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ABSTRACT OF THE DISSERTATION

Cadmium Zinc Oxide Based Optoelectronics Materials and Devices
by

Lin Li

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, June 2011
Dr. Jianlin Liu, Chairperson

Cadmium Znic Oxide (CdZnO) based optoelectronics materials andedeare
studied and discussed in this dissertation. CdZnO thin films with va@aok&n mol
ratios were grown by molecular-beam epitaxy (MBE) ona@ili¢Si) and c-plane sapphire
substrates, respectively. Room temperature (RT) photoluminescelncsh®ved the
peak position of the near band edge (NBE) emission of the CdZnO thm d$hifted
from 3.30eV to 2.59eV on Si (100) substrates, while it shifted from 8.26&.40eV on
c-plane sapphire substrates. The color of the RT PL emission &fd%eO thin films
covers from ultraviolet (UV) to blue region on Si (100) substratestagreen region on
c-plane sapphire substrates. The NBE emission peak energy inzstesito be the band
gap energy of the CdZnO thin films at RT. Energy-disper3i-ray spectroscopy (EDS)
study of the CdZnO thin films showed Cd:Zn ratio increased \ighdecrease of the

band gap energy of the CdZnO. X-ray diffraction (XRD) studies skothe crystal



structure of the CdzZnO thin films changed from the pure wurtxtg) Gtructure to
mixture of wz and rocksalt (rs) structure, and finally to pwsestructure with the
increases of Cd:Zn ratio. Temperature dependent PL measurenaatperformed on
three typical CdZnO samples having puve purers, and wz-rs mixture structures,
respectively. The temperature dependence of the CdZnO bandgapge cheas
investigated and analyzed based on the empirical Varshni and BodekEfitBng on
the NBE PL peak positions. The temperature dependence of the iRégrakensity in
the CdZnO samples was also fitted, where fitting equation with hopgingshowed a
closer fit to the experimental data. The possible hopping procassks CdZnO thin
films may be related to the band tail states due to allafilegt and nonuniformity of Cd
distribution in the CdZnO samples. Rapid thermal annealing (Rai)different
temperature was performed amsitu annealed CdZnO thin films to study the thermal
stability of the CdZnO. Purerz CdZnO showed insignificant NBE PL peak shift after
RTA, while mixture structure CdZnO showed evident blue shifts dysh&se change
after annealing, indicating thre phase CdZnO changeswa phase CdZnO during RTA
process. On the other hand, CdZnO thin films withawtu annealing showed dramatic
NBE emission peak energy increase with increasing RTA tatper RT PL and
temperature dependent PL showed phase separations in the sdtepld®eaannealing
process. Secondary ion mass spectroscopy (SIMS) measuremengsl sbdistribution
of Cd in the as-annealed sample, which is believed to be the rea&hnpeaks shift.
ZnO heterojunction samples with CdZnO active layers were growotgpe Si (100)

substrate ana-type Si (100) substrate, with structuresneZnO/A-CdZnOp-Si andp-

Vi



ZnOA-CdZnOh-ZnOM-Si, respectively. Light emitting diodes (LEDs) fabricated from
both samples showed typical diode rectifying I-V curves. Bluecgad color emissions
were observed under forward bias at RT. RT PL measurements at diffecknesses on
the sample showed the existence of CdZnO active layer. Temm@erdependent
electroluminescence (EL) showed that the change of EL peakyemgmee with Varshni
equation, while RT PL verified that the EL emission come from Gd&nO layer.
Devices with metal-insulator-semiconductor structure and ZmQuoction with CdZnO
guantum well structure were grown and fabricated respectivelgdd®a laser emissions
were observed from both of the devices under forward bias. Closelydpaokann

structures are believed to serve as random resonance cavities forrtiealias®ns.

Vi
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Chapter 1: Introduction

1.1 Background and motivation

As defined by Merriam-Webster dictionary, optoelectronics is banch of
electronics that deals with electronic devices for emittinggutating, transmitting, and
sensing light.” There are many different types of optoeleatsodevices. For example,
some utilize photovoltaic effect, such as solar cells and phototastesome use
photoconductivity effect, such as photo resistors and charge-coupled (e€idg there
are also important branches of optoelectronics using radiative bataiion and
stimulated emission, such as light emitting diode (LED) and lisee (LD). According
to 2010 Optoelectronics Market Report published by Databeans, In@r tle/next five
years optoelectronics will experience the industry’s highestageegrowth of 12 percent
annually, reaching $36.5 billion by 2015, at which time it will accoontof percent of
the total projected $421.5 billion semiconductor industry.” [45] Among althoke
optoelectronics devices, LED is the major driving force, and [@atabinc. projects that
LED segment will culminate in sales of $17.4 billion by 2015 witlerage annual
growth rates of 20 percent. In this dissertation, zinc oxide (Za@pvel optoelectronics
material which is very promising in future LED and LD applicatjoasd its variant,
cadmium zinc oxide (CdzZnO), were grown, studied and characteri@eteral
optoelectronics devices, including LEDs and LDs with CdZnO as detyees were also

be demonstrated and studied.



ZnO is a wide direct band gap semiconductor material. Its bandfdgaB7eV at
room temperature [1] is very close to that of gallium nitridaN§; which is now widely
used in ultraviolet (UV), blue, green and white LEDs. Although the dpwednt of ZnO
is lagging far behind GaN, ZnO has some superior properties oWrtiaa make it a
very promising candidate in next generation wide band gap optoelectdawvices, such
as LED and LD. First of all, ZnO is cheaper. Zinc is quite abuntiahother Nature
while gallium is rare metal. Secondly, ZnO is not only cheaparaterial cost, it is also
cheaper in fabrication. ZnO can be easily etched by acid @&zl is chemically inert.
In industry, people have to use plasma etching on GaN device fabrjoahich largely
increases the production cost. Lastly but most important, ZnO thigk &xciton binding
energy of 60meV, while the counterpart in GaN is around 25meV [2]laFge exciton
binding energy in ZnO makes it potentially higher in emissiorcieficy, and also

provides a possible path in exciton induced laser emission.

After all those advantages, ZnO still has its own problems that rhihdiem
becoming a successful competitor in optoelectronic industry. First, uthhdbpg@ shows
strong n-type conductivity, mostly due to intrinsic defects suaxggen vacancies, zinc
interstitials, hydrogen impurities, etc [3, 4]. Our group has sstubs demonstrated
antimony (Sb) doped p-type ZnO with hole concentration up t¥chd®. These growth

parameters were utilized and further optimized in the resemsock discussed in this



dissertation. Secondly, intrinsic ZnO shows band gap of 3.37eV at @opetature,
which corresponds to emissions in UV region. In order to get bandedpd emission
in visible range, such as blue and green, the band gap of ZnO hasuttededwards
smaller value. In this dissertation, efforts were made to grd&nO thin films with

different Cd/Zn ratio by molecular beam epitaxy (MBE). The bgaqa of CdZnO can be
tuned from 3.37eV to as small as 2.39eV, with increasing Cd concentrdtie result
help the electroluminescence (EL) peak position from ZnO LEDsedhffom UV to

blue and cyan colors.

1.2 History of ZnO

The research on the properties of ZnO started as early as [EB9Qswhen
scientists and researchers studied the lattice paramdeetsor distribution and electron
diffraction patterns, etc. Later on, the studies on Raman sogttil0] and optical
properties [11] were also reported. And then over the years, witdetelopment of
optoelectronics industry, more and more efforts have been put on tlet@egtudies of

Zn0.

In terms of devices, the first ZnO based LED was demoastriat 1967 by
Drapak with CyO as p-type material [12], while a metal-insulator-semiconductor
structure was investigated in 1974 by Minami et al [13]. Due ttattieof reliable p-type

material, the early stage of the development of ZnO based oftoeles devices was



growing slowly. Most of the devices use heterojunction structiresvoid the p-type
ZnO issue [12, 14-18]. In recent years, with available p-type Zn® wearious dopant
and doping methods [19-29], There have been several reports on ZnO litGpstype

ZnO layers [25, 30-34]. Our group has demonstrated several LED&miimony doped
p-type ZnO as p-type layers [35-38], and dominant UV emissions eWserved at room
temperature [36-38]. Besides that, ZnO random laser emission semsla@hined based

on ZnO p-n junction with single layer quantum well structure [39].

Although there have been many studies on ZnO properties and devices, there have
been very few on the counterpart on CdZnO research, which isakriivisible light
emission. Few groups have demonstrated CdZnO with large band gae ¢hand gap
smaller than 3.0eV), as shown in Fig 1.1. However, there are vergtteies on the
properties of CdZnO itself, let alone the devices based on @dZhe study on the

properties and light emitting devices will be the main topic of this dissertation.
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Fig. 1. 1 Room temperature photoluminescence of CdZnO
showing previous effects made on CdZnO [42-44]

1.3 Propertiesof ZnO

ZnO could form three different crystal structures: wurtzitec Zblende, and
rocksalt, as shown in Fig. 1.2. However, under normal ambient conditionziterur
structure ZnO is the most stable among the three [40]. Tablesulrimarizes the

properties of wurtzite ZnO.



Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Fig. 1. 2 Crystal structure of (a) rocksalt ZnO, (b) zinc blende ZnO
and (c) wurtzite ZnO

Property Value
Lattice parameters at 300 K
agp 0.32495 nm
e 0.52069 nm
ap/co 1.602 (ideal hexagonal structure shows 1.633)
u 0.345
Density 5.606 glem?
Stable phase at 300 K Wurtzite
Melting point 1975 °C
Thermal conductivity 0.6, 1-1.2
Lmnear expansion coefficient(/°C) ay: 6.5%10°°
Co: 3.0x 106
Static dielectric constant 8.656
Refractive index 2.008, 2.029
Energy gap 3.4 eV, direct
Intrinsic carrier concentration <10% cm~* (max n-type doping> 10* ¢cm— electrons:
max p-type doping < 10" cm™ holes
Exciton binding energy 60 meV
Electron effective mass 0.24
Electron Hall mobility at 300 K 200 cm?/V's
for low n-type conductivity
Hole effective mass 0.59
Hole Hall mobility at 300 K 5-50 cm*/V's

for low p-type conductivity

Table 1. 1 Properties of wurtzite ZnO



As mentioned before, undoped ZnO shows strong n-type conductivity, which
makes p-type doping a challenge. As a group II-VI materiaumrl and group V
elements are believed to be suitable for ZnO p-type doping. Rdmamre shown p-type
ZnO with hole concentration of 1cm® or higher with various dopants in recent years

[19-29].

As a direct band gap material, the edge of valence band and conduentid are
at the same point in the Brillouin zone. During low temperature plmtokscence
measurements, free exciton transition, natural donor bound exciton itranare
typically observed in undoped ZnO, while acceptor bound exciton tamsitid donor-

acceptor pair transition can be observed in p-type doped ZnO.

1.4 Chapters arrangement

This dissertation is organized as following chapt€tsapter 1 includes the basic
concept and current status of optoelectronics; introduction and motiatianO and
CdzZnO materials and devices reseaiChapter 2 is about ZnO and CdZnO growth,
characterization and device fabrication. The growth method and equipataptare first
introduced, which is followed by growth procedure and parameters.abnedtion of
CdzZnO based light emitting devices is described after that. Theercharacterization

techniques utilized to study the optical and electrical progexigstal quality, as well as



doping concentrations and distributions are introduced. These techniques include
photoluminescence (PL) and electroluminescence (EL), X-ray diffra (XRD),
scanning electron microscope (SEM), Hall effect, energy-disgersray spectroscopy
(EDS), secondary ion mass spectrometry (SMIS), |-V measuteswwface profiler, etc.
Chapter 3 focuses on the temperature dependent PL study of CdZnO. Thetwoare
main parts: first, the temperature dependent PL peak positiongecloanCdZnO with
various Cd concentrations is studied; second, the temperature depé&idedak
intensities change on the same samples is stuGleabter 4 demonstrates the study of
annealing effect on CdZnO samples, which include the rapid thammaaling effect on
CdzZnO withoutin-situ annealing, and the thermal stability of CdZnO withsitu
annealing. Both of them are studied on several samples withediff€d concentrations.
Chapter 5 demonstrates and studies CdZnO based light emitting devices. Tho LE
devices with CdZnO active layers, one on p-type silicon subswaike the other one on
n-type silicon substrate, are demonstrat€tiapter 6 focuses onthe random laser
emission devices based on CdZnO. There are also two devicesddclise first device

is a metal-insulator-semiconductor structure emitting UV andbleiseandom laser. The
second device is a ZnO p-n junction with a CdZnO quantum well imitidle. Near UV
random laser emissions are observed from this de@itapter 7 is the summary of this

dissertation.
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Chapter 2. Growth, Fabrication and Characterization of ZnO
and CdZnO Grown by Molecular Beam Epitaxy

2.1 Growth of ZnO and CdZnO

ZnO and CdZnO samples discussed in this dissertation were grpv8VD
Associate Molecular Beam Epitaxy (MBE) system. As shownign Z1, the main body
of the MBE is a cylinder shape chamber. There are two outlatsattached to the
chamber, one goes to load lock, which is used for loading and unloadingesathpl
other goes to a two-stage pumping system, a turbo pump and an ion purgmtbons
pump down the chamber. Valves between the chamber and the outles®lasn the

chamber from outside environment.
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Motor

Heater

/:[ N N

Outlet to load lock Substrate Outlet to pumps

Metal pellets —
RF Plasma —

Fig. 2. 1 Sketch of a typical molecular beam epitaxy system

In the center of the chamber, there is a manipulator that holdeeats up the
substrate. A motor rotates the substrate to ensure even depositibe. #ittom of the
chamber, there are several ports. The openings of the portsrang ait the substrate.
For metal sources, such as zinc and cadmium, effusion cells edetauseat up the
sources. Metal atoms will be released from the effusion edien being heated up to
certain temperatures, and travel towards the substrate. Feoga®s, such as oxygen
and nitrogen, a radio frequency (RF) plasma source is used. The RF plasosalseaks
gas molecular into plasma. When plasma meets with metal atonthe substrate,

deposition starts.
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Silicon (100) substrates and c-plane sapphire are used in the expgsrimeyrow
ZnO and CdZnO. Elemental zinc (6N), cadmium (6N) and antimony Sb €&\)are
used for the metal sources, while oxygen (5N) is used for gasesdure background
pressure of the MBE chamber before growth was usually on the ordeF'®fTorr.
Before the growth, silicon substrates were cleaned by PuldRhaethod, in which the
Si substrates were firstly dipped inta®3:H,SO, = 3:5 solutions for 1 minute; after
rinsed by de-ionized (DI) water, they were then dipped into dildfedHF:H,O= 1:10)
for 1 minute, and were rinsed by DI water again. This procesatezp8 times before the
substrates were finally rinsed by DI water and dried bpgén gun. Sapphire substrates
were cleaned in aqua regia (HCI:HN®© 3:1) solutions at 100 °C for 10 minutes, and
then rinsed with DI water and dried by nitrogen gun. After dpqint into the chamber,

the substrates were firstly annealed at 800 °C to be further cleaned.

Pre-annealing Post-annealing

Layer 2

Layer 1 /

Buffer layer

Temperature

Time

Fig. 2. 2 Typical growth procedure of ZnO
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Fig. 2.2 shows a typical growth procedure of ZnO in MBE. Afterpiteeannealing
process, a thin undoped ZnO buffer layer was grown at low temperdtuea the
substrate temperature is brought up to designed level for ZnO grblete. layers of
ZnO can be grown one by another with different growth conditions. &feegrowth, a
post-annealing process is usually carried out at high tempetatated 800 °C). This is
an important step in dopant activation in p-type ZnO growth [1-4].Ge#nO growth,
the growth condition is a bit different. In order to achieve high Cd cdraten in
CdznO, the CdznO layer was grown at low temperature, which weslyisower than
200 °C. During this period, Zn cell temperature and Cd cell temtyme were adjusted to
achieve different Zn:Cd ratio in the CdZnO thin film, so as to cbntre band gap of
CdZnO. The sample was themsitu annealed at 800 °C in the chamber for 5 minutes
after growth. Since the optical property of CdZnO samples witimositu annealing will
be greatly affected by annealing process afterwards, ithisitu annealing is an
indispensable step to get stable CdZnO thin film, especiallynv@#ZnO is used as
active layer in further LED application, which requires extensineealing process
during device fabrication. The thermal stability property of CdZnD v studied and

discussed in details in chapter 4.

2.2 Fabrication of ZnO and CdZnO based light-emitting devices
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The ZnO and CdZnO based light-emitting devices (LED, LD, &tere fabricated
by standard photolithography process. AZ5214 was used as positive pisbtiaresin
coat on the sample to define areas of mesas and metal coBtquisure was made by
Karl Suss mask aligner, while AZ400K water solution was wesedeveloper. Diluted
HCI solution was used to etch the samples to form mesas. Masateposited by E-
beam evaporator to form contacts. Fig. 2.3 shows the schematic of wopfviee one
unit of the fabricated samples. Each unit has three mesas rathai 250um x 250um,
500pum x 500um and 800um x 800um, respectively. Cross shape contadspesited
on each mesa to form top contacts, while the mesas were wrapped &y square
shape bottom layer contacts. In order to achieve good ohmic contacts gnrtjgoehand
n-type ZnO, different types of metal were used and comparedu Miére found to have
good ohmic contact characteristic and low contact resistancenAatound 10nm) Ni
layer was first deposited on ZnO by E-beam evaporator, followed thicker (larger
than 100nm) Au layer on the top. The sample was then annealed by (RTAllY
between 500°C to 700 °C for 1 minute) under nitrogen ambient to achieve abmtacts
and low contact resistance. Higher annealing temperaturene@ssary when ohmic
contacts were not achieved. For ohmic contacts on n-type layer/@mwm of Ti/Au
were used for contact materials. They were also depositeebleata evaporator system.
The post annealing temperature for Ti/Au contacts were usualgrlthan Ti/Au
contacts. 400°C to 500 °C was usually sufficient to get good ohmicatermia n-type

layer using Ti/Au.
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x

Fig. 2. 3 Schematic of top view of the one unit of the
fabricated samples. Three cross shape contacts (in orange)
are deposited on three square shape mesas (in blue) with
different sizes. Contacts (in gold) around the mesas are on
the etched layers (in white) of the sample.

After finishing the contact fabrication, the sample was cut by diamond iseribe
small pieces, which were usually in square shape with the lefigthch side around
3mm. The small pieces fit well in TO-5, which is a packagiage as shown in the fig.
2.4. The TO-5 stage had 8 pins around and was coated with gold for riesigtance.
The cut sample was attached on the center of the TO-5 with piéste. After baking
process, which hardened the silver paste, the metal contacts santipge were wire
bonded to the pins on the TO-5 with gold wire by wire bonder. By conndbgngpltage
source on certain pins, voltage could be applied on the p-type ance riayer,

respectively.

18



/ Pin

Sample \

Fig. 2. 4 Schematic of top view of TO-5

2.3 Characterizationson ZnO and CdZnO based materials and devices

2.3.1 Photoluminescence (PL) and electroluminescence (EL)

PL measurements are used to study the optical properties sdripes. A home
built PL system is used in this dissertation. As shown in Fig. Z85am He-Cd laser is
used as excitation source. The laser beam is guided by mamdrsncidents on the
sample. Under the excitation of the laser, the sample emits Wghich is called
photoluminescence. The PL emission is then focused by lenses anciedoly a
monochrometer, which is followed by a photo multiplier tube (PMT) to enlargeghal si

The signals at different wavelength are collected and plotted by computer.
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Sample lens lens monochrometer PMT computer

Signal

| =
\

325nm He-Cd laser

Fig. 2. 5 Schematic of PL system

The sample in the PL system can be put into a cryostat cbpléguid helium.
Temperature sensor mounted on the sample holder reads the imrgprraire of the
sample. As a result, the PL measurements can be carrietl @y temperature between
9K and 300K. The low temperature and temperature dependent measurareerdgsy
important in the optical properties in the materials. Fig. 2.6 shgwial room
temperature PL (left) and temperature dependent PL (rightjtsesf ZnO samples.
Room temperature PL only shows one dominant emission peak centered ZRemd
while the temperature dependent measurements show one dominanorerpesk at

higher temperature, which derives into several different peaks at lower t&impera
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Fig. 2. 6 Typical room temperature PL (left)
and temperature dependent PL (right) of ZnO

Fig. 2.7 shows the room temperature results of undoped ZnO and Cdzipl@sa
with different Cd concentrations on Si (100) substrates (upper) anche-p&pphire
substrates (lower). The y-axes are normalized PL intensityewhie x-axes are
wavelength. On Si (100) substrates, the near band edge (NBE) iBsie@npeak shifts
from 3.3eV in undoped ZnO to 2.59eV in CdZnO with largest Cd concentrdtien.
emission peak corresponds to blue color at 478.7nm. A 710meV bandgap clenge w
achieved. On c-plane sapphire substrate, a larger band gap shitieged. The NBE
PL emission peak shifts from 3.26eV in undoped ZnO to 2.4eV in CdZnO avghst
Cd concentration. The emission goes to green light range in 517.6nm| &f ®86@meV

bandgap change was achieved.

21



2.65eV 2.59eV

PL Intensity

478.7nm
67.9nm

445.7nm
436.4nm
427.1nm
375.8nm

400 450 500 550 600
Wavelength (nm)

250 ey 2.40 eV
2.63eV

PL Intensity

517.6nm
95.0nm

380.0nm
400 450 500 550 600 650
Wavelength (nm)

Fig. 2. 7 Room temperature PL emissions of
ZnO and CdZnO on Si (100) substrates (upper)
and c-plane sapphire substrates (lower)

EL measurements are carried out in the same system desahbed. In an EL

measurement, laser is removed; and the sample is replaced by a p-n junctianQieace
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applied forward bias, the light emissions generated by the dewilteébe focused,

collected, and plotted in the same manner as the PL measurement.

2.3.2 X-ray diffraction (XRD)

As a non-destructive analytical technique, XRD is an importaittd study the
crystal structure and quality of the samples, and in the case 2O and CdZnO thin
films grown by MBE. By studying the intensities, widths, and pasit of the XRD
peaks in theta/2 theta scan, one is able to extract the inforrsatibras crystal structure,
crystal quality and lattice constant, etc. Fig. 2.8 shows a tythietd/2 theta XRD result
of ZnO grown on c-plane sapphire substrate. ZnO (0002) peak around 34.7° shows
wurtzite structure ZnO is grown alone c-axis. The c-plane sap(@{i66) peak can also

be seen in the spectrum.

Zn0(0002) | [ ——2Zn0 on c-sapphire |

Sapphire(0006) Zn0O(0004)

X-Ray Intensity (a.u.)

0_ 10 20' 30|J h I I I I l

40 50 60 70 80 90
2 Theta (degree)

Fig. 2. 8 Typical XRD spectrum of ZnO on c-
plan sapphire substrate
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In the study of CdZnO, XRD is very useful to tell the crliysteucture of the samples.
Since ZnO is wurtzite structure, while CdO is rocksalt stmegtwhen alloying Cd into
Zn0O, the crystal structure of CdZnO tends to change from wusiziteture, to mixture
of wurtzite and rocksalt structure, and finally to rocksalicgure, with increasing Cd
concentration. By studying the XRD of CdZnO, the separation pointsfefatt crystal

structures can be obtained.

2.3.3 Scanning electron microscopy (SEM)

SEM is utilized to study the surface morphology of the ZnO anchOdzamples
grown by MBE. Due to the large lattice mismatch between Zn@® Si (100) of 40.1%
[1], it is very hard to get single crystalline ZnO film on (@D0) substrates. Instead,
closely packed column structures are the most common morphology obsertypitah
SEM image of the surface of ZnO grown on Si (100) is shown inZ8 The column
structures are believed to be critical in forming random resoneaaées in random

lasing emissions [2].
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Fig. 2. 9 Typical SEM image of surface of
ZnO on Si (100) substrate. Closely packed
column structures are formed.

For ZnO samples grown on c-plane substrate, thanks to the sratlter mismatch
of 18.4% [3], it is possible to achieve higher crystal qualityriogpoducing proper MgO
buffer layer [4] and optimized growth condition. As shown in Fig. 2.10, EMd Bnage
of ZnO shows very smooth surface, the number of columns is largdlyced, or

completely eliminated in some areas.
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Fig. 2. 10 SEM image of surface of ZnO on c-
plane sapphire substrate. Smooth sample
surface is achieved.

2.3.4 Hall-effect

Hall-effect is a useful tool in the study of electrical pmips of semiconductor
materials, especially in obtaining carrier concentration asttigty. A Hall system
using Van der Pauw setup is used in the experiments in this dissertation. As shayn in Fi
2.11, a square sample with metal contacts at each corner of tpée damised in the
measurement. Magnetic field B is applied perpendicular to tielsasurface. Current |
is applied from one contact to the other on the diagnostic directidhvéi@ge W is
measured across the other two contacts on the sample. Then the calrest

concentration can be calculated gslB/eVy [5], where e is electron charge. The type of
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the carriers can be decided by the sign gf Bulk carrier concentration can then be

calculated as n=4u, where d is the thickness of the film.

Coordinate
System

1B

ng = ]
§ e| Vi |

Fig. 2. 11 Van der Paul Hall effect setup.[5]
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2.3.4 Other characterization techniques

Other characterization techniques used in this dissertation inclHdesyy-
dispersive X-ray spectroscopy (EDS), Secondary ion mass apetty (SIMS), |-V

measurement, surface profiler, etc.

EDS is used to determine the doping and alloying concentratiatiffefent
elements in ZnO based materials, for example, the mole fracto&d.Zn; O material.
SIMS is very powerful in studying the distribution of each eletracross the sample,
from surface to substrate. I-V measurement is used to studytient-voltage relations

on light emitting devices, while surface profiler determines the thickndbg diin film.
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Chapter 3: Temperature Dependent Photoluminescence Study
on CdZnO Grown by Molecular Beam Epitaxy

3.1 Introduction

As discussed in Chapter 2 CdZnO is a promising material for pdteisiiale light
optoelectronic applications, such as green light emitting diodes asrdd&sles, photo
detectors, etc. CdZnO thin films with different band gap have beerordgrated.
However, the temperature dependent PL change of CdZnO with@argencentrations
(bandgap is smaller than 3.0eV) have not been studied and reported, alttereghae
been some reports on CdZnO properties study with small Cd concerdrft-8]. It is
partly due to the fact that very few groups have been able to deatenSdZnO with
large Cd concentration [9-12]. The understandings on temperature depPhdpeatk
positions and intensities changes are very important in future Cdpp{xations, such
as visible light LEDs with CdZnO active layers. This chapter focuses andéhsurement,
fitting and analyzing PL of CdzZnO with different Cd concentratiat different
temperatures. The temperature dependence of the band gap chdngé ahermal
guenching mechanism in the CdZnO thin films were investigatddaaalyzed based on
the variable-temperature PL studies of typical wurtzite @aXnO, rocksalt (rs) CdZnO
and mixture structural CdZnO thin film samples. Through the stifdiemperature

dependent PL positions and intensities change of CdZnO, useful parmmmah be
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extracted from the experiments and be utilized to predict andzantlg PL emission of

other CdZnO samples at any given temperature.

3.2 Experiments

Three CdZnO samples A, B and C with different carrier condsmsaand crystal
structures (pure wurtzite, mixture of wurtzite and rocksalt, paoksalt, respectively)
were chosen in the experiments. One undoped ZnO (sample U) wakusefiérence.
Temperature dependent PL measurements on all of the samplesawezré out from 9K
to 300K, with temperature changes equal or smaller than 15°C peristegelow 50K,
and 25°C per step over 50K. The monochrometer scanning step was 0.15nm. The
temperature dependent PL measurement results were plotted aygbdn@he emission
peak positions and intensities were picked out and fitted with sonperical equations,

which will be discussed in detail below.

3.3 Temperature dependent PL results

XRD measurements of CdZnO sample A, B and C are shown in Figal3(t),(

respectively. Cd concentration in the samples increases from &.tDespite the

20=69.5° silicon (004) peak coming from the substrates, sample A shovZl¥rO
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(0002) peak at around234.5°. It indicates sample A is pure wurtzite structure. Sample
C, on the other hand, shows only a broad rs-CdZnO (100) peak at argehd=2,
which means pure rocksalt structure CdZnO was formed. Sampgleo®s both wz-
CdzZnO (0002) and rs-CdzZnO (100) in the XRD, which is an evidence of phase
segregation happening in the sample and a mixture of wurtziteogkdalt structure
CdzZnO was formed. The large broadness of the rs—CdZnO (100) peakildypasesult

of low crystalline quality of the rs phase in the CdZnO sasflbe crystal structures of
the samples are also summarized in the sample description colufablef3.1, where

“wzrs” represents a mixture structure of wurtzite and rocksalt.

Sample no. Description PL peak position at 300K

(eV) (nm) Color
u Zn0 3287 377 uv
A wz-CdZn0 2.863 433 Violet
B wzrs-CdZn0 2,690 461 Blue
C rs—CdZn0 2,156 575 Yellow

Table 3. 1 Crystal structures, photoluminescence peak positions
and colors of undoped ZnO sample A and CdZnO samples A, B
and C
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Fig. 3. 1 X-ray diffraction patterns of (a) wz—CdZnO sampleA,
(b) wzrs—CdznO sample B, and (c) rs—CdzZnO sample C. The
intensity is in logarithmic scale

The room temperature PL spectra of CdZnO samples A, B and §hawn in Fig.
3.2. The PL peak positions of these three samples are centered ae¥.$633 nm),
2.690 eV (461 nm) and 2.156 eV (575 nm), respectively. They are all aitritoutee
near band edge emissions of these CdZnO samples. The peak pasitotis eV and

nm can also be found in Table 3.1.
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Fig. 3. 2 Room-temperature PL spectra of (a) wz—CdZnO sample
A, (b) wzrs—CdzZnO sample B, and (c) rs—CdZnO sample C. The
intensity is in logarithmic scale.

Temperature dependent PL spectra of wz-CdZnO sample A, wznseCs@mple
B and rs-CdZnO sample C are shown in Fig. 3.3 (a), (b) and (c)cteghe The NBE
peak position of sample A red-shifts from 2.922eV to 2.863eV from 9K to 30hke
sample B shifts from 2.741eV to 2.690eV and sample C shifts from 2.1692Y56eV.

The red-shifts of peak positions are results of the bandgap aberdé the CdZnO with
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increasing temperature. Table 3.2 summaries the temperature depBhdpeak shift
values of sample A, B and C. An undoped ZnO sample (sample Wglsaadded to the
table for reference. By comparing those peak shift values in @dith their
counterpart in ZnO, it is found that wz-CdZnO and wzrs-CdZnO havitlgligmaller
bandgap shrinkage values than ZnO (59eV and 57eV vs 84eV), while rs-CdZn® show
significantly smaller bandgap shrinkage with increasing tenyoeraompared to ZnO
(23eV vs 84eV). In samples A and B, some high-energy (~3.3eV) PL peaksalso
observed from the PL spectra, besides the broad peaks coming fronO QdBE
emissions. These peaks are associated with the PL emisssomsZhO buffer layers

underneath the CdZnO layers.

No. AE=Eqk—Esook
Espok (eV) Eq i (eV) AE (meV)
u 3.287 3371 84
A 2.863 2922 59
B 2,690 2.741 57
C 2.156 2179 23

Table 3. 2 Temperature dependent PL peak postions shift of
undoped ZnO sample U and CdZnO samples A, B and C
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Fig. 3. 3 Temperature dependent PL peak spectra of CdZnO
samples A, B and C from 9K to 300K
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3.4 Temperature dependent PL peak positions change

To study the temperature dependent PL peak positions change on CdZnO samples, two

empirical equations were introduced in the study: Varshni equation [13]

oT?2

Eg{T} =EH{D} - T"‘ﬁ

and Bose-Einstein (B-E) equation [14, 15].

k
exp(f/T)— 1

Eg(T) =Eg(0) -

In the equations, D) is the bandgap of the semiconductor at OK,@&rd 6 and

k are fitting parameters. The fitting results of those parameterc@ne sn Table 3.3.

NoJ Eo(T) =E;(0) - 255 Eg(T) = Eg(0) — gdir—

E¢(0) (eV) 2 (meV/K) B (K)| E(0) (eV) k (meV) f (K)
U |3374 0.998 882]3.370 913 64.7
A | 2922 0.781 891|2.921 93.5 254
B |2.743 0.741 950|2.739 230 437
C |2179 0.740 2867[2.179 29.8 23.7

Table 3. 3 Fitting parameters of Varshni equation and B-E
equation on temperature dependent PL peak positions change in
ZnO and CdZnO samples
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Fig. 3.4 shows the fitting results of temperature dependent PL pesiions of
undoped ZnO sample U and CdZnO samples A, B and C, with Vashni fiitirggl iline
and B-E fitting in blue line. By comparing the fitting resultswb equations, it is found
that in Varshini fitting, the fitting parameters of wz-CdZn@dawzrs-CdZnO are
relatively close to that of undoped ZnO, while rs-CdZnO showsfiigntly different
fitting parameters compared to undoped ZnO. On the other hand, in thegBaon
fitting, wzrs-CdZnO shows closer fitting parameters to undoped, dnde wz-CdZnO
and rs-ZnO show large deviations from undoped ZnO. Overall, the fiirgmeters by
both equations agree with the experimental results very welexBgcting those fitting
parameters, it is easy to estimate the band gap value of fQt#eO light emitting
devices at a given temperature. And they show the wavelengthiligli of CdZnO thin
films with different crystal structure. The smaller tengpere dependence of the bandgap
shrinkage in CdZnO compared to ZnO implies a higher thermalistadfilight emitting

wavelength from CdZnO optoelectronics devices.
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Fig. 3. 4, Varshni fitting (red line) and B-E fitting (blue line) on
the temperature dependent PL peak positions in ZnO sample U
and CdZnO sample A, Band C
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3.5 Temperature dependent PL peak intensities change

To study the temperature dependent PL peak intensities changalZmO

samples, the general PL intensity thermal quenching relations was introducid].[16-

T 1
Ig - 1+ECKD{—EDERET}

In the equation, Eis the activation energy in a thermal quenching procgss; |
represents the integral PL peak intensity at OK, which waxrippately substituted by
the integral PL peak intensity at 9K herg;i& the Boltzmann constant; and c is a fitting
parameter. Fig. 3.5 shows the fitting result of temperature depeRtgrgak intensities
on undoped ZnO sample U and CdZnO samples A, B and C by the aforenentione
equation in red line. By studying the fitting results, it is foumat the equation fits the
undoped ZnO sample U very well, while it shows large deviation freperenental
values in CdZnO samples A, B and C. However, once a hopping thermal qgetechin
“T/Tg" is added to the thermal quenching equation [20-23], the fittingteeBulCdZnO

samples were significantly improved. It indicates a sign ohtdpping process in CdZnO.
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Fig. 3. 5, Temperature dependent PL peak intensities fitting of
undoped ZnO sample U and CdZnO sample A, B and C. The red
line is the fitting results using thermal quenching relation while the
blue line is the fitting results by adding hopping terms in to the
relation.
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The fitting results of the samples with hopping thermal quenching teere
shown in Fig. 3.5 in blue lines. The equation after adding the hopping thguerathing

term is shown below.glis a characteristic temperature ang a fitting parameter.

KT) 1
lp — 14+vexp(—Eg/kgT+T/Tg)

Table 3.4 summarizes the fitting parameters from both relations

Ky _ KTy
e B = TreepcETED T = TrrepCE BT

E; (meV) C E; (meV) Ts (K) 0
U 7.05 21.6 7.05 139x10° 215
A 249 14.2 314 7.7 0.240
B 25.0 22.5 813 77.4 0.709
C 242 30.2 7.44 62.7 0.655

Table 3. 4 Fitting parameters on the temperature dependence of the
integral PL intensity in undoped ZnO and CdZnO samples.

The hopping process in CdZnO might happen among the band tail atates
between a band tail state and some nonradioactive defect st&tdZnO. The band tail
states are formed by allying effect and the nonuniformity @fdiStribution in CdZnO
samples. The fitting parameters extracted from the fit@sglts can also be used in the

emission intensity prediction on CdZnO samples at a given temperature.
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3.6 Summary

Temperature-dependent PL measurements were performed on targe-C
concentration (Eg<3.0 eV) CdZnO samples grown by MBE. The CdZnQleszarshow
wurtzite, mixture of wurtzite and rocksalt, and rocksalt structwits increasing Cd
concentration. The temperature dependent PL peak positions changes in@alZAQ0D
samples were fitted by Varshni and B—E relations. The banfitjag parameters could
be useful for estimating the band gap energy of CdZnO based optoelectronics degice
given temperature. The temperature dependent PL peak intenkitieges were also
studied and fitted by thermal quenching relation. It is found thatdioyng hopping term
into the relation, the fitting results on CdZnO samples werelhigproved, while the
fitting results on ZnO samples were not affected. It indicdteshopping process in
CdzZnO samples, which is possibly associated with the band tak slae to alloying

effect and nonuniform distribution of Cd in the samples.
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Chapter 4: Thermal Sability Sudy on CdZnO Grown by
Molecular Beam Epitaxy

4.1 Introduction

In chapter 3, the temperature dependent PL peak positions and ieteasénge of
CdzZnO samples grown by MBE were fitted and analyzed. Those gsmantould be
very useful in predicting the emission peak positions and intensfti€slZnO in future
optoelectronics devices. However, another important property on CdZnf3 tede
carefully researched on. It is the thermal stability of CdamQoptoelectronics material
growth and device fabrications, high temperature annealing is beg@miindispensable
process. For example, high temperatursitu annealing is a critical process in dopant
activation in many p-type materials [1-4]; while rapid thermaahealing (RTA) is
important in low resistivity ohmic contacts formation [5-8] durithgvice fabrication.
Furthermore, high temperature annealing process can sometianestidally change the
properties of semiconductor, and as a result, change the part@rmofthe devices. In
CdznO, due to the different crystal structures between wulideZnO and rock-salt
(rs) CdO, phase separation fromz to rs tends to happen in CdZnO, especially when
large amount of Cd is alloyed into ZnO [9-11]. There have been studes on the
thermal stability of CdZnO quantum well structures withtreédy low Cd concentration
[12, 13]. However, phase segregation and thermal stability studiedZofCCwith large

Cd concentration have seldom been reported so far, especially ortheowaptical
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properties change after annealing. This chapter focuses on theakisability of both

as-grown andn-situ annealed CdzZnO on Si or sapphire substrates.

In the following experiments and discussions, thermal stability dn© will be
reported in two parts: firstly, thermal stability of as-gro@dZnO thin films with large
Cd content on Si is studied and discussed; secondly, thermal stabilitgitu annealed

CdznO thin films with large Cd content on sapphire substrates is studied and discussed.

4.2 Thermal stability of CdZnO on silicon substrates without in-situ annealing

4.2.1 Experiments

CdznO thin films were grown by plasma-assisted MBE on Si(100)trsiks as
described before. The effusion cell temperatures varied from 330°C 16 3&0Zn and
280°C to 310°C for Cd in order to tune the Zn and Cd flux, hence achieve miiffere
Zn/Cd ratios. X-ray diffraction (XRD) was performed é26 geometry with a 0.1°
resolution to study the crystal structure. The as-grown CdZn@plsa then were
subjected to RTA in nitrogen ambient for 1 minute at differemptratures of 300°C,
500°C, 700°C, 800°C and 900°C to investigate the property changes after B3esgr
PL measurements were carried out from 9K to 300K before aad R¥A process to

investigate the CdZnO optical property change.
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4.2.2 Results and discussions

Three CdzZnO samples with different Cd concentration were studadpl® A has

the highest Cd concentration while sample C has the lowest. &apl were then
subjected to RTA under nitrogen ambient at 300°C, 500°C, 700°C, 800°C and 900°C for
1 minute, respectively. The peak shift has been observed after anndalbig 4.1
summarizes the room temperature PL emission peak positions mivas-gamples A-C

and the samples after RTA at different temperatures. For@gaas-grown sample A
shows NBE emission at 664nm, while it evolves into two peaks at 392nm and 420nm
after 900°C RTA. NBE emission peak of sample B is centered at 6it0tima as-grown
sample, which evolves into two peaks at 385nm and 425nm after 900°C RTA. NBE

emission peak of sample C shifts from 572nm to 445nm after 900°C RTA.

As-grown 300°C 500°C 700°C 800°C 900°C

Sample A 1.87 1.98 2.02 2.34/2.99 2.73/3.08 2.95/3|16
Sample B 2.03 2.03 2.19 2.39 2.56/3.04 2.92/3.22
Sample C 2.17 2.16 2.19 2.29 2.48 2.79

Table 4. 1 Room temperature PL peak energy (eV) of as-grown
samples A-C, and their room temperature PL peak energy after
different temperatures RTA. Annealing time is 1 minute on all
samples and at all temperatures.
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The room temperature PL spectra of samples A-C before andRaifeare shown
in Fig. 4.1 (a)-(c) in logarithmic scale. PL emissions of each sample aktdifi@nnealing
temperatures showed different color, which were taken by dggtakra and are shown
in Fig. 4.2 (a)-(c). The emissions of sample A cover fromteetear ultraviolet as shown
in the pictures, while the emissions of sample B and sample G @owe orange to
violet and from yellow to blue, respectively. As shown in Fig 4.1 (&) NBE emission
of sample A evolves from one peak to two dominant peaks with the pmsations at
higher energies after 700°C RTA. The two peaks further evolveomécdominant peak
with a weak shoulder when annealing temperature reaches 800°C and &ayhele B

also shows similar evident NBE emission peak evolution after annealing process
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Fig. 4. 1 Room temperature PL spectra of sample A (a), B (b) and
C (c) before and after RTA at different temperatures
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(a)

(c)

Fig. 4. 2 Digital camera pictures of the room temperature PL
emissions of sample A (a), B (b) and C (c) before and after RTA
at different temperatures. From left to right: As-grown, 300°C
RTA, 500°C RTA, 700°C RTA, 800°C RTA and 900°C RTA.
The diameter of the excitation laser beam is about 0.5mm.

In order to further understand the effect of RTA process on the sample andthkarify
origins of the peak shifts during the RTA process, XRD measuremeane carried out
on as grown samples A-C and 800°C annealed samples A-C, respediamlyerature
dependent PL measurements and SIMS measurements were aksw @atron the as-
grown sample C and 800°C annealed sample C. The temperature depéndesults
are shown in Fig 4.3 (a) and (b), respectively. The PL emissi@s-gfown sample is
dominated by one single peak from 9K to 300K. It shows single phabe as-grown
sample C. However, after 800°C RTA process, PL emission of the s&nghhows two
peaks with relatively similar strength at low temperaturéhough they gradually
merged to one peak, shoulders are evident at the right hand side of kisewiia

increasing temperature. It suggests that RTA process aldtsrestwo emission peaks,
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i.e. phase separation to sample C, very similar to what has hagpehedsample A and

B.
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Fig. 4. 3 Temperature dependent PL spectra from 9K to 300K of
as-grown sample C (a), and sample C after 800°C RTA (b)
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0-20 XRD measurement results of as-grown samples A-C and sailesfter
800°C RTA are shown in Fig 4.4 (a)-(c), respectively. Upper figshesv XRD spectra
of the as-grown samples and lower figures show XRD specthe &amples after 800°C
RTA, respectively. Samples A and B are dominated by wurtzitenOd@002) peak
before and after RTA, while sample C is dominated by rockdfnO (100) [14, 15]
peak centered at aroun@=27.5°. The large FWHM in sample C indicates low crystal
guality as a result of low temperature growth. Compare XRD befodeafter RTA, it

suggests that there is no evident structure change during the RTdsgrnocall three

samples.

10°; (a) Si(100)

10°L wz-CdZnO (0002)

X-ray intensity (count)

10 20
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2 Theta (degree)

53



3

F (<) Si (100)

3,

rs-CdZnO (100)

X-ray intensity (count)

10 20 20 40 50 & 70 20

G

- (b) Si (100)
wz-CdZnO (0002)

3,

10°

X-ray intensity (count)

10 20 30 40 50 &0 70 20
2 Theta (degree)

Fig. 4. 4 Temperature dependent PL spectra from 9K to 300K of

as-grown sample C (a), and sample C after 800°C RT#
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Fig 4.5 (a) and (b) show the SIMS measurement results of as-gawple C and
sample C after 800°C RTA, respectively. The as-grown sampibiexeven distribution
of Zn, O and Cd from the surface of the thin film to the substrate. The Cd concentration is
at a relatively high level although SIMS data were not cakldréd know the exact mole
fraction; while after 800°C RTA, profile of Cd dramatically nbgas compared to as-
grown sample, as shown in Fig 4.5 (b). The change of Cd concentratly be due to
the redistribution during the RTA. Cd could redistribute between thecGdand Cd-
poor regions inside the film during the annealing process. Regionshgtter Cd
concentration dominate the PL emission in as-grown and low temperatumealed
samples, while regions with less Cd concentration dominate laifj@r temperature
annealing process [16]. Especially when the morphology of the filnan®-grains, the
Cd could be affiliated to the grain boundaries, which are meta-stadeare very
possible to redistribute during high temperature annealing process.i$ladso Si signal
detected after 800°C RTA. It may come from Si/ZnO inter-diffusadter high
temperature annealing process [17,18]. Alternatively, it could cooma the cracks

formed on the thin film due to thermal expansion during RTA.
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Fig. 4. 5 SIMS measurements of as-grown sample C (a) and
sample C after RTA at 800°C (b)

4.2.2 Summary

CdzZnO samples with large Cd content were grown on Si substiEttesNBE

emissions of the samples dramatically shift to higher enevily increasing RTA
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temperature. The PL emissions cover red to ultraviolet region. Reroperature PL and
temperature dependent PL reveal that phase separations happentloeirangnealing
process, while SIMS measurements show Cd redistribution aftezalamg, which

explains band gap change of CdzZnO.

4.3 Thermal stability of CdZnO on sapphire substrateswith in-situ annealing

4.3.1 Experiments

CdZnO thin films were grown by plasma-assisted MBE on c-plsagphire
substrates. Elemental Zn (6N) and Cd (6N) heated by effusion cellsisetdeas zinc and
cadmium sources. Oxygen (5N) plasma generated by a radiofreqolesaya generator
was used as the oxygen source. The samples were grown at vergrdovh
temperatures (below 200 °C) to achieve large Cd incorporation. A titnhaffer layer
(10~20 nm) was first grown on substrate before CdZnO growth for @mcples These
CdzZnO samples werna situ vacuum-annealed in the chamber at 800 °C for 5 minutes
after growth. Cd composition was controlled by tuning the ratiorofZd Cd flux. Cd
composition was measured by Energy-dispersive X-ray spespps(EDS). Room
temperature (RT) PL measurements were carried out using alholnBL system, with
a 325-nm He-Cd laser as excitation source and a photomultiplier tubedbthe

monochrometer as detector. RTA was then carried out at 800 °CGadgeritambient for
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1 minute on the CdZnO samples. X-ray diffraction (XRD) was peréor in 6-20
geometry with a 0.1° resolution. To avoid the possible effect of ndorumty of the
samples on the spectra, PL and XRD measurements of the safolesand after RTA

were carried out on less than 5 mmx5 mm area of each sample.

4.3.2 Results and discussions

Figure 4.6 (a) and (b)-(d) show the XRD patterns of undoped ZnO s&ampled
CdzZnO samples D-F respectively. Samples U and F show only wazrCdZnO
(0002) and (0004) peaks &=84.5° and 72.5° as shown in Fig. 4.6 (a)-(b), indicating the
pure wz structure. As Cd concentration is increased monotonously, safmpled F
become mixture of wz and rs structures as shown in Fig. 4.6 (cBéd)des the wz-
CdZnO (0002) and (0004) peaks, a broad rs-CdZnO (100) peak [14, 15}1at.% is
also observed, indicating the emergence of phase segregatimemiples E and F,
although the wz structure still dominates as sharper peaks. Theitytef rs-CdZnO
(100) peak does not show significant change with increasing Cdrtosicen. The broad
rs-CdZnO (100) peak is possibly due to the very low crystallmitihe rs phase in the
CdzZnO samples. In the XRD patterns, substrate signals of safpbibé) peaks at
20=42.0° are shown in all samples U and D-F. The crystal struabfitt® samples are
summarized in Table 4.2. The Cd concentrations (xX) QZ&JO samples D-F are also

listed in Table 4.2, which show 0.05, 0.08 and 0.13, respectively.
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Fig. 4. 6 XRD patterns of ZnO sample U (a) and CdZnO Eto F

[(b)-(d)]. The CdZnO samples evolve from pure wurtzite structure
(D) to mixture of wurtzite and rocksalt structure (E and F)
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Sample o Crystal BandgarEg(z) Thickness Cd
Description ) ,
No. structuré (eV) (nm) concentrationx
U Zn0O wz 3.29 260 0
D CdznO wz 2.74 200 0.05
E CdznO Wz & rs 2.68 150 0.08
F CdznO Wz & rs 2.39 200 0.13

Table 4. 2 Crystal structure, banddapfilm thickness and Cd
concentratiorx in the CgdzZn; O samples

(1)

wz and rs represent wurtzite and rocksalt structures, respectively.
(2)

RT NBE PL peak positions of the samples before RTA are approximately used for Eg of
the samples.

Samples D-F were subject to the following experiments to imadstithe annealing
effect on the CdzZnO. Firstly, RT PL measurements were peefbrom the as-grown
samples D-F [solid lines shown in Fig. 4.7 (b)-(d)]. Table 4.2 suimesmthe CdZnO
samples D-F with RT NBE PL positions covering from 2.74 eV to 2.39 eV,

corresponding from violet to green in the visible region. The room-temperature NBE
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Fig. 4. 7 Room-temperature PL spectra before (solid lines) and
after (dashed lines) RTA of CdZnO samples D-F in (b)-(d). The
upper and lower wavelength values in (b)-(d) show the RT PL

peak positions before and after RTA. The blue shift values are
shown as\L. Room-temperature PL spectra of ZnO sample are
shown in (a)as reference.

PL energies are assumed to be the bandgap energies of eg@bd. Sdran, the CdzZnO
samples were rapid thermal annealed at 800 °C for 1 min. FinadlyRT PLs were
carried out on the annealed samples. The dashed lines in Fig. 4.7 sbd)he RT PL

spectra of CdZnO samples D-F after RTA. In pareCdZnO sample D, the NBE RT PL
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peak position shifted from 452.0 nm (2.743 eV) to 452.5 nm (2.740 eV) after RTA as
shown in Fig. 4.7 (b). The blue shift is only 0.5 nm, which is comparable to the resolution
of the PL measurements. However, the RT NBE PL peaks of tkeirmistructural
CdZnO samples E and F shift from 462.0 nm (2.684 eV) to 453.1 nm (2.737 eV), and
from 518.5 nm (2.392 eV) to 484.0 nm (2.562 eV) after RTA, respectively biliee

shifts of 8.9 and 34.5 nm are observed, respectively.

To find out the reason of band gap change after RTA, secondary isa ma
spectroscopy (SIMS), EDS and XRD were carried out on the sarafiter RTA. Figure
4.8 (a) and (b) show the SIMS spectra of mixtureroandrs structure CdZnO sample F
before and after RTA, respectively. Comparing Fig. 4.8 (a) with1®),8t(is found that
sample F exhibits similar Cd distribution profile and signarsjth before and after RTA.
EDS measurements after RTA show Cd concentratiohsamples D-F to be 0.04, 0.07
and 0.12 respectively, which are slightly lower than, but close todhses measured

before RTA as shown in Table 4.2.
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Fig. 4. 8 SIMS spectra of a typical CdZnO (sample F) (a) before,

and (b) after RTA
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Fig. 4.9 shows the XRD spectra of sample E and sample F before and after RTA. The
broadrs-CdzZnO (100) peak as also shown in Fig. 4.6 (c) and (d) is weakeeedRaw,
indicating that the mixture oz andrs structure is changed to pue structure. With
more CdZnO changing froms phase tavz phase, the band gap increases. It may be due

to the fact that the band gap refCdzZnO is smaller thawz-CdZnO with the same Cd



composition. Alternatively, less band-tail states are expectetbdass alloy disordering
from rs-/wz-CdZnO mixture to pur&vz-CdZnO as a result of RTA annealing. While the
experimental results are reasonable to explain the phase chianges to wz during
annealing, we speculate that the in-situ annealing at 800 °C fand&e® is not long
enough to convert alls phases formed in the film during the extremely low growth
temperature below 200 °C ¥& phases, and additional RTA annealing at 800 °C together
with fast temperature ramping processes is needed to obtain tabte vi&z-CdZnO

phases.
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Fig. 4. 9 XRD spectra of CdZnO sample E (a) and F (b) before
(upper curve) and after (lower curve) RTA. The vertical axis is
plotted in log scale.
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4.3.3 Summary

CdznO thin films with bandgap covering from violet to green were grosing
plasma-assisted molecular-beam epitaxy. With more Cd allmyedhe thin films, the
CdzZnO samples evolve from single structure, to a mixture ez andrs structures. The
wz-CdZnO shows robust thermal stability during RTA process, howekermixture
structural CdZnO shows weak thermal stability during RTA pcesth noticeable
NBE RT PL peak blue shift after RTA. The origin of the bluetghifght be contributed
by the phase change during the annealing process. The approadhetie gbermo-
robust CdZnO is to push thez and rs phase separation point towards larger Cd
concentration direction, which is a critical issue for the devp@i@ation of CdZnO

materials.
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Chapter 5: Light Emitting Diodes with CdZnO Active Layers
Grown by Molecular Beam Epitaxy

5.1 Introduction

In recently years, reliable and highly efficient blue and gtegm emitting diodes
(LEDs) are in high demand for daily uses. Since ZnO has someéupmperties as
mentioned in previous chapters, and it can be tuned from ultraviolet teggpeen band
or even further with the help of Cd alloying, CdZnO based lighttemgitievices have
attracted considerable amount of attention. After studying thperature dependent PL
properties and the thermal stability and of CdZnO, efforts werdento demonstraen
junctions with CdZnO active layers in order to get EL emissiowigible color range.
There have been several attempts to obtain visible light emsssrom ZnO based
heterojunction with CdZnO as active layers [1, 2]. However, otherrialgtsuch agp-
SiC [1] andp-GaN [2] were used gstype layer. Our group has demonstrated stable Sb
dopedp-type ZnO grown on Si substrate [3] and several ZnO hetero- and juoctamn
devices using Sb doped ZnO @s$ype layer [4-7]. Dominant UV emissions have been

achieved [6, 7].

In this chapter, two different structures are demonstratedtlyi-ifer a quick

demonstration, am-ZnO/A-CdZnO heterojunction structure was grown piype Si
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substrate by plasma-assisted MBE. Rectifyitky curves show typical diode
characteristics. From this device, cyan electroluminescenissiens at around 478 nm
were observed when the diodes were forward-biased at room temgefdtaremission
intensity increases with the increase of the injection curreobnR temperature
photoluminescence verifies the electroluminescence emissionsfoomédZnO layer.
Secondly, in order to improve the emission efficiency by avoiding tarrier
recombination near the ZnO/Si interfacegy-ZnOA-CdZnOh-ZnO structure was grown
on n-type Si substrates by plasma-assisted MBE. Typical dextdyimg I-V curves
were also observed. Blue electroluminescence emissions at around 459 nm em@dobs
when the diodes were forward-biased at room temperature. Theigmisgensity
increases with the increase of the injection current. Temperatependent
electroluminescence measurements were done on this strucfuréh& investigate the
emission mechanism. The results suggest that the temperateraldepchange of peak
positions of blue emissions follows Varshni equation, and agree witRlthed CdZnO
active layer. Thus it can be concluded that the EL emission repsdbe bandgap of the
CdZnO active layer. This is the first report on blue LED ug#tgpe ZnO and CdZnO

active layer.
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5.2 Structure 1: n-ZnO/i-CdZnO/p-Si cyan color LED

5.2.1 Experiments

Structure 1 is a simple structure uspatype Si substrate gstype layer for quick
CdZnO LED demonstration. As shown in Fig. 5.1,ramnO/-CdZn0O structure sample
was grown by plasma-assisted MBE on p-type (Qetf) Si (100) substrates. A 100 nm
CdznO layer was first deposited at 150 °C on p-type Si(100) stéystalowed by
800 °C in situ annealing for 5 min under vacuum, then a 350 nm Ga-dopethy&O
was deposited at 500 °C as n-type layer. Room temperaturd?(Rmeasurements were
carried out using a home-built PL system. Samples were etchditltgd hydrochloride
acid to different depth to investigate the PL emission from reifte layers.
Heterojunction diodes were fabricated by standard photolithographyi¢ees. Etching
was done using diluted hydrochloride acid to reach down to the subMesas with
size of 80@mx80Qum were formed on the samples. Metal contacts were depositéd by
beam evaporator. Au/Ti contacts with thicknesses of 200/10nm wereansaahfacts of
both Ga-doped ZnO and p-type Si. The contacts were subjected to rapithlthe
annealing (RTA) under nitrogen ambient at 600 °C for 60 seconds to darmc
contacts. Current-voltagel-Y) characteristics were measured using Agilent 4155C
semiconductor parameter analyzer. EL measurements weredcaui in the same

system as PL measurement.
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Au/Ti contacts

GaznO (~350nm)

ﬁ CdznO (~100nm) /

p-Si(100)

Fig. 5. 1 Device structure of the sample: Ga-doped
ZnO/CdZnO/p-Si

5.2.2 Results and discussions

The room temperature PL measurements on different thicknessuctuser 1 were
first carried out to study the optical properties of Ga-doped Zy€r nd CdzZnO layer,
respectively. PL measurement was carried out on the top suffaoe sample to study
the Ga-ZnO layer, while the other piece of sample was etchethdut 100 nm from
substrate to investigate the PL emission of CdZnO layer. As showig. 5.2, the PL
emission of Ga-doped ZnO layer shows strong and sharp ZnO near ban(NBigje
emission at around 380 nm. Some deep level emission centered around 52Riagim, w
comes from the defects, also shows in the spectrum. On thepaberof the sample, the
RT PL emission of CdZnO layer is dominated by the NBE emissi@@dZnO at around

451 nm (2.75 eV). There is also a very weak emission peak at 382 nm (3,28h&h
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comes from residual GaZnO in the etched sample. The PL mesniseon both layers
show the existence of CdZnO layer right above the Si substratéha CdZnO layer is

then covered by a ZnO layer on top.
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Fig. 5. 2 Room temperature PL of the sample from surface (upper,
blue line) and 100nm from substrate (i.e. CdZnO layer) (lower, red
line) respectively
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Fig. 5. 3 (color online)-V characteristics of the sample, with
voltage configurations as shown in Fig 5. 1, which shows typical
rectifying characteristic. Ohmic behaviors of n-n contacts and p-p
contacts are shown in the inset.

After device fabrication on the sampley measurements were performed to study
the electrical property of the device. Fig. 5.3 showsl{{iecurve of the fabricated LED
device with the voltage configuration as shown in Fig. 5.1. [T¥ieurve shows typical
diode characteristic under forward bias. Line&fcharacteristic was obtained on both n-
n contacts and p-p contacts, which is shown in the insets. The energy &gnaandof the
sample is presented in Fig. 5.4. The room temperature PL maxipusgition is
approximately used as the band gap of CdZnO layer, which is about 2.7¥he\Cd
concentration is calculated using the relatig(x) = 3.37 - 2.8% + 0.95¢ from Ref. 8.

And x is calculated to be 0.24. The electron affinity of CdZnO lageassumed to be
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linear distributed between 4.3 eV (ZnO) and 4.5 eV (CdO) [1, 9]. Thesutts in 4.35
eV. So there is a 0.05 eV difference in electron affinity betw@eZnO layer and Ga-
doped ZnO layer on the top. The electron affinity between ZnO andSirate is 0.3 eV
[10], so a 0.35 eV electron affinity is observed at the CdZnO/8ifade. Therefore, a
double heterojunction is formed clearly as shown in the band alignikettrons and

holes are prone to be confined in the CdZnO layer during recombination process.

AEc1=0-35ev
AE,=0.05eV
1 e
1.2eV e
—————— - Er azno
2.7eV 3.3eV
AEV]_=1.759V l
AE\,=0.55eV I
p-Si CdznO GaznO

Fig. 5. 4 Band alignment structure of the sample. A
double heterojunction with CdZnO as active layer is
shown in the band alignment structure.

The EL emissions of the fabricated sample at different igjeaturrents were then
measured at room temperature. As shown in Fig. 5.5, the room tempé&ifatemgssions

are dominated by the peak centered at around 473nm, which should oomb@drNBE
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emission from CdZnO active layer. The EL peak position corresptmdbe room
temperature PL emission from CdzZnO layer. There is somereiifte between PL and
EL peak positions, which may come from the non-uniformity of the Cdl&ayé& and
heat induced bandgap shrinkage under the high injection currents. Bé#sdasain
emission peak, there is also a weaker shoulder at around 405nm injeatbn current;
the Cd weak phase near the CdZnO/Ga-doped ZnO interface mightdmggtheof those

emission peaks.

473nm |

RTEL
120mA

- e 80MA b

e 50MA

EL Intensity (a.u.)
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Fig. 5. 5 Room temperature EL characteristics of the sample unde
different injection currents. The spectrum comprises a main peak
coming from CdZnO active layer, and a weaker peak coming from
Cd weak phase at the CdZnO/GazZnO interface.
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5.2.3 Summary

ZnO based heterojunction using Ga-doped Zn@-kger, CdZnO as an active
layer, andp-type Si substrate ap-layer was grown by MBE. Dominant cyan EL
emissions were observed at room temperature. Room temperaturea3urements at
different thicknesses and room temperature EL at differenttiojecurrents confirmed
that these emissions come from the radiative recombination in Cd&in@ layers in the

film. ZnO based cyan emitting LED devices are demonstrated.

5.2 Structure 2: p-Zn0O/i-CdZnO/n-ZnO/n-Si blue color LED

5.2.1 Experiments

Based on structure 1, an improved structure was developed to enth&nce
emission efficiency by using both ZnO as$ype andn-type layer. As shown in Fig. 5.6,
ZnO based heterojunction diode were grown by plasma-assisted MBHEype (1-10
Qcm) Si (100) substrate. A 30 nm thin layer of Ga-doped ZnO waglémisited om-
type Si(100) substrate at 450 °C as a barrier layer, followabdebgleposition of 100 nm
CdZnO at 150 °C. Then the sample wassitu annealed at 800 °C for 5 min under

vacuum. A 400nm Sb-doped ZnO layer was then deposited at 500 °C. The wasiple
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situ annealed again at 800°C for 20min. Room temperature (RT) photoluminegéehce
measurements were carried out using the same PL systernbeédmfore. Sample was
etched by diluted hydrochloride acid to different depth to investife#¢ PL emission
from different layers. Heterojunction diodes were fabricateg btandard
photolithography techniques. Etching was done using diluted hydrochlartieoaeach
down to the substrate. Mesas with size of 86(x800um were formed on the sample.
Metal contacts were deposited by e-beam evaporator. Au/Ni ¢entdh thicknesses of
200/10 nm were used on Sb-doped ZnO, and Au/Ti contacts with thickne S2@@/ 1)
nm were used for contacts on Si. Au/Ni contacts were subjectedptd thermal
annealing (RTA) under nitrogen ambient at 750 °C for 60 seconds to darmc
contacts, while Au/Ti contacts were annealed by RTA at 50@0r60s. Current-voltage
(I-V) characteristics and electroluminescence (EL) measurementgscarried out in the

manner as described before.

Au/Ni contacts

Au/Ti contacts GaznO (~400nm)

\ Cdzno (~100nm)

GaznO (~30nm)

n-Si(100)

Fig. 5. 6 Device structure of the sample: Sb-
Zn0O/CdZn0O/Ga-Zn0O/n-Si

77



5.2.2 Results and discussions

In order to know the distribution profile of each element in strucr&SIMS
measurement was first carried out on the sample. Figure 5.7 shevMS results of
the sample. Zn, O and Sb uniformly distribute in the top 400 nm of the viilmch
performed ap-type ZnO layer in the structure. Sb concentration drambtidatreases
beyond 400 nm while Cd distributes across 100 nm below. A CdZnO activeclaybe

clearly seen. Under the CdZnO layer, a thin Ga-doped ZnO lageathbeCdZnO layer is

also confirmed by the SIMS.
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Fig. 5. 7 SIMS characteristic of structure 2. The
interfaces between SbZnO layer and CdZnO layer,
CdZnO layer and GaZnO layer can be clearly seen.
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Room temperature PL was also carried out on structure 2 atediffédticknesses in
order to study the optical property of different layers. Fig. 5.8 shthesroom
temperature PL of the sample at the surface and 100 nm fromrasepsihich
correspond to Sb-doped ZnO layer and CdZnO layer, respectively.oRL Sb-doped
ZnO layer (upper, blue line) shows a dominant peak center on around 378nim, whic
comes from ZnO near band edge (NBE) emission. On the other hand,ig3ioenfrom
CdznO layer (lower, red line) is dominated by NBE emissio€@ZnO active layer at
445 nm. Beside the main peak from CdzZnO, there is also a weakeNBECGemission
peak at around 380 nm in the room temperature PL of the CdZnO layexe@ker peak
may come from the GazZnO layer underneath, since the laseryusaalbenetrate over
100nm from the surface. By comparing the intensity of the PL emissions from ber, lay
it shows that the PL intensity from CdzZnO layer is much strotigen the PL intensity
from Sb-doped ZnO layer. This may be due to the lower crystéitygaa a result of the
incorporation of large Sb atoms into the film. The much larger surface area©d2h®

layer after acid etching may also result in stronger PL emission fddn@.
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Fig. 5. 8 Room temperature PL of the sample from
surface (upper, blue line) and 100 nm from substrate (i.e.
CdznO layer) (lower, red line) respectively

[-V measurement was carried out on fabricated devices on structuge 2.9Fshows
the I-V curve of the sample with voltage configuration shown in Fig. 5.6. Thgis/

(current) was plotted in log scale while the x axis (voltaga$ plotted in linear scale.
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Thel-V curve shows typical diode characteristic under forward biaghwhiplies diode
was formed in this sample. The inset of Fig. 5.9 showd-¥eharacteristics of n-n
contacts on Si (red), and p-p contacts on Sb-doped ZnO (blue) aftepRtéss. They

both show good linear characteristics, which indicate that ohmic ¢entace achieved

on both layers.
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Fig. 5.9, (color online) I-V curve of the device, showing
rectifying characteristics. Top inset shows the linear /-V
of n-contacts (red line) and p-contacts (blue line),
respectively.

To better understand the band alignment structure of structure 2, baod emagh
layer and band offset between every two different layers wa&iilated. The energy
band diagram of the sample is shown in Fig. 5.10. In this diagrampdhetemperature

PL peak position is approximately used as the band gap of CdZnQwayeh is about
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2.79 eV. The Cd concentration is calculated using the reIEt_Jj(x):IB.37-2.82+O.95<2

from Ref. 8 to be 0.22. The electron affinity of CdZnO layestgated to be 4.34eV by
assuming it is linearly distributed between 4.3eV (ZnO) and 4.5 (CH@). So there is
a 0.04eV difference in electron affinity between CdzZnO layer dnddped ZnO layer
on the top hetero-interface, and Ga-doped ZnO layer at the bottafadateespectively.
The electron affinity between Ga-doped ZnO and Si substr&ie8ey/ [10]. From the
band alignment, it is evident that a double heterojunction is formectr&is and holes

are prone to be confined in the CdZnO layer during recombination process.

AECZ=0.3OCV

AEc;1=0.04eV
M,

3.3eV 2.8eV 33eV
l l AEy,=2.48¢V
J—'K X I
AEVI=0.463V

SbZnO CdZnO GaZnO n-Si

Fig. 5. 10 Band alignement structure of the sample

The fabricated device was then applied forward bias, and the Elsiemiwas

measured. Fig. 5.11 shows the room temperature EL spectra sdrtide at different
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injection currents. The room temperature EL emission is dominatetiebblue color
NBE emission from CdZnO active layer at around 459 nm under 30 m&iamecurrent,
which corresponds to the room temperature PL emission from CdZnO Tdye slight
difference in peak positions may come from the non-uniformity osémeple. There are
also weak emissions at around 392 nm when injection current goes above #eyn
should come from some weak carrier recombination in Ga-doped ZnB-dopged ZnO
layer. Comparing the room temperature PL in Fig. 5.8 with the teomperature EL, it
confirms that the observed EL spectra mainly come from thetirsdi@combination in

CdznO active layer.

3 .
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Fig. 5. 11 Room temperature EL characteristics of the sample
under different injection currents
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To further study the property of the NBE emission from CdZnO,p&sature
dependent EL measurements from 9 K to 300 K were carried out onntipéesat an
injection current of 80 mA. The results are shown in Fig. 5.12 (ajhé&®nvironment
temperature increases, the EL emission peak energy deciemses90 eV (428 nm) at
9 Kto 2.63 eV (472 nm) at 300 K. By comparing the emission peak of Fig. 5. Higand
5.12 (a), it is found that the emission peak at 300K in Fig. 5.11 is glidiffierent from
the one in Fig. 5.12 (a) (459 nm at 30 mA). The reason of this peak patiaoge may
be the non-uniformity of the sample and heat induced bandgap shrinkdmgghet
injection current (80mA vs 30mA). Because the temperature dependetite efciton
energy in direct band-gap material follows Varshni equafi§f)=E(0)-aT?/(T+5), [11,

12] o and g are fitting parameters. The emission peak positions in Fig. 5.12t (a) a
different temperatures were picked out and fit with Varshni eguan Fig. 5.12 (b). It
was found that the peak values agree with the fitting curveandithe fitting parameters
are calculated to be = 1.2 eV/ K an@p = 84 K. It suggests that the EL emissions come
from the NBE emission of CdZnO layer and the red shifts of peaikiggoss due to

temperature induced band gap shrinkage.
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Fig. 5. 12 (color online) (a) Temperature dependent EL
characteristics of the sample under 80 mA injection
current, from 10 K to 300 K. (b) the NBE peak positions
as hollow circles against different temperatures and
Varshni fitting is shown as a solid line.

5.2.2 Summary
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In summary, ZnO based heterojunction using Sb doped Zn&iyge layer was
grown by MBE. CdZnO active layer was used betwpdayer and n-layer to achieve
smaller bandgap. Dominant blue EL emissions were observed at teraperature.
Room temperature PL measurements at different thicknessesngpelaéure dependent
EL confirmed that these emissions come from the radiative reoatidn in CdZnO
active layers in the film. Blue emitting LED devices with-BiIO asp-type layer are

demonstrated.
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Chapter 6: Random L asing emissions from CdZnO Based
Devices

6.1 Introduction

Thanks to its large exciton binding energy of 60meV, ZnO is beli¢wede a
promising candidate for laser applications. In the past decade, lthge been many
attempts to get laser emission from ZnO based materials enced. Optical pumped
laser emissions have been achieved in many different ways, sddoesgered particles
[1, 2], vertically aligned nanowires [3, 4] and hexagonal nanonajisThere are also
attempts on electrical pumped ZnO laser devices such asinmsetitor-semiconductor
structure [6], and ZnO p-n junction with quantum well structure [7]. él@wx, laser
emissions from CdZnO based materials, especially laseriengss visible range are
rarely reported. In this chapter, efforts will be made to aehiaser emission from

CdZnO based devices with two different structures.

The first device is a metal-insulator-semiconductor (MIS)cstire, this structure
avoids the difficulty in p-type doping and quantum well structuoavtjr. This structure
has been used in many optoelectronic materials for lightiegigurpose [6, 8-13],
especially in the early stage of development of those matediasio its simplicity in

structure. In the MIS structure presented in this chapter, randemdasssions in both
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UV and visible range were observed from the device under fdriwas. The second
structure is a ZnO p-n junction with a thin CdZnO quantum well wemed in the
middle. Random laser emissions were also observed from the deviezdamard bias.
Although due to the low Cd concentration in the quantum well, the emigsak
positions only show very small shift from structures with ZnO quanteits, it provides

a possible solution to get visible laser emission from similar structures.

6.2 Structure 1: Metal-insulator-semiconductor laser diode

6.2.1 Experiments

Fig. 6.1 shows the structure of the MIS device. A CdZnO layerooingr 300nm
thick was firstly grown by plasma-assisted MBE on c-plane sappubstrate. Standard
photolithography techniques and diluted hydrochloride acid etching wedetoglefine
mesas on the CdZnO layers. Then a 50npOAInsulator layer was deposited on the top
of the mesas by E-beam evaporator. 10/80nm Ti/Au metal was thesitéelpon both

CdznO and AlOslayers for contacts.
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Fig. 6. 1 MIS device structure and voltage configuration

6.2.2 Results and discussions

The room temperature PL measurements on CdZnO layer wasdirgtd out to
study the optical properties of CdZnO layer. As shown in Fig. 6.2measurement
shows dominant emission centered at around 428nm coming from the Cd&r1OAay

weaker emission coming from ZnO buffer layer around 380nm also shows up.
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Fig. 6. 3, Room temperature EL emission of
the MIS device
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Fig. 6.3 shows the EL emission of the sample under the voltage catifbguas
shown in Fig. 6.1. Some random lasing emissions were observed frane#seirements.
Those emission peaks locate between 380nm to 450nm, which falls intonigsoa
range of the PL on CdZnO layer as shown in Fig. 6.2. The positiomosd emission
spikes change from time to time, but all within a certain range. Ihétsharacteristics of

random laser emissions published in some other reports [6, 7].

To study the origin of the random laser emission, SEM ureagent was carried out
on the CdZnO sample. As shown in Fig. 6.4, it shows typical column studthese
single crystalline columns are packed together, and the boundary efialt the light
traveling in the columns. So the light generated by the MIS structure undet bodisge
can be reflected multiple times among the columns. The randonctiaiie can have
possibility to form a close loop and make itself as a resoneenggy for the light. Also
due to the random reflection, the close loop is randomly chosen, theteéotlaser

emission peak positions can change from time to time.
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Signal A = InLens Date :13 Aug 2008
Photo No. = 4357 Time :17:34:47

Fig. 6. 4, SEM image of the sample surface

As for the origin of the holes needed for carrier recombinatione seports [6, 9-11]
believed there could be two sources. 1, holes are generated by iompaation in the
insulator under large external voltage, and the holes travel intgetheconductor layer
under the bias. 2, electrons in the semiconductor could tunnel througisubetor under

external voltage, and leave the holes behind. Fig. 6.5 briefly explains these gsocess
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Fig. 6. 5, Impact ionization in the insulator
and electron tunneling from the
semiconductor under external voltage
6.2.3 Summary

In conclusion, CdZnO based MIS structure was fabricated. Randomg lasi
emissions in both UV and visible range were observed at room teomger@olumn
structures are believed to scatter light to from close resenaop for the random lasing.

Impact ionization and electron tunneling could be the origins of the hol@dZnO layer.

6.2 Structure 2: p-Zn0O/CdZn0O quantum well/n-ZnO/n-Si laser emitter
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6.2.1 Experiments

Fig. 6.6 shows the structure of the device. ZnO based heterojurmitide was
grown by plasma-assisted MBE ortype (1-10Qcm) Si (100) substrate. A 350 nm Ga-
doped ZnO was first deposited on the substrate as a barran fajlowed by the
deposition of a thin CdZnO for about 3-5 nm. The thin CdZnO forms a quamndlrthat
may provide quantum confinement effect to the carriers in the safipén the sample
wasin situ annealed at 800 °C for 5 min under vacuum. A 300nm Sb-doped ZnO layer
was then deposited for p-type layer. The sampleimadu annealed again at 800°C for
20min. Heterojunction diodes were fabricated by standard photolithogtaphyiques.
Etching was done using diluted hydrochloride acid to reach down substrate. Mesas
with size of 80Qumx800um were formed on the sample. Metal contacts were deposited
by e-beam evaporator. Au/Ni contacts with thicknesses of 200/10ers wged on Sb-
doped ZnO, and Au/Ti contacts with thicknesses of 200/10 nm were used factsant
Ga-doped ZnO layer. Au/Ni contacts were subjected to rapid themmaaling (RTA)
under nitrogen ambient at 750 °C for 60 seconds to get ohmic contadis, AMTI
contacts were annealed by RTA at 500 °C for 60s. Current-voltadgecharacteristics
and electroluminescence (EL) measurements were carried thé imanner as described

in chapter 5.
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Fig. 6. 6 Device structure of the sample: Sb-
Zn0O/CdZn0O (quantum well)/Ga-ZnO/n-Si

6.2.2 Results and discussions

When voltage was applied to the device with the configuration showig.ir6®, it

shows typical diode rectifying characteristic as shown in Big, which indicates

junction was formed in the device.
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Fig. 6. 7 1-V characteristic of the device with voltage
configuration shown in Fig. 6.6

Room temperature EL measurements were carried out at diffafection currents.
Near UV emissions around 390nm to 400nm were observed. The emisgihtly séid
shifted compared to the device with ZnO quantum well [7]. The gmeak position shift
compared to previous devices may be the low Cd concentration in teOGdyer. The
emission peaks comprised several strong spikes, which is typicahridom lasing
emission. These spikes also change their positions and interiiiedime to time.
During this emission process, injected electron and holes may fxeitores and be
confined around the quantum well, and more carrier injection at higilerge may

facilitate this process and generate stimulated emissioiiypjcal room temperature EL
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emissions of the device under injections currents of 40mA and 70mghaven in Fig.

6.8, with 40mA in the upper figure and 70mA in the lower figure, respectively.
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Fig. 6. 8 Typical room temperature EL emissions of
the device. Upper figure: 40mA, lower figure: 70mA
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The SEM measurements were also carried out on the samplafiorcthe surface
morphology of the sample. As shown in Fig. 6.9, the upper figuleisop view of the
CdznO sample while the lower figure is the tilted view of thegle. It is very clear that
packed columns structures were formed in the sample. As ldesgqoreviously, those

columns may scatter light to close loops for the laser amplification.

EHT = 2000 kW Signal A = InLens Date 21 Feb 2011
WD= Bmm Photo No, = 6325 Time 16:41.57

EHT = 1500 kv Signal A =InLens  Date -3 Mar 2011

2um
Mag= 2453KX |—] WO= 4mm Photo No. =6168  Time :11:12:10

Fig. 6. 9, SEM top view (upper) and tilted view
(lower) of the sample
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6.2.3 Summary

In summary, ZnO based heterojunction using Sb doped ZnE&yge layer was
grown by MBE. CdZnO quantum well was introduced between p-typ@&-dyge ZnO to
provide quantum confinement effect on the carriers. UV random ¢éasisions were
observed from the room temperature EL measurements. SEM corthenslosely
packed column structures, which could scatter light to form resonance cavitiee light

amplification.
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Chapter 7: Conclusion

As a potential candidate of wide bandgap optoelectronics applicafin@sand
CdzZnO have some superior properties compared to their main uals,as low cost
and high exciton binding energy of 60meV. In this dissertation, thetlgrovethod of
CdznO is discussed, optical properties and thermal stabilitiestadied, and light

emitting devices with CdZnO active layers are demonstrated.

CdzZnO samples with various Cd concentrations were grown by MBE &n bot
silicon and sapphire substrates. The CdZnO sample with largesir€dntration shows
NBE peak position in green color region, which is an 860meV shift from uddop®.

This result sets the cornerstone for future green LED and laser diode based.on Z

The temperature dependent PL measurements were done on CdZnOrwiik va
Cd concentrations and crystal structures. The study on the PL pea&nsositange and
peak intensities change of CdZnO over the temperature extsaote important
parameters, which are the first reported and very useful in pregibe emission peak
positions and intensities of other CdZnO materials at a givepeterture. It is also found

that hopping process is likely happening in CdZnO materials using_theeBsurement.
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Those hopping process might happen among the band tail states and lzebaedntalil

state and some nonradioactive defect states in CdZnO.

The thermal stability of CdZnO samples with various Cd concéemsatand
crystal structures were also studied by rapid thermal ange@TA). It is found that
CdznO samples without in-situ annealing after growth show weak thestatality. Cd
tends to redistribute in the samples among different phases doeifgTA process, and
results in the change of bandgap value with increasing anndahlmgerature. On the
other hand, CdZnO samples with in-situ annealing after growth sjetter thermal
stability than the samples without in-situ annealing. Among tlsaseples, wurtzite
structure CdZnO shows better thermal stability than CdZn® mvikture of wurtzite and
rocksalt structure. The rocksalt phase is found changing to veudmiting the RTA
process, while the bandgap of wurtzite CdZnO is believed to be ldwaye the bandgap
of rocksalt CdZnO with the same Cd concentration. These studiesnotdone before
and are very useful in improving the reliability of future ligimiging devices with

CdznO active layers.

In the device part, two LED devices with CdZnO active layezsdamonstrated.
The first device uses p-Si as p-type layer for a quick dematdiost. The EL emission in
blue-cyan color agrees with the PL emission of CdzZnO layer. Baend device

improves from the first device by introducing p-type ZnO aspe-tayer. Blue emissions
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were observed from the EL measurement, which also well agtkehg& PL emissions
from CdZnO active layer. Temperature dependent EL measurestewsthe emission
peak positions change follow Varshni relation. It is the first hlEB with CdZnO active

layer and p-type ZnO reported.

At last, two devices showing random laser emissions with Cdfti@edayers
are demonstrated. The first one uses metal-insulator-semicondtreiciure, which is a
very simple way in getting light emissions. The second deviceas&ZnO quantum
well between p-type and n-type ZnO to get stimulated lighisgon. Both of the
structures are closely pack column structures, which is bdliéwveprovide random

resonance cavities for the light amplification.
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