substrate and
to reduce the nitrogen concentration at the surface of the film. By doing this, a more
uniform concentration of nitrogen along the Ga film is expected. The films obtained using
this pulse configuration showed an improvement compared to films obtained previously.
Figure 5.10 shows the growth of a GaN film under these conditions. The adherence of the
film to the under-laying substrate is also good. As seen in the figure, the cleave marks,
which are due to the breaking of the film, extend from the GaN layer grown via MOCVD
to the GaN layer grown via pulsed plasma-assisted LPE. The quality of the film was
maintained, and there was no polycrystalline growth on top, which indicates that the
concentration of nitrogen was maintained in the Ostwald-Miers region during the entire
length of the experiment. Further characterization of the sample was performed via TEM,
Figure 5.11. High resolution TEM images at the interface between the GaN substrate and
the GaN grown layer [Figure 5.11 (d)], and electron diffraction patterns of both the
substrate and the GaN layer [Figure 5.11 (e)-(f)], indicate epitaxial growth of GaN. High-
resolution TEM image of the film, Figure 5.11 (c), shows the presence of defects at the
interface as well as a high concentration of basal staking faults. The streaking of diffraction
spots along the [0001] direction in the electron pattern of the GaN layer [Figure 5.11 (f)]

confirms that the film contains a large number of basal stalking faults.*®° It is believed that
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the defects at the interface between the substrate and the grown GaN layer are due to the
presence of carbon and/or oxygen at the surface of the substrate. Different techniques
including ultraviolet/ozone exposure and wet chemical treatments are used to remove
surface carbon and to reduce the native oxide on the GaN surface.'®* The GaN-on-sapphire
substrates used in this work were not subjected to any type of surface treatment, thus it is
expected that the surface of the substrates contained carbon or oxygen. The growth rate of
the of the film was ~0.5 pum/h which is similar to growth rates obtained in MOCVD
processes. However, this growth rate is significantly faster than the growth rate obtained
by Novikov et al. during their plasma-assisted electroepitaxy process.}** The results
obtained upon developing the pulsed plasma-assisted liquid phase epitaxy technique were

found to be successful.

Figure 5.10 Pulsed plasma-assisted LPE of GaN utilizing a modified pulse sequence. In

this experiment a two minutes-on, five-minutes off pulse was used.
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Figure 5.11 TEM characterization of the GaN film grown via the pulsed plasma-assisted
LPE technique utilizing the modified pulse sequence. (a) SEM image of the TEM lamella
used during characterization. White outlined area indicates the (b) area that was analyzed
using TEM. (c) TEM image of the film. White outlined area indicates the interface between
the grown layer and the substrate. (d) High-resolution TEM image of the interface. The
area between the dashed lines indicates where the interface is. (e) Electron diffraction

pattern of the substrate. (f) Electron diffraction pattern of the grown layer.
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5.5. Parametric analysis of pulsed plasma-assisted liquid-phase epitaxy of GaN

As mentioned in chapter four, the concentration of nitrogen inside molten Ga that
is exposed to nitrogen plasma is set by the interaction of five distinct processes, namely:
surface adsorption, diffusion into the bulk, recombination inside the bulk, surface
recombination, and desorption of species from the bulk. Mathematically, the concentration
of nitrogen inside the melt can be related to these processes by developing a mass transport
model. If a Ga film is exposed uniformly to a flux of nitrogen radicals, Figure 5.12, the
model can be described as a one-dimensional version of Fick’s second law with reaction,

Equations 5.1- 5.3.

LI
-£--7=0

Figure 5.12. Time-dependent diffusion of nitrogen radicals from a plasma source into a

molten Ga film.

D

D_tCN = DNGaVZCN + Ry puik (5.1)
acC 5.2
a_tN +v:VCy = DygoV3Cy + Ry buik (52)
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ac 92C (5.3)
a_tN = Dnga # + Ry puik

Where Ry puik 1S the rate of N recombination in the bulk and is further described
by the following equation,

RN,bulk = _kBRCNZ (5-4)

Where kgp is the nitrogen bulk recombination reaction constant.
Furthermore, the model assumes that prior to plasma exposure, no nitrogen radicals
had dissolved into the Ga film. Therefore, the initial condition is defined as

Cy(z,t=0)=0 (5.5)

The model also states that there is no transport of nitrogen radicals from the Ga film
to the substrate and that the nitrogen radicals that stick on the surface of the film can either

recombine or diffuse inside the film. The consequent boundary conditions are defined by

Ul 5.6
aZ 720 - ( " )
ac 5.7
~UnGa 9 = = p(t) FyS+ RN,surf ( )
Z lz=|

Where L, Ry surr, Fy, S, and p(t) are the thickness of the film, the rate of N

recombination on the surface, the flux of N that strike the Ga surface, the sticking
coefficient, and a pulse wave function, respectively. The recombination of N on the surface

of Ga can be described by,
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RN,surf = —YnFy (5-8)

Where yy is the recombination coefficient of nitrogen and is defined as the fraction
of atoms striking the surface which recombine. On the other hand, the pulse wave function
includes the pulsing effect into the model. The mathematical expression of the pulse wave

is presented in the following equation.

o)

p(t) ==+ i sin —‘L' cos<2—(t—r/2)) (5.9)

~l =

nm
n=1

Where 7 and T are the pulse time and period, respectively. The pulse time
determines the period in which the plasma is on (p(t)=1), whereas t — T represents the
period in which the plasma is off (p(t)=0).

The solution of Equation 5.3, utilizing the initial and boundary conditions stated in
Equations 5.5-5.7, provides the profile concentration of nitrogen inside the film as function
of time, Cy(z,t). Two assumptions were made to simplify the system: (1) the sticking
coefficient is 1.0, and (2) the recombination on the surface is negligible. These two
assumptions state that all radicals that strike the surface of the film are diffused into it.
Argoitia et al. reported that because of the slow rate of recombination of nitrogen radicals
on the surface of Ga, that nitrogen atoms diffuse into the bulk which leads to the formation
of GaN crystals.**® Furthermore, the small recombination coefficient of nitrogen on other

metals suggests that the recombination of nitrogen radicals on the surface of Ga can be
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neglected. The recombination coefficient of nitrogen on Fe, Ni, and Cu, was reported as 2
x 103, 6.7 x 10°°, and 6.8 x 102, respectively.'®® Finally, the values of the remaining three
parameters i.e. kgr, Dycq, and p(t) were set in order to obtain Cy (z, t). The flux of species
was set to 5 x 107 mol cm™ st asit is in good accorance with the flux of N radicals in a
ECR nitrogen plasma reported by M. Meyyappan.®? Neither the diffusion coefficient nor
the recombination reaction constant is available in the literature. Inouye et al. studied the
diffusion coefficient of nitrogen in molten iron. Further, the researchers developed an
equation that relates the diffusion coefficient with temperature.'®® Utilizing this
relationship at temperatures between 800 and 1000 °C (the temperatures that the growth of
GaN takes place), it was found that the diffusion coefficient varies between as 3 x 10 cm?
stand 1 x 10 ® cm? st Assuming a middle point, the diffusion coefficient was set to 5 x
10% cm? s%. Finally, the recombination reaction constant was determined by a trial and
error process in which the value was modified until the shape of the nitrogen concentration
profile behave similarly to the pressure curve presented in Figure 4.4. The constant value
was determined as 1 x 10t cm® mol™ s. Cy (2, t), and was obtained by solving numerically
Equation 5.3 forz<0<1mmand 0 <t <3000 s. In order to complete this calculation, the
pdepe solver included in Matlab was employed. In the pdepe solver the spatial derivatives
are discretized according to finite-element discretization (FED), while the time derivatives

are held continuous.*®*
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Figure 5.13 Effect of bulk recombination in the concentration of nitrogen inside a 1mm
thick Ga film. Concentration profiles were calculated using Dyg, =5 X 108 cm? s, p(t)

=1and kzr =(a) 0, (b) 1 x 102, (c), 1, and (d) 10.
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Figure 5.14 Effect of diffusion in the concentration of nitrogen inside a Imm thick Ga film.

Concentration profiles were calculated using kgr = 1 x 10%, p(t) =1 and Dyg, = () 5 X

104, (b) 5x 1075, (c) 5x 10, and (d) 5 x 107 cm? s,

Bulk recombination, diffusion of radicals inside the melt, and pulsing are
determined by these three parameters kgr, Dycq, and p(t), respectively. Further, the
influence of diffusion, recombination in the bulk, and pulsing can be determined by
modifying one of the parameters while maintaining the other two parameters constant. The
influence of the bulk recombination was determined by obtaining Cy(z, t), such that kgg
equals to 0, 1 x 107, 1, and 10. Similarly, the effect of diffusion was determined by

calculating Cy(z, t), such that Dy¢, equals to 5 x 10* 5 x 10° cm?, 5 x 10° cm?, and 5 x
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107 cm? s, Finally, the influence of pulsing was determined by incorporating a five-to-
five minutes on/off pulse. Figure 5.13, Figure 5.14, and Figure 5.15 depict the influnece of
bulk recombination, difusion and pulsing, respectively by presenting the concentration of
nitrogen at z equals to 0.1 and 0.9 mm under different conditions. Bulk recombination was
found to be responsible for the maximum amount of nitrogen that can be dissolved into Ga.
The larger the recombination rate was the sooner the maximum was reached and the smaller
that value was. Additionally, it was found that the recombination affects the nitrogen
concentration uniformity along the film. As the the bulk recombination becomes more
dominant the concentration gradient becomes larger. From these results, it is observed that
that diffusion of nitrogen radicals inside is responsible for the concentration uniformity
along the film. The smaller the diffusion coefficent is, the larger the gradient is.
Experimentally it was found that the concentration of nitrogen inside the melt was a
function of the thickness of the film. Thus, it is assumed that this process is diffusion
limited. Results regarding pulsing showed that the concentration in the pulsing case was
lower than in the case when the plasma was on. This is explained by the fact that the film
was exposed to plasma for twice as much time. To make a more fair comparison, a new
concentration profile with p(t) = 0.5 was calculated. By doing this, the total number of
nitrogen radicals that strike the surface of Ga after 3000 seconds is the same for both the
on/off pulse and when p(t) = 0.5. As seen from Figure 5.15, the average nitrogen
concentration value of the pulsing experiment was lower at z = 0.9 mm and higher at z =
0.1 mm than when p(t) = 0.5. This means that that the use of pulsing allowed for more
uniform nitrogen concentration distribution along the Ga film. However, the overall values

are similar, which suggests that the reduction in the flux of nitrogen radicals can also

122



promote the epitaxial growth of GaN while decreasing homogeneous nucleation. To test
this hypothesis a new growth experiment was performed. GaN on sapphire substrates with
Ga on top were exposed continuously to a N2/Ar (1:9) plasma. By using a dilute nitrogen
plasma, it was expected to reduce the total number of nitrogen radicals that strike the
surface. As seen from Figure 5.16 (a), the resultant film was characterized by two distinct
types of growth. On top of the substrate GaN was grown epitaxially, but as the layer became
thicker, the growth became polycrystalline. The epitaxial layer, Figure 5.16 (b), was found
to be similar to the epitaxial layer described in Section 5.4 (Figure 5.10). However, the
growth rate was higher in this case. The growth rate of the epitaxial layer utilizing the dilute
nitrogen plasma was ~1.6 um/h. This rate was calculated utilizing the entire length of the
experiment which means that the rate accounts for the time in which the polycrystalline
growth took place. Therefore, the actual growth rate of the epitaxial layer could be even
higher. The transition from epitaxial to polycrystalline growth indicates that the
concentration of nitrogen inside the melt moved from the Ostwald-Miers region to the
homogeneous nucleation region as the experiment was being performed. This phenomenon
is a consequence of a continuous increment in the concentration of nitrogen. Over time, as
seen in Figure 5.15 (a)-(b), the concentration inside the melt increases independently of the
flux of nitrogen radicals. Nonetheless, by using a dilute nitrogen plasma, the nitrogen
concertation was kept into the Ostwald-Miers region for longer time in comparison to the

non-diluted nitrogen plasma resulting in a thicker GaN epitaxial layer.
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Figure 5.15 Effect of pulsing in the concentration of nitrogen inside a 1mm thick Ga film.

Concentration profiles were calculated using kg = 1 X 10" Dyc, =5 x 10 cm? 52, and

p(t) = () 1, (b) 0.5 and (c) five to five minutes on/off pulse. Pulse wave is shown in (d).
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Figure 5.16. Liuid phase epitaxy of GaN utilizing a diluted nitrogen plasma. Nitrogen was
diluted in argon in a 1:9 ratio in order to reduce the concentration of nitrogen radicals in
the system. (a) Resultant film is characterized by having two distinct growths i.e., epitaxial
and polycrystalline. (b) Zoom into the epitaxial GaN layer.

Finally, the concentration profile of the modified pulse sequence presented in
Section 5.4, was calculated, Figure 5.17 (a). The sequence, Figure 5.17 (b) is described as
five min on, then five min off, and then a two-to-five min on/off pulse, which is performed
until the end of the experiment. Results showed that in the first five minutes of exposure to
plasma the concentration of nitrogen inside the film increased rapidly; then when the two-
to-five pulse sequence was started, the rate in which the concentration increases in time
decreased. By changing the second part of the sequence to a one-to-five min pulse sequence
it was found that the slope decreased even further, which resulted in the concentration
remaining almost constant, Figure 5.17 (c). In addition to the change in slope, the second
part of the pulse sequence was responsible for decreasing the concentration gradient. If the
system is perfectly known, the initial plasma exposure time would be used to set the
concentration of nitrogen inside the melt, whereas the proper on/off ratio in the consequent

pulse would allow the concentration to be maintained constant while decreasing the
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concentration gradient. As a proof of concept, a new experiment utilizing a modified pulse
sequence was performed. The sequence was described as five minutes on, then thirty
minutes off, followed by a one-to-thirty min on/off pulse. The results, Figure 5.18, showed
the growth of an epitaxial GaN layer. The layer was ~13.5 um thick and had only Ga on
top even though the experiment was performed for 9 hours. This result indicates that the

second part of the pulse allowed the concentration of nitrogen to be maintained within the

Ostwald-Miers region for a longer time.
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Figure 5.17 Concentration profile of modified pulsing sequence. Concentration profiles

were calculated using kg = 1 X 107 Dy, =5 x 108 cm? stand a modified pulse sequence.
Concentration profile in (a) corresponds to pulse sequence presented in (b), while

concentration profile in (c) corresponds to pulse sequence presented in (d)
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Figure 5.18 Pulsed plasma assisted LP of GaN using a modified pulsing sequence. The
sequence is described as five min on, then thirty min off, and then a one-to-thirty min on/off
pulse, which is performed until the end of the experiment
5.6. Summary

In this chapter pulsed plasma-assisted liquid phase epitaxy was presented as an
alternative technique for growth of GaN. This novel technique hinders spontaneous
nucleation while promoting the epitaxial growth of GaN. A parametric study was presented
in order to discuss the effect of bulk recombination, diffusion, and pulsing in the
concentration of nitrogen into the molten Ga. Results concerning the growth of seeds for
both the film-based and crystal-based approaches were also presented. Highly oriented
films were obtained based on the self-oriented growth concept. On the other hand, micron-
sized wurtzite and zincblende GaN crystals were obtained by exposing a mixture of Ga and

LiCl to nitrogen plasma.
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CHAPTER 6

CONCLUSIONS

This work presents the development of a novel low-pressure technique for liquid-
phase epitaxy of GaN based on the interaction between molten Ga and nitrogen plasma. As
a first step in the development of the technique, the wetting properties of molten Ga, as
well as the interaction between Ga and nitrogen were studied. The wetting properties of Ga
were studied by a set of contact angle experiments in which some process variables were
modified. The results from these experiments indicated that the surface on which the Ga
sits on is not as influential as the temperature or the addition of other elements to the
improvement of the wettability of Ga. It was found that both the temperature and the
addition of other elements to Ga improved the wettability of Ga by reducing the surface
tension of the metal. Among the different alloys, Gao.gsBio.os was the one that exhibited the
lowest contact angle. The effect of nitrogen and hydrogen plasmas exposure to the wetting
properties of Ga was also studied. Hydrogen plasma was found to be effective for the
removal of the native oxide layer, but did not promote the wetting of Ga. On the other hand,
the exposure of Ga to nitrogen plasma increased the wetting properties of Ga considerably.
In fact, among the different variables that were evaluated N> plasma was found to be the

most effective to promote the wetting behavior of Ga. The improvement in the wetting
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properties of Ga is believed to be a consequence of the reduction of the surface tension due
to nitrogen incorporation into the melt.

Absorption/desorption experiments were performed to study the interaction
between molten Ga and nitrogen plasma. The existence of a synergism between gallium
and nitrogen plasmas was observed. Results indicated a rapid adsorption/dissolution of the
gas into the molten metal when gallium was exposed to plasma. However, the overall
interaction of molecular nitrogen with molten gallium is composed of multiple
simultaneous processes: surface adsorption, diffusion into the bulk, recombination inside
the bulk, surface recombination, and desorption of species from the bulk. The concentration
of radicals inside the metal is determined by the rate in which each process is completed.
Absorption/desorption experiments utilizing hydrogen plasma showed similar results,
indicating that the synergy between molten Ga and plasmas can be applied to a variety of
applications, other than the growth of GaN.

Liquid phase epitaxy of GaN was performed by covering a substrate with molten
Ga and then exposing the sample to nitrogen plasma. In these experiments single crystalline
GaN crystals and MOCVD-grown GaN-on-sapphire wafers were used as substrates.
Continuous exposure of Ga to nitrogen plasma resulted in the formation of a GaN crust
that prevented further dissolution of nitrogen radicals. The formation of the GaN crust can
be explained by the spinodal decomposition mechanism once the concentration of nitrogen
inside the Ga has reached a limit. To control the concentration of nitrogen inside the melt,
a unique concept of pulsed plasma was introduced. Results showed that pulsed plasma-
assisted liquid phase epitaxy allowed the delay of spontaneous nucleation while promoting

the epitaxial growth of GaN. Epitaxial GaN layers were obtained using this technique. The
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dissolution of radicals takes place only when the plasma is on. Conversely, the
recombination of radicals and the diffusion of species from the surface of Ga to the surface
of the substrate can occur when the plasma is on or off. Thus, in the pulsed plasma-assisted
LPE process, the recombination of radicals in the bulk and the diffusion of species into the
metal are favored compared to the dissolution of radicals. This is reflected in a lower
nitrogen concentration at the surface of the metal and a higher concentration of nitrogen at
the surface of the substrate. A parametric study was presented to discuss the effect of bulk
recombination, diffusion, and pulsing in the concentration of nitrogen into the molten Ga.
Results showed that bulk recombination is responsible for the maximum amount of
nitrogen that can be dissolved into Ga. The diffusion of radicals, on the other hand,
determined the concentration gradient along the film. The results regarding the use of a
pulse confirmed the hypothesis that pulsing reduces the concentration of nitrogen at the
surface of the metal and increases the concentration of nitrogen at the surface of the
substrate. Furthermore, by modifying the pulse sequence, it was observed that with the
proper manipulation of the initial plasma exposure time and with the appropriate ratio of
the consequent on/off pulse it is posible to maintain the concentration of nitrogen inside
the molten metal constant. This means that the concetration of nitrogen in this type of
process can be precisely controlled in such a way that the concentration will be optimal for
epitaxial grow of GaN.

Results concerning the growth of seeds for both the film-based and crystal-based
approaches were also presented. Highly oriented films were obtained based on the self-
oriented growth concept. However, the process was found to depend on the ability of Ga

to spread. XRD characterization showed that flat GaN films only presented reflections of
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the (0002) and (0004) planes of the hexagonal GaN, whereas the non-flattened GaN films
showed the presence of all the characteristic planes of the wurtzite GaN. On the other hand,
micron-sized wurtzite and zincblende GaN crystals were obtained by exposing a mixture
of Ga and LiCl to nitrogen plasma. It is believed that GaN crystals crystalized from a Li-
Ga-N melt that were formed by the interaction between LizN, Li and Ga.

The growth of Si NWs on Cu foils was presented in this work to elucidate the
potential of the synergism between molten Ga and plasma in other applications different
than the growth of GaN. To prevent the formation of metal silicides, which is one of the
main reasons why Si NWSs have not been grown on Cu foils in a bottom-up fashion, a
diffusion-blocking layer was used. Among the different materials that were tested as
diffusion blocking layer, Al,Oz had the best performance in terms of preventing the
formation of metal silicides on the surface of the substrate. The better performance of
alumina compared to other materials was attributed to its better stability under reducing
conditions. Densely packed Si NWs (d-100 nm) were grown uniformly all over the surface
of the alumina-coated substrates. The Si NWSs arrays on Al,Os-coated Cu, which displayed
good flexibility, were tested as an anode in Li-ion batteries showing a promising result.
The anode exhibited a high reversible specific capacity in the first cycle of 3083 mAhg

lwith a capacity retention of 96.9 % after 13 cycles.
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CHAPTER 7

RECOMMENDATIONS

The use of LiCl as part of the flux used to grow GaN crystals was found to be, to
some extent, successful. Nonetheless, the role of Cl is not well understood. In fact, it is
believed that the CI present in the molten salt played a detrimental role in the process as it
reduced the amount of Li available to react with the molten Ga. Furthermore, the growth
of GaN crystals was concentrated on the surface of LiCl particles indicating that Ga and
LiCl did not mix properly. In order to suppress the influence of elements that are not meant
to participate in the process, it is suggested to use only compounds that are composed
exclusively by nitrogen and alkali or semi alkali metals. Pure metals, azides, and nitrides
are the only compounds that fulfill this requirement. Alkali and semi alkali metals react
vigorously when they are exposed to oxygen or moisture, which limits their use in oxygen
and moisture free environments. Azides decompose violently into the alkali metal and
nitrogen at relatively low temperatures (275°C for NaN3 and 355°C for KN3). To develop
a safe and controllable process, it is recommended to focus on the use of nitrides. Among
these, lithium nitride (LizN) and calcium nitride (CazN3) are the most suitable for this task,
as they are relatively, safe, easy to handle, and have been already used as reactants in the

growth of bulk GaN via the flux method.!3 20,
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The suggested experiment using nitrides is explained as follows: a flux composed
by Ga and LisN and/or CazNs is poured into a crucible, which is then placed into the
reaction chamber. Once the base pressure has been reached and the purging cycles have
been done, the crucible is exposed to nitrogen plasma and the temperature is increased until
it reaches the process temperature. Once the desire growth time has elapsed, the plasma is
shut down and the temperature is decreased slowly until it reaches room temperature. The
content of the crucible is then poured into a beaker containing cold ethanol to remove any
unreacted Li or Ca and later will be washed in a HCI solution to remove any unreacted Ga.
The resultant GaN crystals can be characterize via SEM and XRD. SEM allows to obtain
morphological information of the samples like crystal size, crystal shape, growing patterns,
among others. Whereas XRD is used to determine the chemical composition of the
intermediate and final products. This information can be used to understand the growth
mechanisms and to demonstrate the crystalline quality and orientation of the crystals grown
via this method.

Pulsed plasma-assisted liquid phase epitaxy experiments indicated that the
thickness of the Ga film which sits on top of the substrate is critical on the quality of the
resultant GaN film. Thin films resulted in the formation of a GaN crust due to a high
nitrogen concentration in the melt, whereas thick films resulted in the nucleation of isolated
crystals. In order to standardize the pulsed plasma-assisted liquid phase epitaxy process
one must guarantee that a uniform thickness of the Ga film is maintained among all
experiments. Preliminary experiments suggest that by placing the substrates vertically
while constraining the area where the substrate is placed it is possible to obtain more

uniform films. Additionally, it is recommended to perform the growth experiments at
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higher temperature. S. Sunkara, who studied the growth of GaSbxNi.x via MOCVD,
identified that the quality of the resultant film improved as the temperature was increased.
At 900 °C the authors obtained highly textured GaSbxN1x whereas at 1000 °C the author
obtained epitaxial layers of GaN.'®® The concentration of nitrogen in the metal depends on
the rates of dissolution, diffusion and recombination. It is possible that those rates change
as a consequence of the rise in temperature, thus it is recommended to perform a tuning of
the on/off ratio. Finally, characterization of these films via transmission electron
microscopy (TEM) and XRD is recommended. TEM can provide information on threading
dislocations, grain boundaries, and other extended defects as well as indicate proper
epitaxial growth. On the other hand, XRD can provide information about the crystal plane

spacing, in-plane orientation and density, and type of dislocations.
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