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Chapter 1. Genera Introduction

Chapter 1. General Introduction

1.1. Background

In this decade, short wavelength laser diode has been intensively studied to realize ultra-high optical
density optica storage and other new optical application. Blue-green laser emission was first
demonstrated in ZnSe-based heterostructures®. Although this class of lasers was considered to be
promising because most of the device design and processing would be taken after those for GaAs based
lasers, short lifetime due to the instability of materials is till problem. Recently, GaN and related
I11-nitride alloys have attracted considerable attention since Nakamura et al. demonstrated high emission
efficiency blue light emitting diodes® and continuous operation of laser diode®. Such high-performance
devices could be available after severa breakthroughs, i. e., the use of low temperature AIN* and GaN®
buffer layers during the metal-organic chemical vapor deposition (MOCVD) growth, development of
InGay,N/GaN quantum well structures®, and epitaxial latera over growth technique.” However,
device-quality films have to be grown at very high temperature (~1200° C) and the threshold for laser
action is still high.

In modern microelectronics, metal oxides play various important parts of the electronics using the
versatile functions such as metallic, semiconducting, insulating, superconducting, dielectric, ferroelectric,
magnetic, and various kinds of non-linear optical properties. Besides, metal oxides have recently shown
novel properties, such as high temperature superconductivity® and colossal magnetoresistance®, which
attract our attention to explore a new field of microelectronics based on the oxide heterostructures.™
Epitaxial growth technology of metal oxide films has improved drastically during the last decade because
the discovery of high-T, superconductor (HTSC) triggered intensive studies of the film preparation not
only for device application but also for basic research of physics. There is number of studies on epitaxial
growth technique of metal oxide films, however, most of the cases is ill far behind the matured
technologies of compound semiconductors standing on a big industry.

Here are severa reasons why quality of the oxide heterostructures is so far behind that of the
semiconductors. Metal oxides have been regarded for a long time as polycrystalline materials in nature,
with lower purity and higher defect density than semiconductors such as silicon and gallium arsenide.
One of the reasons is the complexity of the crystallographic structure, resulting in difficulties at

controlling both physical and chemical properties. There are many crystallographic structures. For
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instance, rutile and corundum, having relatively simple structures, but also perovskite and spinel, some of
which include several tens of atoms in a primitive unit cell. Multiple elements and the large unit cell size
increase the difficulty of growing high-quality single crystals. Non-stoichiometry should also be
considered a serious problem for controlling the properties. For example, vanadium oxide (VO,) includes
awide range of intermediate phases with 0.8<x<1.3. Thus, the epitaxial growth is generally much difficult
with oxides than with metals or semiconductors. There is aso the number of complexity in roles to
determine the physical properties. This is regarded as a contrast case to relatively simple descriptions of
semiconductor physics. Lack of the crystalline perfection makes further difficult to understand the
physical properties, resulting in decreasing positive effort to improve the growth techniques as well as
number of possible investigations.

In spite of such difficulties, however, an atomic scale control on the heteroepitaxial growth of HTSC
related materials has been developed.™ This has crucially required an understanding of inorganic
chemistry and developing of laser molecular-beam epitaxy (L-MBE) techniques.”* An atomic-scale
growth technology of HTSC and related metal oxide thin films should enable us to fabricate not only
high-performance devices such as HTSC tunnel junctions,® but also to explore anew field of electronics
with the versatile functions.

The epitaxial growth techniques with using L-MBE attract us to investigate not only electric function
but also novel optical functions of metal oxides. The present study started to investigate ZnO and to

examine its possibility for fabrication of an ultraviolet light emitter.

1.2. A Widegap Semiconductor Metal Oxide: ZnO

ZnO has been used in applications such as surface acoustic wave (SAW) filters, transparent
conducting oxides (TCO), barristers, and gas sensors. These applications utilize following properties of
Zn0O, piezoelectricity, widegap, unipolarity of carrier doping, and carrier transport properties dominated
by double Schottky barriers at the grain boundaries.

ZnO has wurtzite structure, in which aternating parallel planes composed of Zn and O ions stacks
along the c-axis direction, as is schematically drown in Fig. 1-1. Single crystal is terminated on one side
by an O plane (-c) and on another side by a Zn plane (+c) to maintain the charge neutrality so that thereis
polarity along the c-axis direction. Thus, the piezoelectricity exists along the c-axis direction, thus,
internal electric field appears when external stress is applied. A c-axis oriented but in-plane randomly
oriented films are applied for SAW filter with the use of the sapphire substrates.

The n-type semiconducting of ZnO is attributed to Frenkel-type defects due to an interstitial Zn which

generates excess oxygen,* asgiven by,
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ZnX — > 7Zn’ +¢ +(005(eV)) (1-1)

Zn' — > Zn" + € +(0.5-1.5x10°T (V)) (1-2)
1

0i—>20.(0) (-3,

where Zn?n and Og are Zn and O ion located in the wurtzite lattice site respectively, Zn’ and Zn*
are Zn interstice having positive charge (the superscript dots indicate the number of unity), € is electron,
O,(g) isamolecular gas of oxygen, and T is the absolute temperature.

At room temperature, the intrinsic electron density and the electron mobility of abulk single crystal is
~10" cm™ and ~300 cm?Vs, respectively, i.e., the resistivity (p) of ~10 Qcm.*® It is well known that
n*-type ZnO can be readily obtained by doping of group-111*5Y", -I\V*8 or -VII ions. High conducting
n*-type (p~10™ Qcm) and transparent ZnO is recently paid much attention for application towards TCO
film in modern solar cell for low cost and high reproducibility. In contrast to the simplicity on n-type
doping, it is difficult to form p-type ZnO due to a strong unipolarity of carrier doping.

The double Schottky potential barriers located in the grain boundaries play important role in
polycrystalline ZnO. When there is a deep trap level at the grain boundaries, electron are trapped at the
grain boundaries to induce carrier depletion around the grain boundaries and to built double Schottky
barrier.’ Schottky barrier height and density can be tuned by impurity doping, resulting in achieving a
suitable carrier transport property for the ceramic barristers.® Since the electronic properties related with
the grain boundary structures can be modified by absorption of various kinds of gases on the surface, ZnO
thin films have been utilized for gas sensor media.

Among possible applications, we have been interesting in an application as light emitting devices
(LEDs). ZnO is considered to be a suitable material for fabricating short-wavelength semiconductor light
emitter such as LEDs and laser diodes (LEDS) because of its wide band gap. The conventiona
short-wavelength LEDs and LDs are traditionally based on group-I1 selenides and group-I1l nitrides. In
comparison to these materials, ZnO has a comparable band gap (Eg) of 3.37 €V and much larger exciton
binding energy ( E*) of 60 meV as listed in Table 1-1 together with other physical parameters and typical
growth temperatures.

Here, an explanation of an exciton is given. Structure of exciton has very similar structure to that of a
hydrogen atom. It is composed of two particles, an electron and a hole, which were generated by optical
or electrical excitation. In an ionic crystal, Coulomb interaction of electron-hole pair is screened by the
crystal field. The magnitude of screening is proportional to the dielectric constant. As a result, the Bohr
radius of an exciton increases and its binding energy decreases, so that exciton binding energy is lower

than that of a hydrogen atom. The Bohr radius (rg) and the binding energy of an exciton are given by,
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r, = O.52n2%(,&) (n=1,2,3,...) (1-4)
ES =13.6n—12§(eV) (n=1,23,...) (1-5),

where n is natural integer as the principle quantum number, ¢ is the static dielectric constant, and z isthe
reduced mass of exciton.

An excitonic radiative recombination probability of exciton is very high due to very large oscillator
strength. Therefore, an excitonic radiative recombination process is expected to achieve very high
efficiency in a comparison with electron-hole plasma (EHP), which is unique lasing mode in conventional
compound semiconductor LDs.? It is necessary for ahieving excitonic recombination at room
temperature that the exciton binding energy is much larger than therma energy of room temperature
(KT=25 meV). ZnO has much larger exciton binding energy (60 meV) than kT and those of ZnSe (22
meV), ZnS (40 meV), and GaN (25 meV), which have been used for short wavelength LEDs and LDs.
Thisis one of the reasons why we chose ZnO for realizing an excitonic laser. In addition, ZnO, as a metal
oxide, is superior over selenides and nitrides in chemical and thermal stability, and resistance to oxidation.

ZnSe based LDs has been investigated for a long time, however, the device life time is significantly
short due to rapid degradation mechanism initiated from crystaline defects.® While, GaN based on
LEDs and LDs are now commercialy available. Surprisingly, lifetime of LDs has been achieved to be as
long as 10* h in spite of very high defect density and large threshold.** Very high growth temperature
(~1200° C) is applied to grow device-grade film. This practical issue suppresses possible application
range. In case of ZnO, an optimum growth temperature is found at 500° C. Useful advantages such as
large excitonic binding energy and relatively low growth temperature can be expected to give us an
opportunity to accomplish high efficiency of the devices and further to expand the possibility towards
wide-range device application.

Here explanation of radiative recombination processes associating with excitonic interaction is
presented. Figure 1-2 shows a schematic illustration of excitonic spontaneous emission. An electron is
simultaneously excited into the conduction band by the absorption of a photon having larger energy than
the band gap, and then an electron-hole pair is formed due to Coulomb interaction. The excited
electron-hole pair falls down into the free exciton level whose energy is lower than the band gap by
exciton binding energy. At low temperature, the exciton can be located at local potential minima due to
donor and/or acceptor impurities, resulting in formation of donor or acceptor bound exciton. An exciton
located at one of those energy levels can recombine rapidly to emit a photon. Typical lifetime of exciton

is as short as several nanoseconds in case of high-quality bulk semiconductors.



Chapter 1. Genera Introduction

Radiative recombination mechanism depends not only on crystal temperature but also on actua
density of the photo-generated carriers. As seen in a schematic diagram (Figure 1-3), we can define three
carrier density regimes, in which different quasi-particles are responsible for the dominant radiative
recombination mechanisms, (1) the dilute bozon gas regime, in which the exciton density (n) is aslow as
10" cm® Under this situation, the decay of free- and/or bound- exciton is the main radiative
recombination channel. (2) The intermediate density range (n~10* cm’®), in which excitonic molecules
(bi-exciton) and inelastic excitonic scattering processes contribute additional decay mechanisms to the
characteristics of luminescence spectra. (3) The high-density range (n~10"® cm™®), where screening of the
Coulomb interaction leads to exciton ionization. In this range, al optical transitions originate from the
radiative decay of free carriers in a dense EHP. Figure 1-3 also shows that below a certain critical
temperature (T¢) and under suitable conditions phase transitions may occur, like the Bose condensation of
excitons™ or the transition from EHP to electron-hole liquid (droplets).®

Thereis along history in the studies on optical characterization of ZnO. Considering only reports, in
which radiative recombination processes under strong excitation conditions are discussed, the first
observation of ultraviolet lasing was reported in 1966 with using high-energy electron beam as an
excitation source excitation at a cryogenic temperature.’ As for laser action upon optical pumping, the
first observation was reported by Reynolds et al. in 1996. Stimulated emission from optical pumped
ZnO bulk crystal has been intentionaly investigated in 1970's in order to understand the radiative
recombination mechanism in dense excitonic system. The stimulated emission mechanisms such as
exciton-longitudinal optical phonon (LO) interaction”, exciton-electron interaction®, exciton-exciton

®32 and exciton-molecule (bi-exciton)® have been observed at cryogenic temperatures under

scattering
high excitation conditions.

These stimulated emission processes, however, quench rapidly with increasing temperature due to
poor crystalline quality so that room temperature stimulated emission had not been reported until 1997.
We observed excitonic stimulated emission from ZnO epitaxial films upon optical pumping at room
temperature (See Chapter 2).* Exciton-exciton collision process dominates the stimulated emission,
giving rise to a very low threshold (24 kW/cm?). This triggered the intensive research of thin film growth.
The observation of laser action at room temperature was reported independently by Bagnall et al.*, and
us.® In our case, threshold was as low as 40 kW/cm?. This threshold was the lowest one among the
reported thresholds in ZnO and even in GaN and related materials at that time.*” One can expect that

ZnO is a possible candidate for fabrication of ultraviolet LEDs and LDs once a certain quantum well

structure and p-type material are available.
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1.3. Laser Molecular-Beam Epitaxy

Laser molecular-beam epitaxy (L-MBE) is a process, especialy useful for epitaxial layer-by-layer
growth of metal oxide thin films directly from sintered ceramic targets.” L-MBE was first developed by
Cheug et al., and was mostly employed for sequential deposition of compound semiconductors.® Our
group have been improving the L-MBE systems and operating conditions. We could establish the epitaxy
technique of oxide thin films having high crystalline quality comparable to that of semiconductor. L-MBE
has some advantages for fabricating oxide heterostructures, which never be obtained simultaneously with
other growth methods such as MBE, sputtering and metal organic chemical vapor deposition (MOCVD),
as follows. (1) High energy density, (2) wide applicable pressure range, (3) simple setup. A pulsed laser
can condense energy into avery short time period, and can achieve very high peak energy. Thus, material
of a sintered target can be evaporated without any change of the composition ratio if the vapor pressures
of each element are not so high at a growth temperature. The instantaneous energy of a pulsed laser can
be much higher than a continuous wave (cw) mode laser at the same average power. This is the biggest
advantage of L-MBE for fabricating metal oxide thin films, which generally have a high melting point.
Especially, an UV laser such as an excimer laser is useful for achieving a high energy density because the
laser light is absorbed in a smaller volume near the surface due to relatively large absorption coefficient.

In contrast to semiconductors and metals, metal oxide films have to be grown at a high oxygen partial
pressure. In order to achieve the desired oxygen stoichiometry in these materias, it is necessary to use a
wide range of oxygen partial pressures (Pg,) from ultrahigh vacuum (UHV) to atmospheric pressure and
substrate temperatures (Ts) ranging from room temperature to well over 1000 °C. Metal oxide film growth
mode and characteristic electrical properties are sensitive to these two process parameters. A deposition
system capable of operation over wide ranges of Po, and T, and compatible with in-situ reflection high
energy electron diffraction (RHEED) monitoring is required for the study of oxide thin film growth
mechanisms, for fabricating higher quality films, and for finding new applications for the various crystal
phases. A significant advantage of L-MBE is the ability to change the oxygen pressure easily during
deposition from UHV to mTorr range by adjusting the gas inlet and exhaust valves and thus controlling
the stability of crystal phases and the oxygen stoichiometry of the deposited films. This feature is
particularly useful for making heterojunctions of various materials by changing the Po, depending on the
material being grown. The ability to pump the chamber to UHV level isimportant for maintaining a clean
deposition environment and allows various kinds of in-situ surface analysis instrument.

The L-MBE setup is very simple as shown in Fig. 1-4. A system basically requires only an excimer

laser and an UHV chamber so that any evaporator source or plasma generating systems is not necessary
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inside the deposition chamber, resulting in a clean atmosphere during the deposition without any degas
contaminants.

In our case, a growth chamber with size of 50 | is evacuated by a turbo molecular pump (Varian Co.,
Ltd., V700) and combined with a loading chamber across a gate valve. The loading chamber is used for
sample preparation and help to maintain a low base pressure in the main deposition chamber, which is
only exposed to high-purity oxygen. Background pressure is as low as 10° Torr. Residual gases are
mostly consisted of oxygen, hydrogen and a bit of oxy-carbonates, judging from analyses using a
quadruple mass spectrometer. Chamber pressure is always monitored by an ion gauge or a pirani gauge.

Laser light can pass through a transparent solid, liquid or gas at the laser light wavelength. It enables
us to make films in wide pressure range, from ultra-high vacuum (UHV) to atmospheric pressure. An
infrared (IR) lamp (1kW halogen lamp) focused on the backside of the sample holder is used for substrate
heating. The sample holder is made of inconel-600 (ametal alloy comsisted of Ni, Cr, Fe, and Mn), which
has strong resistance to oxidation. Single-crystalline substrates are mounted on the holder by metal
clamps. An optical pyrometer located outside the chamber is used for measuring the substrate temperature
through a pyrex glass view port. The pyrometer detection wavelength is 2 um and had a measurement
range of 170-1400° C. Measurement spot size on the sample surface is about 2 mm in diameter.

The excimer laser pulses can be introduced into the vacuum chamber through a quartz window to
ablate a ceramic target, which is designed as small as 20 mm¢ x 5 mmt. The target is mounted on a SUS
holder using silver paste and then placed on the rotatable carrousel. Multiple targets up to 4 can be placed
in the deposition chamber. It is possible to fabricate heterostructures and superlattices by simply changing
the target during PLD.

The laser-solid interactions can be divided into two parts. The first part is the interaction of the laser
beam with the target surface. The laser beam is absorbed and the target materia is thermally evaporated.
The second part is the interaction of the laser beam with the evaporated materials. Laser pulses generate
plasma with oxide particles (both charged and neutral ones), high-energy ions, and electrons near the
target. Next, the evaporated materials expand adiabatically and collide with each other or environmental
oxygen gases. Only some ions are neutralized during collision processes in this region because the mean
free path of evaporated species is much larger than the distance between the target and the substrate
surface in low oxygen pressure such as 10°~10° Torr. Finally, the evaporated species arrive at the
substrate and condense on the substrate surface. The atomic species reach the substrate surface without
vapor phase oxidation. The atomic species diffuse and react with the O atomsto form a metal oxide (MO)

phase on the substrate surface. This reaction proceeds kinetically with the participation of the O atoms.
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The mobility of the absorbed atoms can be high because the supply of oxygen atomsis small. The high

mobility can be useful for achieving two-dimensional growth.

1.4. Outline of the Thesis

Title of the present thesis is “Quantum Structures and Ultraviolet Light Emitting Devices Based on
ZnO Thin Films Grown by Laser Molecular-Beam Epitaxy”. Quantum structures based ZnO epitaxial
films were grown on oxide substrates by laser molecular-beam epitaxy technique and the optical and
electronic properties were investigated.

This thesisis composed of eight chapters. Background and general interest for this work are described
in Chapter 1. In Chapter 2, epitaxial growth of ZnO nanocrystalline films on sapphire substrates and the
optical properties of the films are discussed by focusing excitonic photoluminescence properties under
strong excitation conditions at room temperature. The observation of ultraviolet laser action in naturally
formed longitudinal cavity is also presented. Chapter 3 describes epitaxial growth of ZnO
single-crystalline films on sapphire substrates and structural characterizations, showing systematic studies
for improving the electronic properties. Chapter 4 discusses band gap engineering based on ternary aloys,
Mg,Zn,, O and Zn,,Cd,O. Thermal stability of the supersaturated Mg,Zn;.,O is also discussed to examine
applicability for actual device applications. In Chapters 5, fabrication of ZnO/Mg,Zn,.,O superlattices and
demonstration of quantum size effects are described. Another substrate is used instead of sapphire to
improve the film quality. The electronic and optica properties of ZnO films grown on lattice-matched
ScAIMgO, (0001) structures are presented in Chapter 6. Combining al these results, high-throughput
optimization of doped and aloy films and parallel syntheses of quantum well structures are performed
with the aid of the combinatorial approach, presented in Chapter 7. In Chapter 8, the results are discussed

generally, summarizing and drawing conclusions.
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Figure1-1. Crysta structure of ZnO (wurtzite). The left and right figures show the views from
the directions of ZnO[11-20] (left) and ZnO [000-1] (right), respectively. Large and small circles
indicate oxygen and ZnO ions, respectively.

Table 1-1. Basic materia properties and typical growth temperatures for the candidate materials
for a short wavelength laser diode.

Material Eq a c me m, u £ E,> s Tm Tq
_ &) A A) (mev) A) (9 (0O
Zn0(Wz') 3.37 3.25 5.20 0.28 1.8 0.31 85 60 18 1970 ~500

GaN (WZ) 34 319 519 0.2 0.8 0.16 9.5 24 31 1700 ~1000
ZnSe(zB" 27 5.67 - 012 042 014 9.1 22 35 1520 ~400

ZnS (ZB) 3.6 541 - 039 042 0.2 83 40 22 1850 ~400

* wurtzite, #zincblend

Ey: band gap at room temperature

a and c: lattice constants

m, and m,,; effective masses of e ectrons and holes
4. reduced exciton mass

& dielectric constant

Ex> exciton binding energy

rg: Bohr radius

Tm: melting point

Tg: typical growth temperature
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Figure1-2. Schematic band diagram explains various kinds of excitonic radiative recombination
processes resulting in spontaneous photoluminescence such as, (a) free exciton, (b) donor bound
exciton, and (c) acceptor bound exciton luminescence.
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Figure 1-3. Schematic illustration of radiative recombination mechanisms, which are
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Figure 1-4. A photograph of the L-MBE setup in our laboratory (top) and schematic illustration
of the L-MBE system equipped with RHEED and RF-plasma source (bottom).
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Chapter 2. Excitonic Ultraviolet Laser Emission at Room
Temperature from Naturally Made Cavity in ZnO Nanocrystalline
Thin Films

Abstract

Hexagonally shaped ZnO nanocrystalline thin films were fabricated on sapphire (0001) substrates by laser
molecular-beam epitaxy. Nanocrystalline structure was investigated by atomic force microscopy and
transmission electron microscopy. Epitaxial growth of ZnO nanocrystalline thin films on sapphire
substrates was found to occur in a spiral and grain growth mode. The grain growth mode was interrupted
by taking higher order epitaxia relationship of oxygen sub-lattice units between ZnO and sapphire into
account. Nanocrystal size could be tuned from 50 to 200 nm by controlling film thickness, growth
conditions and stoichiometry of the target. The films having small nanocrystal size of about 50 nm
showed excitonic stimulated emission having peak energy of 3.2 eV at room temperature with a very low
threshold (24 kW/cm?). Mode transition from excitonic stimulated emission to electron-hole-plasma
appeared above another threshold (50 kW/cm?). Well-defined Fabry-Perot cavity mode was observed in
the emission spectra measured from side edge of the film. It was concluded that the grain boundaries

between nanocrystals serve not only as potential barriers confining excitons but also as cavity mirrors.
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2.1. Introduction

Metal oxides have recently shown such excitonic properties as high temperature superconductivity
and colossal magnetoresistance, tempting us to expect the birth of a new field of microelectronics based
on hetero-epitaxial oxide structures.’ As a process especialy suitable for atomic scale control of the
epitaxy of metal oxides, we have developed laser molecular-beam epitaxy (MBE)? and demonstrated that
it can be used for manufacturing quantum structures and exploring novel properties of oxides.* Asanovel
function of metal oxides, we have recently reported an excitonic laser action at room temperature in ZnO
thin films composed of hexagonally shaped nanocrystalline thin films.*®

Very recently, a laser diode based on Il1-nitrides has achieved continuous-wave blue lasing at room
temperature.® Some critical issues, however, have still been remaining to be solved for practical use. In
widegap semiconductors, high carrier concentration is needed to achieve a gain enough high to give laser
action in electron-hole plasma (EHP) process’, which is a laser operation mode in a high threshold for
lasing®, unless much more efficient lasing process is taken into account. Moreover, it is difficult to
fabricate p-type materials having low resistivity in widegap semiconductors. In Ill-nitride laser diode,
most of the applied power is needed consumed in the p-type laser and the interface with contact metal,
resulting in Joule heating.

In order to decrease threshold for lasing, current trend in compound semiconductor laser is
concentrated on the fabrication of low-dimensional structures such as quantum well, wire and dot.® Thisis
because the quantum size effect modifies the profile of density of states so that the transfer integral at the
band-edge becomes much larger than that of bulk semiconductor, facilitating efficient stimulated emission.
The use of excitonic recombination is another approach to enable intrinsically large matrix element
because of its bosonic nature. Therefore, the threshold of excitonic laser action was predicted™® and
verified™ to be much lower than conventional EHP lasers.

For achieving efficient excitonic laser action at room temperature, exciton binding energy (E>) hasto
be much larger than the thermal energy at room temperature (26 meV). In this viewpoint, ZnO is a
suitable material for ultraviolet light emission. ZnO has room temperature band gap of 3.37 €V and has a
much larger E (60 meV) than those of ZnSe (22 meV), ZnS (40 meV), and GaN (25 meV). However,
stimulated emission from ZnO bulk crystals has been observed only at cryogenic temperatures and it
quenched rapidly at higher temperatures probably due to crystalline defects.? It should be possible to
overcome these problems by fabricating high-quality ZnO thin films with using modern oxide epitaxial
technique.

In this chapter, fabrication of ZnO nanocrystalline films and optical properties, including excitonic

lasing at room temperature, are described.
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2.2. Experimental

ZnO films were grown by laser MBE (compact laser MBE system; Pascal Co., Ltd.) equipped with
reflection high-energy electron diffraction (RHHED. The background pressure was better than 1 x 107
Torr. Ceramic ZnO targets (5N) were placed in the chamber and ablated with KrF excimer laser (248 nm,
10 Hz, 30 ps) pulses focused into a spot of 0.5 x 2mm with a fluence of 0.6 Jem™. Sapphire (0001)
substrates (14 mm¢ x 0.4 mmt), polished on the both sides, were mounted on a holder placed 50 mm
away from the target and heated by an infrared lamp focused on the backside of the holder. Pure oxygen
(6N) was introduced into the chamber with a pressure of 1 x 10 Torr. Before the film deposition, the
substrate was heated to 750° Cin 1 x 10°® Torr of oxygen for 30 min to remove carbon contaminants from
the surface. The film was deposited at a temperature of 550° C. The film thickness was varied from 50 to
500 nm with a deposition rate of 5 x 10 nm per pulse. As-deposited films were annealed at 550° C for 1
hin 1 atm of oxygen in the chamber and cooled down to room temperature. By this annealing, we
expected to reduce such defects asinterstitial Zn and oxygen vacancy.

The structure of the films was investigated by in-situ RHEED, low energy electron diffraction (LEED),
a four circle x-ray diffraction apparatus (XRD, Philips, X’-pert MRD). The surface morphology of the
films was observed by means of contact-mode atomic force microscopy (AFM, Seiko, SPI-3700) in air.
Further surface observation was carried out by mean of an UHV-scanning tunneling microscope (STM,
Omicron, Compact lab.). Cross-sectional view of the film is examined by a transmission electron
microscope (TEM, Hitachi, H-9000). The TEM samples were prepared by focused Ga ion beam (FIB,
Hitachi, FB-2000L P) to expose the cross-sections.

Optical properties were characterized by using photoluminescence (PL) spectroscopy with an
excitation by 325 nm line of a cw He-Cd laser beam and standard absorption and reflectance
spectroscopies at temperature ranging from 2 to 295 K. Frequency tripled pulses (355 nm, 10 Hz, 15ps)
from a mode-locked Nd: YAG laser (Coherent) was used for lasing experiments. The laser beam was
focused with a cylindrical lens into a stripe on the sample surface at normal incidence. Measurements
were performed at various stripe lengths, which could be adjusted by changing a dlit length. Emission
spectra were taken with a monochrometer (SPEX 1680) equipped with a photomultiplier and a boxcar

integrator.

2.3. Results and Discussions

2.3.1. Epitaxial structure of ZnO films grown on sapphire (0001)
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X-ray diffraction pattern of the films showed only ZnO (000l) peaks together with the sapphire
(000l) peaks, as seen in 6-26 pattern for a 200 nm-thick film shown in Fig. 2-1 (4). @-scans for
asymmetric planes of the ZnO (10-11) and the sapphire (11-23) revealed in-plane orientation with
30°-rotation to the substrate as shown in Fig. 2-1 (b). When 2 gm-thick film obtained under optimal
growth condition was measured by high-resolution XRD, full width at half maximum (FWHM) for the
Zn0O (0002) Bragg peak and for rocking curve was as small as 50 and 210 arcsec, respectively, indicating
very high crystallinity. In-plane mosaicness (twisting) of the same film was evaluated to be 470 arcsec by
@-scan of ZnO (10-11). The in-plane crystal orientation relationship was again found to be ZnO
[11-20)//sapphire [10-10] from RHEED and LEED observations (Figures 2-2 and 2-3 show typical
diffraction patterns of RHEED and LEED, respectively) as well as x-ray pole figure. This orientation
relationship is also the case for GaN/sapphire.® A direct lattice mismatch between ZnO and sapphireis as
large as 18.3 %, if oxygen sub-lattice units are taken into account.

Figure 2-4 (a) and (b) shows AFM images of 200 nm and 55nm-thick films, respectively. As
more clearly seen in Fig. 2-4 (&), hexagonally shaped nanocrystals assembled closely each other. Step
with a height of about 0.5 nm, corresponding to the c-axis length of ZnO, and atomically flat terraces are
clearly seen on each grain. The center of the grain shows screw dislocation, indicating that these crystals
grew in a spiral growth mode. This growth mode provides a chance for the crystal to grow in a step-flow
mode at each step edge with under thermal equilibrium conditions, resulting in high crystallinity films.
The facets of ZnO hexagons correspond to the {10-10} plane, which is known to have lower free energy
than the other {11-20} plane.* This faceted structure is also strong evidence for the fact that our growth
condition is sufficient for achieving thermal equilibrium at the growth surface. When the film thickness
was regulated as small as 50 nm, apparent grain size was approximately 50 nm, as shown in Fig. 2-4 (b).
In any case, the size distribution of nanocrystals are about 30 %, indicating that the nanocrystal size
distribution is much more sharp compared with so-called quantum dotsin 111-V materials formed by other
growth techniques.>***" Figure 2-5 shows a STM image of the 55 nm-thick film. The image has a similar
morphology as the AFM image shown in Fig. 2-4 (b). A purely hexagonally shaped nanocrystal is clearly
seen at the center of the figure. The side of the nanocrystals are atomically flat and perfectly parale to
the ZnO {11-20} direction. The surface on the top of the nanocrystal isflat except for asmall corrugation.
The depth of pin-poles between the nanocrystals is about 3 nm, corresponding to five to six times of the
ZnO c-axis length. Thereisasmall hollow at the center of the nanocrystal, corresponding to the center of
a spiral dislocation. When we measured scanning tunneling spectroscopy (STM) on the top of the
nanocrystal, band gap of about 3 eV clearly was observed in the tunnel spectrum. Judging from STS
spectra, a band bending at the surface was estimated to be about 1 €V.
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Figure 2-6 shows a cross-sectional bright field TEM image of a film having thickness of 50 nm. There
can be clearly seen many grain boundaries (indicated by arrows) running parallel from the interface
between ZnO and sapphire to the film surface. The average spacing of grain boundariesin TEM image is
approximately 50 nm, corresponding to the nanocrystal size seenin AFM image. Therefore, this ZnO film
consists of close-packed hexagona columns, having a volume, which can be as small as about {50

(nm)}*.

2.3.2. Formation of nanocrystalline structures

Figure 2-7 shows lateral nanocrystal size evaluated from AFM observation as a function of film
thickness. When we used a pre-ablated ZnO targets, the apparent nanocrystal size evaluated from AFM
images increased linearly with the film thickness as indicated by closed circle along with a linear fit line
(solid line). When the film thickness was smaller than 70 nm, the latera nanocrystal size could be
reduced further by using a fresh ZnO target (triangles surrounded by solid line). A ZnO target was
gradually deoxidized by the laser irradiation and obtained a metallic color instead of the original white
color of ceramic. This difference in lateral nanocrystal size is considered to be caused by kinetic effect,
where well-oxidized target produces precursors having less diffusivity on sapphire surface, resulting in
more nucleus formation. When partly reduced target is used, precursors having high diffusivity form
fewer nucleuses and induce coalescence to result in larger nanocrystals.

The results of time of flight mass spectrometry (TOF-MASS) analyses partly supported the above
speculation. A high purity Zn metal and fresh ZnO ceramic target used the deposition experiments were
ablated by N, laser (337.1 nm, 2 ns) and time of flight of the ablated species were measured. This
technique is relatively popular as a mass analysis of organic materials, and an apparatus is commercially
available. Figure 2-8 shows TOF-MASS spectra taken from (@) Zn and (b) ZnO. Zn isotope signals are
clearly observed in the spectrum, thus this method can be applicable for mass analyses of ablation species.
On the other hands, number of oxidized particles such as ZnO*, Zn,O", and etc. is seen at the ZnO as
shown in Fig. 2-8 (b). This can be strong evidence that the ZnO-related species are provided to the
substrate surface. In case of MBE growth, this advantage of highly oxidizing and high kinetic energies of
precursors can never be obtained. As can be seen in Fig. 2-9, ion intensity of both *Zn* and ®zn0O*
gradually increases with increasing number of laser shot, however, the intensity of ®Zn* ion increases
much rapidly compared with that of 2ZnO*, indicating laser irradiation damage resulting in much higher
ablation rate and oxygen deficiency. Thus, it is concluded that the target surface condition strongly affects

nanocrystal size.
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Here we explain formation of the nanocrystal with taking higher order epitaxy*®* into account. The
hexagonal oxygen sublattice of sapphire, which is rotated by 30° from the principa hexagonal unit cell
(Bsapphire=0.4759 nm) of this compound, has a |attice constant (& syphire=@sappnire/V 3) Of 0.2748 nm and has
a lattice mismatch of 18.3 % compared with a’7,0=0.3250 nm. If we take higher order matching into
account, 11 times azyo has excellent matching with 13 times agggnire With @ mismatch of 0.085 %. If ZnO
matches to sapphire, lattice parameter of the matching unit will be 6.19 nm. When we supply species on
the sapphire surface, ZnO islands nucleate with keeping this higher order relationship, but the coherency
between the nuclei is not necessarily maintained as shown in Fig. 2-10. As these nuclei grow laterally on
the sapphire surface, perfect in-plane orientation can be maintained but the grain boundaries between
adjacent hexagonal islands should be formed. We presume these incoherent boundaries are the ones seen

in AFM and TEM images.

2.3.3. Room temperature excitonic lasing

Temperature dependence of PL spectrais shown in Fig. 2-11. Below 70 K, PL spectra are dominated
by I-line, which islocated at lower energy than A, B-exciton absorption peak. Thus, I-line can be assigned
to an emission from a shallow bound exciton state. As the temperature was increased above 80 K, the
I-line gradually disappeared and a strong new emission peak appeared at the higher energy side. Since the
peak energy of this emission is the same as the energy of A, B-exciton absorption peak, this emission can
be assigned to free exciton emission. This emission is still presented up to room temperature with the
peak position shifting to lower energy side due to temperature dependence of the band gap.

Figure 2-12 (a) shows the pumping intensity dependence of PL spectra measured at room temperature.
PL intensity is also plotted in Fig. 2-12 (b). At lower pumping intensities, spontaneous free exciton
emission (Ee,) increased linearly as the pumping intensity. At higher pumping intensities, the E, was
gradually replaced by a new emission line denoted as P,, which is assigned to spontaneous emission
generated by exciton-exciton (ex-ex) collision process, where one of excitons radiatively recombine to
generate one photon and the other exciton is excited into the n=2 state® The P,-line intensity
quadratically increased as shown in Fig. 2-12 (b), agreeing with the second order process. As the pumping
intensity was still increased above a threshold of 24 kW cm®, a new emission, P-line, with a much
narrower line width appeared at the lower energy shoulder of the P,-line. The intensity of the P-line
increased rapidly with increasing pumping intensity, exhibiting a eighth power dependence. The narrow
line width of the P-line, the super-linear behavior of its intensity, and the suppression of the broad
spontaneous emission background indicate that stimulated emission took place. The intensity of the P-line

started to decrease as the pumping intensity was increased above 50 kW cm? and a new narrow line
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denoted as N appeared. The N-line can be attributed to the stimulated emission due to radiative
recombination of EHP. The pesk energy of the N-line shifted towards the lower energy side as the
pumping intensity was increased. This red shift is attributed to band gap renormalization that can occur at
high pumping intensities when the screening of the Coulomb interaction leads to ionization of excitons
and the formation of a dense EHP,

The P,- and P-line were not seen in the films having larger nanocrystal size. At lower pumping
intensities, only spontaneous E emission was present and the N-line appeared at larger pumping
intensity over a threshold (typically 60 kW cm™®). There is a optimum crystal size of (50 nm)* for
observing excitonic stimulated emission. The physics behind this observation is not clear, yet. One
possible explanation is that the giant oscillator strength effect that can occur in high-quality nanocrystals
with dimensions larger than the exciton Bohr radius but smaller than the optical wavelength enable the
excitonic stimulated emission in nanocrystalline thin films.2%?* For thicker films, which also have larger

grain size, the superradiance effect becomes weak because the ex-ex collision process can not occur.

2.3.4. Formation of natural cavity

When the emission spectrum was measured from the side edge of the film, many peaks with small
bandwidth and nearly equal energy separation were observed, suggesting the presence of longitudinal
cavity modes. Figure 2-13 shows polarized emission spectra for the electric field perpendicular (TE) and
parald (TM) to the direction of c-axis. As can be clearly seen, spontaneous emission has both
components whereas P-line was perfectly polarized in the TE mode. The inset figure shows mode spacing
(AE) dependence on the reciprocal excitation stripe length (L™) for the pumping laser pulses indicating
good agreement with a theoretical curve indicated by a solid line. These observations guarantee that we
observed ultraviolet lasing at room temperature.

The peculiar fact is that we did observe laser action consistent with a well-defined cavity, although
we did not intentionally make a cavity. Moreover, the pumping laser stripe was actually introduced inside
the edge of the film in order to avoid the influence of the edges of the film and substrate. Cracks
generated by lattice mismatch or thermal expansion mismatch have been suggested to act as laser cavity
mirror.?> However, this phenomenon can not be applied to our results because any of these kinds of
structures were not observed by using AFM, TEM and scanning electron microscope (SEM). For 11-VI
semiconductors, cleaved edge of the specimen on one of the sides could be used as a mirror.?® For this
kind of cavity structure, Fabry-Perot mode can not be as clear as we observed because the
photo-generated carriers diffuse to make the distribution of refractive index difference broad. Since the

both edges of the excited stripe region worked as laser cavity mirror in our case, there should be sharp
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difference of refractive index at the both edges. One of the possible reason for very clear Fabry-Perot
node is the described below.

As AFM and TEM results confirmed, the ZnO film is composed of hexagonally shaped
nanocrystals and there are distinct grain boundaries between adjacent grains. If excitons are confined in
the nanocrystals and cannot travel across the grain boundaries, there must be a discontinuous distribution
of carrier density for the grains around the ends of pumping stripe. Since the refractive index is a function
of carrier density, the grain boundaries facing different refractive index should be able to act as mirrors.
This boundary, which consists of a series of many facets of nanocrystals, should be able to serve as a
mirror. The laser action will take place by selecting the mirrors at the right position of the stripe edge so
that laser gain is maximum. Inside of the pumping laser stripe, carrier concentration becomes larger
resulting in the larger refractive index. The grain boundaries in the cavity can act as barriers for excitons
but they have only a small influence except for scattering of light because the refractive index is similar.
The optical gain of P-line emission at the threshold was eva uated to be g=320 cm™ by gain spectroscopy
measurements. If we take into account this number and the refractive index difference of 2 % estimated
from the carrier concentration difference, laser emission spectra as shown in Fig. 2-13 could be well fitted
by theoretically calculated curve.®

When laser light was detected through a pin-pole dlit and the specimen was rotated in the plane, the
laser light intensity showed clear maximum at every 60° as shown in Fig. 2-14. Since the nanocrystals
have a six fold symmetry as shown in Fig. 2-4 (@), the effective cavity formation is limited to the
directions, where pumping stripe is aligned perpendicular to the {10-10} crystal planes. This natural
cavity formation in hexagonally shaped nanocrystal array suggests a possibility to form a laser cavity
without cleavage and etching, i.e., confinement of injection carriers in p-n injection by metal contact
electrode may be enough to form alaser cavity.

It can be attracting challenge to accomplish a bright flat panel display (FPD) having a monolithic
UV-LED and field effect transistor (FET) array, which can selectively excite each red-green-blue (RGB)
pixels of fluorescence materials attached in the front of the LEDs. Such FPD would be fabricated easier
rather than the conventional FPDs having RGB-LEDs consisted of various compounds. Figure 2-15
shows photographs of demonstration of ultraviolet lasing and RGB-color light emissions. The dye cells
are excited by ultraviolet laser light from the optically pumped ZnO film. Beautiful thin laser tracesinside
the dye cells can be clearly seen. We believe such displays would be available, once ZnO based LEDs and
FETS® are obtained. In fact, crystalline quality ZnO films can be readily grown even on glass substrate.”®
Moreover, there is the most intensive research to discover efficient fluorescence materials being suitable

to various excitation wavelengths?.
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2.4. Conclusions
We have reviewed our progress on ZnO nanocrystal ultraviolet laser research. The structure and
formation mechanism of hexagonally shaped nanocrystal was described. Excitonic stimulated emission

and laser cavity formation were discussed in relation with the nanocrystal structure.
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Figure 2-1. (a) 6-26 x-ray diffraction pattern of 200 nm-thick ZnO film grown on sapphire
(0001) substrate. (0001). and (000l)s stand for diffraction peaks of the ZnO (000l) and sapphire
(0001), respectively. (b) @-scans of ZnO (10-11) and sapphire (11-23) for the same sample. The
epitaxial relationship is determined to be ZnO [0001]//sapphire[0001] and ZnO [11-20]//sapphire
[10-10Q].

Figure 2-2. A RHEED pattern along the [10-10] direction a a ZnO film grown on sapphire
substrate.
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Figure2-3. A LEED pattern with normal incidence at a ZnO film grown on sapphire substrate.
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Figure 2-4. AFM images of ZnO films grown on sapphire substrates. (a) 200 nm-thick and (b)
55 nm-thick films. (c) and (d) show distributions of nanocrystal size evaluated from the image of
(a) and (b), respectively.
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Figure 2-5. A STM image of the film having thickness of 55 nm (image scale: 100 nm x 100
nm) taken with sample voltage of —3.0 V and tunnel current of 0.3 nA. Brack and white level
difference is about 5.5 nm.
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3 substrate
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Figure 2-6. A cross-sectional TEM image of the film having thickness of 55 nm (Arrows
indicate positions of the incoherent grain boundaries).

26



Chapter 2. Excitonic Ultraviolet Laser Emission at Room Temperature from
Naturally Made Cavity in ZnO Nanocrystalline Thin Films

| ZnOVsapphire(0001)

Wi apg [Mam]

Nonocrystal Size (nm)
& 8

I[n;nmﬂ'lﬂ'li 400

b i e am 400

Layer Thickness (nm)

Figure2-7. Nanocrystal size as afunction of film thickness. The films denoted by closed circles
and closed triangles were grown with using a fresh target and areduced target, respectively.
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Figure 2-8. Time of flight mass spectra of ablation species from (a) Zn metal and (b) ZnO
ceramic target. Only Zn" ions are seen from the Zn metal, while number of zinc oxides peaks with
Zn-related signals are detected from the ceramic ZnO.
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Figure 2-9. (a) lon intensities of ®Zn* and ®Zn0O"* peaks from the ZnO target and (b) intensity
ratio of ¥Zn0*/**Zn0O" as afunction of number of laser shot.
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Figure 2-10. Schematic diagram explains the formation of incoherent grain boundaries during
higher order epitaxial growth in large lattice-mismatch system. In this case, the higher order
relationship was 4asm=3agpsraer Where agm and agperae &€ in-plane lattice constants of
elementary cells of the film and substrate, respectively. Film growth proceeds as, (a) formation of
nuclei, (b) lateral growth of nuclei, and (c) formation of incoherent boundaries.
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Figure2-11. Temperature dependence of PL and absorption spectra 0 a ZnO nanocrystal film. 1,
Ee-LO, and Eg are bound exciton emission, free exciton-longitudinal optical phonon replica
emission, and free exciton emission, respectively.
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Figure 2-12. (@) PL spectra at room temperature under various excitation intensity. (b) PL
intensity dependence on excitation intensity.
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crystallographic direction. The inset depicts experimental configuration.

Figure 2-15. Demonstration of fluorescence emission of RGB-colors. Dye cells are excited by
laser light from ZnO nanocrystalline films.
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Chapter 3. High-Electron Mobility ZnO Films Grown on Sapphire
(0001) Substrates

Abstract

ZnO films were grown on sapphire substrates at temperatures ranging from 350° C to 1000° C by laser
molecular-beam epitaxy. With increasing growth temperature and/or film thickness, crystalline quality
became higher, judging from x-ray rocking curve analyses. X-ray reciprocal space mapping technique
was further applied to determine lateral grain size of the films, which cannot be evaluated from x-ray
rocking analyses because of overlapping of mosaic spread. As the growth temperature was increased with
keeping layer thickness constant at 1 um, the lateral grain size systematically increased resulting in
improved electron mobility. When the film was grown at 1000° C, the electron mobility as large as 90
cm?/Vs was achieved. By annealing in 1 atm of oxygen at 1000° C, thin films having much larger grain
size (> 5 um?) and higher mobility (~120 cm?/V's) comparable with those for bulk single crystals could be
obtained.
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3.1. Introduction

A wide-gap oxide semiconductor, ZnO has attracted considerable attention because it is expected to be
applied for ultraviolet light emitting devices and invisible field effect transistors. Such semiconductor
device applications of ZnO have become feasible by the observation of ultraviolet laser action due to an
exciton-exciton collision process occurring in optically pumped ZnO nanocrystal films deposited on
sapphire(0001) substrates’. The films are composed of closely packed hexagonal columns separated by
grain boundaries?. We have found the grain boundaries can serve not only for potential barriers resulting
in carrier confinement, but also for mirrors to form a cavity®**. Although such unique functions are
realized, the grain boundaries are usually thought to be a detrimental for high-performance semiconductor
devices. In fact, such nanocrystalline films have much smaller Hall mobility of about 10 cm?/V's than that
of bulk single crystals (~200 cm?/V's) at room temperature. This rather low mobility is presumably due to
the negatively charged potential barriers located in the grain boundaries’.

In this short chapter, a systematic study to elucidate the relationship between Hall mobility and lateral
grain size is presented for the films grown at various growth temperatures and the films annealed at 1000°
C. Thin films having very large in-plane grain size (~5 zm?) and high Hall mobility (> 100 cm%Vs) can
be made by the annealing.

3.2. Experimental

ZnO thin films were deposited on sapphire (0001) substrates by laser molecular-beam epitaxy
(L-MBE) by ablating a sintered ZnO ceramic target (purity of 99.999 %) with KrF excimer laser pulses’.
Films having thickness ranging from 20 nm to 2 xm were deposited at various growth temperature (Tg) of
350~1000° C in an oxygen pressure of 1 x 10° Torr with observing reflection high-energy electron
diffraction (RHEED) patterns. After the characterization experiments, the films were annealed at 1000° C
in 1 atm of oxygen.

The crystallinity was characterized by a powder x-ray diffraction (XRD) or a high-resolution
four-circle XRD apparatuses (Philips, X’-pert MRD) equipped with a four crystal monochrometor and an
analyzer crystal of which resolutions are 0.005° and 0.008°, respectively. Rocking curves for ZnO (0002)
and (10-11) were measured for the films having thickness of 20~400 nm. Reciprocal space mapping
(RSM) for an asymmetric ZnO(11-24) diffraction was measured to evaluate the crystallographic tilting
and lateral grain size for 1 um-thick films. The surface morphology was observed by atomic force
microscopy (AFM) in air. Indium ohmic electrodes were deposited to perform Hall measurement with

van der Pauw configuration.



Chapter 3. High-Electron Mobility ZnO Films Grown
on Sapphire (0001) Substrates

3.3. What’sKey for Improving the Crystallinity

We have grown number of ZnO films having various thickness grown under the constant condition
(Tg=550° C and P,=1 x 10°® Torr) to investigate optical characteristics because it was found that the film
thickness significantly affected with the lasing properties’. FWHM values (Aw) of the ZnO (0002) XRD
rocking curves for those films are plotted as a function of film thickness (d) in Fig. 3-1 (3). Aw decreases
rapidly up to d~100 nm, and then shows gradual decrease with increasing d. This dependence agrees with
the fact that when film thickness is increased, nanocrystal size evaluated by AFM observations also
increases, as was discussed in Chapter 2. Aw depends on twofold crystallographic imperfections, that is,
tilting mosaicness and lateral grain structure, as be discussed later in detail. We suppose that larger Ao for
thinner films is attributed to much smaller lateral grain size as seen in AFM images. In order to know
optimal growth condition, 200 nm-thick films were grown at various temperatures ranging from 550 to
800° C. Both of FWHM (A¢) of the ZnO (10-11) XRD rocking curves and Aw systematically decreases
with increasing growth temperature as shown in Fig. 3-1 (b). Thus, higher growth temperature was better
to improve crystaline quality, therefore thick films (~1 zm) were further grown at temperatures up to

1000° Cin following studies.
3.4. Lateral Grain Size and Electron Mobility in ZnO Epitaxial Films

3.4.1. An effect of thermal annealing: surface mor phology

About 1 gm-thick c-axis oriented films were obtained by 2 hours-deposition with a repetition of 10 Hz
and a fluence of 0.6 Jem?® of KrF excimer laser pulses. The RHEED patterns for the films grown at Ty
below 650° C showed sharp streaks. Above 650° C, V-shaped weak diffraction spots appeared along with
the streaks, indicating that the surface became slightly rough due to the appearance of vicinal facets. From
AFM observations, Ty dependence of the surface morphology was revealed as follows, (1) Tg=350~450°
C; round-shaped nanocrystals with a lateral size of about 100 nm were seen, (2) Tg= 500~650° C;
hexagonally-shaped nanocrystals with a size of 300 nm were observed as shown in Fig. 3-2 (a) (These
morphologies are similar to those of the films reported previously?), (3) Ty >650° C; hexagonally faceted
pits with depth and lateral size of about 50 nm and 300 nm, respectively, appeared on atomically flat
surface. After these films were annealed at 1000° C, all films showed very smooth surface as seen in Fig.
3-2 (b) regardless T, The surface is composed of atomically flat terraces and 0.26 nm-high steps (a
charge neutral unit of ZnO), as seen in the top panel profile. A curious fact in thisimage is that there can
be seen ramps of which slope is about 0.1° as clearly depicted in the cross-sectional profile given in the
right side of the AFM image. The slope angle agrees with the crystallographic tilting angle, deduced from

x-ray RSM analysis to be discussed later. Despite the ramps are merged to form up and down structure,
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the atomically flat terraces and steps are seen continuous. Therefore, it is natural to think that the (0001)
planes are bent to form the slopes rather than assume the presence of distinct low angle grain boundaries.
For further elucidate the structure, transmission electron microscope study is needed. As can be seen in
lower magnification image of Fig. 3-2 (c), the bending structure randomly distributes with the spacing

between peak and valley of about 5 um, which is again agreed with the grain size deduced from XRD.

3.4.2. X-ray reciprocal space mapping

X-ray RSM technique and an analysis method have been improved to evaluate the lateral grain
size of the films having large lattice mismatch’. Fig. 3-3 schematically indicates the principle of the RSM
measurement to explain briefly the difference between a conventional rocking curve (w-scan) and RSM
analyses. The shape of x-ray diffraction pattern is responsible for crystallographic imperfections such as
mosaicness, crystal size, and residual strain. In reciprocal space, the direction of the spread due to
out-of-plane crystallographic tilting (A6) is parallel to w-axis, while a spread (A&?) due to afinite lateral
grain size (A¢) appears pardle to the horizontal axis (Q,). The A@ component arises from both of
mosaicness and substrate bending. The substrates used in this study show no bending, therefore A can be
considered to represent only the former component. These two components can not be independently
measured by a conventional rocking curve for a symmetric lattice plane due to the overlapping
(A@// AE"). While, their directions are not parallel to each other for an asymmetric plane, so that each
component can be analytically evaluated to yield A& value.

Figure. 3-4 (a) and (b) show RSMs of the ZnO (10-14) for the same films shown in Fig. 3-2 (a) and
(b), respectively. From analyzing these contour mappings, we obtain 0.11° and 0.15° as A6, and 1.3 x 10
and 2.8 x 10° as A& for the as-grown and the annealed samples, respectively. A& and A6 become much
larger by annealing. As seen in the insets of the figures, FWHM of the symmetric ZnO (0002) w-scan
decreases after annealing, and this reduction is due to reduction of grain size during annealing. The value
of A@for the annealed film shows good agreement with the bending angle (0.18 (0.09 x 2)°) shown in Fig.
3-2 (b).

3.4.3. Avrolein thestructural and electronic properties

Crystallographic parameters and electronic properties for the films grown at various Tq ranging from
350° C to 1000° C are plotted as a function of Ty in Fig. 3-5. In case of the as-grown films, the FWHM
values of w-scan (Aw) and A@ decrease up to 800° C and then increase again at 1000° C, while A&™
monotonously decreases with increasing Ty as shown in Fig. 3-5 (8)~(c). The annealed films have larger

values of Aw and A6 except for the film grown at 350° C and smaller A& values. The latter result can be
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much clearly seen in Fig. 3-5 (d) (A& vs. Ty plot). The original Ty dependence of A¢ for the as-grown
films is kept even after annealing, indicating that the grain growth during annealing is kinetically limited
by atom migration. This is also supported by the fact that A& value of the film annealed for 7 h (x) is
larger than that of the film annealed for 2 h. Since the A& value directly corresponds to the average of the
lateral grain size, it is concluded that the lateral grain size can be increased more than 5 um? which
corresponds equipment resolution, by increasing Ty and high temperature annesling. In Fig. 3-5 (e), Hall
mohility of electrons (x) measured at room temperature is plotted for the same samples. As Ty increases,
electron mobility systematically increases for the as-grown films. Obviously, electron mobility of the
as-grown films has good correlation with the lateral grain size. This can be explained if the strong carrier
scattering at the grain boundaries is taken into account. After annealing, electron mobility becomes larger.
Maximum electron mobility achieved in this study is as large as 120 cm?V's, which is close to that (160
cm?Vs) of abulk crystal grown by hydrothermal method (Litton Airtron Co., Ltd). However, the mobility
shows almost constant value of about 100 cm?/V's, although the lateral grain size varies by one order of
magnitude with the growth temperatures. This means that another factor plays an important role to
determine electron mobility.

Here, we consider that the electron scattering takes place due to the double Schottky potential barriers
located in the grain boundaries. When there is a deep trap level at the grain boundaries, electrons are
trapped at the grain boundaries to induce carrier depletion around grain boundaries and to build double
Schottky barrier®. The annealed films have larger carrier concentrations (10*~10" cm™) than those of the
as-grown films (10"°~10" cm®) as shown in Fig. 3-5 (f). It is likely that high carrier concentration makes
the depletion layer thin by Coulomb screening effect to enhance effectively the electron mobility.

Finally, lattice constants cal culated from peak maximum positions in RSMs are plotted in Fig. 3-5 (g).
As Ty increases, the a- and ¢- axis lattice constants gradually deviate from those of bulk crystal (a,=3.250
A and c;=5.204 A). Thisis presumably due to compressive strain parallel to the (0001) plane caused by a
negative thermal expansion mismatch (1.2 x 10° K™) between ZnO and sapphire. Since lattice constants
are recovered to the almost original bulk values after annealing, the residual strain is released during grain
growth.

Electron mobility is plotted as a function of the lateral grain size (A&) in Fig. 3-6 for all of the films
discussed above. As can be much clearly seen, Hall mobility increases with increasing A& for the
as-grown films, indicating that scattering loss during carrier transport decreases with decreasing grain
boundary density, resulting in larger electron mobility. After annealing, electron mobility becomes larger.
Maximum Hall mobility is achieved to be as high as 120 cm?/V's, which is close to that (160 cm?%/V's) of a
bulk crystal grown by hydrotherma method (Litton Airtron Co., Ltd) denoted by A in Fig. 3-6. Note
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that a square root value of etch pit density (~10% cm?) is used for A& of this crystal because the A&* value
of bulk crystal istoo small to evaluate by x-ray reciprocal space anaysis.

The electron mobility measured in this study is still smaller than the highest reported value for a bulk
single crystal (230 cm?Vs)®. Further improvement should be expected if much larger grain size, smaller
mosaicness, and lower impurity concentration could be achieved. Actually, when we used a
|attice-matched substrates to grow single-crystalline films, high mobility (~100 cm?/Vs) and low residual
carrier concentration (~10" cm®) could be simultaneously achieved even for the film grown at 350° C.°

(See chapter 6)

3.5. Conclusions

ZnO thin films having various lateral grain sizes (0.02~5 um?) were fabricated by varying growth
temperatures as well as sample annealing at 1000° C. Room temperature electron mobility of the
as-grown films is found to increase with increasing the lateral grain size evaluated by x-ray reciprocal
space analyses. The lateral grain size and electron mobility becomes much larger by the annealing process.

The electron mohility as large as 100 cm?V's could be reproducibly obtained by the annealing.
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(8 Film thickness (d) dependence of FWHM (Aw) of x-ray rocking curve peak for

Zn0O (0002). (b) Aw and Ag (FWHM of x-ray rocking curve peak for ZnO (10-11)) as a function of
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Figure. 3-2. (a) AFM image (2 x 2 um?) of afilms grown at 550° C. (b) and (c) AFM images of
the same film after annealing at 1000° C with scales of 2 x 2 ym? and 20 x 20 um?, respectively.
The cross-sections are shown on the top of the each image. The makersin the profiles show z-axes
scales. As seen in (b) and the right-side profile, terrace plane is slightly curved, indicating that the
(0001) planeis bending.
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Figure. 6-4.

(a) reciproca space mapping (RSM) of ZnO(10-14) for a film grown at 550° C. (b)

RSM of the same film after annealing at 1000° C for 7 h. The broken lines show the directions for
Bragg diffraction (w/26) and rocking curve (w). Insets show rocking curves of ZnO (0002) for each

films.
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Figure. 3-5. Growth temperature dependence

of (8 FWHM of ZnO (0002) w-scan, (b)

crystallographic tilting (46), (c) lateral coherence length (4£?) evaluated from RSMs for ZnO
(11-24), (d) lateral grain size (4¢), (e) electron mobility () and (f) carrier concentration (n),
measured at room temperature, (g) lattice constants in the direction of a- and c-axes for the
as-grown films and annealed films having thickness of about 1 um. a; and ¢, is the lattice
constants for the bulk single crystal. Open symbols are for the as-grown films and closed symbols

are for the same films annealed at 1000° C for 2 h.
1000° Cfor 7 h.
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Chapter 4. Band Gap Engineering of ZnO: Mg,Zn,,O and

Zn,,Cd,O Ternary Alloy Films

Abstract

We propose novel 11-VI semiconductor aloys, MgZn,.O and Zn,.,Cd,O, for tuning emission energy and
fabricating heteroepitaxial ultraviolet light emitting devices based on ZnO. The single-phase aloy films
with c-axis orientation and alloying compositions up to x=0.33 for Mg,Zn, O and y=0.07 for Zn,,Cd,O
were epitaxially grown by pulsed laser deposition on sapphire (0001) substrates using mixed ceramic
targets. Band gap of the alloy films systematically varies from 3.0 eV (y=0.07) to 4.0 eV x=0.33 at room
temperature. PL peak position at 4.2 K could be tuned from 3.19 eV for y=0.07 to 3.87 eV for x=0.33.
Impurity phase (rock-salt phase) segregated at x>0.33 for the Mg,Zn,xO alloy, whereas, no impurity
phase was detected in the Zn,.,Cd,O alloy up to 0.07. a-axis lattice constants of the alloy films increased
resulting in in-plane lattice mismatches at heterointerfaces with pure ZnO to be +1.1x (%) for Mg,Zn,;..O,
and +5.1y (%) for Zny.,Cd,O, respectively. We have also examined the thermal stability of wurtzite-phase
Mg,Zn,,O alloy films and ZnO/Mg,Zn,.,O bilayer films with x exceeding the reported solubility limit of
0.04. When a Mg 22ZNnq 760 film was annealed, the segregation of MgO started at 850° C and the band
gap was reduced to the value of that for a x=0.15 film after annealing at 1000° C. Mg 15ZNnggsO films
showed no change of the band gap even after annealing at 1000° C. Therefore, we conclude that the
thermodynamic solubility limit of MgO in Mg«Zn, O epitaxial film is about x=0.15. The thermal
diffusion of Mg across the Mg,Zn;,O/Zn0O interface was observed only after annealing above 700° C.
Unlike other 11-VI semiconductors, ZnO-based alloy films and heterointerfaces are stable enough for the

fabrication of high-crystallinity heterostructures.
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4.1. Widegap Semiconductor Alloy: MgxZn1.xO

4.1.1 Introduction

A heterojuction is one of the key structures for constructing various electronic and optical devices
using compound semiconductors. Modulation of the band gap with keeping the lattice constants similar to
each other is essential for this purpose. For instance, a double heterostructure (DH) composed of thin well
layer sandwiched between two barrier layers has been utilized in laser diodes to facilitate radiative
recombination by carrier confinement.! We recently reported that stimulated emission due to excitonic
recombination could be observed at room temperature by optically pumped ZnO nanocrystalline thin
films epitaxially grown on sapphire substrates.? Laser action with a very low threshold intensity (24
kW/cm?) took place using naturally occurring grain boundaries as cavity mirrors.® For fabricating a DH
laser diode using a ZnO active layer, two critical materials challenges are p-type doping* and bad gap

engineering in aloy semiconductors. We concentrate on the latter in this chapter.

4.1.2. Experimental

In case of ZnSe-based lasers, the Zn,.,,Mg,S,Se,., aloy with x up to 0.4 has been used for barrier and
cladding lasers.”> Wide range solubility of Mg in the zinc blend structure was expected because the
tetrahedral ionic radius of Mg® (0.57 A) is similar to that of Zn®* (0.60).° Here, we propose anovel 11-VI
oxide semiconductor aloy system, Mg,Zn; O, which has excellent optical properties and similar lattice
constants to those of ZnO.

Mg,Zn, O thin films were grown on sapphire (0001) substrates, polished on both sides, by pulsed
laser deposition in an ultrahigh vacuum chamber.” Predetermined amounts of ZnO (5N) and MgO (4N)
powders were mixed, calcined, and sintered to form targets with Mg content ranging from x=0 to x=0.18.
The x-ray diffraction (XRD) spectra of the targets showed no detectable MgO peaks for x<0.10, whereas
clear MgO peaks was observed for x>0.13. The targets were placed at a distance of 4 cm from the
substrate and ablated by KrF excimer laser pulses (248 nm, 10 Hz, 30 ns) with a fluence of 1 Jcm?. The
films (~300 nm-thick) were deposited at a temperature ranging 350-800 °C in 5 x 10 Torr of pure
oxygen (6N). The results will be discussed with the films grown at 600° C as far as any comment is not
given. Mg content in the Mg,Zn,,O films was determined by inductively coupled plasma (ICP) optical
emission spectroscopy by dissolving the films in HNO; solution. The surface morphology of the films
was examined by means of contact-mode atomic force microscopy (AFM). The crystal structure of the
films was analyzed by 6-26 XRD and four-circle XRD (Philips, X' Pert-MRD) with aresolution of 0.005°.

Out-of-plane and in-plane mosaicness were evaluated by setting the Bragg diffraction angle to the ZnO
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(0002) and (10-11) reflections, respectively, where -1 stands for negative value of Miller index. Optical
properties were characterized by absorption and photoluminescence (PL) spectroscopies. A continuous
He-Cd laser (325 nm) and a pulsed XeCl excimer laser (308 nm, 10 Hz) were used for the PL

measurements.

4.1.3. Film composition and structural properties

Deposition rate of the films was 1.5 x 10 nm/pulse regardless Mg content in the targets. Figure
4-1 shows growth temperature (T,) dependence of the Mg content in the films as a function of that in the
targets. At T4=350° C, the Mg content in the films was same as that in the targets. At T;=500° C, the Mg
content in the films was larger than in the targets by a factor of 2 up to the Mg content in the target of
0.10. Above 0.10, film composition is a constant at x=0.20 regardless target compositions. At much higher
growth temperature (600~650° C), the Mg content in the films monotonously increases with increasing
that in the targets showing an enrichment factor of about 2.5. Mg condensation can be attributed to the
fact that the vapor pressures of ZnO and Zn are much larger than those of MgO and Mg at growth
temperatures.® Zn-related species can easily desorb from the growing surface and lead to the condensation
of Mg-related species on the surface.

Single-phase dloy films having wurtzite structure and c-axis orientation could be prepared with x up
to 0.25, as verified by XRD analyses. When Mg content was larger than 0.36, small peaks due to an
impurity phase [(111) oriented MgO] were observed. At x=0.33, very weak signa could be detected at
26~78° where MgO(222) peak should appear. However the intensity was much smaller than ZnO(0002)
peak by factor of 10, therefore, the solubility limit of MgO in ZnO for the films prepared in this study
should be as large as 33 mol %. The thermodynamic solubility limit of MgO in ZnO has been reported to
be less than 4 mol %, according to the phase diagram of the ZnO-MgO binary system.® The Mg,Zn,..O
films reported here can therefore be considered as metastable phases. Pulsed laser deposition is a suitable
growth method for fabricating such metastable phase films because of the high peak energy of the laser
light. Target material is instantaneously evaporated during the laser ablation, providing gas phase
precursors with a fairly high energy (several tens of eV).° The precursors arrive at the substrate surface
and are rapidly cooled, crystallizing at the substrate temperature. The nonequilibrium nature of this
crystal growth enabled us to fabricate solid solution films well above the thermodynamic solubility limit.
L attice constants measured by the four-circle XRD are plotted as a function of the Mg content in Fig. 4-2.
The a-axis length gradually increases, while the c-axis length decreases with increasing Mg content.
Consequently, the cell volume [V 3/2a’c] hardly changed, agreeing with the fact that ionic radii of Zn**
and Mg®* have similar values. Since the lattice constants still showed gradual change up to x=0.33, where

impurity MgO phase started to appear in XRD, we can conclude that the solubility limit under these
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conditions was between x=0.33 and 0.36. In-plane (0002) @»-scans and an out-of-plane (10-11) ¢-scans
are shown for the Mg 3,Zng 650 films (Tg=750° C) and pure ZnO film (Tg=800° C) in Fig. 4-3. Full width
at haf maximum (FWHM) of (0002) and (10-11) rocking curves were 0.13° and 0.55°, respectively.
These values are comparable to those for the pure ZnO films (0.12° and 0.56°, respectively). The in-plane
crystal orientation was determined to be Mg,Zn,,O(10-10)//a-Al,04(11-20), which is the same as that of
ZnOla-Al,05 and GaN/ a-Al,0z. "

4.1.4. Optical properties

Here we discuss optical characteristics of the MgZn,.,O aloy films such as band gap and
luminescence energy measured at 4.2 K and at 295 K. Figure 4-4 shows absorption spectra measured at
room temperature by conventional ultraviolet-visible spectrometer. As can be clearly seen, the absorption
edge shifted as a function of x when x<0.36, saturating at higher Mg content. This result is in good
agreement with the appearance of the MgO impurity phase detected by XRD. For evaluating the band gap
(Ey) we employed an P Vs. Ey plot for the spectra to fit the data assuming an o (hv-Eg) relationship,
where « is the absorption coefficient and hv is the photon energy. The band gap is shown as a function of
xin theinset of Fig. 4-4. Eg linearly increased up to 4.15 eV for 0<x<0.36, indicating that the Mg,Zn,.,O
dloy is a suitable materia for potentia barrier layersin ZnO based devices having the band gap offset as
largeas 0.85 eV.

Figure 4-5 shows PL and absorption spectra taken at 4.2 K of samples with x<0.33, where
single-phase films could be grown. With increasing X, the luminescence peak shifted to higher energy.
The luminescence peak of pure ZnO film (x=0) had dightly lower energy than those of A and B exciton
peaks clearly visible in the absorption spectrum.? This emission can be attributed to a bound exciton
emission line (1), i.e., the recombination of excitons trapped in shallow impurity levels. The aloy film
with x =0.03 showed a luminescence peak at an energy close to the absorption edge. This is probably due
to the screening effect, where excitons are no longer trapped at intrinsic impurities because the Mg ions
become the major impurity. When x >0.07, the luminescence peak showed Stokes shift to the lower
energy side of the absorption edge. The broadening and Stokes shift of the luminescence peak are
frequently observed in aloy semiconductors,'? where carriers feel different potentials depending on the
local concentration and/or arrangement of the substituting elements. This effect is larger in ZnO than in
[11-V semiconductor, because the Bohr radius of excitonsin ZnO is as small as 18 A and the excitons are
therefore more sensitive to local inhomogeneity. On the lower energy side of the emission peaks for
x<0.14 samples, small peaks can be seen at a constant interval (about 72 meV) as denoted by filled
trianglesin Fig. 4-5. These peaks can be attributed to the L O-phonon replicas,™ indicating high quality of

the films in terms of crystallinity and optical properties. Thus, Mg,Zn, O films can be considered not
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only as barrier layers for the ZnO active layer, but also as an ultraviolet light emitting material, the
luminescence energy of which can be tuned from 3.36 (x=0) to 3.87 eV (x=0.33) by adjusting the Mg
content (X).

Strong luminescence peaks but broad peak width were observed from all the samples even at room
temperature. Figure 4-6 (a) shows room temperature PL and absorption spectra taken by using XeCl
excimer laser excitation of samples with 0<x<0.45. Much broader spectrum shape and larger Stokes shift
is seen for the films having x>0.36, where the films contain impurity phase. Recently, Sharma et. al.
reported improvement of the optical characteristics of the Mg,Zn,.,O films grown by PLD and annealed
at a high temperature (~750° C).** They showed sharper PL line width as can be seen in Fig. 4-6 (b).
Since crystallinity of our films is higher than that of their films, the difference of spectral widths can be
attributed to different Mg content fluctuations. Post-annealing process at an optimum temperature would
be useful to achieve homogeneous composition. Optical transition energies for both PL and absorption,
and PL peak width are summarized in Fig. 4-7. At 4.2 K, PL peaks starts to show considerable broadening
and Stokes shifts at x=0.19 as shown in Fig. 4-7 (&). This agrees with the fact that thermodynamic
solubility limit is x=0.15, as was determined experimentally and discussed in the next section. Therefore,
the film having x>0.15 can be considered to have microscopic fluctuation of Mg content. Alloy
broadening of exciton line width in 11-VI semiconductors can be described by using theoretical formula.™
The calculated values are plotted against Mg content in the inset of Fig. 4-7. Significant deviation
between experimental and theoretical values starts at x=0.15, which again agrees with above speculation.

For fabricating ZnO/Mg,Zn;,O quantum well structures and superlattices, it is important to regulate
the film surface and interface flatness. The alloy films deposited directly on sapphire had relatively rough
surface compared to pure ZnO films. The root mean square (rms) roughness of the x=0.33 film was 10 nm.
The film with x>0.36 showed many particles on the surface probably due to MgO precipitates. However,
by inserting a buffer ZnO film (100 nm), the surface of the alloy films (x<0.33) became as smooth as that
of pure ZnO films and the rms value for roughness of the 300 nm-thick film was as small as 1 nm. This

surface smoothness is acceptabl e for fabricating superlattices and quantum well structures.

4.1.5. Conclusions

In summary of this section, we have fabricated Mg,Zn;.,O films by PLD. The optical band gap and PL
peak can be tuned to the larger energy side maintaining high crystallinity without any significant change
of the lattice constant. Sharp PL line is observed from the films with x<0.15. Mg,Zn,.,O film should be a
suitable material for fabricating ZnO based heterostructures.
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Figure4-5. PL (solid lines) and absorption spectra (dotted lines) of Mg,Zn,.,O films (0<x<0.33).
The spectra were taken at 4.2 K. For the films with 0<x<0.14, He—Cd laser excitation (3.81 eV)
was employed. For the films with 0.19<x<0.33, XeCl laser pulses (4.03 eV) were used. Solid
triangles corresponded to the peaks due to phonon replicas. FWHM values of the PL peaks and
magnifications are given at the right side of the spectra.
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4.2. Thermal stability of Supersaturated MgyZn;.xO Alloy Films and
M gxZn1.xO/Zn0O Heterointerfaces

4.2.1. Introduction

Two important requirements for realizing devices based on p-n junctions such as LEDs and laser
diodes are valence control of ZnO to produce p-type material, and band gap engineering. The former is
under intensive study both experimentally™® and theoretically’. The latter has been partly fulfilled by the
development of alloy semiconductors of Mg,Zn,.,O (ref.18, 19) and Zn,.,CdO (ref. 20) to span the band
gap region between 3.0 and 4.0 €V at room temperature. ZnO/Mg,Zn,.,O superlattices have been readily
prepared to demonstrate quantum size effects (See Chapter 5).% Alloy films having x>0.04 in
wurtzite-phase (WZ) Mg,Zn.,O, however, should be considered as a metastable phase because the
solubility limit in the MgO-ZnO binary system was reported to be 4 mol% of MgO (Ref. 9). Therefore, it
isimportant to know the stability of supersaturated aloy films, and their interfaces with pure ZnO films.

In this section, we have anneded MgZn, O films (x=0.15, 0.22) and Mg,Zn,;,O/ZnO

heterostructures (x=0.15, 0.23) at various temperatures up to 1000° C to examine the thermal stability.

4.2.2. Experimental

The films were grown on sapphire (0001) substrates at a substrate temperature of 550° C by laser
molecul ar-beam epitaxy (L-MBE) from sintered ceramic targets in 1 x 10° Torr of oxygen atmosphere.
The Mg content of the as-deposited films, determined by inductively coupled plasma emission analysis
was found to be more than that of the targets, as reported previously.® The crystalline structure was
examined by powder x-ray diffraction (XRD). The transmission spectrum in the ultraviolet-visible region
was measured at room temperature to determine the band gap (Eg) by using the relationship azochv-Eg,
where « is the absorption coefficient and hv is the photon energy. The films were successively annealed
at 400, 550, 700, 850, and 1000° C for 1 hour in 1 atm of oxygen. Transmission spectroscopy, scanning

electron microscopy (SEM), and XRD measurements were carried out after each annealing.

4.2.3. Thermal stability of supersaturated MgxZni,O alloy films

In this subsection, we will discuss thermal stability of supersaturated Mg,Zn,.,O aloy films having
Mg content above the reported solubility limit (x=0.04) to determine the actual limit. Figure 4-8 shows
the XRD patterns for a 150 nm-thick Mgg2Zng7s0O alloy film. The as-deposited film was a highly
crystalline single phase as verified by sharp (0004) doublet peaks due to CuKey and Ke, for c-axis
oriented WZ Mg,Zn;,O, with no detectable rock-salt-phase (RS) impurity (MgO). Up to an 850° C
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annealing temperature, the impurity phase peak was hardly observed. After the film was annedled at
1000° C, a small RS(200) peak appeared at 42.82° of 26, indicating that the supersaturated film
precipitates RS Mg,Zn;.,O as a secondary phase. The lattice constant of RS Mg,Zn;.,O was calculated to
be 4.221 A, dightly larger than that of pure MgO (4.211 A). This lattice constant corresponds to that of
RS Mgo46ZNos:O bulk ceramic.?? The crystalinity of the WZ Mg,Zn,..O matrix was considerably
degraded due to the segregation. A SEM image of the film annealed at 1000° C shows rectangular shaped
precipitates of about 400 nm x 50 nm size, as shown in the inset of Fig. 4-8. Much smaller (100 nm x 40
nm) precipitates could be seen in the SEM image for the film annealed at 850° C, indicating the initiation
of segregation. For a 150 nm-thick Mg 1520650 film, successive annealing up to 1000° C did not result
in any segregation of RS impurity.

The Eg values for the annedled films are plotted in Fig 4-9. For the x=0.15 film, the Ej value stayed
constant at about 3.56 eV. The x=0.22 film showed a decrease of E, after annealing at 850° C and finally
Ey; was decreased to a value identical to that of the x=0.15 film. Therefore, the segregation of RS
precipitates left the saturated WZ Mg,Zn;.,O matrix with lower x. Here we conclude the thermodynamic
solubility limit of MgO in ZnO isx=0.15 at 1000° C.

4.2.4. Thermal stability of the MgxZn1.xO/ZnO heterointerface

Now, we examine the thermal stability of the Mg,Zn,.,O/ZnO heterointerface with x=0.15 (just at the
solubility limit) and x=0.23 (far above the solubility limit). The thickness of the Mg,Zn; O was 170 nm
and 230 nm for the x=0.15 and x=0.23 films, respectively, and that of ZnO was 150 nm for both the films.
Figure 4-10 (a) shows the absorption spectrafor the x=0.15 bilayer. The spectrafor films as-deposited and
annealed at 700° C showed clear absorption edges at 3.29 eV and 3.56 €V, corresponding to the
band-edge of ZnO and Mgy 15ZnpesO layers, respectively. A- and B-exciton (A, B) and LO phonon
assisted excitonic absorption (A, B-LO)*® peaks are also clearly seen as indicated by the dotted lines.
After annealing at 850° C, the absorption edge became broad. Upon annealing at 1000° C, the absorption
spectrum looks like that of the x=0.08 film, showing a single band-edge at 3.43 eV. The XRD patterns
shown in Fig 4-10 (b) aso clearly indicate similar Mg interdiffusion behavior. Below 850° C, XRD
patterns of a bilayer heteroepitaxial film having different c-axis lattice constants can be seen. After
annealing at 1000° C, the XRD pattern demonstrates a single component film. We summarize the E,
values for the two heteroepitaxia bilayers (x=0.15 and x=0.23) in Fig. 4-11. Below 700° C, the bilayer
structure is stable. For the bilayer having supersaturated (x=0.23) Mg,Zn; O, the therma diffusion is
completed after annealing at 850° C. When thermodynamically stable Mg,Zn; O (x=0.15) is combined
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with pure ZnO, a better thermal stability is demonstrated by the fact that thermal diffusion of Mg starts at
850° C and is completed after the annealing at 1000° C.

The stability of aloy films and heterostructures is summarized in Fig. 4-12. Below 700°C,
supersaturated films and heterointerfaces are stable. The thermal stability of these heterointerfaces is
much better than that of other I1-VI semiconductors. For instance, a few minutes annealing in nitrogen
ambient induced considerable interdiffusion in ZnSe/ZnSy16Sepss (<650° C)** and Zng7Cdo21Se/ZnSe
(<600° C)%. However, when supersaturated Mg,Zn,, O with x>0.15 compositions are used in
heteroepitaxial devices, considerable instability due to microscopic segregation has to be taken into
account. In fact, when we made superlattices composed of ZnO and Mg,Zn,.,O with x=0.10 and 0.20 (Ref.
27), the former superlattice showed clear quantum size effects as seen in other 111-V compound
semiconductors, whereas the latter showed nonideal properties which can be attributed to the
inhomogenous Mg distribution in the Mg,Zn,.,O barrier layers. Therefore, although the present study
indicates that the supersaturated Mg,Zn; O films can be stable below 700° C, the microscopic

distribution of Mg may have inhomogeneity when x exceeds 0.15.

4.2.5. Conclusions

In summary, we have examined the thermal stability of Mg«Zn, O aloy films and their
heterostructures with pure ZnO. An apparent solubility limit was determined as x=0.15. Supersaturated
aloy films with x=0.22 showed segregation of MgO starting around 850° C and reaching steady state at
1000° C. ZnO/MgZn1.O heterostructures were stable up to 700° C. These temperatures give us enough
margin for the fabrication of high quality thin films and heterostructures based on ZnO, which have

typical deposition temperatures around 550° C.
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Figure 4-8. X-ray diffraction (XRD) pattern for as-deposited Mgy,Zng 760 film and those after
annealing at TA=700, 850, and 1000° C. The left-hand traces containing peaks for the substrate and
rock-salt-phase (RS) Mg,Zn;.xO (200) segregation, are plotted on a logarithmic scale, whereas the
right-hand traces showing wurtzite-phase (WZ) Mg,Zn;O (0004) are plotted on a linear-scale.
Theinset shows a SEM image of the film surface having precipitates after annealing at 1000° C.
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Figure 4-9. Band gap (E;) of MQp15ZnogsO (@ ) and Mgo22Zno7s0 (A and ) films after
annealing for 1 hour at temperatures given on the horizontal axis. Open triangles correspond to the
samples having a rock-salt-phase as precipitates. The thermodynamic solubility limit found in this
study was x=0.15, much higher than the reported value (x=0.04) for bulk ceramic material. The
metastable solubility limit of x=0.33 for as-grown epitaxia films is aso shown by the arrow
denoted as L-MBE limit.
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Figure 4-10. Absorption spectra (a) and x-ray diffraction patterns (b) of a Mg 15Znggs0/ZnO
bilayer film annealed at various temperatures. Open and closed triangles in (a) show the
band-edges of Mgy 15ZnggsO and ZnO, respectively. White and black bars in (b) indicate the
position and integrated intensity of the Key diffraction peak from the Mgg15ZnggsO and ZnO
layers, respectively. After 850° C annealing, considerable broadening was observed in both the
absorption spectrum and the XRD pattern, indicating Mg diffusion across the heterointerface.
After 1000° C annealing, diffusion was completed to form a Mg ¢sZnpg20 aloy film.
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Figure 4-11. Band gap (Eg) of Mg.Zn..,O (open symbols) and ZnO layers (closed symhbols)
deduced from the absorption spectra in Fig. 4-10 (a). ¢ and o are for the bilayer of
MQo15ZNpesO/ZNO an m and O are for the bilayer of Mgg23Zny770O/ZnO. Mg diffusion
occurred when annealing was done at temperatures above 850° C for both samples. The x=0.23
sample showed complete alloying at a lower temperature than the x=0.15 sample. The vertical
band denotes the temperature at which Mg diffusion initiates.
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Figure 4-12. The instability of supersaturated MgZn,.,O aloy films and Mg,Zn;,0/ZnO
heterointerfaces is summarized. The typica L-MBE temperature range for epitaxial growth is
much lower than the segregation threshold temperature (~800° C) and diffusion threshold
temperature (~700° C).
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4.3. Narrow Gap Semiconductor Alloy: Zn;.,CdxO

4.3.1. Introduction

Wurtzite-phase Mg,Zn,.,O aloy having x up to 0.33 has been successfully grown to show wider band
gap energy, as was discussed in the previous sections. It should be interesting to tune the band gap to
lower energy side because such lower band gap material is used for an active layer in [1-VI and I11-nitride
devices. Zn,.,Cd,Se aloy has been used in blue-green ZnSe-based quantum well lasers.?® InGay,N has
been attracting much attention since high-brightness blue light emitting diodes based on InGa; N was
demonstrated.”” Very high quantum efficiency of InGa.N single quantum well (SQW) LED was
explained by a effect due to strong localization of exciton enhanced by large compositional fluctuation of
In.?® Besides, it was reported that Indium additives is useful to reduce density of nonradiative
recombination center.?

In this section, we have fabricated Zn,.,Cd,O binary alloy by using PLD. The choice of CdO is based
on the fact that ionic radius of Cd®* (0.74 A) is close to that of Zn®* (0.60 A), that is, wurtzite phase alloy
can be expected in spite of RS structure of CdO. The thermodynamic solubility limit of CdO in ZnO has
been reported to be less than 2 mol %, according to the phase diagram of the ZnO-CdO-P,Os ternary

system.®

4.3.2. Experimental

Zn.,Cd,O films were grown on sapphire (0001) substrates, polished on both sides, by pulsed laser
deposition in an ultrahigh vacuum chamber. High purity ZnO (5N) and CdO (5N) powders were mixed to
form the targets (20 mm in diameter) with Cd content ranging from x=0 to x=0.30. Pressed pellets were
sintered at temperature from 600 to 750° C in air. Relatively low sintering temperature was used for the
targets with 0.15<x<0.30 to suppress decomposition and vaporization of Cd-related species. The Cd
contents in the obtained targets were found slightly lower than the original contents by judging from
electron probe microanalyses (EPMA). The target color changed from yellowish white to dark brown
with increasing Cd content. The target having x>0.30 was hardly prepared because of high vapor pressure
of Cd. The targets were placed at a distance of 4 cm from the substrate and ablated by KrF excimer laser
pulses (248 nm, 10 Hz, 30 ns) with a fluence of 1 Jem?. The films (~200 nm-thick) were deposited at a
temperature ranging from 400 to 600° C in 5 x 10 Torr of pure oxygen (6N). Some of the films were
annealed in air after the deposition. The results will be discussed with the films grown 400° C as far as
any note is given. The Cd content in the Zn,,,Cd,O films was determined by EPMA and ICP optical

emission spectroscopy. The surface morphology of the films was examined by means of contact-mode
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atomic force microscopy (AFM). The crystal structure of the films was analyzed by a high-resolution
XRD apparatus. Optical properties were characterized by absorption and PL spectroscopies a room

temperature and at 4.2 K. A continuous He—Cd laser (325 nm, 5mW) were used for the PL measurements.

4.3.3. Film composition and structural properties

Deposition rate of the films was about 5 x 10 nm/pulse. Figure 4-13 (a) shows growth temperature
(Ty) dependence of the Cd content in the films as a function of that in the targets. In contrast to Mg,Zn,..O
aloy™, Cd content in the Zn,.,Cd,O films is smaller than that in the targets, as shown in the inset. The
dilution factors are 20 and 5 for the films grown at T,=400 and 600° C, respectively. This behavior can be
again attributed to the difference between vapor pressures of Cd and Zn. Vapor pressures of Mg, Zn, and
Cd are plotted as a function of temperature in Fig. 4-13 (b). Here is surprising fact that the maximum Cd
content of x=0.07 is larger than the reported value. This advantage associated with nonequiliblium nature
of PLD growth further gives us opportunity to investigate novel alloy systems based on ZnO.*! The
solubility limit of Cd into wurtzite ZnO could not be evaluated in this study because of Cd incorporation
due to the high vapor pressure.

All the films had c-axis orientation and WZ-phase without any impurity phase such as RS and spinel
phase. The crystallinity of the films was measured by XRD @~ and @-26 scans for the ZnO (0002). Asthe
Cd content increases, FWHM for both scans increases, as shown in Fig. 4-14 (a). Above x=0.05,
considerable degradation is observed presumably due to large compositional fluctuation. The cell volume
(V 3/2a’c) and a- and c-axis length measured by high-resolution XRD are plotted as a function of Cd
content in Fig. 4-14 (b) and (c), respectively. The cell volume varies 1.5 % at x=0.07 compared to pure
Zn0O, showing a good agreement with the variation of mean cation radius (1.6 %) at the same x. Both
lattice constants gradually increase, with increasing alloying composition x. The x dependence of the a-
and c- axis lengths can be fitted by a=3.252+0.143x-0.147x* and ¢=5.204+0.956x-5.42x%, respectively.
Assuming strain is not included in the films, the c-axis length increases much rapidly than the a-axis
length with increasing x. A ratio of c/a in the wurtzite crystal depends on electronegativity of the
compounds.® Much smaller electronegativity causes increasing c/a.® Therefore, this behavior is
attributed to the smaller electronegativity of Cd ions than that of Zn ions. As for Mg,Zn,.,O dloy films'®,
we have observed a contrast behavior due to relatively larger electronegativity of Mg ions.

We have tested the thermal stability of the Zn,.,Cd,O films. A 700° C annealing is found to be
essential for improving compositional homogeneity and crystallinity. When the samples were annealed at
800° Cin air, considerable reduction of the Cd concentration took place due to Cd evaporation during the

annealing. After an 1000° C annealing, Cd content became close to zero.
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4.3.4. Optical properties

The Zn,,Cd,O alloy films showed narrower band gap energies. Figure 4-15 shows absorption spectra
of the as-grown films measured at room temperature. Clear band gap shift towards lower energy side can
be clearly seen according the Cd content. Broad shoulder seen in the spectrum of the x=0.073 film
indicates formation of Cd-rich phase but a bit of amount compared to the major matrix. The highest Eg
values of thisfilm was evaluated to be 2.99 eV. The fitting curve for the measured Ej values at 0<x<0.043
extrapolates this Ey value well so that we could obtain aformula, Eg(x):3.29—4.40x+5.93x2, to express the
x dependence of E, value at room temperature, as shown in the inset.

Figure 4-16 shows PL and absorption spectra of the as-grown films taken at room temperature. Single
PL lines can be seen at each absorption edge. PL peak width does not increase dramatically with
increasing Cd content. Figure 4-17 shows PL spectra of the as-grown films (dotted lines) and annealed
films (solid lines) taken at 4.2 K. Low temperature PL spectroscopy is a suitable method to detect
inhomogeneous potential fluctuation because the photo-excited carriers cannot travel long distance,
resulting in radiative recombination after relaxation into local potential minima. PL peak energy for al
the samplesis plotted as afunction of Cd content in Fig. 4-18. In contrast to room temperature PL spectra,
PL peak width of the as-grown films rapidly increases with growing lower energy shoulder as x increases.
Thisis presumably due to larger compositional fluctuation or poorer crystallinity for larger x films. While,
the annealed films show much shaper line widths and smaller low-energy tailings, athough the
broadening behavior is still remained. This considerable broadening can be explained by so-called alloy
broadening effect. Alloy broadening of exciton line width in 11-VI semiconductors was theoretically

expressed by the following equation, if Gaussian line shape is assumed,*®

A(X) = 2d21n 2[dE«(X) / X4/ XL — X)Vo(X) / Ver(X) (4-2),

where A(X) is the FWHM value of an excitonic PL line, E(X) is the exciton transition energy which is
dependent on x, V(X) is the cell volume as was defined above, Ve (X) is the excitonic volume expressed
by Ve(X)=8nrg*(x), where rg(x) denotes the Bohr radius of exciton.® Assuming rg(x) in the aloy is a
constant at the value of pure ZnO (18 A), calculated A(X) shows excellent agreement with the observed
FWHM values at 0<x<0.022, as can be seen in the inset of Fig. 4-18. Considerable deviation between
experimental and theoretical curves above x=0.043 might be attributed to crystalline defect. It is aso
likely that there is microscopic compositional fluctuation in the films including larger x. Actualy,

integrated luminescence intensity of the annealed samples increases up to x=0.022, and then rapidly
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decreases towards x=0.073. The intensity of x=0.022 is 15 times larger than that of the pure ZnO film,
indicating possible reduction of non-radiative recombination center.

Much smaller PL peaks observed in the annealed films can be seen in Fig. 4-19 with logarithmic
scales of the vertical axis. Here we note the small PL peaks at 3.367 €V, which are observed for al the
films. We never observed these luminescence lines in the as-grown samples. It is natural to think that
phase separation takes place during thermal annealing because these PL peak positions locate between |
and Eo®, where | is neutral donor bound exciton emission, and Exg™ is A-, and B- exciton energy for the
pure ZnO. At lower energy side, some small peaks, which can be assigned by donor-acceptor pair (DAP),
and LO-phonon replicas (ex-1LO and ex-2LO) of the exciton lines (ex) is aso seen. Visible DAP lines
indicates less crystalline quality. Nonetheless, rather larger PL intensity could be demonstrated as was
discussed above. In addition, the structural property of the Zn,,Cd,O films gives us unique advantage if
this material is used to fabricate the heterostructures with Mg,Zn;.,O aloy. The structural and optical
properties of the both alloys are summarized in a plane of the a-axis length and the room temperature Ey
value as shown in Fig. 4-20. Using these alloy films, we can construct novel heterostructure having band
offset up to 0.9 eV achieving perfect lattice-matching, because the a-axis lengths for the both alloys
increase with increasing aloying compositions. Such a novel property can never be obtained for
I11-nitrides alloy system. InGa;xN shows very large variation of the a-axis length. If strain exists along
the in-plane direction of awurtzite crystal, piezoelectric field is induced in the c-axis direction. In case of
quantum well, electrons and holes confined in well layers are spatially separated due to internal electric
field. In fact, extremely large piezoelectric field induced by strain is a significant issue in I1l-nitrides
based on devices* Even though it is difficult to obtain high-crystalline quality Zn,..Cd,O films due to
necessary low temperature growth, we can conclude that this material is potential candidate for an active

layer in blue LED based on ZnO.

4.3.5. Conclusion

New [1-VI semiconductor alloy Zn;.,Cd,O films with x up to 0.07 have been grown by pulsed laser
deposition. Band gap could be tuned to lower energy side by 0.3 eV at x=0.07. Post-annealing was found
to improve the crystalline quality of the films, resulting in excellent luminescence properties. The a- and
c-axis lengths increased as x increases but the variation was quite small. If this alloy is applied in a
heterostructure with Mg,Zn,.,O aloy, strain-free quantum well structures with the band offset up to 0.9
€V would be fabricated.
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Figure 4-13.
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Figure 4-15. Absorption spectra of Zn;CdO films measured at room temperature. The inset
shows band gap (Eg) as afunction of Cd content.
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Figure 4-16. Room temperature PL and absorption spectra of the Zn;.,Cd,O films (0<x<0.073)
grown at 400° C.
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Figure 4-17. PL spectra of the as-grown (dashed lines) and the annealed Zn,.,Cd,O (solid lines)
films measured at 4.2 K. Vertical magnifications are given in the sides of the spectra.
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Figure 4-19. PL spectra of the annealed Zn,.,Cd,O films, which are same to those shown in Fig.
4-17 (solid lines). Vertical axis is presented in logarithmic scale. | and Exg™ are neutral bound
exciton energy and free-exciton energy of A and B excitons, respectively, which are observed in
pure ZnO films. DAP and ex-nLO (n=1, 2) stands for the peaks assigned to donor-acceptor pair
emission and L O-phonon replicas of the exciton emission (ex).
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Figure 4-20. The optical and structura parameters of Zn,;,Cd,O and Mg,Zn,.,O aloy films are
mapped out in a plane of a-axis length and band gap at room temperature. Similar plot for
In,Ga; N and Al,Ga; 4N alloy are also shown. Scales of alloy compositions are attached in the top
and inside of the figure. Inset depicts similar plots for the c-axis length.
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Chapter 5. Structureand Optical Properties of ZnO/M gZn,,O
Superlattices Grown on Sapphire (0001) Substrates

Abstract

ZnO/M 22Ny g0 superlattices having a band gap offset of about 0.5 eV were epitaxially grown by laser
molecular-beam epitaxy on sapphire(0001) substrate using ZnO buffer layer. The use of buffer layer was
very essential to obtain smooth surface Mg,Zn; O surface and sharp heterointerface between ZnO and
Mg,Zn..O layers. The superlattice structure with period ranging from 8 to 18 nm was clearly verified by
cross-sectional transmission electron microscopy, Auger depth profile, and x-ray diffraction. As the well
layer thickness decreased below 5 nm, the photoluminescence peak and absorption edge in
photoluminescence excitation spectra showed a blue shift, indicating quantum size effect. Energy
discontinuity of conduction band minimum at ZnO/Mgy2ZNny g0 heterointerface was evaluated to be about

0.4 eV asthe best fitting parameter of well width dependence of quantum sub-band energy.
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5.1. Introduction

Recently, considerable attention is being paid to ZnO as a widegap oxide semiconductor. ZnO has a
bandgap of 3.37 eV at room temperature, thus a potential candidate for ultraviolet light emission. We have
demonstrated the room temperature laser action with alow threshold (24 kW/cm?) from optically pumped
ZnO thin films composed of hexagonally shaped nanocrystals closely assembled in a honeycomb
fashion.! There are three interesting findings of this phenomenon. First, the stimulated emission process
was caused by exciton-exciton collision even at room temperature because of the very large exciton
binding energy (60 meV)?% Second, the threshold of this excitonic process was very low when the
nanocrystalline size was tuned at about 50 nm.? Third, the longitudinal cavity was automatically formed
by making use of the grain boundaries between hexagonal nanocrystals acting as mirrors.* ®> Recently we
have reported that Mg,Zn,,O aloy films can be prepared by pulsed laser deposition which show higher
bandgap up to 4 eV and have similar lattice constants to pure ZnO.® Emission process with exciton
recombination further can be enhanced if such low dimensional structures as quantum wells, wires, and
dots are constructed.

In this chapter, we will discuss the structural characterization and optical properties of
ZnOIMgp2ZnogO superlattices. Quantum confinement effect was observed in photoluminescence (PL)

and photoluminescence excitation (PLE) spectroscopies.

5.2. Fabrication of ZnO/MgxZn1.xO Superlattices

5.2.1. Effects of ZnO buffer layer

We used a ZnO buffer layer prior superlattice deposition on sapphire substrates. Here we will discuss
with focusing the effects of ZnO buffer layer. When the Mg,Zn,,O films were deposited directly on
sapphire, the surface showed relatively rough compared with pure ZnO films, as shown in Fig. 5-1 (a).
The root mean square (rms) roughness of 400 nm-thick film with x=0.20 was as large as 10 nm. The
surface flatness can be improved by inserting a 200 nm-thick ZnO buffer layer, resulting in the rms
roughness of 1 nm (Fig. 5-1 (b)). The film morphology was greatly improved by inserting a ZnO buffer
layer asthin as 1 nm.°

In order to examine an effect of buffer layer in successive deposition of ZnO layer on the Mg,Zn,.,O
films, x-ray photoelectron spectroscopy (XPS) study was performed. Thin ZnO layers were deposited on

the same samples shown in the AFM images, with controlling layer thickness from 1.7 to 5.7 nm. The
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Mg,Zn, O samples were cut to yield 4~5 pieces and used for the each deposition. The samples were
explored to air, and then transferred into a XPS chamber after photochemical surface cleaning in an
atmospheric ozone with UV light irradiation using a low-pressure mercury lamp.” In X PS measurements,
a x-ray beam generated from a Mg filament was used to yield photoelectron signal. Mg2p signal from
bottom Mg,Zn,.,O layer was detected with number of accumulations. Figure 5-2 (a) shows Mg2p spectra
taken from the samples deposited on the buffered Mg,Zn;.,O films. As ZnO layer thickness (d) decreases,
signal intensity increases. Integrated intensity of Mg2p peaks for the both samples is plotted as a function
of din natural logarithmic scale in Fig. 5-2 (b). Obviously, damping rate for the case of buffered filmsis
larger than that for the case of non-buffered films, indicating much smoother surface of the ZnO layer
deposited on buffered Mg,Zn; O films. The dotted line in the figure is a simulation curve assuming ideal
two-dimensiona growth, calculated using Lambert’s Low, 1(d)=l,exp(-d/1), where 1(d) is photoelectron
intensity, |y isthe intensity at d=0, and 1 is mean free path of photoelectron. It can be seen dlight deviation
between experimental curve for the buffered films and simulation curve. We suppose that this may be
caused by consistent inhomogeneous growth of ZnO, or by thermal diffusion of Mg ions into top ZnO
layer. When the superlattice was directly fabricated on sapphire, surface morphology was not smooth and
satellite peaks in x-ray diffraction (XRD) pattern due to superlattice periodicity could not be observed. As
is described later, superlattice peaks could be clearly visible, when ZnO buffer layer (100 nm) was
employed before superlattice growth. Thus, it can be concluded that the use of buffer layer is effective to

keep Mg,Zn,.,O film surface smooth and to improve thickness homogeneity of the second ZnO layer.

5.2.2. In-situ RHEED monitoring of ZnO/MgxZn1.xO heteroepitaxial
growth

ZnO/Mg,Zn,, O superlattices were fabricated by laser molecular-beam epitaxy (MBE), i.e. pulsed
laser deposition from ceramic targets along with reflection high energy electron diffraction (RHEED)
observation in an ultra-high vacuum chamber.® Mg content of the barrier layer was chosen at x=0.20,
corresponding to a band-offset of about 0.5 eV at the heterointerface with pure ZnO. Oxygen pressure
was kept constant at 1 x 10° Torr during the deposition. Before the deposition of superlattice, a 100
nm-thick ZnO buffer layer was grown on sapphire(0001) substrate at 550° C. The surface characteristics
of the superlattices are summarized in Fig. 5-3 with the design of superlattices structure. RHEED patterns
with the ZnO [11-20] azimuth for a buffer layer and superlattice (Ly=5.7 nm) are shown in Fig. 5-3 (c and
b), respectively. Throughout the deposition, such RHEED pattern with fine streaks was maintained,

indicating all the layers were epitaxially grown. Weak three-fold streaks associated with superstructure
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can be also seen in the picture taken from the [10-11] direction of ZnO Pure ZnO films grown under the
similar conditions also showed such streaks. Although the origin of this structure has not yet understood,
excess zinc atoms or oxygen vacancies at the surface might be presented to form surface reconstruction.
Fig. 5-3 (e and d) show AFM images of the ZnO buffer layer and the superlattice, respectively.
Hexagonally shaped grains and steps with a height of 0.52 nm are clearly seen in the both images,
indicating that epitaxial growth took place in a spiral growth mode. The root mean sguare (rms)

roughness of ZnO and the superlattices are as small as 0.5 and 0.8 nm, respectively.

5.2.3. Control of structural parameters

The superlattice with 10 periods was fabricated on the ZnO buffer layer at 650° C. The deposition
temperatures for ZnO buffer layer and for superlattice were independently optimized to obtain smooth
surface. ZnO layer thickness (Ly) was varied from 1.7 nm to 12 nm maintaining Mgy,ZnggO layer
thickness (Lg) constant at 6.2 nm. A schematic of superlattice structure is given in Fig. 5-6 (a). The layer
thickness was controlled by deposition time by taking into account the deposition rate predetermined by
single layer deposition experiments. In order to determine Mg content of the barrier layer, Mg,Zn,.,O
single layer films were grown on sapphire under the same condition using Mg,1Zng 9O target and the
composition was analyzed by inductively coupled plasma (ICP) optical emission spectroscopy by
dissolving the filmsin HNO; (0.1 mol/l) solution. Note that we have chosen x=0.1 of the target because of
Mg condensation during growth due to larger vapor pressure of ZnO than that of MgO.°

Figure 5-4 shows small-angle »-26 XRD patterns. The solid line is obtained from experiment and the
dotted curve is a simulation, calculated by using a theoreticall model® assuming the interface rms
roughness of ~1 nm as evaluated by AFM image. Peaks corresponding to the superlattice reflection were
consistently observed for all superlattices. The period deduced from superlattice peaks is plotted in Fig.
5-5 asafunction of the deposition time for the well layers. As can be seen, the superlattice periodicity has
excellent agreement with the designed one. Precise control of layer thickness as well as Mg content in the
barrier layers can enable us to determine various material parameters from the optical properties, as be
discussed later. This technique has been further employed for combinatorial laser molecular-beam growth,

with very high-throughput experiments (See Chapter 7).
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5.3. Structural and Optical Characteristics of ZnO/M go.20ZN0.g00

Superlattices

5.3.1. Structural properties

The superlattice structure was characterized by cross-sectional transmission electron microscope
(TEM), depth profiling using Auger electron spectroscopy (AES), and XRD reciprocal space mapping
(See Chapter 3 in detail) using high-resolution x-ray diffractometer (Philips, X’'-pert MRD). Figure 5-6
(b) shows TEM image of a superlattice with Ly=5.7 nm. The designed layer structure is clearly seen asa
modulation of the contrast. The depth profile of Mg content in a superlattice was measured by AES and
plotted in Fig. 5-6 (c). As can be clearly seen, the regular oscillation was observed till the end of the
superlattice, indicating that the interface diffusion at the bottom interfaces during the successive film
deposition is negligible.

In superlattices composed of alloy semiconductors, in-plane lattice mismatch is an important
parameter in the case of strained superlattices. With increasing Mg content (x in Mg,Zn;,O) a-axis length
expands as 3.250+0.036x.% Therefore, in-plane lattice mismatch of 0.22 % is applied for superlattice
prepared in the study. This lattice constant change is much smaller than those for 3.189-0.077x in
AlGa,N*° and 3.189+0.36x in Gay,n,N.** When superlattice is under strain, piezoelectric field
proportional to the product of strain and piezoelectric constant is induced. If well layers are strained,
electrons and holes confined in well layers will be spatially separated due to internal electric field. In case
of ZnO/Mg,Zn,.,O superlattices, the in-plane lattice mismatch is small enough to neglect the internal
eectric field. Even if there is interna field, the choice of ZnO buffer layer will produce unstrained well
ZnO layer and strained Mg,Zn,., O barrier layer.

Figure 5-7 shows a reciproca space contour mapping for a superlattice with Ly=12 nm around an
asymmetric (10-15) plane of ZnO. Two peaks corresponding to the buffer layer and superlattice were
observed. As can be seen, the superlattice and buffer ZnO have an identical g[10-10] value within
experimental accuracy. The peak position measured for a thick Mgy »ZnggO layer is marked by a cross as
well to show 0.22 % mismatch in the plane. Therefore, in these superlattices, only barrier layers are

strained to form pseudomorphic epitaxial structure.

5.3.2. Optical properties

Figure 5-8 shows PL and PLE spectrataken at 4.2 K for the superlattices with Ly=1.7 and 3.1 nm. The

PL peak shifts towards higher energy side as Ly decreases. When L=5.2 nm, no detectable shift was
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observed. The two peaks in the PLE spectra indicated by open and filled triangles are assigned to n=1
quantum sub-band level and barrier layer absorption level, respectively. The positions of the latter peaks
shown by filled triangles agree with the absorption edge for a 200 nm-thick Mg ,ZnygO film, indicating
that carrier excited at the barrier layers are relaxed into well layers to emit light upon recombination. In
order to evaluate the relationship between well layer thickness and observed PLE peak positions for n=1
sub-band level, we have made a preliminary simulation by using reported effective masses of electron
(mg*=0.28) and hole (m,*=1.8) and considering finite potential barrier. Since the discontinuities at the
conduction and valence bands (AE; and AE,) have never been measured, we used the ratio of AEJAE, asa
fitting parameter and obtained the best fit when AEJ/AE,=9, that is, AE.=414 meV and AE,=46 meV. The
estimated n=1 quantum sub-band level for various well layer thicknessis given asaruler in the figure.
The PL peaks show considerable broadening and Stokes shift by about 50 meV. The former is
presumably due to the fluctuation of well layer thickness. As reported earlier,® ZnO film surface has
spirally shaped steps with a unit cell height (0.52 nm), therefore these superlattices should have well layer
thickness fluctuation of +0.52 nm at minimum. Thickness fluctuations deduced from full width at half
maximum of PL peaks, however, are larger than the minimum case. The possible explanations for the
peak broadening and Stokes shift could be (1) Mg content fluctuation in the barrier layers, (2) bound state
related with unintentionally doped impurities or crystallographic defects, and (3) strain-induced band gap
modification of barrier layers. The Mg content of x=0.2 is far above the solubility limit (x=0.04)*? of bulk
solid solution and close to the solubility limit of metastable thin films (x=0.33).° Therefore, we suspect
reason (1) as most probable. The results for superlattices using x=0.15 barrier layers showed higher
crystalline quality, better interface sharpness, and sharper PL peaks with negligibly small Stokes shift.®
This was much clearly demonstrated by systematic studies using combinatorial laser MBE system as be
discussed in chapter 7. Therefore, uniformity of Mg content in the barrier layers significantly affects the

optical properties of the ZnO/Mg,Zn,.,O superlattice.

5.4. Conclusions

In summary, we have shown that superlattices composed of oxide widegap semiconductors, ZnO and
Mgo2ZnogO, were successfully grown by employing ZnO buffer layer. PL and PLE spectra clearly
showed quantum size effect. The Mg concentration of x=0.2 is close to the limit to obtain clear electronic

structures at the heterointerfaces, probably due to the spatial fluctuation of Mg content in the barrier layer.
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Figure5-1. Atomic force microscopy images for Mdp20ZNo.g0O films (400 nm-thick) deposited
on (a) sapphire substrate and (b) ZnO buffer layer (200 nm-thick).
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(a) X-ray photoelectron spectra of Mg2p for ZnO(d nm)/Mg,Zn,.xO films grown on

sapphire substrate with 100 nm-thick ZnO buffer layer. (b) Integrated intensity of Mg2p
photoelectron signal as a function of d in a natural logarithmic scale. Closed circle is for
ZnO/Mg,Zn,,O with ZnO buffer layer, and open circle is for ZnO/Mg,Zn,.O without buffer layer
grown on sapphire substrates. The dotted line is a smulation curve assuming the ideal

two-dimensional growth mode.
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Figure 5-3. (@) Schematic diagram of the ZnO/Mgy20ZnogO superlattice. RHEED pattern of
Mgo.20ZNpg0O film grown on a ZnO buffer layer (c) and superlattice grown on it (b) are shown.
Theincident electron beam is parallel to the [11-20] direction of ZnO. AFM images are also shown
for a ZnO buffer layer (e) and a superlattice (d). Steps with a height of 0.52 nm, corresponding to
the ZnO c-axis length, are clearly seen.

! fa) e} |

g [\ {5 in |
i . e B ™ orlapl
E t i) iah |
% :: L4 - I
g | T i -
£ | e ...
EE 5 i ih) |
:' ¥ ¥ l
i R

X6

| T PN
oo 1.0 20 Ao a 7] a5
21 [deg.) 29 [deg.)
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experimental results. The dotted lines show simulated curves deduced from the designed structure.
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Figure5-5. The period of superlattices estimated from XRD patterns is plotted as a function of
deposition time for the well layer thickness. Barrier thickness was constant at 6.2 nm, while well
layer thickness was varied from 1.7 nmto 12 nm.
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Figure5-6. Cross-sectiona (a) schematic and (b) TEM image of a ZnO/Mg,,2Zn,gO superlattice
with Ly=5.7 nm and Lg=6.2 nm. (c) The depth profile of Mg signal intensity in AES was measured
for a superlattice with Ly=12 nm and Lg=6.2 nm.
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Figure 5-7. X-ray diffraction reciprocal space contour map around (10-15) diffraction for a
superlattice sample with Ly =12 nm. The buffer ZnO layer and superlattice have identical q[10-10]
value, indicating the barrier Mgy,ZnegO layer is strained to form pseudomorphic epitaxial
structure. A cross in the figure is the peak position for a thick Mgy,ZnygO film. The lattice

mismatch is as small as 0.22 %.
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Figure5-8. PL and PLE spectra measured at 4.2 K for two of the superlattices (Ly =1.7 and 3.2
nm). For comparison, PL and absorption spectra of a 50 nm-thick ZnO film and absorption
spectrum of a 200 nm-thick Mg0.2Zn0.80 film are also shown. The ruler in the figure shows
calculated quantum sub-band energy as a function of well layer thickness (multiples of unit cell
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Chapter 6. High-Quality ZnO Films Grown on L attice-matched
SCAIM gO4(0001) Substrates

Abstract

Lattice-matched (Aa/a=0.09 %) ScAIMgO,(0001) substrates were employed to grow single crystalline
quality ZnO films by laser molecular-beam epitaxy. Extremely smooth surface represented by atomically
flat terraces and half unit cell (0.26 nm) high steps and extremely small orientation fluctuations both
in-plane (<0.02°) and out-of-plane (<0.01°) were achieved. Lattice constants hardly changed with
increasing growth temperature, indicating that thermal expansion mismatch is negligibly small. The films
have high mobility (~100 cm?V's) together with low residual carrier concentration (~10* cm®). Excellent
optical properties, including a clear doublet of A and B exciton peaks in absorption spectra and sharp
photoluminescence line were also observed. The films having thickness above 40 nm showed excitonic
stimulated emission with very low threshold at temperatures ranging from 23 to 132° C. Threshold was as
small as 19 kW/cm?, which is the lowest value among the reported threshold of ZnO thin films.
Characteristic temperature of excitonic stimulated emission was as high as 107° C. These features could
not be simultaneously achieved for ZnO films grown on sapphire (0001) having a large lattice mismatch

(Aala=18 %).
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6.1. Introduction

As an oxide wide bandgap (Eg=3.37 eV) semiconductor, ZnO has attracted considerable attention for
applications such as ultraviolet light emitting devices and laser diodes, due to the observation of very
efficient ultraviolet excitonic laser action starting at very low threshold of optical pumping even at room
temperature.* Mg.Zn,.,O alloys films were readily prepared to extend the bandgap up to about 4.0 eV.?
ZnO/Mg,Zn,, O superlattice£3 were demonstrated to confirm the quantum size effect.* However,
synthesis of p-type ZnO still remains the most critical issue and a big challenge. The history of ZnSe and
GaN tells us that high quality intrinsic films having high carrier mobility and low residua carrier
concentration are the starting point. ZnO thin films grown on lattice mismatched (~18 %) sapphire (0001)
substrates are epitaxia but stay multicrystalline in nature having incoherent grain boundaries as was
discussed in Chapter 3. Actually, these grain boundaries in epitaxial ZnO thin films seem to be useful for
observing excitonic laser action. When the nanocrystal size is tuned to be as small as 50 nm, excitonic
lasing is most efficient, making use of these grain boundaries as mirrors of longitudina cavity. The
electronic properties of such films are rather poor as represented by typical electron concentration, n~10"’
cm® and Hall mobility £~10 cm?Vsat room temperature, compared to n~10™ cm® and £~200 cm?Vsfor
bulk single crystals.”

One may overcome these problems by using lattice-matched substrates. We have selected hexagonal
ScAIMgO,(0001) with lattice constants of a=3.246 A and c=25.195 A (Ref. 6) having an in-plane lattice
mismatch as small as 0.09 %. ScAIMgO, is considered to be a natural superlattice composed of
aternating stacking layers of wurtzite (0001)-face (Mg, Al)O, and rocksalt (111)-face ScO, layers, and
hence has a cleavage habit aong the (0001) plane. High-quality single-crystals can be grown by the
Czochralski method.” This substrate is also suitable for the growth of ZnO to characterize optical and
electronic properties because of a large band gap of about 5 €V and insulating nature. The crystal
structure of SCAIMgO, and a possible heterointerface with ZnO are schematically shown in Fig. 6-1.

In this chapter, growth of single crystalline ZnO films on lattice-matched ScAIMgO, (0001) substrates
and demonstration of excellent structural, electric, and optical properties, which would serve as host

crystal films for possible p-type doping, are discussed.

6.2. Experimental

ZnO thin films were grown on ScAIMgO, (0001) and sapphire (0001) substrates by laser
molecular-beam epitaxy that has been widely applied to the growth of high quality oxide thin films under
high vacuum conditions.® KrF excimer laser pulses were directed onto a ZnO ceramic target (99.999 %)

located 5 cm away from the substrate surface. The films were grown at temperatures ranging from 350° C
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to 1000° C in 1 x 10 Torr of pure oxygen (99.9999 %). The surface morphology of the substrates and
films was imaged by contact-mode atomic force microscope (AFM). The crystallinity of the films was
characterized by a high resolution x-ray diffraction (XRD) apparatus equipped with a four-crystal
monochrometer and an analyzer crystal with resolutions of 0.005° and 0.008°, respectively. The electronic
properties of the films were characterized at room temperature by Hall measurements (van der Pauw
configuration) with indium ohmic electrodes. The optica properties were characterized by
photoluminescence (PL) spectroscopy using a cw He-Cd laser (325 nm) at 4.2 K and by absorption
spectroscopy at 6 K. Frequency tripled pulses (355 nm, 10 Hz, 15ps) from a mode-locked Q-switch Nd:
YAG laser (Coherent) was used for lasing experiments at temperature ranging from 294 to 380 K. The
laser beam was focused with a cylindrical lens into a stripe on the sample surface at normal incidence.
Emission spectra were taken from side edge of the samples by a monochrometer equipped with a cooled

CCD detector.

6.3. Results and Discussions

6.3.1. Surface morphologies

Figure 6-2 shows AFM images for three kinds of substrates used in this study, i.e., as-polished
sapphire (0001), as-polished, and cleaved ScAIMgO, (0001), and those of the ZnO films grown on the
respective substrates at 1000° C. Here, we note that the as-polished ScCAIMgO, surface has atomically flat
terraces and 0.85 nm-high steps, parallel in one direction (Fig. 6-2 (c)). This step height corresponds to
one third of the c-axis length of SCAIMgO,, i.e., apair of wurtzite (MgAl)O, and rocksalt ScO, layers as
schematically shown in Fig. 6-1. We presume that the appearance of such awell-defined surface structure
is due to selective etching of one of the constituting layers during polishing in a solution, asin the case of
SrTiO; (100) etched in aweak acid.’ The miscut angle of this particular substrate was deduced as 0.14°
by taking into account the ratio of the step height to the average terrace width of 340 nm. When the
substrate is cleaved along the (0001) plane, the surface shows a step-free and atomically flat area of about
100 um in size. Apparently, bunched steps seen by an optical microscope could be located in an AFM
image as shown in Fig. 6-2 (€).

As can be clearly seen in Fig. 6-2 (d) and (f), ZnO thin films grown on ScAIMgO, have very flat
surfaces as represented by atomically flat terraces and an 0.26 nm-high step (a charge neutral unit of
Zn0O). On the other hand, the film grown on sapphire (Fig. 6-2 (b)) shows a much rougher surface than
those on ScAIMgQO,, by two orders of magnitude. On the film grown on an as-polished substrate (d),
many steps are aligned in one direction, suggesting step-flow growth mode. The tilting angle of the film

surface from the (0001) basal plane was calculated to be 0.17°, which agrees with the miscut angle of the
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substrate within statistical error. On the cleaved substrates, the film grows in a two dimensional growth

mode with a random nucleation, resulting in coaxially aligned and round shaped steps (f).

6.3.2. Growth temperature dependence of crystallinity

The crystallinity is also drastically improved by using SCAIMgO, substrates. All the films grown on
ScAIMgO, substrates showed an epitaxial relationship of ZnO(0001)//ScAIMgO, (0001) and ZnO
[11-20)//ScAIMgO, [11-20] without any trace of the other in-plane orientation domains which were
observed for ZnO/sapphire(0001)™ (twisting by 30°) and GaN/ScAIMgO,’ (twisting by 0.4°). Figure 6-3
(@) shows reciprocal space mapping of ZnO (11-24) peaks for a commercia bulk single crystal (Litton
Airtron Co., Ltd.) and the films grown on ScAIMgO, and sapphire substrates at 1000° C. Obviously, the
diffraction peak of ZnO/ScAIMgO, is much sharper than that of ZnO/sapphire and has almost the same
quality as that of the single crystal. The peak position shift of the films can be interpreted as due to the
strain induced by the thermal expansion mismatch as be described later. The fluctuation of crystal
orientation, i.e., in-plane twisting (A¢) and out-of-plane tilting (Aw) as represented by the full width at
half maximum (FWHM) of the (10-11) and (0002) rocking curves, are plotted as a function of growth
temperature (Tg) in Fig. 6-3 (b) and (c). The values of A¢ and Aw for ZnO/ScAIMgO, grown above 450°
C are temperature-independent and less than 0.02° and 0.01°, respectively, while a dlight increase in the
out-of-plane Aw was detected only for the sample grown at 350° C. When ZnO films were grown on
sapphire, much larger A¢g and Aw values were observed in the full temperature range. As T, was increased,
A¢ and Aw decreased, but still remained larger than 0.09° and 0.04°, respectively. Therefore, we conclude
that ZnO thin films having comparable crystallinity to that of the bulk crystal can be grown even at a
temperature as low as 400° C.

In the growth direction of wurtzite (0001), biaxial strain due to thermal expansion mismatch aswell as
lattice mismatch induces built-in piezoelectric field along the growth direction. a- and c-axis length of
ZnO films grown on sapphire and ScAIMgO, is plotted as a function of growth temperature (Tg) in Fig.
6-4. In case of ZnO/sapphire, c-axis length increases while, a-axis length decreases with increasing T,
indicating compressive strain. This agrees with the fact that there is a negative mismatch between linear
thermal expansion coefficients parallel to the a-axis direction of 5.5 x 10° K™ for ZnO and 7.3 x 10° K™
for sapphire* As for ZnO/ScAIMgO,, the lattice constants are very close to the values for the bulk
crystal at entire temperature range. This means thermal expansion mismatch is negligibly small in this
system. Slight residual compressive strain would be caused by lattice mismatch because the measured

a-axislength israther close to that of SCAIMQO,.
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6.3.3. Electronic properties

The electronic properties of undoped films grown on various substrates were investigated by Hall
measurements and summarized in Fig. 6-5. ZnO films grown on ScAIMgQO, clearly showed both high
(60~100 cm?/V's) and low n (0.4~2.7 x 10" cm™) when compared to the films grown on sapphire. We did
not observe any considerable dependence of n and x on Tg. In the case of ZnO/sapphire, the residua
carrier concentration was as large as 10" cm™. After these films were annealed at 1000° C in 1 atm of
oxygen to decrease grain boundary density, the values of u increased, while the values of n showed no
considerable change.™ Therefore, it is concluded that the use of SCAIMgO, substrate is essential not only
for improving the electron mobility, i.e., reducing crystalline defects, but also for reducing the residual
carrier concentration. We have examined the doping capability of these high crystalline thin films by
preparing n**-type ZnO doped with Al by using 0.5 % Al,O; mixed ceramic target. These films showed
high conductivity (>10° Sem™) and high crystallinity (A¢and Aw less than 0.05°). The doped films grown
on sapphire substrates can not achieve both requirements simultaneously because a higher growth
temperature is needed to obtain a higher crystallinity whereas lower temperature is needed to prevent

segregation of Al,O3z and related compounds at grain boundaries.

6.3.4. Optical properties: fine excitonic structure and stimulated
emissions

We have also examined the optical properties of some of the films. Here, we have selected the films
grown at 600° C, which is the typical deposition condition for observing the most efficient lasing.*?
Absorption spectra taken at 6 K for 50 nm-thick films on ScAIMgO, showed a clear doublet in the
exciton absorption peak, which can be assigned to A and B excitons separated by 7.0 meV, as shown in
Fig. 6-6 (a). This splitting has not been observed so far for the films grown on sapphire (b) because of the
large nonradiative damping-constant of excitons due to poor crystallinity, and also not for high quality
bulk single crystals because of the large thickness. Those excellent optical properties enable us to estimate
each excitonic parameter directly from the absorption spectra®® The ZnO films grown on ScAIMgO,
substrates give narrower PL line width of a donor-bound exciton emission (Ig)** than that of the film
grown on sapphire. Emission peak is observed at 3.364 eV and 3.361 €V for the films grown on sapphire
and ScAIMgO, substrates, respectively.

6.3.5. Room temperature stimulated emission at very low threshold

We also characterized optical properties under a strong excitation condition. In order to perform the

systematic experiments, the films grown by combinatorial laser MBE system, whose details are described
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in chapter 7, are tested. Briefly, the films having 3 x 3 mm? in size were deposited on 16 x 16 mm?
ScAIMgO; wafers (as-cleaved) through physical masks, in which nine pixels are defined as 3 x 3 manner.
36 samples (4 chips) having various thickness ranging from 9.4 to 269 nm were grown at 600° C in an
oxygen pressure of 1 x 10° Torr. Layer thickness was precisely determined from Laue-fringe spacing in
the x-ray diffraction patterns. The surface was observed by a mean of AFM and was confirmed to be
atomically flat, as represented similar morphologies to that shown in Fig. 6-2 (f).

Figure 6-7 (a) shows layer thickness dependence of the stimulated emission threshold for the films
grown on ScAIMgO, substrates (closed circles) and lasing threshold for the films grown on sapphire
substrates reported in Ref. 15. The growth conditions of the films grown on sapphire substrates is quite
similar to that used in this study. The samples grown on ScAIMgO, substrates exhibit considerably lower
threshold than that of films grown on sapphire, even though two times larger excitation intensity should
be needed for lasing compared to stimulated emission.’® The lowest threshold (19 kW/cm?) was observed
for the 186 nm-thick film, and this valueis till lower than the lowest one observed in ZnO/sapphire. This
result would be attributed to much higher crystallinity of ZnO/ScAIMgQO,, as represented by about 0.05
times smaller FWHM values of ZnO (0002) rocking curves for the ZnO/ScAIMgO, with comparing
ZnO/sapphire. The dependence for the ZnO/ScAIMgO, is reproduced in Fig. 6-7 (b) with larger
magnification for the horizontal axis. Rapid increasing of the threshold below 50 nm and a minimum
threshold at thickness ranging 50-150 nm can be seen from both cases. This dependence has been
explained by taking a theory based on waveguide effect into account.” Since epitaxial layer can be
considered as a thin dielectric waveguide, any mode can not be allowed to exist in the guide when
thickness is below a cutoff value (Lqyof). 1N case of ZnO/sapphire, Loy IS estimated to be 29 nm, which
is denoted by dashed lines in the figures. Refractive index of SCAIMgO, is reported to be similar to that
of sapphire’, so that similar cutoff value can be expected for ZnO/ScAIMgO,. When layer thickness is
larger than Ly but sufficiently thinner, only the lowest-order TE guided mode exists, resulting that a
large fraction of the total spontaneous emission goes into the TE; mode. This leads to an increase in the
stimulated emission and hence gain. Further investigation would be interesting to understand lasing
mechanism due excitonic recombination process.

Emission energy position also depends on the layer thickness as shown in Fig. 6-7 (c). As layer
thickness increases, emission energy increases. Although this behavior has not been understood yet, there
are interesting finding. Some of the samples having thickness below 100 nm start to show stimulated
emission at higher energy position than that of P-line, which is stimulated emission mode due to ex-ex
collision process. For instance, the first stimulated emission line starts to increase at 3.25 eV for 81

nm-thick film (denoted by an arrow) as shown in the inset of Fig. 6-7 (c). For a comparison, energy
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positions of various emission modes such as free exciton spontaneous emission (Ee), spontaneous and
stimulated emissions (P, and P) due to exciton-exciton collision process, and electron-hole plasma (EHP),
which have been observed in ZnO nanocrystalline films grown on sapphire,*’ is given in the figures. One
of the possible reasons for ultraviolet-shift of the stimulated emission peak might be a quantum
confinement effect of excitonsin atwo-dimensional system.*®

In order to examine applicability to rea device, we tested to high-temperature operation at a
temperature ranging from 23 to 132° C. Figure 6-8 shows temperature dependence of emission intensity
as afunction of excitation intensity (le) of a 61 nm-thick ZnO/ScAIMgO, with thickness of 61 nm. The
threshold for the stimulated emission increased gradually with increasing temperature. The inset shows
temperature dependence of In(ly). The characteristic temperature, which was used to express the
temperature dependence of the threshold in the formula Iy,(T)=1,exp(T/Ty), was estimated to be 107 K for
ZnO/ScAIMgO,. Here, |, is a constant, T is the absolute temperature, I(T) is the threshold. For a
comparison, that for 55 nm-thick ZnO/sapphire showing excitonic lasing with the lowest threshold (40
kW/cm?)™ is also plotted in the figure. T, for this sample is calculated to be 67 K. We attribute larger Ty
for ZnO/ScAIMgO, to high crystalline quality.

6.4. Conclusions

In conclusion, the application of ScAIMgO,(0001) substrates has substantially improved the
crystalline quality of epitaxial ZnO thin films. We note a high surface smoothness, high crystallinity,
excellent electronic properties such as low residual carrier concentration (~10" cm®) and high electron
mobility (~100 cm?/Vs), a small damping constant of excitons observed in absorption spectra, and
efficient n-type doping. Very low threshold (19 kW/cm?) and high characteristic temperature (107 K) for
excitonic stimulated emission was demonstrated under strong excitation condition using Nd: YAG laser
pulses. These excellent properties were achieved by small lattice mismatch (0.09 %) and by small thermal

expansion mismatch.
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Figure 6-1. Schematic illustration of SCAIMgO, crystal structure composed of an alternating
stack of wurtzite (Mg, Al)O, (0001) and rocksalt ScO, (111) layers. Epitaxialy grown ZnO is
attached by assuming that the wurtzite layer of SCAIMgO, coherently continues with that of ZnO.

1 um

Figure 6-2. Atomic force microscope images of various substrates and the films deposited on
them. (&) and (b): as-polished sapphire (0001). (c) and (d): as-polished ScAIMgO, (0001). (e) and
(f): cleaved SCAIMgO, (0001). Films were 1.5 um thick grown at 1000° C. The step height in (c)
is 0.85 nm, and that in both (d) and (f) is 0.26 nm, corresponding to charge neutra units of
ScAIMgO, and ZnO, respectively. The span of gray scale in the topographic image is given in the
respective | eft-bottom corner.
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Figure6-3. (@) Reciproca space contour mapping of ZnO (11-24) peaks for a bulk ZnO single
crystal and the films grown on sapphire and ScAIMgO, at 1000° C. Broken lines are eye guides
for the directions of the Bragg and tilting diffraction. (b) and (¢) Growth temperature dependence
of the full width at half maximum (A¢ and Aw), for in-plane and out-of-plane rocking curves
measured for ZnO films grown on sapphire (o ) and SCAIMgO, substrates (4 ).
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Figure6-4. Growth temperature dependence of the a- and c-axis length of 1 zm-thick ZnO films
grown on sapphire and ScAIMgO, (0001) substrates. a-axis length of the films grown on
ScAIMgO,4(0001) substrates was precisely determined from reciprocal space mapping including
Zn0O (10-14) and ScAIMgO, (10-119). The lattice parameters of the bulk crystal are indicated by
the solid lines, and the a-axis lattice parameter of SCAIMgO, is given by the arrow.
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Figure 6-6. Photoluminescence spectra measured at 4.2 K and absorption spectra taken at 6 K
(a) ZnO/IScAIMgO, and (b) ZnO/sapphire. Growth temperature and film thickness is 600° C and
about 50 nm for both films, respectively.
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(&) Threshold of the stimulated emissions for the ZnO films, grown on SCAIMgO, at
600° C using combinatorial laser MBE (See section 7.2.1.), as a function of layer thickness
compared with that for the ZnO films grown on sapphire. L. indicates a cutoff value calculated
by a theoretical model with considering waveguide effect. (b) Similar to (a), but different
magnification. (c) The emission peak energy at the threshold as a function of layer thickness of
ZnO grown on ScAIMgQO, at 600° C using combinatorial laser MBE.
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Figure 6-8. Temperature dependence of the emission intensity as a function of excitation
intensity () of 61 nm-thick ZnO film grown on the SCAIMgO, substrate. Inset depicts threshold
intensity (ly,) of the same sample as a function of temperature. Characteristic temperature (Ty) is as
high as 107 K. For a comparison, that of 55 nm-thick ZnO film are also shown in the inset figure.
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Chapter 7. High Throughput Optimizations of Alloy and Doped
Films Based on ZnO and Parallel Synthesis of ZnO/M g,Zn,,O

Quantum Wells Using Combinatorial Laser MBE

Abstract

We report high-throughput optimizations for various material parameters of Mg,Zn,,,O and Zn,,Cd,O
dloy films, Al-doped ZnO films, Mg,Zn,.O/ZnO single quantum wells and superlattice structures with
using combinatorial laser MBE (CL-MBE). Combinatorial chips including nine thin film pixels were
grown on lattice-matched ScAIMgO, (0001) substrates by switching the mask patterns and targets during
pulsed laser deposition. For aloy experiments, two chips (two runs) provided us with complete and
systematic understanding of the band gap in a range from 3.0 to 3.6 eV. An Al-doped chip reveaed
systematic variation of the conductivity from 3 to 2 x 10° Scm™. A single quantum well chip showed clear
systematic variation of photoluminescence peak energy as a function of well layer thickness. Two
superlattice chips showed clear systematics on the quantum sub-band levels in absorption spectra even at
room temperature, giving al desired information being useful for designing an efficient active layer in
possible ultraviolet light emitting devices. The excitonic stimulated emissions could be observed even at
very low optical pumping at room temperature. The threshold excitation intensity changed in a range of
11~40 kW/cm? and the emission energy can be tuned between 3.2 and 3.4 eV, depending on the well layer
thickness and/or the Mg content in the barrier layers. The excitonic stimulated emission could be
observed up to 100° C and a characteristic temperature was as high as 87 K for the best sample optimized

by the combinatorial approach using only 8 deposition runs carried out in a week.
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7.1. Introduction

As an oxide wide bandgap (Eg=3.37 eV) semiconductor, ZnO has attracted considerable attention for
the applications such as ultraviolet light emitting devices (LEDs) and laser diodes (LDs). We have
demonstrated room temperature laser action upon optical pumping form ZnO thin films grown on
sapphire substrate by laser molecular beam epitaxy® (L-MBE). ZnO thin films are composed of
hexagonally shaped nanocrystals closely assembled in a honeycomb fashion.? The stimulated emission
process was caused by exciton-exciton collision even at room temperature because of the very large
exciton binding energy (60 meV).® The threshold of this excitonic process was very low (24 kW/cm?*:
still the best up to now) when the nanocrystalline size was tuned at about 50 nm. The longitudinal cavity
was automatically formed by making use of the grain boundaries between hexagona nanocrystals acting
as mirrors.*® These observations triggered us to start intensive study for constructing current-injection
devices.

We have focused our effort to achieve two important requirements for realizing actual devices; these
are valence control of ZnO to produce p-type material and band gap engineering. If band gap engineering
is possible to form quantum well structure, much higher emission efficiency can be expected.® We have
succeeded to prepare Mg.Zn,..O’ and Zn,,Cd,O® aloy films having x far above the thermodynamic
solubility limits by using pulsed laser deposition (PLD). ZnO/Mg,Zn,.,O superlattices were consequently
fabricated” to demonstrate quantum size effects.™® In order to improve the crystalline quality, we have
employed lattice-matched oxide SCAIMgO,4(0001) substrates instead of sapphire (0001) to improve the
crystalline quality.™* Excellent semiconductor properties of the films in terms of surface flatness,
crystallinity, electronic and optical properties could be achieved with comparison to those of the films
grown on sapphire. The most important achievement is that high crystalline films can now be grown even
at atemperature aslow as 400° C, providing us the opportunity to form p-type ZnO.*

For designing the semiconductor device architecture based on ZnO, systematic studies of electric and
optical properties are necessary to optimize various material parameters in terms of alloying and doping,
and heterostructures with well-defined epitaxial heterointerfaces. These are generally time-consuming
experiments without utilizing combinatorial approach. In this paper, we discuss high-throughput
optimization of Mg,Zn;, O and Zn.,Cd,O aloy films, Al-doped ZnO films, ZnO/Mg,Zn.O single
quantum wells (SQWSs) and superlattices structures by using combinatorial laser molecular-beam epitaxy

(CL-MBE) method.
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7.2. Experimental

7.2.1. CL-MBE growth of ZnO based alloy and doped films

We used originally designed CL-MBE system, whose details are described elsewhere™®** Briefly,
various films having 3 x 3 mm? in size were deposited on 16 x 16 mm? substrates through combinatorial
masks in which nine pixels are defined as 3 x 3 manner with a spacing of 1 mm between each pixel. By
switching the mask patterns and targets during pulsed laser deposition (PLD), nine different films having
various thickness, composition, and layered structure were grown.

Various combinatorial chips fabricated in this study are listed in Table 8-1 as functions of the materials
and structural parameters and growth temperatures. All the films were grown in 1 x 10 Torr of pure
oxygen (6N) on ScAIMgO, (0001) substrates polished on both sides. This substrate is lattice-matching
ZnO with a lattice mismatch as small as 0.08 %.™ High purity polycrystalline ZnO target (6.5 N) was
used through al the experiments. Mgy5Znos0, ZNggsCdy150, and AlgpiZNggeO mixed ceramic targets
were also used. The targets were placed at a distance of 5 cm from the substrate and ablated by KrF
excimer laser pulses (248 nm, 10 Hz, 30 ns) with a fluence of 0.5 Jcm?. The pure ZnO films having
thickness ranging 17 to 81 nm were deposited at 600° C. After evaluation of deposition rates for each
target, the aloy and doped films having various compositions were deposited with repeating alternating
ablation of ZnO and mixed targets and switching mask patterns. In order to suppress inhomogeneous
distribution of the doped ions, numbers of switching repetition were regulated so that the deposition

amount in one cycle isless than the half unit cell of ZnO (0.26 nm).

7.2.2. CL-MBE growth of ZnO/MgxZn1.xO SQW and superlattices

ZnO/IMg,Zn,, O SQW structures and superlattices were fabricated with varying x and ZnO well layer
thickness (Ly). The Mg content of x was chosen at x=0.11 for the SQWSs, and 0.12 and 0.26 for the
superlattices. In order to fabricate SQW structures, 100 nm-thick Mgg11ZnpgO bottom barrier was
deposited on entire region with using ZnO and Mg, 5Znys0 targets, and then ZnO well layer was grown
with varying Ly from 1 to 9 nm. The top barrier layer with thickness of 50 nm was successively deposited
to cover the ZnO well layers. In the case of the superlattice samples, Mgy 0sZNno94O and Mgg 10ZNo.900
mixed targets were used to form Mg 1,ZNnogsO and Mg 26ZNg 740 barrier layers, respectively. 10 period
superlattices were fabricated with varying Ly between 0.7 and 4.6 nm maintaining Mg,Zn;,O layer

thickness (Lg) constant at 5 nm.

105



A. Ohtomo, Quantum Structures and Ultraviolet Light
Emitting Devices Based on ZnO Thin Films Grown by
Laser Molecular-Beam Epitaxy

7.2.3. Characterization methods

The characterizations of the whole films are a time consuming part of the experiments. Structural
characterization of the film pixels was investigated by a commercial x-ray diffraction (XRD) apparatus
(Philips, X’-pert MRD) equipped with an originally designed masking system. Since the size of incident
X-ray beam cannot be kept as small as the pixel size for different incidence (), we used physical mask
attached on the chip surface. X-ray beam from one pixel area can be detected selectively through an open
window (3.5 x 3.5 mm? in size) on a 0.5 mm-thick Cu plate covering the entire chip area. An effective o
range is limited from 10° to 80° due to the mask shadowing. Each pixel was measured in a consecutive
manner by controlling alternately the stage position, sample angles, @ and @-26 scan measurements. It
took about one hour for each pixel to measure @ rocking curve of the ZnO (0002) and @-26 scan for 30°
< 260< 37° for the ZnO (0002) and the ScCAIMgO, (0009) peaks (see Fig. 7-1).

The surface morphology of the films was observed by a mean of contact-mode atomic force
microscopy (AFM, Seiko, SPI-3700) in air. In order to evaluate room temperature conductivity, 1-V
characteristic was measured with conventional four probe contacts, and then plotted by a X-Y recorder.

Optical properties were characterized by using photoluminescence (PL) spectroscopy with an
excitation by 325 nm line of a cw He-Cd laser beam and standard absorption spectroscopies at
temperatures ranging from 4.2 to 294 K. Frequency tripled pulses (355 nm, 10 Hz, 15ps) from a
mode-locked Nd: YAG laser (Coherent) was used for strong excitation experiments at temperature
ranging from 294 to 380 K. The laser beam was focused by a cylindrical lens into a stripe on the sample
surface at normal incidence. Emission spectra were taken from the side edge of the samples by a

monochrometer equipped with a cooled CCD detector.

7.3. Results and Discussions

7.3.1. Crystallinity and compositional homogeneity

First, let us discuss on the film quality in the terms of crystallinity and compositional homogeneity in
order to confirm applicability of combinatorial synthesis. Figure 7-1 shows x-ray diffraction (XRD)
patterns of nine ZnO single-layer films (3 x 3 mm? in size) having various thickness ranging from 17 to
81 nm grown on ScAIMgO, (0001) substrates. Two peaks labeled (0009)s and (0002), are Bragg
diffraction peaks of the substrate SCAIMgO, the ZnO, respectively. All the films have c-axis orientation,
and showed full width at half maximum (FWHM) values of rocking curve at ZnO (0002) less than 100
arcsec. Clear intensity oscillations due to Laue pattern deduced from the layer thickness are observed in

al samples, indicating high crystallinity, and high thickness homogeneity.
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In case of CL-MBE deposition, the composition of the alloy and doped films was tuned by mixing of
precursor species provided from M,Zn,,O (M=Al, Mg, Cd) and pure ZnO target. As reported in the
previous paper,* two targets were switched and certain numbers of pulses were given on both target in a
cycle. We regulated the thickness of the film was less than the unit cell of ZnO (0.26 nm) so that
homogeneous mixing of the elements could be expected. However, if mixing of M ions into ZnO during
the one cycle of the growth is not sufficient, the films contain local compositional fluctuation. In order to
the examine homogeneity of the films, Mg,Zn;,O (0<x<0.13) films were characterized by absorption
spectroscopy a room temperature. Figure. 7-2 shows squared absorption coefficients as a function of
photon energy for Mg,Zn;,O (0<x<0.13) films grown by CL-MBE and MgZn;.,O films (0<x<0.17)
deposited by PLD on sapphire substrates using mixed ceramic targets having various Mg contents.
Systematic shift of band gap energy (Eg) according to Mg contents can be seen in both cases. Since
Mg,ZnO aloy has adirect band gap, Ey value is defined by arelationship, A (hv)=a(h Ey), where o is
absorption coefficient, a is a linear coefficient, and hv is photon energy above E4 value. Linear fitting
lines are plotted by dotted lines in Fig. 7-2 (a) and (b). The values of a for each spectrum are plotted as a
function of Ey value in Fig. 7-2 (c). Top label of Mg content (X) is given by assuming a relationship,
Eg(x)=3.29+1.57x+2.16x2, deduced from the previous works.”* Since a(hv) is directly related with density
of state at the edge, the values of a should represent compositional fluctuation. In case of conventional
PLD grown films, clear E; dependence of a is seen, while the CL-MBE grown films show wesk
dependence and relatively smaller a than those for the PLD-grown films. Smaller a for the CL-MBE
grown films is presumably due to the compositional inhomogeneity, which would give rise to the o2
spectrum composed of the overlap of those from various compositions. In fact, we have observed much
smaller a value for a Mg,Zn,,O combinatorial chip when deposition amount during one cycle was as
large as 1 nm. Therefore, we conclude here that reasonably homogeneous films can be grown by mixing
successively supplied precursors from two targets if the deposition amount in a cycle is minimized to less

than unit cell of crystal.

7.3.2. High-throughput optimization of MgxZni.xO alloy films

Here we present systematics of band gap energy for MgZn, O thin films against deposition
parameters. We reported that Mg content in the films was higher than that of starting target due to rather
high vapor pressure of ZnO compared with that of MgO. Thus, the growth temperature is an important
parameter to determine actual Mg content. We grew a combinatorial chip consisted of
MgZn  OIMg,eZn,,O double-layer films varying the pulse ratio, which is defined as

Nigzno/ (NznotNwgzno), Where Nygzno and Nz are the pulse numbers during one cycle for MgosZngsO and
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ZnO target, respectively. Bottom layers with thickness of about 70 nm were deposited at Tg=550° C and
then about 50 nm-thick layers were successively deposited at 600° C using the same deposition scheme.
Two absorption edges could be clearly observed in the absorption spectra shown in Fig. 7-3 (a) for the
samples grown at P>0.2. Since the vapor pressure of Zn-related species is high, higher absorption edge
comes from the top layers. Ey values for each layer deduced from Ahv) (h 1-Eg) relationship are plotted
asafunction of P in Fig. 7-3 (b). Systematic dependence is clearly seen for both cases. It should be noted
here that only one deposition experiment is enough to find a suitable growth condition for pinpointing the

desired band gap to make single quantum well structures discussed later.

7.3.3. Conductivity control of Al-doped ZnO films

It is well-known that n-type conducting ZnO can be readily obtained by Ill-element doping. Il
element-doped ZnO has been attracting considerable attention to form transparent conducting layers in
modern solar cells for realizing low cost and high reproducibility. Moreover, recent theoretical
prediction™ and a claims of success” in p-type doping employ so-called co-doping, where 111-element
and nitrogen are doped in ZnO. Among number of reports of 111-element doped ZnO films, however, only
polycrystalline films grown on sapphire or glass substrates have been discussed. In the most cases, films
contain unintentionally doped donor and acceptor due to crystalline defects such as oxygen vacancy, Zn
interstitial, grain boundaries, and other defect associated with extrinsic impurity. To our best knowledge,
thereis no report on the electrical properties for single-crystalline films doped with I11-element.

We reported that the use of lattice-matched SCAIMgO, substrates is useful not only for improving the
electron mobility, by eliminating misfit dislocations, but also for reducing the residual carrier
concentration. In order to examine the doping capability of single-crystalline thin films, we have grown
ZnO: Al films on ScAIMgO, (0001) substrates at 400° C with varying designed Al concentrations from 1
x 10" to 1 x 10%° cm® by using CL-MBE. Room temperature conductivity was evaluated by I-V
measurements. Schematic illustration of the I-V measurement is depicted in the inset of Fig. 7-4.

Room temperature conductivity (o) is plotted as a function of nominal Al concentration in Fig. 7-4.
The o value systematically increases up to 1.3 x 10° Scm with increasing Al concentration. For
comparison, the values of the films grown on sapphire substrates by PLD using ZnO: Al ceramic targets
are aso presented in the figure. Obvioudy, doping efficiencies for the films grown on ScAIMgO,
substrates are much higher than those for the films grown on sapphire substrates. The use of SCAIMgO,
substrates also gives us an advantage for carrier doping with precise control. All the films showed very
high crystallinity as represented by full width at half maximum (FWHM) values of rocking curve for ZnO

(0002) less than 200 arcsec. Thus, high conductivity, precise control of dopant concentration, and high
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crystallinity could be achieved simultaneously by using CL-MBE on ScAIMgO, substrates. Further
investigations are in progress using Hall measurements, secondary ion mass spectrometry, and optical

characterizations.

7.3.4. Surface morphologies

For fabricating heterostructures such as quantum well and superlattice structures, it is important to
regulate the film surface and interface flatness. When we grow alloy and doped films on sapphire, surface
was rough than that of pure ZnO film. Therefore, we employed ZnO buffer layer prior to aloy film
deposition, to increase surface smoothness for the Mg,Zn,.,O aloy films.” Recently, we have substantially
improved the surface morphology by employing lattice-matched ScAIMgO, substrates.™ Here we discuss
the surface morphology of the alloy and doped films deposited on SCAIMgO, substrates without using
buffer layers and extended this technique to the superlattice research.

All the samples listed in Table 8-1 were observed by AFM and representative images are shown in Fig.
7-5. As reported earlier, pure ZnO films show well-defined atomically flat terraces and 0.26
nm-high-steps (charge neutral unit cell of ZnO) as shown in Fig. 7-5 (a). Here we note that the surface of
this image is composed of only four levels of terraces, i.e., interface roughness in heterostructure can be
minimized as small as +0.52 nm at most. This smooth surface has been observed even on 1 um-thick
films.™ Similar surface structure is seen in aMg,Zn,.,O aloy film with x=0.075 (Fig. 7-5 (b)). Comparing
with the pure ZnO, however, rather irregular step edge structures can be observed. It isinteresting to note
the fact that the terrace area surrounded by irregular steps is about 20 % of coverage, and this value
corresponds to the deposition pulse ratio (P). The similar phenomena are observed for other pixels.
Therefore, if this fact is related with the supply to the Mg-related species, less surface diffusion length of
Mg-related precursors could explain the AFM image and degraded optical characteristics shown in Fig
7-2 (b). This speculation agrees with the fact that when Mg,Zn,.,O alloy films are directly deposited on
sapphire substrate, the surface becomes quite rough.” However, we conclude here that the ZnO and the
Mg.Zny.O dloy film grows in a two-dimensional growth mode on ScAIMgO, substrates, resulting in a
sharp heterointerface between them. For instance, in case of ZnO/Mgy26ZN740 superlattice samples,
atomically flat terraces (Fig. 7-5 (f)) and clear satellite pealsin XRD patterns could be observed.

Zn;,Cd,O and ZnO: Al films deposited at 400° C have relatively rough surface. The surface
morphology of Zn,,Cd,O films did not show any change with x (representative AFM image is shown in
Fig. 7-5 (c)). On the other hands, the surface feature of ZnO: Al films is strongly depends on Al

concentration (Np)). As N, increases, surface roughness increases (Fig. 7-5 (d) and (€)). When a ZnO
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buffer layer was used for the growth of ZnO: Al films, the surface roughness could be kept lessthan 5 nm

with Na up to 1 x 10%° em™,

7.3.5. High-throughput optimization of ZnO/Mg«Zn;.xO quantum

structures

In this section, we discuss the optical characteristics of ZnO/Mg,Zn,., O SQW and superlattice
structures to acquire systematic information for designing device structures. In the previous work, we
found out that the thermodynamic solubility limit of MgO in Mg.Zn,., O epitaxial film is about x=0.15."%
The thermal diffusion of Mg across the Mg,Zn;.,O/Zn0O interface was observed upon the annealing above
700° C. By conventional L-MBE methods, we have succeeded to fabricate ZnO/Mg,Zn, O superlattices
on sapphire substrate and showed quantum size effect in the optical transitions.’® In general, radiative
recombination process can be enhanced if low dimensional structures such as quantum wells, wires, and
dots are constructed. This is because the quantum size effect modified the profile of density of states, so
that the transfer integral at the band-edge becomes much larger than that of bulk semiconductor, resulting
in more efficient stimulated emission. Therefore, ZnO/Mg,Zn,,O heterostructures are considered as a
suitable design to be used for an active layer of ultraviolet light emitting devices and lasers. Several
parameters such as Mg content (X) in the barrier layer and well layer thickness (Ly), however, remain to

be optimized.

A. Spontaneous emission of ZnO/MgxZn;.xO SQW structures

PL spectra of Mgy 11ZNgge0O/ZNO/ M(p11ZNpedO SQW films grown on a chip by single run of
CL-MBE process are shown in Fig. 7-6 (a). Here alloy films for barrier layers were grown by employing
two targets switched back and forth to adjust Mg content as explained in section 8.3.2. Two peaks are
clearly seen in al the spectra and are assigned to be excitonic emission at n=1 quantum sub-band level
(lower energy side) and the Mgo11ZngssO barrier layers, respectively. The sub-band emission line
gradually shifts to higher energy side with decreasing Ly, while, the barrier emission stays at a constant
energy of about 3.53 eV. This indicates photo-excited carriers in barrier layers are transferred into the
quantum level in the well layers. The peak position, PL intensity, and FWHM values (A) for the sub-band
emission are plotted as a function of Ly in Fig. 7-6 (b) and (c). For a comparison, values deduced from
ZnO/M(g15ZNossO multiple quantum well films grown on sapphire substrates™ are aso plotted.
Although peak position is similar to the previous results, dight difference of A valuesis clearly seen as
shown in Fig. 7-6 (c) (bottom trace). Therefore, we conclude that the SQW structures have reasonably

good qualities, but there can be considerable spatial fluctuation of Mg content in the barrier layers. From
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the device application viewpoint, we estimate an optimum L,, ranging from 3 to 6 nm, judging from the
magnitudes of the integrated emission intensity and the peak width, as denoted by a gray mesh in Fig. 7-6
(©).

For minimizing the Mg inhomogeneity problem, we used Mg,Zn,.xO targets having optimal (x=0.06
and 0.1) to grow barrier layers in ZnO/Mg,Zn,.,O superlattices with x=0.12 and 0.26, respectively. Thus,
the compositional fluctuation problem caused by target switching could be eliminated for those
superlattices. A schematic band diagram of a superlatticeis presented in Fig. 7-7 (a). In general, band gap
discontinuity (AEc and AEy) is an important parameter to design various devises based on semiconductor
heterostructure such as quantum cascade lasers. ® As for ZnO/MgZn.,O system, band gap
discontinuities still remains to be elucidated, although a ratio of AEc/AE,=0.9 has been proposed.’® This
value was obtained as afitting parameter in atheoretical calculation, which was performed to explain the
relationship between Ly, and observed PLE peak energies of ZnO/Mg,,ZnogO superlattice grown on
sapphire substrates. The sample quality of those superlattices was not as high as brand new results shown

below.

Spontaneous and stimulated emissions of ZnO/M gxZn1.,O

superlattices

Figure 7-7 (b) and (c) shows room temperature PL and absorption spectra of two kinds of superlattices
with x=0.12 and 0.26, respectively, grown on the lattice-matched and transparent SCAIMgO, substrates.
PL peaks and absorption edges corresponding to the sub-band level transitions can be clearly observed.
These clear absorption spectra have never been obtained from the sample grown on sapphire substrate
because of the lack of transparency due to thick ZnO buffer layer.’® The barrier emission peaks was
absent because of well devel oped sub-band in these superlattices.

All the superlattice films were also characterized under strong excitation conditions using frequency
tripled Nd: YAG laser pulses. Figure 7-8 shows stimulated emission spectra of a superlattice film having
x=0.12 and Lw=1.8 nm measured at room temperature. Strong and sharp emission peak are observed
above a very low threshold (1;,;=17 kW/cm?), and the intensity rapidly increases as excitation intensity
(le) increases, as can be clearly seen in the inset figure. For the comparison, spontaneous PL and
absorption spectra are also given. The spontaneous PL peak is located at the same energy of absorption
peak, indicating excitonic spontaneous emission due to transition between sub-band levels. Whereas, the
stimulated emission peaks show Stokes shift, that is, whose peak energies are located lower than that the

absorption peak energy by about 100 meV. This energy shift is frequently observed in 11-V1 quantum well
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structures, as was discussed with various mechanisms such as localized-exciton®, exciton-exciton
scattering®, and bi-exciton®. Considering some results in these reports, it can be expected that population
inversion is readily achieved by the photo-excitation because of smaller density of state at localized states,
resulting in very low threshold. However, further work is needed to elucidate the emission mechanism.

Peak energies for various emissions and absorptions of the superlattices are summarized in Fig. 7-9 (a)
and (b). The L\ dependence of peak positions can be clearly seen not only for the spontaneous PL (e )
but also for the stimulated emission (m ). Excellent agreement, seen between the absorption peak (A) and
the spontaneous PL peak, indicates well-regulated heterointerfaces as well as small compositional
fluctuations in the barrier layers. Stokes shifts between e and A is observed only for the samples with
x=0.26 and Ly<2.3. This is presumably due to the possible spatial fluctuations of Mg content in the
barrier layers because x is much larger than the thermodynamic solubility limit (x=0.15). This also causes
relatively large peak widths of the spontaneous PL lines for x=0.26 superlattices as indicated by error bars
for ¢ symbols. In order to estimate AEc and AE,, we have performed simulations to the observed
relationships between Ly, and the absorption peak energy by using reported effective masses of electron
(me*=0.28) and hole (m,*=1.8) and considering finite potential barrier. The best fit was obtained with
AEC/AE,=0.15 for x=0.12 films and 0.25 for x=0.26 films, respectively.

Almost all the superlattices showed stimulated emission below maximum excitation intensity used in
this study (58 kW/cm?). The threshold values are plotted against Ly by symbols e (x=0.12) and o
(x=0.26) in Fig. 7-9 (c). Since pumping laser energy is constant at 3.49 eV, when the absorption state
locates higher than that energy, stimulated emission did not take place as seen in the case of x=0.26 films
with Ly below 1 nm. As for x=0.12 superlattices, threshold is below 22 kW/cm?, and the lowest threshold
is as small as 11 kW/cm? Very high efficiency of the stimulated emission could be demonstrated even at
room temperature. Besides, there is a big advantage of tuning the emission energy from 3.2 to 3.4 €V.

From the device application viewpoint, we tested high temperature operation of the stimulated
emission. Figure 7-10 shows temperature dependence of the I-1¢, curves of a superlattice with x=0.26 and
Lw=4.2 nm measured under strong excitation with Nd: YAG laser pulses at a temperature range between
21° C and 104° C. The threshold of the stimulated emission increases gradually with increasing
temperature. The inset shows temperature dependence of In(ly,) for obtaining characteristic temperature
(To) defined by the formula 1y(T)=loexp(T/Ty), where, |, is aconstant, T is the absolute temperature, 1i(T)
is the threshold. The T, of 87 K is considerably larger than that of 55 nm-thick ZnO/sapphire (67 K)
showing excitonic lasing with the lowest threshold (24 kW/cm?).! We would tentatively attributed this
improvement to the excitonic emission process enhanced by quantum size effect. The wavelength drift

caused by the temperature change was estimated to be about 0.09 nm/K. This value is very close to the
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theoretical value (0.085 nm/K) for the stimulated emission with exciton-exciton scattering process
(ex-ex).* If the emission process is dominated by exciton-electron scattering, which is the most likely the
case except for ex-ex and electron-hole-plasma (EHP) processes, two times larger value should be
expected.” Therefore, we conclude that the stimulated emission due to ex-ex process occurs in the well

layers of the superlattice samples.

7.4. Conclusions

We have performed parallel syntheses of various films and heterostructures based on ZnO with using a
combinatorial laser MBE system. High-throughput optimization has been demonstrated by using
conventional characterizations tools to show excellent thin film qualities, represented by high crystallinity,
atomically flat surfaces and heterointerfaces, and high doping efficiency. These techniques have been aso
applied for constructing quantum well structures based on ZnO, resulting in very high-performance
ultraviolet stimulated emission. Only 8 chips made in 8 separate runs provided 72 samples and crucial

information enough for designing device structures.
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Table 7-1. Film compositions, structures, and growth temperatures of various combinatorial
chips fabricated in this study. The films were grown by varying combinatorial parameter and
keeping constant parameter. Note briefly describes main topics investigated with each individual
chip.

Chip Materials Ty (°C) Combinatorial parameter Const. parameter Note
#1 ZnO 600 layer thickness (L) composition crystallinity
#2 Mg Zn; O 600 X L~70 nm widegap
#3 Mg,Zn..xO bilayer  600/550 X, Tg L~70/70 nm optimizing x
#4 Zn..,Cd,0 400 X L~70 nm narrow gap
#5 ZnO: Al 400 X L~100 nm conductivity
#6 singlequantumwells 600  well layer thickness (L) Lg, x=0.11 optimizing Ly
#7 superlattices #1 600 Lw Lg, x=0.12 threshold
#8 superlattices #2 600 Lw Lg, x=0.26 threshold , Ty
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Figure 7-1. X-ray diffraction (XRD) patterns of pure ZnO thin films having various layer
thickness grown on ScAIMgO, substrates (chip #1). (0009)s and (0002), are Bragg diffraction
peaks of the substrates and the ZnO films, respectively. Clear intensity oscillations are observed in
al the patterns, indicating high crystallinity and high thickness homogeneity. Inset depicts
schematic illustration of XRD set up with a Cu mask used in this study.
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Figure 7-2. Squared absorption coefficients () as a function of photon energy (hy) of
MgZn.O films grown (a) on ScAIMgO, (0001) by combinatorial laser MBE (CL-MBE) (chip
#2) and (b) on sapphire by conventional pulsed laser deposition (PLD). The dotted lines are linear
fit lines at the energies near the band gap (Eg). (€) The linear coefficient (a) of the fit lines (=
a(h-Ey)) plotted against Ey for the samples grown by CL-MBE (e ) and PLD (o ). Inset depicts
schematic illustration of the absorption spectroscopy measurement.

a9
{aj :Euzn.“,nmu..zn,.n | Th)
™ R "
o gl s80° C 600" C
g # Ghds *
/ 0.20
l_.f\—._.‘" | Fails
.H.lﬂ A a.7! ligai
P il ol |
38 [ MgZn O 0.15 X
- | -""f- : ~ 38 (T#600°C) .
gl /T TN :
-":'F 5k 1] ""Il35 0.10 EE
=
o8 [ - ]
. 34 L] : 0.08
BB ik sl : o R
e I .
| o8 .Iu""' ﬂ"“-\.“ a.aﬂ F-:_E:II'I..rﬂ
Lose /), spuwensy) pRo T
30 32 34 36 JIB 4.0 0.0 0.2 0.4 0.6
Photon Enengy {eV) Fulse Ratio (F

Figure 7-3. (&) Squared absorption coefficients (o) as a function of photon energy (hv) of
Mg,Zn,.,O bilayer films grown on ScAIMgO, (0001) (chip #3). Top and bottom layers were grown
at 550° C and 600° C respectively with the same condition of mask control and the combination of
the targets. Each pixel has different pulse ration, P, which is defined as nugzno/(Nzno+tNmgzno).
where Nygzno and Nzyo is pulse numbers for MgosZnesO and ZnO targets, respectively. Two
absorption edges corresponding to those from the top and bottom layers are seen in each spectrum.
(b) Band gap (Eg) deduced from o =a(h -Eg) relationship plotted against P. It is noteworthy that
Ey values of 13 samples could be evaluated from only one deposition experiment. Inset depicts
cross-sectional illustration of the doubled-layer films.
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Figure7-4. Room temperature conductivity (o) as a function of nominal Al concentration (Na;)
of Al-doped ZnO films (ZnO: Al) (e : chip #5). For a comparison, conductivity values of ZnO: Al
films grown on sapphire substrates by PLD using various ZnO: Al ceramic targets are also
presented (o ). Inset shows schematic illustration of four probe measurement.

Figure7-5. AFM images of (a) pure ZnO (L=68 nm), (b) MgZn,,O (x=0.075), (c) Zny.,CdO
(x=0.009). (d) ZnO: Al (Nay=1 x 10%° cm?®), (e) ZnO: Al (Na=1 x 10" cm?), and (f)
ZnOIM(g.26Z N0 740 superlattice films chosen as a pixel in the combinatorial chips of #1, #2, #4, #5,
and #38 respectively. Well-defined surface morphology ((a), (b), and (f)) indicates that
two-dimensional growth mode took place in the growth of ZnO and Mg,Zn,,O films, whereas
three-dimensional grain growth mode dominated in cases of Zn,.,Cd,O and ZnO: Al films ((b), (c),

and (d)).
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Figure 7-6. (a) PL spectra of the ZnO/Mg11ZNnp g0 single quantum well films (chip #6) with
various well layer thickness (1<Ly (nm)<9) measured at 4.2 K. Two PL peaks of ZnO well layers
and Mgg 112890 barrier layers are clearly seen. (b) PL peak energy of the ZnO well layers plotted
as a function of Ly. Error bars show full width at half maximum (FWHM) (A) (¢) Integrated
intensity and peak width (A) of PL peaks of the well layers (e ) as a function of Ly. By judging
from these results, an optimum Ly is found at 3<Ly, (nm)<6, as indicated by the gray mask. For
the comparison, some data points taken from ZnO/Mgg 15ZnogsO superlattice films (Ref. 19) are
plotted by trianglesin (b) and (c).
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Figure7-7. (a) Schematic energy diagrams of conduction band minimum (E¢) and valence band
maximum (E,) in the ZnO/Mg,Zn,,O superlattices. (b) and (c) Room temperature PL and
absorption spectra of ZnO/Mg,Zn, O superlattices with x=0.12 and 0.26 (chip #7 and #8),
respectively.

117



A. Ohtomo, Quantum Structures and Ultraviolet Light
Emitting Devices Based on ZnO Thin Films Grown by
Laser Molecular-Beam Epitaxy

— | Lg=1.-Bnm ,___3 '

£ mak §5

5, 5

g | !

= i ‘

= || E 4 =17 KWiem®

E i W = 34 BE

E i, (tem’) ) 55

a | ¥

[ { gi

£ ik

] 1 <

i _ Barrier 2

=] = %.'5

g §t

5 . HeC 25

. L i

ESSERES N ... = C
31 3.2 1.3 3.4 3.5 3.6

Figure 7-8. Stimulated emission spectra of a ZnO/Mgg 12ZNggs0O superlattice film (Lyw=1.8 nm)
taken under various excitation intensities (l¢) using frequency tripled Nd: YAG laser pulses. Weak
excitation PL spectrum and absorption spectrum for the same film is also presented. Inset depicts
integrated intensity of stimulated emission peak as a function of lg. Threshold intensity (Iy) is
evaluated as 17 kW/cn?.
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Figure 7-9. Room temperature optical transition energies of sub-band absorption ( ),
spontaneous PL (e ), and stimulated emission (m ) as a function of well layer thickness (Ly) for
the ZnO/Mg,Zn, O superlattices with x=0.12 (a) and x=0.26 (b). Error bars show peak widths
(FWHM) of spontaneous PL lines. Dotted lines are simulation curves calculated by assuming
me*=0.28, my*=1.8, and AEc/AEV:02i005 Eg values of Mgo_lzznolggo and Mg0,262n0_740 (g)lld
lines), and the energies of He-Cd and frequency tripled Nd: YAG lasers (dashed lines) are also
shown. (c) Ly dependence of the stimulated emission threshold (Iy) of the ZnO/Mg.Zn,,O
superlattices with x=0.12 (e ) and x=0.26 (o ).
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Figure 7-10. Temperature dependence of the emission intensity as a function of excitation
intensity (le) of a ZnO/Mgy26Zno740 superlattice film (Lw=4.2 nm). Inset depicts threshold
intensity (ly,) of the same sample as a function of temperature. Characteristic temperature (T) is as

high as 87 K.
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Chapter 8. General Conclusions

Extensive research of high-T¢ superconducting films for more than 10 years has opened door to new class
of electronics in which versatile properties of epitaxial metal oxide films and heterostructures play a
major role. The present study stands on the status for expanding this trend towards photonic branch of
"oxide electronics’, so that we started to study ZnO thin films for realizing ultraviolet light emitting
device. In this thesis, epitaxial growth techniques using laser ablation process, optical properties of
nanocrystalline films and superlattices based on ZnO and possible p-type ZnO formation were discussed.
Laser molecular-beam epitaxy (L-MBE) technique has been developed and used to grow various films
based on ZnO such as nanocrystalline films on lattice-mismatched substrates, single crystalline films on
|attice-matched substrates, aloy films (Mg,Zn;xO and Zn,,Cd,O), n- and p-type doped films (ZnO: Al
and ZnO: N), and their heterostructures (ZnO/Mg,Zn;.xO quantum well and superlattice structures). Five

years of thesis research has revealed the followings.

Thin film growth

¢ L-MBE can provide precursor species as metal oxides particles, therefore oxygen deficiency is
suppressed during growth even at high temperatures (~1000° C).

¢ High energetic process of laser ablation provides high driving force for thin film growth under
non-equilibrium condition which enable us to grow solid solution films much above the
thermodynamic solubility limit.

¢ Nitrogen can be doped into ZnO by use of RF-plasma cell during growth to obtain p-type material.
Nitrogen concentration in the film is tuned from 10% to 10%° cm™ by changing growth temperature

(K. Tamuraet. al., J. Cryst. Growth, in press).

M aterials

¢ c-axis oriented ZnO films epitaxially grow on sapphire substrate (18 % lattice-mismatch). If a
higher order epitaxial relationship is taking into account, there can be trandationally incoherent
grain boundaries.

¢ Hexagonally shaped grains are closely packed and aligned as honeycomb fashion. The size of
grains can be controlled by taking nucleation and growth process into account.

¢ Impurity aswell as oxygen deficiency and crystallinity (stress, in-plane and out of plane mosaicness,

lateral grain size) affect the emission properties.
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¢  Thefilms grown on lattice-matched (0.09 % lattice-mismatch) ScAIMgO, have high mobility (~100

cm?/Vs) together with low residual carrier concentration (~10" cm’®).

Physics
¢  Spontaneous and stimulated emissions due to ex-ex collision process and electron-hole plasma are
seen in ZnO nanocrystalline films as increasing pumping intensity.
¢ Theincoherent grain boundaries serve as potential barriers for carrier confinements, and thereis an
optimum crystal size (50 nm) for excitonic lasing.
¢ Theincoherent grain boundaries serve as mirrorsto form longitudinal cavity.
¢ Band gap energy varies from 3.0to 4.0 eV in Mg,Zn,,O and Zn,.,Cd,O ternary aloy systems.

¢ Quantum size effect in ZnO/Mg,Zn,., O superlatticesis confirmed by PL and PLE measurements.

Devices

¢ The excitonic recombination process dominates the stimulated emissions in ZnO/Mg,Zn,.,O
superlattices. The threshold excitation intensity is as low as 11 kW/cm?. (Low-threshold laser diodes
would be expected).

¢ The emission energy was tuned between 3.2 and 3.4 eV, depending on the well layer thickness
and/or the Mg content in the barrier layers. An optimum well layer thickness was found to be in a
range of 3-6 nm.

¢ Excitonic stimulated emission at temperatures up to 100° C was demonstrated and a characteristic
temperature was as high as 87 K for the best sample optimized by the combinatorial approach.

¢ Oncep-type ZnO is available, high efficient light emitting devices based on ZnO would be expected.

These technological issues and phenomenon are important and on the traditional track of the progressin
semiconductor technology. ZnO is one of the materials, which have the longest and most extensive
history conducting film, and surface acoustic devices. It is surprising for us to find out a novel functionin
such an old material. One can say that L-MBE gave a new life to an old material. There should be other

oxides, which may explore much exotic properties.
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