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Abstract

In this paper, it has been investigated that 1) hmwstimate several types
of disorders, 2) What is the origins of disorddtas been discussed in terms of
optical, electrical, and structural properties. Pugpose of this thesis is to control
and reduce the disorders in semiconductors to imgptbe semiconductor device
performance up to theoretical limits.

In the chapter 1, several types of disorders oedutiue to three origins are
introduced and the importance of the evaluatiothofe disorders is explained. In
the chapter 2, the principles of photoluminescespExtroscopy, high resolution X-
ray diffraction and Hall effects measurement arpla&red. In the chapter 3, Zn
xCdSe triple quantum wells are investigated. The Rleviidth broadening is
analyzed from the point of the disorder inducedombgeneous broadening. The
calculated results from theoretical models relatedcomposition and interface
disorder strongly corresponding to experimentaligal However, it was found that
in the case of high Cd-content alloys the Cd idifizsion acts as an additional
origin for PL linewidth broadening. In the chaptr Zn.4Cd,Te multi quantum
wells are investigated in terms of PL linewidth &ening due to interface and
composition broadening. The results indicate thhough disorder can be
minimized by the optimization of growth conditions,a QW with very thin QW
thickness, disclose of an exciton wave functionl wiilake an additional PL
linewidth broadening. In the chapter 5, the striadtigualities of GaN films are

investigated using HRXRD measurement. Structusarders including mosaicity,
3



tilt, twist and bowing are evaluated using X-ragking curve. Also, the surface-
damage layers induced from structural disorderermaves by chemical etching.
From these results, it is found that the structaliabrders can be an origin of
structural defects. In the chapter 6, electricapprties of GaN film grown on AIN
buffer is investigated using temperature-dependhait effect measurement. The
results indicate that the defects originated frasomiers have a large influence on
the electrical transportation of semiconductorghinchapter 7, based on the results

obtained from this thesis are summarized and cdeclu



Chapter 1. Introduction

1.1) Introduction to disordered semiconductor

The theory of crystalline solids has been extrenselycessful in describing
the bulk properties of most solids whose atomsaaranged on a periodic lattice.
In fact, some properties such as electrical comdtictcan be explained in some
detail with no reference to a periodic lattice thhat necessary to count quantum
states.

However, all real semiconductors are disorderedeal Remiconductors are
grown at finite temperature, which produces defébtsmodynamically. There
exist many disorder effects in real semiconductuat tmay disturb an ideal
crystalline order. The substitutional and inteistidefects, lattice displacements
of static origin as well as those due to thermdirations, voids, precipitates,
surfaces and grain boundaries typically exist iildsdl]. Even if, we imagine a
perfect elemental semiconductor with no defectsimpurities, there will be

disorders due to the presence of more than onepisot

1.2) Theoretical background
1.2.1) Thegeneral disordersin semiconductor
In general, the ordered state in the semicondustdefined as the crystalline
quality with infinitely repeated crystalline struce in three dimensional spaces.

The translational symmetry of the crystal structisréhe ordering rule. From the
5



position of one atom and the knowledge of the afystructure, all atomic positions
can be derived. However, it is clear that thisas the case of all structures. If
there exist some randomness in the atomic posjttbes it is impossible to predict
the positions from an ordering rule.

Many practical applications use materials that areakly or strongly
disordered in detail. For example, the doping efngonductors, which is
absolutely necessary for electronic devices, carvieeed as a departure from
perfect crystallinity. Hence a deeper understagadinthe properties of disordered
materials is desired in various technological amgtions. At the same time,
effects of disorder are studied intensively frone thiewpoint of fundamental
physics. Many of the challenging problems witholid state physics today are
connected to disorders.

Weak disorder may be defined as a perturbatioheperfect crystalline order.
Defects, vacancies and dislocation belong to thiegory, which are frequently
observed in real materials. In polycrystalline enigs, the grain boundaries are
more disordered configuration of atoms than théngra Strong disorder signifies a
marked departure from crystalline order. The bgsioperty of amorphous
materials is that they do not posses translatiorddr with any long range. There
exists an element of randomness in the atomicipaosit The length scales which
order of disorder persists are also on interests w& will see many materials
possess a local order over length scales of a temsaor molecules, but are
disordered on larger length scales. Inhomogenswisrials, such as 1multiphase

6



materials, composites and porous materials carebarded as homogeneous on
sufficiently large length scales, but the inhomaagges lead to strong disorder on

mesoscopic (nnpm) length scales.

1.2.2) Theorigin of disorder

Real materials are never pure systems. The stbstsalf will not be pure
and thus will provide a certain amount of randomsn&s the system [2]. The
occurrence of disorder structures can be seen eudlcome of the difference
between physical laws and randomness.

Actually, three origins for the disorder occurreru@n be considered, which
are material properties mismatch, epitaxial groail intrinsic problem. During
the epitaxial growth, there exists several diffeeerof material property such as
lattice mismatch, thermal coefficient mismatch, stajlographic mismatch,
heterovalency mismatch. Those sometimes leadrimuseepitaxial problems and
disorders, including cracking, dislocation or bogvin Also, the disorder can occur
as epitaxial growth condition is made a bad choideough interface or surface
damage is one of the results from bad growth cardit The largest serious
problem is considered as the disorder due to speats generation, for example,
inhomogeneity or diffusion between atoms. Thoseordesrs clearly exist in

semiconductor, even if high quality semiconductatenal is grown essentially.

1.2.3) Classification of Disorder



Figl.1 shows four different kinds of disorder. Téteuctural or topological
disorder is characterized by the absence of lomgeaorder and translational
periodicity. In the case of magnetic disorder, $pe exhibits different values at
each point on a lattice. A similar situation occum dipolar solids and liquids
where the dipole moments exhibit orientational diso Chemical or compositional
disorder characterizes a large class of matenals as alloys, mixtures, composites
and porous materials. Finally, vibrational disordefers to the departure of the
instantaneously atomic positions from lattice ppidtie to the thermal vibration of
the atoms. Furthermore, the values of physicalnties may be statistically

distributed over a structure and hence exhibitrdiso[3].

1
b o

oW {d)

Figl.1. Several types of disorder (@) structursdidier (b) orientational disorder
(spin) (c) compositional disorder (d) vibratiowigorder
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1.2.4) Macroscopic disordersin semiconductor heterostructures

In semiconductor heterostructures such as quanteis {QWs) whose width
is comparable with the exciton Bohr radiusRs), low temperature
photoluminescence (PL) spectra critically dependhenquality of the structures in
terms of the uniformity of composition and the gliness of interface [4].
Otherwise the linewidths of the spectra are gehemnated to characterize the
interfaces since at low temperatures the principabdening mechanism is the
interface roughness.

In PL measurement, the excitonic recombination mhomogeneously
broadened because of the interface disorder, whidhdes the island growth and
the cation exchange due to atomic interdiffusioNloreover, because of the alloy
disorder, mixed crystals are characterized by erclinewidth broader than those
observed in the pure components. In case of the,Mhe well widths are larger
thanRe, the PL linewidth is determined by the quality of tmall-gap material [5].
While for narrow well widths, it is also affecteg the quality of the interface and

the barrier material.

1.2.5) The disorder effect in semiconductor

Common to all disordered semiconductors is thabrder in the atomic
structure leads to specific effects in the elect®rstructure, such as localization,
band tails, defects and polaron formation. Thetsbdaic structure determines the
electronics properties, for example the carrier ifitgbrecombination processes,

9



photoconductivity, contact injection, deep trapparg so on. Understanding the
relation between atomic structure, electronic stngcand electronic transport is the
fundamental goal of research on disordered semumons. Also, an interface

structure or morphology related to interface disoroetween an insulator layer and
a semiconductor substrate is important becausestuatture determine the lifetime

of the device.

1.3) The purpose of thiswork

Recent advance in epitaxial crystal growth techesgsuch as molecular beam
epitaxy (MBE) and metalorganic chemical vapor ddmos (MOCVD) have
allowed the fabrication of a variety of optoeledimand microwave devices, many
of which have a semiconductor alloy as an importantstituent.

However, of this process, disorders clearly bub aescur, not only affect in
semiconductor device due to incompleteness of drotethnique. Structural
disorder is an unavoidable feature of any semicotmlwcrystal. Besides lattice
imperfections, residual doping, impurity contamioat which are also present in
bulk systems, semiconductor hetero-structures,béxpotential fluctuations at the
interfaces (usually referred as interface roughnassing from local variations of
the layer thickness or alloy composition [6]nterface roughness plays indeed a
very important role in the physics of quantum wellserms of both applicative and
fundamental points. In particular, disorder playsrucial role in the case of a QW
embedded in a resonant optical cavity where therawit exciton/ polariton are the

10



basic physical picture of view.

A point of this time, it has become necessary t@isge techniques to
characterize their quality as determined by themxof already presented disorder.
There exist a number of experimental techniquesstionate disorder in a particular
crystal. One of the most useful techniques fomminig information concerning
the quality of the semiconductor is photolumineseespectroscopy. Generally,
the excitonic linewidth in semiconductor alloys amnsiderably broader than those
observed in their components. This broadening hagn attributed to
compositional disorder in the alloys due to thespree of intrinsic disorder in
alloys, transition will be broadened due to conidn fluctuations in the alloy on
a local scale which cause the changes in the valuersergy of conduction banB,
(ro) and energy of valence band (ro) [5,7]. High X-ray diffraction is also a
very convenient, nondestructive technique for aitgg the information of lattice
disorder and structural characterization of therele@f ideality of semiconductor.
From the analysis of the rocking curve, informatimm the period thickness and
composition of the layer and information about peicity and disorder can be
obtained. It is reported lattice disorders neaystad surface, resulting from
processes such as impurity diffusion, lattice digin. Those disorders have been
studied with X-ray diffraction methods [8].

The present time, although several studies haviorpged about disorders,
those have not clearly distinguished the differeheéween disorder and defect.
Moreover, those have not explained the origindefdisorder yet.

11



In this thesis, it has been investigated how tonede several types of
disorder using PL, HRXRD and Hall effect measuremerlso, the origins of
disorders have been discussed in terms of varibysigal properties such as optical,
electrical, structural properties. The purposéhedf thesis is to control and reduce
the disorders in semiconductors due to improve $eeniconductor device
performance up to theoretical limits.

In chapter 2, The principles and used equipmentkree methods to evaluate
the disorders, photoluminescence, high resolutienay<diffraction and hall effects
measurement was introduced.

In chapter 3 and chapter 4, Z&dSe and Zp,CdiTe QW are investigated in
terms of PL linewidth broadening, respectively. eThesults calculated from
theoretical models related to composition and fater disorder are compared with
experimental values.

In chapter 5, structural qualities of GaN substiatemm) are investigated
using HRXRD measurement. Lattice disorder suchmasaicity, tilt, twist and
bowing substrate is evaluated by several XRD skillalso, the surface damage
layers originated from polishing defects is notyoobserved using PL spectra, but
also tried to remove using chemical etching.

In the last chapter, GaN thin film grown by HVPEimvestigated using T-
dependent Hall effect measurement, HRXRD. The lt®skplain relationship
between weak disorders such as defect, dislocatiah electrical transportation
using “potential barrier” model.

12
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Chapter 2. Experimental

2.1) Epitaxial growth

Epitaxial growth means a technique to deposit tingstal with single
orientation on substrate. Consequently, the epilsogrown layer should exhibit
the same crystal structure and the same orientatidhe substrate. Fig.2.1 shows
surface processes occurring during film growth. e Boubstrate crystal surface is
divided into so-called crystal sites where the imgoig atoms may interact. Each
crystal site is a small part of the crystal surfateracterized by its chemical
activity. A site may be created by a dangling haratancy, step edge and so on.

Epitaxial growth is generally occurred by three bk modes of crystal
growth on surfaces. These modes are illustrateemsatically as showm Fig.2.2.
In case of Volmer-Weber mode, small clusters ardeated. This happens when
the physisorbed atoms are more strongly bound ¢b ether than substrate. The
layer-by-layer, Frank-van der Merwe mode, displéys opposite characteristics
because the atoms are more strongly bound to th&trate than each other. The
first atoms complete monolayer on the surface, wltiecomes covered with less
tightly bound second layer. The layer plus isléimanki-Krastanov, growth mode
is an intermediate case. After completing thet fironolayer or a few layers,
subsequent layer growth is unfavorable and islamdg$ormed on the grown layers.
There are many possible reasons for the mode torcoed there exists almost

factor which prevents decrease of binding energyafger-by-layer growth [1].
14
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2.2) Photoluminescence spectroscopy (PL)
2.2.1) photoluminescence measur ement

Photoluminescence is one of the most sensitive eginattive methods of
analyzing both intrinsic and extrinsic semicondugiooperties. The method is
particularly suitable for the characterization bé tcenters responsible for shallow
donor and acceptor species which control the étattproperties of the layers, as
well as near-band-gap luminescence. The PL seted in this work is shown
schematically in Fig. 2.3. Basically, it consisis excitation light sources, a
spectrometer, a detector, and a low-temperatuestay As an excitation sources,
the 325 nm line of He-Cd laser is used for widegegperial. When the laser beam
was focused on a sample, the laser power densisyan@ind 200mW/cf For
the low temperature cryostat, He compressor wag, uggch is necessary to obtain
the information by minimizing thermally-activatedonradiative recombination

processes and thermal line broadening.

He-Cd laser Mirror
325nm/10mw
Mirror Condense lens
CCD-3000V] " = 60mm

| ®

2 Cryostat
monitor S Sample
@
@
CCD-controIIerg
Condense lens

CCD shutter f= 80mm

Fig.2.3 Experimental setup used for photolumineseeaneasurements
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2.2.2) Recombination process of Photoluminescence

Radiative recombination takes place when the semiector is under a non-
equilibrium condition [2]. After excess electron-hole pairs of their equilibr
number are created in the crystal by means of mxitaources, they relax rapidly to
states near the minimum of the conduction bandhéndase of electrons and near
the maximum of the valence band in the case ofshol@he carriers may be
considered to be in quasi-thermal equilibrium ameirt distribution can be
represented by invoking quasi-Fermi levels. Theomgbination process can be
divided into several processes. CV is transitimmf the conduction band to the
valence band, X is free exciton®0and A°’X are excitons bound to neutral donors
or acceptor respectively, CA is transition from doction band to an acceptor, DA
is transition from donor to acceptor, Deep is titams at the deep state in the
middle of energy gap. The major features that apjpe the photoluminescence
spectrum are shown in Fig.2.4 and all these recoatibin processes are

represented schematically in Fig.2.5 [3].

BE

- CA A°X
= D°X
& CcVv
2 DA X
n
c
4]
=

Energy Eq

Fig. 2.4 Main features of near band edge photolesuance spectrum.
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Fig. 2.5 Schematic diagram of recombination proegss

Direct transitions from the conduction band to tladence band are usually
observed at temperatures well above 100K. Thismbination occurs in the
sample with high quality and direct transition. €Tphoton energiivcy in case of
band to band recombination is as same as banégap

hve = Ey (1)

Recombination of electrons and holes through fd€eand bound excitons
(BEs) are the processes to appear in the neamdgaipéscence spectra as the donor
or acceptor concentrations increased. Free exadkmrurs due to coulombic
interaction between electron and hole. Photonggnier of free exciton is such
as

hvy = Eg— Ex (2)

The followingE; is the exciton binding energy

» 1_1
=M 13y —=—

Ex
E°n m m, m (3)
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Satellite spectra 'two electron” and "two holensraons may be considered
when the AX and D’X states are inadequately resolved. In this céase t
following transitions are observed.

D°X — D°2p) + hvem (D°X) or A°X - A°(2p) + hvem (A°X), (4)

D°(2p) and A(2p) are excited donors and acceptorBVe, (D°X) and hvem
(A°X) is the energy of the emitted photons. Thesesliappear below the principal
bound exciton transitions separated by energiexiwisarry almost the entire
chemical shift of the impurity ground state. Théasasitions are the most suitable
for providing information on the donor and accepmtenters.

The recombination process from the conduction b#ndn acceptor state
(CA) is a typical example of a so-called free-tathd transition. photon energy
hvca is such like that.

hve, = Eg—Ea (5)

Eais the energy state of the acceptor above the salband edge. The CA
band is mainly broadened by the kinetic energy lod electrons before the
recombination. CA transitions provide direct spestopic information on the
acceptor species present in the semiconductor. layer

The DA recombination processes compete strongli wie AX and X
transitions in case that the concentration of d@mal acceptor species is increased.
The electrostatic interaction within the ionizedndoacceptor pair after the

19



transition is responsible for the coulomb termhi¢ xpression for the transition
energy.

eZ
hl/DA:Eg_(Ed +Ea)+ﬁ (6)

e is the unit charge andis the separation of a donor-acceptor pair. Eheat
in the equation is responsible for the spectrgetision into a very large number of
discrete lines. Each line is associated with gedght discrete value or r allowed
by a lattice structure. But this discrete linausture is in most cases smeared out

if accompanied by lattice relaxation.

2.2.3) Photoluminescencein heterostructure

The basic element of a superlattice is the singlantum well (SQW).
Sometimes the term superlattice Is used to perigtiiacture which can be
considered as a set of independent quantum wdlscase of this structure, the
barrier layers are thick enough to prevent any tinggetween the wave functions
which is defined the energy state of the carrielscfrons and holes) confined to the
individual quantum wells. The simplest quantum |welhich appears in
superlattices is the rectangular or square-shappdtential well [4].
Photoluminescence of quantum well is very senstoviaterface disorder. Fig.2.6
shows the model introduced by Weisbuch et al ["Juperlattices grown with
growth interruption is shown in Fig. 2.6(a) Inghiase, there exists effect of the

interface disorder on the luminescence linewidtlemvithe lateral sizég of the
20



growth islands is smaller than the exciton Bohrnuiter. Fig. 2.6(b) shows
superlattices grown without growth interruption. h&v Ls is larger than the
exciton Bohr diameter, the exciton experiences omhe confinement energy
corresponding tolL,-a/2, L, or L+a&a/2 and discrete peaks are observed in

photoluminescence.

(@) PO Mean L,

S e P e O

Fex >mean I—Z l:excn:on:l‘ mean Lz
________________________ Ls ____
(b) ! L
lex <Mean L ? % Lz+al2
ex z I: Lz+a/2 ,:' Lz Lz -a/2 Lz -a/2

Fig. 2.6 PL spectrum according to relation betwexeriton and QW's thickness

The energy level&, of carrier with effective mass, m* in infinite pottial

wells of a widthL,are given by (7)

h2

—_ 2 2
Ex _Eni +87T2m(Kx +Ky )
e (n)
where E, = am (L_] n=12,3... (7)

Kx Ky are here the wave vectors of the particle in the directions parallel to the

well walls. The motion of the particle in taelirection is quantized, while in the

21



and y directions the particles moves classically. The particle confinethdo
quantum well exhibit what is known as the quantum size efiguch theE, is
dependent on the width, of the well. The photon energy of the n=1 heavy hole
exciton recombination is such as

Egis the energy gage.andEy are the energy shifts of the=1 electron and
heavy hole energy levels ailg is the binding energy of the exciton. Since this
binding energy is typically of the order of 1% of the band gagroadening due to

a distribution of well width can be neglected.
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2.3) Hall effect measur ement
2.3.1) Experimental setup of Hall measurement

Electrical characterization can give considerable information about the
disorder in terms of purity of epitaxial layers. Such informat®mriportant for
the evaluation and control of growth parameters used to prepare udaiity q
epitaxial layers for device applications. Electrical characterizationt s
mobility, resistivity, carrier concentration are obtained by periiognHall effect
measurements.

The Hall measurement setup used in this study is shown gm.Fi
schematically. It is consisted of a sample holder includingepstage, a power
control unit, a magnetic system, and a low-temperature cryostat.thé\ probe
stage, a home-made tool with four and six probes was used. eAswdgnetic
system is consist of a magnet, a power supply and a Gauss-mEbtertemperature
control was carried out by the combination low-temperature cryasthtHe gas

was used to lower temperature until 10K.

{— DC source/ Meter
f‘ Temperature
cryostat controller

/

He compressor

gl ==

Dry pump U
|

| Magnet field controller l— Comp.

Fig.2.7 Schematic illustration of Hall effects measurement equipment

Sample

1oubepy |
v
1oubepy
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2.3.2) Hall effects

The Hall effect is a consequence of the forces that are exerted on moving
charges by electric and magnetic fields. The Hall effects is usedstingdish
whether a semiconductor istype orp type and to measure the majority carrier
concentration and mobility [6].

Fig.2.8 shows a sample in the form of a rectangular bar orientdd it&it
longest axis along the x axis. The electric field F is appliedgatlbe x axis while
the magnetic field B is still along the z axis. According twdntz's law, when
electrons start to drift along the x axis under the influence oéléwtric field, they
also experience a force in the y-direction. This results in a curretieiry

direction although there is no applied electric field in that direction

BZ
L g L L
d_L o Th ‘:, SR o o Hall voltage
Yy 4Z ...""-.,
NFRARTCLRN @\
W N 7 A » M
) L 1

— 1)
! U Current

Fig.2.8. The sample geometry for performing Hall measurement.

In a p-type semiconductor, there will be a positive charge ey surface
of the semiconductor. while, in a n-type semiconductor, therebwila negative
charge on the y=0 surface. The magnetic field force will be exaaldybe by the

induced electric field force. This balance may be written as foligp¥armula.
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F=q[E+uxB] =0 9)

The induced electric field in the y-direction is called the Helbfi The Hall
field produces a voltage across the semiconductor which is callecathedHage.
We can write such like that.

VH = +EqW (10)

En is assumed positive in the direction andvy is positive with the polarity
shown. In g-type semiconductor, holes are the majority carrier. While,rn a
type semiconductor, electrons are the majority carrier. The polaritiieoHall
voltage is used to determine whether an extrinsic semiconductdype orp-type.
Then, we can obtain electron, hole concentration in a n-type arygbep-t
semiconductor respectively.

_ IX BZ _ IX BZ
wVH pP= edViy (11)

n:

We can also obtain the low-field electron, hole mobility from é&pectively.

|L L

m = m =
enV \Wd " epv Wd

(12)

2.3.3) Van der Pauw method
Samples are often grown in the form of thin epitaxial flmsamesinsulating

substrates. The extension of the Hall technique to sucfilthiwas developed by
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Van der Pauw [7] Fig.2.9. shows the Van der Pauw method of measuring the Hal
coefficient and resistivity in a thin sample. The current is fed ghdhe contacts
3 and 4 while the Hall voltage is measured across the conthcsd 2. The

sample shape in Fig.2.9 has the advantage of keeping trentcinom the Hall

voltage contacts.

O
Fig.2.9. Schematic diagrams of Van der Pauw method.

To minimize the error in the measurement of the Hall voltage dtleetéact
that the current flow may not be perpendicular to the line joithegcontactd and
2, one usually measures the voltage both with the magnetic Wigl(dB) and

without the fieldVi2(0). Van der Pauw shows that Hall coefficient is given by

_[V,(B)-V,,(0)d _ [V, (B)-V,(-B)ld (13)
|,,B 21,,B

34

Rh

34

d is the thickness of the filnB is the magnetic field anty, is the current
flowing from contacB to contacd. The sample resistivity can also be measured

with the Van der Pauw method. In this case two adjacent costagdtsas 2 and 3
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(I23) are used as current contacts while the two remaining contacts aréoused
measuring voltageév;). The resultant resistance is definedRass
Ra1,23= |Vai| /123 (14)
Another measurement is that current is sent through the contaatis3] ten
the voltage is measured across the contacts 2 and 4. From thegesglistance

Ro4.13andRy4s 23 Resistivity o can be calculated with following expression.

m(Rzus + R41,23) f

P 2In2 (15)

f is factor that depends on the raRes 14 Rii23 Usually a large value for
this ratio is undesirable and suggests that thé¢actsrare bad or the sample is

inhomogeneously doped.
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2.4) High-resolution X-ray diffraction (HRXRD)
2.4.1) Experimental setup of HRXRD

High-resolution X-ray diffraction (HRXRD) is a powal tool for
nondestructive ex-situ investigation of epitaxatdrs, thickness, the build-in strain
and strain relaxation, and the crystalline pertectelated to dislocation density.

In study, HRXRD rocking curve were measured by digzthX Pert MRD
system as shown Fig.2.10. The main components®iristrument are X-ray tube,
monochromator, detectors and the sample holder it crystal. The
monochromator consists of blocks made from dislonaree germanium single
crystals. The four crystal Ge (220) monochromaaduces a beam with very

low divergence and small wavelength spread.

X-ray generator

Asym 15 Ge(220)
Monochromator

Sym Ge(220)
Monochromator

Detector ﬂYJr

Fig.2.10. Schematic illustration of HRXRD geometry

To investigate structural quality of compouw®miconductor, (0009), (10-

11)Q and (10-11¢® are usually measured by HRXRD. X-ray power used f
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measurement of this study is 40kV, 30mA.

Mosaicity (tilt and twist) was determined bries of X-ray measurement.[8]
To determine the tilt angle, rocking curves for@J (0004) and (0006) reflection
were measured, to determine the twist angle, rgckurves for (0002), (10-13),
(10-12), (10-11) and (30-32) reflection were meaduf8] From the tilt, twist
angle, it is possible to determine the screw, atiglcation densities respectively.
Detailed procedures calculating dislocation densityf be dealt with in the

following Chapter 5.

2.4.2) o scan (rocking curve) and o-20 scan
The simplest and most useful description of crydifitaction is obtained by
Bragg law.

2d sir® =n A (16)

Wheren is an integer representing the order of diffractiois wavelength, d
is the interplanar spacing of the reflecting &ads the angle of incidence and of
diffraction of the radiation relative to the reftexn plane. The requirement for the

angle of incidence to equal that of diffractiordieectly seen in Fig.2.11.
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Diffracted beam Incident beam

™~ 0 0

il

Fig.2.11 Diffraction of a plane corresponding t@8g law

Diffraction for a given plane and wavelength doestake place over the zero
angular range defined by the Bragg law, but ovemall finite range. This range,
called the rocking curve, varies tremendously and it shows the structquallity
sensitively [9]. Conventional diffractormeters uaan-206 scan for measuring
symmetric Bragg reflections. For such a scandgtector is rotated twice as fast
and in the same direction around the diffractometeis as the sample. In
reciprocal space, the motion of sample and detemoresponds to a change of
wave vectorks, which moves along the reciprocal lattice ved®g. During the
motion, the angle between the incident beam and the sample surfeargges. In
@ scan, the detector is fixed in position with widpen entrance slits and the
sample is rotated. In reciprocal space, this epoads to a path as shown in

Fig.2.12[10].
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sample

Fig.2.12 Reciprocal space map showing accessibigerdor Bragg reflection

measurements

When we consider about rocking curve of heterogpits there exist
differences of diffraction angle between the lagled the substrate, which is caused
by tilt (66) or mismatch dd). Double or multiple peaks will therefore arisetihe
rocking curve. Peaks may be broadened by defdécthese give additional
rotations to the crystal lattice, and there wilk@albe small peaks arising from
interference between waves scattered from thefaaes, which will be controlled
by the layer thicknesses. The material will shoiMfecent defects in different
regions. Table 1 summarises the influence on dlkimg curve of the important

parameters [11].
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Tablel. The effects of substrate and epilayer patars upon the rocking curve.

Material _ e
Effect on rocking curve Distinguishing features
parameter
_ Splitting of layer and . _ _
Mismatch Invariant with sample rotation

substrate peak

Misorientation

Splitting of layer and
substrate peak

Changes sign with sample rotation

Dislocation
content

Broadening peak

Broadening invariant with beam size
No shift of peak with beam position
on sample.

Mosaic spread

Broadening peak

Broadening may increase with beam
size, up to mosaic cell size

Broadening increases linearly with
beam size

Curvature Broadening peak _ _ _
Peak shifts systematically with beam
position on sample
_ - Different effect on symmetrical and
Relaxation Changes splitting . .
asymmetrical reflection
_ y \ Integrated intensity increases with
Thickness Affects intensity of Peak

layer thickness, up to a limit

Inhomogeneity

Effects vary with
position on sample

Individual
mapped

characteristics may be
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2.5) Atomic for ce microscopy (AFM)

The AFM works by scanning a fine ceramic or semdantor tip over a
surface much the same way as a phonograph neeats screcord. The tip is
positioned at the end of a cantilever beam shapachrike a diving board. As the
tip is repelled by or attracted to the surface, thatilever beam deflects. The
magnitude of the deflection is captured by a ldkat reflects at an oblique angle
from the very end of the cantilever. A plot of theser deflection versus tip
position on the sample surface provides the resoiuf the hills and valleys that
constitute the topography of the surface. The ARM work with the tip touching
the sample (contact mode), or the tip can tap acties surface (tapping mode)
much like the cane of a blind person. Fig.2.13 shtlve schematic illustration of

AFM equipment.

Feedback loop Display

Scanner

X-Y scan control

Cantilever

Sample |

Fig.2.13. Schematic illustration of AFM
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Chapter 3. Composition disorder of ZnCdSetriple QW

3.1) Introduction

Structural imperfections of quantum well (QW) stwres such as interface
disorder and alloy disorder affect not only photolnescence (PL) intensity but
also linewidth. It is especially important for @l quantum wells such asx(Ba;-
«As [1], CdZniSe [2] and IRGaxN [3] since these QWs suffer both effects. It
should be noted that these QWs provide a lot ofitsvéar the band gap and band
offset engineering. However, epitaxy growth obglQWs, especially with large x,
is still challenging for the crystal growers owit@the increase of lattice constant
mismatch and composition disorder. Thereforecieffit method to analyze the
structural quality of QWS is required.

There are several ways, which can be applied wghrpose. Transmission
electron microscopy (TEM) will give exact informari about the structural quality
of QWSs, but it takes long time and only spatialdgtricted information is acquired.
Meanwhile, Photoluminescence (PL) provides muchormftion about the
structural disorder in non-destructive manner. Ewample, peak intensity is a
direct indication of crystal quality, also linewidbroadens when the sample has an
imperfection such as compositional disorder ansfiarctural fluctuation.

In this chapter, structural imperfection of the owsn wells (QWSs), ZgCd,.
1Se is investigated in terms of PL linewidth broadgn Two imperfections of

QW structure, alloy and interface disorder are wered. Theoretical calculation
35



is performed to estimate the linewidth broadennogf different origins.

3.2) Theoretical background
3.2.1) Transitional energy of QWs

Fig. 3.1 shows schematic illustration of elelgnd structure of 2nCdSe

QWs.
ZnSe ZnSe
Ec Zn, ,Cd,Se
QW
n=2 AE,
n=1 - &
T Y _

ETransition Eg Eb

hh v . I
dEstrain $ IA Ev
E Ih

\'

Fig.3.1. Schematic band structure of QW

Eow is the transitional energy of exciton in the QWoat temperature (~10K)

by the following formula.

Eqw = Eg + Eelec + BEnole= BEn = Es— Estokes (1)

Where, E is bandgap of unstrained quantum wel,i& the binding energy
due to Columb attraction [1]sES energy shift due to lattice misfEskedS €nergy
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shift due to inhomogeneous interfaca.E. andA E, is band offset. &cand Eole

is energy due to quantum effect in case=ff.n

3.2.2) Theoretical model related to compositional disorder
It can be shown that compositional fluctuasigive rise to fluctuationg\Eex
of Eex  Fig.3.2 shows the theoretical model related tya fluctuation

(~compositional disorder) in the QWs.

Exciton with radius rex

Barrier

QW with nomial
comp. X,

Barrier

— .

Fig.3.2. theoretical model related to alloy fludtoa

Compositional fluctuation/AE.y) can be estimated using the virtual crystal
approximation [4,5]

A Eex(X, X0, Vex) O(X - %) A (2)

where, % is nominal composition of the alloy, which is Gahtposition in Cd-
Zn system,A;1=|0Ee/OX|x0, @nd Vex is @ critical volume inside which the exciton
experiences only a mean crystal potential. ThefdlLwidth at half maximum

(FWHM) due to alloy fluctuation is given by
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fo =2 koo R ®

ex

where, V; is volume per anion site, and.,is a critical volume of exciton.
This formula is considered the dependence on thk wudth of the exciton
localization.[2] If Pexis the probability for the exciton to penetrateoithe well

barrier, only the fraction (Pey) of the exciton is confined in the well.

3.2.3) Theoretical model related to interface disorder
The statistical model also proposed by Singh ef2#] is used for the
theoretical calculation of PL linewidth broadeningd=ig.3.3 shows the theoretical

model related to interface disorder in QWSs.

—a

Barrier

4
-3

QW

-

18

Barrier

—_—

Fig.3.3. theoretical model related to interfacetiation.

In this model, ifz = 0 identifies the position of the ideal interfdmetween the
A(z <0) and B¢ >0), in the real interface there are islands ofdbepound B foz
<0 and islands of the compound A for>0. Therefore, real interfaces involve

fluctuationsdl of the QW thickness. The mean concentrationthefslands of
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QW and barrier, and of the flat regions of idea¢iface are Gu°, Coarier» and ¢,
respectively, their lateral extensions &sgw, S2parier, aNdJyi, Which is defined as
the height of the 2D island. The lateral extenthaf exciton wave function jsx.
Eex (L) is the exciton recombination enerdis(L) diverges for L— 0 in the ideal
case of a well of infinite depth, it reaches aténnaximum at L = 0 in the case of a
well of finite depth, because of the penetrationhaf exciton wave function into the
barrier material. For the simplification of calatibn, it is regarded thabow~
doparier = 02 anddy < pe. It has been shown that the exciton line shapien

PL spectra is given by a Gaussian function withvudith at half maximum [4].

Vi f % (4# OCO)(ch++c§A') (4)

where

Bl OE,
7, o

A aEex

P
oL '

Lo-A

Lo is the mean thickness of the quantum well and A~ depends strongly on L,

pexdepends more smoothly an

3.2.4) General trends of disorder
Fig.3.4(a), (b) shows the general trends of PL widéh owing to
compositional and interface disorder when the Cdygmsition is 15, 30, 45% in

Zn;,Cd,Se QWs, respectively. It is considerddas 0.5 for this calculation in
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case of interface disorder.

Yai, PL linewidth broadening due to alloy disorderpwk that the more
increase the well width for a givex, the more decrease the probability of the
penetration of exciton wave function into the batri Therefore, it increases the
contribution of the alloy disorder to the PL linelth. For quantum wells of
infinite depth, vinr, PL linewidth broadening due to interface disordecreases
monotonically for decreasing and becomes infinite fdr=0, while for quantum
wells of finite depth the value of,; reaches a maximum and then decreasds as
approaches zeroy{; = O for L = 0), because penetration of the exciton wave

function into the barrier increase.

-

N
T
I

1r - Cd: 30% T
10F = Cd : 45% ]

FWHM(meV)

N W b~ U1 O N 0O

L(nm)

Fig.3.4(a) Composition fluctuation of ZnCdSe QWhwiarious Cd-content
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Fig.3.4(b) interface fluctuation of ZnCdSe QW wirticrease of QW thickness

3.3) Experimental

Fig.3 shows the schematic drawing of ZnCdSe/Zn§s#etiQW structure.
ZnCdSe/ZznSe QWs were grown on GaAs (001) substiayesolecular beam
epitaxy (MBE). GaAs substrate is thermally demadi at 58@ during 10
minutes. Zn-exposure was performed before stragiogith.  Firstly, ZnSe layer
was grown on GaAs substrate. After then,Gh,Se QWs with different
thickness and Cd-composition were grown at @80After the growth of triple

QW structure, 40 nm thick ZnSe capping layer wasvgr
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ZnSe (L=40nm) «—

— CdZnSe
ZnSe (L=20nm) +—

— CdZnSe
ZnSe (L=20nmM) «—

— CdzZnSe

ZnSe (L = 200nm)

GaAs(001)

Fig3.. The schematic drawing of ZnCdSe/ZnSe tripi¥ structure

3.4) Evaluation of compositional and interface disorder (fluctuation)

Fig 3.5 shows transitional energy of QWs with difet thickness.

NSy  EERE =
: Cd,Zn, Se/ ZnSe " Exp |
2.8 NN N P Cal -
% 2.6 -.‘:\ 1
S -
o .\
B o24r 1
| . S B
22} "
20— b —
L (nm)

Fig.3.5. Transition energy of geCdysSe QW with various thickness

To obtain the Bw with variation of QW width, §is calculated using a

formula related to G&n;.,Se [7].
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Eg caznse= Eg caset (Eg znse— Eg case—b)(1-X)+o(1-x) b=0.301 (5)

In here,b is regarded as 0.301, which is the bowing parametgn CdSe
QWs. The calculated result shows considerableeaggat with theoretical value
when the thickness of QW is thinner than 10nm. sTihdicates high structural
quality of the QW sample. The possible reasorditference between two values
above 10nm thickness is the Cd/Zn interdiffusiohich is expected to be enhanced
at high Cd-composition.

Fig.3.6 shows the PL linewidth of ZxCd,Se/ZnSe QWs with different Cd-
composition. The peak position decreases and i&wldth increase along with
Cd-composition increase.The thickness of QWSs is 3.5 nm and surface roughnes
of samples are 0.81 nm (Cd = 15%), 0.93 nm (Cd %)3®.91 nm (Cd = 45%)
respectively. Therefore, the PL linewidth broadgnincreases due to the increase
of alloy disorder. The theoretical linewidth ofeie samples is listed in Table 1.
In the case of QW with 15% Cd-composition, alloydanterface disorder are
estimated as 5.34meV and 0.61meV respectivelyt@atllinewidth is calculated as
5.37meV. However, the disagreement increases aofgosition increase. The
critical thickness of CdzZnSe layer will be decrehss Cd-composition increase
due to lattice mismatch increase. But it is stiuch thicker than 3.5nm [7].
Therefore, additional interface fluctuation relatied lattice mismatch is hard to
consider as shown from surface roughned¥e suggest that there exist another
reason for PL linewidth broadening, which is ndated with interface disorder.
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One possible reason is Cd-Zn interdiffusion. Kyettal reported that at the
interface of CdSe/ZnSe superlattice graded compas€dZnSe alloyeds layer is
formed due to Cd-Zn interdiffusion.[8] When oneshgraded composition
CdZnSe layer at the interface, PL linewidth will beoaden due to piled up of
transition states from CdZnSe interfacial layer.t id reported that Cd-Zn
interdiffusion is occurred up to 4.5 monolayersnirdghe ideal interface at the
growth temperature of 290 [8], which will increase alloy broadening effectln

our experiment, the difference between theoretaad experimental linewidth
values increases as Cd composition increase. Shmeepossibility of Cd-Zn

interdiffusion will increase along with Cd contettie observed linewidth increase

can be regarded as the result of interdiffusion.

44



He-Cd 325 nm  ZnCdSe/ZnSe QWs
i 10K TQW =3.5nm
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Fig.3.6. PL spectra of ZpCdSe TQW with different Cd composition

Table.3.1. Measured and calculated linewidth of €8 QWs with different Cd

composition
cd Com PL FWHM Cal. Alloy Cal. Interface | Total calculated
P (meV) disorder (meV)| disorder (meV)| linewidth (meV)
15 9.8 5.34 0.61 5.37
30 14.9 6.85 1.22 6.95
45 22.0 7.12 1.84 7.35
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Fig.3.7 shows PL spectra of £&dnysSe QWSs with different QW thickness.
It is characterized that broad PL linewidth andeéin decrease of luminescence
intensity as QW thickness increase. Since bothyahd interface fluctuation is a
function of QW thickness, PL linewidth should beanbed closely related with QW
thickness, however, only a weak relation between Qitkness and linewidth is
observed. From the calculation, the total linetvidt a sample with 0.6nm thick
QW is estimated as 6.4meV. Large difference batwékeoretical and
experimental values exists similarly to the samplth 45% Cd composition as
Table 3.2. Now, it is cleared that a QW with lafge composition always shows
much broader linewidth than theoretical estimationlt strongly indicates

additional broadening effect.
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He-Cd 325 nm ZnCdSe/ZnSe QWs
10K Cd comp. =50 %
TQW : 0.6 nm
2574 eV |
5
S TOQW : 1.2 nm
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2
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Fig.3.7. PL spectra of ZpCdiSe TQWSs with different thickness

Table.3.2. Measured and calculated linewidth of €3 QWs with different

thickness
TQW PL FWHM Cal. Alloy Cal. Interface | Total calculated
(nm) (meV) disorder (meV)| disorder (meV)| linewidth (meV)
2.4 31 5.95 19.06 19.96
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There are two possible reasons for the extra-broageof PL linewidth. In
the bulk single crystal of the alloy CdZnSe hawe zincblende structure for x<0.3,
the hexagonal wurtzite structure for x>0.5, and edipphases for 0.3<x<0.5 [9].
When the mixed phase growth is occurred during gh@vth not only drastic
decrease of luminescence intensity but also obwibasge of RHEED pattern will
be observed. However, in our experiment, the Rénisity of QWs only smoothly
decreased, also any proof of structural change meisobserved from RHEED
observation during the growth. Moreover, thereaiseport about the epitaxial
growth of zincblende CdSe by MBE[10], which indesizincblende CdZnSe can

be grown under adequate growth conditions.

3.5) Conclusions

We have studied the PL linewidh broadening of CdZigB8Ns. Measured
and calculated PL linewidth show agreement whe @aecomposition is low.
However, disagreement increases Cd-compositioreaser. As a possible reason
for the calculated additional linewidth broadeningn/Cd interdiffusion is
suggested, which will be enhanced at high Cd cest®WVs. Therefore, to reduce
the extra-broadening of PL linewidth, one shoulshsider the way not only to

improve structural quality but also to minimizeardiffusion of atoms.
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Chapter 4. Interface and composition disorder of high

quality ZnCdTe multiple quantum wells

4.1) Introduction

Photoluminescence (PL) spectroscopy is one of tbst mseful technique to
obtain information on the quality of semiconducatioys, quantum structures and
nanostructure as stated in chapter 3. Physicaitijies obtained from PL such as
peak intensity, line width, line shape, and tempgedtemporal variation of these
guantities give valuable information about the sEmp For example, peak
intensity is a direct indication of crystal qualibiso line width broadens when the
sample has an imperfection such as compositionsbrder and/or structural
fluctuation. Since these imperfections have lanjleence on the performance of
semiconductor device, there were many studies tima® the effect caused by
imperfection.

In this study, PL line width broadening due to casifon/ interface disorder
of ZnCdTe/ZnTe MQW is studied. RHEED intensity ilations are used to
prepare high quality material, which is inevitabigeded for this study. Also,
theoretical calculation [1, 2] is performed for theantitative estimation of the

imperfection.
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4.2) Experimental

ZnCdTe/ZnTe multiple quantum wells (MQW) was grown ZnTe (001)
substrate by using MBE. ZnTe substrates were dat@lyietched by Br (3vol.%):
Methanol solution and deoxidized by diluted HF jbsfore to be introduced into
the load lock chamber [3]. Thermal treatment wagqumed at 35C during the
growth thermal treatment (2x1) reconstruction pattevas observed in [110]
direction. The reflection high energy electronfrdiftion (RHEED) pattern was
almost streaky at the end of thermal treatmentiabeécomes completely streaky
when the growth starts. The buffer layer of 50naswrown at low temperature
of 240C, then the substrate temperature increased t 3t the low temperature
buffer growth. RHEED intensity oscillations wersed for the control of both
QW layer thickness and Cd composition. High resotu X-ray diffraction
(HRXRD) measurement was used to confirm to strattuquality and
photoluminescence (PL) spectroscopy was used tesiigate the effect of

composition and interface fluctuation on the lunstence linewidth.

— ZnCdTe QW 3ML
ZnCdTe QW 4ML
ZnCdTe QW 5ML

—> ZnCdTe QW 10ML

— ZnCdTe QW 24ML

ZnTe (0.5m) +—
ZnTe buffer

ZnTe (001) <—

Fig.4.. The schematic drawing of ZnCdTe/ZnTe migtQWs
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4.3) The Control of QW thickness and composition

Using the RHEED intensity oscillation, it is podeilto precisely control
thickness and Cd-composition of QWs. Fig 4.1 shoREED intensity
oscillation frequencies when ZgCdiTe QW is grown. Cd composition is

obtained from the following formula [4].

onl_XCdee - onTe

X= (1)

onl_XCdXTe
where,f is RHEED intensity oscillation frequency, whichasrresponding to
the 1/(oscillation period) The Cd composition ssimated as 21% in average and
the composition variation between QWs is less a%6. In this study, 1ML is
corresponding to 3.09A.
After the growth of ZnCdTe QW layer, Cd shutterclesed at the peak
RHEED intensity point, however, the RHEED intensiigcillation continues and

the intensity is almost recovered to initial value.
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Fig. 4.1 RHEED intensity oscillation of ZnCdTe QWs

When we start the growth of ZnCdTe, RHEED intensggillation amplitude
damped as the growth proceeds. It could be irggrgrin terms of thé/I/II ratio
change due to the addition of Cd adaptoms on tHac[5]. SinceVI/II ratio
is changed by the addition of Cd, which brings RIBEREtensity change [6]. Also,
the reflection intensity of specular spot from Znded CdTe surface will be
different. Therefore, specular spot intensity, imgr the intensity oscillation
transition, will occur. However, it should be nibtéhose explanations do not
indicate growth mode change or surface degraddiemause when we close Cd
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shutter RHEED intensity oscillation continued aheé intensity recovered to the

initial value.

4.4) Sructural characterization of ZnCdTe MQW

Fig.4.2 shows HRXRD result of ZnCdTe/ZnTe QWs. e8¢ peaks by
multiple diffractions are observed, which indicatémt the QWs have abrupt
interface with high crystallinity. The dotted cerin Fig.4.2 is a simulated one.
Considerable agreement is observed between measndesimulated curve. The
small mismatch in the position of highest sateligak, especially in the low angle
side, may be originated from the fact that simolatjust considers completely

strained structure.

(004)

t ZnCdTe/ZnTe MQW |
S f
8 L .
2t Simulation - E
@ r
C E
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E £

H

i

[

easurement

-2000 -1000 0 1000 2000
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Fig.4.2. HRXRD rocking curve of ZnCdTe/ZnTe 5QWusture
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4.5) Thealloy/interface disordersin ZnCdTe MQW

Fig.4.3 shows the photoluminescence (PL) spectrumZiCdTe/ZnTe
multiple QW at 10 K. Two peaks at 2.341 eV, 2.382 are assigned to bound
excitons from ZnTe. Also five peaks from 2.332 ®\V/2.252 eV are ascribed to
MQW. In a disordered structure, the line shapdowf-temperature PL spectra
depends on the uniformity of composition and abrags of the interfaces. The
statistical models related to alloy/interface disrhave been already suggested in
chapter 3. In fact, the exciton recombination is inhomogenigisoadened due to
the interface disorder caused by interface roughnéeghe linewidth is calculated
as a function of the island size and density (serfzoverage of islands) in terms of
interfacial disorder. When we regard the 2D islamlght as 1ML, the PL
linewidth (34 meV) of 5 ML thick QW is well correspds to theoretical value (33
meV) from interface disorder and 2.2 meV from alldigorder). As previously
mentioned, RHEED intensity oscillations were usedytow MQW structure and
HRXRD measurement shows high interfacial qualitgince 1ML can be regarded
as very close value to minimum step height, it rbayadequate approximation.
While the QWs thicker than 5 ML have much broadwe Width to be explained by
interfacial fluctuation, which indicats alloy fluetion should be considered to
explain the linewidth. Also, the QWs of thinneath5 ML have narrower line
width than the theoretical value. It should beipteted with the consideration of
the relationship between QWs thickness and excddius. Patene et al. reported
that when the thickness of QW layer becomes smaibmpare to the Bohr radius
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of exciton, PL linewidth broadening due to intedadluctuation will be

considerably decrease [7]. The Bohr radius ofrBestisional exciton in ZnTe is
reported as large as 11.5 A [8]. It implies tha Bohr radius of 2-dimensional
exciton in ZnCdTe QW may be larger than this valuActually, it was reported
that the Bohr radius of exciton in ZnCdTe is aggéaas 5 nm [9,10]. The
compositional inhomogeneity will have dominant effespecially when ZnCdTe
QW has large Cd content. However, if one compahed QWs with same Cd
content, thicker one will have broad full width lzlf maximum (FWHM), since
total amount of compositional disorder in an excitwill increase. In the model
related to compositional disorder, thH&, is the probability for the exciton
wavefunction to penetrate into the barrier. Thenef only the (1Pe) of the

exciton is confined in the quantum well. Theorgticzalues for the alloy
fluctuation monotonically increase.  In the cas4ML thick QW, the calculated
value (4.7 meV) is very close to the experimentug (6.5 meV). It strongly
indicates the interface disorder is almostly distiid, also the FWHM of 24 ML

thick QW is mostly originated from alloy disorder.
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Fig.4.3. Low temperature PL spectra of ZnCdTe/Z5Q&V structure

Table.4.1. Theoretical and experimental linewidtZCdTe/ZnTe 5QW

QW Experimental Theoretical results

QW Thickness Result Alloy disorder | Interface disorder
(nm) (meV) (meV) (meV)

3ML 0.92 5.0 1.7 155

4ML 1.24 7.3 1.9 65

SML 1.54 33.8 2.2 33

10ML 3.10 16.5 3.1 4.2

24ML 7.42 6.5 4.7 0.3
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4.6) Conclusion

Photoluminescence linewidth broadening of ZnCdT&&Zmultiple quantum
wells has been investigated. RHEED intensity tdains are used to grow highly
defined sample. Oscillation damping, presumablg ttuVI/II ratio change and
enhanced migration of Cd adaptoms, is observechglahe growth of ZnCdTe QW
layers. Theoretical calculation is performed untle¥ assumption of minimum
interface disorder (1ML). The results show thatewhQW thickness is
considerably smaller than Bohr radius of exciton /iRe width have much smaller
value in compare to experimental result. HoweWdghe QW thickness is similar
or larger than exciton radius, the experimentalltesshow considerable agreement

with the calculated values.
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Chapter 5. Defect for mation dueto structural disorder of

GaN substrate

5.1) Introduction

Epitaxial films having a large lattice mismatch hwtheir substrate will have
mosaic structure of slightly misoriented sub-grainlthough epitaxy is generally
performed with mismatchies, thus the epi-layersaligiexhibit a mosaic structure.
Moreover, the large difference of thermal expangioafficients between epilayers
and foreign substrates induce serious wafer bowamd cracking [1,2]. Actually,
the specific features originated from lattice diys such as mosaicity, tilt, twist
and bowing give serious influence on device pertoroe and production yield.
The quantity of such a disorder is usually expreéssg the full width at half
maximum (FWHM) of X-ray rocking curves. Howeven the majority of
practical cases, the substrate is usually subathnthicker than the absorption
length of the X-ray thereby precluding this dires¢asurement Yun et al. have
reported that X-ray rocking curves of distortedefstanding GaN substrates are
seriously broadened [3].

In this chapter, we have investigated the substnate structural disorder
from X-ray rocking curve (XRC), also, will explainow to evaluate the lattice

disorder such as tilt, twist and bowing for GaN Sudte.
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5.2) Theoretical background
5.2.1) Mosaicity in Hexagonal structure
Mosaic crystals can be characterized by meansltoérnd twist angle and
average size of the mosaic block. The tilt degsrithe out of plane rotation of the
blocks and the twist describes the in-plane romatioFig.5.1 shows schematic

illustration of tilt and twist in hexagonal structu

C axis

P

b = 1/3<1120>

Fig.5.1. Schematic illustration for mosaic struetur terms of tilt, twist angle

5.2.2) Evaluation of tilting

Tilt angle can be determined by so-called Williamstall plot (W-H plot).
The concept is based on the fact that the broagdewfithe rocking curves of the
symmetric reflection (0002), (0004) and (0006) iwartzite structure is influenced
only by tilt and small correlation length paraltelthe substrate surface. Bending

or heterogeneous strain does not influence the pezddening owing to the small
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acceptance angle of the detector in modern HRXRiai@tus. As the broadening
in reciprocal space due to tilted crystal is projpoal to the scattering order and the
broadening due to a small correlation length igpehdent of the scattering vector,
a graphical separation of these two effects is ipesdy recording higher order
reflections. If a linear superposition of botheefs is assumed, a separation
analogous to the W-H plot can be performed, wiigrain@®)/A is plotted against
sin(@)/A for each reflection and fitted by a straight I[d¢ Here,fq is the integral
FWHM of the measured profil,is X-ray wavelength (=1.540562A), an® 2 the

scattering angle. The slope of the (fitted) lis@ idirect value of the tilt angle.

5.2.3) Evaluation of twisting

There are two ways to determine the twist anglenfrdifferent kinds of
rocking curve. The first and simplest way is toaswwe to the (10-11p scan.
The FWHM of the (10-11% scan gives a direct value of the twist angje The
second, more complex way to evaluate the twisteaigyto measure a series wf
rocking curves with skew angle geometry. The taiggle is corresponding to the
FWHM of o rocking curve at an inclination angle of °90 However, direct
measurement ab rocking curve at an inclination of 9& geometrically impossible.
Therefore, a series ab rocking curve at several inclination angles ase&las
possible to 90are measured. In this study, (0002), (10-13);12)) (10-11) and
(30-32) ® scan were performed. The FWHM values of thesk&imgccurves can
be plotted by the inclination angle. The FWHM \alwf reflection with
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inclination angle of 9is extrapolated to the twist angle.

5.2.4) Estimation of dislocation density

Dislocation density can be estimated from the eateld tilt angle and twist
angle because the tilt and twist can be thoughd essult of lattice distortion by
screw and edge dislocation, respectively [5]. d@uation density can be calculated
by using formula of Ayers [6]. There have repotist successfully used to
determine the dislocation densities in GaN epilayé&or screw dislocations the

density,Ns can be expressed by such formula.

o
N = Zzmr, (1)

where bs is the burgers vector of screw dislocatian, is tilt angle.
Meanwhile, in case of the edge dislocations, thare random and piled-up
distributed dislocations. For randomly distributsthe dislocation densitide can

be expressed by such formula.

a’,

N. = 235 )

wherebe is the burgers vector of edge dislocatiepjs twist angle. For the
screw dislocation density in hexagonal structuhe tilt angle and the burgers
vector of <0001> are used, while for the edge deion density, the twist angle

and the burgers vector of 1/3<11-20> are used.
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5.2.5) M easurement of bowing curvature

Using the X-ray diffraction position, bowing curua¢ can be estimated. If
the sample is bow in the plane along the c-axssjrihident angle4 ) of the X-ray
with respect to the sample surface changes whemsaimple is moved along the
distancefAx). Then, the bowing curvatureR() of the sample can be estimated
from the peak separation of diffraction curves, ¢« ) with the distance4x) on
the sample R=Ax[{w, —w)) [7]. Fig.5.2 shows schematically concaved swfac
of sample, whose diffraction angle increase ass#mple in moved away from the

X-ray source.

Incident X-ray

Concave surface

i‘) 1 192
I >
0 A X

Fig.5.2. X-ray diffraction on concaved surface, evhindicates bowing curvature

5.3) Specimen and Experimental procedures
Fig.5.3 shows schematic illustration of GaN sultetra Free-standing GaN
substrates were grown on (0001»®d substrates by hydride vapor phase epitaxy

(HVPE). We note that the thickness of the freedite;y GaN substrates is very
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thick (~ 2000 um), which was naturally seperatednfiAl,O; substrates. Then the
front and back surfaces of the freestanding sulestraere mechanically polished
using diamond powders with 5 pm diameter.

The structural properties of the substrates wevesitigated by numerous
scans for (0002) and (10-11) crystal planes usingh-resolution X-ray
diffractometer.(HRXRD) Also, surface damage is leaged with increase of
etching time stepwise. The KOHA® ratio of 1/4 as etching solution is employed.
The GaN is observed every a day using PL, HRXRD anochic force microscopy
(AFM).

Front side

/

1mmI GaN
-~ Back side

V.~ . o - |
AlLO,

Fig.5.3. Schematic illustration of GaN substrate

5.4) Quantitative analysis of disorder in bulk GaN substrates
Fig.5.4 shows the Williamson-Hall plot of the samplhich roughly indicate
tilt and twist angle for front side. Although tH@NVHM of (10-13) reflection
shows the maximum values, we consider that the FW31NBO-32) reflection is
corresponds to twist angle in this study becauseinghnation angle of this
reflection is close to 90
Tilt angle for front side, which is corresponds®048 is nearly the same as
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those of back side, which is corresponds to 0.049Meanwhile, twist angle for
front side, which is 0.038is broader than those of back side, which is ¢.029
This indicates that the reason for larger FWHM aint side may come from

twisting rather than tilting.

0.0484 degree 0.20¢

< 0030} < 2 ol {012

= (0004 >

7] o

s 0025} " 1 "0.10»( (10-11)]

I = |

= = -

L 0.0201 0002 1 i 0.05¢ Twist angle: \i‘
- 0.03836 degree (30-32)

0015 1 L 1 e L\ 000 1 1 1 L L 1 h 1
02 0.3 0.4 0.5 0.6 0 10 20 30 40 50 60 70
SinG /A Inclination angle (degree)

Fig.5.4 W-H plot for symmetric and asymmetric refien using tilt/ twist angle

Then, dislocation densities for both faces candtienated by Williamson-Hall
plots, using a series of line width obtained witlbreasing the inclination angle of
diffraction planes [5,8]. The front surfaces westimated to have the screw and
edge dislocation densities of <60’ cm? and ~ 1x10" cm’?, respectively, while
the back surfaces were characterized as to havedtesv and edge dislocation

densities of ~ 810’ cm? as listed Table 5.1.

66



Table.5.1 Screw and edge dislocations using W-Imlthod.

_ _ Dislocation density evaluated by XRD
Tilt angle Twist angle _ - -
(degree) (degree) Screw dislocation Edge dislocation
(10" cm?) (random) (16cm®)
Front plane 0.0484 0.03836 6.090 10.11
Back plane 0.0497 0.0289 6.427 5.7361

5.5) Anisotropic broadening of XRC in GaN

Fig. 5.5 (a) and (b) show X-ray rocking curves {@002) and (10-11)
reflection of a free-standing GaN substrate. Thea)rocking curves for (0002)
reflection of front and back sides have a tail #) (irection (low-angle side)
Meanwhile, the asymmetric broadening is more gjestibwn in the rocking curves
for (10-11) reflection. Front side exhibits shaersl in (—) directions, while back
side exhibits shoulders in (+) direction (high-angide) shoulder respectively, as

shown in Fig. 5.4(b). The inset shows rocking eumith log scale, respectively.
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X-ray rocking curves
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Fig.5.5 X-ray rocking curves for (a) (0002) refiectand (b) (10-11) reflection in

GaN substrate. Solid line indicates front side dottied line indicates back side

Fig.5.6 shows X-ray rocking curves for (0002) refien of front side,
obtained with decreasing the focusing area of ericdbeam by manipulating slit
size. It is found that line shape becomes symmeind line width becomes
narrow with the decrease of the focusing area. ifbet shows the focusing area
dependence of line width for front and back sides.

It is found that the line width gradually decreasgth the decrease of slit size.
The asymmetric broadening and focusing area depeed®f X-ray rocking curves

are reported to be due to mosaic spreading of alrygénes or wafer bending
68



[3,9,10]. Yun et al. have found in free-standingNaemplates that X-ray rocking
curves for (0002) and (10-14) planes are asymnadiribroadened and the rocking
curves are changed with decreasing incident X-ragthw[3]. The origin was
attributed to the tilt and twist, which result imsmillimeter scale mosaic spread.

On the other hand, Leszczynski et al. have repdhatthe broadening of X-
ray rocking curves, obtained in GaN layers growrAbi©O; substrates, is caused by
a higher thermal expansion coefficient o@4 with respect to GaN [11]. Kelly et
al. have reported that the asymmetric broadeningfacusing area dependence of
X-ray rocking curves are induced by substrate bempdiecause the line shape and

width were significantly changed after substrditedif [9].

L Slit size dependence
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Fig.5.6. X-ray rocking curves for (0002) reflectiah front side, obtained with
decreasing the focusing area of incident beam bgipo&ating slit size. Inset

shows the focusing area dependence of line widtfrdat and back surfaces.
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We have investigated the bowing curvature of fteeding substrates. It is
found that the rocking curve for front surface &hifo higher angle side as the
sample goes toward a diffractometer axis. Theature is estimated to be —0.8 m,
where the (-) sign indicates a concave surface.reMer, it is found that the
rocking curve for back surface shifts to lower angiide as the sample goes toward
a diffractometer axis. Then the curvature is ested to bet0.8 m, where the (+)
sign indicates back surface has a convex curvature.

The results indicate that the free-standing Galétsates suffer from substrate
bowing to some degree. Similar results are aviglabPark et al. have reported
that 2 inch free-standing substrates removed frdsAsubstrates have a concave
surface [10]. Kelly et al. have also reported dbitwe bowing in free-standing
GaN substrates in the opposite direction of theolif surface [9].

In this study, asymmetric broadening for (0002)emfon originates from tilt
and surface bowing as shown in Fig.5.7(a). Ald® obrigin of asymmetric
broadening for (10-11) reflection is mainly directal twist, which is rotated to the
one direction as shown Fig. 5.7(b).

Grzegory et al. reported the rocking curve for syatrinal (002) reflection
broadening reflects the presence of tilt mosaieity] asymmetrical (220) reflection
broadens which reflects the presence of twist nedgdil2]. Consequently, it is
expected that the anomalous behaviors found inyX«waking curves are ascribed

to lattice deformation such as tilt, twist and gtdite bowing.
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Fig.5.7. Schematic illustration of (a) tilt and (hyectional twist structure,

respectively

5.6) Evaluation of surface damagein GaN substrate

Fig.5.8 shows the reciprocal space mapping for ZDoéflection of front side.
One can see that front plane has compressivelystraurface layer. Campari et al
report that surface damage in LiNp@n, exchanged in pure benzoic acid,
originates mainly from a remarkably large straimduced by the ion exchange
between Li and H [13].

In this study, we consider that the surface dansagd as the compressive
strain is induced by an exchange of protons dutfiregpolishing such as Gand

Al*,
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Fig.5.8. Reciprocal space mapping for (0002) réifdecof GaN front side

To confirm the surface damage, GaN substrates ateleed by KOH etchant
and the structural and optical qualities of GaNenewvestigated. Fig.5.8 shows
the surface morphology using atomic force microgc@*M). AFM along with
appropriate techniques provides a convenient m@apsbe macroscopic structure
and defects in GaN material.

Fig.5.9 (a), (b) is AFM surface image of front sidgh 10 um range, while,
Fig.5.9 (c), (d) is those of back side. After 9&¥et etching, front-side surface
show a little increase of roughness from 11.2nn"23@® nm. While the back-side
show large increase from from 13.7nm to 132.8nm.

This result directly indicates that front side i&a-polar surface and back side
is a N-polar surface, since Grzegory et al. repanat Ga-polar surface is
chemically inert, therefore it cannot be prepargdchemo-mechanical polishing
[12].
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Front side

Fig.5.9. Surface image of unetched (a), (c) and 86thed (b), (d) GaN for front

and back side

Fig.5.10 shows both the variation of surface roggisnand XRD FWHM for
(0002) reflection of front- and back-side with iease of etching time.
Considerable variation of XRD FWHM is not obserfed both sides. However,
the surface roughness of back-side roughness seseas etching proceeds, while
surface roughness of front side is not varied.calh be understood in terms of

surface polarity.
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Fig.5.10 Surface roughness and XRD FWHM of (a)tfieomd (b) back side with etc
hing

Fig.5.11 (a), (b) show PL spectra about front- badk-side of GaN substrate
after 96hr etching at 300K, respectively. Two esims bands are observed. One
is the edge emission band peak positioned at 3/3%e other is the yellow band at
2.23 eV due to intrinsic defects related to nitrogacancy.

After the etching, strong UV emission intensityisserved from the front-side.
The emission intensity ratio of the near band e@®E) emission to the yellow
band emission increases about 2 timese(l lve is changed from 3.2 to 6.8).
Since the surface roughness does not show conkldengrease, it is believed that
the removal of surface damage layer elevates Plssom efficiency. Also, this
result indicates that surface damage layer mayebgthin.

On the contrary, as shown Fig 5.8 (b), in casehefliack-side, the intensity

ratio decrease about 2 times from 1.3 to 0.7. sltconsidered that large
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deterioration of surface roughness affects theedeser PL intensity.

" He-Cd laser (325nm) -
I 300K 3.39eV —
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—— 96hr etch

PL intensity (a.u.)

18 20 22 24 26 28 3.0 32 34 36
Photon energy (eV)

(@)

I I-'Ie-'Cd'Ias'er'(3éSr'1m)'
300K

------- As grown
i —— 96hr etcl]

2.186eV

PL intensity (a.u.)

" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
18 20 22 24 26 28 30 32 34
Photon energy (eV)

(b)
Fig.5.11. PL spectra about (a) front and (b) bag& ef unetched and 96 hr etched

GaN substrate at 300K, respectively
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5.7) Conclusion

In this chapter, we report on the lattice deforomatfound in free-standing
GaN substrates grown by HVPE. Considerable asynunatoadening of X-ray
rocking curve for front and back surfaces is fouhét can be ascribed in terms of
the lattice disorders such as tilt, twist and bawin This lattice disorder is
evaluated using various HRXRD measurements. Alsas idiscussed that the
damage layers are originated by the polishing m®d®/ using chemical etching
experiment. Consequently, the results indicatecsiral disorder can lead to

serious defects such as surface damage.
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Chapter 6. Effect of structural disorder to electrical

properties of GaN films

6.1) Introduction

Epitaxial films, which have a large lattice misnatwith their substrate, will
have structural disorders such as mosaicity andlibgn Also those structural
disorders can affect the electrical properties teé tilm. Therefore, it is also
important to investigate the defect in semiconductevice. Especially, defects
have various effects on carrier transport mechamisrshown Fig.6.1 [1]. However,
those are poorly understood and in most casess itery difficult to control

experimentally, especially in case of GaN thin f[2h

Carrier Scattering mechanisms
I
| ! |
Defect scattering Carrier-carrier scattering Latticattering

Crystal Impurity  Alloy Acoustic Optic

defect ,—|—| ,—|—|

Deformation Piezo- Nonpolar Polar
Potential  electric

Fig.6.1. An outline of the possible carrier scatigmechanisms

In this chapter, electrical properties of disordesemiconductors have been

investigated. Hall measurements were performed aN f8Bm grown on the (0001)
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Al,O3 substrate by HVPE. The experimental data is aedlyin terms of the
conduction through defects. Also a model is progose explain the observed

extremely low mobility in the films.

6.2) Experimental

In this chapter, GaN thin film with thickness of250 um has grown on
(0001) AbOs substrate using HVPE. Prior to the growth of Gghlayer, AIN
with thickness of about 80nm has grown by metaloigdydride vapor phase
epitaxy (MO-HVPE). The growth rate of MO-HVPE syist was about 250m/hr.
Trimethyl Aluminum was used as an Al source andmjnotemperature for AIN
buffer was 90, although the growth condition for AIN buffer layés not
optimized yet. To evaluate lattice disorders, GhN film were investigated by
atomic force microscopy (AFM), X-ray diffraction RD) and temperature
dependent Hall effect measurement from 10K to 300Kor the electrical
measurements, Ohmic contact was made by Al, whiaf evaporated by thermal
evaporator and deoxidized for 10min at at 60 Fig.6.2 shows the schematic

illustration of GaN thin film using AIN buffer laye

GaN I 250um

AIN @ 80N
Al,O3 (substrate)

Fig.6.2. Schematic illustration of GaN film usingNAbuffer
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6.3) Morphological and structural characterization of GaN thin film

Fig.6.3 shows the AFM image of GaN film using AlNfter. From AFM
image,surface roughness of GaN film is found to be 2.3 nm

Although several pits are observed because the tgraandition for AIN
buffer layer is not optimized yet, GaN epilayer Isasilar surface roughness in

compared to GaN film without AIN buffer layers.

[pen]

Fig.6.3. AFM image of GaN film using AIN buffer

High resolution X-ray diffraction (HRXRD) is perfmed for GaN film to
investigate the structural qualities. Fig.6.4 shbe (a)m-20 scan and (bp scan
for (0002)/(10-11) reflection of GaN thin film. F@O002) reflection, the FWHM
of »-20 is about 63 arcsec, and the (10-11) reflection FAA4%1M of 114 arcsec.
Also, the rocking curve ab scan for (0002) reflection is 1209 acrsec, and I6r

11) reflection is 2299 arcsec.
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Generally speaking, the FWHM a@$-20 indicates the residual strain and
disorder in reflection planes, while the linewidtho rocking curve informs crystal
mosaicity [3]. Because dislocations of both [0001] and [10-10] tu@ctions in
case of (10-11) reflection affect in GaN thin filthe FWHM of (10-11) reflection
is about 2 times broader than those of (0002)cefie. Therefore, the-20 scan
for (0002) and (10-11) reflection indicates surfacemal and in-plane directional
lattice disorders, respectively. These disordetsaffiect the dislocation density in
the film also electrical properties.

Edge dislocation of 2:80° cm? and screw dislocation of %10 cm? is
estimated by using W-H plots method, which has he&oduced in chapter. 5.

This result shows the existence of large numbelistbcations within GaN film.

w20 scan =
= fh PWHME = g iYL PWHM:
3 ~ ' ll4arcsec -\ 7T 2299arcsec
2 - @ | (101) plane
@ | (101) plane S ( )Fi ........ ST e
8 .......................................................... E ..........................
£ IS
° FWHM D
g 2 PWHM
= 63 arcsec =] "— 1209 arcsec
IS e
5 | (002 plane 5 |(002) plane
z pd
0.2 -0.1 0.0 0.1 0.2 20 -15 -10 -05 00 05 10 15 20
w() ()
(a) (b)

Fig.6.4 (a)w-20scan and (bp scan for (0002) and (10-11) reflection of GaN thin

film.
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6.4) Electrical characterization of GaN thin film

In this part, the electrical properties of GaN fimth high dislocation density
will be discussed. Electrical contact was formadtibermal evaporation using
Aluminum and Ohmic contact was confirmed by lingaf I-V curve. The
magnetic field used for Hall effect measurement 8860 gauss.

Fig.6.5 shows the mobility of GaN at the etevgatemperature from 10K to
300K. The maximum value of electron mobility isoab 20cni/V-S at 200K.
The result shows that mobility increases until 200Ken decreases as the
measurement temperature increase. There are seépattGaN films produced by
a variety of deposition methods were generally ébtomhave low electron mobility.
llegems et al report that the epitaxial growth @NGwith 100-20Qum thick were
obtained on (0001) ADs; substrates by Hydride vapor phasel epitaxy (HVPE),
which have carrier concentrations of 1-2 ¥1@ > with electron mobilities near
400 cnf/V sec at 300 K [4]. On the other hand, Nakamegort GaN film grown
by Metalorganic chemical vapor deposition (MOCVDgshthe mobility of 900
cn?/V sec and carrier concentration[d x10° cmi® [5].

In general, temperature dependent mobility can Xgaged in terms of
phonon scattering and ionized impurity scatteri6p [ The mobility increase as
temperature decreases because thermal latticeudhimh has effect on carrier
transportation. While, although lattice fluctuationcompletely occur at low
temperature, mobility decrease due to ionized imtypwscattering. The whole
mobility is expressed by following formula, cougiwith two scattering.
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1/“ = 1/Hion + 1/ H|at (1)

where, ion IS the mobility due to the ionized impurity scaittg, p o IS the
mobility due to lattice scattering. Theoreticamfgerature dependence should
have well known dependence of temperature suclattisel scattering (¥ and
impurity scattering (3. However, it is found that the measured mobiliy
proportional to T°° above 200K and ° below 200K. The observed T-
dependency indicates an existence of additiondlesoay mechanism.

Look suggested that defect scattering, includingstat defect, impurity and
alloy is closely relate to carrier scattering ofgrcal crystal [1]. It is considered
that in case of GaN film with high dislocation di#ys carrier scattering at

dislocations may lower the maobility [1].

32 T i T g T X T { T T T T T

| Magnetic field » measured value
3500 gauss = fitting curve

Mobility (cm*/Vs)
= N
[e)} IS

o]
T

0 50 100 150 200 250 300
Temperature (K)

Fig.6.5 T-dependent carrier mobility
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Also, low mobility can be explained by using thetgrdial barrier model,
which is suggested by Shalish et al [7Assuming that a potential barrier and
small applied bias, which is effective bias muchaben than the thermal voltage
across each grain, barrier-limited transport isratigrized by an exponential

dependence of the conductivity,on the average grain boundary barrier hedgjat

c =0p exp (—q®gu/KT) (2)

where 6o is a proportionality coefficientq is the electron chargd is the
Boltzmann constant and T is the temperature. HMgshows the variation of
conductivity (Inc) with reverse temperature (1000/T). From the &8).®yis

estimated to about 34.9 meV, which indicates hedjipotential barrier.

5 T T T T T T T
—~ 4l pE®
2 - "
>
=] |
(&S]
> | u
S
c ]
8
- Magnetic field
o 3500 gauss
£
®  measured values -
extrapolated curve |
O L 1 L 1 L 1 L 1 L 1 L 1 L 1

0 10 20 30 40 50 60 70
1000/T (K™Y

Fig.6.6 Measured value of conductivity @hversus reverse temperature (1000/T)
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Such a potential barrier is known as to be formdt.should be noted that
low mobility due to the potential barriers in a €3l describes a sample with high
dislocation density. In this experiment, the Galis thas high dislocation density
as shown in XRD result. Therefore, the low carnesbility is attributed to the
high dislocation density in the GaN film. High ldisation density strongly
influence on the carrier transportation, whichlie@st occurred at a grain boundary
as shown in Fig.6.7 [7].

Grain boundary

R

Substrate

Fig.6.7 A schematic diagram of a film possessimglamnar grain structure and

equilibrium band diagram.

The potential barrier model is useful to understaathtionship between
dislocation and carrier transportation directly.ehFer and Herzee report that grain
boundary restricts the electron mobility by banddieg [8,10]. Since the grain
are single crystalline domain surrounded by didiooa High density dislocations

make small grain size, which results in high dgngatential barriers. Thus, it is
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considered that mosaicity creating this potentsatier in GaN lead to low mobility.
Fig.6.8. shows the carrier concentration of Galhatelevating temperature
(10K to 300K). The unintentionally doped GaN showype conductivity with the
carrier concentration of 3x¥bcm® at room temperature and 7*i@m?® at 13K.
At high temperature region (200K~300K), the carreamcentration is almost

constant, while, it increases (50K~200K) then dases again until 10K.

5 19| 1
g 1.2x10 & measured value
= m fitting curve

2

©

5 8.0x10"° -
c

)

o

c

o

© 18

§ 4.0x10™" | 1
O

Q

L |

0 50 100 150 200 250 300
Temperature (K)

Fig.6.8. T-dependent carrier concentration

Temperature dependent carrier concentration isrétieally expressed by

following formula [9].
E
T)= - 3
n(T) noexp( kT] @)

Where,E, is the activation energy of carriet, is proportionality coefficient.
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The activation energy of carrier can be approxitgatstimated using the formula
(3).

Fig.6.8 shows that the carrier concentration teditin the reverse temperature
(1000/T) of range from 200 to 300K, and the inskipashows the In(N) in
according to the variation of each reverse tempegatanges; 13-70K and 200-
300K, respectively, which informs the activationresgy. Using the formula (2),
the activation energy of 5.7 meV and 32.6 meV atemated at the temperature of

13-70 K and 200-300 K, respectively.

15X1019 b T g T T T . T B T r T T T T T
~—~ 4290 : ‘ ‘ éoo-akxx 13- 70K = measured value
O?E ] " » messiredvalle k7 —— fidgane
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- 12)(10 E 07 E/ . "
o 2270 2
2 1
E g, > " @0
- 33 36 39 42 45 48 51 10 20 0 40 5 60 70
GC.) 9.0X1018 r 10007 (K') 10007 (<)) 7
5] [ Lo llpwel il
c ! '
: |
S 6.0x10° ! 2 1
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8 i i »  fitting curve
I . i — theoretical curve
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Fig.6.8 the fitting curve of carrier concentration

It can be explained that at low temperature bel®,5xonor in conduction

band freeze out and conduction via defect levdoiminate because of Fermi level
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pinned by the defect. Therefore, the variation afrier concentration is not
observed. While, at higher temperatures, electabrnor level will be activated
and dominate the carrier concentration, which lwitlge carrier concentration
variation.

Molnar et al. reported that the measurements ab bégnperatures were
dominated by the conduction band electrons, whiileat band become dominant
when carriers in the conduction band become néxdgigit low temperature [2].

At lower temperatures, the increase of carrier eatration is related to the
defects, corresponding to high dislocation denattyrain boundary in GaN thin
film. If the concentration of donors is smaller thandbeep defects known to exist
in GaN film, the material will be fully compensatedth its Fermi level pinned by
these defects. In such a material, transport isimdated by hopping in the

compensating centers leading to low electron miagsli2].

6.5) Conclusion

In this chapter, structural disorder and relatedcteical properties were
discussed. Electronic properties of GaN film aneestigated by using T-dependent
Hall effect measurements in terms of carrier transpion. Structural properties
such as dislocation density are estimated using RIBXmeasurement.
Consequently, it is found that high dislocation slgnis related to low carrier
mobility. Defect and dislocation induced structudigorder including mosaicity is
found to be an origin of poor electron transpootati

88



Reference

[1] David C. Look,Electrical characterization of GaAs materials and devices, John
Wiley & Sons, p74.

[2] R.J. Molnar, T. Lei, and T. D. Moustakas , ApPhys. Lett. 62(1)72

[3] Q.Zhu, A.Botchkarev et al, Appl. Phys. Lett., @341 (1996)

[4] M. llegems, J. Cryst. Growth 13/14, 360 (1972)

[5] S. Nakamura, T. Mukai and M. Senoh, J. Apply$hl (1992) 5543

[6] Seong-Il Kim, Chang-Sik Son et al, Solid St&emunications Vol.93, Nol1,
pp.939-942, 1995

[7] I. Shalish, L. Kronik , G. Segal et al, Phy®WRB 61, 15573 (2000)

[8] M.Fehrer, S.Einfeldt, U.Birkle et al, Journal Grys. Growth 189/190 (1998)
763

[9] D. K. Gaskill, L. B. Rowland, and Doverspikeroperties of group Il nitrides,
INSPEC, London, 1994, chap 3

[10] S. D. Herzee, J. C. Ramer, Material. Res. .B#1(1997)

89



Chapter 7. Summary and conclusion

The study of crystalline materials has played anpnent role in the
traditional approach to solid state physics. Inegal, many practical applications
use materials that are disordered because theisewaegal problems such as lattice
deformation, surface damage, interface roughnedsuaiformity of composition
and so on. These disorders induce the deteriorafidevice quality. In order to
confirm the origins which determine degradation d&vice, it is necessary to
investigate several disorders, also, to control aeduce the disorders in
semiconductors due to improve the semiconductoricdeperformance up to
theoretical limits. In this work, we not only euated several disorders, interface
disorder, composition disorder in QWSs, lattice disv including mosaicity, tilt,
twist in bulk, epil-layer material by using variomgethods such as PL, HRXRD and
Hall measurements, but also considered how to layeto theoretical values this
disorder, which affect in semiconductor device.

We expect that those studies about disorder becstaadard guilds,

evaluating the crystallinity of hetero-structureslk materials and thin films.

In the first chapter, various disorders such asicsiral, orientational,
compositional and vibrational disorder in compowsediiconductor are introduced.
Also, the origins of such disorders have been dised in terms of various physical

properties such as optical, electrical, structpraperties. The importance of this
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study is considered to control and reduce the deysrin semiconductors due to
improve the semiconductor device performance updoretical limits.

In the second chapter, the principles and usedpamnts of three methods to
evaluate the disorders effect was introduced imseof structural, optical and
electrical properties.

In the third chapter, 4nCd,Se/ZnSe TQW is grown by using MBE and
investigated in terms of PL linewidth. In case @imposition disorder, the
measured and calculated PL linewidth show agreemkan the Cd-composition is
low. However, disagreement increases as Cd-coitnposncrease due to Zn/Cd
inter-diffusion.

In the fourth chapter, Z2pCd,Te/ZnTe MQW is also grown by using MBE
and evaluated using PL linewidth as well as higéoltion X-ray rocking curve.
High quality ZnCdTe QWs are controlled by using RHE intensity oscillation.
When QW thickness is considerably smaller than Balius of exciton, PL line
width has much smaller value in compare with expental result. However, if
the QW thickness is similar or larger than excitadius, the experimental results
show considerable agreement with the calculategegal

In the fifth chapter, structural qualities of fressding GaN substrate (~1mm)
grown by HVPE are investigated using HRXRD measem®m X-ray rocking
curve of front plane is asymmetrically broadenedalse of lattice disorders such
as tilt, twist and substrate bowing, which can hmnficmed from silt size
dependence, calculation of bowing curvature. Alb® surface damage layers
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originated from polishing is not only observed gsiFM image, PL spectra, but
also tried to remove using chemical etching.

In the last chapter, GaN thin film (~250m) grown by HVPE using AIN
buffer layer is investigated using T-dependent Hdfikct measurement, HRXRD.
Considerably low mobility and high dislocation digyss observed. It is considered
that high dislocation density is related to low rimar mobility. Defect and
dislocation induced structural disorder such asaiedy are explained in terms of
“potential barrier’. Consequently, it is foundtthauctural disorder strongly affect

on electrical transportation.
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Appendix A

1. Transition energy of ZnTe QW

The transition energy of ZnTe QW can be expresgeithé following formula
(A.2). Eyis bandgap of unstrained quantum we},i€the binding energy due to
Columb attraction [1] Eis energy shift due to lattice misfiEsiokesS €nergy shift
due to inhomogeneous interface. eEand Eoe is energy due to quantum effect in
case of rl.

Eow = Eg + Eelec + Enole— En = Es— Estokes (A.2)

In case of ZnTe QW with variation of Cd-comipios, X, E; is calculated
using following formula (A.3),

Ey (CdZnyxTe) = 1.606%2.394(1x)—0.26x(1-X) (A.3)

The energy of quantum state is calculatedgutiowing formula (A.4). [1]
In case of ZnTe, effective mass of hole is p4heavy hole), effective mass of

electron is 0.18y

E, = 3.76(@](10n_mf (meV) (A.4)
m L

The ZnCdTe QW is compressively strained becaudatisfe mismatch with

ZnTe substrate., which lead to variation of endsgpd structure as shown in Fig.
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A.l. AV.is the energy shift of conduction bandAV, andAVy, is the energy shift
of valence band due to split between heavy holelightl hole respectively, which
can be expressed by following formula (A.5).[£g* IS energy gap as compressive
strained ZnTe. ¢is horizontal component of strainCjjis stiffness coefficientac
and a, is conduction and valence band hydrostatic defaonatpotential,
respectively. b is the valence band shear deformation potentiadlvhen
Cdo2ZnosTe QW is grown on ZnTefE, increase about 14.5meV due to

compressive strain.

AV =2a Cy-Cp £
¢ ° c1n
- +
Ath = —2av M£+bﬁg (A5)
Cl1 C,
- +
Avm — —Zav C11 C12 c-b C11 2C12 £
Cl1 C,
unstrained Compressive strained
E E
EC EC
J I AV,
E, Eg*
. K _Fiole’ AVin, K
/ split \ AV,
&, E, HH
LH HH LH

Fig.A.1 The variation of energy band structure dompressive strain
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2. Material constant of ZnTe used for calculation of thiswork [3].

Material constant ZnTe
Crystal Structure Zincblende
Lattice constant (A) 6.101
Energy gap at OK (eV) 2.39
Electron massnfo) 0.12
Heavy hole massy) 0.54
Light hole massr(y) 0.13
Cu1 (10* dyn/cnf) 7.13
C12(10*dyn/cnf) 4.07
a(eV) ™ -3.653
a, (eVv) 1.827
b (eV) -0.92
Exciton binding energy (meV) 13.2

[1] L. A. Coldren, S. W. CorzineDiode lasers and photonic integrated circuits,
John wiley & Sons, Inc. p396

[2] C. M. Wolfe, N. Holonyak Jr and G. E. StillmaRhysical properties of
semiconductor, Prentice Hall (1989)

[3] Landolt-Bornstein, New series Grouip, vol.17, Springer (1982)

[4] C. G. Van de Walle, phys. Rev. B, 39 (1989)
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Appendix B

1. Calculation of interface disorder of ZnCdTe

v =2 2—2 (1.4 [cocy Xc;w +Con)

oE, __OE
= __ & ) A = ex
oL '

Lo+d aL

N 2,

Lo-d

01: The height of CdZnTe island; 0.15nm &, : Diameter of CdZnTe island; 5nm
Lo: Thickness of quantum wells

Pex . The lateral extent of the exciton wave functierciton radius of ZnFe5.5nm,
ZnSe=4nm

CatCp = 1 (normalization)

2. Calculation of composition disorder of ZnCdTe

ex

V,
e S TS

V. : the volume per anion sit&,=0.198nm

Vex: a critical volume of exciton ; Exciton radius£&fiTe= 5.5nm, ZnSe4nm

Xo: Cd-composition in ZnCdTe QW

Pec the probability for the exciton to penetrate irttee well barrier, only the

fraction (1Pey) of the exciton is confined in the well.

mj exp(-04x* /40) (normalization)
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