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ABSTRACT OF THE DISSERTATION

Development of ZnO Based Light Emitting Diodes and Laser Diodes

by

Jieying Kong

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, December 2012
Dr. Jianlin Liu, Chairperson

ZnO based homojunction light emitting diode, double heterojunction light emitting
diode, embedded heterojunction random laser diode and Fabry-Perot nanowire laser
devices were fabricated and characterized. A variety of measurements such as X-ray
diffraction, photoluminescence, scanning electron microscope and secondary ion mass
spectrometry were used to characterize material properties. Current-voltage, capacitance-
voltage and electroluminescence measurements were used to characterize device
performance.

ZnO p-n junction diode was successfully grown on Si substrate by using Sb and Ga
for p-type and n-type dopants respectively. The diode device was fabricated by using

standard photolithography process. Due to the improved material quality, dominant



ultraviolet light emission from ZnO homojunction diode was firstly observed and the
emission properties were studied with increased injection currents. To improve the
efficiency, A MgZnO/ZnO double heterojunction structure was realized by molecular
beam epitaxy growth on Si substrate. Compared to homojunction structure, the carrier
confinement effect in double heterojunction structure gave rise to larger output power at
same injection current. With smaller heterojunction well size, ZnO based random laser
diode was developed. A thin MgZnO/ZnO/MgZnO well embedded in a ZnO p-n junction
was realized by molecular beam epitaxy growth. Random lasing emissions were observed
at different injection currents at room temperature. Lasing mechanism was discussed and
proved by deep investigation of its nano-structure. Fabry-perot type laser was also
developed in our lab, to lower lasing threshold, distributed Bragg reflector was proposed.
Vertically aligned ZnO nanowires were firstly successfully grown on distributed Bragg
reflectors made of SiO/SiNy alternative layers. By means of optical excitation, Fabry-
Perot type lasing was observed and characterized. Compared to the same length
nanowires without distributed Bragg reflectors, better lasing performance was achieved.
The discussion of lasing mechanism revealed the function of distributed Bragg reflectors

in improving lasing performance.
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Chapter I: Introduction

1.1 Introduction to Light emitting diode and laser diode

The light emitting diode (LED) was discovered in 1904, when the silicon carbide
was used to fabricate contact rectifier devices. [1] Although the level of light emission
from such devices is very small, it paves way for future LED development. The past few
decades have brought a continuing and rapidly evolving sequence of technological
revolutions, particularly in the digital area, which has dramatically changed many aspects
of our daily lives. The LED and laser diode (LD) are considered the ultimate general
source of continuous light due to its high luminescence efficiency, quick response time,
and long lifetime. Reduction of maintenance will be achieved, for example, by using
colored LED as traffic signals instead of traditional lamp.

The key mechanism of LED is band-to-band recombination (radiation). For this
reason, direct band gap materials are normally used to fabricate LED and LD devices.
Table 1.1 listed commercially or commonly used materials for different wavelengths
LEDs. Ultraviolet (UV) light emitters are essentially important for realizing white color
LED, which illuminates from UV excited phosphors. Other than solid-state lighting, UV
light emitters are in strong demand in areas of information and biotechnologies for a
variety of applications, such as, information storage, secure communications, and
biosensors. [2-5] UV business brings a big market with traditional UV lamp technology.
Thanks to its compactness, lower cost of ownership and environmental friendly
composition, it is expected that UV LED and LD will replace traditional lamps and also

will open the door to many new applications, such as DVD storage.



Color

Infrared

Orange

Yellow

Green

Purple

Wavelength[nm] | Semiconductor material

A> 760

610 <1 <760

500<1<610

570 <1 <590

500 <1 <570

450 < 4 <500

400 < 4 <450

multiple types

Ultraviolet | 1 <400

GaAs, AlGaAs

AlGaAs, GaAsP,AlGalnP

GaAsP, AlGalnP, GaP

GaAsP, AlGalnP, GaP

InGaN/GaN, GaP,
AlGalnP, AlGaP

ZnSe, InGaN

InGaN

Dual blue/red LEDs,
blue with red phosphor,
or white with purple plastic

Diamond, Boron nitride
AIN, AlGaN, AlGalnN

Table 1.1 Semiconductor materials for different wavelengths LEDs
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1.2 Introduction to ZnO based LED and LD

Among the available wide bandgap materials such as diamond and GaN, ZnO is an
interesting and potential candidate for the use as an UV light emitter. Diamond is an
indirect bandgap material, which results in low emission efficiency.[6] GaN is a direct
bandgap material with a bandgap energy of 3.39 eV, but the exciton have binding energy
of 25 meV, which is comparable to thermal noise at room temperature.[7-9] ZnO has
both advantages, it has direct bandgap of 3.37 eV and a large exciton binding energy of
60 meV, making it to be the best candidate in the area of UV LED and LD. [10-13] The
availability of large-area ZnO substrates and the possibility of wet etching also favor the
fabrication of ZnO-based optical devices.[14,15]
Although the history of ZnO research goes back to 1930s, [16-23] p-type doping of ZnO
becomes the main hindrance in the development of ZnO based optoelectronic
devices.[24] Intrinsic defects such as Zn interstitials, oxygen vacancies and H
incorporation evolve in the ZnO material during growth. These defects form shallow and
deep donor levels due to which, intrinsic ZnO shows very strong n-type conductivity,
making p-type material a challenge. Therefore, previous efforts on ZnO p-n junctions are
mostly made from n-type ZnO and other p-type semiconductors such as SiC, GaN,
SrCu,0, and so on. [25-27] The benefit of making those heterojunction LEDs is that it is
easy to obtain a device, however, the chemical and crystallographic differences between
ZnO and other materials give rise to the formation of interfacial defects, leaving negative
impact on optical and electrical properties of diodes. Several groups have also reported p-

n homojunction ZnO LEDs by various doping element such as N,[28-30] P,[31-33]



As,[34,35] and other specific techniques, which showed rectifying 1-V characteristics and
electroluminescence (EL) at room temperature. Our group have successfully developed a
process to produce reliable p-type ZnO layers with good optical properties by Sb doping
and adopting a post-deposition thermal annealing process to activate the dopants in the
ZnO films. [36,37] After that, we also successfully developed good Ohmic contacts to n-
and p-type ZnO films, which showed linear current-voltage (I-V) characteristics with low
specific contact resistances. [38,39] All the achievements paved way of developing high
efficiency LED and LD devices. Here we focus on designing and optimizing device
structures for higher output efficiency.
1.3 Organization of dissertation

This dissertation is organized as follows. Chapter | introduces a brief history of
research on the ZnO semiconductor and the goal of this research. A review of the
fundamental properties of ZnO semiconductor material, growth techniques and
characterization methods is presented in Chapter Il. Then, Chapter Il describes the
development of Sb-doped p-type ZnO/Ga-doped n-type ZnO homojunction LEDs.
Chapter 1V presents the high efficiency design of heterojunction LED. Chapter V focuses
on the design of lower threshold Fabry-Perot laser by using distributed Bragg reflectors
(DBR). Chapter VI describes the development of ZnO random laser diodes and DBR

assisted nanowire laser diodes. Chapter VII is conclusion of all the work.
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Chapter Il Overview of ZnO growth and characterization techniques

2. 1. Properties of zinc oxide semiconductor

ZnO has many attractive characteristics for electronic and optoelectronic devices.
The comparison with its main competitor GaN is listed in Table 2.1[1-7] The direct
bandgap energy of 3.37 eV is similar to that of GaN, which makes it operate in the UV to
blue wavelengths. The exciton binding energy of 60 meV for ZnO, is much larger than 25
meV for GaN; making ZnO more potential in enhancing the efficiency and realization of
room temperature LDs. The room-temperature electron Hall mobility in single-crystal
ZnO is ~200 cm?V™, slightly lower than that of GaN. ZnO exhibits better radiation
resistance than GaN for possible devices used in space and nuclear applications. [8] ZnO
can be grown on inexpensive substrates, such as glass and Si at relatively low
temperatures, and it is easy to achieve nanowire structures. [9-15] These structures are
ideal for detector applications due to its large surface area-to-volume ratio. Bandgap
engineering for ZnO to get different direct band gap by alloying with materials such as
MgO and CdO is still under research, while for GaN, Al, Ga, In alloying technique is

more mature.



Property GaN Zno
Direct bandgap energy (eV) 34 34
Electron mobility (cm?/V's) 220 205
Hole mobility (cm?/V's) 10 5.50
Electron effective mass 0.27 my 0.24 my
Hole effective mass 0.80 my 0.59 my
Exciton binding energy (meV) 25 60

Table 2.1. Basic parameters of ZnO and GaN

The most common ZnO crystal is in the wurtzite structure, as shown in Fig. 2.1.
This is a hexagonal lattice, unit cell are a=3.2495 A and ¢=5.2069 A, these depend
slightly on stoichiometry deviation. The density is 5.605 g/cms, corresponding to 4.21 x
10%? molecules per cm®. [16] The lattice structure is belonging to the space group P63mc,
and is characterized by two interconnecting sublattices of Zn>and O, such that each Zn
ion is surrounded by a tetrahedra of O ions, and vice-versa. The Zn-O bond also
possesses very strong ionic characteristic, and thus ZnO lies on the borderline between

being classified as a covalent and ionic compound, with an ionicity of fi =0.616 on the

Phillips ionicity scale. [17]




Figure 2.1 The hexagonal wurtzite structure of ZnO. O atoms are shown as large white
spheres, Zn atoms as smaller black spheres. One unit cell is outlined for clarity.
Additional to the wurtzite phase, ZnO is also known to crystallize in the hexagonal

zincblende and cubic rocksalt (NaCl) structures. Zincblende ZnO is stable only by growth
on cubic structures, [18-21] which are unstable and have no application on LED and LD
devices. [22]

Bandgap engineering is important for device development. By alloying
semiconductor with another material of different bandgap, the bandgap of the resultant
alloy material can be finely tuned, thus affecting the wavelength of light emissions. For
GaN, AIN and InN are typical alloys to make successful quantum well structures. It was
one of the most important steps for achieving commercial blue LEDs. In the case of ZnO,
alloying with MgO and CdO is an effective means of increasing or decreasing the energy
bandgap, respectively. [23-32] For obtaining n-type and p-type ZnO thin films, dopants
like Ga, Al, N, B, In, Si, Ge are used. [33-43] Ga element was used in our growth as an n-

type donor since it is less susceptible to oxidize and makes deformation of the ZnQO lattice
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small even at high Ga concentrations. [33] For p-type doping, there is still no widely used
dopants, we used Sb dopant and achieved p-type ZnO.
2.2 Optical Properties of Undoped ZnO

ZnO is a direct bandgap semiconductor since the topmost of valence and the lowest
of conduction bands are at the same point in the Brillouin zone, namely at k = 0, i.e. at
the I"-point as shown in the Fig.2.2. The lowest conduction band is formed from the
empty 4s states of Zn?* or the anti-binding sp3 hybrid states. The valence band originates
from the occupied 2p orbitals of O®" or the binding sp3 orbitals and is split without spin
under the influence of the hexagonal crystal field into two states. Inclusion of spin gives a
further splitting due to spin-orbit coupling into three two-fold-degenerate sub-valence
band of symmetries as shown in Fig. 2.2. The valence bands are labeled from higher to
lower energies as A, B, and C bands. However, controversies exist over the ordering of

the valence band. [44-46]

Zn'4s

©2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2.2 Valence and conduction bands of ZnO in the vicinity of the fundamental band
gap.
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Optical properties of semiconductor material are important for making
optoelectronic devices. The optical properties of a semiconductor can be classified into
intrinsic and extrinsic properties. Intrinsic refers to optical transitions between valence
and conduction bands while extrinsic optical transitions are related to levels created by
defects or dopants. The important optical transitions are band to band transitions. When
an electron is excited from valence band to conduction band, a hole is left behind in the
valence band and coulomb attraction exists between the electron and its corresponding
hole. The exciton results from the binding of the electron with its hole; as a result, the
exciton has slightly less energy than the unbound electron and hole and it follows a
hydrogenic wavefunction. Excitons are classified into free and bound excitons. In high-
quality samples with low impurity concentrations, the free exciton can also exhibit
excited states, in addition to their ground-state transitions. The near-band-gap intrinsic
absorption and emission spectrum is dominated by transitions from three valence bands.
The related free exciton transitions from the conduction band to these three valence bands
denoted by A (heavy hole), B (light hole), and C (crystal-field split band) or vice versa
can occur. Bound excitons manifest as extrinsic optical transitions, which are usually
related to dopants or defects, and create discrete electronic states in the band gap. The
introduced states in the material therefore influence both optical absorption and emission
processes. In theory, excitons could be bound to neutral or charged donors and acceptors.
These two classes of bound excitons are the most important cases for direct band-gap
materials. In high-quality bulk ZnO substrates, the neutral shallow donor bound exciton

usually dominates because of the presence of donor levels introduced due to unintentional
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(or doped) impurities and shallow donor like defects. In samples containing acceptors, the
acceptor bound exciton is typically observed. The recombination of bound excitons
typically gives rise to sharp lines with a photon energy characteristic to each defect.
Many sharp donor and acceptor bound exciton lines have been reported in a narrow
energy range from 3.348 to 3.374 eV in ZnO. When both donor and acceptor states are
present, a donor-acceptor pair (DAP) transition occurs and is one of the important
characteristics of p-type film.[47] All these optical transitions also have temperature
dependence characteristic showing either a red or blue shift with varying temperature.
2.3 Zn0O growth method

ZnO thin films and nanowires are grown by various techniques, including
sputtering deposition, molecular beam epitaxy (MBE), [48-50] chemical vapor deposition
(CVD), [51-53] pulsed laser ablation (PLD), [54-57] atomic layer deposition, [58,59]
reactive sputtering and spray pyrolysis. [60-62] Both n-type and p-type materials have
been reported. ZnO thin films can be grown on a wide range of substrates such as
sapphire, Si, GaN, and even inexpensive glass. ZnO can be grown at relatively low
temperatures as compared to other wide bandgap semiconductors. Inexpensive substrate
and low-temperature growth make product manufacturing cost less.
2.3.1 MBE

The ZnO films were grown by solid source MBE systems. The sources included
effusion cells of Zn and various dopants such as Ga, Sb, Mg etc. Oxygen plasma was
generated by radio-frequency activation in the SVTA MBE system. The MBE system has

two main chamber regions namely, the load lock and growth chamber. The substrates
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after cleaning are loaded into load lock, which are then transferred into the high vacuum
growth chamber on to a manipulator, which helps in loading the sample in and out,
rotates the sample during growth and measures the growth temperature using the
thermocouple attached to it. The growth chamber is typically maintained at the pressure
range of 10%-10"" torr. The substrates used for ZnO growth in this dissertation is Si or
sapphire wafer. Using sapphire substrates gives the advantage of eliminating any
substrate contribution on the device performance, while using the Si substrate gives the
possibility of integrating the ZnO devices with the existing advanced Si technology. Si is
also much cheaper than sapphire substrates. Generally we use the maximum oxygen flow
rate of 5 sccm (cubic centimeter per minute), corresponding to a chamber pressure of
1.7x10™* Torr. The typical growth procedure is described as follows:
1. Substrate cleaning
Silicon substrate: Dip into H,SO4: H,0,=3:1 for 1 min, then dip in 5% HF acid for 1
min. Repeat this for 3 times, and then washed by DI water and dried with nitrogen
gas.
Sapphire substrate: aqua regia solution HCl: HNO3=3:1 at 100 °C for 30 min to
remove surface contaminants and scratches, and then they were dried with nitrogen
gas.
2. Thermal cleaning

Substrates were then transferred in to growth chamber, heated to 800°C for 20 min to

further remove the particle contaminations on the substrates.

3. Sample growth
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Start to grow ZnO samples at appropriate temperatures of 400°C to 700°C. The

growth rate is generally 100 nm to 200 nm /hour.

4. Post annealing to activate the dopant.
2.3.2CVD

CVD is used to produce high-purity, large scale ZnO nanowires. It is a home-made
atmospheric pressure CVD, which consists of a temperature controller, a furnace,
incoming gas controller and exhaust gas controller, as shown in Fig. 2.3.

In ZnO CVD process, the wafer is exposed 2 cm away to Zn powder, which react
with the incoming O, on the substrate surface to produce the desired deposit. Active
reaction gas is a mixture of O, and Ar (0.5%:99.5% in volume), carrier gas is Na.

Volatile by-products are removed by gas flow through the reaction chamber.

LY
) T i) gas outlet

. / “sample
o n, adzlt 11111

Figure 2.3 CVD furnace setup
2.3.3 ALD deposition
Atomic layer deposition (ALD) is a self-limiting, sequential surface chemistry
technique that deposits conformal thin-films of materials onto substrates of varying

compositions. ALD is similar in chemistry to chemical vapor deposition (CVD), except
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that the ALD reaction breaks the CVD reaction into two half-reactions, keeping the
precursor materials separate during the reaction. Due to the characteristics of self-limiting
and surface reactions, ALD film growth makes atomic scale deposition control possible.
By keeping the precursors separate throughout the coating process, atomic layer control
of film growth can be obtained as fine as ~0.1 A (10 pm) per cycle. Separation of the
precursors is accomplished by pulsing a purge gas after each precursor pulse to remove
excess precursor from the process. A typical deposition cycle of Al,O3 is using both
water and AICI, as the precursors. First water is pulsed from the source to the growth
chamber, then a set time is waited until the substrate surface is fully covered. After that
time has passed, the remaining water is pumped out and the AICI, sourced is pulsed in.
The second precursor reacts with the water to create HCI. After the next water pulse the
first layer of Al,O3 is formed.
2.4 Device fabrication

Standard LED device fabrication includes photolithography, etching, metal
deposition and annealing steps. Kark Suss mask aligner with ultraviolet light source was
used for exposure while AZ400K developed the exposed photoresist. Most acid or base
could be used for defining mesa. Phosphoric-acetic, hydrochloric acid and ammonium
chloride hydroxide buffer base were used. Typical device sizes for fabricating p-n
junction diodes were 250 um x 250 um or 500 um x 500 um or 800 um x 800 wm while
transmission line patterns, used for obtaining specific contact resistivity were 50 um x 75
um in size with different spacing. Metal evaporation was carried out using an e-beam

evaporator and the samples were given a rapid thermal annealing treatment in N
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environment (to protect from contamination) if Ohmic contacts were to be formed or the
contact resistivity was to be lowered.
2.4.1 Photolithography

Photolithography is the process of transferring geometric shapes on a mask to the
surface of a silicon wafer. The steps involved in the photolithographic process are wafer
cleaning, barrier layer formation, photoresist application, soft baking, mask alignment,
exposure, development, and hard-baking. In the first step, the wafers are chemically
cleaned to remove particulate matter on the surface as well as any traces of organic, ionic,
and metallic impurities. After that, photoresist is applied to the surface of the wafer.
Positive photoresist, AZ5214 is spin-coated for defining mesa and for making contacts by
acetone lift-off. The spin speed is controlled to be at 4000 ramp/min, at which speed the
thickness of photoresisit is within the range of 1.3 to 1.5 um. For positive resists, the
resist is exposed with UV light wherever the underlying material is to be removed. In
these resists, exposure to the UV light changes the chemical structure of the resist so that
it becomes more soluble in the developer. The exposed resist is then washed away by the
developer solution AZ 400K, leaving windows of the bare underlying material. The
mask, therefore, contains an exact copy of the pattern which is to remain on the wafer.
2.4.2 E-beam evaporation

In evaporation the substrate is placed inside a vacuum chamber, in which a block of
the material to be deposited is also located. The source material is then heated to the point
where it starts to boil and evaporate. The vacuum is required to allow the molecules to

evaporate freely in the chamber, and they subsequently condense on all surfaces. This
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principle is the same for all evaporation technologies, only the method used to the heat
(evaporate) the source material differs. There are two popular evaporation technologies,
which are e-beam evaporation and resistive evaporation each referring to the heating
method. In e-beam evaporation, an electron beam is aimed at the source material causing
local heating and evaporation. The material to be evaporated is in the form of single
ingots if they are to be melted or in pieces if they are to be sublimated. The electron
beams can be generated by thermionic emission, field electron emission or the anodic arc
method. The generated electron beam is accelerated to a high kinetic energy and focused
towards the ingot. When the accelerating voltage is between 20 kV — 25 kV and the beam
current is a few amperes, 85% of the kinetic energy of the electrons is converted into
thermal energy as the beam bombards the surface of the ingot. The surface temperature of
the ingot increases resulting in the formation of a liquid melt. Although some of incident
electron energy is lost in the excitation of X-rays and secondary emission, the liquid ingot
material evaporates under vacuum.
2.4.3 Rapid Thermal Processing

Rapid Thermal Processing (RTP) refers to a semiconductor manufacturing process
which heats semiconductor wafers to high temperatures (up to 1200 °C or greater) on a
timescale of several seconds or less. The wafers must be brought down (temperature)
slow enough however, so they do not break due to thermal shock. Such rapid heating
rates are attained by high intensity lamps or laser process. These processes are used for a
wide variety of applications in semiconductor manufacturing including dopant activation,

thermal oxidation, and metal reflow/alloying. Rapid thermal was performed on ZnO
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samples with metal contacts on the films. This process is carried out to improve the
contact resistance for precise device measurements or to convert Schottky contacts to
Ohmic by better alloying of metal with the ZnO material through various mechanisms.
The thermal annealing is always performed in N, environment to protect the samples
from moisture and contamination. The heating is performed by a lamp while it is
monitored by either a thermocouple or a pyrometer. Thermocouple is used for low-
temperature ranges while pyrometer is used for higher temperatures. The sample is left in
the annealing chamber until a temperature less than 150 °C is reached.
2.5 Sample and device characterization method
2.5.1 SEM

The scanning electron microscope (SEM) is a microscope that uses electrons
instead of light to form an image. A beam of electrons is produced at the top of the
microscope by an electron gun composed commonly by a Ta filament and an anode. The
electron beam follows a straight vertical path through the microscope, which has to be
held within a vacuum. The beam travels through electromagnetic fields and lenses, which
focus the beam, like its light counterparts, down toward the sample. Once the beam hits
the sample, secondary electrons, X-rays and photons are ejected from the sample. These
particles are then detected and processed into an image. The scanning electron
microscope has many advantages over traditional microscopes. The SEM has a large
depth of field, which allows for specimens with large height contrast to be in focus at one
time. The SEM also has much higher resolution, so closely spaced specimens bellow the

200nm limit of light microscopes can still be detected at much higher levels. Because the
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SEM uses electromagnets rather than lenses, the researcher has much more control in the
degree of magnification. All of these advantages, as well as the actual strikingly clear
images, make the scanning electron microscope one of the most useful instruments in
research today.

2.5.2 TEM characterization

The transmission electron microscope (TEM) uses a higher energy electron beam
than an SEM ( >100 kV) transmitted through a very thin sample to image and analyze the
structure of materials with atomic scale resolution. The electron beam is focused with
electromagnetic lenses and the image is observed on a fluorescent screen, or recorded
with a digital camera. The electrons are accelerated to several hundred kV, giving them
wavelengths much smaller than that of light (200kV electrons have a wavelength of
0.025A). However, whereas the resolution of the optical microscope is limited by the
wavelength of light, that of the electron microscope is limited by aberrations inherent in
electromagnetic lenses, to about 1-2 A.

Because it is almost impossible to look trough a single layer of atoms, is it unlikely
that TEM images would yield images of individual atoms. Rather for high resolution
TEM images that show the crystal lattice of a material it is actually the interference
pattern between the transmitted and diffracted beams. This imaging mode allows us to
observe planar and line defects, grain boundaries, interfaces, etc. with atomic scale
resolution. The TEM has also the capability of having brightfield/darkfield imaging and
diffraction pattern modes, which operate at intermediate magnification. They also provide

invaluable information about the morphology, crystal phases, and defects in a material.
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2.5.3 X-ray Diffraction

X-ray scattering techniques are non-destructive analytical techniques, which reveal
information about the crystallographic structure, chemical composition, and physical
properties of materials and thin films. The techniques are based on observing the
scattered intensity of an x-ray beam hitting a sample as a function of incident and
scattered angle, polarization, and wavelength or energy. X-ray diffraction techniques are
based on the elastic scattering of X-rays from structures that have long range order. The
experiments involve a beam of X-rays incident on the sample, which is reflected from
atomic planes, producing a diffraction pattern of spots called reflections by Bragg’s law
of diffraction. Each reflection corresponds to one set of evenly spaced planes within the
crystal. The density of electrons within the crystal is determined from the position and
brightness of the various reflections observed as the crystal is gradually rotated in the X-
ray beam; this density, together with supplementary data, allows the atomic positions to
be inferred. For single crystals of sufficient purity and regularity, X-ray diffraction data
can determine the mean positions of most atoms to within a few tenths of an Angstrom
and also allows the static and dynamic disorder in those positions to be estimated. Hence,
by measuring the diffraction pattern, the crystalline structure of the sample can be
studied. The quality of the sample or introduction of impurities can be inferred from the
FWHM of the peaks observed. The 0-20 scans were performed on our ZnO samples using

a Bruker Advanced XRD in the experiments.
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2.5.4 Secondary lon Mass Spectroscopy

Secondary ion mass spectroscopy (SIMS) is a powerful tool using which the
composition or distribution of various elements in a sample can be studied. The
spectroscopy typically utilizes a primary ion beam which is incident on the surface of the
sample. The surface then emits material through a sputtering process, a fraction of which
is in the form of secondary ions. These secondary ions are measured with a mass
spectrometer to determine the quantitative elemental or isotopic composition of the
surface. In this dissertation, Cameca 4f SIMS system from the Evans Analytical Group
was used. The bombarded ions were analyzed with Cs* beam sputtering with impact
energy of 14.5 keV, sample bias of —4.5 keV and a primary energy of +10 keV and
negative secondary ion detection. The beam raster size is 150 umx150 um; and the
collection area is 25 um in diameter. Analysis was performed using high mass resolution
so that the ion was mass-separated from molecular interferences that have the same
nominal mass. AMPAC characterization facility from University of Central Florida was
also used, where Cs or O primary beams were used.
2.5.5 Photoluminescence

Photoluminescence (PL) is an analytical technique that provides information about
the optical properties of a film. A light source, such as He-Cd, Ar or Kr laser, with energy
larger than the bandgap energy of the semiconductor being studied, generates electron-
hole pairs within the semiconductor. The excess carriers can recombine via radiative and

nonradiative recombination. Photoluminescence, the light emitted from radiative
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recombination, is detected. The wavelength associated with the different recombination
mechanisms is measured.
The luminescence from excitons, electrons and holes bound to each other, is observed
only at low temperatures in highly pure materials. As the temperature increases, the
exciton breaks up into free carriers from the thermal energy. Increasing dopant
concentration also causes dissociation of excitons under local electric fields. Under these
conditions, the electrons and holes recombine via the band-to-band process. Since some
of the electrons may not lie at the bottom of the conduction band, their recombination and
holes will produce a high energy tail in the luminescence spectrum. On the other hand,
the band-to-band recombination will yield a sharp cutoff at the wavelength corresponding
to the bandgap of the material. [63]

In this study, PL was measured at room and low temperature using the 325 nm line
of a He-Cd laser (20 mW) as an excitation source. PL was dispersed with a 1m double
monochromator and processed using time-correlated signal-photon-counting electronics.

Figure 2.4 shows a schematic diagram of the photoluminescence setup in this study.
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Figure 2.4. Schematic diagram of a photoluminescence measurement set-up.
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2.5.6 Hall measurement

The electrical properties of a sample, such as electron and hole concentration, and
their mobilities were measured using two ways: 1. A conventional Van der Pauw
configuration, which holds only when the following four conditions are satisfied. i) The
contacts are at the circumference of the sample; ii) the contacts are sufficiently small; iii)
the sample is uniformly thick; and iv) the sample surface is singly connected. A
commercial HMS3000 Hall system was utilized. 2. Hall bar configuration in a PPMS
system. In the hall bar configuration, the hall resistance is measured against the magnetic
field. In principle, the magnitude of the hall resistance is linearly to the magnetic field.
The coefficient is depending on the carrier type and the sample geometry.
2.5.7 Electrical measurements

Current-voltage (I-V) measurements were taken to characterize the electrical
properties of the contacts. These measurements are performed on a semiconductor
parameter analyzer connected to a micromanipulator probe station. For vertical diodes,
the input voltage will be applied to a highly conductive copper disk on which the samples
were mounted on the backside with silver paste. Capacitance-Voltage (C-V)
characterization involves probing of a junction at varied frequencies. From the C-V,
parameters such as built-in potential of the junction and doping concentrations of material
can be obtained. Measurements were carried out using Agilent 4284A precision LCR

meter and were controlled by using software programmed by Labview.
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2.5.8 Electroluminescence measurements

The operation of almost all optoelectronic devices is based on the creation or
annihilation of electron-hole pairs. Electron-hole pair formation essentially involves
raising an electron in energy from the valence band to the conduction band, thereby
leaving a hole behind in the valence band. Photoluminescence involves radiative
recombinations of electron-hole pairs created by injection of photons, while
electroluminescence is the process of generating photon emission when the excitation of
excess carriers is an electric current caused by an applied electric field.

In our experiments, we use a homemade EL system which is combined with the PL
system. A function generator provides the DC current 0-200 mA for the device operation.

The emission is collected and analyzed as the same way with the PL system.
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Chapter 111 ZnO homojunction light emitting diode

3. 1. Motivation of the ZnO homojunction LED

ZnO is considered to be a promising material for ultraviolet (UV) light emitting
diodes (LEDs) and laser diodes (LDs) due to its direct band gap of 3.37 eV and large
exciton binding energy of 60 meV.[1-3] Nevertheless, unlike n-type ZnO,[4] reliable p-
type doping is difficult to achieve due to the possibility of holes getting compensated by
the intrinsic donors such as zinc interstitials and oxygen vacancies. Therefore, previous
efforts on ZnO p-n junctions are mostly made from n-type ZnO and other p-type
semiconductors such as Si, SiC, GaN, SrCu,0, and so on.[5-7] The benefit of making
those heterojunction LEDs is that it is easy to obtain a device, however, the chemical and
crystallographic differences between ZnO and dissimilar materials give rise to the
formation of interfacial defects, which makes negative impact on optical and electrical

properties of diodes. There are three main disadvantages of heterojunction structure.

First, lattice mismatch, chemical and crystallographic difference between two
materials give rise to a large amount of dislocations at the interface. The defects bring
energy levels in between the conduction band and the valence band, either working as
non-radiative emission centers or contributing to deep level emissions. The consequences

reduce the internal efficiency and enhance the unexpected intermediate recombination.

Second, the electrical band structure offset at interface forms abrupt barriers, which
block carrier transportation at one way or both ways. For a p-n junction diode, the
recombination region is very close to the interface, so the non-efficient recombination is

expected with this structure.

31



Third, different thermal properties of two materials lead to thermal unreliability for
a working device. The efficiency is reduced by the expansion of deformation with

different thermal expansion coefficients.

In general, one expects to develop the p-n junction LED with a homojunction
structure. Although ZnO p-type doping is a challenge, several groups have tried different
dopants such as Cu, Li, Ag, N, P, Sh, As and some recently reported light emitting diodes
based on ZnO p-n homojunction structures.[8-13] Due to poor crystalline quality, all of
those devices, however, yield deep level related emissions with much larger intensity
than near band edge emissions. The fundamental reasons are radiative recombination
associated with high-density in-active dopants, high-density Zn or O point defects, and
poor material quality. To resolve some of these problems and achieve dominant near
band edge emissions over deep-level emissions for possible practical applications, in this
chapter, we report our fabrication and characterization of Sb-doped p-type ZnO/Ga-
doped n-type ZnO closely packed columnar structure LEDs on Si that show dominant
UV emissions at room temperature. The reason of insignificant deep-level emissions in

our devices is discussed.

3. 2 Sample growth and device fabrication procedures

ZnO p-n junction was grown on n-type Si (100) substrate (1-20 Q-cm) using
molecular beam epitaxy (MBE) system. Typical cleaning procedure for Si substrates
includes cleaning in boiling Piranha solution (H,02:H,SO, =3:5) for 1 min and followed
by aqueous HF solution (HF:H,O=1:10) for 1 min to hydrogenate the substrate surface.

The substrate was then introduced into growth chamber and thermally cleaned by
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annealing at 800 °C in vacuum for 20 minutes. Further, the Si substrates were thermally
cleaned at 650 °C for 10 min to disassociate hydrogen bonds, leaving a fresh Si surface
for subsequent growth after transferring into the vacuum chamber.

Oxygen source is pure O, (5N) gas and a radio-frequency plasma source was used
to generate oxygen plasma. A thin magnesium oxide (MgO) buffer layer was deposited at
350 °C to reduce the lattice mismatch between Si and ZnO, followed by 410nm Ga-doped
n-ZnO and 410nm Sb-doped p-ZnO. The p-n junction diodes with defined mesa size
800umx800um were fabricated by employing standard photolithography techniques.
AU/NIO (500/30 nm) and Au/Ti (200/30 nm) were then deposited on p-type ZnO and n-
type ZnO, respectively by lift-off process. The contacts were annealed at 550 °C for
AU/NiO and 850 °C for Au/Ti respectively to form Ohmic contact. The devices were
packaged on TOS5 cans using conductive epoxy resin and annealed at 150 °C for 60 mins.

Figure 3.1 shows the schematic structure of the ZnO homojunction device.

Au/RiQ
500/ 30nm

Sh:Zn0 (410nm)

Au/Ti
200ne/ 30nm

Au/Ti
200nm/ 30nm

Ga: In0 (410nm)

Figure 3.1 Device structure of the ZnO homojunction LED
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3.3. Characterization of ZnO homojunction sample
3.3.1 Material characterization

X-ray diffraction (XRD) 6/26 scans show that the diode film grows preferentially
along the c-direction of the ZnO Waurtzite lattice (Fig.3.2(a)). Surface morphology and
cross-section of ZnO film were studied by scanning electron microscope (SEM). Fig. 3.2
(b) shows the top-view image of the ZnO film on Si substrate. It is evident that ZnO
grains with in-plane size from 100nm to 400nm are formed, which is the typical result of
oriented nucleation process due to the large lattice mismatch between ZnO and Si
substrate.[14] Large lattice mismatch between ZnO and Si substrate is released by
formation of column planar defects. Within each column, however, high epitaxial
crystalline quality is expected. Fig. 3.2 (c) is the image in the cross-section configuration

of the film, which clearly presents nano-columnar structures.
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Figure 3.2(a) XRD spectrum of ZnO p-n junction on Si (100) substrate, (b) SEM image
of sample surface, and (c) Cross-sectional SEM image of the ZnO diode.

The elemental distribution of Zn, O, Sb, Ga and Si was obtained by performing
secondary ion mass spectroscopy (SIMS) measurements, where Cs ion beam was used, as
shown in Fig. 3.3. Dominant distribution of Sb and Ga dopants are in p-type and n-type
layers, respectively, leading to relatively sharp p-n junction interface. The hole

concentration in p type layer is about an order smaller than the electron concentration in n

35



type layer, as deducted from Fig. 3.3. The depletion region will be mostly on the p type

side thereby, which determines the recombination area.
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Figure 3.3 SIMS result of ZnO p-n junction on Si (100) substrate. The elemental profiles
of Sb, Ga dopants, Zn, O and Si substrate can be seen.

3.3.2 Device characterization 1-V and C-V

I-V characteristics were measured using Agilent 4155C semiconductor parameter
analyzer and Signatone probe station. The specific contact resistivity of p-layer was
calculated to be 9.3x10-5 Q-cm’- C-V characteristics were measured using Agilent
4155C semiconductor parameter analyzer and Agilent 4284A precision LCR meter. Fig
3.4 shows I-V characteristics of the p-n junction and the right inset is C-V characteristics.
The diode shows fairly good rectification behavior with a threshold voltage of about 2.5

V. These results suggest that we have formed ZnO p-n junction diodes.
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Figure 3.4 1-V characteristics of the p-n homojunction diode, showing typical rectifying
characteristics. The left inset (a) shows the I-V curve of both n-type and p-type contacts.
The right inset (b) shows 1/C*-V characteristics confirming p-n junction with built-in
potential of about 2.5 V.

3.3.3 EL characterization at room temperature

Electroluminescence (EL) measurements were performed using an Oriel
monochromator and photomultiplier tube at room temperature. The diode was biased
under DC forward voltages. Figure 3.5 shows the EL spectra obtained at different
injection current. Near band edge emission at 3.2 eV started to appear when the current is
60 mA. Afterwards, the intensity of this emission increases as the injection current
increases from 60 mA to 100 mA. Moreover, the intensity of this emission peak increases
evidently from 60 mA to 80 mA while it changes less significantly from 80 mA to 100

mA, which is due to the heat effect as a result of the increasing current through the diode.

Several other deep level emission peaks near 475 nm (green band) and 610 nm (yellow
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band) were routinely reported in the literatures, related to O vacancy and O interstitial in
n-type and p-type ZnO, respectively.[15-17] In this case, experimental results show that
UV near band edge emissions are always dominant in the emission spectra while defect-

related yellow and green band emissions are very weak.
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Figure 3.5 Electroluminescence spectra of p-n ZnO diode at room temperature, with
increasing injection current from 60 mA to 100 mA. The inset is magnified spectrum at
UV region.

Moreover, the dominance of UV emission is much clearer at higher injection
currents. While injection current increases from 60 mA to 100 mA, the UV emission peak
also slightly redshifts from 385nm to 393nm, as shown in the inset of Fig.3.5. This is
typical in a radiative combination process for direct band gap material because heat

induced by increased injection current will decrease its effective band gap.[18] Fitting the
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experimental result by using Varshni’s equation: Eg(T):Eo-aXTZ/(T+B), and assuming
device temperature is increased mainly by resistance heat, since the resistance in this
diode is large. So we have (T-300K)~I%>, we obtain a,p to be 8.2x10™ and 1060
respectively, and E4 at 300K for ZnO to be 3.25 eV. a and B values are consistent with

what were reported. [19,20]
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Figure 3.6 EL peak positions under different injection currents, with a fitting curve using
Vashini’s equation

The integrated intensity with different injection currents is plotted in Fig 3.7. The
result can be fitted to the power law, where L=clI’. The fitting result gave P=1, indicating
the linear dependence on the injection current. The linear relation is a typical result for
LED devices with conventional GaAs/AlGaAs, GaN/InGaN LEDs. The linear relation

indicates that every injected carrier leads to the emission of a photon. [21]
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Figure 3.7 EL Integrated intensity at different injection current from 60 mA to 100 mA at
room temperature

3.3.4 EL characterization at low temperature

Due to heat effect, the output power of this homojunction LED is still very low,
compared to commercial product. To further investigate the LED characteristics, low
temperature EL measurement was performed at 17K background, as shown in Fig 3.8. In
Fig. 3.8, EL spectra obtained at various input injection currents starting from 5 mA to 170
mA are shown. The redshift from 5 mA to 110 mA is slight, while the redshift from 110
mA to 170 mA is significant. Not only the peak position shifted, but also the intensity

decreased, with strong efficiency drop accordingly.
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Figure 3.8 Electroluminescence spectra of p-n ZnO diode at room temperature, with
increasing injection current from 5 mA to 170 mA.

Fig.3.9 shows the emission peak position with different injection currents. The
solid line is a fitting by using Varshni’s equation: Eg(T):EO'aXTZ/(T+B) and the
parameters obtained from room temperature results. It shows good match with low
temperature data as well, and it proves that the heat is mainly from resistor heat due to the

high junction resistance.
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Figure 3.9 EL peak positions under different injection currents, with a fitting curve
using Varshni’s equation

In Fig.3.10, the light output intensity versus current characteristic of the diode is
shown. The integrated output power undergoes an ascent trend and then decreases after
150 mA. The results show that after 150 mA, the efficiency decreases intensively due to

heat effect.
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Figure 3.10 EL Integrated intensity at different injection current from 60 mA to 100 mA
at 17 K background

3.3.5 LED efficiency decay

LED failure is the gradual lowering process of light output and loss of efficiency.
To test the lifetime of this homojunction LED, time dependent output power evolution
was plotted in Fig.3.11. The lifetime of this device is relatively short, the efficiency loses
25% in 660 seconds. There are two principal reasons for the efficiency degradation. First,
reduction of internal quantum efficiency is caused by different temperature dependence
of the radiative and non-radiative recombination rates. Second, the carrier leakage from

the active region is enhanced by the high current density and temperature.
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Figure 3.11 EL integrated intensity measured at different decay time
3.4 Discussion

To understand the dominant UV emissions, we realized that the “film” consists of a
great deal of vertical nano columns, which connect closely to each other. Therefore, the
whole structure is a collection of packed ZnO p-n homojunction columns and the
detected electroluminescence spectrum is a sum of emissions from each one of these
columns. The stress from the lattice mismatch between ZnO and Si substrate is released
by the formation of these columnar structures, whose side walls terminate a great deal of

threading dislocations generated at column/substrate interface.

With lower dislocation density in the upper diode portion of each column, non-
radiative recombinations are reduced and UV near band edge emission is dominant.

Deep-level radiative yellow/green band recombinations, which were routinely observed
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in other reported ZnO LEDs, are also reduced. This is also verified in the PL spectrum
where no visible emissions are seen. Since the yellow/green band emissions are
associated with oxygen interstitial/vacancy point defects, respectively [15-17], our results
suggest that ZnO on Si can achieve insignificant amount of point defects via the
formation of columnar structures under appropriate growth conditions. The output power
of this LED is estimated to be only 1nW at drive current of 100mA, calibrated by a
commercial GaN based UV LED using Ocean Optics integrating sphere. The low output
is due to a large amount of defects existing in this structure, contributing to phonon-
assisted non-radiative recombinations. To improve the efficiency, ZnO pn junctions with

higher crystal quality are in progress.

3.5 Conclusion

UV ZnO light-emitting diode on Si (100) substrate has been realized. Reliable p-
type ZnO is formed and microscopically the p-n homojunction consists of column
nanostructures. Au/NiO and Au/Ti make good Ohmic contacts to p-type and n-type
portions of the ZnO nano columns for the formation of LED devices. I-V and C-V
measurements show good rectification behavior and EL experiments demonstrate
dominant UV emissions, owing to better p-type quality. LED performance was
characterized at both room temperature and 17 K, showing that emission peak redshift

and efficiency drop were induced by heat.
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Chapter 1V ZnO double heterojunction LED
4.1 Motivation of double heterojunction design

Our group successfully developed a process to produce reliable p-type ZnO layers
on Si with good optical properties by Sb doping. [1,2] We also successfully developed
good Ohmic contacts to n- and p-type ZnO films, which showed linear current-voltage (I-
V) characteristics with low specific contact resistances.[3,4] We reported a p-n
homojunction ZnO LED with Sb doped p-type layer grown on Si (100) substrate by
Molecular Beam Epitaxy (MBE).[5] The device produced a fairly good current rectifying
behavior with an EL emission peak at 380 nm. The stress from the lattice mismatch
between ZnO and Si substrate is released by the formation of ZnO columnar structures
with grain size from 100 nm to 400 nm, whose side walls terminate a great deal of
threading dislocations generated at column/substrate interface. With lower dislocation
density in the upper diode portion of each column, non-radiative recombinations are
reduced and UV near band edge emission is dominant.

The simplest type of p-n LED design is the first step and is no longer used in
current LED technology since there are some drawbacks which could lower the
efficiency in the lighting and illumination applications.[6] First, electron injection into
the p-type region is desired for achieving high internal quantum efficiency, therefore, a
low injection level of holes into the n-region is required. The lifetimes derived from the
bimolecular rate equation show that the radiative rate increases with the free-carrier
concentration for both the low excitation limit as well as the high excitation limit.[7] It is

therefore important that the region in which recombination occurs has a high carrier
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concentration. Double heterojunction is alternative way to achieve such high carrier
concentrations. Second, self-absorption of the generated light is high due to the entire
structure possesses same composition; this reduces the light extraction efficiency.[8]
Third, the radiative recombination in such LEDs is monomolecular, so that only
increasing the doping can increase the emission rate.[9,10]

A double heterostructure (DH) consists of the active region in which recombination
occurs and two confinement layers cladding the active region. A double heterostructure
LED structure is shown schematically in Fig.4.1. The two cladding or confinement layers
have a larger bandgap than the active region. If the bandgap difference between the active
and the confinement regions is AEg, then the band discontinuities occurring in the

conduction and valence bands follow the relation.

Current spreading layer

heterostructure (DH)

Substrate

Figure 4.1 Illustration of a double heterostructure consisting of a bulk or quantum well
active region and two confinement layers.

Both band discontinuities, AE; and AE,, should be much larger than kT in order to
avoid carrier escape from the active region into the confinement regions. [11,12] The

effect of a double heterostructure on the carrier concentration is illustrated schematically
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in Fig.4.2. In the case of a homojunction, carriers diffuse to the adjoining side of the
junction under forward bias conditions. Minority carriers are distributed over the electron

and hole diffusion lengths as illustrated.
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(a) homojunction under forward bias  (b) heterojunction under forward bias
Figure. 4.2 Free carrier distribution in (a) a homojunction and (b) a heterojunction under
forward bias conditions.

The wide distribution of carriers and the correspondingly low carrier concentration
(particularly towards the end of the diffusion tail) can be avoided by the employment of
double heterostructures. Carriers are confined to the active region, as shown in Fig.
4.2(b), as long as the barrier heights are much higher than the thermal energy kT. Today
virtually all high efficiency LEDs use double heterostructure designs, like I11-V nitride.

For ZnO based LEDs, a larger band gap barrier can be realized by incorporation of
Mg into ZnO. However, p-type doping for (Mg,Zn)O films is really hard to be
obtained,[13,14] so (Mg,Zn)O films were inserted in the n-type ZnO layer as energy
barrier layers to confine the carrier recombination process to the high-quality n-type ZnO

layer.[15] Fig.4.3 shows band diagram of the ZnO LED with Mgo.54ZNn0.460 layers.
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Figure. 4.3 Band diagram of ZnO based LED with Mgo54Zng 460 barrier layers.
4.2 Structure growth and device fabrication

In our experiments, ZnO double heterojunction was grown on n-type Si (100)
substrate (1-20 Q-cm) using MBE system. A thin magnesium oxide (MgO) buffer layer
was deposited at 350 °C to reduce the lattice mismatch between Si and ZnO, followed by
450nm Ga-doped n-ZnO at 550 °C. A thin MgZnO layer of about 1.5 nm was then
deposited, followed by a 100 nm thick intrinsic ZnO, and on top is another 1.5 nm thick
MgZnO layer. Then the temperature was increased to 600 °C to grow 450nm Sbh-doped p-
ZnO. This diode sample with defined mesa size 800umx800um was fabricated by
employing standard photolithography techniques with HCI etchant. Au/Ni (200/10 nm)
and Au/Ti (200/10 nm) were then deposited on p-type ZnO and n-type ZnO, respectively
by lift-off process. The contacts were annealed at 800 °C for Au/Ni and 700 °C for Au/Ti
respectively to form Ohmic contact. The device structure is shown in Fig.4.4. The device

was packaged onto TO5 can using conductive epoxy resin.
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Au/NiO Ohmic contact
410 nm Sb-doped p-ZnO at 550 °C

1.5 nm MgZnO

100 nm ZnO

1.5 nm MgZnO

Au/Ti Ohmic contact

450 nm Ga-doped n-ZnO at 450 °C
MgO buffer layer 350 °C

Si (100) substrate

Figure 4.4 Device structure of the ZnO double heterojunction LED

4.3 Device characterization
XRD 6/26 scans show that the diode film grows preferentially along the c-direction

of the ZnO Wurtzite lattice in Fig. 4.5.
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Figure 4.5 X-ray diffraction result of ZnO/MgZnQ double heterojunction structure
grown on Si (001) substrate
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The elemental distribution of Zn, O, Mg, Sh, Ga and Si was obtained by performing
SIMS measurements, as shown in Fig. 4.6 Dominant distribution of Sb and Ga dopants
are in p-type and n-type layers, respectively. And Mg profile shows that the

MgZnO/ZnO/MgZnO well is formed in between Ga-ZnO and Sh-ZnO layers.
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Figure 4.6 SIMS result of ZnO p-n junction on Si (100) substrate. The elemental profiles
of Sb, Ga dopants, Zn, O, Mg and Si substrate can be seen.

I-V characteristics were measured using Agilent 4155C semiconductor parameter
analyzer and Signatone probe station, as shown in Fig 4.7. The inset figure shows fairly
good ohmic contact made by Au/Ti for n-layer and Au/Ni for p-layer. The diode shows
fairly good rectification behavior with a threshold voltage of about 2.5 V, comparable to
the threshold voltage of p-n homojunction diode. These results suggest that the thin

MgZnO layers do not make difficulties to electrons and holes injecting to the well area.

53



0.08F
0.10
—~0.08
~~ 0.06} S’glgg
g . E‘) ggg n contact
= S
S 004} "8 _
% 2 Voltage (V)
O 0.02+
0.00F
10 ' 5 10

-5 0
Voltage (V)

Figure 4.7 1-V characteristics of the p-n homojunction diode, showing typical rectifying
characteristics. The inset shows the I-V curve of both n-type and p-type contacts.

EL measurements were performed using an Oriel monochromator and
photomultiplier tube at room temperature. The diode was biased under DC forward
voltages. Figure 4.8 shows the EL spectra obtained at different injection current. Near
band edge emission at 3.2 eV appears when the current is 40 mA, while in ZnO
homojunction device it starts to appear when the current is larger than 60 mA.[5]
Afterwards, the intensity of this emission increases as the injection current increases from
40 mA to 80 mA. There is an abnormal decrease of intensity when the current increases
from 50 mA to 60 mA and the intensity almost has no change as the current changes from
70 mA to 80 mA. This is due to the heat effect as a result of the increasing current

through the diode, as well as current overflow effect in DH structure. Moreover, the near
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band edge emissions also show redshifts with increasing current due to heat induced

bandgap reconstruction.
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Figure 4.8 Electroluminescence spectra of double heterojunction ZnO diode at room
temperature, with increasing injection current from 40 mA to 80 mA.

Figure 4.9 shows the comparison of EL emission spectrum between double
heterojunction and homojunction devices under the same injection current of 70 mA. The
homojunction consists of the same n-ZnO and p-ZnO layrs without the middle
MgZnO/ZnO/MgZnO double heterostructure. The two devices were measured under
same optical system at room temperature. Relative output power could be calculated by
integrating intensity with step of energy. The calculated output power of heterostructure

device is 7.3 times as p-n homojunction device. The improvement shall come from the
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confinement effect of electrons and holes made by MgZnO barrier layers, since the other

parameters of the device is designed to be the same as homojunction structure.
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Figure 4.9 Electroluminescence spectra of double heterojunction ZnO diode and the p-n
junction diode at room temperature, with 70 mA injection current.

4.4 Conclusion

In summary, UV MgZn0O/ZnO/MgZnO double heterojunction light-emitting diode
on Si (100) substrate has been realized. Au/Ni and Au/Ti make good Ohmic contacts to
p-type and n-type ZnO layers. 1-V measurement shows good rectification behavior and
EL experiments demonstrate dominant UV emissions. Compared to ZnO homojunction
diode, the output power of this device is 7.3 times stronger at the same injection current,
which demonstrates a better confinement of electron and holes to recombine in an

intrinsic ZnO layer.
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Chapter V Development of ZnO nanowire laser with distributed bragg reflectors

5.1 Motivation

Ultraviolet (UV) semiconductor diode lasers are widely used in information
processing, data storage, and biology. However, their applications have been limited by
large size and high cost. Semiconductor nanostructures are thereby attracting tremendous
attention for the next-generation nano lasers and waveguides. ZnO with a direct wide
band gap of around 3.30 eV, is low-cost in synthesis, which makes it one of the most
promising candidates to realize UV lasing at room temperature. Random lasing was
detected in ZnO nanopowders, [1-3] nanowires, [4-7] polycrystalline films [8-10] under
optical excitation. Since the random emissions from disordered ZnO media are
directionless, [11,12] random laser poses potential limitation for some applications. On
the other hand, it is highly desirable to achieve Fabry-Perot lasing from ZnO nanowires
because the naturally formed flat ends of nanowires avoid the difficulty of cleaving
smooth facets in order to sustain lasing, leading to coherent beams with reliable modes
and controllable output. A great deal of effort has already been seen in optically pumped
ZnO Fabry-Perot lasing, [13-16] as well as large scale growth of vertically aligned
nanowires which is a necessity for commercial application.[17,18] Recently, we have
achieved electrically pumped Fabry-Perot lasing in vertically aligned ZnO nanowires
grown with a ZnO seed layer on sapphire substrate.[7] The cavity loss is large due to
small reflectivity at ZnO/sapphire and ZnO/air interfaces, leading to a relatively high

threshold.
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In order to reduce the threshold pumping density and enhance laser performance,
DBR structure is widely adopted in the vertical cavity semiconductor laser diodes.
Nevertheless, DBR has been only seen recently to be used in GaN nanowire lasers,[19]
and it has not been attempted in ZnO nanowire lasers. This may originate from the
difficulty of precise deposition of desirable multi-layer DBR on the ends of the
nanowires. In this chapter, we address this problem by growing vertically aligned ZnO
nanowires on SiO,/SiNx DBR films and carrying out optical pumping of these
nanowires. With the presence of DBR, the threshold of nanowire lasing is reduced and

enhanced cavity performance is achieved.

n, I ambient medium: n,

nc.

Figure 5.1 1) ideal cavity with DBR on both ends, Il) practical design with DBR as
substrate
5.2 Design and growth of DBR
For ZnO based laser devices, MgyxZn;xO with alternative x composition would be
the ideal DBR material. However, it is hard to grow 2D film with controlled Mg
incorporation rate. Here we develop other materials for the growth of high quality DBR

structure. SiO, and SiNy are the two materials we used in design of DBR structure. First,
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the contrast of refractive index between SiO; and SiNy is relatively large at working
wavelength. The number of dielectric pairs required to achieve high reflectivity is
therefore reduced.[20] Second, SiO, and SiNy are insulators, which minimize the
absorption at ZnO band edge energy. Third, both SiO, and SiNy can be deposited by
plasma-enhanced chemical vapor deposition (PECVD), and are a part of the standard
process so low-cost production is possible.

SiO,/SiNx DBR structures were grown on c-plane sapphire substrates in plasma
enhanced chemical vapor deposition (PECVD). Standard gaseous processes of SiO, and
SiNx were used. The plasma power was 25 watts at a source radio frequency of 13.56
MHz. The substrate temperature was 300 °C during the growth. The growth parameters

were listed in Table 5.1

SiH4(sccm) | NHs(scecm) | NO(sccm) | Na(scem)
SiO; 200 400 900
SiN, 200 4 500

Table 5.1 Growth parameters for SiO, and SiNy by PECVD

5.3 Characterization of DBR -Method of transmission line

The most direct way to calculate the transmittance and reflectance of a DBR stack
is to model it as a transmission line. The assumption is that the structure is homogeneous
on the plane perpendicular to the direction of propagation, or k. If we pick the positive z

axis as the direction of propagation, then k=kzxZ, where kz=2znn/A is the propagation
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constant, n is the refractive index and A is the corresponding wavelength. In a one
dimensional model, the 2x2 matrix, [M], relates the four field parameters in Fig.5.2. It
includes the forward and backward propagating electric fields on the two sides of the
layer. Only normal incident beam is considered in our assumption, since the experiment

was performed at normal incidence.

L R
> =
E; E,
Air Air

Figure 5.2 One layer model of transmission line method

In one layer case, as shown in Fig.5.2, the electric fields are described as
i) =7 el
Efl el®| |Ex

L —1][cose 151“9][1 1][13;]
21 insin® conse -1 TlEr

(R 1-1 ER
=[Bo] ' MI[Bo] | *
R

In which, 8 = k,L, and L is the thickness of the media; [Bo] represents the matrix

induced by air, and is described as [Bo]:[_l1 ﬂ If the layer is inserted in the media

other than air, it describes as [_1n 31] n is refractive index of the media. Similarly, if
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considering multiple layers with a substrate, as shown in Fig. 5.3, the equation is then

described as

{Ef }[Bor{[ml]wz]}“ [Bmﬁ

0

isind,,
cos &, : . .
where M, = L2 n, |representsthe matrix element for the alternative layer.
in,,sing,, coséb,,
E;
Eg
- ®eoooo —
L _
E,=0
Air Substrate

Figure 5.3 Multi layer model for transmission line method

Obviously, the resonant maximum occurs when the effective thickness of each layer is ¥4

L. The reflectivity r and transmissivity t can be described as

- T
r= EL  my
= 5F - T
Ef my
T + T .
and t=14+r= % The reflectance and transmittance are R=|r|2, T=|T|?
11

respectively.



5.4 DBR quality

The morphology of the DBR structures was characterized using SEM. The SEM
image shown in Fig.5.4 is the cross section of the DBR layers on top of the sapphire
substrate. As seen from the image, the interfaces between SiO, and SiNy are fairly

smooth, hence the interface scattering between the layers is minimized.

Figure 5.4 SEM cross section view of SiO,/SiNx DBR grown on sapphire substrate
Reflectance of the DBR structures was measured using a Shumadzu UV-3101PC
spectrometer. The reflectance spectrum was converted by a transmission measurement
under normal incidence from 250 nm to 800 nm, with the assumption that the absorption
in the measurement is zero.[21,22] Total 10 pairs of SiO, and SiNx layers of 60.9 nm and
48.7 nm, respectively, are observed. The thicknesses match with A/4 requirement of SiO;
and SiNy layers, with a consideration of the refractive index of 1.56, and 1.95,

respectively. Fig. 5.5 shows the transmission spectrum of the DBR with the simulation
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result plotted as well. It is clear that there is an intensive UV absorption of this structure

below 400 nm.
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Figure 5.5 Transmission spectrum of the DBR grown on sapphire substrate, with
simulation result plotted in red.

The absorption is proven to be from SiNx layer as compared between SiO, and
SiNy single layer absorption spectrum in Fig.5.6. The UV absorption from SiNy is
possibly due to the N vacancy.[23] To diminish the UV absorption in SiNx, N/Si ratio
needs to be tuned during growth.[24] According to ref. 24, absorption edge blueshifts as

increased N/Si ratio.
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Figure 5.6 Absorption of single layer SiO, and SiNx materials grown on sapphire
substrate by PECVD
Figure 5.7 shows the transmission spectrum from four sample grown under
different NH3 flow rate. It is clear that when the NH3 flow rate is up to 16 sccm, there is

no UV absorption above 360 nm.
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Figure 5.7 Transmission spectra from 10 periods DBR structures grown under different
NH; flow rates.
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Figure 5.8 shows reflection spectra of this DBR structure from the measurement
and simulation based on transfer matrix method, with an assumption that there is no
absorption occurred. It is evident that both calculated and measured results are in good
agreement, indicating that the DBR gives desirable optical quality and the reflectivity at

380 nm-390 nm reaches 95%.

100}
~
X so} \
c
o
S 60}
(]
L
[
40k . .
o . \ ---- Simulation
N ! ~ — Experiment
0B PARN -
\ ~
~
0- 'l 'l 'l 'l 'l
300 400 500 600 700 800
Wavelength (nm)

Figure 5.8 Measured and simulated reflectance of 10 periods DBR structure grown with
16 sccm NHj3 rate.
5.5 Growth of ZnO nanowires
After the DBR was fabricated, the sample was transferred to a MBE system. The
MBE process started with a few nanometers of ZnO buffer layer growth at 350 °C, and
followed by one micron ZnO layer growth at 550 °C. The polycrystalline ZnO thin film
consists of closely packed column structure. The c-axis of ZnO grain is highly

directional, which is perpendicular to the substrate plane. This polycrystalline layer acts
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as seed layer for the subsequent vertically aligned ZnO nanowire growth. The
morphology of the seed layer is important for the growth of vertically aligned nanowires.
The growth mechanism is described as follows. As the reaction temperature is above the
melting point (419 °C) but lower than the boiling point (907 °C) of Zn or ZnO, a liquid
phase Zn/ZnO should first form at an early stage on the buffer layer. The liquid droplets
solidify quickly by oxidation and nucleate in to nanoparticles.[25] The metallic Zn source
in the boat, which is highly reactive, is subjected to oxidation and covered by oxide
coatings. These oxide coatings will hinder the evaporation of Zn and thus decrease the
Zn/ZnQO vapor pressure. Such gradual diminishing source vapor will lead to formation of
small-sized structures, which was observed by Wu et.[26,27] Nucleation of Zn/ZnO
atoms will be preferred at thermodynamically active sites. These sites would be the tips
of the ZnO convex seed layer, which have lower surface energy compared to the other
surface area. Thus the direction of nanowire growth is strongly related to the surface
morphology of the seed layer. Figure 5.9 shows the early stage of growth process, it is

clear that the nanowires tend to grow at the tips of the buffer surface.
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Figure 5.9 Early stage of nanowire growth on polycrystalline buffer layer
Under this consideration, the surface morphology is optimized to favor the vertical
growth. Figure 5.10 shows the surface morphology of ZnO seed layer grown on the DBR
structure with different growth time varying from 60 minutes to 150 minutes. The convex

pyramids were formed when the seed layer is as thick as 1 um with growth time 150

minutes.
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Figure 5.10 SEM top view of ZnO polycrystalline buffer layer grown on DBR, with
different growth time (a) 60 mins, (b) 120 mins, (c) 150 mins

ZnO nanowires were then grown on top of the column structured ZnO layer by
chemical vapor deposition (CVD). The CVD is a horizontal quartz tube furnace system
(Thermal Scientific Inc.). Zinc powder (99.999% sigma Aldrich) in a glass bottle was
placed in the center of the tube, with the ZnO sample placed about 8 cm downstream
from it. A flow of 606 sccm of nitrogen was passed continuously through the furnace.
The source and sample were then heated to 515 °C at a ramp rate of 30 °C per minute.
Once the temperature was reached, 188 sccm flow of a mixture of argon/oxygen
(99.5:0.5% by volume) was introduced to the tube for ZnO nanowire growth for 15
minutes, named sample #1.
5.6 Characterization of nanowires

Nanowires were characterized using SEM and TEM. Regular photoluminescence

spectrum was acquired from the excitation by a 325 nm He-Cd laser. Figure 5.11 shows
the characterization results from the nanowires grown on 1 um ZnO polycrystalline
buffer layer. Figure 5.11 (a) and (b) show top-view and side-view SEM images of the
nanowire sample, respectively. The as grown ZnO nanowires follow the c-axis of the

ZnO grains of the seed film, and are vertically aligned. The lengths of nanowires range
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from 10pum to 11pm, while the diameters of nanowires range from 50 nm to 300 nm.
Figure 5.11 (c) shows a TEM image of a typical single nanowire, revealing a single-
crystal wurtzite structure. A selected area electron diffraction pattern confirms that the
nanowire grows along c-axis, as shown in the inset of Fig. 5.11 (c). Figure 5.11 (d) shows
a PL spectrum of the nanowires measured at 10K. There are three peaks, which are
related to donor-bound exciton (DyX), donor-acceptor pair recombination and its phonon

replica, indicating good optical quality.
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Figure 5.11 Top view SEM image of the vertically aligned nanowires grown with a ZnO
seed layer on DBR structure. (b) Side view SEM image of the vertically aligned
nanowires. (¢) High-resolution TEM image of one nanowire. Inset shows a lower
magnification TEM image of nanowires and corresponding electron diffraction pattern.
(d) PL spectrum of the sample excited by 325 nm excitation laser at 10 K.
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High-intensity optical pumping was carried out using the frequency-tripled output
(355 nm) of a Nd:YAG pulse laser with a repetition rate of 10 Hz and 3 ns pulse duration.
The excitation laser beam was focused to form an excitation spot of 14 um in diameter on
the nanowires. A charge coupled device (CCD camera) with a choice of high resolution
was used to detect the emission, which was coupled into an optical fiber. The data was
collected using a computer.

Figure 5.12 shows the evolution of the luminescence spectra at the excitation
intensity ranging from 45 kW/cm? to 500 kW/cm?. At low excitation power, a broad
emission with peak energy at 3.23 eV is evident, which corresponds to ZnO near band
edge spontaneous emission. As the excitation power increases, several sharp peaks with
full width at half maximum (FWHM) of about 3 meV start to shoot up, indicating an
onset of lasing emission. For comparison, the emission of the same length nanowires
without a bottom DBR structure with different pumping power from 45 kW/cm? to 500
kW/cm? is shown in the inset of Fig. 5.12. Note that the lasing modes are distributed on a
broad spontaneous emission, which is from the body emission of the non-lasing
nanowires. [28] As seen in Fig. 5.11 (a) and (b), the nanowires have size variation, it is
possible that only a few nanowires within excited area lase, while the others remain
spontaneous emissions. Although is shows one dominant peak in the PL spectrum, the
reference nano laser without DBR structure is not a single mode laser because with
increased input pumping power, more modes arise. There is no suppression effect for
weaker modes as the intensity of all modes increases with the increase of pumping

power. It is typical for nanowire lasers. Ref. 4, Ref. 7 and Ref. 28 reported that their
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samples exhibited the same phenomenon as our sample. In Ref. 4, single lasing mode was
detected right above threshold, and more modes were observed with the pumping power
much higher than the threshold.

To our best knowledge, the detected emission is a sum of emissions from multiple
nanowires within the excitation beam, and each nanowire is a single cavity. In most
cases, not all nanowires participate in lasing, some may only have spontaneous emission,
some have multiple modes emissions and only few has single stimulated emission.
Considering that there is no ‘mode selection’ technique performed in our experiment to
select a single mode, it is reasonable to observe multiple modes output as described.

For our reference nanowire sample without DBR structure, the one mode at 388 nm
is relatively strong compared to other modes, which may be due to a strong single mode
emission from a single nanowire. However, this single mode does not dominate further at
higher pumping power. So we do not consider a single mode lasing from the reference

nanowire sample without DBR structure.
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Figure 5.12 PL spectra of the vertically aligned nanowires with optical pumping power
from 45 kW/cm? to 500 kW/cm?. The inset shows the optically pumped PL spectra from
a reference ZnO nanowire sample with the same length and no DBR underneath.

Due to strong spontaneous emission, the onset of lasing is difficult to observe from
excitation power dependant intensity evolution. To separate the spontaneous and
stimulated emissions, Gaussian fitting was carried out for the spectra of all excitation
powers. Figure 5.13 shows the fitted result of the emission at 450 kW/cm?, which is

divided into 10 peaks consisting of two broad emission peaks and eight sharp peaks with

even spacing.
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Figure 5.13 Emission of ZnO nanowires on DBR structure at pumping power of 450
kW/cm?. The spectrum is fitted with multiple Gaussian peaks.

Figure 5.14 (a) and (b) show the integrated intensity vs. excitation power for the
reference nanowire sample without DBR structure and the nanowire sample with DBR
structure, respectively. The spontaneous emissions follow a sublinear evolution and the
stimulated emissions show superlinear characteristic with clear onset lasing threshold.
The power-dependent intensity can be well described by power law y=ax?, with p=3.03
for reference nanowires and p=3.08 for nanowires grown on DBR. The two solid straight
lines are drawn to guide eyes, indicating the threshold power of 121 kW/cm? and 150
kW/cm? for the samples with and without DBR, respectively. The 20% reduction of

threshold can be explained by considering the threshold in a Fabry-Perot resonator, which

1
R1><R

IS written as gth=y+i In( ) ,[29] where v is the transition loss, L is the length of the
2
nanowire, and R;, R, denote the reflectivity at each end of the cavity. With the DBR
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structure as the bottom reflector, the reflectivity increases from 3% (ZnO/sapphire

interface) to 95%, leading to a lower threshold pumping power.
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Figure 5.14 (a) Integrated intensity of spontaneous and stimulated emissions under
different pumping power from the sample grown without DBR. (b) Integrated intensity of
spontaneous and stimulated emissions under different pumping power from the sample
grown on DBR structure.
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The slope efficiency and saturation mechanism in our samples is discussed below.
Similar to the results published in Ref. 28, near threshold, the Power(out)-Power(in)
curve is super linear, which follows Power Law, and the simulation results in Fig. 5.15
showed a slightly larger power factor of 3.08 for the nanowires with DBR structures,
compared to 3.03 for the reference nanowires. The super linear relation in Power(out)-
Power(in) curve indicates that excitonic recombination instead of electron-hole plasma
(EHP) recombination plays the dominant role in the gain generation at this pumping level
(see Ref. 28 and pre-print ‘Room temperature one-dimensional polariton condensate in a
ZnO microwire’ at arXiv.org > cond-mat > arXiv: 1007.4686). The larger exponential

coefficient indicates higher ‘slope”’ efficiency in the log-scale plot.
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Figure 5.15 Integrated intensity of lasing from reference nanowires and nanowires grown
with a DBR structure
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Figure 5.16 (a) shows lasing spectrum at the pumping power of 500 kW/cm? in
comparison with the calculated Fabry-Perot cavity modes confined in a Gaussian
distributed peak with center energy at 3.20 eVV. The mode distribution was obtained by
using Airy function A=[1 + Fsin?(w/2)]~%, where o is circular frequency, which can be
transformed from energy, and F is cavity finesse, which can be written asF =

4(R Ry)/?
[1-(R1Rp)1/2]2

. For the nanowires grown on DBR structure R;=95%, R,=18%, F is
calculated to be 4.8, which is greatly enhanced from 0.34 for the nanowires grown
without DBR on sapphire substrate. Considering that the average length of the nanowires
is 10 um, and the refractive index of ZnO at band edge follows the expression
n’ = n —A(dn/dA), where n=2.5 is the refractive index of ZnO below band edge and
dn/dA=-0.015 nm™ denotes the dispersion relation for the refractive index,[30] the
simulated mode distribution is in close agreement with the observed experimental result,
i.e., evenly distributed mode spacing of about 1nm (6meV). The peak positions and mode
spacing stay the same under different excitations as well, which is a strong evidence of
Fabry-Perot type resonance. [31]

Figure 5.16 (b) shows the statistic distribution of experimental quality factor (Q) as
a function of pumping power above thresholds for the two samples with and without
DBR structure, respectively. The dashed lines denote average Q factors for the two
samples. The Q factor increases from 865 for the sample without DBR to 1067 for the
sample with DBR, indicating higher performance of the cavity thanks to the larger
reflectivity from DBR. With increased excitation power, the Q factors appear to decrease

owing to the heat induced FWHM expansion.
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Figure 5.16 (a) PL spectrum at excitation power of 500 kW/cm?, with the calculated
mode distribution at different energy. (b) Quality factor Q distribution from the two
nanowire laser samples with and without DBR structure

Figure 5.17 shows lasing spectra at higher excitation power between 500 and 1870

kW/cm?. Stronger lasing modes superimposing on the broad near band edge spontaneous
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emission peak are evident. The right top inset is Gaussian fitted result of the emission

with excitation power at 1870 kW/cm?.
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Figure 5.17 PL spectra of the vertically aligned nanowire laser sample with DBR at the
pumping power from 500 kW/cm? to 1870 kW/cm?. The top right inset shows a typical
emission at 1870 kW/cm?, with multiple peaks fitted by Gaussian distribution.

When the pumping power goes up to 500 kW/cm?, the super linear characteristic
evolves into linear characteristic, which indicates the transition of excitonic process into
EHP process, as shown in Fig.5.18. The linear fitting in high pumping power region
shows that the slope efficiency of DBR sample is higher than that of reference sample,
which is consistent with the results observed in the super linear part. Since ZnO has the
natural advantage of realizing low threshold laser, the low power part with excitonic
emission is attractive. The slope efficiency is already discussed in the low power region,
and the purpose of our experiment is to achieve lower threshold, so the higher pumping

power region is not discussed here.
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Figure 5.18 Integrated intensity of lasing from reference nanowires and nanowires grown
on DBR structure at high pumping power

The saturation levels of the two samples are very close. There are two reasons. First,
simple gain saturation analysis using g = go exp[L/Ls] does not explain the phenomenon
observed in our experiments because the calculated saturation power is orders of
magnitude higher than our experimental results. Considering the transient thermal
population and the participation of non-radiative recombination, the power saturation
level is mainly determined by the material properties. The influence from cavity
improvement is very limited.

The intensity ratio between stimulated emission and spontaneous emission
increases with the increase of excitation power (shown in Fig. 5.19), which means that
the stimulated emission intensity grows faster than spontaneous emission. The lasing

modes at high excitation range are also stable, though there is a slight blueshift, compared
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with those at excitation power less than 500 kW/cm?®. The blueshift is mainly due to

temperature induced refractive index variation.[32]
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Figure 5.19 Integrated intensity ratio between stimulated emission and spontaneous
emission above threshold.
5.7 Nanowire length dependence
In order to further examine the relation between the cavity and its lasing action,
optical pumping PL experiments were performed on ZnO nanowires with different
lengths grown on DBR structure. Sample #2 and Sample #3 were grown on the same
ZnO buffer on DBR structure as Sample #1. The growth time were controlled to lead to

shorter nanowire lengths. The growth parameters were listed in Table 5.2
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O,/Ar (sccm) N, (sccm) Temperature (°C) Growth time (min)

Sample #1 188 606 515 15
Sample #2 188 606 515 12
Sample #3 188 606 515 8

Table 5.2 Growth parameters of nanowires on DBR structure
Figure 5.20 shows SEM images from Sample #2 and Sample #3, showing that both
samples have vertically aligned nanowire growth. The nanowire lengths were 4 um and 1

pm respectively. The nanowire growth does not follow the linear trend.

Figure 5.20 SEM cross section view of nanowires for Sample #2 and Sample #3
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Figure 5.21 shows the PL emission from sample #2, with excitation power from
150 kW/cm? to 2000 kW/cm?. ZnO near band edge spontaneous emission was observed
at low excitation power. As the excitation power increases, several sharp peaks with full

width at half maximum (FWHM) of about 4 meV start to shoot up, indicating an onset of

lasing emission.
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Figure 5.21 PL spectra of the vertically aligned nanowires with optical pumping power
from 150 kW/cm? to 2000 kW/cm?,
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Figure 5.22 PL spectra of the vertically aligned nanowires with optical pumping power
from 250 kW/cm? to 438 kW/cm?.

Figure 5.22 shows the PL emission from sample #3, with excitation power from
250 kW/cm?® to 438 kW/cm?. The threshold pumping power for each sample was
measured as 200 kW/cm? and 275 kW/cm? respectively.

For sample #2, gaussian fitting was performed to separate the peaks, as shown in
Fig. 5.23. The emission consists of spontaneous and stimulated emissions. Two
stimulated emission peaks were extracted from two broad spontaneous emission peaks.
Figure 5.24 shows the integrated intensity of stimulated emission with different pumping
power. The relation is super linear. It is clear that the evolution follows power law as we

discussed before.
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Figure 5.23 Emission of ZnO nanowires on DBR structure at pumping power of 926
kW/cm?. The spectrum is fitted with multiple Gaussian peaks
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Figure 5.24 Integrated intensity of stimulated emissions under different pumping power
from Sample #2 grown on DBR
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For all the three samples with different lengths, the threshold pumping power and

1
Ry XR;

the lasing mode space are summarized in Fig 5.25. Equation gm=v+iln( ) was

used to calculate the threshold power, which is strongly related to y, L and R. Noted that
when the nanowire length is 10 um, y is the bigger weight for determining threshold
power. The threshold drop of 20% for 10 um nanowires is thus a reasonable result, and it

is due to the enhancement of reflectivity by DBR structures.
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Figure 5.25 Threshold power and mode space for different length nanowires
5.8 Nanowire size limitation

The two broad peaks are spontaneous emissions, indicating that even at these very
large pumping powers, there is coexistence of spontaneous and stimulated emissions.[33]
Moreover, the intensity of the spontaneous emissions do not show saturation as the
increase of the pumping power. This is mainly due to the statistical results of lasing from

multiple nanowires with different sizes. Note that the excitation laser beam size is about
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14 pm in diameter, the excitation area would contain hundreds of nanowires with size
variation from 50 nm to 300 nm in diameter. The emissions from these nanowires have
different modes reliability. Optical confinement becomes reduced due to the influence of
diffraction effects. The effects can be qualitatively understood by considering the
integrated internal and external electromagnetic field intensities for the cylindrical
waveguide modes. A rough calculation of the fractional mode power within the core of

the waveguide of radius r is given by

A

n=1-(2.405exp[
where V=kr(n*-1)"? and k=27/.

A rough calculation shows that the fractional mode power within the core of the
waveguide of 200 nm in diameter is about 90%. However, less than 25% of the field
intensity is present inside the wire with diameter less than 100 nm.[34] Consequently,
highly efficient confinement of light only occurs in the nanowires with diameters of 200
nm or larger. For the nanowires with small diameters, body emission will be dominant
instead of resonant formation, leaving a broad emission peak even with very high
pumping power above threshold.

The waveguide modes of the wires can be simulated with classical optical
waveguide theory by the simulation software MODE Solutions. The results are shown in
Fig. 5.26 for different size from 40 nm to 400 nm in diameter. It is consistent with the

calculation above, showing that nanowires with size larger than 200 nm are able to hold

the waveguide inside.
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Figure 5.26 Electromagnetic field in nanowires with different in-plane sizes
5.9 Conclusion

In summary, we grew a 10-period DBR structure with designed thicknesses of the
alternative layers made from SiO, and SiNy. The reflectivity at 380 nm-390 nm reaches
95%. Vertically aligned ZnO nanowires were achieved by CVD growth, on a ZnO
polycrystalline seed layer deposited on DBR by MBE. Fabry-Perot type lasing was
observed with optical pumping and a lower threshold excitation power was achieved due
to the lower cavity loss with the DBR structure. The cavity finesses is improved from
0.34 to 4.8 with one end DBR structure, hence the FWHM of lasing mode is reduced
from 4 meV to 3 meV. The competition between spontaneous and stimulated emission

was further studied at higher pumping power. The non-extinct spontaneous emission is
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due to fractional confinement of waveguide modes in small nanowires less than 100 nm
in diameter. The DBR technology can be transferred to Si or even glass substrate, further
lowers the cost. The achievement of lower threshold pumping power with DBR structure

paves a way for further development of low-threshold ZnO nanowire laser diodes.
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Chapter VI Development of ZnO based laser diode

6.1 Introduction

Lowering threshold current is a key goal on which scientists and engineers put a
great deal of efforts in the past half century, since the first LD based on GaAs p-n
junction structure was reported.[1] A breakthrough in electrically pumped devices came
from the idea of double heterojunction structure, which realizes coincidence and
concentration of recombination, light emission and population inversion in the same gain
layer, hence the dramatic decrease of threshold current, however, it is still too high for
many applications. [2,3] For wide band-gap semiconductor materials, a high carrier
concentration is usually required in order to reach an optical gain that is high enough for
lasing action in an electron-hole plasma (EHP) process.[4] The EHP mechanism, which is
common for conventional LD operation, typically requires high threshold current density.
Exciton lasing, as an alternative, is a more efficient radiative process and can facilitate
low-threshold stimulated emission owing to its bosonic nature.[5] However, in some
semiconductor materials such as 111-V nitride and GaAs, the exciton binding energies are
too small to sustain thermal interruption, so excitonic emission was only observed in the
low-dimensional structures.[6,7] In contrast, ZnO has a native exciton binding energy of
60 meV, which enables excitonic gain even without low dimensional quantum
confinement.[8]

Although ZnO has potential as an alternative to I1I-V nitride, it is still
underdeveloped due to the difficulty of p-type doping, [9] which hinders the realization

of electrically pumped LDs. Compared to electrically pumped cleaved-crystal GaN diode
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laser, most ZnO lasers are unconventional, including optically pumped disordered
particles, [10] optically pumped nanowires, [11] and electrically pumped metal-oxide-
semiconductor laser.[12] Electrically pumped pn-junction laser diodes using ZnO-based
heterostructures have been rarely reported.[13,14]

In this chapter, we developed random laser from a diode with embedded
MgZnO/ZnO/MgZnO double heterostructure (DH), where the MgZnO barrier is
relatively thick and the ZnO well is smaller than the structure in Chapter IV. We also
developed electrically pumped laser for ZnO nanowires with metal-insulator-
semiconductor structure assisted by DBR.

6.2 Random laser from MgZnO/ZnO double heterostructure
6.2.1 Device structure

Figure 6.1 shows a schematic of the ZnO based DH device. The structure was
grown on n-type Si (100) substrate (1-20 Q-cm) using plasma-assisted molecular beam
epitaxy (MBE). A thin magnesium oxide (MgO) buffer layer was first deposited at 350
°C to reduce the lattice mismatch between Si and ZnO, followed by 200 nm Ga-doped n-
ZnO at 550 °C. After the growth of n-ZnO, a Mgy 1ZngO/intrinsic ZnO/Mgp1Zng.90
heterostructure was grown. Subsequently, the temperature was increased to 600 °C and
200nm Sb-doped p-ZnO was grown. High-temperature post-annealing at 750 °C was

performed to activate acceptor dopants.
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Figure 6.1 Schematic of the LD device

6.2.2 Device characterization

As-grown sample exhibits loosely packed columnar structures with in-plane size of
200 nm on average as a result of large lattice mismatch between Si and ZnO, which are
clearly seen in the scanning electron microscope (SEM) image in the inset of Fig. 6.2 (a).
Figure 6.2 (a) shows x-ray diffraction (XRD) 6/26 scan spectrum of the diode, indicating
that the film grows preferentially along the c-direction of the ZnO wurtzite lattice. The
sample was etched down to Ga-doped ZnO layer via standard photolithography process
and mesa of 800umx800um was defined. Au/Ti and Au/NiO were deposited on the
bottom Ga-doped layer and top Sb-doped layer, respectively, after which the proper
temperature annealing was carried out to form good Ohmic contacts.

The elemental distribution of Zn, O, Mg, Ga, Sb and Si was obtained by performing

secondary ion mass spectroscopy (SIMS) measurements, and the result is shown in
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Fig.6.2 (b). Clear MgZnO/ZnO/MgZnO structure is inferred at around 200 nm depth
under surface. The ZnO well width was determined to be 30 nm. Also, Sb signal extends
from the top ZnO layer into upper MgZnO layer, which may give rise to a more efficient
hole supply reservoir. Due to diffusion of Mg, the SIMS profile shows broad signals.[15]

Strong Mg signal near the interface of ZnO and Si substrate indicates the existence of

MgO/ZnO buffer layer.
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Figure 6.2 (a) XRD 6/260 result showing preferential (0001) growth. Inset is top-view
SEM image of as-grown sample. (b) SIMS spectra of the sample, showing elemental
distribution of Zn, O, Mg, Ga and Sh.
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Figure 6.3 shows the current-voltage characteristics of the laser device. The insets
show Ohmic behaviors of n-contacts and p-contacts. The rectifying characteristic
between n- and p-contacts suggests that a p-n diode should be formed. Turn-on voltage
can be determined to be about 5V. Lasing emission was collected from mesa surface as

the diode was biased under DC forward voltages.
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Figure 6.3 current-voltage characteristic of a typical diode. Insets show that Ohmic
contacts were formed for p-type ZnO layer and n-type ZnO layer, respectively.
Figure 6.4 shows the electroluminescence (EL) spectra of the diode. Clear lasing

occurs as drive current increases above 30 mA. Both the number and intensity of sharp
lasing mode peaks in the spectra region increase as the injection current increases. Some

lasing modes also disappear at the higher injection currents. The lasing modes are
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determined by the path of the close loop random cavities. Since the close loops are
randomly formed by scattering, it is possible that under different injection currents, the
paths of close loops are different. Overall, there is higher possibility of the formation of
additional random cavities at higher currents. It is a typical phenomenon for random
laser, and is widely observed in electrically pumped and optically pumped ZnO based
devices.[10-12] The top inset shows the typical full wavelength EL spectrum from the
device, which covers from 350 nm to 650 nm. Near band edge emission is dominant

compared to weak deep level emissions.
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Figure 6.4 Room temperature EL spectra at the injection current from 10 mA to 60 mA.

The top inset is a typical full wavelength recording, showing no deep level emission, and
the bottom inset is integrated intensity vs. injection current.
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6.2.3 Discussion

There is no indication of EHP formation since the center of lasing peaks is almost
at the same position of 380 nm when the injection current increases from 10 mA to 60
mA, as shown in Fig.6.4. In normal EHP case, EHP recombination comes at the lower
energy tail of excitonic emission, and has an evident red-shift as pumping power
increases,[16,17] which is mainly due to band gap renormalization with excess carrier
density larger than Mott density.

The plot of the integrated lasing spectrum intensity as a function of injection
current is shown in the lower inset of Fig.6.4. A solid line is plotted to guide the eyes,
showing the threshold current of about 30 mA, corresponding to current density of 4.7
Alcm?. The threshold current density is given approximately by Jy=eNud/t, where e is
the electron charge, Ny, is the carrier density at the threshold, d is the active layer
thickness. Assuming the exciton lifetime of 100 ps,[18] and the active layer thickness of
30 nm according to the SIMS profile, Ny, is calculated to be 3x10™cm™. This number is
much less than the Mott density of 5x10" cm™ in Zn0O,[19] suggesting that the gain in
this diode laser should originate from excitonic process rather than EHP process. Low
hole carrier concentrations may be enough for excitonic lasers from a theoretical
prediction.[8] For Sb doping, higher hole concentration of up to 10 cm™ was
achieved,[20] therefore, it confirms that p-type doping of ZnO, although difficult, may
create sufficient hole carrier concentrations for realizing low-threshold electrically
pumped random lasers. It should be noted that this estimation does not consider the

current crowding effect where mesa edge and center areas carry larger current density
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than other areas on the mesa due to the current spreading from bottom electrode and top
electrode, respectively. Nevertheless, we argue that the current density near the mesa
edge areas is still not large enough to generate EHP process as the lasing spectra does not
red-shift at higher injection currents.

A dynamic view of excitonic recombination is plotted in Fig. 6.5(a). At the forward
bias condition, electrons and holes are injected from Ga-doped ZnO layer and Sh-doped
ZnO layer, respectively, and trapped into the central ZnO well layer within MgZnO
barriers. Recombination occurs mainly in the central ZnO layer, where electrons and
holes form excitons through the electron-hole Coulomb interaction. Further injection of
electrons and holes into the ZnO well at higher biases leads to carrier-exciton interaction
with photon emissions and gain.

In addition to the formation of optical gain, light multiple scattering to form close
loops to amplify stimulated emission is required in random lasing. In this device, as
schematically shown in Fig. 6.5 (b), the close loops could be formed by random
scattering via vertical column boundaries in the thin film, with pores or air gaps in
between each other, acting as multi-faceted scattering media; or back-and-forth
reflections at the parallel side walls. These air gaps play important roles in enhancing the
light scattering due to its refractive index difference with ZnO; without these air gaps, the
diodes with similar MgZnO/ZnO/MgZnO heterostructures showed no lasing or weak
lasing on Si and sapphire substrates, respectively.[21,22] Since the column boundary

planes are vertical to the substrate, the light close-loops are formed in the film plane
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rather than in the growth direction, leading to edge emission, rather than surface

emission. [23,24]

MgZnO MgZnO

* Coulomb
interaction

Figure 6.5 (a) Band diagram and dynamic view of exciton formation and electron-
exciton interaction process. (b) Schematic view of random laser close loops from light
multiple scattering, including random scattering from multiple planes and two parallel

planes.

An image of a working device at drive current of 30 mA was taken by microscope
camera in dark background, as shown in Fig. 6.6(a). The edge emission is dominant
compared to surface emission, indicating that the close loops are indeed formed in the
film plane. Note that a conventional edge emitting LD normally requires the polishing of
the edge or perfect cleave of the crystal, [25] however, in ZnO case, the perfect cleavage

along parallel crystal planes is difficult as its hexagonal crystal structures would not be as

easily cleaved with flat planes as those cubic crystals. In the present LD, no polishing
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process was done on the edge except a standard mesa wet chemical etching in the device
fabrication process. Therefore, side planes of the diode mesa are not completely
perpendicular to the substrates, as shown in the SEM image in Fig. 6.6(b). Figure 6.6 (c)
draws possible paths for a scattered light from a close loop to escape from the device. It is
evident that once the lasing light, a refracted light from an in-plane close-loop random
cavity, is incident to the titled and rough edge plane of the mesa, it will be

reflected/refracted by this plane to emit onto all directions.

Figure 6.6 (a) Image of a working device taken by microscope camera at dark
background with drive current 30 mA. (b) SEM side view of mesa edge of the diode. The
dashed line, which is on the same plane of the mesa surface, is drawn to guide the eyes to
see the tilted and rough mesa edge plane. (c) Schematic explanation of the output paths of

scatgtered lights. Only one close-loop is drawn for clarity.

102



6.2.4 Conclusion

We experimentally realized an electrically pumped random laser with a
MgZn0O/ZnO/MgZnO heterostructure embedded in a ZnO p-n junction at room
temperature. Due to excitonic process, threshold current is low. Moreover, naturally
grown columns provide multiple scattering media at boundaries, giving rise to the
formation of random close loops, hence the laser has randomly distributed peaks. The
observation of random laser in this device confirms the recent achievement of p-type

doping is sufficient for realization of low-threshold electrically pumped laser.

6.3 DBR assisted ZnO nanowire laser diode with metal insulator semiconductor
structure

6.3.1 Introduction

Optical pumping experiments in the previous chapter have proved that introducing
DBR structure lowers pumping threshold power. The next step is to realize low threshold
electrically pumped Fabry-Perot laser. The best solution would be to grow p-type ZnO
nanowires on n-type ZnO butter layer, as we reported before. [26] However, p-type ZnO
nanowires are difficult to achieve on DBR structure. The main reason is that the buffer
layer grown on SiO2 has low quality compared to the buffer layer grown on sapphire
substrate, leading to the difficulty of acceptor doping. To avoid the problem, the metal
insulator semiconductor structure is proposed here. The insulator layer worked as the
confinement barrier to local high concentration of electrons, which recombine with the
holes coming from the other side. The cavity of random laser is distributed in any
directions in between the top metal and the bottom DBR. The outgoing laser emission is
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only observed at the edge of the metal. For Fabry-Perot type laser, since the cavity is
vertically formed, the exit lasing emission will be along the nanowire ¢ axis. Here arises
another problem, that the metal deposited on top of nanowires will block the lasing
emission outgoing. To solve this problem, we use NiO instead of gold as the metal for
hole injection. Thin layer of NiO has abundant holes naturally and is transparent in UV.
[27,28]
6.3.2 Device fabrication

The vertically aligned ZnO nanowires with different lengths were grown by CVD
method. To form the barrier layer for the subsequent MIS device, the nanowires was then
transferred on the atomic layer deposition (ALD) furnace for Al,O3 deposition. The
sources were water, and aluminum tetrachloride (AICl4). The growth temperature was
150°C under low pressure with a 15 sec waiting time between the sources. The Al,O3;was
deposited both at the top ends and on the sidewalls of the nanowires, so the entire
nanowire was coated by 10 nm Al,0;. PMMA was used to fill the gaps of the nanowires
and 20 nm NiO was then deposited on the coated nanowires to form top contact by E-
beam evaporation. Ti/Au was deposited on ZnO buffer layer where there is no nanowires
grown on, and proper annealing was performed to form Ohmic contact. Figure 6.7 shows

the device fabrication steps.
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Figure 6.7 Schematic of fabrication of metal oxide semiconductor diode

6.3.3 Device characterization

The device works when the positive bias is applied at the top Au electrode. The
negative bias is applied on ZnO buffer layer 2 mm away the disordered nanowires, and
the positive bias is applied on top of ZnO nanowires through Indium Tin oxide (ITO)
glass. The current goes through ZnO polycrystalline layer since the vertically aligned
nanowires are disconnected with each other.

Figure 6.8 shows the electroluminescence (EL) spectra of one device with an
average cavity length of 10 um at the injection current from 15 mA to 30 mA. When the
injection current goes up to 15 mA, a broad peak emission with a center wavelength of
385 nm starts to show up, originating from ZnO band edge recombination. As the
injection current goes up to 20 mA, the intensity of this broad peak emission becomes
stronger and several sharp peaks with full width at half maximum (FWHM) of about 0.5
nm arise upon the broad peak, indicating the on-set of stimulated random laser emission.
When the injection current goes higher, the lasing peaks are stronger and sharper. The
center of multiple lasing peaks redshifts as injection current goes up from 15 mA to 30
mA. Unlike optical pumping, not every mode shows up during each measurement. Noted

that most of the lasing peaks have stable positions with slight blue shift due to heat
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induced refractive index variation [29], indicating the formation Fabry-Perot resonant
cavity instead of random cavity. The mode space of this sample is about 1.4 nm, which is

very close to the calculated mode space (1.2 nm).

Intensity (a.u.)

370 380 390 400 410
Wavelength (nm)

Figure 6.8 Electroluminescence fro_m_ 10_um nanowire MIS structure diode at different
injection current

Another nanowire device which has an average cavity length of 4 um was
performed the same EL experiment. The major lasing peaks were aligned by solid lines,
showing the mode space of about 2.5 nm, as shown in Fig. 6.9. Although the two
different lengths nanowire devices show Fabry- Perot characteristic, they are not standard
Fabry- Perot type laser. The lasing modes are not stable at different injection current.
Although the Fabry-Perot cavity may work as the resonant cavity, the emission is from
multiple cavities. It is possible that only a few cavities lase from each experiment, thus

some randomly magnified modes are observed. In this case, although Fabry-Perot cavity
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participated in lasing, it still can be classified to random laser because the detected modes

are randomly selected.

Intensity (a.u.)

360 370 380 390 400 410
Wavelength (nm)

Figure 6.9 Electroluminescence frqm 4.5 um nanowire MIS structure diode at different
injection currents

Figure 6.10 shows a schematic view of lasing mechanism. The band gap of Al,Os
is 7 to 10 eV,[30] which acts as a barrier in the band structure. Under positive bias, the
holes in the Au gate electrode tunnel through the Al,O3 barrier into Zn0O.[31,32]
Meanwhile, the electrons from the semiconductor drift in the opposite direction. The
existing high barrier of Al,O3 accumulates electrons in the insulator-semiconductor
interface well, which acts as the recombination region. Although the tunneling holes drift
towards inner part of semiconductor by the electric field, they are blocked by the Al,O3
layer at the other side. Moreover, the effective mass of the holes is relatively large.[33]

Considering the picosecond lifetime of the excited electron-hole pairs,[34] a large amount
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of electrons and holes will recombine near the semiconductor surface to either emit light

or heat.

AlLO, ZnO

Ec

Ev

Figure 6.10 Diagram at positive bias and dynamic view of the recombination.
6.3.4 Conclusion

DBR assisted ZnO nanowire laser diode with metal insulator semiconductor
structure was achieved. By using NiO as the hole supplier and utilizing insulator barrier
to confine the electrons, lasing emissions were observed on the surface of the nanowires.
The lasing mode space is strongly related to the cavity length, and roughly follows the
inverse relation according to the results from two different devices with cavity length of
10 um and 4 um respectively. Although the lasing modes indicate Fabry-Perot type
resonant cavity, they are not stable at different injection currents. The randomly selected

output modes classify it to be random lasing.
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Chapter VII Conclusion

UV ZnO light-emitting diode on Si (100) substrate has been realized. Reliable p-
type ZnO is formed and microscopically the p-n homojunction consists of column
nanostructures. Au/NiO and Au/Ti make good Ohmic contacts to p-type and n-type
portions of the ZnO nano columns for the formation of LED devices. I-V and C-V
measurements show good rectification behavior and EL experiments demonstrate
dominant UV emissions, owing to better p-type quality. LED performance was
characterized at both room temperature and 17 K, showing heat induced emission redshift
and efficiency drop. To improve output power, UV MgZnO/ZnO/MgZnO double
heterojunction light-emitting diode on Si (100) substrate has been realized. Au/Ni and
AU/Ti make good Ohmic contacts to p-type and n-type ZnO layers. I-V measurement
shows good rectification behavior and EL experiments demonstrate dominant UV
emissions. Compared to ZnO homojunction diode, the output power of this device is 7.3
times stronger at the same injection current, which demonstrates a better confinement of

electron and holes to recombine in an intrinsic ZnO layer.

To develop ZnO nanowire laser, 10-period DBR structure was designed using SiO,
and SiNy. Vertically aligned ZnO nanowires were achieved by CVD growth, on a ZnO
polycrystalline seed layer deposited on DBR by MBE. Fabry-Perot type lasing was
observed with optical pumping and a lower threshold excitation power was achieved due
to the lower cavity loss with the DBR structure. The cavity finesses is improved and the
FWHM of lasing mode is reduced. The competition between spontaneous and stimulated

emission was further studied at higher pumping power. The non-extinct spontaneous
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emission is due to fractional confinement of waveguide modes in small nanowires less
than 100 nm in diameter. The DBR technology can be transferred to Si or even glass
substrate, further lowers the cost. The achievement of lower threshold pumping power
with DBR structure paves a way for further development of low-threshold ZnO nanowire
laser diodes.

We also developed low threshold ZnO p-n junction laser diode with
MgZnO/ZnO/MgZnO heterostructure embedded. Due to excitonic process, threshold
current is low. Moreover, naturally grown columns provide multiple scattering media at
boundaries, giving rise to the formation of random close loops, hence the laser has
randomly distributed peaks. The observation of random laser in this device confirms the
recent achievement of p-type doping is sufficient for realization of low-threshold
electrically pumped laser. Moreover, DBR assisted ZnO nanowire laser diode with metal
insulator semiconductor structure was achieved. By using NiO as the hole supplier and
utilizing insulator barrier to confine the electrons, lasing emissions were observed on the
surface of the nanowires. The lasing mode space is strongly related to the cavity length,
and roughly follows the inverse relation according to the results from two different

devices with different cavity lengths.
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