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Abstract

Transparent cubic phase MgnysO (c-MZO) films of about 500 nm thickness were
successfully fabricated on single crystal MgO(0aigl LAO(001) substrates by Pulsed
Laser Deposition (PLD) method. X-ray diffractionKK) studies showed that typical
cube-on-cube epitaxy was obtained for c-MZO filmmevgn on MgO substrate. Films
deposited on LAO substrates, however, exhibitecelbeat epitaxy with 4%in-plane
twisted relative to the substrate. Upon introducamgappropriate Indium (In) content,
the optical bandgap energy of c-MZO films can bdely tuned from 6.17 to 4.29 eV.
All In doped MgsZnysO (IMZO) films displayed excellent optical transtaiice of
over 90 % for the whole visible spectrum, while tlesistivity of these films can be
brought down to 18 Q-cm when alloyed with the loontent of 0.18 in the target.
Therefore, these IMZO films can be used as tunab\é filter and transparent

conducting oxide (TCO) for various optoelectrorapplications.

Lig1NiggsO (LNO) is a p-type TCO. Epitaxial and transparent IMZO based
p-LNO/n-IMZO junctions were fabricated on MgO(100) subsraThey all have
demonstrated good rectifying property at room tenajpee. Moreover, the temperature
dependence dfV characteristic showed that the current transportanechanism of
these heterojunctions was dominated by tunnelingputsh the barrier or the
generation-recombination process occurring in tleeletion region. In the optical
response measurement, responsivity of these phetides can be varied from 307 to
315 nm by changing the In content in théMZO thin films. These results showed that
such all-oxide heterojunctions with good electricaid optical properties are a

promising material for optoelectronic applications.
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The p-LNO/n-IMZO heterojunctions have been successfully irdaegt on TiN buffered
Si substrate. Thesgn junctions exhibited even better rectifying chagaistics than
those fabricated on MgO substrate, and their stractind electrical properties can be
effectively tuned by bandgap engineeringnelMZO. By increasing the In content in
n-IMZO layer, electrical resistivity and bandgap &eered. These can lead to higher
current rectifying ratio, higher threshold voltagied higher leakage current in the bias
voltage of -4V. Furthermore, heterojunctions graownTiN buffered Si possess higher
current rectifying ratio, lower series resistancel dower leakage current than those
grown on MgO substrate. These results suggested alaxide p-LNO/n-IMZO
heterojunctions can be integrated on Si with bedtectrical performances than those

grown on MgO substrate.
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Chapter 1. Introduction

1.1. Background

Silicon (Si) has been very useful for the developmef microelectronics. It still
dominates the present commercial market in intedratircuits for computing, data
storage and communication. One limitation of thes#erials is that the bandgap is
indirect. This implies that the emission and abBorpcoefficient of Si is very low
when compared with other direct bandgap materkalsthermore Si has a bandgap of
only ~ 1 eV. It is clear that Si is undesirable foany important functions. For some
optoelectronic applications, in particular, we ne@a turn to other materials.
Oxide-based materials are promising semiconduciidisy can be synthesized easily
and possess excellent properties such as ferroismgngL.1, 1.2], superconductivity
[1.3-1.5], photo-electricity [1.6] and high-k dietecity [1.7]. Their bandgap values
make them useful in high temperature/power eleatsoand UV light emitter diodes
applications. Many oxide-based materials have bapsiggreater than 3 eV. They
exhibit excellent properties such as higher opticahsparency, higher stability and
higher breakdown field strength. Therefore, theg auitable for robust electronic

devices and short wavelength optoelectronics.

With a direct bandgap of 3.27eV and a high exchibnding energy of 60 meV, ZnO
has become a promising candidate for blue/UV lightitting diode, UV detector,
transparent conducting oxide, piezoelectric transduand more recently the
ferromagnetic spintronics application [1.8, 1.9]y Blloying MgO with ZnO, the
bandgap energy can be tuned from 3.34 to 6.8e\kelthdbandgap engineering of
Zn,Cdy O and ZpMg;xO (MZO) films has been demonstrated [1.10, 1.11j @bal is

to fabricate c-MZO to form high qualitg-n junction diodes on different substrates,
Wong Hon Fal 16




QQb Chapter 1

THE HONG KONG POLYTECHNIC UNIVERSITY

such as (100) oriented single crystal MgO substaaig TiN buffered Si substrates.
Up-to-datep-type doping of ZnO or MZO remains an issue and dpitaxial MZO
p-n junction has not been realized. An alternativereagh is to grown-type MZO on
other lattice matcheg-type semiconducting oxides such agNiixO (LNO) to form
heteroepitaxial junctions. TiN has a simple cultracture with a lattice constant of 4.2

A. In these respects, the cubic phase MZO is higkbirable.

Choopunet.al reported that phase transformation from hexagtmal rocksalt simple
cubic structure occurred in the MZO films grown BD technique with Mg content
higher than 45% [1.12]. This structural change caheut originally from the two
phase structures of ZnO: wurtzite and cubic stmectWurtzite ZnO is very stable in
ambient pressure. In contrast, the cubic form dD Zmly exists under high pressure at
100 kbar or above [1.13]. Apparently the high caricion of cubic rocksalt MgO
induces formation of the cubic ZnO phase. We aksliete that epitaxial growth on
appropriate lattice matched cubic phase singletargsibstrate can also help to stabilize
the cubic MZO under the normal ambient. We havecessfully demonstrated
single-phase domain matching growth of epitaxiabicuMZO films on LaAIQ
substrates. Fabrication of high quality of cubic M#lms has the following advantages:
) it forms stable cubic crystalline structure wéHattice constant of 0.42 nm, which is a
very convenient size for lattice matched heter@eal growth of many oxides, such as
perovskites and transition metal monoxides; ii) Mayying the content of MgO, the
bandgap of MZO films can be extended to deep U\geaiii) it can be doped with
metals, such as In and Sn, to become TCO,; iv)dfithnd-to-band transition of cubic
MZO film is direct, c-MZO will become the premieh@tonic materials. The cubic
structure of MZO provides the parallel set of caygtlanes that allow the formation of

natural optical resonator for laser. In hexagomaicsure based GaN laser, mechanical
Wong Hon Fal 17
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etching/polishing is required to produce the nedgedallel) resonator.

1.2. Outline of thesis

This thesis describes the experimental investigatib cubic phase MZO thin films
deposited by PLD. The objectives of this researehta study the structural, electrical
and optical properties of wide bandgap MZO filmshwiubic phase and to fabricate all
oxide p-n junction diodes on (001) oriented single crystajMsubstrate and TiN
buffered Si substrates using MZO as the activerlaiéerature review on basic
properties and the optoelectronic application oOArased devices will be discussed

after this section.

In Chapter 2 we provide brief information of thelgad laser deposition system. We
also describe the optical, electrical and stru¢taheracterization techniques, which
were used in theses research. Furthermore, equiprsanh as X-Ray Diffractometer
(XRD), Atomic Force Microscope (AFM), Scanning Blen Microscope (SEM),

Current-Voltage characteristics, Hall Effect measwents, Transmittance and

experimental setup for spectral response, aredated.

In Chapter 3, we put our focus on the bandgap eeging of cubic phase In doped
MgosZnesO (IMZO) thin films grown on MgO (001) substrateShe systematic
changes in the structural, electrical and opticapprties of these films with different In

content (target) in the IMZO films will be presedte

Chapter 4 deals with epitaxial IMZO film with culppbase. High transparency and low
resistivity arise from different film thickness @aell as detail discussion in the structural,

electrical and optical properties.
Wong Hon Fal 18
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Fabrication and characterization of all-oxigeLNO/n-IMZO heterojunctions with
bandgap engineering of IMZO grown on MgO substmatgescribed in Chapter 5. The
heterojunctions exhibited good rectifyily characteristics in different samples. Due to
the wide bandgap of LNO and IMZO, UV response ekthheterojunctions under front
and backside illumination was examined. We dematedrthat structural, electrical and
optical properties of thp-LNO/n-IMZO heterojunctions can be tuned under diffedent
content in then-type layer. We conclude that the IMZO based h@ieations are

promising candidates for optoelectronic application

Chapter 6 concerns with the characterization pafNO/n-IMZO heterojunctions
integrated with TiN buffered Si substrates. Comgmaribetween thp-n junction grown
on MgO and those on TiN buffered Si has been matfe. report that the
p-LNO/n-IMZO heterojunctions can be satisfactorily intdgchwith Si substrate while

retaining excellent electrical properties and leakage current.

The present experimental results and the impoftadings are summarized in Chapter
7. In view of the successes of IMZO thin film and40 basedp-n junction, as

demonstrated in our work, suggestions for futurekvawe provided.

Wong Hon Fal 19
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1.3. Literature review
These sections introduce a review of the geneoglgsties of ZnO, including its crystal
structure and other physical parameters. The lzagicept of bandgap engineering and

optoelectronic properties of ZnO-based semiconduweiibalso be discussed.

1.3.1. Crystal structure and lattice parameter of Zinc oxde

Under ambient pressure and temperature, ZnO diigstlinto hexagonal lattice of
space group Rf. The zinc atoms are surrounded by four oxygen atnith the
tetrahedral configuration. This coordination orggies from the polar symmetry of
hexagonal axis, which is responsible for differattitactive properties in ZnO materials,
such as piezoelectricity, and spontaneous polaizalhis wurtzite structure of ZnO
has a lattice constant of a = 3.2485and ¢ = 5.2069% with a density of 5.605

gemi[1.14].

Besides the hexagonal structure, a metastable phlaise with the rocksalt structure of
space group ia3mis known. At a high pressure of 100 kbar at 300Khase transition
from hexagonal wurtzite to cubic structure of Zntattexhibits the rocksalt (NaCl)
occurs [1.13]. These cubic structure have latticestant a = 4.2. Upon decreasing
pressure, this phase transition is reversible e¢rgain pressure which is temperature

dependent. It is concluded that cubic phase Zn®tistable at ambient pressure.

1.3.2. Physical properties of ZnO

Table 1.1 lists the physical parameters of ZnO @adN semiconductors [1.15-1.17].
Both ZnO and GaN are of wurtzite structure withedirbandgap of about 3.5 eV. For
device community, GaN is lack of native substranel dattice-matched substrates,

which is an obstacle for the development of highaligyy UV detector, laser and
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high-power electronic devices. Nowadays, most GaNiags are grown on (0001)
sapphire substrates and need to cope with a 16&elatismatch [1.18], which results a
dislocation density as high as’100° cmi®. This high dislocation density will shorten
the life-time of GaN based devices. However, Zn®ssate is a good candidate for
epitaxial growth of GaN because of a 2 % latticematch only. High quality, epitaxy
and low dislocation defect GaN has been succegsfabricated on (0001) ZnO
substrate via MBE. These approaches make ZnO eactate alternative to sapphire

substrate for fabrication of high quality optoeteaic devices.

Table 1.1 The fundamental properties of ZnO and GaN1.15-1.17].

Material ZnO GaN
Lattice constant (A) &=3.2495 ap,=3.189
Co=5.5069 Cp=5.185
Density (g cn®) 5.61 6.15
Melting point (K) 2250 2770
Thermal conductivity (Wem*K™) 0.6 1.3
Thermal expansion coefficient ap=6.50 ap,=5.59
(LK™ Co=3.00 Co=7.75
Bandgap energy (eV) 3.37 (direct) 3.39 (direct)
Index of refraction 2.33 1.85
Saturation velocity (cm sY) 3.0x 10 2.5x 10
Breakdown voltage(V cm) 5.0 x 16 5.0 x 16

Moreover, many scientists have recognized the patefor ZnO as a promising

material to replace GaN for optoelectronics indastrThe exciton energy of ZnO is 60

Wong Hon Fal 21



QQb Chapter 1

THE HONG KONG POLYTECHNIC UNIVERSITY

meV whersa that of GaN is 25 meV. In principle, thgher exciton energy of ZnO
enhances the luminescence efficiency of the exicitecombination, thus reduces the
power threshold for optical pumping at the room genature. P.Yt al. have reported
UV laser emission from ZnO thin films at room temgdare [1.19]. The electron Hall
mobility of single crystal ZnO is slightly lower @h that in GaN, but ZnO possess a
higher saturation velocity. The better radiatiosistance capability of ZnO-based

devices also helps to promote ZnO for space arshlervironmental applications.

1.3.3. Intrinsic defect and doping in ZnO

Undoped hexagonal phase ZnO has been found to-tgype semiconductor with
electron carrier concentration about®6m®. The conduction mechanism in undoped
ZnO has been widely studied [1.20-1.22]. Koleaal. showed that theoretically oxygen
vacancies (¥) and Zn interstitial (Zn) acts as deep donors, rather than shallow donors
[20]. Therefore, ZnO exhibits intrinsie-type conduction and difficult to be doped by
intrinsic acceptor defects. For cubic phase Zn@rehare lack of experimental and

theoretical studies in these aspects.

1.3.4. Bandgap engineering of ZnO based semiconductor

Bandgap engineering of semiconductor is an importsiep in optoelectronic
applications. By alloying different semiconductof different bandgap with basic
materials, the bandgap of these alloys can be fuhed the structural, electrical and
optical properties can be changed. In ZnO systdoyirg with MgO and CdO can be
effectively tuned the bandgap from deep UV to Vesitange [1.23, 1.24]. Ohtonebal.
[1.24], Minemotoet al. [1.25], Narayaret al. [1.26] and Parlet al. [1.27] demonstrated
that the bandgap engineering of MZO are usefuttferoptoelectronic application. The

performance of optoelectronic devices can be reatdykenhanced when using ZnO
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and MZO based quantum well and superlattice stractindeed, the ZnO based

heterostructure has been widely studied [1.28].
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Fig. 1.2 The bandgap and phase transformation of M@ films as a function of Mg

content in the lattice of ZnO grown by using PLD méhod [1.33].

The lattice structure of ZnO is hexagonal, while®gas a NaCl type of rocksalt cubic
structure. However, the similar ionic radius betwé&af* (0.60A) and Md* (0.57 A)
allows substitution for each other [1.29]. Accoglito the phase diagram of the
ZnO-MgO binary diagram as shown in Fig. 1.1, thertiodynamics solubility limit of

MgO in ZnO is less than 4% [1.30]. However, Ohtoet@l. has demonstrated that
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using PLD method, ZnMgxO (MZO) binary films can be grown on quartz sulissa
with Mg content up to 33%, achieving a bandgap ®&93eV with a linear shift
relationship between the bandgap of MZO and contiposof Mg [1.24]. These films
maintain favorable optical characteristics of whtkndgap materials, such as excellent
transparency in the visible range and high excénargy. A complete mapping of the
phase transition in MZO alloys system has beenrtegoFigure 1.2 shows the bandgap
and phase transformation of MZO as a function ofddgtent in the films prepared by
PLD methods. The crystallographic structure ofEfg.xO alloys can be tuned from
wurtzite phase of ZnO for a low value of x to thébic phase of MgO (x>60) by
changing the Mg content. The MZO films with compiasi range of 0.37<x<0.6
exhibit intermediate phase, in which both cubic angtzite phases coexist. In this
phase segregation, the nano-grains of cubic MZQ@gkabedded in the host matrix of
wurtzite MZO is observed [1.31]. The bandgap cahbewell defined in this region
due to the phase segregation of cubic and hexagulzd, which is called as
metastable phase region. We also believed thadegitgrowth on appropriate lattice
matched cubic phase single crystal substrate canhallp stabilize the metastable MZO
films with cubic phase only under the normal ambieith high Zn content. We have
successfully demonstrated single-phase domain mngtafrowth of epitaxial cubic
MZO films on LaAlG; substrates [1.32]. A non-linear increase of thedgap in the
form from 5.4 to 7.8 eV with x>0.62 are reportedhe cubic phase region. The virtual
crystal approximation of bandgap energy of hexabarad cubic phase can be

expressed as [1.12]:

Ey( MOxZNn1,0) =  4.6%+3.27 ( For hexagonal phasé,< x< 033)

Eg( MOxZn1,O) =  4+3.2 ( For cubic phasep62< x< 030
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The tuning of composition (bandgap) of the MZO wdldilms was accomplished by
controlling the content of ZnO and MgO in the ceiamnarget [1.12, 1.33]. MZO alloys
films were prepared by PLD on (0001) sapphire sabstusing the ZgyMgo 50 target
at substrate temperature ranging from room temperab 756C. A linear relationship
between the substrate temperature and the conitdg an MZO films was observed.
For room temperature deposition, the compositiothefMZO alloy films was close to
the target composition. It was noted that at highsgrate temperature, the relative Zn
content decreases. This is due to the fact thavdper pressure of Zn is larger than
those of Mg. The Zn atoms can easily escape frarstinface of MZO films. Tunable
bandgap from 5 to 6 eV in epitaxial MZO films wisingle cubic phase was achieved
by controlling the deposition temperature. For rsigthle MZO films subjected to a
rapid thermal annealing at 7%D for 1 min, two absorption edges at 350 and 250nm
were observed. They are due to the phase segredeioveen cubic phase of MgO and

hexagonal phase of ZnO in the MZO alloy films.

In 2001, J. Narayast al. demonstrated that epitaxial growth of cubic phelg® was
successfully fabricated on TiN buffered Si substiay PLD. These works have paved
the way that cubic phase MZO with excellent transpay can be completely integrated
with Si [1.34]. This simple cubic structure of MA@th bandgap value larger than 4 eV
is a promising semiconductor, which is a premiertemal for the development of
electronic and optoelectronic application such a&slaser, light emitting diode(LED),

deep UV detector and transparent conducting oxid€(r

1.3.5. Structural and optical properties of MZO
Ohtomo et al. studied high quality and single hexagonal phaseM@O films on

sapphire substrate at 6@) and reported a trend of increaseaedixis length, and
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decrease of-axis length with Mg content up to 33%. These clesnig lattice constant
are due to the substitution of Mg into the lattafeZnO. The near band emission in
photoluminescence peak in 4.2K was found to sindinf 3.36 to 3.87 eV with Mg
content up to 33%. They are consistent with thanedéd bandgap values obtained
from transmittance measurements [1.24]. Schetidt. studied the wurtzite MZO film
using ellipsometry for photon energy from 1 to 5@\ reported the bandgap increases
from 3.369 to 4.101 eV with Mg content from O to®29Moreover, the exciton energy

decreases from 60(x=0) to 50 meV(x=0.17) and irsged0 58 meV(x=0.29) [1.35].

1.3.6. Optoelectronic application of MZO

With a direct bandgap of 3.27eV with a high excibdimding energy of 60 meV, ZnO,
will be an important material for the developmehbptoelectronic devices such as UV
detector, UV and visible LED. ZnO-based materiadsehsome advantages over GaN.
Different fabrication techniques such as magnetsputtering, PLD, e-beam
evaporation and hydrothermal methods, have beemessitlly demonstrated to
fabricate high quality ZnO films. However, high d¢jtia GaN films can only be
fabricated by MOCVD. Moreover, the larger excitoaieergy and the ability to grow on
native substrates make ZnO based materials becawmiging materials in the
development of devices for operation under a harghhigh temperature environment.
In 2000, Ohtaet al. first demonstrated that a UV light was emitted from
p-SrCyp0O2h-ZnO heterojunctions. A sharp emission band at B82was generated
under a forward bias exceeded the turn-on volta&86]. And P. Chenet al.
demonstrated thatZnO/p*-Si heterojunction was electroluminescent to a igtidue

to the defect related emission [1.37]. Moreovem &wal. has demonstrated the ZnO/Si
based heterostructure can be electroluminescehntanitide emission ranging from 350

to 850 nm [1.38]. The above results have provetl Zm®-based semiconductor is a
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promising candidate for developing of low cost ahidh performance of LED

integrated with Si.

UV photodetector based on wide bandgap semicondycsoich as ZnO have been
widely studied because the extensive applicatiorciinl and military areas. The
advantage of ZnO based UV photodetector is thaUWisible rejection ratio is much
larger than narrow bandgap semiconductor, suchia&,S1.12eV). However, the
photodetector based on ZnO/Si diode can be usesemse both UV and visible
radiation, via controlling the polarity of the valfe applied on the heterojunction
[1.39-1.41]. These results indicate that the peatical response of this heterojunction

is 350nm, which corresponds to band-to-band tramsdf ZnO.

For photodetector working in the solar-blind spaictange (220-280 nm), MZO alloy
photodetector possess unique figure of merits, sisclavailability of lattice-matched
substrate (cubic and hexagonal phase of MZO), tertzdndgap energy from 3.3 to 7.8
eV and low fabrication temperature. For hexagorese MZO based photodetector,
Yang and Visputeet al. reported that UV photodetector based on epitaxial
Mgo.34ZNoeO film grown on sapphire substrate can be prepdanedPLD. A high
responsivity of 12200A/W under photoconductive moda be achieved at 308 nm with
the maximum UV/visible rejection ratio of about ilers of magnitude [1.42]. In order
to further approach the solar blind region, theicMZO are more favorable due to
tunable bandgap from 4 to 5 eV, with different Mantent in the cubic MZO films.
Yang et al. first proposed that metal-semiconductor-metal (MS¥tuctured cubic
MZO grown on Si substrate can be operated at 230nitthe UV/visible rejection ratio
is about one order of magnitude, revealing thatpgbdgormance of these cubic MZO

based photodetector has lots of room to be improde83]. Recently, Juet al.
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demonstrated that MSM structured cubic MZO solandlphotodetector can be
prepared by MOCVD. Upon varying Mg content, the-ofit wavelength of the
photodetector can be covered from 225 to 287 nne. UW/visible rejection ratio of
about 4 orders of magnitude and a dark currenb6gfA under 10 V bias were reported

in this photodetector [1.43].
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Chapter 2. Experimental Equipment

2.1. Pulsed Laser Deposition (PLD)

2.1.1. Introduction

The Physical Vapor Deposition (PVD) techniques bardivided into four categories:
evaporation, sputtering, cathodic arc depositioth puised laser deposition (PLD). The
deposition process can be considered to have fages. (1) The deposition materials
are converted into physical vapor forms; (2) th@or&zed atoms or molecules are
transported to the substrate with minimal collisidrom other gas atoms or molecules;
(3) the condensation of a vapor onto the subst(4jehe nucleation and growth of film
on the substrate surface. Among all the PVD, PLB $@me unique advantages over
other deposition techniques. For example, PLD @anthized to fabricate high quality
epitaxial oxide films at a relatively low deposititemperature (500-600). Thin films

of high Tc superconducting oxides [2.1], nitride.22 ferroelectric [2.3], metallic

multilayers and various superlattices [2.4] haverbesalized by these methods.

2.1.2. Mechanism of PLD

The basic principle of PLD is that high energy taselses strike on the desired target
under desired vacuum pressure. The strong absorptielectromagnetic radiation by
the target leads to rapid congruent evaporationglwbonsist of highly stoichiometric
species. These evaporated species will form a plgdome that contains a mixture of
energetic species including atoms, molecules, ielestrons and large particulars. The
plume rapidly expands and the ablated materialallyi deposit on the substrate

surface.
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2.1.3. Thin film growth modes
A lattice mismatch and surface energy between gatesand film materials is a key
parameter to determine the growth mode. Genenalheteroepitaxy, growth mode can

be classified into three categories, as showngr2Fi.

o G % & o

coc00. @ BBeeca Seeeeesss

Q0 @ e e000s
AT~ D~ DI

Fig. 2.1 The three types of thin film growth mode{i) Volumer-Weber growth or

3D Island growth mode, (ii) Frank-van der Merme orlayer-by-layer growth mode

and (iii) Stranski-Krastinov growth mode.

They are: (i) Volumer-Weber growth or 3D island gt involving the film materials

being formed as isolated island on the substrateis Ibecause the interatomic
interactions between different atomic species efflm material are stronger than those
between the substrate and film materials; (i) kraan der Merme or layer-by-layer
growth mode involving the interatomic interactionstween substrate and the film
materials are stronger than those between thereliffeatomic species of the film. Full
coverage monolayer growth is preferred and exdekgritaxy can be obtained; (iii)

Stranski-Krastinov growth mode involving a combiaatof layer by layer mode and
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3D island growth modes. Full-monolayer growth maxldominated at the early stage.
The lattice mismatch between the film materials asutbstrate will revert to the

formation of 3D islands as few monolayers are fatme

2.1.4. Epitaxial growth

Epitaxy (the Greek-term meaning to “arrange upag”’p recrystallization process in
which the crystal symmetry and in-plane lattice stant of the film materials have
significantly influenced by the substrate. Gengralhe epitaxial growth can be
classified into two categories. These are: (1) Hepiaxial growth in which the
material of film is the same as the substratea#t been applied to grow different layers
of different dopants or dopant concentrations.H2jeroepitaxial growth in which the
film and substrate are of different materials, sashthe MgZn; O film grown on
Sapphire substrate. The crystal symmetry of filnd anbstrate should be similar in
order to form a desired crystalline structure. Tngstalline of films can be greatly

influenced by these several factors.

In-plane lattice constant matching between the finad substrate is also an important

parameter to warrant an epitaxial growth. Thedatthismatch f can be quantified as:

;. —a
f - film substrate : (2_1)
a

substrate

whereasm andagpsrae are the lattice constants of the substrate anéllitheespectively.
This lattice mismatch should be as small as passiblorder to reduce the strain and
dislocation at the interfaces. In the case of ldagjece mismatch, in-plane orientation of

the film is rotated with respect to that of subralhis rotation can remain the films
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remain quasi-epitaxial.

Similar thermal expansion coefficient of the filmdathe substrate materials are another
criterion to form a good epitaxial film. The totstrain in the films can be divided into
three factors: intrinsic strain during growth, sérmation strain, and strain induced by
the mismatch from thermal expansion coefficientrrially, the resultant strain will be

dominated by thermal expansion coefficient, andlmadefined as

Ef Ef F
Oy = En = v j(af —O'S)dT , (2'2)

f1,

wherekE; is the film Young’s modulusy is the Poisson ratie, is the thermal expansion
coefficient andT represents the temperature. When the resultaaih s greater than
the elastic limit of the film, the relaxation ofrain simultaneously affects the surface

morphology of this film.

2.1.5. PLD setup

The schematic diagram of the PLD system in our ratiooy, which is used for the
growth of MZO films, is shown in Fig 2.2. A KrF Excer laser with 248 nm
wavelength is employed. This system consists afn@le vacuum chamber with rotary
pump and diffusion pump. It can be evacuated teaselpressure of 6 x fdorr.
Pressure of the chamber is monitored by an iomzagauge (ULVAC 122A). A 25 mm
diameter ablation target is mounted on the targabasel with smooth rotating speed.
The laser windows and focusing lens were made of-gtAde fused silica
(transmittance about 90%) of 248nm wavelength. [@ker fluence of about 4 Jénis

irradiated on the target with incident angle of.45 stable substrate heater capable of
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heating the substrates up to P&0(few mTorr to 10 Torr) was used. The flat platform

of the substrate heater is placed parallel todhget surface at a desired distance (4 cm).
The substrate temperature is measured by a K-thgrenal couple (Nickel-Chromium,
Nickel-Aluminum) embedded underneath the face ptdt¢he substrate holder. Tiny
substrate (1cf) can be easily fixed onto the substrate heaterguaiconducting silver
epoxy, which provides a good thermal conduction addesion between the substrate

and the heater.

Pressure
transducer

Convex lens

3 - s n

— — | Target
Substrate U L
holder holder
I Substrate

Fig. 2.2 Schematic diagram of Pulsed Laser Depositi (PLD) system.
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2.2. Experiment procedure

2.2.1. Target fabrication

Oxide-based ceramic targets for pulsed laser ablatiere prepared by conventional
solid state reaction. Proper amount of constitumtties were weighed, mixed and
grounded by ball milling for 6 hours. The lengthgllbmilling is an important step to

obtain a homogenous solid solution. Calcinatiomslfbhours in air were carried out in
order to get rid of the organic component from rdix@wder and initiate the chemical
reaction between the mixed oxides. The calcineddaowvas re-grounded, and was
compressed into pellets of 2.5 cm in diameter. Iinthese pellets were sintering for

10 hours in air in order to increase the densitthefoxide-based ceramics target.

2.2.2. Substrate preparation

Prior to loading into the vacuum chamber, singiestal of LaAlG; (LAO), Al,O3, MgO
and Si substrates were ultrasonically cleaned adbtone and then ethanol. For Si
substrate, the native oxide is an obstacle todateihigh quality and epitaxial thin films

on Si substrate. 10% HF was employed to remove thatve oxides.
2.3. Structural measurement

2.3.1. Surface profiling

The surface profiler machine (Alpha step profil€encor Instrument, model P-10),
shown schematically in Fig.2.3, was employed t@eine the thickness of thin films.
The working principle of these Alfa step profilerthat the needle probe with diameter
of 10um is scanned through the step. Film thickness eaidbermined by the height of
this step. Generally, the resolution of this thieks can be as small as 1 nm. SEM image

of the cross-section of the film will be employenl ¢onfirm the accuracy of this
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thickness measurement.

Needle Probe

Step

\‘ Film
LLAANAMMOUO N stsstrat

Fig. 2.3 Schematic diagram of Alfa step profiler.

2.3.2. X-ray diffraction

X-ray diffraction (XRD) is a non-destructive techoe which reveals information
regarding unit cell dimensions, crystalline and gghaentification of materials. The
structural properties of MZO thin films and target® characterized by a Bruker D8
Discover and a Philip X'pert x-ray diffractometer a four-circle mode. The x-ray
source gives out Kradiation of Cu at wavelength of 1.54 A. The émission at

wavelength of 1.39 A is blocked by a Ni filter.

The working principle of XRD is that a parallel momtromatic x-ray beam is impinged
on a testing sample, a portion of beam will betecatl by the crystal plane of the
sample, which will interfere with one and other firm diffraction centers and

constructive interferences in certain angles. Thisstructive diffraction interference of
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the sample should obey the Bragg's Law;
2d,,, sind=nA (2-3)

wheren is an integerd,, is the inter-planar spacingé is the angle of diffracted beam,
A is the wavelength of the incident x-ray beam. &onaterial with a cubic structure,

the inter-planar spacing can de deduced from tiuson:

a
dy = (2-4)

vh? +k? +1?
whereh, k andl are the Miller indices.

Generally, we will perform three different scan rasdn XRD for characterization of
the crystal structure of thin films. These are @20 scan mode to identify the
crystalline phases and orientation of the film; ¢23can, in which the x-ray source and
detector are fixed at a selected diffraction peaid the sample is rocked a few degrees
about thew scan, to obtain a measure of the crystallitiesnfriine full width half
maximum (FWHM) in the rocking curve, and (3) 8g0scan to study the in-plane
alignment of films relative to the substrate. Hoe tase of cubic structure with (002)
plane, it can be done by fixirgand 2 angles corresponding to (202) plane and setting
¢ value to 48, Cubic structure will display four-fold symmetryitiv separation 90in

the 360¢ scan. If the four characterized peaks of the filmmcide with those four of

the substrate, it is the so-called ‘cube-on-cub&ey.
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2.3.3. Scanning Electron Microscope

Scanning Electron Microscope (SEM) is a high retsotu electron microscope that
images the specimen’s surface. A high energy belagmieatrons is scanned over the
sample in a raster scan pattern. As the electrotesaict with the specimen, they
produce secondary electrons, back-scattered etegteniger electrons, x-ray and etc.
By collecting the signal from secondary electrdmgh resolution images of specimen
can be obtained. Back-scattered electron imagespoawide information about the

distribution of elements in the specimen. And tléection of x-rays is used to give

information in the composition of specimen.

In this project, target composition, surface motpgyg and the cross-section image of
thin films are characterized by JSM-6335F Field &win Scanning Electron

Microscope.

2.3.4. Atomic Force Microscope

Atomic force microscope (AFM) is a non-destructieehnique that can be used to
measure the surface roughness on a scale fromramgsto 100 microns, more than
1000 times better than the optical diffraction timiihe basic principle of AFM is to
image surface topologies by a microscale cantileudr a tip. The topographic image
of the surface is recorded while the tip is scanmgetatedly across the sample. In this
project, the surface roughness of thin films isnexed by trapping mode of a Digital

Instruments, Nanoscope IV AFM.
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2.4. Electrical measurement

2.4.1. Temperature dependent resistivity

The experimental setup for measuring the resigtoitMZO films is shown in Fig. 2.4.
Due to the high resistivity of sample (fewCNl two point probe is adequate to obtain
accurate measurements. Two strips of platinumreldetare deposited on the surface of

the films. The resistivity of the film can be obtad by the equation:

PW (2-5)

where d is the thickness, W is the width and Lhs tength of the film, R is the
resistance of the films. For Resistance-Temperatueasurement, the samples were
placed inside a close-cycled helium cryostat. Té@iog and heating rates, adjusted by
a temperature controller (Lake Shore 321), wereaset0 K/min over a temperature
range from 60 to 380 K. The resistivity measuremeninonitored by the Labview

software program.

Source meter

Electrode

Substrate = =—s

Fig. 2.4 Schematic diagram of resistivity measurenm.
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2.4.2. Current-Voltage measurement

Current-Voltage ItV) measurement is a useful technique to study thesport
properties of a electronic device. In this study, measurements of all oxide baged
junctions are evaluated by the Keithley 2400 anti7@6electrometer. The results allow

us to deduce the ideality factor, series resistamceleakage current of the devices.

2.4.3. Hall Effect Measurement

The electrical properties of PLD grown In doped MZfn fiims on MgO(001)
substrate were examined using Hall Measurement.istRéty, sheet carrier
concentration and Hall mobility of thin films areeasured by a Bio-rad HL5500PC
Hall effect measurement system with four probeimtat The permanent magnet is
installed in the system and is calibrated by thenufecturer with nominal

field 032T + 0.1%.

Hall Effect measurement commonly uses two sampbengdries: (1) long, narrow bar
geometries and (2) nearly circle and square VanHaermv configuration. For simplicity
and accuracy of these measurements, Van Der Paamngament is probably the most
convenient hall measurement geometry that allowsousbtain information of sheet
resistivity, sheet Hall coefficient, sheet carreemcentration and Hall mobility of the
semiconducting sample. In our experimental arrareggnfor the Van Der Pauw
technique we used is square geometry. A small cizaeetal electrode is deposited at
the corner of the films. The resistivity of a VarerDPauw sample is given by the

expression:
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p= Uit E.FE (2-6)
2[1]”(2) l, 1

where Vb3 is defined as ¥- V3 and |, indicates the current enters the sample through
contact 1 and leaves through contact 2js the thickness of the active layer

The sheet Hall coefficient is defined as:

-V

o (m /C) (2-7)

R
where V, is the averaged value for all possible permutatiohthe contacts applied
current and directions of magnetic field.

The sheet carrier concentration is defined as:

N, =YqR, (cm™) (2-8)

If the thickness of the film (t) is known, the darrconcentration and sheet resistivity

can be calculated fromN =N_/t and p, = p/t respectively. Finally, once the sheet

resistivity is known, the Hall mobility is given by

Hy = RHS/IOS (Cm_s/v BB) (2-9)
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2.5. Optical measurement

2.5.1. Transmittance

The transmission spectra of the films can be obthilby UV-2550 UV-VIS
Spectrophotometer, which is equipped with two cardus light sources: halogen lamp
and deuterium lamp. These two light sources camigeoa continuous spectrum from
190 to 900 nm. The working principle of this spenteter is that when an incident light
beam approaches a medium, a part of the light bedinbe reflected by the medium,
part of the light beam will be transmitted througlke medium, and the rest of the beam
will be absorbed. Absorption of photons arises tlu¢he transition of the electrons
from valence band to conduction band. Absorptiogffament o for a uniform medium

can be defined as the intensity change of a mopaowdtic light beam in unit distance:

diA) _ —a(A)1(A) (2-10)
So the beam intensity as a function of distancarxbe defined as:
1(A) =1,(A)e W (2-11)

Assume there is no reflection from the medium, ttaesmittanceT(A) is defined as

the ratio of the intensity of the transmitted beanthat of the incident beam:

T(1)=- () (2-12)

wherel andl, are the intensities of the transmitted beam aoidiémt beam respectively
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So, the absorption coefficient can be deduced as:
a(A)=In@/T)/d (2-13)

where d is the thickness of the sample. Once tlokrtbss of sample is known, the
absorption coefficient can be obtained. The optadzorption coefficient is one of the
simple and useful tools for understanding the tadily allowed transition mechanism
of the material. By plottingafw)" against b, wherev is the frequency of the light
source and n is the dependence on this transitechamism of material. One can yield
whether the transitions are direct or indirect lgapd For n= 0.5, the transition nature of

the semiconductor is an indirect bandgap. And fonit is a direct bandgap.

2.5.2. Spectral response
The performance of a photodetector system can ba&ingd from the responsivity,
which is defined as the ratio of the electrical pufit of detector over the incident

powerP,, . The electrical output of detector can be usustiyressed in amperes per watt,

or volts per watt, of incident power. So the respaity R can be expressed as
R=—"or %2 2-14
5 (2-14)

wherel, is the photocurreny/,is the photovoltage arfél, is the illumination power at a
wavelengthh. The experimental setup of spectral response measmt is shown as
Fig 2.4. The light source with 148W was configutedpass through a Oriel 77250
monochromator to select a particular wavelength foeasurement. Inside the

monochromator, the s wavelength election rangioghf200 to 1000nm was obtained
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by a ruled grating with 1200 line/mm and blaze wength at 350 nm. The output slit
size from the monochromator was then regulated pynahole with 3 mm diameter.
Before performing the optical measurement, the tsplegower of the light source at a
particular wavelength was measured by a NewportéM8d0 handheld optical power
meter with a calibrated Model 818 UV enhanced @ilicetector. The precise optical
alignment of the device under test can be contidig triple axis manipulator. The
photo-generated current from the devices can besumed by a Keithley 617
electrometer, which has the lowest current limitvddo 10'®A. The spectral response

of devices with zero bias voltage was measured £266nm to 500nm.

Newport Powermeter

Pin hole Monochromator

Device v -
//—/ e > i e
° ¢ ¢ ¢ —&
J Xenon Lamp
q
[
& (m /o i
Eeithley 617 electrometer

Fig. 2.5 Schematic diagram of the spectral responseeasurement.
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2.5.3. Raman spectroscopy

1 Virtual
Energy States
Stokes
Raman
Scattering
Excitation .;nli- Stokes
Ener; aman
= Scattering
ho,
—_
Excited states
Cround states

Fig. 2.6 Energy level diagrams of Rayleigh scatterg, Stokes Raman scattering,

and anti-Stokes Raman scattering.

Raman scattering is a convenient and non-desteuaharacterization technique for
chemical identification, analysis of molecular stures, effects of bonding and stress
analysis. This spectroscopic technique is basedhennelastic scattering of visible,

near infrared or near ultraviolet range. The wagkiprinciple of this Raman

spectroscopy is that when a monochromatic liglhmdgdent on a molecule, it interacts
with the electron cloud and the bonding of the roolle. The incident photon excites the
molecule into a virtual state. For the spontaneBaman Effect, the molecule than
relaxes to a lower stationary state with the emissif a photon. The energy of the final

state may be less or greater than the energy oihtti@ state. The process is called

Stokes or ant-Stokes scattering respectively. Témuiency shift|hcq —ha)s| also called

the Raman shift, is characteristic of the excitagirom the sample.

In this project, Raman spectra were recorded anrtamperature using a John-Yvon
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Horiba HR800 Raman spectrometer (spectral resolutio.2 cnt). A blue laser beam

with wavelength 488 nm was employed as incidentgtsfor photon excitation.
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Chapter 3. Bandgap engineering of IMZO films with

different In content

3.1. Introduction

Zinc oxide is a promising semiconducting materiathwvarious applications in
electronics due to its large direct bandgap of 287and exciton energy of 60 meV,
which is more than double of that of GaN. Recerigndgap engineering of ZfMgxO
(MZO) and Zn.xCdO has been demonstrated [3.1, 3.2]. Generally, NH#Gys have
wurtzite and cubic structure. By increasing the RKlntent()=45), the hexagonal
structure of MZO changes to a cubic structure [3a8jich can be excellent materials
for photonic applications such as UV detector, Wyht emitting diode and UV laser
[3.4, 3.5]. The cubic MZO has a crystalline struetwith a lattice constant of 0.42 nm,
which is a very convenient size for lattice matcheteroepitaxial growth of many other
oxides, such as perovskites and transition metadoxides. Moreover, by introducing
different amount of indium (In) into MZO films, we&an tune their structural, electrical

and optical properties easily over a wide rangeatifies.

In this chapter, we report the fabrication of eqdh (In doped MgsZnos0) IMZO
films deposited on MgO and LAO substrates by PLDe Tchange of structural,
electrical and optical properties of IMZO films adunction of In content have been
studied. The microstructure and the surface monagybf MZO were characterized by
atomic force microscopy (AFM) and scanning electnmicroscopy (SEM). The
electrometer and low temperature cryostat helpednéasure the resistivity against

temperature over the range of 60 — 380 K. Tranamt# spectra provided strong
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evidences for IMZO films to be a good transparemmduicting oxide (TCO) and to

possess tunable bandgap.

3.2. Experimental details

Commercial single crystal MgO(001) and LaAl@®01) (LAO) substrates were
employed to grow the IMZO thin films. Both LAO amMdgO substrates are of cubic
structure. Their lattice mismatch with IMZO when x=are 11.6% and 1.6%
respectively. About 500nm thick IMZO films with &éfent In content were fabricated
at substrate temperature of 680 and ambient pressure of 3 x™IDorr. The laser

fluence was kept to 4 Jeéhwith repetition rate of 10 Hz.

3.3. Structural properties

The conventional solid state reaction was employedroduce the IMZO target.
According to the desired stoichiometric ratio 8ZO, high purity powder of
IN,03 (99.999%), ZnO (99+%) and MgO (99.99%) were mixedethanol and ball
milled for 6 hours. Then the mixture was calcinatgite in air at 1100C for 10 hours.
The calcined mixture was grounded into fine powtleen compressed in to pellets and
followed by sintering at 135 for 10 hours. Based on these procedures, IMZ@etar

with different In content (x) of 0, 0.04, 0.08, 6.and 0.18 were fabricated.

Figure 3.1 illustrates the XRD diffraction peaks IMZO targets with different x
content. When x equals to 0, 0.04 and 0.08, altitffeaction peaks are attributed to the
hexagonal and cubic structure of MZO. At higher dontent (x=0.16, 0.18),
diffraction peaks of 1503 become more apparent. Moreover, the diffractioakpeof
IMZO shifts to lower angles side, meaning the duplane lattice increases It is

concluded that someJhhave been doped into the MZO lattice.
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3.3.1. Structural properties of IMZO target

x=0.08

x=0.04

Intensity (a.u.)
|

20 30 40 50 60 70 80

26 (degree)

Fig. 3.1 XRD powder diffractions of IMZO targets with different In content (x) of

0, 0.04, 0.08, 0.16 and 0.18 respectively.
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3.3.2. Structural properties and surface morphology of IMZO films

Figure 3.2a illustrates thé-20 scan x-ray diffraction pattern of £gMgosO (MZO)
films grown on LAO(001) and MgO(001) substratessiles the diffraction peaks from
LAO substrate, only one diffraction peak located4at58 can be attributed to (002)
plane of cubic MZO (c-MZO) with lattice constant 424 A. The absent diffraction
peaks of wurtzite structure of MZO indicates tha¢ MZO films are of purely cubic
structure. XRD in-plane Phi scan for plane (202jh&f MZO and LAO reflections are
shown in Fig.3.3. It is cleared that four-fold syetny diffraction profiles that a
heteroepitaxial c-MZO film can be obtained on th&Q(001) substrate. Due to large
lattice mismatch between LAO (3.7 and MZO (4.244), the in-plane orientation of
the ¢c-MZO film appears to rotate 4lative to the substrate. Domain matching epitaxy
with the sequence 5/4, 4/3 is observed by TEM,catiiig a complex strain relaxation
mechanism. Thus, heteroepitaxial relationship ofQ@D1)||LAO(001) (out of plane)
and MZO(011)||[LAO(010) (in-plane) has been obtainedMZO films on LAO
substrate [3.6, 3.7]. For those grown on MgO sabstias shown in Fig.3.2b, the
diffraction peak of MZO(002) can not be resolvedXdfyD methods due to their almost
identical lattice constants. Previous HR-TEM resudliom our research group have
demonstrated that the lattice matching is prefadtro clear interface between c-MZO
and MgO is decernable [3.7]. It can be concludedt taxcellent cube-on-cube

homoepitaxial relationship between MZO and MgO $ualbs is obtained.
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Fig. 3.2 XRD pattern #-20 scans of Mg sZno 50O films deposited on: a) LAO(001),

and b) MgO(001) substrates at 6T with 3 x 10° Torr ambient pressure.

Zn, Mg, .0(202)

LAO(202)

. 45°,

|

T T T T T T T T T T T T T
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Fig. 3.3 Phi scans of the Z§gMgos0 (202) and the LAO (202) reflections of the

Znp.sMgo.sO film on LAO substrate.
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Fig. 3.4 XRD pattern#-26 scans of IMZO films deposited on MgO(001) substras

with different In content (x) of 0.04, 0.08, 0.16r=d 0.18 in the target.
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Fig. 3.5 Lattice mismatch between IMZO and MgOa-axis parameter and FWHM
values of IMZO(002) with different In content (x) o 0.04, 0.08, 0.16 and 0.18 in the

target.
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Fig. 3.6 Phi scan of the IMZO(202) and the MgO(202jeflections of the IMZO

film on MgO (001) substrate with x =0.18 in the taget.

The structural properties of the IMZO films withffdrent In content of 0, 0.04, 0.08,
0.16 and 0.18 were characterized by XRD. PH29 scans XRD of these films are
shown in Fig.3.4. Apart from the diffraction peatorh MgO(002) of the substrate,
sharp diffraction peaks located at around d@rresponding to diffraction from (002)
planes of cubic IMZO appear in all samples. Wittr@asing In content, the IMZO(002)
diffraction peak gradually shifts to lower angl@is suggests that substitution of’In
atoms into the lattice of MZO has been achieveas€hshifts in IMZO(002) is under
our expectation due to larger ion radius of'(8.62 A) than those in Z#i(0.60 A) or
Mg®*(0.57 A) [3.8]. The absence of diffraction peak of wuezitructure of ZMO and
phase of pure h®Ds; indicates that single phase cubic IMZO with pralidy (002)

orientation is obtained with no phase segregations.

The a-axis parameter value of IMZO and lattice mismabelttween IMZO and MgO
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substrate with different In content are shown ig.RB.5.Thea-axis parameter value
increases from 4.28 to 4.44, which implies that an increased out-of-plane chesi
relaxed stress induced lattice distortion. Thimdssurprise that substitution of*fnin
Mg** or Zrf* will enlarge the lattice constant of IMZO. Uporciease the In content,
the lattice mismatch between IMZO and MgO substiateeases from 1.7 to 4.8 %.
Besides the change in lattice constant of IMZO, dhestallinity of IMZO depends on
the In content too. Fig.3.5 illustrates the FWHMues of rocking curve of IMZO(002)
with different In content. The FWHM values of IMZ@I2) increases from 1.0
1.40. These results indicated that the crystal qualitfyZO declines as the In content
increases. Figure 3.6 shows the XRD in-plane Pan gor (202) plane of the IMZO
films grown at 608C in 3 x 10° Torr ambient pressure. In plane of XRD analysisigh
that the films are epitaxial with IMZO(202) plandéigaed with MgO(202) plane,

suggesting no rotations between the unit cell aZ@v&and MgO.

Figure 3.7(a)-3.7(d) show the AFM images of IMZOn& with different In content (x)

of 0, 0.08, 0.16 and 0.18 respectively. Without &mgontent, the surface morphology
of the film is quite flat and smooth. By increasitige In content, the surface
morphology has greatly changed. It can be obsemnad the surface roughness
decreases from 6.87 to 1.28 nm with increasingohtent from 0.04 to 0.18. Gradually

increasing the In content, the grain size becanalem
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15 nmr

10 nm

Fig. 3.7 AFM images of IMZO films with different In content (x): a) 0, b) 0.08, c)

0.16 and d) 0.18 in the target, measured over 3 x8m? scanning size.
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3.4. Electrical properties
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Fig. 3.8 Resistivity of IMZO films as a function oftemperature for the In content

(x) of 0.16 in the target.

Figure 3.8 illustrates the resistivityas a function of 1000/T for the IMZO film when In
content is x=0.16. These temperature dependencsuneeaents can yield the electrical
conduction mechanism in the IMZO films, which exh#éo decrease trend in resistance
when the temperature is increased. This suggeststbemiconducting-like conduction

mechanism is dominant in the IMZO films.

Several donor impurities are known to improve tleeteical conductivity in ZnO. The
Group Il elements Al [3.9-3.11], Sn [3.12], Ga [3.13], ahd in particularly,
substitute easily for Zn ions(Zmsaim), can be incorporated to become degenerated
semiconductor means that the carrier concentragidnigher than 1% cm®. Moreover,

oxygen vacancies () are also an important parameter that contributesthe
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conductivity of ZnO. Under a high deposition tengiare and high vacuum, ZnO film
can easily become oxygen deficient. The concentraif oxygen vacancies in the ZnO
can greatly affect the electrical and optical prtipe of ZnO thin films. In our case, the
cubic phase MZO possesses a higher bandgap (6.thaVv}hat wurtzite phase of ZnO.
These larger bandgap energy results a high regptio’ Q-cm). Introducing a large
amount of indium oxide, the electrical conductestican be greatly improved. Thus, the
electrical properties of IMZO films with differefit content were characterized by Hall

Effect measurement and two-point probe technique.

Resistivity, carrier concentration and mobility IMZO films with different In content
are shown in Fig. 3.9. It is difficult to use thalHEffect measurement for investigating
the mobility and carrier concentration of thesen§il due to the high resistivity of
undoped and slightly In doped MZO films. Under thsitation, the two-point probe is
employed to evaluate the resistivity of these filomdy. By Introducing In content of
0.04 into intrinsic cubic phase MZO films, resigtyvis substantially decreased from
2.06 x 10 to 5.2 x 16Q-cm. Moreover, the Hall measurements suggest tteatMzZO
films with In content of 0.08, 0.16 and 0.18 exhibtype conduction. As the In content
increases from 0.08 to 0.18, the resistivity okth&lms is gradually decreased from 3.6
to 0.01 ohm-cm, and accompanies with the incresst®e carrier concentration and a
slight change in Hall mobility. The maximum electrooncentration was found to be
3.06 x 16° cm® in the IMZO film with In content of 0.18, the Hathobility of 1.6
cn?/V s and resistivity of 0.0128cm, which is two orders of magnitude higher than
the value of ITO epitaxial films(1.1 x 7@ cm)[3.14]. This improved resistivity in the
IMZO films is due to the fact that the substitutiohin®* into Zrf* or M¢?* sites donates

more free electrons to the IMZO system.
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Fig. 3.9 Electrical resistivity (p), Hall mobility () and carrier concentration (ne) of
IMZO films as a function of In content (x) of 0, 004, 0.08, 0.16 and 0.18 in the

target.

3.5. Optical properties

The optical properties of IMZO films were analyZeg UV-VIS spectrometer at room
temperature. Figure 3.10 shows the transmittaneetispof IMZO films with different
In content. All samples shows reasonable absorpdge and excellent transmittance
of about 90% in the visible ranges. Introducing enbor content, the cut-off edge shifts
from 210 to 300 nm. No multi-absorption edges odnuhese samples. This indicates
that no typical phase segregation of MZO occurdhe IMZO sample. For direct
bandgap semiconductor, the relationship of absmiptpefficient ¢) and the optical

bandgapg) can be expressed as
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a U (hv-Eg)'? (3-1)

h andv are the Planck constant and the frequency ofnitident photon, respectively.
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Fig. 3.10 Transmittance spectrum of IMZO films as &unction of In content (x) in

the target.

Figure 3.11 shows the bandgap of IMZO obtained fitvd extrapolation approach
based on Eq. (1).The bandgap energy deceases fidhi®4.29 eV monotonously as
the In content increases. This feature is attribtitethe fact that the bandgap ofa

(3.7eV) is much smaller than that of MgO (7.8 eWeTbandgap could be easily
modified by controlling the In content in the film3his is very useful for the

application for solar-blind UV detectors and tureablV filter.
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Fig. 3.11 The square of absorption coefficient veus photon energy for IMZO films

with different In content (x) of 0, 0.04, 0.08, 04, and 0.18 in the target.
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3.6. Summary

Epitaxial magnesium zinc oxide (MZO) films with gabstructure were successfully
fabricated on single crystal MgO (001) and LAO (P&Ubstrates by pulsed laser
deposition method. Upon increasing the In contém, IMZO(002) diffraction peak
moves towards to smaller angles. Based on Bragw/sthe decrease in the diffraction
angle corresponds to the increase in the interplspecing doo2). Since IF* has larger
ionic radius than Zfi or Mg, this substitution of In atoms for Zn or Mg incsea the
lattice constant of IMZO. Besides the shift in IM@D2) diffraction peak, it is found

that the crystal quality of IMZO film is degradepdan increment of the In content.

In the electrical measurement, the temperaturerggee of resistivity of IMZO films
suggested that a semiconducting-like conductionhar@em is dominant in the IMZO
films. Introducing an appropriate content of Ine tresistivity can be greatly reduced.
The maximum electron concentration was found tB88x1G° cmi® in IMZO film
with In content of 0.18, the Hall mobility of 1.6n&V s and resistivity of 1.2x 1t

cm.

It has been demonstrated that by alloying withedéht amount of indium oxide, the
transition energy of IMZO films can be widely tunfdm 6.7 to 4.29eV. All IMZO

films have excellent optical transmittance of 096r% for the whole visible spectrum.
Therefore, these IMZO films can be used as traesparonducting oxide (TCO) for

various optoelectronics applications
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Chapter 4. Structural, electrical and  optical

properties of IMZO films with different thickness

4.1. Introduction

Transparent conducting oxides (TCOs) such as,$n@n0O:Al and 1r0O3:Sn have been

extensively used in the optoelectronic industrissiralispensable component in flat
panel display, windows for solar cell and UV debedd.1-4.7]. However, crystalline

TCO that can be template for epitaxial growth ofopekites and transition metal
monoxides remains elusive due to the large lattncematch between TCO and the
perovskites. In the previous chapter, we have detmated that IMZO films have stable
cubic crystalline structure with a lattice constah.42 nm. This is a very convenient

size for lattice matched heteroepitaxial growthr@ny oxides, such as perovskites and
transition metal monoxides. IMZO films exhibiteaistivity of about 1.28 x I® Q-cm

and more than 90% optical transmittance over thelevhisible spectrum. As a result,
IMZO can be utilized as TCO with cubic structure.dur knowledge, up to now, no
reports on epitaxial cubic phase TCO (IMZO) filmi#hnlattice constant of about 4/

were published. In this chapter, the preparationMZO TCO films deposited on
MgO(001) substrate using PLD method is reporte@ Sthuctural, electrical and optical

properties of the IMZO films with different thickeg are also presented.
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4.2. Experimental details

IMZO films with different thickness were deposited MgO(001) substrate. A 18%
In,03; doped Mg@sZnos0 (IMZO, when x=0.18) was employed as the PLD targé
the films were deposited at 6@substrate temperature and oxygen pressure dfod x

Torr on MgO substrates.

4.3. Structural properties of IMZO films of different th ickness

—— 963 Ny
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I
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bl nr | 1
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Fig. 4.1 XRD pattern #-260 scans of IMZO films (when x= 0.18 in the target) wh
various deposition times of 5, 7, 15, 30, and 45 miwhich corresponded to the film

thickness of 120, 193, 343, 555, and 943 nm respeslyy.
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Figure 4.1 shows the XRD pattern ¢f-26 scan for IMZO films grown with various

deposition times, indicative film thickness areoatgven. Apart from the diffraction
peak from the MgO substrate, only IMZO(002) is aleed in all samples. This
indicates that the IMZO films have a cubic struetdt is noted that the wurtzite phase
of MZO and crystalline phase of,[D; are not observed in the XRD pattern, implying
that no phase segregations occurs. Moreover, ibegsroved that fii atoms substitute
Mg®* or Zrf* in the MZO lattice. With increasing the film thiviss, the diffraction
peak of IMZO(002) does not show any significantraes. This corresponds to the fact

that there are no induced stresses at increasedhitkness.
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Fig. 4.2 FWHM of (002) rocking curves for IMZO films (when x= 0.18 in the

target) with different thickness.

The values of FWHM in the omega scan of IMZO(0O0®@yaction peak with different
thickness are shown in Fig.4.2. The film thicknesseases from 120 to 953 nm in
accordance to the duration of the deposition tithes found that variations in the

crystal quality of the films are primarily attritad to the change in the film thickness.
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The FWHM value of IMZO(002) increases from 1°48 2.36 with film thickness. In

plane analysis shows the films are epitaxial withZzO(202) plane aligned with
MgO(202) plane, suggesting no any rotations betweemnit cell of IMZO and MgO.

4.4. Electrical properties of IMZO films with different thickness
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Fig. 4.3 Electrical resistivity (p), hall mobility (#) and carrier concentration (ne)

with different thickness of IMZO films, when x=0.18in the target.

Figure 4.3 shows the thickness dependence of #wdriell resistivity, Hall mobility
and carrier concentration on IMZO films that wemstaxially grown on MgO (001)

substrates. As the thickness increases from 12B8nm, resistivity increases from
0.41 to 0.62Q-cm. However, resistivity decreases sharply fro62Go 0.18Q-cm for

thicker films. Similar dependence in resistivitydagarrier concentration with the
various film thickness was reported in the Zr-doged [4.8]. As shown in Fig. 4.3,

our results indicate the dramatic reduction ofstaty with thickness originates from
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changes in carrier concentration than Hall mobilityis known that the mobility is
associated with grain-boundary scattering and emhimpurity scattering [4.9, 4.10].
The mobility will decrease with increase of carrgancentration in ionized-impurity
scattering [4.11, 4.12]. However, if the grain-bdary scattering dominates, the
mobility will increase with the carrier concentmati In our cases, Hall mobility
increases from 0.722 to 0.902 #Xfs when film thickness increases from 120 to 193
nm, which corresponds to the decrease in carriacamration from 2.09x18 to
1.11x13° cm®. Moreover, when film thickness increases from 84843 nm, the Hall
mobility decreases while the carrier concentratmmeases. It appears that the trends of
change in carrier concentration and Hall mobilitg always opposite. Hence, we

suggested that the ionized-impurity scattering gowen the IMZO films rather than
grain boundary scattering. The lowest resistivityf0d. 57 Q-cm is obtained when the

film thickness is 555 nm. The corresponding Hallbitity is 0.538 cni/Vs and the

carrier concentration is 7.37 x 2@m?3.
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4.5. Optical properties of IMZO films with different thi ckness
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Fig. 4.4 Optical transmittance spectra with IMZO films (x=0.18 in the target) as a

function of film thickness.

Figure 4.4 shows the optical transmittance of MZO film with different thickness in
the wavelength range of 250 to 900 nm. The osillabf the spectra is due to the
interference originated from the reflection at rfaees of the films. And it can be
observed that all IMZO films exhibit excellent agati transmittance of over 90 % in the
visible range, regardless of the changes in thisknEigure 4.5 shows the square of the
product of absorption coefficient and photon enexgya function of film thickness. The
inset shows the change in apparent optical bandgapthe variation in thickness. The
bandgap decreases from 4.51 to 4.21 eV when thkntbés increases from 120 to 963
nm. Generally, it is known that the bandgap incesasith the carrier concentration, due

to the Burstein-Moss (B-M) shift [4.13, 4.14]. Howeg, as shown in Fig. 4.5, these
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relationships between bandgap and carrier condamtrgaannot be explained by the
B-M shift. Note that the decrease in bandgap magttriouted to the degradation of the
crystallinity as the increase in thickness, whghavealed by the XRD measurement as

shown in Fig. 4.2.
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Fig. 4.5 Relationship between the square of absoiph coefficient (a®) and
photon energy (eV) of IMZO films with thickness. Tte inset is the optical bandgap

as a function of film thickness.
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4.6. Summary

Different thickness of cubic phase epitaxial IMZ{nE with high transparency and low
resistivity were prepared on MgO(001) substraté>bip. It is found that the structural,
electrical and optical properties show strong ddpece on the film thickness.
Generally thicker IMZO films exhibit poorer crydialty, and lead to changes in the

electrical and optical properties.

From the electrical characterization, the mobiigyfound to be reduced with increased
carrier concentration. The relationstlptween the structural and electrical properties

suggests that the ionized-scattering mechanismrtes in the IMZO films rather than
the grain-boundary scattering. The lowest restistiachieved is 0.1572-cm with Hall

mobility of 0.538 cr¥Vs and a carrier concentration of 7.37 X°1ch®, where the film

thickness is 555 nm.

All IMZO films demonstrate a transmittance of ab®d% in the visible wavelength.
The apparent optical bandgap was found to be redéroen 4.51 to 4.32 eV upon
increment of the film thickness. We suggested tihatdegradation of crystallinity plays

a more crucial role in shortening the bandgap aZ@Jilms.
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Chapter 5. Structural, electrical and optical
properties of LNO/IMZO heteroepitaxial junctions

grown on MgO(100) substrates

5.1. Introduction

Transparent conducting oxides (TCOs) have been lyidsed in optoelectronic
industries. However, most TCOs exhibit a#type electrical conduction. In order to
fully utilize the TCOs in the optoelectronic induss, TCOs withp-type electrical
conduction should be explored. Receniitype ZnO and ZnMgO have been reported
[5.1-5.6]. It still remains difficult to fabricata reproducible and high qualifytype
ZnO due to reasons such as deep acceptor levelsdmbility of the dopants and the
self compensation. Instead of fabricatipgh homojunctions, many researchers have
turned to make heterojunction with differepttype semiconducting oxides such as
CuAlO; [5.7, 5.8], CuGa® [5.9, 5.10], and SrCG®, [5.11], mainly grown on
amorphous substrates. This polycrystalline striectoirp-type layers has introduced
more lattice defects in the interface comparinghwite epitaxial growth, which will
degrade the optical and electrical performancehef heterojunction [5.10]. Another
approach is to fabricate high quality heteroep#hgin junction that can effectively

reduce the defect density at the interfaces.

Among thep-type semiconducting oxide, simple cubic structame semi-transparency
are found in NiO. Thig-type semiconductor has a direct bandgap of 3.7&N weak

absorption bands due thd transition of a & electron configuration in the visible
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region [5.12]. When Ui partially substitute the sites of Nj the electrical resistivity can

be reduced to 150 -cm.

In this chapter, we report the fabrication PLNO/n-IMZO heterojunctions with
different In doping concentration of 0.08, 0.16 al@dl8 in the target. The
p-LNO/n-IMZO heterojunction has several advantages: i i that both IMZO and
LNO are simple cubic structures; compatible strrectean reduce the dislocation at the
interface of the two layers. The epitaxial relatibelps minimizing the electron
scattering and increasing the efficiency of elatti@nsportation across the interface.
The second advantage is that lattice mismatch eetWw®&IO and IMZO is only 2.8 to
4.8%, depending on the indium oxide content intH®ZO layer. This small lattice
mismatch allows epitaxial growth @gcLNO/n-IMZO heterojunctions. Finally, IMZO
can doubly act as the TCO owing to its high opticahsmittance (>95%) within the

visible spectrum.
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5.2. Structural, electrical and optical characterization of Lig 19Nig.g5O

5.2.1. Structural characterization of LNO ceramics target

The Lip19NiossO (LNO) ceramics target was fabricated by the catigeal solid state
reaction methods. High purity of 0.831gCi0; and 9.524g NiO powder were used as
the starting materials. They were mixed with ethama then ball milled for 6 hours.
Then the mixture was calcinated twice in air for Hurs at 1100C and 1200C
respectively. The calcined mixture was grounded fited powder again. Finally they

were compressed into pellets and followed by simgeat 1350C for 10 hours.
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Fig. 5.1 The X-ray diffraction pattern of densely stered Lig19\iggsO ceramics

target.

Figure 4.1 shows the X-ray diffraction pattern ehdely sintered LNO ceramics target.
All the strong diffraction peaks indicate the targehich is well crystallized with a

simple cubic structure that matches with the LN@deom the XRD database of IDD
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international Centre for Diffraction Data.
5.2.2. Deposition of LNO Layer

Initially single layer LNO thin film was grown on §0(001) substrate by PLD. Prior to
being loading into the vacuum chamber, MgO(001) states were cleaned
ultrasonically for 5 min in acetone and then 5 mmirethanol. The deposition chamber
was evacuated to base pressure of about a few nbyoar roughing pump. Substrate
temperature was kept at 5@with oxygen pressure at 100 mTorr during the dijom

of the LNO layer. As-deposited LNO film of aboutQlOm thick was annealed situ at
the same growth temperature for 20 min to imprdwe ¢rystalline structure. Pure
stoichiometric nickel oxide is an insulator withmgile cubic structure. When 'Li
partially substitute the sites of Nj a hole is introduced in the form of Nior O to
keep charge neutrality [5.13]. And this oxide beesma black semiconductor. Varying
the deposition temperature and oxygen pressureeaaity control the electrical and
optical properties of LNO thin films. The deposititemperature for LNO can not be
higher than 606C, because Li atoms tend to evaporate from the fiuen if the LNO
layer was deposited at room temperature, approrign@b%o of Li evaporates [5.14]. In
our works, we optimized the substrate temperaflyetg about 500-63 with oxygen

pressure (P9 of about 100-150 mTorr.
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5.2.3. Structural characterization of LNO layer
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Fig. 5.2 X- Ray diffraction patterns for LNO films deposited on MgO(100) at
500°C with 100 mTorr oxygen pressure: (ap-20 scan, (b) the rocking curve of (002)

peak of LNO, (c) Phi scan measured from (202) LNOrad (202) MgO.

Figure 5.2a shows the x-ray diffraction patternL&O film grown on MgO(001)
substrate. Apart from the diffraction peaks of MQQ¥), only strong diffraction from
LNO (00¢) is observed. This indicates that the LNO layeasfisubic structure only. No
diffraction peaks from O3 and Ni are observed. Note that the diffractionkpef
LNO(002) is located at 43.87This corresponds to a lattice constant of 4.1WHhich is
almost the same value as bulk LNO materials, sdigeso significant stress induced
lattice distortion in the film. This is attributed the very small lattice mismatch (~1%)

with MgO substrate. The crystal quality of LNO ong®i(001) is confirmed by
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out-of-plane rocking curve, which was indicatedtbg diffraction peak of LNO(002).
As shown in Fig. 5.2b, the FWHM of 0.23s observed in the-scan of LNO(002)
diffraction peak. Figure 4.2c shows the XRD in-gaphi scan for (202) plane of the
LNO films grown at 500C in 100 mTorr oxygen pressure. In plane analysisvs the
films are epitaxial with LNO(202) plane aligned witvigO(202) plane, suggesting

cube-on-cube heteroepitaxy.
5.2.4. Electrical and optical properties of LNO layer

Table 5.1 shows the resistivity, Hall mobility acdrrier concentration of the LNO
films grown on MgO substrate under the depositionditions T<=500°C and Pg=100
mTorr). The carrier concentration is positive valnethe Hall Effect measurement,
which confirms that LNO layer is jgtype semiconductor. The resistivity and mobility
of LNO films are 1.192-cm and 0.093 cAv's™ respectively at room temperature. This
electrical results are comparable with that of epéaxial growth of LNO films grown

on YSZ(111) substrate reported by T. Kamstial. [5.14].

Table 5.1Resistivity, Hall mobility and carrier density for LNO films deposited on
single crystal MgO substrate under the depositionanditions (Ts=500°C and

P0,=100 m Torr).

Resistivity (2-cm) Carrier concentration (cm™)  Mobility (cm Vs

1.19 1.13 x 1¢f 0.093
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Fig. 5.3 UV-visible transmission and absorption spera of LNO film on MgO(100)

substrate showing a strong absorption at 341nm.

Figure 5.3 shows the transmittance and absorbgmeetra for LNO films grown on
two-side polished MgO(001)substrate. The transmigaspectrum reveals a strong
absorption in the 330nm wavelength, which corredpdn a bandgap energy of 3.76eV.

The transmittance over the whole visible rangevexr ®0%.
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5.3. Experimental details

Considering the excellent experimental results iobth for single layer of
INMgZnO(IMZO) and LNO films deposited on the singlg/stal MgO(001) substrate,
we attempted to fabricate a transpanemt junction diode using-IMZO and p-LNO
layers. Thep-LNO/n-IMZO heteroepitaxial diode with different loontent in the
n-IMZO layers were deposited by PLD on MgO(001). chematic layout of the diode
configuration is shown in Fig. 5.4. Densely sinteitZO and LNO ceramic targets
were made by conventional solid-state reaction wihstitute oxides. The detailed

procedure has presented in Chapter 3.3 and 5.2.

A KrF Excimer laser was used to ablated IMZO ceratargets. Substrate temperature
was kept at 608C with ambient oxygen pressure of 3 X>Irr during the growth of a
500 nm thick IMZOn-type layer. The sample was then anneatedtu at the same
growth temperature for 20 min to improve the crijyista structure. LNO was
subsequently grown at 50C with oxygen pressure of 100 mTorr. Using stamisteel
mask with regular arrays of 500 x 5@@n® openings, a 100 nm of LNO film was
deposited through the holes of the mask, resulatated flat LNO square islands on
top of the IMZO layer. Circular spot platinum elecdes of 200um diameter were
finally deposited at room temperature on the LNlAnds via another properly shaped

and aligned mask by PLD.
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Fig. 5.4 Schematic structure of LNO/ IMZO p-n heteroepitaxial diode. The red

arrow is the current flow direction under forward bias voltage.

The crystalline structure of the heteroepitaxiadtions was characterized by an X-ray
diffractometer operated in four-circle-mode. A Kddty 2400 was used to evaluate the
electrical properties. The temperature depentiéhtharacteristic of the junction was
examined over a temperature range of 160 to 30@ect&al responses of different

heterojunctions were examined by Xenon lamp aghd ource.
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5.4. Structural properties of heterojunctions grown on MgO substrates

Figure 5.5a illustrates th@26 scan x-ray diffraction pattern of thpen heterojunction
with different indium oxide doping in the&-IMZO layers grown on MgO(001)
substrates. Apart from the diffraction reflectiasfssMZO(002)Cuks, MgO(002)Culk;,
LNO(002)Cuks and MgO(002), sharp diffraction peaks of IMZO(0G2)d LNO(002)
can be found. They are assigned to the cubic streictf LNO and IMZO. No impurity

phase of IMZO or LNO can be seen from the XRD tssul

Table 5.2 lists the lattice mismatch, 2 theta anglleie of LNO and IMZO for th@-n
heterojunction. With increasing indium content, th#raction peak of IMZO(002)
shifts toward smaller diffraction angle, implyinigat the lattice constant of IMZO can
be altered by changing indium doping concentraitiaiihe n-type layer. This increase in
the lattice constant of IMZO suggests that the dasge of indium ions have been
substituted into the MgZnO lattice. As shown in Bigb, the FWHM of the rocking
curve of IMZO(002) and LNO(002) when x=0.18 are8?.&nd 0.25 respectively. This
implies that both the IMZO and LNO layers have gaowgstallinities. Figure 5.5¢
shows XRD in-plane Phi scan for plane (202) of th©, IMZO and MgO reflections.
Four Phi-scan peaks at ®iitervals confirm the cube-on-cube epitaxy relatitip of

LNO(001)|| IMZO(001)|| MgO(001).
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Fig. 5.5 X-Ray diffraction patterns for p-LNO/n-IMZO heterojunctions deposited

on MgO(001) with different In content (x) in the taget: (a) #-20 scan, (b) the

rocking curve of (002) peak of LNO and IMZO when x$.18, (c) Phi scan measured

from LNO(202), IMZO(202) and MgO(202) when x=0.18.

Table 5.2 Lattice mismatch between IMZO and LNO, 2heta angle of LNO and

IMZO for p-n heterojunctions with different In content (x) in the target.

In content (X) Lattice imzonno 20\vzo 20 no
0.08 2.8% 42.03 43.24°
0.16 3.8% 41.66 43.3%°
0.18 4.8% 41.30 43.39°
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5.5. Electrical properties of heterojunctions grown on MyO substrates
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Fig. 5.6 1-V curve of p-LNO/n-IMZO heterojunctions on MgO(001) substrate with

different In content (x) a) 0.08, b) 0.16 and c) @8 in the target.

The current-voltage 1{V) characteristics ofp-LNO/n-IMZO heterojunctions with

different indium doping concentration of 0.08, 0.48d 0.18 are shown in Fig. 5.6.
Good ohmic contact of Pt/IMZO/Pt (x=0.08, 0.16 a@d8) and Pt/LNO/Pt are
confirmed by 2-probe electrical measurement andshmvn in Fig. 5.7. The results

suggest that the non-linear rectifyiry behavior is primarily due to then junction.
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Fig. 5.7 1-V characteristics between the two platinum electrodeon the a) IMZO

film with different In content (x) of 0.08, 0.16 ar 0.18 in the target, b) LNO film.

Table 5.3 Threshold voltage, current rectifying raio of +4 /-4 and the leakage

current at -4V values for the heterojunction with dfferent In content in the target.

In content Von(V) | +a/.4v leak at -av (A)
0.08 0.97 5.7 6.25x10
0.16 2 169 1.78x1D
0.18 2.14 83 2.29x10

Table 5.3 lists the turn-on voltage and currentifigng ratio of +4 and -4 for this

junction with different In content. The turn-on tedde and breakdown voltage of these
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p-LNO/n-IMZO heteroepitaxial junctions are around 0.97nd a3 V respectively when
x= 0.08. With higher indium doping content in théype IMZO layer, both of turn-on
voltage and breakdown voltage of the junctionsease. The increase in threshold
voltage is due to the higher built-in potential gexted by the Fermi-level gf-type
LNO andn-type IMZO, which is assigned to be the tunabledgap ofn-type IMZO
layer. In Chapter 3, it has been demonstratedlatoping with different amount of
indium oxide, the transition energy of IMZO filmarcbe widely tuned from 6.17eV to
4.29eV. Moreover, the increase in turn-on voltageyrhe also due to the increase in
lattice mismatch between LNO and IMZO upon incretraithe indium content. This
leads to more structural imperfections and electwattering at the interfaces. But the
breakdown voltage of this junction can be greatiprioved upon increment the indium
content. Moreover only a small leakage current.@8LA at -4V was observed in the
reverse bias region when x=0.16. The ratio of fedveurrent to reverse current is
larger than 169 in the applied voltage of +4 to .-4Mhese electrical results are

comparable with other transpargam junction [5.15-5.19].

Under the forward bias voltage of greater thanwa feillivolts, the standard diode

equation [5.20] can be modified as

| =1, ex;{%j (4-1)

whereq is the electronic charg¥,is the applied voltagdis the Boltzmann constamt,

is the ideality factor antj is the reverse saturation current.
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Fig. 5.8 Forward bias Ln()-V curve of p-LNO/n-IMZO heterojunctions on MgO
substrate. Exponential fit lines corresponding to deality factor: in low voltage
region: 2.54, 3.03 and 4.02; in large voltage: 95.86.5 and 55.3 with different In

content (x) of 0.08, 0.16 and 0.18 in thetype layer (target).

Figure 5.8 shows the typical I{V of this p-n heteroepitaxial junction with different
indium doing content in then-type IMZO layers, which is measured at room
temperature. In a small forward bias voltage regideality factors were found to be
2.54, 3.03 and 4.02, with different In content di&) 0.16 and 0.18 respectively. Theses
large values in the ideality factor indicate thage heterojunctions cannot exhibit ideal
current transportation (n=1 for diffusion limitegk=2 for recombination limited). Such
increase trend in the ideality factors are attedub the larger lattice mismatch between

LNO and IMZO layers, which increases probabilit#sdefect-assisted tunneling and
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carrier recombination in the space charge regiannterfaces states [5.21, 5.22].

For a large forward bias voltage (3<V<4), the idgdlactors were found to be 95.3,
56.3 and 55.3, with In content of 0.08, 0.16 artBQespectively. These large values
suggest thap-LNO/n-IMZO heterojunctions are affected by a non-negl@icircuit

resistance in series. The decrease trend in tladitidéactor is attributed to the decrease

in the resistance of IMZO upon increase the cortémtdium oxide content.
5.5.1. Temperature dependence of-V characteristics

To understand the current transport mechanism ep4NO/n-IMZO junction when
x=0.16,1-V characteristics of a heterojunction with size % 500 m® in a range of
temperatures T=160-300K, are shown in Fig. 5.9. Valees of leakage current and

ideality factor are also plotted in Fig. 5.10 dsiraction of temperature.

By gradually increasing the junction temperatune, turn-on voltage of heteroepitaxial
junction decreases and leakage current increaseseTbehaviors indicate that more
carriers can have enough energy to tunnel or dcfoss the depletion layer, which is
the so-called “thermal assisted tunneling” easigppened in the heavy doped

semiconductors [5.24].

Wong Hon Fai 87



qu Chapter 5

THE HONG KONG POLYTECHNIC UNIVERSITY

2504 O 300K
1 41 O 280K &
200 - . 260K 0
P~ 2'6_ 51 240K DD O
< > 30 < 220K o O
5 150 : o 200k O
— 25 180K O OO
0
S ol b > 160K (§'O
o 160 200 240 280 320 D O
5 Temperature(K) &
() 504
0-
-50 T T T T T
-6 -4 -2 0 2 4 6

Voltage (V)

Fig. 5.9 Current-Voltage characteristics ofp-LNO/n-IMZO heterojunction as a
function of temperature, when the In content (x) inthe target is equal to 0.16. The

inset is the plot of threshold voltage against tengratures.

Also, the ideality factors are found to rise frorh 279 to 13.0, as the junction
temperature increases. Such large values in igledéittors indicate that the
heterojunction cannot explain an idgan junction. Generally, the ideality factor
increases with junction temperature, which indisateat the current transport of this
heterojunction is dominated by thermionic emissiBut the ideality factor of this

p-LNO/n-IMZO junction increases with the decrease in jiorcttemperature. These
changes in ideality factors may come from extraens due to the tunneling through

the barrier or the generation-recombination proceszirring in the depletion region
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[5.21]. This can also be explained by Eq. (4-2) rehihe ideality factor is inversely

proportional to the junction temperature [5.21,35.2

ov
n= %f (4-2)
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Fig. 5.10 Leakage current at -5V and the ideality dctor as a function of

temperature.
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5.6. Optical properties of heterojunctions grown on MgOsubstrates
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Fig. 5.11 Optical transmittance spectra ofp-LNO/n-IMZO heterojunctions with
different In content (x) of 0.08, 0.16 and 0.18 ithe target respectively. The inset is

the configuration of front-side and back-side illumnation.

Figure 5.11 illustrates the transmission profilep-&NO/n-IMZO heterojunctions with
indium content of 0.08, 0.16 and 0.18. All hetengjtions show sharp absorption edges
and average transmittance of over 40% in the whisiéle spectrum. In changing the
indium content in the-type layer, the absorption edge remains at 332Trims. clearly
suggests that the transmittance of these hetertpmsds dominated by the LNO layers.
Three samples exhibited with difference percentafjgransmittance in the visible
spectrum. Their variation is primarily due to thariation in the thickness of LNO

layers. When the indium content(x) is equal to Q.t& sample has an average
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transmittance of over 60%. Therefore, thgseENO/n-IMZO heterojunctions show
optical absorptions in the UV range. Further stsid@ photoresponse of these

heterojunction should be explored.

100
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Fig. 5.120ptical transmittance spectra oh-IMZO film with different In content (x)

in the target.

Figure 5.12 shows the transmission spectra of IMits with different indium content.
All samples exhibit sharp absorption edge and highsmittance of about 90% in the
visible range. With increasing indium content, #i®sorption edge can be tuned from
250 to 310nm. This tunable cutoff wavelengtlpdfNO/n-IMZO photodiode can cover
the whole UV solar-blind spectral range. In subsequoptical characterizations

p-LNO/n-IMZO photodiode with x=0.16 and 0.18 were used.
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Fig. 5.13 Spectral responsivity of thep-LNO/n-IMZO heterojunctions on MgO
substrate under back-side illumination when x=0.16in the target. The
corresponding Lorentzian fit peaks are 307, 330 an@875 nm respectively. The inset

shows the spectral response of these heterojunctionder front-side illumination.

Thep-LNO/n-IMZO heteroepitaxial structure, as shown in theeinof Fig. 5.11, allows
for both front-side and back-side illumination. MgDbstrate is a good transmission
window for UV to VIS transmission over the wavelémgange of 200-900 nm. Figure
5.13 and 5.14 shows the responsivity spectra andntgqm efficiency of the
p-LNO/n-IMZO heterojunction irradiated on front-side andack-side (inset)

illumination at zero bias voltage in a range of elamgth 300-500 nm respectively.
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Interestingly, the peak responsivity at waveler@f® nm on the front-side and 320nm
on back-side illumination were detected. The plegponse mechanism of this

heteroepitaxial junction could be understood by tta@smittance profile of LNO and

IMZO films.
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Fig. 5.14 Quantum Efficiency of thep-LNO/n-IMZO heterojunctions on MgO

substrate under back-side illumination when x=0.16n the target.

Under the front-side illumination, a high respoitsiwas observed at wavelength from
334 to 365 nm, which corresponds to the near bage absorption of LNO, whereas
no photoresponse was observed due to the banditbdiesorption of IMZO at 300 nm.
Indeed, the UV light with a wavelength shorter tI3&% nm is absorbed the LNO layer,
which results a photogenerated electron-hole p&rgen that the film is of 100 nm

thick and the optical absorption of LNO in these tBgions is strong, it was believed
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that these UV light was completely absorbed in ldyer. The photogenerated electrons
diffuse to the depletion layer. Then these carneegse swept by build-in electric field,
which contributes to the photocurrent in the UVioeg Therefore, th@-LNO/n-IMZO
heteroepitaxial junction showed a high responsiwiith wavelength of 350 nm under

front-side illumination.

To understand the spectral responsivity of thederbgnction under the back-side
illumination, it was necessary to consider the agtproperty of IMZO films first. The
UV light with a wavelength shorter than 320 nmasnpletely absorbed by IMZO layer.
These results are photogenerated electron-hole. paind it was observed that the
IMZO film is highly transparent (>90%) in the rangé 320-500 nm. Therefore, light
with a wavelength from 320 to 500 nm passes thrabhgHMZO layer and is absorbed
by the impurity or defects states at the interfand by the underlyingg-LNO. The
highest responsivity was obtained in the wavelemgiige from 300 to 340 nm, which
Is in a good agreement with the bandgap of IMZO whke0.16. The maximum
responsivity is 4.37xIOA/W at wavelength of 320nm. The present result® gin
UV/visible rejection ratio of more than 40. The pdresponse with the wavelength at
330nm is likely due to the band-to-band transitadnthe LNO layer. The relatively
weak response at the blue spectral region canthbus¢d to absorption caused by
impurity or defects states at the interface. Claeaal defects free interface in the
heterojunction can certainly improve the perfornearaf this p-n junction based

photodetectors.
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Fig. 5.15 Spectral responsivity of thep-LNO/n-IMZO heterojunctions on MgO
substrate under back-side illumination when x=0.18in the target. The
corresponding Lorentzian fit peaks are 315, 343 and02 nm respectively. The inset

shows the spectral response of these heterojunctionder front-side illumination.

It is expected that the cutoff wavelength in thedml response can be varied by
changing the indium content in tlelMZO layer. The spectral response and quantum
efficiency of the heterojunction(x=0.18) under batte illumination at zero bias
voltage in a range of wavelength 300-500 nm arevehia Fig. 5.15 and Fig. 5.16. The
corresponding front-side illumination profile ispdeted in the inset. For the back-side

illumination, the spectral response spectrum of pHeNO/n-IMZO heterojunction
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shows a fitting peak of shifts from 307 to 315 nmhen the indium content changes
from 0.16 to 0.18. This shift in the fitting peakdue to the tunable bandgap of IMZO
upon increment the indium content in thaype layer. This is consistent with the

decrease trend in the cut-off wavelength, whiaméntioned in Fig. 3.11.
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Fig. 5.16 Quantum Efficiency of the p-LNO/n-IMZO heterojunctions on MgO

substrate under back-side illumination when x=0.18 the target.
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5.7. Summary

Cubic phase p-LNO/n-IMZO heterojunctions with different indium doping
concentration of 0.08, 0.16 and 0.18 were succkggjtown on MgO(001) substrate
by PLD. Cube-on-cube epitaxial relationship of LIOT)|| IMZO(001)||MgO(001) was
obtained. With increasing indium content, the diftion peak of IMZO(002) shifts
toward smaller diffraction angle, implying that thedtice constant of IMZO can be
adjusted by changing indium doping concentratiom-é¥1ZO layer. And the lattice

mismatch between LNO and IMZO increases from 2.8%.8% upon increasing the

indium content in the-type layer.

All heterojunctions show good rectifying currenttage characteristics. A maximum
current rectifying ratio of 169 is obtained for applied voltage of +4 to -4V when
x=0.16. Increase trend in the ideality factors of this hgtenction is attributed to the
increase in the lattice mismatch between LNO and@Mayers, which increases the
probability of defect-assisted tunneling and carrecombination in the space charge
region via interface states. In the temperatureeddent current-voltage characteristics,
the current transportation mechanism is dominatethé tunneling through the barrier

or the generation-recombination process occurnrige depletion region.

Solar blind UV photodetector with peak spectralpmse at wavelength 320nm has
been realized based gnLNO/n-IMZO heterojunction. This photodetector shows a
UV/visible rejection ratio of more than 40 underckaide illumination configuration.
Upon increasing the In content mtype layer, the fitting peak of responsivity shift

from 307 to 315 nm.
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Chapter 6. Structural, electrical and optical
properties of LNO/IMZO heteroepitaxial junctions

grown on TiN buffered Si(001) substrates

6.1. Introduction

ZnO has a direct band gap of 3.27 eV and high exditinding energy of 60 meV.
When it is alloyed with MgO, the transition bandoganergy can be tuned from 3.37 to
3.87 eV [6.1]. Indeed band-gap engineering of ety grown ZnCd O and
Zn,Mg; <O films have been demonstrated [6.2, 6.3]. Recgehtlyet al. [6.4] have also
reported that the band-edge luminescence intemsit¥nyg7aMgoo7O film at room
temperature is nearly six times higher than thapure ZnO film. It is believed that
MgxZn; O (MZO) can be an excellent material for photorpplecations such as UV
detector, blue and UV light-emitting diode, andelasliode [6.5-6.8]. For these
purposes, we need to fabricate MZO based hightgyzin junction diodes on Si wafer
substrates. Up-to-datg-type doping of ZnO or MZO remains difficult and
homoepitaxial MZOp—n junction has not been realized. An alternative aagh is to
grow n-type MZO on other lattice matchgatype semiconducting oxides to form
heteroepitaxial junctions. The integration with Sin the other hand, can be
accomplished via refractory buffer layers such &@$ [6.9]. There are a number of
p-type conducting oxides available. Noted ones melmanganates and nickelates. TiN
has a simple cubic structure with a lattice cortstdd.2 A. In these respects, the cubic

phase of MZO is highly desirable.

Choopun et al. [6.10] reported that phase tramsitiom hexagonal to a rocksalt simple

cubic structure occurred in the MZO films grown pylsed laser deposition (PLD)
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technique with MgO content higher than 45%. Thisicgtural change came about
originally from the two phase structures of ZnO:rizite and cubic structure. Wurtzite
ZnO is very stable in ambient pressure. In contitast cubic form of ZnO only exists
under high pressure at 100 kbar or above [6.11pa#gntly the high concentration of
cubic rocksalt MgO induces formation of the cubitQZphase. We also believe that
epitaxial growth on appropriate lattice matchedicydhase single crystal substrate can
also help to stabilize the cubic MZO under the relrrambient. Our group has
successfully demonstrated single-phase domain mngtofrowth of epitaxial cubic

MZO films on LaAlG; substrates [6.12].

In our recent study, epitaxial In-doped cubic MZn§ have also been fabricated.
Using a 18% In-doped MgZnosO (IMZO, when x=0.18) PLD target, films with low
resistivity of about 1x1¥ Q-cm have been obtained. The optical transmittanee the
whole visible spectrum is more than 90% [6.13].28A®sult, IMZO can be utilized as a
cubic structured transparent conducting oxide (T.COdixkel oxide (NiO), having a
cubic structure, is p-type semiconductor with a bandgap of 3.7 eV. beoto increase
the conductivity in NiO, Li ion doping is introduced to raise the hole coneiun
[6.14, 6.15]. 15% Li doped NiO (LNO) is used as thaype layer for our

heteroepitaxiap—n junction.

In this chapter, the fabrication @ELNO/n-IMZO heteroepitaxial junction grown on
TiN buffered Si using PLD is reported. A detail dgwof film growth condition and the

structural, optical and electrical properties a$ theteroepitaxial junction are presented.
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6.2. Experimental details

Heteroepitaxialp— junctions were grown on TiN buffer Si rather thainedtly on
Si(100) substrate. Due to the large lattice mismaietweeriMZO (4.43 A) layer and
Si (5.43 A ) substrate, TiNouffer layer was employed between IMZO film and Si
substrate. There are several advantages of intirgglu€iN layer: (i) preventing
chemical diffusion between IMZO and Si; (ii) lowsrstivity of the TIiN layer (15
uQ-cm) can be regarded as the conducting bottomretéetfor thep—n junction [6.16];
(iii) to achieve cube-on-cube epitaxial growth doeless than 4 % lattice mismatch

between IMZO and TiN.

Pt |

LNO 1

MZO Pt

TIN = = —p —p —p

Si

Fig. 6.1 The schematic diagram ofp-LNO/n-IMZO heterojunctions on TiN

buffered Si. The arrow is the flow of the electron.

The heteroepitaxial diodes gLNO/n-IMZO on TiN bufferedn-Si (100) with different

In content (target) of 0.08, 0.16 and 0.18 innkgpe layer were deposited by PLD. A
schematic layout of the diode configuration is showFig. 6.1. The advantage of this
design is that TiN, having low resistivity (1%2tcm), provides electrical path for the
p-n junction. So now the current-voltage charactesstcan more truly reflect the

performance of the junction.
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Prior to loading into the chamber, Si(001) substratafers were cleaned by
ultrasonically for 5 min in acetone and then 5 mmirethanol, followed by etching in
10% HF solution in order to remove the native oxiflee deposition chamber was
evacuated to base pressure of about 3 X T by a turbo-molecular pump. A KrF
Excimer laser was used to ablate the hot-pressechgimetric TiN target. Substrate
temperature was kept at 6@ during the growth of the TiN layer. The sampleswzen
annealedn situ at the same growth temperature for 20 min to imerthe crystalline
structure. After the deposition of 100 nm thick Tinffer layer, an IMZO layer was
grown on TiN under an oxygen ambient pressure of Z0° Torr. The substrate
temperature was kept at 600D. The final IMZO film was about 500 nm thick. LNO
was subsequently grown at 6@ with oxygen pressure of 150 mTorr. Using stamles
steel mask with regular arrays of 500 x506° openings, 100 nm of LNO film was
deposited through the holes of the mask, resuliatated flat LNO square islands on
top of the IMZO layer. Circular spot platinum electes of 20Q: m in diameter were
finally deposited at room temperature on the LNlAnds via another properly shaped

and aligned mask by PLD.

The crystalline structure of the heteroepitaxiadtions were characterized by an x-ray
diffractometer (Phillips model X'pert system) optexd in four-circle-mode. Keithley
2400 and 6517A were used to evaluate the electpicaerties. Spectral response of

this junction was examined over a wavelength raf@d0-500 nm by Xenon lamp.
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6.3. Characterization of TiN deposited on Si(001) subs#ates

6.3.1. TiN bulk Target
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Fig. 6.2 The X-ray diffraction pattern of hot-presssintered TiN ceramics target.

Hot-press stoichiometric TiN target with 99.5% pyribought fromElectronic Space
Products International Company (ESPI), was emplag&dhe PLD target. Figure 6.2
shows the 2theta-theta scan of these TiN targdtsliffraction peaks are assigned to

the crystal plane of TiN.
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6.3.2. Structural properties and surface morphology of TiNfilm
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Fig. 6.3 X- Ray diffraction patterns of §-20 scan of TiN deposited on Si(100)

substrate. The inset is the rocking curve of (003)eak of TiN film.

The x-ray diffraction spectra of TiN films depositen n-type Si(001) substrate are
shown in Fig. 6.3. Besides the diffraction peal@mrSi(004) and Si(002), only one
peak located at 42.32s observed. This is attributed to the diffractfomm TiN(002).
The lattice constant of TiN is 4.28, which is slightly smaller than the bulk materials
(4.27 A), suggesting compressed strain induced lattigertiisn. This induced strain is
due to nitrogen deficient in the crystal structofeliN. As shown in the inset of Fig.
6.3, the FWHM of TiN(002) is about 2.39 which suggests the TiN layer is well

oriented on the Si substrate.
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Figure 6.4a shows the SEM image of the as-grown. fifhe film is almost uniform,
clean and crack-free. Figure 6.4b shows the AFMgesaof TiN film grown on the Si
substrate measured over a 1 i scanning range. The surface roughness is about
1.10nm and this result is comparable with othewipres report [6.17]. In summary,
high quality crystalline of TiN film with flat andcrack-free surface has been

successfully grown on Si substrate.

FE_SEM SEl  50kv X60000 100nm WD 7.9mm

Fig. 6.4 The SEM and AFM images of the surface motmwlogy of TiN deposited on

Si substrate.
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6.4. Structural properties of heterojunctions on TiN buffered Si
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Fig. 6.5 XRD for p-LNO/n-IMZO heterojunctions deposited on TiN buffered
Si(001) with different In content of 0.08, 0.16 an®.18 in the target: (a)#-26 scans,
(b) the rocking curves of (002) peak of IMZO, TiN ad LNO when x=0.18, (c) Phi

scan measured from (202)LNO, (202)IMZO, (202)TiN at (404)Si when x=0.18.

The structural properties gb-LNO/n-IMZO heterojunctions with different indium
content (x= 0.08, 0.16 and 0.18) fabricated on biMfered Si were characterized by
XRD. Figure 6.5a shows the XR@®260 scan of these-n heterojunctions. Besides the
diffraction peak from Si(002), Si(004) and Si(004)G, sharp diffraction peaks of
IMZO(002), TiN(002) and LNO(002) can be seen. Timdicates that all layers are

grown with cubic structure with preferentially (QG&ientation.
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Fig. 6.6 The lattice mismatch between LNO and IMZO, f | osuz0 » @nd the 2 theta

values of IMZO with different In content (x) in the target.

Figure 6.6 shows the lattice mismatch between LK@ IMZO with different indium
content. With increasing the indium content in tiMZO layer, the diffraction
reflections of IMZO(002) shifts to lower angle sjdedicating the incorporation of ¥h
ions into the lattice of the MZO. Thus, the lattimesmatch between LNO and IMZO
increases from 2.4 to 4.2 %. This is consistenthwtie structural properties of
p-LNO/n-IMZO heterojunctions grown on MgO substrate ascdbed in Chapter 5.
Figure 6.5b shows the XRR» scan of IMZO(002),TiN(002) and LNO(002) when
x=0.18. The FWHM of (002) plane of IMZO, TiN and Nare 3.48 3.62 and 2.8%
respectively. The poor crystalline quality of théiéms is due to the poor crystal quality
of TiN template layer. Figure 6.5¢ shows XRD iny@aPhi scan for plane (202) of the

LNO, IMZO and TiN reflections. Four Phi-scan peaks90 intervals confirm the
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cube-on-cube epitaxial relationship of LNO(00IY{ZIO(001)||TiN(001)||Si(001).

6.5. Electrical properties of heterojunctions on TiN bufered Si
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Fig. 6.7 1-V curve of p-LNO/n-IMZO heterojunctions on TiN buffered Si(001)

substrate with different In content (x) 0.08, 0.1&nd 0.18 in the target respectively.
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Fig. 6.8 |-V characteristics between the two platinum electrodeon the IMZO film

with different In content (x) in the target.

The p-n junction is evaluated by the electrical measurdmehigure 6.7 shows the
typical current- voltage characteristics of lieNO/n-IMZO heterojunctions fabricated
on TiN buffered Si with different loontent (x) of 0.08, 0.16 and 0.18 in thdype
layer. Symmetrical-V characteristics of Pt/IMZO/TiN/Pt when x=0.08, ®.and 0.18
are shown in Fig. 6.8. The ohmic contacts of Pt/MEZt and Pt/LNO/Pt were
mentioned in Chapter 4. Thus, good electrical f@og characteristics of all the
heterojunctions come from theen junctions rather than other semiconductor and Imeta
contact. Moreover, thd-V properties of these heterojunctions were affedbgd
electrical properties of thetype layer. Upon increase the indium content foar0.08

to 0.16 in then-type layer, the current of this heterojunctionreases a factor of 2 at 3V
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of forward bias voltage. Among these samples, th&mum current can be obtained
from p-LNO/n-IMZO heterojunctions when x= 0.18. It can be codeld that increase
of the indium content in the@-IMZO layer can effectively improve the electrical
performance ofp-LNO/n-IMZO heterojunctions. It is due to the improvemeotft

conductivity as the indium content in theype layer increases.

o
2000 —A— on MgO substrate
—@—on TiN buffered Si
1500 ®
>
S
< 1000-
_+
o
500
A
\
ol a A

0.08 0.10 I 0.I12 I O.I14 I 0.16 0.18
In content(x)

Fig. 6.9 The current rectifying ratio Iiof heterojunction fabricated on TiN
—4v

buffered Si and MgO substrate with different In cortent (x) in the target.
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®  grown on TiN buffered Si g
0.6 A grown on MgO substrate
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Fig. 6.101-V curves of p-LNO/n-IMZO heterojunctions grown on TiN buffered

Si(001) and MgO(001) substrate when x= 0.18 in tharget.

Figure 6.9 shows the current rectifying ratio ofemejunction fabricated on different
substrates. Using TiN buffered Si instead of MgOsabstrate, the current rectifying
ratio increased by a factor of 10. Current-Voltagparacteristics op-LNO/n-IMZO
heterojunction grown on MgO and TiN buffered Si whxe0.18 are shown in Fig. 6.10.
The heterojunction deposited on TiN buffered Siikeitéd a lower leakage current than
those on MgO. And the ratio of the forward currenthe reverse current reached 4037
in the voltage ranging from +5V to -5V. By contrgsh junction grown on MgO
substrate gives a ratio of only 89. It is shownt thid heterojunctions grown on TiN
buffered Si show better electrical performances thase fabricated on MgO substrate.

This is attributed to the TiN layer (1% Q-cm) that can be regarded as the conducting
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bottom electrode for thg-—n junction, and reduces the series resistance ofethes

heterojunctions.

-100 4.0
1 —HB— Leakage current at -4V [
904 —A— Threshold Voltage —
A
435
-80-
~—~
< ]
/-\
~ 430 >
% —’
9 '60- E
>
-504
425
A
-404
'30 T T T T T 2.0

0.08 l 0.10 l O.I12 l O.I14 l 0.16 0.18
In content (X)

Fig. 6.11 Threshold voltage (V) and leakage current (Jea) in p-LNO/n-IMZO
heterojunctions with different In content (x) of 008, 0.16 and 0.18 in th@-IMZO

layer (target).

Figure 6.11 shows the threshold voltage and leakagent with different x content in
the p-LNO/n-IMZO heterojunctions. The increase threshold \gdtas due to higher
built-in potential generated by the difference ierfi level betweerp-LNO and
n-IMZO. As the leakage current of the heterojunciimereases, the resistivity oftype
IMZO should take into consideration. This is atiitdd to the reverse leakage current

consists of hole tunneling from the IMZO region ttte LNO region and electron
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tunneling vice-versa. Partial replacement of lwith Mg®* or Zrf* can create more
oxygen vacancies, which contributes to the decr@asesistivity. Thus, the leakage
current increases with indium oxide content in théype layer. Moreover, the
magnitude of leakage current of the heterojunctishen x = 0.16 and 0.18 grown on
TiN buffered Si ranges from 90 to 94 nA in -4V, wkiis two order of magnitudes
lower than those deposited on MgO substrate. Aadaakage current of these all oxide
basedp-n junction has been much lower than other previowsliss [6.18-6.24].
These results suggest that electrical propertieg-ldIO/n-IMZO heterojunctions on

TiN buffered Si can be tuned by the bandgap engimgef IMZO layer.

Figure 6.12 shows the typical Uh@gainst V curve op-LNO/n-IMZO heterojunction

with different indium content in thie-type layer. All heterojunction did not exhibit the
ideal current-voltage relationship. The idealitgtta value increases with In content of
a low bias voltage. Such increase suggests tharlaeged in lattice mismatch between
LNO and IMZO generates more dislocations in theerfiaces. Thus, the electron

scattering effect increases.
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In(current(A))

2
Voltage (V)

Fig. 6.12 Forward bias Ln()-V curves ofp-LNO/n-IMZO heterojunctions on TiN
buffered Si(001) substrates. Exponential fit linesorresponding to ideality factor: in
low voltage region (red line): 2.31, 3.42 and 3.4@) large voltage (blue line): 11.83,

24.74 and 32.29 with different In content in then-type layer (target).

From the theory of carrier transport in the diotlhe, series resistance in the diode will
appear to be effective in the limitation of thergese current in the high bias voltage.
Figure 6.13 shows the ideality factor at high biatage of the heterojunction with

different indium oxide content and grown on difieré&emplates. The samples grown on
TiN buffered Si exhibited lower ideality factor was than those grown on MgO
substrate. It is cleared that the TiN buffer layeas serve as a metal-like conducting

layer, which can effectively reduce the seriesstasice of the heterojunctions.
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Fig. 6.13 The ideality factor of the heterojunctios with different In content (target)

grown on TiN buffered Si and MgO substrate, which ee measured at high forward

bias voltage.
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6.6. Optical properties of heterojunctions on TiN buffered Si

22.50 >
] PN —«—x=0.18
15.00 1 s Y
~~ - + \*\*
; 750 7] e \*\*‘*w-*ﬁw*
= 1 ~*ﬂh’“”‘*ﬂ'{-ﬁ-,«-ﬁ-*—*—ﬁ-ir—*
g- 000 | | | ' | |
= 7.50
h vy —_—v—X=
~ 5 00 e ~. < x=0.16
; 1 A~ N
= 2.50 - \and T
C 0.00 : : . : -
o
N 150—- ;-l-l.._.‘ ——x=0.08
D 100- L
* W
o 5.0 T,
. —- - 'I~l.._._.-._.-
0.0 uinlil : : . : —eayeLey
300 350 400 450 500

Wavelength (nm)

Fig. 6.14 Spectral responsivity of thep-LNO/n-IMZO heterojunctions on TiN

buffered Si substrate with x=0.08, 0.16 and 0.18 ihe target.

Spectral response curve pfLNO/n-MZO heterojunction at zero bias voltage with
different In content in the-type layer are shown in Fig.6.14. These heterdjons
exhibit a strong UV response. The peak opticalarsps of these heterojunctions are at
350nm, which corresponds to 3.55 eV photon endrgghapter 4, LNO was reported
to exhibit bandgap energy of 3.65 eV for the diteaihd transition. Bandgap of IMZO
with different indium oxide content of 0.08, 0.16da0.18 were reported to be 4.97,

4.29 and 4.14 eV respectively. Under illuminatibight spectrum passes thought the
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LNO first and then the IMZO layer. However, LNO hesmaller bandgap than IMZO.

Therefore, LNO were likely to absorb the wavelenggdlow 350nm. The absorption

edges of IMZO films with different x content in #e heterojunctions have been
determined as 250, 290 and 300 nm, according tio tremsmittance profiles. It is

concluded that the peak response of these hetetmos around 350 nm are primarily
due to the band-to-band transition of LNO. Thetieddy weaker response at the blue
spectral region can be attributed to absorption wudefect/impurities states at the
interfaces. The present give an UV/Visible rejattiatio of more than a factor of 10 at
x=0.18. Better heteroepitaxial diode junction wilean and defects free interface can

certainly improve the UV/Visible rejection ratio
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6.7. Summary

In conclusion, we have integratgdLNO/n-IMZO heterojunctions with Si substrate.
Cube-on-cube epitaxy relationship of LNO(001)||/IMRQOL)||TiN(001)||Si(001) has
been obtained. The application of TiN to the hgterctions as metal-like conducting

electrode has reduced the series resistance @& thxédep-n junctions.

We have demonstrated that IMZO is artype semiconductor with controllable
resistivity and bandgap by changing thecémtent. Upon increase the In content in
n-IMZO layer, these heterojunction exhibits a higheakage current, higher threshold
voltage and higher current rectifying ratio. It teeen shown that heterojunctions grown
on TiN buffered Si lead to higher current rectifyinatio, lower series resistance and
lower leakage current than those grown on MgO satestThis is a favorable feature

for developing future integrated UV devices.

Solar blind UV photodetector with peak spectrapoese at wavelength of 350 nm has
been realized based gmLNO/n-IMZO heterojunction on TiN buffered Si. This
photodetector shows a UV/visible rejection ratio mbre than 10 under front side

illumination.
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Chapter 7. Conclusion and Further Work

In this work, epitaxial MZO films and IMZO basgeh heterostructure diodes with high
crystalline and single cubic phase were succeysfaftiricated on different substrate by
PLD. Some of the systematic studies of structwetgctrical and optical properties of

these IMZO films and IMZO-based devices have besnpteted.

Epitaxial MZO films with single cubic phase andckness of 500 nm were successfully
grown on MgO(001) and LAO(001) substrates. Incaagon of IOz into MZO to
form n-IMZO films causes the IMZO(002) x-ray diffractigmeak shifting to lower
angles side. Since Jh has larger ionic radius than Znor Mg, this is a clear
indication that the In atoms have been successfaplacing either Zn or Mg atoms in
the MZO lattice. The crystal quality of IMZO filmdeteriorates at higher In content.
The Resistance-Temperature  dependence measurementseal that a
semiconducting-like conduction mechanism is dontinanthe IMZO films. Upon
increasing the In content from 0 to 18%, the restgtof these films can be changed
from 10 to 0.01Q-cm. This is attributed to the free electron getienafrom the In
doping. In optical measurement, the optical bandgapbe tuned from 6.7 to 4.29 eV.
All IMZO films exhibits excellent optical transmathce of over 90 % for the whole
visible spectrum. Therefore, these IMZO films caea bsed as UV transparent

conducting oxide (TCO) and tunable UV filter forriaus optoelectronics applications.

To our knowledge good TCO with cubic structure hagebeen reported. Cubic IMZO
films with lattice constant about of 48 is a convenient size for lattice matched

heteroepitaxial growth of many oxides, such as \skites and transition metal
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monoxides. With these advantages intH&ZO films, we have performed a series of
experiments to investigate the processing conditibm thickness, In dopant
concentration, and electrical transport properbéshese films. The structural and
electrical properties showed that the ionized-scaiy mechanism rather than the

grain-boundary scattering dominates in the IMZ@n&! The lowest resistivity can be
achieved in a 550 nm thick IMZO film is 0.152-cm with a Hall mobility of 0.538

cn’/Vs and a carrier concentration of 7.375L6m>. Moreover, the apparent optical
bandgap can be tuned from 4.51 to 4.32 eV uporease the film thickness from 120
to 953 nm. We suggested that the degradation stalliynity played a more crucial role

in narrowing the bandgap of IMZO films.

Transparenp-n heterojunction composed pftype LNO andn-type IMZO films with
bandgap engineering oFIMZO layer have been fabricated on MgO(001) suwistr
The XRD measurements revealed that cube-on-cubéaxepi relationship of
LNO(001)|]IMZO(001)||[MgO(001) was obtained. Upoorease of the In content in the
n-IMZO layer, lattice mismatch between LNO and IM4@reases from 1.7 to 4.8 %.
These enlargements in lattice mismatch greatlyesse the density of dislocations and
defects at the interfaces, which in turn incredbesprobabilities of electron scattering.
The resultantp-n junction exhibit typical I-V behaviors with good rectifying
characteristics. By increasing the In contenh-dMZO layer, the heterojunctions lead
to higher threshold voltage due to the higher kijpotential generated by the change
of the Fermi-level oin-type IMZO. Moreover, the ideality factor in thewovoltage
regions increases from 2.54 to 4.01. Such increatfe ideality factors are attributed to
the larger lattice mismatch between LNO and IMZQela, which increases the

probability of defect-assisted tunneling and carrecombination in the space charge
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region via interfaces states. In the temperatupeidgent -V characteristics, the current
transportation mechanism is dominated by the tumgethrough the barrier or the
generation-recombination process occurring in tleplaetion region. Besides the
electrical properties, we are also interested & dbvelopment of UV detector. Solar
blind UV photodetector with peak spectral respoasevavelength 320 nm has been
realized based on thp-LNO/n-IMZO heterojunction. This photodetector shows a
UV/visible rejection ratio of more than 40 underckaide illumination configuration.
Upon increasing In content mtype layer, the fitting peak of optical responginghifts

from 307nm to 315nm.

The epitaxial growth op-LNO/n-IMZO heterojunctions were prepared on TiN buffered
Si by PLD. All p-LNO/n-IMZO junctions exhibited better rectifying charaisécs than
those grown on MgO substrate, such as higher durestifying ratio, lower series
resistance and lower leakage current. Moreoveirr, $treictural and electrical properties
of the heterojunction grown on TiN buffered Si dam effectively tuned by bandgap
engineering oh-IMZO layer. With higher In content in theIMZO layer, the electrical
resistivity and the bandgap are reduced. These tledmigher current rectifying ratio,
higher threshold voltage and higher leakage curirerthe bias voltage of -4V. Such
IMZO basedp-n heterojunctions are promising candidates for tbgetbpment of

low-cost and high electrical performance integraiptbelectronic devices.

The successful fabrication of MZO and IMZO filmsthvihigh quality, single cubic
phase, excellent epitaxy and high transparency areimportant step towards
implementation of ZnO-based heterojunctions in #iectronic and optoelectronic
applications. The potential for cubic phase TCOeldasn IMZO film is definitely an

advantage for allowing heteroepitaxial growth ofrpaxides, such as perovskites and
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transition metal monoxides. At the present stabe, dlectrical performance of these
cubic phase TCOs have lots of room for improvemAigo, the fabrication op-type
MZO with cubic phase has not yet been attempte@. prh homojunction based on
c-MZO will be very useful for developing high gusliof UV detector, blue and UV
LED. The cubic phase of MZO homostructure givestbatparallel set of crystal planes
allowing the formation of natural optical resonafor laser. Further investigation of
c-MZO may ultimately lead to blue/UV laser that ggvsuperior performance than the

hexagonal-structure-based GaN laser.
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