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Abstract

The thesis consists of two parts. Part I describes work on the molecular beam epitax-
ial (MBE) growth of GaN, AIN, and Al,Ga;_.N alloys, as well as efforts in the initial
technical development and demonstration of nitride-based high power electronic de-
vices. The major issues pertaining to MBE growth are discussed, including special
requirements of the growth system, substrates, film nucleation, n- and p-type dop-
ing, and the dependence of film quality on growth parameters. The GaN films were
characterized by a variety of methods, including high resolution x-ray diffraction,
photoluminescence, and Hall effect measurement. It is found that the film polarity
and extended defect density as well as quality of photoluminescence and electrical
transport properties depend crucially on how the nitride layer is nucleated on the
substrate and how the subsequent film surface morphology evolves, which can be
controlled by the growth conditions. A technique is proposed and demonstrated that
utilizes the control of morphology evolution to reduce defect density and improve the
structural quality of MBE GaN films.

In addition to growth, the design and processing of high voltage GaN Schottky
diodes is presented, as well as an experimental study of sputter-deposited ohmic
and rectifying metal contacts to GaN. Simple models for high power devices, based
on mafterials properties such as minority carrier diffusion length and critical electric
breakdown field, are used to estimate the voltage standoff capability, current carry-
ing capacity, and maximum operating frequency of unipolar and bipolar GaN power
devices. The materials and transport properties of GaN pertinent to high power
device design were measured experimentally. High voltage Schottky rectifiers were
fabricated which verify the impressive electric breakdown field of GaN (2-5 MV /cm).
Electron beam induced current (EBIC) experiments were also conducted to measure
the minority carrier diffusion length for both electrons and holes in GaN.

Part II of the thesis describes studies of the MBE growth of ZnS and investigations



xi
of ZnS/GaN light emitting heterojunctions which show promise for application as blue
and green light emitters. Zinc sulfide layers doped with Ag and Al were grown by MBE
on sapphire, GaAs, and GaN substrates and characterized by x-ray diffraction and
photoluminescence. Preliminary current-voltage and electroluminescence results are

presented for a processed ZnS:Al, Ag/GaN:Mg prototype blue light emitting device.
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Chapter 1 Introduction

1.1 Introduction to thesis

This thesis consists of two parts. Part I describes research in the growth of gallium
nitride by molecular beam epitaxy and in the development of GaN-based high power
devices. Part II describes a proposed light emitting device based on the ZnS/GaN
heterojunction and presents results for the MBE growth and characterization of ZnS
layers as well as the fabrication of prototype ZnS/GaN blue LEDs. Both parts of the
thesis deal with the growth of highly mismatched heteroepitaxial systems and the
ways of overcoming the difficulties of this mismatch to realize the promise of these

wide band gap semiconductor materials.

1.1.1 Note on collaboration

Some of the results presented in this thesis were obtained as part of a collaboration
between several researchers. The high power nitride device research as well as devel-
opment of the ZnS/GaN light emitter was an effort involving the author, Z. Bandi¢ [1],
and to a lesser extent P. Bridger [2]. At several places in this thesis it is desirable,
in order to achieve the desired context, to describe results that were obtained by my
collaborators. In particular, the ZnS solid-phase recrystallization (section 8.4), the
EBIC measurements of minority carrier diffusion lengths in GaN (section 5.5), and
the fabrication of high voltage HVPE diodes (section 5.4) were carried out for the

most part by Z. Bandi¢. The results of my collaborators are clearly labeled as such

in the succeeding chapters.



1.2 General motivation

The suitability of the wide band gap semiconductors for application in optoelectronics
throughout the visible range and into the ultra-violet has long been known. Their
ability to sustain high electric fields without breakdown also makes them desirable
for high voltage device applications [3, 4]. Past difficulties regarding the growth,
doping, and processing of these materials have, however, caused them to remain
largely unstudied. As a result, they have until recently been relatively uncharacterized

and the procedure for MBE growth far from established.

1.2.1 Group III-nitrides
Visible and UV optoelectronics

The group IlI-nitrides present a very versatile materials system, with direct band gaps
ranging from 1.9 eV (InN) to 6.2 eV (AIN) in the wurtzite crystal structure. The
direct bandgap allows high efficiency light emitters throughout the visible range [5].
The surge of interest in GaN since 1989 has brought forth a number of exciting ap-
plications. Light emitting diodes based on the nitrides are expected to ultimately
replace more conventional light sources such as traffic lights and incandescent light
bulbs. The exceptional energy efficiency of the nitride LEDs offers up to a ten-fold
energy savings over conventional light bulbs [6] while their lifetime of 10% hours (over
100 years) is especially remarkable compared with the 10° — 10* hour lifetime of in-
candescent bulbs. White LEDs developed by Nichia Chemical Industries, Ltd. [7], if
used for home lighting, may almost never need replacement. Ultraviolet electrically
injected semiconductor GaN-based lasers will allow a leap ahead in laser printing
resolution [8] and optical storage density. The shorter wavelength of UV lasers sup-
ports a smaller spot size on optical media, allowing a quadrupling of storage space
for advanced compact discs and DVDs. Photodetectors based on GaN can be made
visible-blind. With the addition of some Al, solar-blind AlGaN detectors can be

made, which are of interest to the military for detection of missile exhaust plumes.
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The nitrides have very high melting points (Tasgan =~ 2800 K) and are hard and ro-
bust refractory compounds, which makes them suitable for device applications in high
temperature and extreme environments. They are resistant to etching or solution by
almost any reagent. An important added benefit of the III-nitrides is that they are
not composed of toxic materials, and so are environmentally friendly as compared to

other I11-V and II-VI materials.

ITI-nitride high power devices

In chapter 5 we discuss the use of GaN and AlGaN for high power switching and
rectifying applications. These materials have the potential of revolutionizing the
power industry, from AC/DC converters, to electric motor drives, to national power
grid management, because they can possibly be made more power efficient and smaller
in size than the current technology. Both domestic and military electric vehicles using
these light weight, power efficient nitride-based devices would have diminished energy

consumption and longer travel range.

1.2.2  Group II-sulfides and ZnS/GalN junctions

The other wide gap material presented in this thesis, zinc sulfide, has been put to
wide use as a phosphor, and its luminescence properties have been widely studied.
Yet even though the zinc chalcogenides were used as phosphors for decades before the
first semiconductor p-n junctions were made, they were left behind in the semiconduc-
tor revolution of Si and Ge. Reports of MBE growth of ZnS are extremely sparse in
the literature. One of the possible applications we envision for the ZnS/GaN hetero-
junction devices is low power, full color flat panel electroluminescent displays. These
displays could be made large area, competing with other flat-panel display technolo-
gies such as active matrix liquid crystal displays, plasma displays, or field emission
displays. The ZnS/GaN displays would also make a light weight, low power, personal
head mounted viewer, such as virtual reality goggles, with the added safety advantage

of not placing high voltages or vacuum tubes near the eye.
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1.3 Summary of results

1.3.1 MBE growth of group III-nitrides and high power de-
vices
Growth of GaN by RF-MBE

GaN, AIN, and Al,Ga;_,N were grown by radio frequency plasma assisted molecular
beam epitaxy (RF-MBE) on sapphire substrates. Plasma-assisted MBE of nitrides
is a very young field, and still requires significant development of the basic aspects
of the technique. This thesis documents the development of the GaN MBE growth
capability of the McGill research group as well as our study of the microstructure
and morphology of MBE-grown GaN films, and presents methods for optimizing the
surface morphology and defect density of MBE-grown GaN.

The conditions of film nucleation and buffer layer deposition were found to be
of high importance. The nucleation conditions determine the polarity of the GaN
film on sapphire, and set the microstructural template for subsequent growth. It was
found that both N-face and Ga-face polarity films could be grown by using slightly
Ga-rich conditions. This selectability of film polarity may be very valuable in the
fabrication of piezo-electric or pyro-electric [9] based devices. The selectability also
seems to be a unique ability of the RF-MBE growth technique, because MOCVD
and HVPE are known to grow Ga-polar material, and under the conditions when
N-polarity is nucleated, the films are of poor quality with pyramidal faceted surface
morphology [10].

Reflection high energy electron diffraction (RHEED) is a widely used technique
in MBE, and is useful for the growth of GaN as well. RHEED can be used
quite effectively for the real-time optimization of growth conditions in the nitrides.
Spotty RHEED patterns correspond to nitrogen rich growth conditions, while streaky
RHEED images can be observed for Ga-rich growth, although Ga droplets can form
if the Ga arrival rate is too high. The optimum crystal quality is obtained for just

slightly Ga-rich growth.
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Much work was focused on characterization of the surface morphology of MBE-
grown GaN films by SEM and AFM. The surface morphology was found to be some-
what controllable by altering the growth parameters, specifically the N/Ga flux ratio.
For even slightly N-rich growth, the surface became rough — films had a high density
of dislocations and stacking faults, and a fine grained microstructure. For highly ni-
trogen rich growth, open “mesh-like” microstructures can result. For slightly Ga-rich
growth, the surfaces were locally smooth and showed streaky RHEED patterns, but
surface features such as pits and shallow canyons were visible depending on the buffer
layer type, thickness, and deposition conditions. For growth of GaN films on GaN low
temperature buffer layers, the surfaces showed a shallow “brain-like” texture when
grown under slightly Ga-rich conditions and were very flat with small pits at the
grain boundaries for more Ga-rich growth. Highly Ga-rich growth resulted in forma-
tion of Ga liquid droplet condensation. Growth on low temperature AIN buffer layers
produced morphology that was highly dependent on the conditions of buffer layer de-
position. For AIN buffers deposited under Al-rich flux conditions, the morphology was
rougher and fine-grained, likely resulting from the nitridation of condensed aluminum
at the buffer layer surface. For buffers grown under N-rich conditions, the shallow
“brain-like” texture similar to growth on GaN buffers was observed. Aluminum ni-
tride buffers grown under near “stoichiometric” conditions showed the flattest overall
surfaces, but the AFM scans also revealed the presence of both large and small pits.
For reasons discussed in chapter 4 the small pits are thought to arise from thread-
ing dislocations, while the larger pits are likely due to inversion domains [11]. The
depth of the larger pits was seen to vary as a function of Ga/N flux ratio, becoming
shallower as the Ga flux is increased. The density of the large pit defects could be
reduced and eliminated for growth under more metal-rich conditions, resulting in the
flattest observed surfaces (RMS roughness less than 1 nm), but the density of small
pits (dislocations) remained high. It is evident from these results that production of
reduced defect density material and maintaining flat morphology throughout growth
may be somewhat mutually exclusive goals. An attempt was made to reduce the

dislocation density in the films using a two stage growth approach. In this approach,
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growth was initially proceeded under N-rich conditions, allowing the surface of the
film to become rough. The second stage of growth was then conducted under Ga-rich
conditions in hope of re-planarizing the surface. It was found that the morphology in
the second stage corresponded to growth of micron-scale islands which were growing
laterally from prominances in the rough underlying layer. This lateral growth mech-
anism is believed to be effective in diverting dislocations from propagation along the
growth direction, resulting in films with fewer defects at the surface. The surfaces of
the two-stage films did indeed show fewer small pits in the laterally grown regions,
and x-ray diffraction analysis showed the two-stage films to be structurally superior
to single-stage grown films.

In our study of the growth of III-nitrides, doping using Si and Mg was explored.
Doping control in n-type GaN is accomplished straightforwardly by co-evaporation
of Si during growth. The free electron concentration can be controlled between 10
and 10%° by variation of Si cell temperature. Magnesium doping is relatively more
difficult. As a high vapor pressure species, Mg does not have a long residence lifetime
on the GaN surface and desorption is rapid. The incorporation rate is small at typical
growth temperatures and is basically independent of the level of Mg flux [12]. The
Mg doping level can rather be controlled by the substrate temperature, the optimum
temperature being in the region of ~ 700°C. Magnesium is the shallowest known
acceptor in GaN and Al,Ga; N, yet it is still rather deep (170-250 meV), making
hole concentrations much lower than acceptor concentrations (freeze-out regime). The
measured Hall mobility was rather low for n-type films, indicating a high degree of
scattering from charged traps at dislocations [13, 14]. The dislocation density as
estimated from mobility measurements was ~ 10'° which is typical for MBE grown

GaN films as have been reported in the literature.

GaNN-based high power devices

Utilizing the favorable materials properties of GaN and Al,Ga;_,N in the context of
high power switches and rectifier devices, the design parameters of standoff layers in

Schottky diodes and thyristors were derived. Based on an analysis of Monte-Carlo-
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derived impact ionization coefficients for GaN [15], it was found that the critical field
for electric breakdown can be as high as 5 x 106 V/em in GaN and even higher in
Al;Ga;_;N. It was found that due to the higher breakdown fields, standoff (deple-
tion) layer thicknesses could be made much smaller, as compared to Si-based power
devices, for the same voltage specification. The doping concentrations could likewise
be increased. The thinner layers, in combination with the higher doping, leads to
much reduced ON-state series resistance for a given device. For these basic reasons,
it is estimated that 5 kV GaN diodes and thyristors can be made using only 18 pm
thick layers, with a doping concentration of ~ 1.3 - 101¢ cm—3.

Of course, these numbers are estimates based on theoretical calculations, and
require experimental verification before they can be considered credible. To test and
verify the high breakdown field capability of GaN, therefore, Schottky diodes were
fabricated using 8 — 10 um thick GaN layers grown by HVPE. The gold Schottky
diodes withstood 450-750 V in reverse bias, which corresponds to breakdown field of
(2.2—2.7)-10° V/cm in an ideal planar geometry device. The lateral geometry used in
this case, however, with lack of suitable edge termination, resulted in field crowding at
the edges of the Schottky electrode. Because of this, these devices displayed premature
edge breakdown [16], so the 2.7 MV/cm value should be taken as a lower limit.
This result is of importance, because the high breakdown field property of GaN is
now demonstrated. Some processing attempts at edge termination geometries were
carried out, but no increase in standoff voltage could be obtained, although reverse
leakage (saturation) current varied greatly with the processed device geometry. To
really achieve high quality devices, guard ring structures are required which have
characteristic dimensions on the micron scale and diffused dopant ring profiles, which
is a difficult undertaking.

Other nitride materials properties besides breakdown field are of interest for design
of high power devices. The minority carrier lifetime and diffusion length govern
many facets of device operation, including allowable current density before thermal
breakdown, device operating frequency, the forward resistance of bipolar devices,

and the switching characteristics of two terminal thyristors. The minority carrier



8
transport properties of the IIl-nitrides had never been measured, so we performed
electron beam induced current (EBIC) measurements to determine them. EBIC of
both n-type and p-type GaN were investigated, revealing electron diffusion lengths of
0.2 — 2 ym depending on sample quality, and hole diffusion length of 0.28 + 0.02 pm.
Minority carrier lifetimes estimated from these diffusion lengths using the Einstein

relation are approximately 7 ns and 0.1 ns for holes and electrons, respectively.

Metallic contacts to GalN

In chapter 6, results of a study of ohmic and Schottky contacts to n- and p-type GaN
are reported. The majority of work focused on sputter-deposited ohmic contacts.
Many different metals were evaluated, using a range of sputtering conditions, but in
the end the best results were obtained with Ti/Al contacts which have been widely
studied in the literature. Gold as an ohmic contact to p-GalN was studied as a function
of annealing temperature and showed rectifying dot-to-dot I-V curves. These contacts
improved after annealing at up to 780°C but the I-V trace never became truly linear.
Schottky gold contacts to n-GaN were measured by current-voltage analysis and

showed a barrier height of 0.6 — 1.05 eV with ideality factors from 1.4 to 4.

1.3.2 Growth and fabrication of ZnS/GaN light emitting de-
vices

The n-ZnS/p-GaN heterojunction has been proposed as a novel visible light emit-
ter [17]. The efforts described in this thesis are towards development and improve-
ment of the MBE growth of ZnS crystalline films, and the fabrication of LEDs from
Ag-doped ZnS grown on p-GaN substrates. Since p-GaN layers are expensive and
largely unavailable, a significant amount of the ZnS growth studies was performed on
sapphire substrates. Using a valved cracking source for elemental sulfur, crystalline
films could be grown, but usually contained a high number of stacking faults and
twins as observed by RHEED. X-ray diffraction and SEM electron channeling pat-

tern analysis, used to characterize the ZnS structural quality, indicated that the ZnS
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films were single crystalline with a high degree of mosaicity. Doping of ZnS was ac-
complished with aluminum and silver, which act as shallow donor and deep acceptor
center, respectively. Cathodoluminescence and photoluminescence were very bright
for optimally doped films, with emission centered on the 450 nm wavelength Ag blue
“low energy” peak. A comparison of growths done on different substrates, including
GaN, GaAs, and sapphire, demonstrated an obvious correlation between crystalline
quality and luminescence intensity. ZnS films doped with Al and Ag which were
grown on Mg doped GaN layers were fabricated into p-GaN:Mg/n-ZnS:(Al,Ag) LED
structures. Current-voltage and electroluminescence results for these devices indicate
diode-like behavior with a slow forward turn on of 3 — 4 Volts. The electrolumines-
cence spectrum is blue-violet at turn on, shifting slightly to violet emission at 15
V forward bias, where intensity saturates. This shift to violet likely indicates that
electrons from the ZnS layer are transporting across the interface into the GaN layer

and recombining at the deep Mg acceptor centers.

1.4 Outline of thesis

The thesis is divided into two parts. Part I (chapters 2-6) describes work on the molec-
ular beam epitaxial growth of GaN, AIN, and Al,Ga;_.N alloys, as well as our efforts
in the initial technical development and demonstration of nitride high power elec-
tronic devices. The major issues pertaining to growth are discussed, including special
requirements of the growth system, substrates, film nucleation, and the dependence
of film quality on growth parameters. In addition to growth, our work on design and
processing of high voltage Schottky diodes is presented in chapter 5, and a study of
metal contacts to GaN in chapter 6. Part II of the thesis describes studies of the
MBE growth of ZnS and investigations of ZnS/GaN light emitting heterostructures
which show promise for blue and green LEDs or RGB flat panel displays.

Chapter 2 contains an overview of the fundamentals of the nitride materials sys-
tem. Although a complete discussion of all the materials issues in the nitrides is

beyond the scope of this thesis, topics are presented which include crystallography
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and crystal polarity issues including the piezo-electric effect, techniques for growth
of GaN, substrates, delivery of active nitrogen species, n- and p-type doping of GaN
and Al,Ga;_.N, and defects in the nitrides.

Chapter 3 describes work done in the development of our group’s gallium nitride
growth capability by molecular beam epitaxy (MBE). The MBE technique is de-
scribed and compared to other methods, such as MOCVD and HVPE, for growth
of GaN. The MBE system and typical growth procedure is described, and results
are shown for GaN, AIN, and Al,Ga;_,N growth, n-type doping with silicon, and
p-type doping with magnesium. The films were characterized by a variety of meth-
ods, including high resolution x-ray diffraction, photoluminescence, and Hall effect
measurement.

Chapter 4 relates a more detailed study of how the MBE growth parameters,
such as gallium to nitrogen beam flux ratio, affect the microstructure and surface
morphology of the GaN films. This chapter in many ways attempts to address the
most significant of the nitride growth issues. The extended defect density as well as
quality of photoluminescence and electrical transport properties depend crucially on
how the nitride layer is nucleated on the sapphire substrate and how the subsequent
morphology evolves, which can be controlled by the growth conditions. In section 4.5 a
technique is proposed and demonstrated to utilize the control of morphology evolution
to reduce defect density and improve the structural quality of MBE GaN films.

Chapter 5 contains results of our investigation of high power electronic devices
based on GaN and Al,Ga;_.N, specifically Schottky barrier diodes and thyristors.
The design considerations for high voltage standoff layers in wide band gap semi-
conductors are derived. Also, it is shown how materials properties such as carrier
mobility, critical electric breakdown field, and minority carrier diffusion length can
affect device design and performance. To demonstrate the feasibility of GaN for high
power applications, high voltage Schottky rectifiers were fabricated. These devices
verify the impressive electric breakdown field of GaN (2 — 5 MV /cm). We also used
electron beam induced current experiments to measure the minority carrier diffusion

length for both electrons and holes in GaN. These diffusion length measurements,
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which we used to estimate minority carrier lifetimes, are instrumental in determining
the current carrying capacity, limited by thermal breakdown, of a given device as well
as the switching characteristics of p-n-p-n two terminal thyristors. I am pleased to
acknowledge Z. Bandi¢, who performed the major fraction of work presented in this
chapter.

Chapter 6 describes work involving metallic contacts to GaN. Both Schottky and
ohmic contacts were investigated. The majority of the results are comprised of a
sweeping study of sputter-deposited ohmic contacts to n-type GaN. Seven different
metals were tested using the circular transmission line (transfer length) method, which
were Al, Ti/Al, W, Cr, Mo, Mg, and Ce. The specific ohmic resistance is presented for
as-deposited and annealed samples. Over 750 measurements were taken, investigating
the effects of sample surface preparation and sputtering deposition conditions. For
rectifying contacts (including Au), which bear on the device efforts of chapter 5, the
Schottky barrier height and ideality factor were measured by current-voltage analysis.

In Part IT of this thesis, chapter 7 describes the basic principles of operation of
n-ZnS/p-GaN light emitting diodes. Chapter 8 then reports on our efforts in the
growth and fabrication of these devices. A significant amount of work was done on
the MBE growth of ZnS, doped with silver and aluminum, on sapphire, GaAs, and
GaN (epilayer) substrates in attempts to improve the ZnS material quality in this
highly lattice mismatched system. X-ray diffraction and SEM electron channeling
pattern analysis were used to characterize the ZnS structural quality, while photolu-
minescence and qualitative cathodoluminescence using RHEED were heavily used to
optimize the silver and aluminum doping of the films. Preliminary current-voltage
and electroluminescence results are presented for a processed ZnS:Al,Ag/GaN:Mg

prototype blue light emitting device.
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Chapter 2 Issues in the III-nitride

materials system

2.1 Introduction

This chapter provides a brief introduction to the IIl-nitride materials system and ad-
dresses some of the issues relevant to the succeeding chapters. Section 2.2 lists some
of the materials properties of GaN, InN, and AIN, such as band gap and dielectric
constants. Several popular techniques that have been used for growth of the nitrides
are described in section 2.3. The very pertinent issues of substrates, wurtzite crys-
tallography (and polarity), nitrogen delivery, and doping are then discussed in the

remaining sections.

2.2 Materials properties of the III-nitrides

The wide, direct bandgap of GaN, along with favorable luminescence and electronic
transport properties, make the nitride system promising for a wide range of applica-
tions. When coupled with InN and AIN, the nitride alloys make up a very versatile
materials system with an energy gap variable between 1.9 eV (InN) and 6.2 eV (AIN).
Table 2.1 lists some of the physical parameters of GaN, AIN, and InN.

In terms of semiconductor device design, the III-nitrides offer almost unlimited
possibilities. The nitride band lineups span the extremes, with reports of negative
electron affinity for AIN [1, 2] on one hand, and on the other GaN, which has (along
with diamond) one of the lowest lying valence bands (highest work functions) of all
p-dopable materials [3]. The low lying valence band of GaN is exploited in work
described in chapter 7, where p-GaN is used as a material for injection of holes

into a (non-p-dopable) ZnS luminescent layer, forming structures for ZnS-based blue
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Table 2.1: Select materials properties of GaN, AIN, and InN.[4]

Properties of GaN

Wurtzite polytype
Band gap E,; (300 K) = 3.39 eV

E, (1.6 K) = 3.50 eV
Temperature coefficient dE,/dT = —6.0 x 107* eV K™*

Pressure coefficient dE,/dP = 4.2 x 1073 eV kbar™
Lattice constants a=3.189 A, c=5185 A
Thermal expansion Aa/a = 5.59 x 107K~

Ac/c=3.17 x 1076K~?
Thermal conductivity x=13 Wem ' K1
Index of refraction n (1 eV)=233,n (3.38 eV) = 2.67
Dielectric constants €0~ 9, €0 = 5.35

Zinc blende polytype

Band gap E, (300 K) =32—-33eV
Lattice constant a=452A
Index of refraction n (3eV) =25

Properties of AIN
Wartzite polytype
Band gap E, (300 K) = 6.2 eV

E, (5K) =6.28¢eV

Lattice constants a=3.112 A c=4982 A
Thermal expansion Aaj/a = 4.2 x 107K™!

Ac/c =53 x 107°K?
Thermal conductivity =2 W cm™! K}
Index of refraction n = 2.1540.05
Dielectric constants €0 =85+0.2 €6 =468 —-4.84

Zinc blende polytype

Band gap E, (300 K) = 5.11 eVT
Lattice constant a=438 A

Properties of InN
Wurtzite polytype
Band gap E, (300 K) = 1.89 eV
Temperature coefficient dFE,/dT = —1.8 x 107* eV K™*
Lattice constants a=23548 A, ¢ = 5.760 A
Index of refraction n = 2.80—3.05

Zinc blende polytype
Band gap E, (300 K) = 2.2 VT

TTheoretical.
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and green p-n LEDs. The large band gap of the nitrides, particularly Al,Ga; N,
results in a correspondingly large critical field for electric breakdown and avalanche
by impact ionization. The large critical field of GaN and Al,Ga;_,N can be used for
high performance power devices as discussed in chapter 5.
Indeed, the potential of nitrides has long been known, but only recently have
modern growth techniques been applied to the production of high quality nitride

films.

2.3 Techniques of growth

The potential and promising properties of the III-nitride system have been known
for several decades, but the technology for production of high quality material has
not, until recently, been satisfactory. Early attempts at growth of GaN employed
the halide vapor phase transport technique, but the resulting material was highly
defective with a high background electron concentration [5]. Several techniques have

since been employed in the attempt to grow single crystal GaN.

2.3.1 Bulk growth

At first glance, perhaps the most obvious way to produce large defect free GaN wafers
and crystals would be by the growth of large boules from the melt, which is a com-
mon and established technique for other elemental and compound crystals. There
are a number of technical reasons why growth of bulk GaN is very difficult, however.
The conditions of temperature and pressure that would be ideal for melt growth of
GaN are beyond current technological capabilities. The problem lies with the group
V component, nitrogen. With perhaps the strongest bond in nature (9.8 eV), Ny is
highly stable and resistant to any reaction in which it is required to dissociate, such
as the solution of N in the gallium melt. Initial attempts of GaN bulk growth from
nitrogen dissolved in molten gallium at high temperature and pressure have been
carried out at Unipress in Poland [6]. The pressure in their growth apparatus was 20

kbar at a temperature of 1900-2000°C. To date, the largest crystals produced have
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2. These crystals typically have

been plate-like with a plate area of up to 100 mm
high background electron concentrations, characteristic of a high oxygen impurity
content a large number of native donor point defects, unless they are intentionally
compensated with magnesium acceptors [6] in which case the crystals are high resis-

tivity. Nevertheless, even this limited success gives hope that bulk GaN may some

day become commercially available, even though that time seems far off.

2.3.2 Heteroepitaxy

Since bulk crystals and free standing substrates of gallium nitride are unavailable,
growth on a dissimilar substrate is necessary, and a technique for epitaxial growth
must be used to produce GaN films. The methods recently used for heteroepitaxy of
GaN films include sublimation [7], hydride vapor phase epitaxy (HVPE) [8], pulsed
laser deposition [9], and several variations of molecular beam epitaxy (MBE), in-
cluding plasma assisted MBE (RF-MBE or ECR-MBE), ammonia gas source MBE
(GSMBE) [10], and metalorganic molecular beam epitaxy (MOMBE) [11]. By far
the most widely used technique, however, has been metalorganic chemical vapor de-
position (MOCVD), alternatively referred to as metalorganic vapor phase epitaxy
(MOVPE). Akasaki and coworkers [12] as well as S. Nakamura of Nichia Chemical
Industries [13] have had success in growing GaN by MOCVD on sapphire substrates,
and their development of p-type doping of GaN as well as low temperature buffer
layer techniques for improvement in crystal quality and surface morphology opened
the flood gates for the vast amount of research interest the GaN-based materials

system has received in recent years.

2.3.3 MOCVD

The MOCVD growth technique is depicted in the schematic diagram of Figure 2.1.
Growth is carried out inside an inductively heated reactor. The substrate is placed
on a graphite susceptor, and several gas flow lines introduce the precursor reactants

to the chamber. The precursor gas for nitrogen is ammonia (NHj), while the group
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Figure 2.1: One possible configuration of an MOCVD reactor.

III precursors are the metalorganic compounds, typically trimethyl-gallium (TMG)
and trimethyl-indium (TMI) for Ga and In transport, respectively, while trimethyl-
aluminum (TMA) or triethyl-aluminum (TEA) are used to deliver Al. In addition
to these nutrient gasses, carrier and diluent gasses such as Hy and N, are used to
control the convection and flow patterns within the reactor. Pressure during growth
is usually between 0.1 and 1 atmospheres, while typical growth temperatures for
GaN are 1050°C to 1100°C. MOCVD usually achieves 2-5 um per hour growth rate.
MOCVD has shown proven success with the fabrication of high efficiency blue, green,
and yellow GaN/In,Ga;_,N LEDs [14, 15] and 400 nm semiconductor lasers [16, 17,

18, 19], which are now available commercially.

2.3.4 HVPE

The HVPE technique has also received renewed interest for growth of GaN and
Al,Ga;_,N. HVPE uses a reactor chamber somewhat similar to that of MOCVD
(Figure 2.1), but differs in the transport of the group III species to the growth front.
While MOCVD uses metalorganic vapor precursors, in HVPE hydrogen chloride HCI
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gas flows over a hot reservoir of high purity liquid gallium (or In or Al), reacting to
form GaCls which then reacts with ammonia at the sample surface via the reaction
2NHj3 + 2GaCl;z — 2GaN + 3H; + 3Cl; [20] to form GaN. The substrate temperature
is typically 950°C to 1000°C and the reactor pressure is similar to that of MOCVD.
Growth rates of GaN by HVPE can be greater than 100 um per hour, which makes

this technique very attractive for thick epilayer substrates.

2.3.5 MBE

Molecular beam epitaxy, a major focus of the work presented in this thesis, along
with MOCVD and HVPE, represent the most widely used techniques for the growth
of GaN. MBE is usually carried out under high or ultra-high vacuum conditions
(107% — 10™* torr for GaN growth) and has traditionally been a useful technique for
materials and device research due to the large number of in situ real-time diagnostic
analysis techniques available, as well as because of the fine control that is possible
over the thickness of constituent layers at near the atomic scale. A further description
of the MBE growth technique for nitrides is presented in chapter 3, and a further

comparison of the above growth techniques for GaN can be found in section 3.2.

2.4 Substrates

2.4.1 Desired substrate qualities

As heteroepitaxial growth of GaN using the techniques described above continues to
be understood, and as material properties improve, it is evident that the quality of
grown films is significantly hampered by the lack of a suitable substrate. Ideally,
one would like to have a substrate that is lattice matched to GaN; that is, their
in-plane lattice parameters are equal. A substrate should also be matched to GaN
by coefficient of thermal expansion, in order to avoid lattice misfit at growth/room
temperatures as well as to avoid thermally induced strain. The substrate should be

chemically inert, except that it should allow nucleation of the GaN film, and it should
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Table 2.2: Comparison of some substrates for GaN heteroepitaxy.

Substrate a (hex) Mismatch Aar, Stacking
Material (A) (%) (107°K~1) Mismatch
AL,O; (0001) 4758 16.1 19 ves, NP
6H-SiC (0001)  3.08 3.5 1.4 yes
ZnO (0001) 3.252 -1.9 2.7 no
GaAs (111) 3.997 -20.0 ~—1 yes

Si (111) 3.840 -17 3 yes, NP
GaAs (100) 5.653 -20.0 ~ =1 no

be thermally stable enough not to decompose at the typical temperatures required for
nitride growth. Also, GaN is a III-V, and thus polar, compound, so an ideal substrate
should provide an unambiguous anion/cation ordering template. For example, GaAs
or SiC would provide an adequate polar template because of their alternating layers of
atoms with different electronegativities, but Si would not. Lack of polar ordering can
give rise to inversion (anti-phase) domains (section 2.5.1). A similar problem with
substrates of different crystal structure is the so-called stacking mismatch, which
involves the HCP stacking sequence. If a wurtzite film, with stacking sequence of
(ABABAB...) is grown atop a hexagonal substrate with different stacking sequence,
for example zinc blende (ABCABCABC...) or 6H-SiC (ABCACB...), there can arise
stacking mismatch boundary effects [21, 22] at step edges of the substrate.

2.4.2 Silicon carbide

There is no substance for heteroepitaxy that can satisfy all the above requirements. In
the absence of the ideal, the most widely used substrates have been c-plane oriented
sapphire (Al;O3) and the 6 H polytype of silicon carbide. Silicon carbide has many
suitable qualities as a substrate for GaN. As shown in Table 2.2, the in-plane lattice
constant mismatch is 3.5% and the thermal mismatch is 1.4 - 1075K~!. SiC is also a
polar material, and it has been shown that GaN growth on the Si (0001) face of 6H-
SiC results in (0001) Ga face oriented GaN, while growth on the C face of SiC results
in growth on the (0001) N face orientation of GaN. Silicon carbide is a generally stable
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and robust material, and has the advantage that it can be made conductive, both n-
and p-type. Disadvantages of SiC are its high cost, the availability of only small sized
substrates (1 — 2 inch diameter) and the presence of open micro-pipe defects [23].
Due to its close lattice and thermal mismatch, growth of GaN on SiC can result in
epitaxial films of marginally better quality than films grown on the most widely used

substrate, sapphire.

2.4.3 Sapphire

Sapphire is a very robust and chemically inert material [24]. Several surface orienta-
tions are available, including c-plane (0001), a-plane (1120), r-plane (1102), m-plane
(1010), n-plane (1123), and s-plane (1011), the most common of these used for GaN
substrates being the c-plane cut. The lattice parameter and thermal expansion mis-
match with GaN are rather high (~ 16% lattice mismatch), but the cost is about 5%
that of 6/1-SiC. And although sapphire is a highly ionic compound, it does not present
a preferred polarity for growth. That is, the (0001) face and the (0001) face of Al;O3
are functionally symmetric and thus control of GaN polarity becomes a significant
issue. But despite the large lattice mismatch and non-polar symmetry, the highest
quality light emitting devices have been grown on sapphire. In the last five years, a
great deal of research has focused on the nucleation and initial stages of growth of
GaN on sapphire resulting in MOCVD recipes for the production of unipolar (0001)
Ga-face films with defect densities a factor of 100 below those typical of unoptimized
growth. [25] To date, nearly all the highest performance GaN-based devices, including
light emitting diodes [14], lasers [19], HFETs [26], and high power diodes [27] have

been grown on sapphire substrates.

2.4.4 Other substrates

In addition to sapphire and silicon carbide, several other substrates have been tried
for growth of GaN. Gallium arsenide (111) and (100) have been used, the (100) orien-
tation specifically for growth of the zinc blende phase of GaN. Problems with GaAs
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include its large lattice mismatch (20%), its instability at optimum GaN growth tem-
perature, and strong interfacial reactions involving N-As anion exchange [28]. Silicon
(111) substrates have been used to produce material of mediocre quality [29] but
inversion domains and the harmful effects of silicon nitridation at the interface are
problems. Also receiving some attention are more “exotic” oxide substrates such as
spinel (MgAl;Oy4, 9.5% mismatch [30]), LiGaO, [31], LiAlO; [32], LiGaO; [33], and
NdGaOs [34], which are closely lattice matched to GaN, but suffer from instabil-
ity at high temperatures and other problems. The wurtzite crystal ZnO is also a
promising substrate candidate, having a close lattice match and providing an ideal
crystallographic stacking template, but it also has a tendency to decompose at high

temperatures.

2.4.5 Techniques for free-standing GalN substrates

The best quality films grown on SiC or sapphire still contain as many as 10® cm—2
dislocations. Perhaps surprisingly, these defects have not fatally impaired device
operation. In fact, continuous wave edge emitting lasers have been fabricated by
Nichia using material containing as high as 10'° cm=2 dislocations [35]. But while
the dislocations do not appear to be device killers, there have been observations
of maleficent effects of dislocations in several circumstances. Firstly, dislocations
appear to be leakage pathways that increase the reverse saturation current of p-n and
Schottky diodes [36]. Secondly, there is some evidence that dislocations may act as
non-radiative recombination centers (see section 5.6.3). Thirdly, for FETs and other
devices in which current transport is not along the (0001) direction, the threading
dislocations have been shown to severely limit the electron mobility by scattering
from charged electron traps at edge dislocations [37, 38].

For these reasons and others it is evident that free-standing, defect free GaN sub-
strates are still very desirable. Free-standing substrates would also allow electrical
back contacting, which would significantly simplify the processing requirements of

many devices, and would drastically improve performance of nitride power devices
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such as thyristors, bipolar transistors, and diode rectifiers (see chapter 5). Free-
standing substrates could also better take advantage of the high thermal conductivity
of GaN (as, e.g., compared to a sapphire substrate) for more efficient power dissipa-
tion and cooling of devices, particularly lasers and power devices. While bulk GaN
crystals grown by high pressure melt (or other means) are still under development,
several alternative techniques for production of free-standing substrates have come
to light in the interim. These techniques involve the growth of a thick heteroepi-
taxial layer, approximately 200-300 pm thick, followed by removal of the original
host substrate. Nakamura has recently reported long lifetime lasers grown on free-
standing GaN substrates which were grown by HVPE on sapphire substrates, the
sapphire being removed subsequent to HVPE growth by chemomechanical polish-
ing [18]. Growth of HVPE GaN layers on Si substrates, followed by removal of the Si
at growth temperature, is also under development by Kuech, et al., at the University
of Wisconsin, Madison and at Advanced Technology Materials, Inc. (ATMI). ATMI
has also demonstrated a GaN substrate which was removed from a sapphire wafer by
a technique involving exposing the back side of the sample to excimer laser pulses.
The energy of the laser pulses (Ey gon < Aljgser < E, sapphire) 1s absorbed by the GaN
near the sapphire/GaN interface, dissociating the GaN and detaching the film [39].

2.5 Nitride crystallography

2.5.1 Polarity

Many issues discussed in part I of this thesis could benefit from a brief recounting of
the crystallography of the wurtzite and zinc blende crystal structures. Specifically,
the issue of polarity bears strongly on many aspects of the study of the III-nitrides,
from growth to device design to film characterization [40, 41]. Just as the zinc blende
ITI-V semiconductors such as GaAs have a distinct (111)A face (Ga-face) and a (111)B
face (As-face), so does GaN in the wurtzite structure have a corresponding (0001)

Ga-face and (0001) N-face. Convention has taken the (0001) direction in GaN to
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be the direction pointing from a Ga atom to its nearest neighbor N atom along
the bond perpendicular to the wurtzite basal plane, as shown in Figure 2.2. It is
stressed that crystal polarity is a bulk property, independent of surface atomic ter-
mination. In fact, it has been shown that the surfaces of both polarities are likely
Ga-terminated [42]. Wurtzite GaN has been predicted to have a strong spontaneous
electric polarization on the order of several MV /cm, along with large piezo-electric
coefficients from which moderate strain can induce polarization fields of the same
magnitude [43, 44]. There are significant effects of film polarity (Ga-face or N-face)
on growth mode (see chapter 3), while polarity-dependent stark shifts affect quantum
well light emitters [45]. Polarity and polarization effects are indeed the basis for high
performance HFETSs [26, 46] which utilize the high mobility of a two-dimensional elec-
tron gas which is induced by the strong piezo-electric field at the interface between
GaN and a strained Al,Ga;_,N layer. It is therefore crucial to have knowledge and

control of the ITI-nitride film polarity.

2.5.2 Polytypes

The most stable form of GaN, AIN, and InN is the wurtzite crystal structure, al-
though the metastable zinc blende polytype can also be grown. Total internal energy
differences between the two polytypes are not very large [47], which indicates that
the zinc blende phase is not unstable. On the other hand, this low energy difference
means that stacking faults may be more easily formed. In fact, stacking faults are
believed to play a significant role in the nucleation and initial growth of GaN on sap-
phire by MOCVD [48]. There are some differences in the material properties of the
zinc blende and wurtzite polytypes, for instance, the band gap of zinc blende GaN is
slightly smaller than that of wurtzite. But this thesis deals entirely with the wurtzite

form of GaN, so no further details concerning zinc blende GaN are included.
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N-face Ga-face

(0001) (0001)

Waurtzite crystal structure

Figure 2.2: This diagram shows the difference between the Ga-face (0001) and N-
face (0001) polar orientations for wurtzite GaN. Polarity is critical in growth of GaN
as well as device design due to the large spontaneous and piezo-electric polarization
fields to which the polarity gives rise.



27
2.6 Nitrogen delivery

In the growth of Ill-nitrides, a means for making nitrogen available for reaction
and bonding at the growth front has had to be developed. Vapor transport growth
methods have traditionally used ammonia (NHj), for nitrogen delivery, in which case
it is thermally cracked at the surface. For physical deposition methods such as MBE,
the issue of nitrogen delivery is quite important, as no solid or liquid source for
nitrogen is available. Modifications to the growth technique to incorporate ammonia
gas or plasma-cracked Ny gas have had to be made. More details concerning nitrogen

delivery issues are discussed in section 3.3.3.

2.7 Doping

To fabricate many electronic devices in the nitrides, both n- and p-type doping have
to be available. n-type doping of GaN is rather easily accomplished as the material
already has a strong tendency to be intrinsically n-type. Because of this tendency,
the major emphasis has been in reduction of the background electron concentration
when semi-insulating or p-type material is called for. Doping for p-type conduction
has always been one of the challenges of the GaN system. A major breakthrough was
made in the study of GaN when Akasaki discovered how to produce high conduc-
tivity p-GaN by low energy electron bombardment irradiation (LEEBI) [12]. Sub-
sequent studies have shed some light on acceptor doping of GaN with magnesium,
including the realization that hydrogen efficiently compensates the substitutional Mg,
forming neutral H-Mg centers [13]. The passivating hydrogen can be removed from
the acceptor complex by post-annealing in a hydrogen-free environment. Even non-
compensated Mg-doped GaN is made difficult by the relatively deep level of the Mg
acceptor (~ 200meV), which results in the free hole concentration being one to two or-
ders of magnitude lower than the active acceptor concentration at room temperature.

(See section 3.6.2.)
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2.8 Defects in GalN

Since GaN is most often grown heteroepitaxially, with a large lattice mismatch be-
tween substrate and film, the extended defect structure [49] will depend on this mis-
match and the number of defects be limited by it. The interface energy of a strained
mismatched interface can in general be lowered by the generation of misfit disloca-
tions. A simplistic estimate of the density of misfit dislocations is of the order (f/a)?
where f is the mismatch and a is the lattice parameter. This formula predicts defect
densities as high as 10" c¢m™ might occur in the worst case. Using unoptimized
low temperature AIN or GaN buffer layers, the density of dislocations is typically
10' — 10" c¢m~2 in a GaN film on sapphire, which is still quite high. Unlike in zinc
blende crystals, the dislocations in wurtzite GaN have a tendency to thread along
the growth direction and do not experience a strong attraction to move toward each
other and annihilate. Only after growth of large thicknesses (> 20 um) is significant
defect reduction seen [50].

The threading dislocations can cause significant degradations in material quality,
especially in transport and luminescent properties. Rosner, et al., have observed by
cathodoluminescence imaging that dislocations can be non-radiative recombination
sites [51]. Dislocations have also been shown to be leakage pathways, shorting reverse
bias devices [36]. But perhaps the area in which the dislocations most make their
presence known is in the reduction of carrier mobility by scattering from charged
traps at dislocations [37, 38].

In order to further reduce the density of extended defects, deliberate manipulation
of the propagation of the dislocations must be accomplished, forcing them to annihi-

late in the early stages of film growth by control of the film morphology evolution.

2.8.1 Methods of defect reduction

The optimized process for MOCVD growth of GaN on sapphire involves the coales-
cence of micron-scale islands. The substrate nitridation and buffer layer thickness

are optimized such that upon commencement of growth, a specific density of islands
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nucleate and grow, likely by the spiral growth mechanism. After these islands are
about 1 pm high, they grow laterally and coalesce, resulting in a flat film surface.
It is in the lateral growth step that the dislocations are forced to bend sideways and
meet with each other at the island boundaries. Using optimized conditions, disloca-
tion densities as low as 2- 108 cm™2 have been grown by this evolutionary process [25].
Another more recent technique for reduction of defect density is the lateral epitaxial
overgrowth technique [52, 53|, where GaN selectively over grows a SiO5 or SiN mask.
The mask blocks threading dislocations from propagating through from below.

In the case of HVPE, the high growth rate capability allows defect reduction
through the growth of very thick layers. After approximately 200 um of growth,
defect densities have been observed to be reduced to the order of 107 cm=2 [50].

There have been several reports of MBE-grown GaN films with dislocation den-
sities in the 10° range, but in general neither the morphological evolution control or
ultra-high growth rate capability are available for MBE growth. In chapter 4 some
possibilities are proposed and some techniques presented for defect reduction in GaN

by MBE.
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Chapter 3 Molecular Beam Epitaxial
Growth of Gallium Nitride, Aluminum

Nitride, and Alloys

3.1 Introduction

For the past several decades the molecular beam epitaxy (MBE) technique has been
used successfully for the growth of thin epitaxial films [1]. MBE has been used to
grow a wide variety of materials, including semiconductors, metals, and supercon-
ductors. For many applications it is the deposition technique of choice, competitive
with other growth methods such as vapor phase and liquid phase epitaxy. There has
been considerable work done in the MBE growth of IV/IV, III/V and II/VI semicon-
ductors for applications ranging from VCSELs to photodetectors, and adding in no
small way to our understanding of these materials. MBE is a very valuable tool in the
research of thin films due to the relatively large number of in situ characterization
and real-time diagnostic techniques that are available, such as desorption mass spec-
troscopy (DMS) [2], ellipsometry [3], and a variety of electron diffraction techniques
including LEED, RHEED, and HREELS [4]. Most of these in situ characterization
methods are available because of the high (and ultrahigh) vacuum environment in
which growth takes place.

During the surge of attention that has been focused towards GaN beginning in
the early 1990s, there has been considerable interest in the growth of the group III-
nitrides by MBE [5, 6]. MBE has also been successfully used for growth of GaN-based
light emitting diodes [7, 8, 9, 10] and field effect transistors [11].
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3.2 Comparison of growth techniques for nitrides

The nitride materials system is significantly different in a variety of ways from the
compounds which have been more commonly grown by MBE, so special considerations
have had to be made to overcome these differences. Several methods have been
reported for growth of GaN, including MOCVD, HVPE, sublimation, MBE, and
high pressure bulk growth from the melt.

3.2.1 Bulk growth

Ideally, one would like to have large boules of single crystal GaN and AIN from which
substrates could be cut and on which devices could be epitaxially grown. However,
bulk growth of GaN is tremendously difficult due to the high pressures and tem-
peratures required [12, 13]. Using N, gas dissolved in Ga liquid at a pressure of 20
kbar and at 1900°C, some small bulk crystals have been produced (~ 100 mm?).
These crystals are plate-like, and have a very large background donor concentration
(~ 3-10" cm™®) unless Mg is added to the melt, in which case they can be made
highly resistive [14]. Large bulk GaN crystals seem to be a thing of the future. In
the absence of which, one is left with vapor phase heteroepitaxy or other techniques

such as MBE.

3.2.2 MOCVD

By far the majority of nitride growth research in recent years has been by the MOCVD
technique [15, 16]. This is not surprising, considering the rapid advances in GaN-based
LEDs and laser diodes by S. Nakamura and Nichia Chemical Industries of Japan [17].
There has been a large effort in the United States to develop our own nitride laser
technology, following Nichia, but to date no continuous wave nitride lasers have been
produced in this country that operate at room temperature. The MOCVD growth of
GaN has advanced considerably as a result of the quest for the UV GaN /InGaN laser.

Many thousands of GaN films have been grown on various substrates at companies
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and universities in the past five years, and the growth recipe and procedure have been
optimized to a large degree. There have been extensive studies of the various stages
of MOCVD growth, including substrate cleaning and nitridation [18, 19, 20], buffer
layer optimization [21], growth temperature and pressure [22], and gas flow ratio [23].

All this attention to MOCVD has not been fruitless, as the method has shown its
advantages in the growth of (relatively) high quality material. MOCVD benefits from
a relatively high growth rate capability for GaN, typically 2 — 5 um per hour, as well
as provides a good deal of control of the morphology evolution during growth. The
control of morphology evolution can be used to reduce extended defect density by up
to a factor of 100 via the lateral coalescence of micron-scale islands [24] or perhaps
even more by the lateral epitaxial overgrowth (LEO) technique [25, 26]. There have
also been many reports on both n and p-type doping of GaN by MOCVD as well as
growth of In,Ga;_,N and Al,Ga;_,N alloys.

Although MOCVD has been perhaps the most successful way of growing GaN,
the technique does have several disadvantages. The high growth temperature, usu-
ally around 1050°C, presents several problems. There is difficulty in the incorpora-
tion of high vapor pressure elements such as indium and magnesium (acceptor) at
this temperature. Doping profiles between n- and p-type layers tend to be smeared
out due to the resistance of Mg to incorporate [27] and to Mg diffusion. The high
growth temperature also aggravates strain effects due to differences in thermal expan-
sion coefficient between the epilayer and substrate. Additionally, magnesium doped
films must be post annealed to achieve p-type conductivity, since hydrogen, which is
present in the reactor, is an efficient compensator of Mg acceptor centers in GaN [28].
MOCVD also has difficulties with aluminum containing compounds because of prema-
ture reactions between the ammonia and metalorganic aluminum precursor, usually
trimethyl-aluminum (TMA) or triethyl-aluminum (TEA). The pre-reaction results in
“AIN dust” which falls to the bottom of the reactor before reaching the substrate,

drastically reducing growth rate of AIN or Al,Ga;_,N layers.
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3.2.3 HVPE

Another promising technique for growth of IIl-nitride layers is hydride (or halide)
vapor phase epitaxy (HVPE). In this method, the nitrogen precursor is ammonia,
but the group III metal is transported to the substrate by passing HCI gas over a hot
receptacle of, e.g., gallium and forming GaClz gas which then reacts with NH; at the
growth surface. The source materials are available in high purity, and are relatively
inexpensive compared to the metalorganics used in MOCVD. One of the appealing
features of the HVPE method is that it allows very high growth rates, over 200 um
per hour for GaN. For this reason it is a prime candidate for growth of thick layers,
which might be used as high voltage stand-off regions in high power devices [29], or
might be converted to free standing substrates. Thick HVPE films have among the
lowest dislocation densities, typically 107 em~2 [30]. HVPE has also been used in the
growth of LEO structures [31]. Disadvantages with the HVPE method are in p-type

doping and with reactivity of AlCl3 with quartz reactor chamber walls.

3.2.4 MBE

Molecular beam epitaxy has received relatively less attention than have MOCVD and
HVPE, and for this reason among others GaN material quality has lagged somewhat
behind. Depending on the source for nitrogen, GaN growth rates have (until recently,
see section 3.3.4) been relatively slow in comparison with MOCVD, typically 0.2-1.0
pum per hour. MBE has also had a more limited investigation into the optimization of
growth on mismatched substrates such as c-plane sapphire (Al,O3), SiC, and GaAs.
Nevertheless, material quality of films grown by MBE can be nearly equal to the
best grown by MOCVD [32] and devices made from MBE-grown layers can perform
on par with MOCVD-grown devices [33]. An advantage of MBE is the relatively
lower growth temperature (650 — 800°C), which is more amiable to incorporation of
the high vapor pressure elements In and Mg and also should result in less thermal
stress. This also allows more abrupt p-n junctions. Other advantages of MBE include

the absence of carbon and hydrogen in the growth environment, hydrogen being a
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compensator of Mg acceptors — the result is p-type films that do not require post-
annealing activation. Also MBE, unlike MOCVD, has no fundamental problems
with the growth of Al-containing compounds. Some of the stated advantages of
MBE can also at times be disadvantages, however. For example, since MBE growth
occurs far from thermodynamic equilibrium, one cannot take advantage of effects
that happen near equilibrium, like the high differentials in growth rate for different
crystal directions which are used in lateral epitaxial overgrowth [25]. The lack of
hydrogen allows as-grown p-type films, but hydrogen also increases the solubility of
Mg in GaN [34] and provides beneficial surface termination which can lead to higher

growth rate [35] and a lower surface energy.

3.3 Our MBE machine

3.3.1 Transfer tube cluster system

The III-nitride MBE system used in this study is connected as part of a large cluster
of growth and analysis chambers. Four MBE growth chambers, including dedicated
chambers for I1I-nitride, II-VI, Si-Ge, and I1I-As/Sb materials, are interconnected via
UHV transfer tube, as shown in Figure 3.1. There are also three sample introduction
load locks, several sample-heating and cleaning stages, an e-beam vacuum metaliza-
tion station, and an x-ray photoemission spectroscopy (XPS) analysis chamber. All
these systems share common sample handling protocol (Perkin-Elmer), so a sample
can be moved from any one chamber into any other. This is very useful for the nearly
unlimited possible combinations of heteroepitaxy, while the XPS system provides in-
valuable information on fresh-grown surfaces that have not yet been contaminated
by exposure to atmosphere. The XPS analysis has been heavily used in the past for

measurement of heterojunction band offsets [36].
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Figure 3.1: The MBE chamber used for this work is part of a large system of growth
and analysis chambers. Four MBE growth chambers (III-N, III-As/Sb, IV-1V, II-
VI) as well as metalization and ESCA/XPS/Auger analysis chambers, load-lock and
sample preparation chambers are all connected via ultra-high vacuum (UHV) transfer

tube.
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3.3.2 Sources for group III materials and dopants

A schematic diagram of the III-nitride MBE system is shown in Figure 3.2. The
effusion cells used for gallium and indium are dual filament cells. These ovens have
two separate temperature zones, one near the crucible lip and one main zone for
heating the bulk of the loaded material. For Ga and In, the lip is typically heated to
a somewhat higher temperature (usually 20 — 40°C higher) in order to prevent any
condensation of Ga or In metal at the lip of the crucible, which can cause “spitting”
from the cell, which has been ascribed as a cause of oval defects in III-Vs [37].

Unlike the sources used for the group III elements Ga and In, the effusion cell
for aluminum is a “cold lip” cell. In this case, the outer lip of the cell is kept cooler
than the main bulk of the cell in order to reduce or prevent aluminum creep. At
high temperatures, aluminum wets the PBN crucible walls and has a tendency to
creep up and out of the crucible by capillary action, around to the back where it can
short out the heater filament or cause other damage to the source cell. The cold lip
cell is effective in combination with keeping a group V overpressure in the chamber.
The group V overpressure (in this case the nitrogen plasma) bonds with the creeping
aluminum to form a solid compound (in this case AIN) and prevents aluminum from
reaching the rear of the PBN.

Due to the very low vapor pressure of silicon, its effusion cell is specially designed
to be capable of reaching high temperatures. Typical silicon cell temperatures during
growth can range from 1200°C to 1400°C. The magnesium dopant source uses a

standard 16c¢cc effusion cell.

3.3.3 Specific customizations for nitride growth

While MBE usually uses condensed phase (solid or liquid) elemental or compound
source materials, there is no such available for nitrogen. Elemental nitrogen Ny is
effectively inert and useless as a source component. The delivery of an active nitro-
gen component beam is thus a primary issue. Several different methods have been

employed in the delivery of active nitrogen species to the substrate, all of which are
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Figure 3.2: Shown is a schematic diagram of the SVT Associates N35 MBE growth
chamber for Ill-nitrides. The system is equipped with a number of especially useful
features as described in the text, including the following: a specially designed RF
nitrogen source, dual filament cells for Ga and In, cold lip cell for Al, high temperature
cell for Si; specially shaped close-fitting linear action shutters including main shutter;
mass spectrometer and flux monitor ionization gauge which are both translatable
into the focus of the source beams; RHEED electron gun and phosphor screen; high
temperature substrate heater and non-bonded holder block.
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based on nitrogen-containing gasses.

One source of active nitrogen is ammonia (NH;3) gas. MBE growth using ammonia
is sometimes referred to as ammonia MBE or gas source MBE (GSMBE) [38]. In
this case the ammonia is cracked at the substrate surface. Ammonia MBE requires
substrate temperatures of approximately 900°C and background pressures of greater
than 10~ torr, but can achieve growth rates of 1 —2 um per hour [38]. Other reactive
nitrogen-containing gases have also been tried, such as azides and hydrazine [39], but
it is not clear that their use offers any advantage over ammonia, and the azides can
provide a greater safety risk as they are explosive.

Another method of active nitrogen delivery is by a nitrogen plasma source. The
most common of these are electron cyclotron resonance (ECR) plasma sources and
radio frequency (RF) plasma sources. Early versions of the plasma sources were highly
inefficient, resulting in only about one percent activation in the nitrogen beam, and
limiting growth rate to 0.1 to 1.0 yum per hour at a system pressure of typically 107°
to 107 torr.

At the high background pressures required by the nitrogen beam, special care must
be taken to extend the lifetime of all hot filaments in the MBE system, particularly the
substrate heater, the source oven filaments and the RHEED gun filament. Filament
life is especially shortened by the presence of ammonia. An issue exacerbating the
issue of filament life is the rather high substrate temperature required for GaN growth,
typically 800°C for GaN to over 1000°C for Al,Ga;_,N. At these temperatures, most
heating is radiative and indium substrate mounting becomes problematic, making

non-bonded substrate holders required for best performance.

3.3.4 RF plasma nitrogen delivery

Two types of plasma sources have been used for growth of nitrides and for p-type
doping of II-VI compounds [40], electron cyclotron resonance (ECR) sources [41] and
radio frequency plasma sources [9, 42]. High quality material has been produced with

both types of sources. The work presented in this chapter was carried out using a RF
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plasma source from SVT Associates of Eden Prairie, MN.

The source operates by releasing high purity filtered Ng into the source through
a precision leak valve, where it enters the pyrolytic boron nitride (PBN) plasma
chamber and is excited by a water cooled coil. Radio frequency power is applied to
the coil at 13.56 MHz and at a forward power level of 200 to 600 W. The excited
nitrogen species exit the plasma chamber through an aperture plate which is directed
toward the substrate. The particular geometry as well as number and area of the
holes in the aperture plate strongly influences the character and number of excited
species produced by the source for growth. Aperture plates with anywhere from one
to 400 holes have been used by other researchers [43] while for these studies a single

2 area was used.

hole aperture of 3 mm

Until recently, commercial RF plasma sources have been rather inefficient, pro-
ducing beams with typically only 1 — 2% of the nitrogen gas throughput being in-
corporated into the nitride film. Using these sources requires large flow rates of Ny
resulting in high chamber background pressures during growth, up to 10 torr. The
inefficiency also places a limit on the maximum growth rate attainable, since at suffi-
ciently high flow rates, the plasma becomes unstable and is extinguished. Older source
designs, such as the Oxford Applied Research (OAR) MPD21 (which was designed
as a II-VI doping source), are limited to 0.1 — 0.2 um per hour. Newer designs have
become more efficient, such as the EPI Unibulb (EPI Vacuum Products, St. Paul,
MN), which can attain rates of 1 — 2 um per hour. The SVT Associates source used
here is capable of 1 —1.5 um per hour growth rate, but a lower rate of 0.4 ym per hour
was typically used in favor of a lower system pressure. In recent months, even higher
efficiencies have been attained (up to 45% effective efficiency), and growth rates of
up to 6 um per hour demonstrated by an upgraded version of the SVT Associates
source [44].

The radio frequency sources produce a number of active species, including ionized
and neutral atomic N, as well as ionized and excited metastable Ny. The particular
species that takes place in the growth process is still being investigated. However,

several tentative conclusions regarding the nitrogen species have been reached [43].
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Firstly, no growth can be achieved using ground state molecular Ny. Secondly,
high energy ions are considered to be damaging and undesirable during growth [45].
Thirdly, both the atomic and metastable excited molecular species are thought to
significantly contribute to growth [43]. The specific roles and processes in growth
involving these latter continue to be investigated and are at present not well under-
stood.

Another issue pertinent to the use of nitrogen plasma sources which has not yet
received much attention is the generation of boron. Secondary ion mass spectroscopy
studies have shown that MBE-grown GaN films can contain anywhere from 10'¢ to
10" incorporated B atoms cm™3 [43]. The origin of the boron is likely the PBN plasma,
chamber walls of the source, which can slowly be degraded by the highly reactive N*
plasma. Boron can have malignant effects on film quality, so efforts should be taken
to minimize the boron contamination. Reduction in plasma power may be effective
in this regard, but changing the liner material from PBN to something else such as
Al,O3 or quartz is no improvement since these chamber materials are known to give

off contaminant oxygen, which is more deleterious.

3.3.5 Pumping

The pumping requirements for I1I-nitride MBE are basically similar to MBE of other
materials. One difference is the increased Ny gas load which is present for growth
of nitrides. The MBE system used here is equipped with a CTI Cryogenics CT-8
cryopump and a 600 L/s ion pump, with a small turbo pump station for roughing.
During growth, the gate valve to the ion pump is closed (and pressure interlocked)
and the rather high throughput of Ns gas is pumped by the cryopump. We have
observed no problems with this setup, and the CT-8 has to be regenerated only after
6-9 months. The chamber is equipped with a spare port for additional pumping
capacity, and a further reduction in growth pressure may be achieved by installation

of another cryopump or a large turbo-molecular pump in this location.
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3.3.6 In situ characterization and diagnostics

The MBE system is equipped with a number of in situ characterization tools which
can be extremely useful in the study of nitride growth. Reflection high energy elec-
tron diffraction (RHEED) is carried out using a 10keV electron gun, built by SVT
Associates, in combination with a large 8 inch phosphor screen. The RHEED images
are captured directly to personal computer using a CCD camera and frame grabber
board. Using the captured RHEED image, software analysis can provide a wealth of
information, including measurement of the frequency of specular intensity oscillations
for growth rate, the spacing of streaks for lattice constant measurement and deter-
mination of alloy fraction, as well as surface reconstruction and specular intensity as
an indicator of surface stoichiometry.

The chamber is equipped with an ionization flux monitor, essential for calibration
of the beam fluxes, which is linearly translatable on a bellows for positioning at the
substrate location (see Figure 3.2). A residual gas analyzer is also mounted on a
translatable bellows for mass spectroscopy of both background partial pressures and
quantitative measurement of the beam constituents and ratios. The system is also
equipped with ports for in situ ellipsometry and in situ cathodoluminescence, which
can be added at a later date. The chamber also is equipped with ports for atomic
absorption flux measurements as well as a large 6 inch port in the center of the source
flange for line-of-sight characterization techniques such as laser reflectivity (normal
incidence) for measurements of growth rate and surface flatness or an etalon assembly

similar to that of Reference [46] for measurement of residual strain.

3.3.7 Sample heating

Due to the somewhat higher than normal substrate temperatures required for growth
of GaN and Al,Ga;_,N, a specially designed substrate heater was installed. The
heater is based on a specially shaped graphite filament, and is specified to reach
sample temperatures of up to 1200°C. The extra durability of the heater also helps
to mitigate the effects of high background Ny pressure during growth.
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3.3.8 Substrate preparation, mounting and handling

In this chapter, results are presented for growth on c-plane (0001) sapphire substrates.
The substrates are sourced from Union Carbide Crystal Products, are single side
polished, and are 17 thousandths of an inch thick. An issue for consideration in MBE
of GaN is how to mount the substrates. Traditionally, e.g., for GaAs growth, the
substrate is bonded to a molybdenum holder block using In. This method works well
for substrate temperatures up to about 650°C, but at higher temperatures the indium
begins to rapidly evaporate resulting in dropped samples and/or poor temperature
uniformity where the indium metal is gone. An alternative is the use of non-bonded
radiatively heated substrate holder blocks. In the non-bonded blocks, the substrate
is held in place with refractory metal wire clips or springs and is heated directly by
the black body radiation of the heater filament. In the case of sapphire substrates,
however, radiative heating can be very inefficient because sapphire is non-absorptive
in the visible and most of the infrared. To assist in the radiative heating of the
substrates, they were back-side coated with molybdenum or titanium. In this case,
the radiative heat is absorbed in the metal coating and transferred to the sapphire
by thermal conduction.

The substrates were typically used directly as received from the manufacturer, as
etching of substrates in acid solution seemed to make no noticeable difference. The 2
inch wafers, after metalization, were loosely mounted in a non-bonded holder block

with suspended tantalum wires and loaded into the vacuum system.

3.4 Typical GaN growth procedure

In preparation for a typical growth, the chamber cryopanneling is first filled with liquid
nitrogen (LN3) and the ion pump isolation gate valve closed. The fresh substrate and
block is then brought into the chamber and its temperature is ramped up at a rate of
approximately 15-20°C per minute to 800-1000°C. The heating thermally cleans and

outgasses the substrate. As the substrate is ramping up, the source cells are brought
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from idle to the temperatures used for growth of the nucleation layer — for AIN buffers,
the Al is set to approximately 1130°C while for GaN buffer layers the Ga cell is heated
to a main thermocouple temperature of ~ 850°C with the crucible lip approximately
20 degrees higher. The RF nitrogen source is turned on and set to 350 W, the N,
gas flow slowly opened until the plasma ignites and then the flow is reduced to a
corresponding chamber pressure of ~ 5-107° torr. Also at this time the RHEED gun
filament is slowly ramped up to optimum operating current (approximately 2 Amps)
and the RHEED image of the substrate is observed.

When the substrate and source cells reach their target temperatures, the main
shutter is opened to expose the sapphire substrate to the nitrogen plasma. This is
the nitridization stage, which varies in duration from 5-30 minutes. After nitridation,
the RHEED pattern has brightened and become diffuse streaks corresponding in
spacing and symmetry to those from an AIN surface. This can be taken as evidence
of conversion of the top thin layer of Al,O3 to AIN or AIO,N. After nitridation, the
substrate temperature is ramped to the buffer layer deposition temperature, typically
650°C, but sometimes as high as 800°C. After sufficient time for temperatures to
stabilize, the Ga or Al shutter is opened to start growth of the buffer layer. The
specific III/V flux ratio is crucial in the deposition of the buffer layer, as will be
seen in section 4.2.2. The typical deposition time for the buffer layer is two minutes,
which was estimated to deposit approximately 20 nm based on measurements of film
thickness for longer runs under the same conditions. Unfortunately, the thickness and
deposition time of the buffer layers has not yet been fully optimized for our system.
The 20 nm (approximate) thickness was chosen in compliance with other results from
the literature.

After deposition of the buffer layer, the Ga cell temperature is raised to approx-
imately 870°C for growth of the main layer. For Si doped n-type films, the Si cell
temperature is raised to the desired doping level (see section 3.6.1), approximately
1250°C. Except for the growth of p-type GaN (section 3.6.2) the substrate tempera-
ture of the main layer is set to 800°C. The Ga cell shutter is then opened for growth

of the main layer. The exact temperature of the Ga cell usually varies within a few
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Figure 3.3: The optimal condition for RE-MBE growth of GaN is slightly Ga-rich. If
the gallium flux is too low in relation to the effective arrival rate of nitrogen, growth
proceeds in a 3-D mode resulting in a rough surface and poor structural quality. If
the Ga flux is too high, metal droplets will build up on the surface. The window for
slightly Ga-rich growth without condensation becomes wider for increased substrate
temperatures, since the excess Ga can re-evaporate more readily from the surface.

degrees as RHEED is used to optimize the growth conditions, which are slightly Ga-
rich (see chapter 4). If the Ga temperature is slightly too low, the RHEED image
becomes spotty indicating surface roughening, while if the Ga temperature is too
high, the RHEED image dims indicating Ga condensation on the film surface (see
Figure 3.3). Growth of the main layer then proceeds for typically a number of hours,
resulting in a 1 — 2 um thick film. For AIN or Al,Ga;_,N films, the same basic pro-
cedure is followed, except that the Al shutter is open instead of or in addition to the

Ga shutter.

3.4.1 RHEED Observations

The RHEED image abruptly transforms from spotty to streaky-like upon transition

from effectively nitrogen rich to slightly Ga-rich flux conditions. The window of tran-
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sition is usually very small, typically a temperature change of few degrees of the Ga
source cell, and corresponds to varying the flux ratio from approximately 0.98:1 to
1.02:1. The important factor being the type of atoms which terminate the surface un-
der quasi-steady-state growth conditions. For even slightly nitrogen rich conditions,
the resulting surface becomes predominantly nitrogen atomic terminated, and main-
tains a spotty wurtzite transmission RHEED pattern. As the Ga cell temperature is
increased, the surface evolves to become gallium terminated, and the RHEED pattern
streaks out, usually to an unreconstructed (1x1) pattern. Usually no reconstructions
are observed during growth, although a two-fold reconstruction is observed for growth
interruption under N* soak. In general, the surface reconstructions are only observed
at lower temperatures and are distinctive for the different polarities of GaN (see sec-
tion 2.5.1). A comprehensive study of RHEED patterns and reconstructions for the

nitride system was performed by Smith, Feenstra, et al. [48]

3.5 Film characterization

Films were characterized ex situ by atomic force microscopy (AFM) using a multi-
mode Digital Instruments Nanoscope IIIA, and by high resolution x-ray diffraction
(XRD) using a Philips diffractometer equipped with 4-crystal Ge (440) collimation
and 2 crystal Bonse-Hart triple axis detector. Layer thickness was confirmed by
variable angle spectroscopic ellipsometry (VASE) over the wavelength range 380-780
nm, and carrier concentrations were measured by the Van der Pauw Hall technique.

The polarity of films grown using a GaN buffer layer is believed to be predomi-
nantly (0001) (N-face) based on low temperature observation of the RHEED recon-
struction and KOH selective etch tests [47]. (3 x 3) and (6 x 6) reconstructions are
observed for Ga-rich surfaces when substrate temperatures are below about 400°C,
confirming the work of Smith, et al. [48] A typical (3 x 3) reconstructed RHEED
pattern (with faint 6-fold lines) is shown in Figure 3.4. These reconstructions are
sometimes observed for N-face films at temperatures as high as 700°C, although they

are stable for long time periods only below about 400°C [48].



Figure 3.4: (3 x 3) and (6 x 6) RHEED reconstructions are observed at low tem-
perature (< 400°C) indicating that the GaN films are of (0001) polarity [48]. Only
unreconstructed (1 x 1) surfaces are observed during growth for either film polarity.

The surface morphology of many of the GaN films was characterized using atomic
force microscopy (AFM) and scanning electron microscopy (SEM). Typical AFM
images of the sample surfaces are shown in Figure 3.5. Figure 3.5A shows the very
flat surface of a 2.2 yum thick sample which contains shallow pits. The pits are believed
to be induced by inversion domains. Figure 3.5B shows the surface of a sample grown
by first proceeding under N-rich growth conditions followed by growth under Ga-
rich conditions. Large, hexagonally faceted mesa-type structures are evident, but the
crystalline quality within these structures appears to be quite good. More details
on the study of how growth conditions affect surface morphology is presented in
chapter 4.

X-ray rocking curves (w-scans) for several samples, including GaN, Aly2GagsN,
and AIN, are shown in Figure 3.6. Very low values for the full width at half maximum
(FWHM) have been achieved for these films, which indicates a very high degree of in-
plane crystalline ordering. As is common in heteroepitaxy, these nitride films display
a mosaic pattern with a range of tilts and twist between domains. The anomalously

low values for FWHM observed here can be attributed to the coherent scattering of
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Figure 3.5: A) Tapping mode AFM scan of a 2.2 um thick GaN sample grown under
slightly Ga-rich conditions. The features are pits believed to correspond to N-face
inversion domains in a Ga-face polarity matrix. (See chapter 4.) B) AFM scan of a
4 ym thick GaN layer grown by a two stage technique demonstrating increased grain
size.
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Figure 3.6: Extremely small rocking curve widths (FWHM) can be achieved for GaN,
AlGaN, and AIN grown on sapphire. Shown inset is the asymmetric (1124) w-scan
for the sample shown in Fig 3.5B.
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Figure 3.7: The carrier concentration as measured by Hall is shown for Si-doped GaN
as a function of Si effusion cell temperature. Doping is controllable and reproducible
between the background level (2-4)-10*cm =2 and 10%%cm 3.

x-rays by mosaic domains that are highly aligned in the growth plane but have a
distribution of twists about the c-axis [49]. These films likely have a large number
of non-c-axis edge dislocations but relatively fewer screw or mixed dislocations. A
better measure of overall structural quality is perhaps the asymmetric (1124) peak
width, which is in the 240-300 arcsec range for the best films (and nondetectable for
the worst). Inset in Figure 3.6 is the asymmetric (1124) w-scan for a relatively high
quality sample grown using a two stage technique (section 4.5), the AFM surface scan

of which is shown in Fig 3.5B.

3.6 Doping of GaN by MBE

3.6.1 Silicon doping of GalN

A series of silicon doped GaN samples was grown in which the doping concentration
was varied by adjustment of the Si effusion cell temperature. Figure 3.7 shows the

carrier concentration, measured by Hall effect in the Van der Pauw configuration, for
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Figure 3.8: Photoluminescence spectra of n-type GaN films taken near the band-
edge. Except for the undoped sample, the spectra is dominated by the so-called I,
line, a neutral donor-bound exciton recombination at 3.48 eV. The unintentionally
doped sample also shows some deeper level features at 3.41 ¢V and 3.3 eV. The PL
measurements were done by Z. Bandié.

some of these samples. Control of the donor concentration was found to be rather
straightforward, continuously variable between approximately 102 cm™2 and the un-
intentionally doped background concentration of 2 —4-10' cm™2. The Hall mobility
was rather low for films with carrier concentrations below 10'® cm™3, typically 50-80
cm?/Vs, which is quite typical for MBE grown GaN films, but inferior to the best
films grown by vapor phase techniques. The low mobility of these is likely limited by
scattering and space charge effects due to a high density of edge dislocations, which
act as electron traps [50, 51]. The dislocation densities of the films as estimated from
mobility measurements were (1 —5)-10'° cm~2, which is typical for MBE grown GaN
films as reported in the literature.

Photoluminescence spectra of the Si-doped n-type GaN films show strong band
edge excitonic emission, as shown in Figure 3.8. For the sample doped to 9-10'7 cm™3,
the luminescence full width at half maximum (FWHM) is 20 meV, which is quite nar-
row for GaN grown on sapphire by MBE. When the Si doping level is increased to
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310" cm™3 the FWHM broadens to approximately 80 meV. The unintentionally
doped sample spectra shown in Figure 3.8 also contains some deeper level features at
3.41 eV and 3.3 eV, which may be due to donor-acceptor transitions between shal-
low donors and acceptors which are related to impurities or (unscreened) structural
defects. These deeper features are not in the right spectral range to correspond to
phonon replicas or to cubic phase inclusions.

For most samples, deep “yellow” luminescence centered at 2.2 eV can be observed
to a varying degree (see Figure 3.11). There have been a considerable number of
reports in the literature regarding the yellow luminescence in GaN, but the specific
cause of the deep level has not yet been resolved. The 2.2 eV level has variably
been attributed to carbon or other extrinsic impurities, dislocations or other native
structural defects, or to gallium vacancies. The yellow level appears in GaN material
grown by all techniques, but in most cases its relative intensity can be reduced by
growing under optimized conditions. This seems to indicate that the yellow lumines-
cence is linked to native point or extended defects rather than impurities, assuming
the incorporation rate of impurities is the same regardless of film microstructure or

slight variations in growth conditions.

3.6.2 Magnesium doping of GaN

It is difficult to grow p-type GaN due to the lack of a shallow impurity dopant. The
best doping material to date has been magnesium, which achieves an acceptor energy
of approximately E4 ~ 180 meV [52]. At room temperature, this leads to the hole
concentration being much smaller than the active acceptor concentration (N,).
Using the charge neutrality condition that the number of holes must equal the
number of ionized acceptors, the Fermi level position and charge populations can be

determined.
Na

E,-E
1+ 2exp(Z4=E

Ey — Er

—) (3.1)

= Ny exp(

The Fermi level is situated approximately halfway between the acceptor level and the



valence band edge.

Er~FE — 4+ —In(——
F V+2+2 H(NA) (3.2)
The standard formula for NV is
2mmk
Ny = 22T L8 1 10%em (3.3)

This value is not exactly correct due to the small splitting of the wurtzite valence band.
Shown in Figure 3.9 is the calculated relationship between the free hole concentration
and the Mg acceptor concentration in GaN, assuming an acceptor level 176 meV above
the valence band edge. Since the acceptor binding energy is much larger than kT, the
majority of free holes are frozen out, and the ratio of ionized to neutral acceptors is
very small. Because of this, achieving highly p-type GaN is very difficult. To achieve
hole concentrations above 10'® cm™* requires Mg concentrations in the 1020 — 102!
cm™® range, where doping efficiency is poor, typically resulting in less than 1% of
acceptors being ionized.

In our attempts to produce p-type GaN layers, several samples were grown at
various substrate temperatures, varying from 660°C to 750°C. The layers grown at or
above 750°C were found to be n-type, while the films grown between 660°C and 720°C
were verified to be p-type by hot probe measurement. The p-type films are distinctive
because of their luminescence spectra. Most of the Mg-doped films showed no band-
edge luminescence, rather a broad and deep emission in the region of 380 — 420 nm.

Photoluminescence spectra of several p-type samples is shown in Figure 3.10.

3.7 Growth of nitride alloys

Three aluminum gallium nitride alloy samples were grown. Using x-ray diffraction
and assuming Vegard’s law, the aluminum content of the films was determined to be
5% for sample NO11, 21% for NO12, and ~ 76% for sample N0O06. The photolumi-
nescence scan for sample NO11 (Aly5GaggsN) is shown in Figure 3.11. The band

edge luminescence is now centered on 3.6 eV with a FWHM of 100 meV. We see also
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Figure 3.9: Shown is the calculated relationship between the free hole concentration
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is very small. Because of this, achieving highly p-type GaN is very difficult.
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Figure 3.10: Photoluminescence spectra of p-type Mg-doped GaN films. PL scans by
C. Hill.



o8

250 ¥ ¥ ¥ v ¥ T
) 325nm T=5K
5 200 P,=30 Wiem?’ samov | [ MoxGaN
. 3.61eV
2 i |
O, 150 GaN
> " "Yellow”" Band
B i 22eV i
(Gé; 100 © NO.OSGaO.QSN
£ 235¢eV
3 50+ .
0.
O 1 |Lw

20 25 30 35 40
Energy [eV]

Figure 3.11: Photoluminescence spectra of Algo5GaggesN. PL scans by Z. Bandié.

that the “yellow” deep luminescence has shifted to higher energy with the addition of
Al. The shift in band edge luminescence indicates that there is very little band gap

bowing in these alloy samples.

3.8 Summary and conclusion

GaN, AIN, and Al,Ga;_,.N were grown by radio frequency plasma assisted molecular
beam epitaxy (RF-MBE) on sapphire substrates. Plasma-assisted MBE of nitrides
is a very young field, and still requires significant development of the basic aspects
of the technique. This chapter described the MBE system used for the experiments
presented in this and subsequent chapters. Reflection high energy electron diffraction
(RHEED) was found to be quite useful for the real-time optimization of growth
conditions in the nitrides. Spotty RHEED patterns were found to correspond to
nitrogen rich growth conditions, while streaky RHEED images were observed for Ga-
rich growth, although Ga droplets formed if the Ga arrival rate was too high. The
optimum crystal quality was obtained for slightly Ga-rich growth. The GaN films
were characterized by AFM and x-ray diffraction. The x-ray curves indicated that

films could be grown with very high in-plane structural coherence, despite the large
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lattice mismatch present in this materials system. The best FWHM achieved for
GaN, AlGaN, and AIN films were 39, 43, and 47 arcsec, respectively.

Doping using Si and Mg was explored. Doping control in n-type GaN was accom-
plished straightforwardly by co-evaporation of Si during growth. The free electron
concentration was controlled between 10 and 10%° by variation of Si cell tempera-
ture. The measured Hall mobility was rather low for n-type films, indicating a high
degree of scattering from charged traps at dislocations. The dislocation densities of
the films as estimated from mobility measurements were (1 — 5) - 10° cm™2, which is
typical for MBE grown GaN films as reported in the literature. Magnesium doping
was found to be relatively more difficult. As a high vapor pressure species, Mg does
not have a long residence lifetime on the GaN surface and desorption is rapid. Incor-
poration rate is small at typical growth temperatures and is basically independent of
the level of Mg flux. The Mg doping level can however be controlled by the substrate
temperature, the optimum temperature being in the region of ~700°C. Magnesium is
the shallowest known acceptor in GaN and Al,Ga;_,N, yet it is still rather deep (170-
250 meV), making hole concentrations much lower than acceptor concentrations. The
hole mobility was too low for measurement in our Hall setup, but p-type conductivity

was confirmed in the Mg-doped samples by hot-probe measurements.
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Chapter 4 Growth Conditions and Film

Morphology

4.1 Introduction

Many difficulties arise in the growth of GaN epitaxial layers because of the necessity
of using a highly mismatched substrate, such as sapphire or silicon carbide. Although
silicon carbide has many advantages over sapphire for GaN growth, including a closer
match in lattice parameter and a distinct crystal polarity, c-plane sapphire is more
often used for reasons of cost. This significant substrate mismatch makes the fabri-
cation of IIl-nitride layers of high strucural quality all the more difficult. There is a
multitude of reasons why the ability to control GaN surface morphology is desirable.
For device structures as well as in most materials studies, high structural quality and
flat interfaces are essential. As is the case with other heteroepitaxial systems, we will
see in the following sections that the defect microstructure and surface morphology
of GaN are highly correlated. Both microstructure and surface morphology are also
highly influenced by MBE growth conditions.

Of critical importance in the production of high quality films on sapphire are the
conditions of film nucleation and buffer layer deposition. As sapphire has no preferred
crystal polarity, great care must be taken to initiate the growth of films that are of the
desired polar orientation [1, 2] and that are free of inversion (anti-phase) domains [3].
In MOVPE deposited films, for example, growing on the (0001)N face of GaN has
resulted in extremely rough surfaces with large pyramidal features, while growing on
the (preferred) (0001)Ga face can result in smooth surfaces and overall higher quality
films [4]. Recipes for the MOCVD growth of homopolar (0001) GaN on sapphire have
been widely reported [5]. Dissimilarly, for MBE growth using a RF nitrogen plasma

source, it has been difficult to force homopolar growth (free of inversion domains)
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along the (0001)Ga-face direction, as the growth seems to preferentially proceed along
the (0001)N-face [6]. Only recently have there been confirmations of Ga-face growth
by RF-MBE using AIN buffer layers [2, 7]. Flat surfaces can be achieved on both
polarities by MBE under slightly Ga-rich conditions, but special steps need to be
taken to produce films that are free of inversion domains, and there are few reported
procedures for doing so [8, 9]. Films grown by MBE on sapphire also tend to be
highly columnar in structure with greater than 10'° cm~2 dislocations.

This chapter describes the effect of the growth conditions, especially the Ga/N
beam flux ratio and film nucleation conditions, on the surface morphology of GaN
films on sapphire substrates, and attempts to shed some light on the defect formation
and microstructure evolution during MBE growth. Specific attention is paid to control
of the crystal polarity, its selectability during film nucleation, and the supression of
inversion domains. In section 4.5 a possible technique is presented for reduction of

extended defects by utilizing the III/V flux ratio to control microstructure evolution.

4.2 Morphology and ITI/V Flux Ratio

When growing III-nitride films by RF plasma assisted MBE, the effective arrival rate
ratio of the group III species to the activated nitrogen species (see Reference [10]) is
the most significant factor in determining the resulting film surface morphology [9,
11, 12). Growth under conditions of a slight excess of Ga has been shown to lead
to locally flat GaN surfaces and streaky RHEED patterns while growth under Ga-
deficient conditions results in spotty, faceted RHEED images and rough surfaces.
Stoichiometric growth conditions are taken to be where the growth mode abruptly
transforms from two-dimensional to three-dimensional. Typically, the III/N ratio is
controlled during growth by fixing the conditions of RF plasma source power and N,
flow, thus holding the active nitrogen (N*) flux constant, and varying the group III
flux by changing the effusion cell (main cell thermocouple) temperature. This is an
efficient technique for optimizing conditions real time during growth by observation

of the RHEED pattern for visual feedback. To study the effects of flux ratio on
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surface morphology as conditions deviate from optimal, a series of samples was grown
following the methods described in chapter 3. Specific conditions are briefly described
here.

Gallium nitride layers were grown on c-plane (0001) sapphire substrates by radio
frequency plasma assisted molecular beam epitaxy (MBE). For each growth, the sub-
strate was first heated to 800°C and exposed to the nitrogen beam for 30 minutes
at 450W RF power and at reduced nitrogen flow. Reflection high-energy electron
diffraction (RHEED) patterns were bright streaks after the nitridation stage, indicat-
ing the formation of an AIN layer at the surface. A thin GaN or AIN buffer layer was
then deposited at a nominal growth rate of 0.15 microns per hour at a plasma source
power of 350W. For growth of GaN buffer layers, the III/V ratio was set close to
unity, while for growth of AIN buffer layers the Al cell temperature was variably set
to 1100°C, 1120°C, or 1130°C representing N-rich, near stoichiometric, and Al-rich
growth conditions, respectively. The growth time for the buffer layers was 2-3 min-
utes. After buffer layer deposition, the samples were soaked under the nitrogen beam
for 8 minutes. The main GaN layer was then deposited at a rate of approximately
0.4 microns per hour at a substrate temperature of 800°C.

A series of samples was grown utilizing GaN buffer layers, wherein subsequent
growth of the main layer was carried out under N-rich, slightly Ga-rich, or heavily
Ga-rich conditions. For GaN layers grown on AIN buffer layers, flux conditions were
slightly Ga-rich and constant. The total thickness of these layers was about 1 mi-
cron. Additionally, one sample was grown to a thickness of 2 microns using an AIN
buffer layer. All films were doped with Si to approximately 10'” em™3. The sur-
face morphology of these layers was studied by atomic force microscopy in Tapping
Mode using a Bioscope AFM with a Digital Instruments Nanoscope IIla controller,
and by scanning electron microscopy (SEM) using a JEOL 6400V. High-resolution
x-ray diffraction (XRD) measurements were performed using a Philips diffractometer
equipped with 4-crystal Ge (440) collimation and 2 crystal Bonse-Hart triple axis
detector. GaN polarity was determined by RHEED reconstruction at low tempera-
ture [6], and by molten KOH etching [4].
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4.2.1 Growth on GaN buffer layers

Figure 4.1 shows a series of AFM surface scans taken from GaN samples grown under
nitrogen rich (A), slightly Ga-rich (B) and more highly Ga-rich (C) flux conditions.
These samples were grown using a 650°C GaN buffer layer on sapphire, and are
all approximately one micron thick. In (A), the rough surface and small, grainy
microstructure is evident, while in (B) we see a “brain-like” morphology with larger
flat regions separated by shallow (~ 200 nm) canyons. The surface roughness is
approximately 10 nm RMS in this case and the grain size is improved. The scan
shown in (C) was taken between Ga droplets, which sparsely covered the surface of
this sample. In this case, the surface appears to be quite flat (RMS roughness 2 — 3
nm), with a network of pits decorating 0.5—1 pm grains. The pits are somewhat larger
than those seen in AFM analysis of MOCVD-grown films, which were attributed to
dislocations at grain boundaries intersecting the surface. In this case, the pits may be
related to Ga-droplet formation. For this film the density of the pits is 7 - 108 cm™2,
which, if it corresponds to dislocation density, is a very good result comparable to
the best MOCVD-grown films.

We see from Figure 4.1 that morphology improves as the Ga/N flux ratio is in-
creased. Ultimately, however, gallium condensation takes place and metallic droplets
form at the surface, which is undesirable. Droplets are especially problematic for the
growth of alloys, such as Al,Ga;_,Nand In,Ga;_.N, since they can lead to compo-
sitional nonuniformity. The improvement in surface flatness with Ga-rich conditions
observed here differs from results obtained by MOCVD, and by ammonia MBE [13],
where the best morphology was seen using an excess of nitrogen. Clearly the details
of growth are different in these cases, likely due to the presence of hydrogen and

ammonia.

4.2.2 Growth on AIN buffer layers

Samples grown using AIN buffer layers display the same basic behavior vs III/N
ratio as do samples grown on GaN buffer layers. Streaky RHEED patterns and lo-
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Figure 4.1: AFM micrographs of GaN grown on sapphire using GaN buffer layers.
For nitrogen rich growth of the main layer (A) a rough surface and fine-grained
microstructure results, while growth under slightly (B) and more heavily Ga-rich (C)
conditions leads to larger grain size and flatter surfaces. The surface pictured in (C)
is quite flat, with pit defects lying at the coalesced island boundaries. The vertical

scale is 100 nm in these images.
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Figure 4.2: AFM scans of the GaN surfaces for A) a sample grown near stoichiometric
flux conditions, and B) a sample grown under Ga-rich conditions. The pits present on
the flat background are thought to be caused by decreased growth rate at inversion

domains.
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cally smooth surfaces are obtained using gallium-rich growth conditions. For samples
grown near stoichiometric conditions, the RHEED pattern was generally streaky but
sometimes displayed a small amount of faceting. Figure 3.4.1A shows the AFM sur-
face scan of such a layer. We see that even though the RHEED image is streaky, the
entire surface of the film is not flat. Pits are present on a mostly flat background.
These pits are approximately 30 nm deep and ~ 200 nm wide and are attributed to
the presence of inversion domains. A more thorough discussion of these pit defects
is presented in section 4.5. Note that as the Ga/N ratio is increased (Figure 4.2) the
depth of the pits decreases. In fact, very flat surfaces can be produced by growing
under Ga-rich conditions on AIN buffer layers on sapphire. The depth of the pits
shown in Figure 4.2B is approximately 2 nm, while the RMS surface roughness of the

sample is approximately 1 nm.

4.2.3 Highly N-rich growth

While the flattest surfaces can be produced using Ga-rich flux conditions, as the
growth conditions become more nitrogen-rich, especially at high growth temperatures,
interesting and complicated morphological features can arise. The {1120} azimuth
RHEED pattern observed during growth for one such film is shown in Figure 4.3A. In
general the spotty transmission pattern indicates a wurtzite film with a three dimen-
sional surface. Some streaks can be seen overlaying this pattern both orthogonal and
parallel to the sample surface plane. These streaks indicate faceting in the {0001} and
{1010} planes, respectively. The vertical {1010} facets (horizontal RHEED streaks)
are unusual in the MBE growth of GaN, but indicate the high stability of these crys-
tal surfaces. No horizontal streaks were observed for the {1010} azimuthal RHEED
image. The SEM plan view scan of a film grown with Ga/N flux ratio of 1:3 is shown
in Figure 4.3B. A mesh-like morphology is observed. These GaN fiber structures
are somewhat oriented along the {1120} crystalline directions, with some degree of
misalignment. Equivalently, the side walls of the pits which lie between the fibers

are aligned in these directions. The SEM data therefore also indicates the presence
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Figure 4.3: A) Shown is the RHEED image of a GaN sample grown under highly
N-rich flux conditions. Note the presence of both horizontal and vertical streaks
superimposed on the spotty wurtzite transmission pattern. B) The plan view SEM
photograph of the same sample presents a complex mesh-like surface morphology. The
mesh is somewhat aligned with the {1120} GaN directions. The pits have sidewalls
that are {1010} facets, and may correspond to “opened” threading dislocations.
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of {1010} facets. The net growth rate of films under these conditions is slow, and
the decomposition rate is high. The appearance of facets on the {1010} and {0001}
planes suggests that the decomposition rate is slow on these planes. This variation in
growth and decomposition rates for the different crystal directions and for high N/Ga,
ratios is quite similar to results obtained in lateral epitaxial overgrowth of GaN by
MOVPE [14] and HVPE, and also TEM observations of nano-pipes and pits [15].
The morphology seen here can also be explained by the “opening up” of threading
dislocations into nano-pits in this highly nitrogen rich and reactive environment. The
density of pits in Figure 4.3B is approximately 10! cm™2, which coincides with the
density of extended defects in a typical MBE GaN film. This morphology also bears

similarity to that reported for GaN annealed in forming gas [2].

4.2.4 Analysis of growth modes

The different growth modes observed for nitrogen-rich vs gallium-rich conditions can
be explained by considering the mobility of surface adatoms on the nitrogen- and
gallium-terminated surfaces [16]. For Ga/N flux ratios less than one, spotty and
sometimes faceted RHEED patterns are observed during growth. It is plausible that
the low flux ratio gives rise to a (partly) nitrogen terminated surface which has a high
sticking coefficient for Ga atoms, but low surface mobility, and the morphology then
evolves by statistical roughening [3]. For a nitrogen atom on a nitrogen terminated
surface, likely there is a high rate of dimer (Nj3) formation and subsequent rapid
desorption. Thus the residence lifetime of nitrogen radicals is likely to be higher
on a gallium-terminated GaN surface. This increased lifetime and thus migration
distance enhances the probability of bonding at a step edge, and would more easily
maintain a flat morphology by either step-flow or layer-by-layer growth. Also, recent
calculations [17] have also shown that the energy barrier for hopping from surface site
to adjacent site is much smaller for Ga on gallium-terminated than for Ga on nitrogen-
terminated surfaces. The gallium atoms are much more mobile on Ga-terminated

surfaces, leading to enhanced two-dimensional growth and smoother morphology.
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4.2.5 Surfactants

A somewhat related topic to that of the previous section are the possible candidates for
surfactants in the growth of GaN, these being magnesium and indium [18]. The most
promising of these is perhaps indium, since its vapor pressure is lower than that of Mg,
and (unintended) incorporation will not result in doping of the film. Calculations have
predicted that the mobility of Ga on an In terminated (0001) surface is significantly
higher than it is for a Ga-terminated surface. This increase in surface mobility gives
rise to higher quality films and surfaces [18]. In fact, the atomic spacing of indium
atoms on the GaN surface (basically the GaN lattice parameter) is close to the spacing
for bulk In metal. Thus the relaxed In surface termination should result in very low
surface energy, ideal for the role of a surfactant. An additional benefit of using indium
in this manner is that it would allow growth in the regime where Ga/N ratio is slightly
less than one. Flat morphology and streaky RHEED patterns could thus be obtained
under these conditions without fear of Ga condensation and droplet formation at the

surface.

4.3 Film nucleation and buffer layer conditions

4.3.1 AIN buffer layers

Samples grown using GaN buffer layers on sapphire were found to be N-polar [7]
based on etch tests using molten KOH [4, 19], while films grown using AIN buffer
layers were Ga-polar. Both polarities seem to behave similarly in the effects of II1/V
ratio on surface morphology and growth mode [20, 16]. Additionally, for films grown
on AIN buffers, the exact conditions of buffer layer deposition are seen to be highly
important. Shown in Figure 4.4 are AFM scans of GaN films grown under identical
conditions except for the Al/N flux ratio during growth of the buffer layer. If the AIN
buffer is deposited under Al-rich conditions (Figure 4.4A), the RHEED pattern dims
and ultimately disappears as aluminum builds up on the surface. The fine-grained

microstructure observed is likely formed by nitridation of condensed Al during and
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Figure 4.4: AFM micrographs of GaN grown on sapphire using an AIN buffer layer.
The aluminum cell temperature was set to (A) 1130°C, (B) 1120°C, and (C) 1100°C
during growth of the buffer layers, corresponding to Al-rich, near-stoichiometric, and
N-rich conditions, respectively. The GaN layer was grown under the same slightly
Ga-rich conditions in all cases. The vertical scale is 100 nm.
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after buffer deposition. Figure 4.4B shows the GaN film surface using an AIN buffer
layer grown near effective 1-to-1 flux stoichiometry. In this case, the buffer layer
RHEED pattern remained very streaky and displayed a faint two-fold reconstruction
upon nitrogen soak. The surface appears quite flat but with V-shaped hexagonal
pits approximately 200 nm in size. For the case of nitrogen-rich AIN buffer layer
deposition, the resulting GaN film surface is shown in Figure 4.4C. Flat regions exist,
yet the surface remains rough on the 500 nm lateral scale. Although streaky RHEED
patterns were observed during GaN growth for all these samples, only the AIN buffer
layers grown under stoichiometric flux conditions showed a streaky RHEED image.
We believe that the film-buffer interface is smoothest in this case, and that this is the

most relevant condition for the subsequent growth of flat GaN surfaces.

4.4 Surface structures of (0001) GalN

Now let us take a closer look at the specific surface defect structures observed for
the films grown using AIN buffer layers. AFM images of a 2 micron thick GaN
layer grown on a “stoichiometric” AIN buffer layer are shown in Figures 4.5 and 4.6.
We see in Figure 4.5 the same general morphology as in Figure 4.4B. In the AFM
Tapping Mode phase image (Figure 4.5B), three types of structures are present on
these surfaces which are referred to as large pits, small pits, and “loop” defects. While
a detailed study of these defects has not yet been done, we may tentatively associate
the small pit defects to the intersection of threading dislocations with the surface [21],
as they are similar to pits seen on MOCVD-grown material which was characterized
by TEM. The large pits are discussed below, but the nature of the “loop” structures is
at this point uncertain. As is shown in Figure 4.6, the large pit defects are not present
near the edge of the wafer for this sample. This is due to a degree of temperature
nonuniformity across the 2 inch substrate. The substrate temperature is slightly lower
toward the edge of the wafer, where the Ga re-evaporation rate is correspondingly
reduced. Often, for Ga-rich growth conditions, we have observed the formation of

droplets near the substrate perimeter but see none near the center of the walfer.
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Figure 4.5: Tapping Mode AFM height (A) and phase (B) data taken from the center
region of the 2 micron thick GaN sample. Three categories of defects are observed:
large hexagonal pits, small pits, and ”loop-like” defects (L). The height scale is 100
nm and 25 degrees in A and B respectively.
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AFM scans near the edges of samples also tend to display flatter morphology. This
morphological nonuniformity is believed to result from the coupled effects of relatively
higher substrate temperature and lower effective III/V ratio near the center of the
substrate as compared to the edge. The surfaces away from the wafer center, shown
in Figure 4.6, are very flat, with RMS roughness less than 1 nm. It is in these
flat regions near the substrate edge that the best high electron mobility transistor
(HEMT) performance has been observed by other groups [22, 7].

There are several possibilities as to the origin of the large pits seen in Figures 4.2
and 4.5. Let us consider these possibilities in light of the admittedly incomplete
experimental evidence that we have. Firstly, they could be remants of island coales-
cence. That is, as the GaN film nucleates on the sapphire substrate, island nucleation
crystallites form, which then grow and coalesce. The pits would then indicate that
the film has not yet reached a fully coalescenced condition. This possibility can be
discounted because the size and number of the large pits does not seem to scale di-
rectly with the thickness of the film, rather the pits seem to maintain their size and
thread upwards along the growth direction. Secondly, the pits may be formed by a
site blocking mechanism due to gallium droplets building up on the surface. This
possibility can likely also be discounted since the number density of pits seems to
decrease as gallium flux is increased. Thirdly, the large pits may be due to dislo-
cations which contain a screw component in their Burgers vector, while the small
pits are due to pure edge dislocations. While this is possible, the author considers it
unlikely because MBE growth takes place very far from thermodynamic equilibrium,
and such a differentiation in surface structure due to strain induced by dislocations
is not expected, especially when pits observed on HVPE-grown or MOCVD-grown
GaN are much more similar in size. Also, if the large pits were due to mixed or
screw dislocations, the pits would be expected to be of discrete sizes, which is not
observed. Fourthly, the pits may indicate the presence of cubic or amorphous inclu-
sions, but again, no evidence of such was observed in x-ray diffraction analysis. The
fifth and most likely possibility for the origin of the large pits is that they are N-polar
(0001) inversion domains in the predominantly (0001) crystal. The pits presumably
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Figure 4.6: AFM scans of two micron thick GaN layer grown using an AIN buffer
layer (A) halfway from center to edge, and (B) near the edge of the 2 in. sapphire
wafer. The more Ga-rich conditions toward the edge of the substrate serve to reduce
(A) and ultimately eliminate (B) the large pit defects, but the small pits and ”loop”
defects remain. The height scale is 30 nm.
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are formed due to slight differences in growth rate between the two crystal polarities.

Myers, et al. [3], have observed similar effects for the case of Ga-polar inversion
domains in a N-polar matrix, where the inversion domains, having a slightly higher
growth rate, formed hillocks. Myers has also shown that as the Ga/N flux ratio is
increased from 1:1, the growth rates of the two polarities tend to become equalized,
and the height (depth) of the hillocks (pits) is reduced. Very flat films can be grown
under these slightly Ga-rich conditions. Figure 4.2B shows such a film, with pits that
are approximately 2 nm deep and 40 nm wide. The next logical step, of course, in
the analysis of these surface structures is analysis by TEM, which should be able to
clarify the nature of the pit defects definitively.

Referring to Figure 4.6B, we see that MBE-grown GaN surfaces can be made
quite flat, with RMS roughness less than 1 nm. But we also see that there remains
a very high density (> 10" ¢cm™2) of small pits, and thus dislocations in these films.
In fact, there seems to be some anti-correlation between the surface morphology and
the defect density, the smoothest surfaces having the most dislocations. This makes
sence considering that if the surface morphology is maintained as flat as possible
throughout growth, the misfit dislocations thread parallel to each other along the
growth direction, and have no opportunity to annihilate or to bend into the plane
of the film. It is thus possible that the defect density may be reduced by forcing or
allowing the surface morphology to become rough, so as to allow the high number of
misfit dislocations to deviate from their c-axis propagation. This line of reasoning is

carried out in an experiment described in the next section.

4.5 Two stage growth

Some samples were grown by first depositing GaN under nitrogen-rich conditions,
followed by growth under Ga-rich (approximately 2:1) fluxes. As above, the RHEED
pattern during the first growth stage was spotty with faceting. We expect that this
layer is highly defected and heteropolar. At the transition from N-rich growth to
Garrich growth, the RHEED pattern initially became very dim, but then began to
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evolve into a streaky pattern, and continued to improve with growth. Samples were
removed after approximately one micron (sample A) and two microns (sample B)
of Ga-rich growth. The surfaces of these films exhibit large hexagonal flat-topped
mesas observable by SEM and AFM. SEM photographs of these surfaces are shown
in Figure 4.7.

After one micron of Ga-rich growth, the mesa structures of Sample A remain
mostly isolated. But after an additional micron of growth, we see that these mesas
have started to coalesce (Figure 4.7C). At this point, the RHEED pattern is very
streaky, showing high contrast (1 x 1) during growth and (2 x 1) reconstruction under
nitrogen soak. During cool down, clear (2 x 2) reconstructions can be observed, indi-
cating Ga-polarity. Figure 4.8 shows the cross sectional SEM image of sample B, in a
region where several hexagonal islands have merged. It is apparent that columns grow
up from the first, N-rich GaN layer, which then grow laterally and coalesce. We spec-
ulate that the growth under N-rich conditions exploits the difference in growth rates
between the (0001) and (0001) GaN directions, allowing Ga-face columnar domains to
outgrow the N-face regions. Upon commencement of the second layer, lateral growth
is facilitated and the Ga-face protrusions overgrow the material of opposite polarity.
The highly Ga-rich conditions lead to droplet condensation at the edges of the grow-
ing islands, and ultimately form the voids that are present at the interface. This may
be similar to the Ga-rich buffer layer technique of references [9] and [23] or to results
obtained by Held, Cohen, et al. [8], where the formation of inversion domains could be
suppressed by utilizing nucleation layers formed by repeatedly nitriding a condensed
Ga surface on sapphire. Lateral growth of GaN may lead to a possible reduction in
defect density and improved crystal quality, as occurs in MOVPE [14, 24]. TEM or
other techniques have not yet been used to count the defects in the two-stage sam-
ples. We have, however, observed a considerable improvement in structural quality
as measured by x-ray diffraction. Indeed, the asymmetric x-ray peak (1124) FWHM
is reduced from greater than 1000 arcsec to as low as 280 arcsec in the two-stage GaN
films. Some other traditional characterization techniques, such as Hall and photolu-

minescence, are made difficult in these samples because of the buried interface.
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Figure 4.7: SEM images of GaN samples grown first under N-rich conditions, followed
by growth under Ga-rich conditions. A) (oblique view) and B) (plan view) show the
formation of micron-size flat-topped hexagonal islands for two-stage sample A. After
one micron of growth, these islands are still mostly isolated. C) SEM plan view
of sample B after two microns of growth under Ga-rich conditions. The hexagonal
islands are now beginning to coalesce.
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Figure 4.8: A) Cross-sectional SEM view of sample B in a region where islands have
coalesced. Note the network of voids and columns at the interface between layer one,
grown under N-rich conditions, and layer two, grown under Ga-rich conditions. The
presence of voids can be attributed to Ga condensation. It is evident that lateral
growth of micron-scale islands proceeds in layer two. B) shows a close-up of A).
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4.6 Summary and conclusion

Gallium nitride was grown on sapphire (0001) substrates by RF-MBE. The surface
morphology was characterized by RHEED, SEM, and AFM. It was found that gen-
erally flat films can be grown using slightly Ga-rich flux conditions, but some contain
pits indicating the presence of inversion domains. The growth and decomposition
rates for various crystal directions are seen to be dependent on the flux conditions.
Specifically, under N-rich conditions the {1120} decomposition rates are higher than
for the {1010} and {0001} directions, which can form stable facets. This is similar
to growth by MOVPE. Near stoichiometric flux conditions, the (0001) growth rate is
slightly higher than the (0001) growth rate. As growth becomes more Ga-rich, the
(0001) and (0001) growth rates become more equal, up to the point of Ga conden-
sation, where droplets may form. For samples grown by first depositing GaN under
N-rich conditions, followed by growth under Ga-rich conditions, lateral growth and
coalescence of micron-scale islands can occur over an interface of networked columns
and voids, leading to structurally superior surface layers.

The surface morphology of GaN was studied by AFM for a variety of growth
conditions. For growth on GaN buffer layers, the films were observed to be N-polar
and strongly dependent on III/V flux ratio. The flattest surfaces were obtained by
growing as Ga-rich as possible, although Ga droplets tend to form if the III/V ratio
is too high. Films grown on AIN buffer layers were observed to be Ga-polar, with the
surface morphology strongly dependent on the conditions of buffer layer deposition.
Near-stoichiometric buffer growth conditions appear to support the flattest surfaces in
this case, likely because these conditions result in the smoothest buffer layer interfaces.
Three defect types are typically observed in GaN films on AIN buffers, including large
and small pits and "loop” defects. It is possible to produce surfaces free from large
pit defects by growing thicker films under more Ga-rich conditions. In such cases the

surface roughness can be reduced to less than 1 nm.
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Chapter 5 Gallium Nitride and AlGaN
Based High Power Devices

5.1 Introduction

The high critical field for electric breakdown and good carrier transport properties
of GaN and SiC have sparked significant interest for applications of these materials
in high power, microwave, and high temperature electronics. While both of these
compounds can support large electric fields before breakdown, the III-nitrides have
several additional advantages over SiC, including the availability of cheap and efficient
HVPE growth technology for thick standoff layers and the possibility of GaN/AlGaN
heterojunctions [1, 2]. The nitride materials system also benefits from significant
technology base support from the optoelectronics industry. Our research has aimed
at utilizing the favorable properties of the nitrides to demonstrate high power GaN
and AlGaN Schottky diodes and thyristors. To this end we have attempted to lay
out the important factors of device design and determine how the design of diodes
and thyristors is modified because of the unique properties of the nitrides. We have
also experimentally verified the expected value of breakdown field in diode devices

and measured the minority carrier diffusion lengths of GaN.

5.2 Nitride materials properties pertinent to high
power device design

Two important parameters for high power devices are the electric field at avalanche
breakdown (critical field) and the thermal conductivity, as shown in Figure 5.1 and

listed in Table 5.1. The critical field determines the minimum depletion layer
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Figure 5.1: The critical field for electric breakdown is shown as a function of energy
bandgap. The estimate for GaN based on scaling is marked with a circle (~ 4MV /cm),
the theoretical estimate with a square (~ 5MV/cm). We have verified that the GaN
critical field is at minimum 2.7 £ 0.5 MV /cm (open circle).

Table 5.1: Comparison of the breakdown fields and thermal conductivities of GaN,
SiC, Si, and diamond.

Material

Band gap [eV]

Critical Field [MV /cm]

Thermal Conductivity [W/cmK]

Diamond
GaN
6H-SiC
3C-SiC
Si

9.5
3.4
2.9
2.2
1.1

10
3—95
2.8
2.2
0.2

20
1.8 (4.17)
5
5
1.5

"Theoretical estimate for pure material.
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thickness required to support a given reverse voltage, and consequently determines
the device ohmic series resistance and thus ON-state voltage. Figure 5.1 shows the
critical breakdown field as a function of energy bandgap for Si, GaAs, SiC, GaN and
diamond. For many materials, the observed critical field approximately follows a
power law dependence as a function of the energy bandgap [2, 3]. Using this scaling
property, we can estimate a critical field of 4 MV /cm may be possible for wurtzite
GaN, which has E, = 3.4 eV. It makes intuitive sense that the breakdown field should
increase with bandgap, since the breakdown mechanism is by impact ionization and
generation of electron-hole pairs. The threshold energy to form such a pair is basically
the band gap (slightly larger to conserve momentum), energy which a carrier gains
as it is accelerated by the electric field over a distance roughly equal to its mean
free path, which is determined by scattering from optical phonons and from point
and extended defects. A more precise estimate of the breakdown field for GaN can
be made when considering band structure to define carrier dispersion. A calculation
based on Monte-Carlo derived ionization coefficients for GaN is presented below in
section 5.3, which predicts that values for the critical field as high as 5 MV /cm may
be possible, depending on the geometry of the device [4].

Since power devices operate at large currents and high voltages, large dissipated
power results, and efficient conduction of the resultant heat is important to keep the
operating temperature of the device low. The thermal conductivities of Si, SiC, GaN
and diamond are listed for comparison in Table 5.1. The potential of diamond for
high power applications is clear, provided that a number of technical problems can be
overcome, such as efficient n- and p-type doping and development of ohmic contacts.
The experimental thermal conductivity of GaN, 1.3-1.7 W/(cm-K), is significantly
lower than the theoretically calculated value of 4 W/(cm-K) [5]. However, the mea-
surements were made on less than structurally perfect material, so it is possible that
the thermal conductivity may be somewhat higher.

Besides critical field and thermal conductivity, important parameters for design
and performance of high power devices are minority carrier diffusion lengths and life-

times. Minority carrier (both electron and hole) diffusion lengths and lifetimes are
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important for bipolar devices, for example, as they directly influence the sensitivity
of UV photodetectors [6], the current gain of bipolar transistors [7] and the forward
voltage drop of thyristors [2, 7, 8]. Presented in section 5.5 are results of measure-
ments of minority carrier diffusion lengths by electron beam induced currents (EBIC).
Carrier lifetimes are inferred from these measurements. The influence of structural
defects on the minority carrier properties and the implications for bipolar devices are

also discussed below.

5.3 Design of high power diodes and thyristors

5.3.1 High voltage standoff layers

To obtain high OFF-state blocking voltage capability, devices are designed to “stand
oft” the high voltage across a depleted region. For ideal planar devices, such as diodes
and thyristors, the depletion layer is considered to be boundless in two dimensions
perpendicular to the applied fields and currents. In this case device design can be
done in one dimension, and the relationships between voltage drop, electric field, and
charge are easily found for static conditions using Poisson’s equation. Ultimately, we
desire to know how much voltage can be supported across a given layer. There are
two conditions that limit this voltage. If the layer is not thick enough, or the doping
concentration too low, then the layer will deplete all the way through. This scenario
is termed “punch-through” and the voltage is limited by the thickness of the layer.
The other limiting factor is avalanche breakdown, where carriers are accelerated by
the electric field and impact ionization creates electron-hole pairs, which are then
accelerated in a positive feedback loop. The avalanche-limited breakdown voltage

can be calculated for a uniformly doped GaN layer using the ionization integral
/ “ a(BE@))dz =1 (5.1)
Jo

where . is the width of the space-charged layer and E(z) is the electric field as a

function of position. Ionization coefficients a for electrons and holes in GaN were
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Figure 5.2: The optimum thickness and doping of a GaN standoff layer can be de-
termined for a given voltage specification. The breakdown voltage shown here was
calculated using the ionization integral with coefficients taken from Reference [9]. The
required layer thickness is at minimum the depletion layer thickness at breakdown.
For example, 5 KV Schottky rectifiers can be fabricated using 18 ym thick GaN layers
with a doping concentration of approximately 1.3 - 106 cm 3.

obtained from Reference [9] by fitting calculated values of a at large values of electric
field, and are taken to be: o = 2.9 - 10® - exp(—32.7[MV /cm]/E). The results of this
calculation are shown in Figure 5.2. These results can be used to design the standoff
layer thickness and doping of diodes and thyristors. For example, 5 KV Schottky
rectifiers can theoretically be fabricated using 18 um thick GaN layers with a doping
concentration of approximately 1.5 - 10 cm™. At the point of reverse breakdown,
the electric field is 5 - 10° V/em, which we can accept as the theoretical maximum
value of the critical field. However, the particular device geometry will slightly affect
the value of the critical field for electric breakdown.

The advantages of high critical field for power devices are many. As shown in
Table 5.2, standoff layer thickness can be made much thinner for a given voltage
specification, and the doping concentration can be increased as compared to, e.g., sil-

icon. For these reasons, the series resistance of the device can be made much smaller,
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Table 5.2: Comparison of GaN, SiC, and Si as standoff layer material, designed to
withstand 5000 V. We see the obvious advantages of GaN for high voltage applica-
tions. The standoff layer thickness can be made relatively smaller and the doping rel-
atively higher than in other candidate materials, resulting in reduced series resistance
and higher efficiency. The Al,Ga;_,N alloys should offer even higher performance.

Material Band gap [eV] Doping [em™] W [pum]

GaN 3.4 1.5-10'° 18
6H-SiC 2.9 2.3-10%° 50
3C-SiC 2.2 5.3-10M 100

Si 1.1 1.3-108 650

thus also dissipated power, so efficiency is increased as critical field is increased. This
is one of the major reasons why the wide band gap semiconductors show such good
promise for high power applications.

The minority carrier diffusion lengths and lifetimes also affect many device prop-
erties, including the allowable current density, device operating frequency and tem-
perature, the forward resistance for bipolar devices, and switching characteristics of

thyristors. More details are presented in References [2, 10] and summarized below.

5.3.2 Power dissipation and thermal breakdown

Without considering carrier modulation effects (see section 5.7), the power dissipated
by a bipolar device has components both in the ON and OFF state. Assuming 50%
duty cycle, the power dissipated is given by Pp =1/ QA(VONJo ~ + RonJ3x + J:Vs)
where Von, Jon and Ry are threshold voltage, current density and differential series
resistance in the ON state, and J, is reverse leakage (saturation) current density. The
device resistance is given by Roy = W/(¢Nyp,). The forward drop voltage in the
thyristor is inversely proportional to the hole lifetime in the standoff layer and directly
proportional to the square of the standoff layer thickness, or Vo o« W?2/7;, [7]. Note
that both Roy and Vpu are lower when thickness W is lower, which is a case for the
high bandgap materials.

The maximum current density is limited by the ability of the device (and its
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housing) to dissipate power while keeping the device operating temperature lower
than the maximum allowed. The temperature difference between the device and
ambient under steady state conditions is determined by the product of the total

thermal resistivity and the total power dissipated by the device:
AT = Tm - T() = (d/KA + aca)PD‘ (52)

The total device to ambient thermal resistivity is a sum of the resistivities of the
device (d/kA) and case to ambient (6,,) thermal resistivities. Figure 5.3A shows the
dependence of the device temperature as a function of current density (obtained from
Equation 5.2) for several hole lifetimes in the range between 2 and 20 ns, assuming
50% duty cycle. We can see that maximum current density at a particular hole lifetime

is limited by thermal breakdown, when power cannot be efficiently dissipated.

5.3.3 Operating frequency

The maximum operating frequency of the thyristor is limited by the time required
to switch the device from the ON to the OFF state, which requires charges in the
standoff layer to be recombined, and depends on the hole lifetime. Figure 5.3B shows
the maximum operating frequency of a 20 um AlyGaggN thyristor as a function of
the hole lifetime. Much higher operating frequencies can be expected for the Schottky

rectifier because it is a unipolar device and not limited by recombination times.

5.4 High voltage GalN Schottky diodes

In order to verify the potential and demonstrate the promising abilities of GaN for
high power devices, Schottky diodes were fabricated on GaN layers and characterized
by current-voltage analysis. There have been many reports of GaN Schottky diodes
using a variety of elemental metals including Pd and Pt [11, 12], Au, Cr, and Ni [13,
14], and Mo and W [15], but these reports focus on physics and metallurgy of the

contacts rather than electric breakdown in the GaN material. More details on the
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Figure 5.3: A) Temperature of the device as a function of current density, for different
values of minority carrier lifetime. The ambient temperature is taken to be 300 K.
B) Maximum operating frequency of the thyristor, limited by recombination time for
a 20 pm AlGaN thyristor.
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metal-GaN contact technology can be found in Reference [16] and in chapter 6. In this
section, the fabrication of Schottky diodes on 1 pum thick MBE layers, as well as on
8—10 pm thick HVPE-grown GaN layers is described, with focus on the measurement
of critical field.

5.4.1 Diodes on HVPE GalN

The thicker 8 — 10 um layers were grown by HVPE on sapphire. As is the case
with HVPE epilayers of this kind, the electron concentration changes with the dis-
tance from the GaN/sapphire interface. Hall measurements on a series of HVPE
GaN films of varying thickness ranging from 0.07 to 9.2 um, fit to a two layer
model [17, 18, 19, 20] indicate that the HVPE GaN films consisted of a low con-
ductivity, low electron concentration, thick top layer on a very thin (< 100 nm),
highly conductive, high electron concentration (degenerate) bottom interface layer.
The electron concentrations and mobilities in the thin interface layer and thick upper
layer were found to be 2-10?° cm™ and 35 cm?/Vs, and 2-10' cm =3 and 265 cm?/Vs
respectively. The interface layer is therefore approximately three orders of magnitude
more conductive than the thick upper layer. Capacitance-voltage (C-V) measure-
ments performed on the 9.2 um thick samples indicated a the net donor concentration
near the film surface of (2£1)-10' cm™2, consistent with the two layer model. (For
more details concerning the highly conductive interface layer, see Reference [4].) The
importance of this conductive interfacial layer will be described below.

Several device and contact geometries were fabricated, including lateral, mesa, and
metal overlapping oxide devices as shown in Figure 5.4. Preferred would have been to
make a back ohmic contact to the GaN film, as this would more closely approximate
the planar geometry, but back contacts to GaN are not available at this time due to
substrate issues. Fortunately, the highly conductive layer described above goes a long
way towards approximating a planar geometry, which is crutial for field control and
current density uniformity.

Prior to metal deposition, the GaN surfaces were cleaned with organic solvents,



96

Au  TiAINiAu

Sapphire  a)| b) c)

Figure 5.4: Different device geometries for GaN Schottky diode rectifiers. The thick-
nesses of the layers of different electron concentration are not drawn to scale. a)
Lateral contact Schottky rectifier, b) mesa device, which offers lower resistivity since
ohmic contacts are deposited closer to the high conductivity interface layer, and c)
Lateral diodes processed with metal overlapping SiOs.

dipped in HF:H;0 (1:10), rinsed in deionized water, and blown dry with nitrogen
gas. Following cleaning, gold (1500A) was sputter deposited and patterned to pro-
duce Schottky contacts following the procedure described in chapter 6. Ti/Al/Ni/Au
(1504/1500A /1004 /1000A) was deposited to produce ohmic contacts. On some de-
vices, large area Au metallization was used as a low resistivity contact instead. The
mesa edge termination was produced by chemically assisted ion beam etching, using
Xe ions accelerated with 1000 V, and 25 sccm of Cly flow [2, 10]. For the oxide over-
lap devices, SiO, was sputtered using a SiO; RF magnetron target and 10 sccm of
O flow, and then patterned using wet etch lithography. Current-voltage (I-V) mea-
surements were taken with a Keithley 237 high voltage source unit and with a HP
4156A precision semiconductor parameter analyzer. The Keithley 237 was used for
high voltage measurements while the HP 4156A was used to determine the Schottky
barrier height and for I-V measurements up to 100 V.

Current-voltage (I-V) characteristics for the fabricated devices are shown in Fig-
ures 5.5 and 5.6. The reverse breakdown voltages observed were in the range between
250V and 450V and exceeded 450V in several devices. The variation in the device
breakdown voltage may be attributed to non-uniformities in the electron concen-
tration and to processing. The Au Schottky barrier heights obtained from the I-V

measurements varied between 1.1eV and 0.8eV. The ideality factor of the diodes
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Figure 5.5: I-V curve taken with Keithley 237 high voltage source measure unit for
the high voltage rectifier displaying large standoff voltage. Scan by Z. Bandié.

ranged between 1.6 and 4. In the case of the lateral diode, the ON-state voltage was
5V for a current density of 100 A/cm?. Large ON-state voltages are a consequence
of both the large ohmic contact resistances and the low electron concentration of
the upper layer. The series resistance of the device is significantly affected by the
presence of the highly conductive interface layer. This layer “shorts” the conduction
path, so that the series resistance consists mainly of the ohmic contact resistance,
the resistance of the 8 — 10 um thick layer between ohmic contact and the highly
conductive layer, and the resistance of the 8 — 10 um thick layer between the highly
conductive layer and the Schottky contact. Without the highly conductive interface
layer, the device series resistance would be determined by the distance between ohmic
and Schottky contacts, which was not observed to be the case.

To reduce the series resistance we etched 5 um of the 8 — 10 um top layer and
deposited ohmic contacts closer to the more conductive interface layer (Figure 5.4b).
This reduced the ON-state voltage from 5V to 4.2V at a forward current density of

100 A/cm?®. However, as can be observed from Figure 5.6, the reverse leakage current
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Figure 5.6: Current-voltage curves for the three device geometries discussed above.
In all three data sets the Schottky contacts were squares with 100 um sides. The
metal overlapping oxide (metal field plate) geometry allows the least leakage current,
less than 107° Amps per cm?. (I-V measurements by Z. Bandié.)
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increased to approximately 1072 A /cm?, probably due to the etch damage of the mesa,
walls.

The electric field crowding at the edges and corners of the Schottky contact (de-
partures from the ideal planar device) will reduce the effective barrier height as mea-
sured by I-V and increase the reverse leakage current. This can also lead to premature
breakdown due to nonuniform current spreading and excessive heating of the device,
as shown in Figure 5.7. To improve the Schottky contacts, we fabricated metal over-
lap contacts using SiOs as an insulator [8]. The edge of the Schottky contact overlaps
sputtered SiOj, thereby reducing electric field crowding at edges and corners. In this
case, as can be observed from Figure 5.6, measured saturation current at a reverse bias
of 100V was approximately 107° A /cm?, an improvement of two orders of magnitude
when compared to the saturation current density of diodes with lateral contacts.

Using the formula for a punch-through diode [8], Vpr = EcpW — qNaW?2/2¢4€,,
and substituting measured values, we find from the experimental results the critical
field for electric breakdown to be (2.2 £+ 0.7) - 10 V/cm. This is in close agreement
with what was presented in section 5.2 and with recent experimental and theoretical
predictions [9, 21]. Since our devices suffered from premature corner and edge break-
down (Figure 5.7), and since device geometries were not fully optimized, it can be
concluded that this value of critical field is only a lower limit.

One of the most important consequences of this study is the experimental demon-
stration of a high critical field for electric breakdown in GaN. The demonstrated high
critical field indicates the feasability of GaN as a material for a variety of unipolar
and bipolar devices [2, 10]. Furthermore, assuming that the critical field for electric
breakdown approximately scales as the square of the bandgap, even higher critical
fields can be expected for AlGaN. Although ON-state voltages demonstrated in this
work are rather high, estimates based on the Richardson equation show that the ON-
state voltage for a current density of 100 A/cm? can be as low as 1 — 2V. However,
it is necessary to improve Schottky contact edge terminations, reduce ohmic contact

resistances and achieve more precise control over doping.
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Figure 5.7: SEM photo of the Schottky contact of a diode after breakdown. The
melted Au at its edges and corners indicates premature corner and edge breakdown.

5.4.2 Schottky diodes on MBE-grown GalN

Schottky diodes were also fabricated using a MBE-grown layer structure of 1.2 ym
undoped GaN over 1 um of n-GaN:Si doped to ~ 5 - 10'® cm™3, the surface of which
is shown in Figure 3.5A. Square Au pads were used as rectifying contacts and a
large area grid electrode was used for ohmic contact. The current voltage curve for a
typical device is shown in Figure 5.8. We see that reverse breakdown does not occur
until almost 40V. Assuming that this voltage lies primarily across the semi-insulating
layer and treating the device as a punch-through diode [7], an estimate of the critical
field is approximately 0.35 x 106 V/cm for a planar junction. However, as mentioned
above, the square Au pads used as Schottky contacts suffer greatly from field crowding
effects at the edges and corners where the equipotentials become spherical [8]. It is
not unreasonable to assume that in these regions the electric field is at least ten times
the value stated above and that reverse voltage is limited by breakdown at the edges.
Nevertheless, the MBE-grown diodes supported far less voltage than the HVPE grown
devices. This discrepancy can simply be attributed to the much higher defect density
(up to 1000 times higher) in the MBE GaN. Also of note is that the MBE diodes could
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Figure 5.8: Current-Voltage curve for Schottky diode Au/n~-GaN/n*-GaN structure.
Avalanche multiplication causes breakdown at nearly 40 Volts in reverse bias, and
supports an electric field of at least 3 - 10° V/cm. The forward voltage drop can
be reduced by improving the ohmic contact and reducing the film defect density, as
edge dislocations can induce space charge regions which almost completely deplete
the film.
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withstand large forward currents without damage. For 90 ym square pads, reliable
operation was observed at forward currents up to 20 kA/cm?, at which point the Au
metallization melted.

The forward portion of the I-V curve for the MBE-grown diodes is rather non-
ideal. The turn-on voltage is quite high, over 5 V. While non-optimum ohmic contacts,
as well as native oxide at the Schottky-semiconductor interface, can impede current
flow in this region, it is suspected that other effects are at play here as well, involving
edge dislocations in the films [23, 22]. Edge dislocations in GaN have been shown to
be electron traps (discussed further in section 5.6.3). The charged dislocations then
deplete the regions surrounding them, and if the dislocation density is high enough,
can effectively deplete the entire film. This can easily be the case if donor densities
are low enough. In the case of the MBE-grown Schottky diode, the edge dislocation
density is believed to be as high as 10" ¢cm™2 while the donor density is less than
1x10' /em®. These conditions are suspected to give rise to a completely depleted
film, so the forward cufrent for the device shown in Figure 5.8 is suspected to be

severely space charge limited.

5.5 Electron beam induced current measurements

Since minority carrier diffusion lengths and lifetimes play such an important role in
high power devices, we endeavored to measure these values for GaN using electron
beam induced current (EBIC) measurements implemented in a scanning electron

microscope (SEM). These measurements were carried out by Z. Bandi¢ [24, 25].

5.5.1 Device preparation

The samples used were either unintentionally doped (UID), n-type, or p-type doped
GaN grown by MOCVD, MBE or HVPE on sapphire. Unintentionally doped sam-
ples were n-type as grown. Intentionally doped n-type samples were doped with Si,
while p-type samples were doped with Mg. EBIC measurements were carried out

on Schottky diodes fabricated from these GaN films. Prior to device processing, the
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GaN surface was cleaned with organic solvents, and then dipped in HF : HyO(1 : 5).
Contact metals were sputtered (see chapter 6) and patterned to produce Schottky
contacts as well as large-area ohmic contacts. In the case of UID and n-type GaN,
Au was used as a Schottky contact, while Ti/Al was used as an ohmic contact. For
p-type GaN, a Ni/Au metalization scheme was used for the ohmic contact, while
Ti/Au was used for the Schottky contact. The samples to be measured were fixed to

a 24-pin die package, wire-bonded with Au wires, and transfered to the SEM.

5.5.2 Measurement setup

EBIC measurements on these samples were carried out in a JEOL 6400V scanning
electron microscope, using either GW Electronics pre-amplifier model 103B, followed
by GW Electronics Specimen Current Amplifier model 31, or Keithley 486 picoam-
meter. The experimental setup is shown in the schematic of Figure 5.9. When high
voltage electrons are injected into the semiconductor, electron-hole pairs are gener-
ated. Due to the large concentration of holes in p-type samples (or electrons in UID
or n-type samples) compared to the generated electron-hole concentration, only mi-
nority carriers are effectively generated, assuming low beam currents. The circuit
is closed with an ohmic contact on the semiconductor surface, and minority carriers
which diffuse into the depletion region near the Schottky contact generate an induced
current. The current follows the relation I = kx®exp(—z/L,,) where a ranges from
—1/2 in case of negligible surface recombination to —3/2 in case of large surface re-
combination. L,, is the minority carrier diffusion length and z is the distance between
the Schottky contact and the injection spot [26]. The minority carrier diffusion length
is obtained by fitting the measured I(z) dependence to the theoretical equation. We
assume small surface recombination corresponding to a = —1/2 since the GaN sam-
ples analyzed here have good photoluminescence efficiency. Even if infinite surface
recombination is assumed, the quantitative values do not change more than 20-25%,
since this expression is dominated by the exponential term. The electron beam cur-

rent was kept low enough so that effectively only minority carriers were injected. The



Figure 5.9: Experimental setup for EBIC measurement. Injected minority carriers
diffuse to the Schottky contact, inducing current flow in the circuit.

data was collected at distances x larger than the electron range in the material and
larger than twice the diffusion length, so that the approximate expression above for
the induced current is correct [26]. The minority carrier lifetime, 7,,, can then be
obtained from the Einstein relationship L?n = Dy, T, Where the diffusivity, D,,, can

be calculated from the minority carrier mobility using D,, = (kT'/q) - pim.

5.5.3 EBIC results

Typical examples of the line scan profiles of the EBIC as a function of distance
from the edge of the Schottky contact in the case of MOCVD-grown UID and p-
type GaN is shown in Figures 5.10a and 5.10c respectively. The EBIC line scan
profiles are shown superimposed on the secondary electron images of the edge of
the Schottky contact. Corresponding AFM images are shown in Figures 5.10b and
5.10d. Calculated minority carrier diffusion lengths, obtained after averaging over
the range of beam currents and different measurement positions on the sample, are
(0.28 £0.02) um for holes, and (0.20 0.05) um for electrons. A typical data set used
to extract the diffusion length, in the case of electrons as minority carriers, is shown
in Figure 5.11. We obtained diffusivities of D, = 0.12cm?/s and D,, = 2.6 cm?/s, for
holes and electrons respectively, from Hall measurements of the mobility. Using these
values, we estimated a hole lifetime as a minority carrier of approximately 7 ns, and

an electron lifetime as a minority carrier of approximately 0.1 ns. A summary of our
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Table 5.3: Summary of the EBIC measurements. The hole diffusion lengths in each
row of the table are an average over a range of beam currents and different measure-
ment positions on the samples.

Sample  n [cm™3] Diffusion length [pm] Dislocation density [cm™

n-MOCVD 10%7 0.28 £0.02 (2-5)-10°
n-MBE 10% 0.22 +0.03 5-10°
n-HVPE 10 1-2 10%

n-MOCVD 10%7 0.20 £ 0.05 5-10°

Table 5.4: Summary of the measured, estimated and calculated hole diffusion lengths
and lifetimes from the published literature.

Material Diffusion length [pm] Lifetime [ns] Reference
GaN 8§10 33]
ThGaN/GaN MQW 15— 20 31]
GaN 01 [6]
InGaN/GaN MQW 1-3 30]
GaN <025 34]
GaN 0.05 78
GaN 1.2-34 15 [29
GaN 1725 35

results for GaN samples, including samples grown by MBE and HVPE is shown in
Table 5.3. HVPE-grown samples had smallest dislocation density of approximately
10® cm™2 as observed by AFM [27], and the measured diffusion lengths were highest,
in the 1 — 2 ym range.

Measurements and calculations of minority carrier (hole) diffusion lengths and
lifetimes obtained from the published literature are shown in Table 5.4, for the case
of GaN and InGaN/GaN multiple quantum wells (MQW). We can observe variation
in measured (or estimated) diffusion lengths in the range between 0.05pum [28], and
34pum [29]. The variation in hole lifetime is smaller, and ranges from 1 ns [30],
to 20 ns [31]. Variation in these values is attributed to the variation in structural

properties of GaN.
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Figure 5.10: a) Line scan profile of induced current (EBIC) superimposed on the
secondary electron image of the edge of the Au Schottky contact, for the MOCVD
grown UID GaN. The electron beam voltage and current were 15 KV and 0.4 nA
respectively. b) Filtered AFM tapping mode phase image of the MOCVD-grown UID
sample shown in a). Small pits at the boundaries of nearly defect-free crystalline
grains indicate that the grain boundaries are decorated with linear dislocations. The
grains range from 0.3—0.5 ym in size. ¢) The line scan profile of induced current near
the Ti/Al contact for the MOCVD-grown p-type GaN sample. The electron beam
voltage and current are 20KV and 0.5nA in this case. d) AFM scan of the p-type
MOCVD sample shown in ¢) which clearly shows the dislocation-induced pits at the
grain boundaries. The range of grain sizes in this sample is 0.2—0.6 ym. (EBIC scans
by Z. Bandi¢. AFM by P. Bridger.)
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Figure 5.11: Typical data used to extract electron minority carrier diffusion length.
(Z. Bandié.)

5.6 Correlation of minority carrier lifetimes with

structural defects

5.6.1 Experimental observations

The samples analyzed by EBIC were also observed with atomic force microscopy
(AFM), which is useful in determining the defect structure of the films. As with the
MBE-grown films presented in chapter 3, small pits were observed on the surfaces of
the HVPE and MOCVD samples also [36]. It was considered that the dislocations
might be limiting the minority carrier diffusion lengths observed, in a fashon similar to
the effect of mobility reduction by charged dislocations. In this case, the dislocations
may act as recombination centers. On most of the AFM images, we observed that
the dislocation-induced pits are located at boundaries between otherwise defect-free
grains. From the AFM images in Figures 5.10b and 5.10d we see that the measured
diffusion lengths (in the range of 0.2 — 0.3 um) are smaller than the average defect-
free grain size, which ranges between 0.3 pm and 0.5 um. If recombination does occur
at linear dislocations [34], it would limit minority carrier diffusion to sub-grain-size
length, in agreement with our experimental observation. Indeed, the samples with
the fewest dislocations (and largest mean grain size), the HVPE-grown samples, were

measured to have by far the largest hole diffusion lengths. The HVPE samples (AFM
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not shown) were observed to have a dislocation density of approximately 10% cm™2,
and a hole diffusion length of 1 — 2 yum. This trend seems to support the proposition

that dislocations act as recombination centers.

5.6.2 Model for minority carrier lifetime limited by disloca-
tion density

If recombination is the limiting mechanism for minority carrier diffusion length
and lifetime, then an analytical model can be derived which connects the minor-
ity transport properties with the structural properties of the film. Models of this
type have been previously derived in the case of GaP [37]. If dislocations are as-
sumed to be distributed in a hexagonal array, then the dislocation density can be
expressed as Nyg = 1/(nr?), where 2r, is the distance between two first-neighbor
dislocations (see Figure 5.12b). Dislocations are assumed to have a finite core di-
ameter 2rg. The minority carrier concentration (holes, for example) is obtained
by solving the two-dimensional Poisson equation for the minority carrier concen-
tration p: D,V?p = 9p/dt, with the boundary conditions: (%) pl,=r, = 0, and (i)
dp/dr|,=r, = 0. Boundary condition (%) reflects an infinite recombination velocity
at the dislocation, while condition (i) is an approximation to the periodic bound-
ary condition [37]. After solving the Poisson equation in cylindrical geometry, the

minority carrier lifetime 7y is obtained: [37]

L ih— 21— _057) (5.3)

Tscat = 27TDded oV 7TNdd

If the minority carrier lifetime without considering the effect of dislocations is given
by 7o, then the total minority carrier lifetime can be written 7, V=15t + 750 Hole
lifetime and corresponding diffusion length, obtained from the model, are shown in
Figure 5.12a as a function of dislocation density. In this calculation, we used the
measured value for hole diffusivity D, = 0.12 cm?/s obtained from MOCVD samples,

and used a dislocation core radius of rq = 30 nm which is typically observed by AFM.
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Figure 5.12: Hole lifetime and diffusion length is plotted as a function of dislocation
density, assuming a uniform distribution of dislocations (see inset). The data assumes
a diffusivity of 0.012 cm?/s as estimated from Hall mobility measurements of MOCVD
samples. The non-restricted hole lifetime 7y (no dislocations) is used as an parameter
in the plot. The inset is a cross sectional side view diagram showing negatively
charged dislocations in a GaN layer with surrounding space charge regions.

Clearly, this model predicts that decreasing the dislocation density, and therefore
improving the structural quality, should improve minority carrier lifetime. This is
in qualitative agreement with the experimentally observed increase in hole diffusion

length for samples which have smaller dislocation density.

5.6.3 Linear dislocations as recombination centers

As was discussed in section 3.6.1, dislocations with an edge component can act as
deep acceptor traps [22, 23, 38]. The edge dislocations then become negatively charged
and induce a space charge region around themselves (see inset of Figure 5.12) with a
radius approximately equal to the Debye length, Ap = +/epe, kT /e?n, where kp is the
Boltzmann constant, T is the temperature and 7 is the electron concentration. The
negative charge creates an electric field oriented towards the dislocation. Therefore,
holes as minority carriers would be attracted by this electric field, and could recombine

with the trapped electrons at the linear dislocation. The hole diffusion length will



110

then be limited by the free space between dislocations given by 2r; = 2/4/mNyq, and
by the Debye length which defines the region of electric field which attracts holes to

the recombination center:

2 }GOET]{IBT
LpNQT’s—ADZ\/m—2 —gﬁ“ (54)

The hole diffusion length would thus depend on both dislocation density and electron

concentration in n-GaN.

5.7 Implications of minority carrier diffusion
lengths and lifetimes on performance of bipo-
lar devices

Minority carrier lifetimes and diffusion lengths significantly influence design and per-
formance of bipolar devices. In this section, the influence of hole lifetime on the
forward voltage drop in GaN-based p-n-p-n thyristor switches is considered.

When a thyristor (p-n-p-n structure) is in the ON-state, the free electron and
hole concentrations in the intermediary (middle) p and n layers are comparable to
or greater than the donor and acceptor concentrations in those layers. In this case,
the middle layers behave in a similar fashon to the insulating layer in a p-i-n struc-
ture. The forward voltage drop can then be estimated using an analysis similar to
that for a p-i-n diode [7, 8]. Of the two intermediary layers, the voltage drop will
be predominantly across the thicker n-type standoff layer in a thyristor, and will
be approximately proportional to the reciprocal of minority carrier lifetime in the
standoff layer. The voltage drop is also directly proportional to the square of the
standoff layer thickness: Vony o« W?2/7, [7]. As the standoff layer thickness becomes
significantly larger than the hole diffusion length, the ON-state voltage increases more
rapidly with the decrease in the lifetime [8]. The dependence of the ON-state voltage
in the case of the thyristor based on a GaN standoff layer is shown in Figure 5.13A
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as a function of device breakdown voltage and hole lifetime. Since the minority car-
rier diffusion lengths are relatively small for wide band gap materials, wee see that
Von increases with thickness W. Figure 5.13B shows the dependence of the ON-
state voltage as a function of temperature and hole lifetime for a 3 kV thyristor
which uses a 9.8 pm thick GaN layer. The calculations assume an electron mobility
of 960 - (T/300)~*84cm?/Vs [39], and assume an electron to hole mobility ratio of
~ 10. The measured values for hole diffusion length (by EBIC) given in Table 5.3
and Table 5.4 indicate that reasonably low forward drop can be expected for devices

with voltage specifications below 5 kV.

5.8 Summary and conclusion

Utilizing the favorable materials properties of GaN and Al,Ga;_,N in the context of
high power switches and rectifier devices, the design parameters of standoff layers in
Schottky diodes and thyristors were derived. Based on an analysis of Monte-Carlo-
derived impact ionization coefficients for GaN, it was found that the critical field
for electric breakdown can be as high as 5 x 10° V/cm in GaN and even higher in
Al,Ga;_;N. Due to the higher breakdown fields, standoff (depletion) layer thicknesses
can be made much smaller, as compared to Si-based power devices, for the same
voltage specification. The doping concentrations could likewise be increased. The
thinner layers, in combination with the higher doping, leads to much reduced ON-
state series resistance for a given device. For these basic reasons, it is estimated that
5 kV GaN diodes and thyristors can be made using only 18 pym thick layers, with a
doping concentration of ~ 1.3 - 1016 cm™3.

To test and verify the high breakdown field capability of GaN, Schottky diodes
were fabricated using 8-10 um thick GaN layers grown by HVPE. The gold Schottky
diodes withstood 450 — 750 V in reverse bias, corresponding to breakdown field of
(2.2—2.7)-105 V/cm in an ideal planar geometry device. The lateral geometry used in
this case, however, with lack of suitable edge termination, resulted in field crowding at

the edges of the Schottky electrode. Because of this, these devices displayed premature
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Figure 5.13: A) ON-state voltage for a GaN thyristor as a function of maximum
reverse voltage capability. As the standoff layer thicknesses (which depend on voltage
rating) become larger than the hole diffusion length, the ON-state voltage increases
dramatically. B) ON-state voltage as a function of temperature and hole lifetime for
a 3 kV GaN thyristor with 9.8 um thick standoff layer. Small forward drop for high
voltage thyristors requires long diffusion lengths and minority carrier lifetimes.
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edge breakdown, so the 2.7 MV /cm value should be taken as a lower limit. Some
processing attempts at edge termination geometries were carried out, but no increase
in standoff voltage could be obtained, although reverse leakage (saturation) current
varied greatly with the processed device geometry, achieving minimum reverse current
density of 107 A /cm? at reverse bias of 100 V with metal overlapping oxide Schottky
contacts. To really achieve high quality devices, guard ring structures are required
which have characteristic dimensions on the micron scale and diffused dopant ring
profiles, which is a difficult undertaking. The forward voltage at a current density of
100 A/cm? was 4.2 V, somewhat higher than was estimated from the film resistivity,
likely due to poor ohmic contacts on the very lowly doped material.

Other nitride materials properties besides breakdown field are of interest for design
of high power devices. The minority carrier lifetime and diffusion length govern
many facets of device operation, including allowable current density before thermal
breakdown, device operating frequency, the forward resistance of bipolar devices,
and the switching characteristics of two terminal thyristors. The minority carrier
transport properties of the Ill-nitrides had never been measured, so we performed
electron beam induced current (EBIC) measurements to determine them. EBIC of
both n-type and p-type GaN were investigated, revealing electron diffusion lengths of
0.2 — 2 um depending on sample quality, and hole diffusion length of 0.28 & 0.02 pm.
Minority carrier lifetimes estimated from these diffusion lengths using the Einstein
relation are approximately 7 ns and 0.1 ns for holes and electrons, respectively. A
simple model was presented to possibly explain the limitation of diffusion lengths in
GaN by recombination at dislocations. It was suggested that edge dislocations likely
enhance recombination because they can behave as electron traps. The free holes are
attracted by the space charge region surrounding the dislocations, which extends on

the order of the Debye length.
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Chapter 6 Metallic Contacts to Gallium
Nitride

6.1 Introduction

Gallium nitride is becoming an established semiconductor material for wide band gap
optoelectronic devices, and continues to show promise as a candidate for high power,
high temperature, and high frequency applications. The characteristics of ohmic
and Schottky metallic contacts play an important role in the performance of these
devices. Progress continues to be made in reduction of specific contact resistance
(R.) of ohmic contacts to both p- and n-type GaN, although further understanding
and better reproducibility remain desirable. Additionally, high temperature and high
power devices require Schottky contacts with well defined and stable barriers, low
forward resistance, and high reverse breakdown fields.

Contact resistances below 1074 () - cm? are needed for laser diodes (LDs) and ef-
ficient semiconductor power devices. Very low specific contact resistivities have been
reported using TiAl metallization, usually annealed, and often requiring special GaN
surface treatment such as pre-annealing [1], RIE processing [2], or ion implantation [3].
Laser diodes have also been successfully fabricated using these contacts as n- elec-
trodes [4]. There has been considerable speculation about the exact role played by Ti
in the formation of these contacts. It is believed that a thin (~ 200 A) layer of Ti aids
in reduction of the native oxide of GaN to facilitate Al contact to the fresh surface [5].
Also proposed is the formation of a TiN layer at the interface which results in N va-
cancies near the surface of GaN and thus locally high donor concentration [6]. More
recent work has focused on the formation of TiAl; alloys in annealed contacts [7].
High power and high temperature devices require contacts that are thermally and

chemically stable, and refractory metals such as tungsten have been studied as initial
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candidates for these applications. It is our hope here to elucidate on these issues from
the viewpoint of sputtering surface treatments, as well as to explore the parameter
space of metal type and interface preparation rather than attempt the achievement
of ultra low values of R..

We have conducted a sweeping study of various metal contacts to GaN, including
Al TiAl, Cr, Mo, W, Au, Sb, Ce, and Mg, which were applied with varying surface
sputtering treatment techniques. Many of these metals were found to result in linear
or almost linear pad-to-pad current-voltage characteristics, and for these, specific
contact resistance was measured by the circular transmission line method (CTLM) 8,
9]. For those metals that produced highly rectifying contacts, the Schottky barrier

heights and ideality factors were measured.

6.2 Sputtered Ohmic contacts to n-GalN

6.2.1 Experiment

The gallium nitride layers used for this study were grown by molecular beam epitaxy
(MBE) on c-plane sapphire substrates employing a low temperature (650°C) AIN
buffer layer according to the methods of chapter 3. The backs of the substrates were
coated with Mo to facilitate radiative heating, and substrate temperature was held
at 800°C during growth under slightly metal-rich conditions. The growth rate was
0.35 um/h and the final film thickness was nominally 1 ym. Two types of samples
were studied that differed in electron concentration. High resistivity samples were
unintentionally doped to approximately 10°cm ™2 as measured by Van der Pauw Hall
technique, and lower resistivity samples were doped by co-evaporation of Si during
growth to n = 9.2 - 10'” ¢cm™3. Although more highly doped material is expected
to produce less resistive contacts, the more insulating samples focused on here were
used to render a large degree of differentiation in contact properties caused by various
sample preparations.

Contact samples were prepared by cleaning the GaN films in organic solvents
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Figure 6.1: Schematic diagram of the circular contact layout used for contact resis-
tance measurements. The outer radius R is fixed at 200 um. The inner contact
radius varies so that the gap spacing d is 50, 30, 20, 15, 10, and 5 um.

@O

followed by HF:H3Os solution which removed the backside metallization from the
sapphire substrates. Metals under study were deposited and patterned by liftoff
photolithography to form CTLM patterns as shown in Fig 6.1. The use of CTLM
structures is advantageous because no etching of GaN is required for feature isolation.
The circular gap between metal pads had a constant outer radius R; of 200 pm with
a varying gap spacing d of 50, 30, 20, 15, 10, and 5 ym. The spacing of these pads
and the precise knowledge of d are essential in avoiding systematically low R, values
caused by overdevelopment in the photolithographic processing. We used SEM and
optical microscopy to measure and verify the gap spacings for all samples in this
study. In addition to measurements taken with this geometry, several samples were
also redundantly measured using a CTLM pattern similar to that above, but of half
scale, with outer circle radius 100 ym and gaps of 25, 15, 10, 7.5, 5, and 2.5 pm, as a
means of verification. Specific contact resistance values for the two patterns matched
to within statistical error (less than 1%).

All metals were deposited in a vacuum chamber of base pressure ~ 10~3 torr

which is equipped with three DC coupled magnetron targets and one RF coupled



121

magnetron target to facilitate plasma sputtering deposition. Additionally, bias may
be applied to the electrically isolated substrate holder to ignite an RF plasma in the
vicinity of the sample. This local plasma can be used as a means of sample surface
treatment (pre-sputtering). Prior to contact deposition, the surface of the GaN was
pre-sputtered at either 30 Watts, 50 Watts, or 100 Watts RF for 30 seconds in either
Ar or Ny gas with a flow rate of 160 sccm and a system pressure of nominally 2- 1073
torr. Metal thickness was observed during deposition by quartz crystal monitor. For
the high resistivity GaN samples (sample H, n ~ 10%c¢m=?), approximately 1500 A of
Al, Ti/Al (200A / 1300A), Cr, W, and Mo were deposited on different pieces. For
the lower resistivity samples (sample L, n = 9.2 - 10'7cm~3), Al, Ti/Al, Cr, W, Mo,
Sb, Mg, Ce, and Au were deposited. The pre-sputtering conditions for each sample
are summarized in Table 6.1.

After lithographic processing, current was measured as a function of voltage over
the range (-5 V, 5 V) using a Hewlett Packard 4156A Precision Semiconductor Pa-
rameter Analyzer. Up to six measurements were taken for each value of the gap
spacing for each sample. The samples were then annealed at ~ 700°C for 30 seconds
in flowing Ar using a rapid thermal process (RTA) and the current-voltage curves

were taken again.

6.2.2 Ohmic contact results and discussion

The current-voltage (I-V) curves varied in linearity. Examples of representative I-V
traces are shown in Figure 6.2. To quantify the degree of linearity and rectification,

we defined the arbitrary figure of merit

_dI/dV]y—e _ Differential resistance at 5 Volts
~ dI/dV)y—s Differential resistance at 0 Volts

LM (6.1)

LM usually ranges from zero to one and increases for samples of more linear I-V

curves.

To find specific contact resistance (R,) the total resistance (derived from the slope
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Figure 6.2: Current-voltage characteristics for various metals on GaN sample L, d =
5 um. The linearity factor (LM, Equation 6.1) is the ratio of the slope of these curves
at zero bias divided by the slope at 5 Volts. LM is used as a measure of the linearity
of metal contacts.
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of the I-V at 5 V) was plotted versus the gap width d and fit with the equation 8]

R, R 1 1
R= [m <R1—d>+LT (Rl—dJ“RlH (6:2)

to find the transfer length L7 and sample sheet resistance R;. R. can then be calcu-
lated using the formula R, = LZR; [Q - cm?].

A summary of results encompassing all investigated metals and pre-sputtering
treatments is presented in Table 6.1, and represents a distillation of over 750 I-V
measurements. A graphic representation of the data is shown in Figure 6.3. In
general, contacts to sample H are more resistive than those to sample L. The data
for sample H also show a general trend that the lowest R, contacts are also the most
linear. The clustering of annealed TiAl data points in the lower right section of
Figure 6.3 indicates that these are the premium contacts of this study. Shown in

Figure 6.4A are resistance data for TiAl contacts to GaN sample H after a variety
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As Deposited Contacts Annealed I

Sample | Metal | Sputter Treatment R, M R, LM

H Al | None 7.3-1072 1048 [ 9.8-1072 | 0.67

H Al | Ar, 50W, 30sec. |1.1-1072]0.32

H Al | Ar, 100W, 30 sec. |5.3-10720.16

H TiAl | None 45-1072]0.68 [ 9.0-107% | 0.74

H TiAl | Ar, 50W, 30 sec. 3.5-107210.2711.9-1071 | 0.35

H TiAl | Ar, 100W, 30 sec. | 1.5-1071]0.20|2.0-1071 | 0.42

H TiAl | Ny, 50W, 30 sec. 7.0-1072 1057 | 1.4-1073 | 0.76

H Cr | Ar, 30W, 30 sec. 2.2-107210.52 | 4.0-1071 [ 0.30

H W | Ar, 30W, 30 sec. 1.5-1072 ] 0.56 | 2.4-1071 | 0.44

H Mo | Ar, 30W, 30sec. [22-1072]0.69 | 3.3-107% | 0.46

L Al | None 5.7-107% | 0.27

L Al | Ar, 50W, 30 sec. |2.4-107%0.04

L TiAl | None rectifying 4.9-1073 1 0.65

L TiAl | Ar, 50W, 30 sec. | 2.0-107% | 0.04

L Cr | Ar, 30W, 30 sec. 2.4-1073[0.13 [ 3.7-1073 | 0.21

L W | Ar, 30W, 30 sec. 1.5-107% | 0.10 rectifying

L Mo | Ar, 30W, 30 sec. 1.6-1072 | 0.09 rectifying

L Sb | Ar, 30W, 30 sec. 1.0-1071 | 0.05

L Mg | Ar, 30W, 30 sec. |5.9-107%1]0.14

L Ce | Ar, 30W, 30 sec. 1.1-1072 | 0.34

Table 6.1: Summary of sputtered contact study.
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Figure 6.4: Resistance as a function of gap spacing for A) TiAl contacts to high
resistivity n-GaN, and B) TiAl, Mo, and W contacts on lower resistivity GaN. For
TiAl, the lowest contact resistance is for the annealed sample, while the sample that
was pre-sputtered at 100 Watts RF shows highest R., presumably due to plasma
damage. Solid lines are a fit to the data using equation 6.2.

of surface pre-sputtering treatments. The lowest value for R, as well as the highest
value of LM is obtained by pre-sputtering the surface in Ny under 50 Watts plasma
power, followed by a post-deposition anneal. The most resistive contacts were those
pre-sputtered at 100 Watts, which was true for all metals. These results suggest that
lattice damage occurs at this power level that hinders linear ohmic formation. It is
also interesting to note that the samples that were pre-sputtered in Ar gas tended to
have fairly low R, as deposited, but degraded upon annealing.

Pre-sputtering is often referred to as sputter-cleaning, and one may hope that any
native GaN oxide and surface contaminants would be removed by this processing.
Remarkably, many of the best ohmic contact results in the literature are attributed to
defects induced by annealing [10] or RIE treatments. Since high power pre-sputtering
resulted in an increase in R, it appears that any damage caused by such treatment is
of a different nature. XPS studies have been reported [11] that indicate pre-sputtering
in Ar changes the surface stoichiometry of GaN films, making them Ga rich, while
sputtering in Ny does not change the stoichiometry. This production of N vacancies
by Ar sputtering seems to aid in ohmic contact formation for as-deposited samples, as
is shown by the relatively low R, for unannealed TiAl and the Group VIB metals Mo,
W, and Cr in Table 6.1. However, R, for TiAl deposited on an Ar sputtered surface
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Figure 6.5: Effect of annealing on Au contacts to p-GaN.

was not observed to decrease upon annealing, as it does with N-treated and non-
sputtered samples. This suggests that Ar sputter treatments may hinder somewhat

the sintering action of the TiAl contacts.

6.3 Gold contacts to p-GalN

A limited study of ohmic contacts to p-type GaN was conducted, wherein square
gold pads were patterned on MOCVD-grown Mg-doped GaN layers. The pad-to-
pad current-voltage characteristic was then recorded for as-deposited and annealed
samples. The annealing was done using a resistive strip heater in flowing argon. The
results are shown in Figure 6.5 for annealing temperatures up to 780°C. The contacts
remained largely rectifying for all anneal temperatures, although the contacts showed

some improvement after the annealing treatment at 780°C.

6.4 Schottky contacts to n-GaN

For those samples where contacts were highly rectifying, the Schottky barrier height

(¢p) and ideality factor n were measured by analyzing the forward bias region of
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T
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Figure 6.6: A) Current-voltage curves for Schottky diodes formed from as deposited
Au, and annealed Mo and W. B) SEM scan of Au diodes with C) the same picture in
EBIC mode. The EBIC scan is used to determine the effective area of the contacts.

the I-V curves. Figure 6.6 shows a plot of log(I) vs V for as-deposited Au, and
annealed Mo and W. The plot is linear over the region from ~ 3kT/q to over 0.2
Volts, which was fit to yield the values for Iy and n for each diode according to the
equation In(f) = In(l) + ¢V/nkT where Iy = SA*T? exp~1%/¥T_ The device area S
is taken here to be the geometrical area of the contacts, and the theoretical value of
A* =24 A/em®K? was used for effective Richardson constant, which is considerably
larger than most expermentally determined values. Thus, the barrier heights reported
here should be taken as maximum values for this material. The variation observed in
barrier height also gives evidence that the Fermi level is unpinned at the GaN surface.

The high voltage gold Schottky diodes of chapter 5 were also analyzed to determine
barrier height and ideality factor. Results for the lateral geometry circular pad diodes
are shown in Figure 6.7. By plotting the barrier height as a function of ideality factor,
one can use a fit to this data to extrapolate for an ideality factor of n = 1.01, which
corresponds to a nominal, “ideal” barrier height. (The ideality factor of 1.01 is used
rather than 1.00 to account for image force lowering effects.) From this data, the
nominal gold barrier height on n-GaN, as measured by I-V analysis, was found to be

approximately 1.1 eV.
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Figure 6.7: The gold Schottky barrier height is plotted as a function of ideality factor
for the circular GaN diodes described in section 5.4. Extrapolation of the gold barrier
height to an ideality factor of 1.01 yields a value of approximately 1.1 eV.

6.5 Summary and conclusion

Sputter deposited metal contacts to n-GaN were characterized by current-voltage
analysis and contact resistances were measured by the circular geometry transmis-
sion line method. Contact resistance was observed to be dependent on surface pre-
sputtering treatments, specifically the plasma power and gas used, GaN doping, and
post-deposition annealing as summarized in Table 6.1. The lowest values for R, as
well as the highest values of linearity are obtained for TiAl by pre-sputtering in Ny
under 50 Watts plasma power followed by a post-deposition anneal. Gold as an ohmic
contact to p-GaN was studied as a function of annealing temperature and showed I-V
curves which became less rectifying as anneal temperature was increased.

Schottky barriers to n-GaN were analyzed using the forward bias region of current-
voltage curves. The gold Schottky barrier height was found to range from 0.62 to 1.07
depending on the origin and quality of the GaN sample. A nominal value for the gold
Schottky barrier height of 1.1 eV was estimated for an ideality factor of 1.01.



129

Bibliography
[1] L. F. Lester, J. M. Brown, J. C. Ramer, L. Zhang, S. D. Hersee and J. C. Zolper,
Appl. Phys. Lett. 69, 2737 (1996).

[2] Z. Fan, S. N. Mohammad. W. Kim, O. Aktas, A. E. Botchkarev, K. Suzue, H.
Morkoc, K. Duxstad and E. E. Haller, J. Elec. Mater. 25, 1703 (1996).

[3] J. Burm, K. Chu, W. A. Davis, W. J. Schaff, L. F. Eastman and T. J. Eustis,
Appl. Phys. Lett. 70, 464 (1997).

[4] S. Nakamura, M. Senoh, S. Nagahama, M. Iwara, T. Yamada, T. Marsushita, H.
Kiyoku and Y. Sugimoto, Jpn. J. Appl. Phys. 35, L74 (1996).

[5] B. P. Luther, S. E. Mohney, T. N. Jackson, M. Asif Khan, Q. Chen and J. W.
Yang, Appl. Phys. Lett. 70, 57 (1997).

(6] M. E. Lin, Z. Ma, F. Y. Huang, Z. F. Fan, L. H. Allen and H. Morkog, Appl.
Phys. Lett. 64, 1003 (1994).

[7] S. Ruvimov, Z. Liliental-Weber, J. Washburn, D. Qiao, S. S. Lau, and Paul K.
Chu, Appl. Phys. Lett. 73, 2582 (1998).

(8] G.S. Marlow and M. B. Das, Solid-State Electron. 25(2), 91 (1982).
[9] G. K. Reeves, Solid-State Electron. 23, 487 (1980).

[10] J. S. Chan, N. W. Cheung, L. Schloss, E. Jones, W. S. Wong, N. Newman, X.
Liu, E. R. Weber, A. Gassman and M. D. Rubin, Appl. Phys. Lett. 68 2702
(1996).

[11] H. Ishikawa, S. Kobayashi, Y. Koide, S. Yamasaki, S. Nagai, J. Umezaki, M.
Koike and M. Murakami, J. Appl. Phys. 81 (3), 1315 (1997).



130

Part 11

Zinc Sulfide/Gallium Nitride Light

Emitting Heterostructures



131

Chapter 7 Zinc Sulfide/Gallium Nitride
Light Emitting p-n Diodes

7.1 Introduction

Zinc sulfide, with its wide direct bandgap of approximately 3.7 eV at room tempera-
ture, has long been known as a versatile and efficient visible light emitting compound.
It has been extensively used as a phosphor, and continues to show promise in semi-
conductor light emitting devices, such as ZnS based flat panel displays {1, 2, 3], light
emitting diodes [4, 5], and semiconductor lasers [6]. However, difficulties in producing
high quality doped material, particularly p-type, have otherwise reduced the utility
of the sulfide materials system.

Without p-type ZnS, the obvious light emitting structure, a p-n diode, cannot
be made. Instead, investigators have used other means to produce minority carrier
population and radiative recombination in ZnS. In the traditional role as a powder
phosphor, the excitation is by electron bombardment and cathodoluminescence, for
instance in a cathode ray tube (CRT). Other more modern techniques for produc-
ing flat panel displays [1, 2] involve accelerating conduction band electrons in a high
electric field to produce holes by impact ionization or induce luminescence through
excitation of atomic transitions. In this case, referred to as an AC thin film elec-
troluminescent device (ACTFEL), the device structure is as shown in Figure 7.2.
Electrons, from traps at the ZnS/insulator interfaces, are accelerated by a large al-
ternating voltage, “sloshing” back and forth with every cycle and generating holes
which recombine with electrons at luminescent centers. Typical luminescence “ac-
tivators” are substitutional copper and silver atoms at Zn sites, in which case they
act as deep acceptors, or atoms such as manganese which utilize an atomic excited

state transition. The energy levels of the Cu and Ag within the band gap result in
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green or blue luminescence, while Mn gives a broad amber response. For the ACT-
FEL devices, typical voltage applied is 100 — 150 volts, at frequencies of 60 Hz to 5
kHz. Although this technique has been somewhat successful in production of small
flat panel displays, the high voltage AC drivers that are required increase production
costs and system complexity. Obviously, if p-n ZnS LEDs were available, they would
have many advantages over the AC devices, since they would operate without the
requirement of AC drivers and at much lower voltages (typically the band gap, 3.7
eV).

Since p-type doping of ZnS has proven extremely difficult [7], one might next turn
to a heterostructure device in which holes could be injected from a dissimilar material
into the n-type ZnS which would be the active light emitting region. One of the
criteria for any such material is that it can be doped p-type and that its valence band
lies lower in energy than the ZnS valence band, so there would be no barrier for hole
injection. Figure 7.1 is a McCaldin diagram showing the energy gap, band alignment,
and dopability of a number of possible candidate materials [8]. Although it is heavily
lattice mismatched (~ 20%), the only material that fulfills our criterion is GaN, which
has recently been produced p-type [9, 10, 11]. The possibility of using GaN as a hole
injector into ZnS and other light emitting semiconductor materials was originally
proposed by McCaldin, et al. [12] This chapter describes the operational principles
and presents the major technical issues governing the operation of a n-ZnS/p-GaN
hight emitting heterostructure device. In addition, chapter 8 describes work done
on the growth of ZnS on GaN (0001) and sapphire (0001) substrates by molecular
beam epitaxy (MBE) in an attempt to fabricate prototype ZnS:(Al,Ag)/GaN:Mg blue
LEDs and to characterize this potentially interesting system as well as to gain insight

into highly lattice mismatched systems in general.

7.2 General motivation

GaN/Zn(Cd)S heterostructures are attractive for both discrete diodes in the blue and

green region of visible spectrum and for integrated electroluminescent displays. Dis-
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Figure 7.1: McCaldin diagram showing lattice constants, energy gaps, band lineups,
and dopability for a variety of semiconductors. A solid square indicates p-dopability
while a solid triangle indicates n-dopability. Gallium nitride is the only p-dopable
material with a valence band below that of ZnS.
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crete diodes have significant potential as traffic lights and other applications where
InGaN-based light emitters are now making inroads. Integrated DC electrolumines-
cent displays seem extremely attractive not only for laptop computer monitors, but
also for small head mounted displays which may be used for military and personal
mobile computing applications. Rapid developments in the Internet and communi-
cations industry, as well as trends in electronics and storage miniaturization (such
as 1 inch 340 MB hard disks [13]) should bring a variety of mobile, palm-top size
electronics devices, and each one of them will need to have a moderate size color
display.

The crucial advantage of direct current electroluminescent (DCEL) displays, com-
pared to other technologies such as passive and active matrix liquid crystal dis-
plays [14], and ACTFEL displays [14, 15}, is reduction in power consumption. Liquid
crystal displays generate color pixels employing red, green or blue filters and a pair
of polarizers which determine intensity transmission from the back light (see Fig-
ure 7.3) [14]. In this way a considerable amount of energy is wasted, because the
back light has to be on continuously during display operation, and only a small frac-
tion of generated light energy is transmitted. ACTFEL displays require voltages of
approximately 100 — 150 V to generate light by impact excitation of a light emitting
center by high energy electrons, typically in ZnS powder (see Figure 7.2) [15]. Al-
though ACTFEL displays utilize the ZnS materials system, the high voltages required
and the overall power consumption are far from completely satisfactory, expecially for
portable and mobile computing applications. In the case of DCEL displays based on
ZnS, voltages required to turn-on individual diodes are approximately 3 — 5V, while
at the same time current densities are smaller or comparable to ACTFEL devices.
This reduction in voltage and current could potentially result in a decrease in power

consumption by a factor of 10 to 100.
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Figure 7.2: Cross section of an ACTFEL device. A large AC voltage driving signal
causes high alternating electric fields within the phosphor layer, resulting in impact
excitation of light emitting centers. For example, Cu and Ag act as green and blue
luminescence centers, respectively, in ZnS (see Table 7.1).
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Figure 7.3: Schematic of a liquid crystal display [14]. The orientation of liquid crystal
molecules is very sensitive to the externally applied electric field. Each single pixel is
formed by an optically tunable shutter that is controlled by a locally applied electric
field and is sandwiched between a pair of polarizers. The light image is produced by
addressing top and bottom line electrodes of the cell.
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Table 7.1: Possible luminescent centers in ZnS. Wavelengths are for room tempera-
ture.

ZnS phosphor DAP emission wavelength [nm]
(wurtzite) high energy low energy

“blue” “green” Reference
ZnS:Ag,Al 388 435 [16][17]
ZnS:Ag,Al(zb) 380 450 this work
ZnS:Ag,Cl 388 435 [16]
ZnS:Cu,Al 460 527 [16][17]
ZnS:Cu,Cl 443 520 [16]
Self-activated zinc-
emission blende wurtzite
ZnS:Cl 456 451 [16]
ZnS:Al 470 463 [16],[17]
ZnS:Al 420 - this work
Atomic transitions color Lum [cd/m?| Eff.
ZnS:Mn (60 Hz) amber 300 5 [18]
ZnS:Mn (2.5 kHz) amber 3500 2]
ZnS:Sm,Cl red 12 0.08 [18]
ZnS:Tb green 90 0.6 (18]
ZnS:Tb,F (5 kHz) green 1700 2]
Alternative phosphors for blue
ZnS:Tm,F blue 0.2 < 0.01 [18]
SrS:Ce blue 100 0.8 [1] [18]
SrS:Ce,Cl (5 kHz) blue 1100 2]

CaGaySy:Ce blue 10 0.04 [1][18]
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Figure 7.4: Flat band diagram of the p™-GaN/n-ZnS LED heterostructure. Since
the valence band edge of GaN lies below that of ZnS, there is no barrier to injection
of holes from the GaN into the ZnS. As this is a Type II staggered band alignment,
there is also no barrier for transport of electrons into the GaN layer. As hole transport
is what is desired, one solution is the inclusion of a MgZnS electron blocking layer.
When holes are transported into the ZnS layer, they become strongly bound to the
deep acceptor centers (Ag for blue, Cu for green) and recombine with electrons in the
n-type ZnS layer via a donor-acceptor pair transition.

7.3 Principle of operation of p-GalN/n-ZnS light
emitting diodes

The flat band energy diagram for a p*-GaN/n-ZnS heterostructure is shown in Fig-
ure 7.4. The GaN valence band edge FE, is expected to lie approximately 0.75 — 1 eV
below the valence band of ZnS. This represents a staggered type II band alignment,
and there is no barrier for transport of holes from p-GaN to n-ZnS. Neither is there
a barrier for electron transport from the ZnS into the GaN. Under these conditions,
the relative magnitudes of electron and hole current across the interface will control
where the majority of recombination takes place and thus the characteristics of device
operation. Since hole transport across the interface is what is desired, one solution
is the inclusion of a MgZnS electron blocking layer between the GaN layer and ZnS
layer. Preliminary drift-diffusion modeling calculations for both the basic ZnS/GaN

structure as well as the electron blocking layer structure have been carried out by
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Figure 7.5: Shown is a schematic band diagram of the basic ZnS /GaN LED structure
under approximately 3 V forward bias. For hole injection to occur from the GaN layer
into the ZnS layer, tunneling should occur through the narrow barrier in the valence
band. To make the valence band barrier as narrow as possible, the acceptor concen-
tration in the GaN layer should be as high as possible. Typical Mg concentrations
achievable in p-type GaN are of the order of 10?° cm™3. The donor concentration in
the ZnS layer adjacent to the junction should be much lower than the GaN acceptor
concentration, in order to set up a wide barrier for electrons in the ZnS conduction
band, hindering transport from the ZnS layer into the GaN layer.

McCaldin and Wang, and reported in Reference [12].

While the device modeling results indicate that the MgZn$ electron blocking layer
is successful in limiting the recombination to the sulfide layer, the basic ZnS/GaN
structure can also be designed such that hole transport and recombination in the
sulfide layer are favored. A diagram of the single heterostructure device under forward
bias is shown in Figure 7.5. Referring to the figure, if the Mg doping concentration in
the GaN layer adjacent to the interface is high, then the depletion layer in the p-GaN
will be very narrow. This is easily the case, since typical acceptor levels in p-type
GaN are approximately 10?° cm™3. The barrier in the valence band will therefore be
50-100A wide, allowing considerable tunneling of holes. If the doping concentration
in the ZnS layer, on the other hand, is relatively lower, then the conduction band

barrier will be very broad, and electrons will be hindered from transporting over into
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the GaN layer, provided the conduction band barrier height remains large compared to
kT. Therefore, hole current across the interface might be expected to dominate for a
narrow range of forward bias (near 3 V) via hole tunneling. For higher forward biases,
both electron and hole tunneling are expected to contribute to the total current across
the junction; the electroluminescence spectrum would be contaminated by emission
from the p-GaN layer in this case.

The ZnS layer is doped with a deep acceptor center (“activator”) which tunes the
luminescence wavelength. (A list of activator centers is presented in Table 7.1.) The
ZnS layer is also doped with Al or Cl, shallow donors, to provide n-type conduction.
When holes are transported into the ZnS layer, they become strongly bound to the
deep acceptor centers (e.g., Ag for blue, Cu for green) and recombine with electrons
via a donor-acceptor pair transition. The concept is the same for all desired colors
and wavelengths, depending only on the activator dopant. The device can also be
made using a GaN/ZnS/ZnCdS structure. The lower band gap of ZnCdS allows
luminescence to be achieved in the red and throughout the visible spectrum using Ag
or Cu.

In the next chapter, efforts in the growth and fabrication of ZnS/GaN heterjunc-

tion light emitting devices are presented.
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Chapter 8 MBE Growth of ZnS and
Fabrication of ZnS/GaN Light Emitters

8.1 Introduction

This chapter describes the growth of ZnS layers by molecular beam epitaxy and
presents preliminary results for ZnS:(Al,Ag)/GaN:Mg blue light emitting diodes.

8.2 Molecular beam epitaxial growth of ZnS

While there have been many reports of ZnS grown by MBE on near lattice matched
substrates such as Si [1, 2], GaP [3, 4, 5], and GaAs [6, 7, 8], with lattice mismatches
of 0.4%, 0.8%, and 4%, respectively, little has been reported of epitaxial growth
on the highly mismatched substrates GaN (~+20% mismatch) or Al,O3 (~-20%
mismatch). The very large lattice mismatch makes it unlikely that the ZnS epilayer
will grow coherently strained for more than one monolayer. More likely relaxation in
the layers closest to the interface will result in dangling bonds and numerous misfit
dislocations. In fact misfit dislocations in combination with tilting and 3D relaxation
in a mosaic microstructrue are likely the most energetically preferred strain relaxation
mechanisms [9]. On the other hand, GaN and ZnS are known to be good light emitters
even when the defect density is high, so one might hope that this interface may allow
sufficient hole transport to be a technologically useful junction even though it is likely

to be heavily defected.

8.2.1 MBE system used for ZnS growth

Details about the ZnS growth procedures were originally presented in [10] and [11].

ZnS epilayers were grown in a modified Perkin-Elmer 430 molecular beam epitaxy
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system. Essentially, the setup is similar to that shown in chapter 3, Figure 3.2.
This system was equipped with a valved cracking source for sulfur (99.9999 % purity
(6N)), standard 60 cc capacity Knudsen cell sources for elemental Zn (6N purity),
Cd (6N), Al (6N), Ag (6N), ZnCl, (6N), and an autotuned radio frequency nitrogen
(Ny source gas purity 99.9995% (5N5)) plasma source (Oxford Applied Research
MPD21). Monitoring and in situ characterization was done with 10 keV RHEED
gun and phosphor screen (Perkin Elmer), ionization gauge flux monitor, and RGA
mass spectrometer (UTT 100C). The growth chamber maintains a base pressure during
growth of 3 x 1071° torr with liquid nitrogen cryopaneling fully cooled. Samples were
either bonded with In to molybdenum holder blocks, or secured to similar blocks with
Mo or Si clips. We found that In bonding provided better temperature uniformity and
reproducibility than the use of clips. Temperatures were measured by thermocouple

in direct contact with the back of the molybdenum holder block.

8.2.2 Sulfur in an MBE chamber: special considerations

Sulfur is a very peculiar material, dissimilar in many ways from the more common
source materials used for molecular beam epitaxy. Of primary concern to growth is
the vapor pressure of the material, its reactivity with components and other materials

within the chamber, as well as operator safety concerns during system vents.

Valved cracker source

Sulfur has a very high vapor pressure for a solid, about 15 orders of magnitude higher
than, for example, gallium. In fact, the vapor pressure of sulfur at room temperature
is on the order of 107 torr. Thus if sulfur were used in a standard effusion cell and
kept at an idle temperature of 20°C, it would be impossible to achieve high vacuum
conditions within the MBE chamber. Also, the vapor pressure is too low for wall
deposits to be quickly pumped away, as gas phase sources can be. This problem can
be overcome by either using a ZnS compound source material for sulfur, or by the use

of a valved cell. The valved thermal cracking cell that was used here solves this as well
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as other problems. Species that desorb and evaporate from bulk sulfur in a vacuum
tend to be long polymeric chains [12], or Sg ring structures. The high temperature
(typically 300-900°C) cracking tube breaks up these larger species into S or Sy, which
are much more suitable for uniform growth of Il-sulfide compounds. In this study,

the sulfur cracking zone temperature was held at 700°C except where noted.

Sulfur reactivity with chamber components

Another concern when using sulfur inside an MBE system is the reaction and cor-
rosion of sulfur with metal components and filaments. Fortunately, most stainless
steel components such as the chamber walls, and filaments which are made of re-
fractory metals such as tungsten or tantalum, have some resistance to corrosion by
sulfidization. One component that is quickly corroded, however, are the copper gas-
kets commonly used to seal vacuum flanges. The Perkin-Elmer MBE chamber used
in this study has literally dozens of flanges which require copper gasket seals. It was
one of the major tasks in preparation for the growth of II-sulfides to rebuild the entire
system, replacing every copper gasket with a gold-plated gasket. One micron (about
40 millionths of an inch) of high purity electro-plated gold on standard OFHC copper

gaskets [13] was sufficient to inhibit corrosion of the gaskets.

Safety concerns

Great care must be taken when dealing with the toxic substances used for III-V and
II-VI growth. Of particular danger are arsenic and arsine, used for growth of IlI-
As compounds, and the heavy metals Hg, Cd, Te, and Se used in growth of II-VI
materials. Sulfur must also be included on this list of hazardous substances. Although
solid sulfur is relatively benign, the gaseous species hydrogen sulfide (H,S) and sulfur
oxide (SO,) can be quite toxic for prolonged exposure in all but trace concentrations.
When venting a vacuum system which has contained sulfur, preventive care must be
taken to avoid inhalation of these gases. A powerful “rotten egg” smell can normally
be detected when one is in the presence of HyS or SO, but the nose quickly becomes

desensitized if one remains in the contaminated area. A desensitized individual is
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in increased personal danger since they no longer have any olfactory reflex telling
him or her to leave the area. For these reasons, a gas sensor with a visual and
auditory alarm capable of detecting HsS and SO, should be used while venting the
sulfide MBE chamber. Additionally, gas masks with appropriate filters and “elephant

trunk” ventilation systems should be used.

8.2.3 Growth procedure for ZnS films

Substrates

To develop and calibrate our ZnS growth capability, many samples were grown on
sapphire {Al,O3) substrates. Sapphire was chosen because it is roughly twenty times
less expensive than GaN epilayers grown by MOCVD, but has the common feature
of being highly stable and presenting a large lattice constant misfit to ZnS. After the
basics of growth were established on Al;O3, some growths were also carried out on
GaAs substrates as well as both n- and p-type GaN.

Sapphire (0001) substrates were sourced from Union Carbide Crystal Products
and GaAs (001) substrates were sourced from AXT (American Xtal Technology).
The GaN substrates consisted of a 3 um thick epilayer grown by metalorganic chem-
ical vapor deposition (MOCVD) on c-plane sapphire (Emcore Corp. and Advanced
Technology Materials (ATMI)). Van der Pauw Hall measurements performed on the
p-type GaN layers indicated conductivity of 5€lcm, a free hole concentration of
~ 2 x 107cm~®, and a Hall mobility of 7 cm?/(V-s). Substrates were degreased
in organic solvents and loaded into the MBE vacuum system. Before epilayer growth,
the samples were transferred in situ between the growth chamber and an x-ray pho-
toemission spectoscopy (XPS) analysis chamber. XPS analysis on the GaN layers
revealed carbon surface contamination of atmospheric origin. It was found that the
carbon could be removed by exposing the sample to an RF nitrogen soak at a sub-
strate temperature of 500°C for approximately 20 minutes (Figure 8.1). The plasma
operated at a chamber pressure of 1 x 1076 torr and 200 Watts RF power. This
treatment also visibly improved the RHEED pattern of the GaN, making the unre-
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Figure 8.1: X-ray photoemission spectrum of GaN before and after exposure to in
situ RF nitrogen plasma.
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constructed streaks brighter and more distinct. Contamination could be reduced, but
not eliminated, by thermal cleaning alone.
The sapphire substrates were thermally treated at 500°C for 30 minutes prior to
growth, after which sharp RHEED streaks were manifest. We found that etching of

substrates made no noticeable difference.

Growth orientation and RHEED observations

Prior to MBE growth all substrates showed sharp RHEED streaks. After opening
the source shutters the RHEED pattern quickly became spotty for most films (Fig-
ure 8.2), indicating that growth proceeds in the 3D (Volmer-Weber) [14] mode, and
remained spotty throughout the growth. Streaky patterns in the RHEED image
were not observed for any growth condition, covering the range of substrate tem-
peratures between 150°C - 400°C and source flux beam equivalent pressures (BEPs)
of (0.3 —2.0) x 1077 torr. The spotty RHEED pattern also indicated that the ZnS
crystalline orientation followed the template of the underlying substrate, and that the
films are single crystalline or composed of mosaic crystallites which are aligned with
the underlying substrate lattice. The ZnS films grown on hexagonal GaN (0001) and
sapphire (0001) substrates were of the zincblende structure with (111) orientation,
while films grown on GaAs (001) substrates were zincblende with (001) orientation.
Most films displayed twinning in the (111) growth plane (Figure 8.2B) which is com-
monly observed for growth on a (111) oriented substrate [8, 3], although this twinning
was absent and replaced by (111) twins for some films grown with a lower sulfur crack-
ing temperature of 300°C (Figure 8.2C). Films grown at the higher temperature of
400°C showed no visible twinning (Figure 8.2A) [15] and show superior surface mor-
phology, although they suffer from extremely low growth rates (Figure 8.3). Ring-like
patterns were observed for films grown at very low temperatures or with poor surface
preparation, indicating polycrystalline growth. The RHEED image also indicated
that the zincblende ZnS grows at a 30 degrees rotated orientation to the sapphire
substrate lattice. That is, the (111) faces of ZnS parallel the (0001) faces of AlyO3
and the [110] azimuth points along the [1010] direction (Miller-Bravais notation) of
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Figure 8.2: 10keV RHEED images ((110) azimuth) of ZnS on sapphire (A) grown
at 400°C with no visible twin spots, (B) grown at 250°C with sulfur cracking zone
temperature of 700°C and showing (111) twins, (C) grown at 250°C with cracking zone
at 300°C showing (111) twins, and (D) ZnS:Al,Ag grown on GaN ((111) twinned).
The smudge common to all pictures is due to a defect in the phosphor screen (x).
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Figure 8.3: Temperature dependence of the growth rate of ZnS on sapphire (0001).
The line is meant to guide the eye.

the AlbO3. GaN has also been observed to grow in this 30 degrees oriented state on
sapphire (0001). The ZnS films were not rotated with respect to the GaN and GaAs

substrates.

8.3 Optical and structural characterization of ZnS

thin films

After the MBE-grown ZnS layers were removed from the vacuum system, they were
characterized by a variety of means. Film thicknesses were measured by depth pro-
filer and by spectroscopic ellipsometry, and growth rates were calculated assuming a
constant rate throughout the growth period. Figure 8.3 shows the calculated rates
as a function of growth temperature. Rates of up to 0.4 pum per hour were observed
for the lower growth temperatures, with rapidly diminishing rates for temperatures

above 350°C. This trend is in agreement with other work [3, 1, 8]. A typical film

thickness was 600 nm.
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8.3.1 Structural properties of MBE-grown ZnS films

The structural quality of the ZnS films was evaluated using high resolution x-ray
diffraction analysis and SEM in electron channeling pattern mode. The high resolu-
tion x-ray diffraction analysis was performed using a four crystal (Ge (220)) diffrac-
tometer and Cu Ka x-rays. Results show that diffraction peak widths are significantly
broadened by misfit dislocations and by the presense of mosaic crystalline domains
which are slightly tilted and rotated from one another. Such mosaic films are com-
monly observed in other materials systems where large lattice mismatch exists, such
as Si on Al,O3 and GaAs on Si. The full width at half maximum (FWHM) of (111)
peaks were consistently close to 270 arcsec for w/26 scans, invariable with growth
conditions. X-ray rocking curves (w scans) showed peak widths of up to several de-
grees, depending on growth temperature, film thickness, and doping (Figure 8.4).
The FWHM of w scans provides an indication of the degree of mosaic tilting that
is present in the film. Undoped samples grown at 400°C showed the best as grown
rocking curve FWHM of approximately 60 arcminutes. Further improvement in crys-
talline quality was obtained by post-annealing at 1000°C in a high pressure sulfur
environment, the results of which are presented in section 8.4 [16].

Some films were characterized by scanning electron microscopy (SEM) operating in
electron channeling pattern (ECP) mode. The ECP scans are useful as an indication
of crystal symmetry, quality, and orientation. Channeling patterns were not visible
for as grown films grown at substrate temperatures below 400°C, which indicates that
the structural quality of these films is poor. A typical electron channeling image for
a post-annealed sample (see section 8.4.2) is shown in Figure 8.10. As confirmed by
RHEED observations, the scan shows that the zincblende ZnS grows at a 30 degrees
rotated orientation to the sapphire substrate lattice. The degree of detail visible in

the ECP indicates good crystal quality.
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Figure 8.4: X-ray rocking curves for ZnS grown on sapphire at (i) 250°C and (ii)
400°C.

8.3.2 Doping of ZnS with aluminum and silver

The band gap of ZnS is too wide for band-to-band luminescence to be in the visible
spectrum, so impurities (dopants) must be introduced in order to form deep levels
within the band gap by which the radiative recombination can be brought from the
ultraviolet into the visible range. As was shown in Table 7.1, there have been many
doping species evaluated for this task, which span the visible spectrum. In this
work, our target is a light emitter that could be used as the blue component of a
RGB display system. This corresponds to a wavelength requirement of approximately
450 nm which can be satisfied using silver atoms as deep recombination centers, in
combination with either aluminum or chlorine as a shallow donor to make the layers
conductive. The doping of ZnS with silver was, along with achieving high structural
quality films, one of the major efforts of this research. Along with silver, n-type doping
was done with aluminum, although chlorine doping was also attempted several times
using a ZnCly; compound source but with no success.

A relatively large number of ZnS films were doped with Al or codoped with Al and
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Ag. These growths were done with the aim of optimizing the blue luminescence of the
films. Aluminum, under the right conditions, is a shallow donor in ZnS. The Al-doped
ZnS can luminesce blue (without silver codoping) because it can be “self-activated,”
that is, luminescence is via a donor-acceptor-pair (DAP) transition between the Al
donor and a deep native point defect such as a Zn vacancy [17, 18].

For codoped films, the radiative transition is a DAP transition from the Al donor to
the Ag acceptor. For fabrication of diode structures, the most intense and spectrally
pure luminescence is desired, limited by the requirement that the films should be
n-type. Thus the doping concentrations of the Al and Ag are very important, as
is their relative abundance. The criterion for n-type conduction requires that the
concentration of Al donors be higher than the concentration of Ag acceptors, while
the luminescence intensity increases as the concentration of both Al and Ag increase,
up to a certain point. If too much Al and Ag is put into the film (more than about
10 ppm) the crystalline quality of the ZnS becomes poor, and precipitates start to

form.

8.3.3 Optimization of 450 nm blue luminescence

A very useful qualitative tool in the optimization of ZnS doping is observation of
cathodoluminescence from the RHEED electron gun. Our MBE growth chamber is
equipped with a line-of-sight viewport through which can be seen the e-beam induced
luminescence. When the growth and doping concentrations are within the correct
window, bright blue luminescence can be clearly seen by eye. With some experience,
the saturated blue Al-Ag luminescence at 450 nm can be discerned from the more
blue-green “self-activated” luminescence which occurs when the Al concentration is
much higher than the incorporated Ag. Using the RHEED beam cathodolumines-
cence, growth conditions can be adjusted real-time for optimum doping levels and

luminescence intensity.



153
8.3.4 Low temperature PL study of ZnS grown on GaN sub-

strates

Since ZnS films for LEDs have to be grown on GaN substrates, we studied low tem-
perature PL of ZnS grown on GaN substrates and compared them to the ZnS films
grown on sapphire. Variable temperature PL data was collected using a home-built
system which uses a Liconix He-Cd laser excitation source operating at 325 nm, and
a Janis liquid helium dewar in which the sample was mounted. Luminescence was
collected with lenses and focused into a SPEX 1269 spectrometer. Spectrally sepa-
rated light was then collected by a Hamamatsu R943 photomultiplier tube (PMT) in
a thermoelectrically cooled PMT housing (Products for Research). The spectrometer
position was controlled using a SPEX CD-2B compudrive and a PC was used for data
acquisition.

Low temperature (5 K) PL scans of ZnS samples doped with Al and Ag grown
_on p-type GaN, n-type GaN and sapphire substrates are shown in Figure 8.5a, b
and c, respectively. All samples produced bright blue luminescence. Visible are the
two characteristic silver activator bands: silver high (390 nm) and low (440 nm)
energy emission centers [18]. The relative intensities of these two bands are known
to be influenced by sample preparation, especially the relative amounts of Al and Ag
doping [18]. In the samples studied, both bands are present for the ZnS:(Al,Ag) film
grown on sapphire as shown in Figure 8.5¢, while the lower energy band dominates
for the films grown on n-type GaN (Figure 8.5b). Films grown on p-type GaN show
emission predominantly near the high energy (390 nm) band (Figure 8.5a). In the case
of ZnS films grown on GaN, it is not possible to exclude GaN substrate luminescence.
For example, the p-type GaN has luminescence in the blue-violet region (section 3.6.2)
which overlaps with the high energy (390 nm) silver band. Also, in Figure 8.5b phonon
replicas (370-400 nm) can be observed of the eA (conduction band to deep acceptor)

transition of the GaN.
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Figure 8.5: Low temperature (T' =5 K) PL scans of n-type ZnS doped with (unopti-
mized) Al and Ag on a) p-type GaN substrate b) unintentionally doped n-type GaN
substrate and c¢) sapphire substrate. The spectra shown in a) likely contains features
from the GaN substrate, since the Mg-doped GaN film also luminesces in the violet
(380 — 420 nm) region (see section 3.6.2). The silver luminescent center is known
to emit at high (380 nm) and/or low (450 nm) energies, depending on the sample
preparation. Peaks for both of these transitions are evident in the spectra shown in

c).
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8.3.5 Correlation between structural and optical properties

of ZnS

The correlation between structural and optical properties of ZnS was studied for films
grown on sapphire (0001), GaN (0001) and GaAs (001) substrates. These ZnS films
were characterized by high resolution x-ray diffraction (HR-XRD) and photolumi-
nescence (PL). Room temperature PL scans of ZnS films grown on sapphire (0001),
GaAs(001) and GaN (0001) substrates are shown in Figure 8.6A. These samples were
doped with Al and Ag and grown in the same growth run (II-411) by simultaneously
bonding the three substrates to a Mo holder block. All samples produced bright blue
luminescence centered around 450 nm, which is the desired luminescence line char-
acteristic of the silver activator low energy emission band [18]. The laser excitation
power density was estimated to be 2.5mW /cm? from the focused spot size and the
measured output power of the laser beam. We notice from Figure 8.6A that ZnS
grown on GaN has the smallest luminescence intensity. The optical quality of the
films clearly is dependent on the structural quality, as can be observed from Fig-
ure 8.6B, which shows x-ray rocking curves for the same set of samples. The ZnS
film grown on GaN displayed the smallest peak intensity and the largest full width
at the half maximum (FWHM) of the x-ray rocking curve, indicating the highest
degree of misorientation (mosaicity) in the film and thus the worst structural quality.
The correlation between optical and structural properties can perhaps best observed
from Figure 8.6C, which directly compares integrated photoluminescence (over the
measured wavelength range) and FWHM of the x-ray rocking curves. Clearly, films
with wider FWHM of the x-ray rocking curve, and therefore larger mosaicity and
lower structural quality, also had smaller integrated luminescence. It is interesting to
observe that although the absolute values of lattice mismatch for GaN and sapphire
substrates are similar (= 20%), the ZnS films grown on sapphire have better opti-
cal and structural properties. It is important to note that the luminescence of the
ZnS film grown on GaN substrate, although smaller when compared to films grown

on GaAs and sapphire, is still bright enough to be easily observable by eye in the
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Figure 8.6: A) Room temperature PL scan
on sapphire, GaAs and GaN substrates. All

X-ray Rocking Curve FWHM [degrees]

of ZnS films (samples 11-411) grown
samples were doped with Al and Ag

and grown concurrently. The PL peaks are centered around the characteristic low
energy silver emission band at 450 nm, but of different intensity, indicating a variation
optical quality. B) High resolution x-ray diffraction scans of the same sample series.
C) Integrated photoluminescence intensity plotted vs x-ray width. The increased
structural and optical quality of the film grown on the GaAs substrate, which has the

least mismatch, is evident.



157

laboratory room with the light on.

8.4 High pressure solid phase recrystallization of

ZnS thin films

In this section we discuss the solid phase recrystallization (SPR) of undoped,
0.3 — 0.5 pm thick, MBE-grown (111)-oriented cubic ZnS films on sapphire. These
samples were recrystallized by annealing at temperatures in the 825—1000 °C range,
at sulfur overpressures of 10 atm. Thermal annealing at large sulfur overpressure con-
sistently improved the structural properties of the films, thereby compensating the
effects of large substrate mismatch. Previous efforts on the recrystallization of thin
films are described in Reference [18]. Presently, recrystallization is an important in-
dustrial process, and plays a vital role in the manufacture of steel and aluminum [19],
and HgCdTe [20]. Solid phase recrystallization of bulk ZnSe, CdTe and CdSe was
recently successfully demonstrated by Triboulet, et al. [21, 22], by annealing at high
temperatures under high column VI element overpressure, and excellent optical and
structural properties were obtained [23]. The recrystallization experiments described

here were performed by Z. Bandié.

8.4.1 Experimental details

To contain the ZnS samples and sulfur during the experiment, quartz ampoules with
2 mm-thick walls were used. Prior to the experiment, the ampoules were cleaned with
organic solvents (acetone and isopropyl alcohol) and then baked at 1000°C for 2 — 4
hours. The MBE-grown undoped ZnS/sapphire films were placed in the ampoules
together with 100—200mg of 99.9999 % purity sulfur. The amount of sulfur placed
in the ampoule was calculated according to the van der Waals equation of state, so
that gas pressure of 10 atm is reached on the anneal temperature. The ampoules were
then attached to a turbo-molecular pump to attain a vacuum of 1 - 1079 torr, and

then sealed while the pump was still running (see Figure 8.7). The sealed ampoules
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Figure 8.7: Schematics of the experimental setup used to vacuum-seal quartz am-
poules containing ZnS thin films and sulfur. The ZnS and sulfur were placed in
cleaned and baked ampoules, and ampoules were attached to the Balzers turbo-
molecular pump through liquid nitrogen trap. Liquid nitrogen trap was used to
prevent streaming of sulfur into turbo pump. The air was evacuated to attain vac-
uum level of 1-107%Torr. The ampoules were then sealed while the pump was still
running.

were then transferred into the temperature-controlled furnace. The temperature was
slowly increased at the rate of 2—3°C/min to avoid thermal strains, until the final
temperature in the 825—1000 °C range was achieved. After the samples were kept at
this temperature for 2—20hours, the temperature was slowly reduced at the rate of

2—3°C/min, again to avoid thermal stressing.

8.4.2 Structural characterization
High resolution x-ray diffraction

Samples were characterized before and after the annealing by high resolution x-ray
diffraction (HRXRD). The w and w /26 scans around the Zn$ thin film (111) reflections
were performed in the 4 or 6-crystal mode (without or with Bonse-Hart collimator in
front of the detector) respectively, using Ge(220) reflections.

To characterize the effects of different anneal temperatures, one sample (I1391) was
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cut into 5 pieces, and each was annealed at a different temperature between 825°C
and 922°C. The anneal temperature must be chosen below the melting temperature,
but high enough so that the original grain boundaries become unstable. At that
point, the conditions are favorable for the migration of grain boundaries and growth
of defect-free nuclei. The anneal time ranged between 11 and 15 hours, and sulfur
overpressure was kept constant at 10 atm. The x-ray w-scans (Figure 8.8A), and the
full width of the half maximum (FWHM) of the curves as a function of temperature
(Figure 8.8B) show that the crystalline mosaicity is significantly reduced at anneal
temperatures above 900°C.

The typicél FWHM of w/28 curves for the samples in the I1-391 series after recrys-
tallization was approximately 50 arcsec as measured in the 6-crystal configuration.
It was not possible to use this particular configuration before recrystallization, be-
cause of low diffracted x-ray intensity caused by poor film quality. Measured with the
4-crystal configuration, the typical width before recrystallization was approximately
270 arcsec ( ~ 450 arcsec was typically measured, but there is a correction of 180
arcsec for the slit width). The set of w and w/26 x-ray rocking curves of the sample
I1-366 before and after recrystallization at 970°C is shown in Figure 8.9. Ten-fold

improvement in crystalline quality can be observed.

Scanning electron microscopy: electron channeling

Electron channeling patterns (ECP) are images formed by electron diffraction in a
SEM, analogous to Kikuchi patterns which can be obtained in a transmission electron
microscope. Electron channeling patterns (ECP) for GaN and ZnS layers were ob-
tained in a JEOL 6400V scanning electron microscope (SEM). The pattern for sample
11366, recrystallized at 970°C for 3 hours at sulfur pressure of 10atm, is shown in
Figure 8.10. The corresponding w and w/26 scans, before and after recrystallization,
are shown in Figure 8.9.

It was not possible to obtain visible ECP’s for most samples before they were
recrystallized due to the large number of defects and relatively poor quality of the

films. In Figure 8.10 fine structure can be observed in the ECP, where each line cor-



161

120 —————— e
1Q ! —— before SPR |
7 1007 ) : after SPR |1
.E 4
= 80- Qscan T
_e d
S, 60- 9130" i
2 )
g 40-
"G-J' J
< 20 -
O v T Ll T ¥ L T T T T 4 T
1 12 13 14 15 16 17
Omegaldegree]
' } i
— —— before SPR
R after SPR
=
: -
g w
S j
iz (¥2@scan
‘g f
£ Rk
14.0 14.1 14.2 14.3 14.4

| Omegaldegree]

Figure 8.9: The w and w/26-scan x-ray curves of the sample 11366 before and after
recrystallization process. The anneal temperature was 970°C and the sulfur overpres-
sure 10atm. The maximum intensities of the curves in the case of the recrystallized
sample have been reduced to the maximum intensity of the initial curve, so that curve
widths can be compared.
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Figure 8.10: Electron channeling pattern of the sample 11366, recrystallized at 970°C
for 3 hours at sulfur pressure of 10 atm. The 3-fold symmetry of the pattern indicates
cubic crystalline lattice and that no phase transition occurred. The fine structure in
the pattern confirms good crystallinity of the sample. (ECP scan by Z. Bandié.)
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responds to the set of crystalline planes reflecting or absorbing high energy electrons.
The high level of detail on this image indicates good crystallinity, in agreement with
the x-ray measurements. The pattern has three-fold symmetry, indicatative of the
cubic (zinc blende) polytype, and confirms that no phase transition to the hexagonal
crystal modification (which would have six-fold symmetry) occurred.

The changes in surface morphology of the recrystallized samples have been in-
vestigated with the SEM. For most of the samples, the surface morphology after
recrystallization remained smooth, which is important for device processing. How-
ever, on some samples recrystallized at higher temperatures we observed hexagonal
pits (see Figure 8.11). One possible reason for the formation of pits at higher recrys-
tallization temperatures is excess crystalline volume associated with large density of
defects. During the recrystallization process and boundary migration, the annihila-
tion of defects takes place, during which volume of the crystal reduces resulting in
the pit formation. At lower temperatures, however, the boundary migration is slower

and crystal relaxation times larger, which leads to fewer or no pits formed.

8.4.3 The role of sulfur

The role of the sulfur gas overpressure in the recrystallization experiment is man-
ifold. First, the high sulfur overpressure greatly reduces zinc partial pressure, and
thus prevents the evaporation of the ZnS film. Second, the sulfur-rich stoichiom-
etry produces grain boundaries enriched by fast diffusing sulfur, which helps grain
boundary migration. The large solubility of the chalcogen in the chalcogenides was
accounted for to explain the result that bulk ZnSe recrystallization cannot be achieved
under zinc overpressure [21]. In addition, we hypothesize that sulfur might also play
an important role at the ZnS/sapphire interface. The significant difference between
recrystallization of thin films and bulk is the large mismatch-related energy accumu-
lated at the interface, which should reduce grain boundary mobilities. One possible
route for the relaxation of this energy is a sulfur-rich ZnS/sapphire interface. A

sulfur-terminated sapphire surface might become similar to a “quasi van der Waals”
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Figure 8.11: Surface of the sample 11391 recrystallized at 922°C. The change in the

surface morphology in form of hexagonal pits can be observed. (SEM scan by Z.
Bandié.)
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bonding configuration, similar to a selenium-terminated GaAs surface [27]. Weaker
interface bonding could change the interface structure, assist boundary migration and

provide compliancy to the sapphire substrate.

8.5 Fabrication of p-GalN/n-ZnS blue light emit-

ting heterostructure devices

8.5.1 Device processing

Devices were fabricated using standard photolithographic processes. The insulating
sapphire substrate necessitated the use of lateral electrical contacts. The fully pro-
cessed structure is shown in Figure 8.12. An aluminum top contact was first sputter
deposited, following the methods of chapter 6, on the as-grown ZnS:Al,Ag/GaN:Mg
layers. Mesas were then patterned and the Al and ZnS layers were etched in a solution
of Br:HBr:H,O (1:100:100), which was found not to etch the GaN. Gold p-type con-
tacts were then patterned and deposited using a lift-off process. It is not believed that
either contact is completely non-rectifying or of low resistivity. The effects of anneal-
ing on the dot-to-dot current-voltage curves for p-GaN/Au contacts were observed
on a separate substrate, and the results are presented in Figure 6.5. As deposited, it
is seen that the contacts are highly rectifying, and do not become fully ohmic even

after annealing at 780°C.

8.5.2 Prototype device results
Current-voltage characteristics

The current-voltage measurement of the preliminary p-n device is shown in Fig-
ure 8.13. It shows diode-like behavior, although the non-ideal effects of high series
resistance and rectifying contacts are evident. Turn on voltage is seen to be approxi-
mately 3 —4 V, which is expected as it corresponds to the band gap of the materials.

At low applied voltages (3 — 10 V), luminescence is observed by eye to be a pale blue
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Figure 8.12: Schematic of the fabricated ZnS/GaN LED. Aluminum and gold were
used as ohmic contacts for n-ZnS and p-GaN layers respectively.

similar to the hue observed for the sample the PL spectrum of which is shown in
Figure 8.5b. The devices are bright enough during room temperature operation to be
seen. with the room lights on with 1 mA current applied. The expected non-uniformity
of luminescence due to current spreading was observed. Additionally, “bright spots”
were seen which may be caused by defects or thickness variations in the ZnS layer.
As forward bias is increased, light appears more violet colored, similar to low temper-
ature ZnS/p-GaN PL (Figure 8.5a) and the bright spots become more pronounced

and similar to those reported for microplama breakdown in p-GaN [28].

Electroluminescence

LED devices were mounted on a die package with epoxy and wire bonded. The
electroluminescence from biased devices was then focused on the entrance slit of the
SPEX spectrometer and the electroluminescence (EL) spectrum was measured. The
EL scan as a function of device bias is shown in Figure 8.14a. At low applied voltages

between 3 and 10 V, luminescence is quite broad and centered around 390 — 400 nm.



167

10 Y T T T Y T ¥ T T T ¥ T Y T
- ZnS:(AlLAg)/p-GaN LED
1}
.10 s}
-i‘-:o [ ,..E_, 4t
g 102} =
- E 2|
O : o |
107} e
d 10 0 10 20 30
Voltage [V]

0 5 10 15 20 25 30
Voltage [V]

Figure 8.13: Current-voltage characteristics of ZnS:(Al,Ag)/p-GaN diode on the
logarithmic-linear scale. The turn-on voltage is approximately ~ 3 — 4V. Inset
shows the same characteristics on a linear-linear scale.

At higher voltages between 10 and 25 V luminescence is shifted to higher energies
and is centered around 385 — 390 nm. It is not trivial to exactly analyze the lumi-
nescence mechanism, since broad PL spectra of both the p-type GaN:Mg and the
n-ZnS:(Al,Ag) have peaks in the 390 nm region (see Figure 8.5). Since these prelimi-
nary devices did not include any electron blocking layer at the ZnS /GaN interface, it is
possible and perhaps likely that electrons injected from n-ZnS into p-GaN recombine
with holes, and produce luminescence typical of p-GaN. Other mechanisms may also
contribute to the EL spectrum, for instance radiative recombination in either layer
may be followed by absorption and fluorescence in the other layer. Also, luminescence
at high biases may be linked to avalanche generation processes or microplasmas [28].
We can also observe from Figure 8.14 that at large forward biases above 15 V, inte-
grated electroluminescence saturates, which may indicate that injection has become
space-charge limited or that the device is heating up.

Some of the practical problems in the fabrication of the ZnS/GaN LEDs were

poor ohmic contacts and lack of a suitably conductive GaN substrate. Ohmic con-
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Figure 8.14: a) Room temperature EL as a function of device bias. EL emission is
centered around 385 — 400 nm, depending on bias voltage with width of luminescence
peak varying from 45 nm (at 5 V), to approximately 90 — 110 nm (at 10 V and
above). b) Integrated EL emission intensity as a function of device bias. We can
notice saturation at &~ 15V. (EL scan by Z. Bandié.)
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tacts are problematic for both the n-ZnS and the p-GaN. The low lying valence band
of GaN, which makes it useful as a hole injector for ZnS, also makes contacting a
problem since there are no suitable metals of large enough work function to eliminate
a Schottky barrier. Likewise, the conduction band of ZnS is rather high, requiring
a contact metal of extremely small work function. Small work function metals usu-
ally are highly chemically reactive and have a tendency to oxidize. Improvement of
contacts is where efforts should be placed to continue the research of these devices.
Device performance is also likely limited by the rather poor crystalline quality of
MBE-grown ZnS layers. Since the luminescence properties were correlated to the
structural crystal quality, devices may be able to benefit from solid phase recrystal-
lization (section 8.4), although the high temperatures involved may cause a significant
amount of interdiffusion at the interface. In this mixed III-V/II-VI heterostructure,
interdiffusion such as Zn diffusing into the nitride layer or Ga diffusing into the sulfide
layer, would cause doping of the adjacent layers. Ga is known to act as a donor in

ZnS and Zn a deep acceptor in GaN.

8.6 Summary and conclusion

The n-ZnS/p-GaN heterojunction was described as a novel visible light emitter. In the
development of these devices, the MBE growth of ZnS crystalline films was carried
out on p-GaN (0001), GaAs (001) and sapphire (0001) substrates. Since p-GaN
layers are expensive and largely unavailable, a significant amount of the ZnS growth
studies were performed on sapphire substrates. Using a valved cracking source for
elemental sulfur, it was shown that crystalline films could be grown that usually
contained a high number of stacking faults and twins as observed by RHEED. X-ray
diffraction and SEM electron channeling pattern analysis, used to characterize the
ZnS structural quality, indicated that the ZnS films were single crystalline with a
high degree of mosaic domain tilts and twists. The structural quality of the ZnS films
on sapphire was found to be vastly improved by a high temperature recrystallization

process. Doping of ZnS was accomplished with aluminum and silver, which act as
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shallow donor and deep acceptor centers, respectively. Cathodoluminescence and
photoluminescence were very bright for optimally doped films, with emission centered
on the 450 nm wavelength Ag blue “low energy” peak. A comparison of growths done
on different substrates, including GaN, GaAs, and sapphire, demonstrated an obvious
correlation between crystalline quality and luminescence intensity.

ZnS films doped with Al and Ag which were grown on Mg-doped GaN layers
were fabricated into p-GaN:Mg/n-ZnS:(Al,Ag) LED structures. Current-voltage and
electroluminescence results for these devices indicate diode-like behavior with a slow
forward turn on of 3 — 4 Volts. The electroluminescence spectrum is blue-violet at
turn on, shifting slightly to violet emission at 15 V forward bias, where intensity
saturates. This shift to violet likely indicates that electrons from the ZnS layer are
transporting across the interface into the GaN layer and recombining at the deep Mg

acceptor centers.
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