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Abstract

/n0O is a promising material for optoelectronics as stable, reliable, wide
direct band-gap therefore transparent for visible light semiconductor. The
band gap around 3.37 €V at room temperature results the absorption-edge
and emission in near ultraviolet wavelength region of the spectrum. The
unique feature of the material is huge binding energy of excitons (60 meV).
This allows studying the exciton system experimentally even at room tem-
perature. Moreover, stimulated emission induced by interaction of excitons
leads to high lasing stability and low stimulated emission threshold.
Introducing Mg or Cd into ZnO lattice in combination with nanotechnol-
ogy opens attractive perspective for the band gap engineering which is es-
sential in modern optoelectronics. The ternary MgZnO alloys demonstrate
even better optical properties than merely ZnO does. Therefore MgZnO has
strong potential to be applied in solar blind photodetectors, as well in deep
ultraviolet light-emitting diodes. The CdZnO quantum structures may be
alternative to blue and green InGaN based light-emitting diodes and lasers.
In this work, the results on ZnO, MgZnO and CdZnO epitaxial layers,
heterostructures and quantum well structures studied by means of advanced
spectroscopy techniques are presented. The research was done addressing
to the up-to-date issues on ZnO and related materials application in opto-

electronics. The following aspects are investigated in this work:

o Stimulated emission mechanisms and optical gain features of high

quality ZnO epitaxial layers;
» Optical properties of highly conductive Ga doped ZnO epitaxial layers;
o Characterization of N doped ZnO layers;
« Exciton localization effect in ternary MgZnO epitaxial layers;

 Optical characterization of CdZnO/ZnO multiple quantum wells struc-
tures for light-emitting diodes.



Number of advanced spectroscopy techniques was applied in the studies
of the ZnO and ZnO-based structures. In this work, the experiments were
carried out applying the spectrally-resolved time-integrated photolumines-
cence spectroscopy in stationary or quasistationary (nanosecond) excitation
conditions, as well picosecond pulsed excitation conditions. The transmis-
sion spectroscopy was applied for the absorption spectra measurements.
The time-resolved photoluminescence spectroscopy was applied for carrier
dynamics investigation applying the time correlated single photon count-
ing technique, streak camera apparatus or the time-resolved spectrally-
integrated photoluminescence decay measurement technique with the Kerr
gate. The light-induced transient grating technique was used for investi-
gation of carrier dynamics. The advanced scanning near optical field mi-
croscopy was used for photoluminescence measurements with nano-scale
resolution. Together with optical characterisation the crystal structure anal-
ysis was carried out using X-ray diffraction, atomic force microscopy and
scanning electron microscopy, as well energy dispersive X-ray spectroscopy.

The analysis of ZnO photoluminescence spectra led to the problem, that
the P-band due to exciton-exciton interaction is usually overlapped with the
photoluminescence bands caused by other radiative recombination mecha-
nisms. In order to determine the position of P-band, the exciton-exciton
interaction model was analysed theoretically. The theoretical P-band max-
imum is in typical energy position for inelastic collision of free excitons,
i.e. at the position shifted to longer wavelengths by two excitons binding
energy EY from the band gap energy. However, there is an experimental
fact of diversity of the P-band energies varying from sample to sample. It
was shown, that the reason is the inelastic interaction of free excitons with
localized excitons, which has lower energy by value of localization energy
AE},.. It was taken into account in calculations of the P-band spectra and
the shift to the side of the lower photon energy by the localization energy
value was demonstrated.

The photoluminescence investigation of the molecular beam epitaxy grown
MgZnO layers revealed the S-shaped photoluminescence spectra peak posi-
tion dependence on temperature. This behaviour is attributed to the carrier
localization in randomly distributed potential field fluctuations. However,
for the first time photoluminescence peak position dependence on temper-

ature with two blue-shifts for samples with high Mg content is measured.



The model of the band-filling of density-of-states tail is created with the
presence of the two energy separated Gaussian-like density-of-states tail.
The scanning near optical field microscopy experiment proved the pres-
ence of less than 100 nm width Mg rich areas with enhanced luminescence
intensity. The carriers are localized within Mg rich areas due to Mg inho-
mogeneous distribution and are prevented from escaping to Mg absent areas
by potential barriers. The second localization field for carriers is present
in the Mg absent areas. It proves the double scale potential field profile
described by photoluminescence experiment. The atomic force microscopy
and energy dispersive X-ray spectroscopy experiments revealed a correla-
tion of structural quality with the calculated average carriers localization
energy.

The CdZnO/ZnO multiple quantum wells structures for 505 nm emission
light-emitting diodes were characterized optically and compared with the
corresponding InGaN/GaN multiple quantum wells structures. The photo-
luminescence intensity of CdZn0O/Zn0O multiple quantum wells structures is
by two orders of magnitude lower than that of InGaN/GaN multiple quan-
tum wells structures. The photoluminescence decay time of CdZnO/ZnO
multiple quantum wells was measured in the range from 30 ps to 50 ps
at room temperature and it depends on the growth conditions. The mea-
sured photoluminescence decay time of InGaN/GaN multiple quantum wells
is around 4 ns, therefore it is two orders of magnitude greater than for
CdZnO/ZnO structures. The difference in the luminescence properties
of CdZnO/ZnO and InGaN/GaN multiple quantum wells structures for
505 nm emission light-emitting diodes can not be attributed merely to the
crystal quality of the active layers, as the internal quantum efficiency is 5%
and 15%, respectively. It was ascertained, that weak carrier localization ef-
fect in CdZnO/Zn0O multiple quantum wells structures is important reason

for the low emission efficiency.



Reziumeé

ZnO — tiesiatarpis puslaidininkis, puikiai tinkantis taikymams optoelek-
tronikoje dél savo savybiy, tokiy kaip stabilumas, kietumas, skaidrumas
regimajai spektro sri¢iai. ZnO draustinis tarpas kambario temperaturoje
yra 3,37 eV. Tai lemia krasto sugert] ir liuminescencijg artimojo ultravioleto
spektrinéje srityje. ISskirtiné ZnO savybé yra nepaprastai didelé eksitony
rysio energija (60 meV), todél ZnO yra tinkama terpé eksperimentiskai tirti
eksitony sistemos savybes net ir kambario temperaturoje. Be to, eksitony
saveika pagrista priverstiné spinduliuoté pasizymi aukstu Sviesos emisijos
stabilumu ir Zemu optinio stiprinimo slenksciu.

Iterpiant Mg ar Cd j ZnO kristaline gardele, atliekama draustinio tarpo
inzinerija, kuri yra esminis reikalavimas puslaidininkiniy medziagy grupéms
siuolaikinei optoelektronikai dél nanotechnologijy teikiamos naudos. Trigubi
MgZnO lydiniai pasizymi net geresnémis optinémis savybémis, nei tiktai
Zm0O, todél MgZnO turi dideles galimybes buti panaudotas saulés neaki-
namiems fotodiodams ir ultravioleto spektrinés srities sviestukams. CdZnO
kvantinés strukturos gali tapti alternatyva InGaN pagrindu gaminamiems
melyniems ir zaliems Sviestukams ir lazeriams.

Siame darbe pateikiami ZnO, MgZnO ir CdZnO epitaksiniy sluoksniuy,
heterodariniy ir kvantiniy struktury tyrimy, atlikty taikant pazangios spek-
troskopijos metodus, rezultatai. Atlikti tyrimai skirti spresti dabartines
ZnO ir susijusiy junginiy taikymo optoelektronikoje problemas. Siame

darbe nagrinéjami problematikos aspektai:

o aukstos kokybés ZnO epitaksiniy sluoksniy priverstinés spinduliuoteés

mechanizmai ir optinio stiprinimo ypatybés;

o didelio laidumo Ga legiruoty ZnO epitaksiniy sluoksniy optinés savy-

bés;

e N legiruoty ZnO sluoksniy charakterizavimas;



 cksitony lokalizacijos efektai MgZnO epitaksiniuose sluoksniuose;

o CdZn0O/ZnO daugkartiniy kvantiniy duobiy struktury, skirty svies-

tukams, optinis charakterizavimas.

ZnQ ir susijusiy junginiy struktury tyrimams buvo taikyti jvairus pazan-
gios spektroskopijos metodai. Siame darbe atliktuose eksperimentuose buvo
naudojama spektrinés skyros, laike integruotos fotoliuminescencijos spek-
troskopija nuostoviomis ir kvazinuostoviomis nanosekundinio suzadinimo
salygomis, taip pat pikosekudinio impulsinio suzadinimo salygomis. Suger-
ties krasto matavimams buvo naudojama optinio pralaidumo spektroskopija.
Laikinés skyros fotoliuminescencijos spektroskopija buvo taikoma kruvininky
dinamikos tyrimams panaudojant laike koreliuoty pavieniy fotony skaiciav-
imo metoda, greitaveike fotoregistracijos kamera ir laikinés skyros spek-
triskai integruota fotoliuminescencijos gesimo matavimo metoda su Kero
sklende. Kruvininky dinamikai tirti buvo pasitelkta pazangi Sviesa in-
dukuoty laikiniy gardeliy metodika. Fotoliuminescencijos matavimams su
simty nanometry eilés skiriamaja geba buvo panaudota pazangi skenuojanti
artimojo optinio lauko mikroskopija. Kartu su optiniais charakterizavimo
metodais buvo atlikta kristaly strukturos ir sudéties matavimai naudojant
Rentgeno spinduliy difrakcija, atominés jégos mikroskopija, skenuojancia
elektronine mikroskopija, o taip pat spektrinés skyros Rentgeno spinduliy
spektroskopija.

Zn0O fotoliuminescencijos spektry analizé atskleidé, kad netamprios eksi-
tony saveikos salygota spektriné P-juosta daznai persidengia su kity rekom-
binacijos mechanizmy spektrinémis juostomis. Siekiant nustatyti P-juostos
padétj, buvo analizuojamas eksitono-eksitono sgveikos teorinis modelis. Teor-
iné P-juostos smailé yra ties grieztai apibrézta energija, kuri yra dviejy
eksitono rysio energijy Efc’ atstumu nuo draustinio tarpo. Taciau eksperi-
mentiskai iSmatuojamy P-juosty smailiy padétys varijuoja ir skirtinguose
bandiniuose skiriasi. Parodyta, kad to priezastimi yra netampri laisvy ek-
sitony sgveika su lokalizuotais eksitonais, kuriy rysio energija yra mazesné
per lokalizacijos energijos verte AEj,.. Tai buvo jskaityta skaiciuojant P-
juostos spektra ir parodytas poslinkis j mazesnés fotony energijos puse per
lokalizacijos energijos verte.

Molekulinio pluosto epitaksijos budu uzauginty MgZnO sluoksniy fotoliu-

minescencijos tyrimai parodé S-formos smailés padéties priklausomybe nuo



temperatiiros. Sis efektas priskiriamas kravininky lokalizacijai atsitiktinai
pasiskirséiusiose potencialinio lauko fliuktuacijose. Tac¢iau bandiniuose su
dideliu Mg kiekiu pirma karta buvo iSmatuota fotoliuminescencijos smailés
padéties priklausomybé nuo temperaturos su dviem mélynaisiais poslinki-
ais. Pasiulytas buseny tankio uodegos pildymo modelis, kai buseny tankio
uodega formuoja dvi skirtingos energijos padéties Gauso funkcijos. Skenuo-
jancios artimojo optinio lauko mikroskopijos eksperimentas patvirtino esant
mazesniy nei 100 nm skersmens sri¢iy su padidintu Mg kiekiu ir padidéju-
siu liuminescencijos intensyvumu. Kruvininkai yra lokalizuoti srityse su
padidintu Mg kiekiu dél nehomogenisko Mg pasiskirstymo ir negali pereiti
] sritis su mazesniu Mg kiekiu. Antrasis kruvininkus lokalizacijantis laukas
yra mazesnio Mg kiekio srityse. Tai patvirtina dviejy skaliy potencialinio
lauko modelj, nustatyta fotoliuminescencijos eksperimentu. Matavimai, at-
likti atominés jégos mikroskopu ir spektrinés skyros Rentgeno spinduliy
spektrometru, atskleidé glaudy rysj tarp strukturinés sluoksniy kokybeés
parametry ir nustatyty vidutiniy kruvininky lokalizacijos energijos verciy.

Optiskai charakterizuotos CdZnO/ZnO daugkartiniy kvantiniy duobiy
strukturos, skirtos ties 505 nm spinduliuojantiems sviesos diodams, ir paly-
gintos su atitinkamomis InGaN /GaN daugkartiniy kvantiniy duobiy struk-
turomis. CdZnO/ZnO daugkartiniy kvantiniy duobiy struktury fotoliu-
minescencijos intensyvumas yra dviem eilémis mazesnis nei InGaN/GaN
daugkartiniy kvantiniy duobiy struktury. ISmatuotos fotoliuminescencijos
gesimo trukmés CdZnO/Zn0O daugkartiniy kvantiniy duobiy strukturoms
kinta nuo 30 ps iki 50 ps kambario temperaturoje ir priklauso nuo aug-
inimo salygy. InGaN/GaN daugkartinéems kvantinéms duobéms iSmatuo-
tos fotoliuminescencijos gesimo trukmes yra apie 4 ns, todeél dviem eilémis
ilgesnés nei CdZn0O/Zn0O struktury. CdZnO/Zn0O ir InGaN/GaN daugkar-
tiniy kvantiniy duobiy struktury, skirty ties 505 nm spinduliuojantiems
sviesos diodams, liuminescencijos savybiy skirtumas negali buti priskirtas
vien tik aktyviosios srities kristalinés kokybés skirtumams, kadangi vidi-
nis kvantinis nasumas yra atitinkamai 5% ir 15%. Nustatyta, kad silpnas
kruvininky lokalizacijos efektas CdZnO/Zn0O daugkartiniy kvantiniy duo-

biy strukturose yra svarbi mazo emisijos efektyvumo priezastis.



1 Introduction

Zinc oxide (ZnO) is a wide band-gap semiconductor promising for appli-
cations in optoelectronics. The direct band-gap of 3.37 eV at the room
temperature results in the light absorption and emission at near-UV spec-
tral range [1]. Another unique property is extremely large exciton binding
energy of 60 meV [2]. Even at room temperature with thermal energy of
26 meV, carriers in the crystal are found as Wannier-Mott type excitons. It
makes this compound a convenient medium for study of the fundamental
processes in high density gas of various interacting quasi-particles, such as
electrons, holes, excitons and their complexes (bound excitons and biexci-
tons) and formation of dense electron-hole plasma exceeding Mott-density.
Favorable large exciton binding energy may also lead to lower thresholds
for SE [3] and higher lasing stability. Another advantage of ZnO-based
compounds over competitive semiconductor groups is cheaper production
as well.

Zn0 as a wide-gap semiconductor is known for a long time. The first re-
search period started at 1930s and lasted until the end of the seventies [4].
The basic crystal structural, electrical and optical properties were investi-
gated during that time. The most sample species at that time were bulk
ZnO crystals grown by gas transport or hydrothermal growth techniques.
The interest to ZnO paled in the beginning of the eighties due to the p-type
unavailability. This restricted the applications of ZnO in semiconductor
devices. The brief overview of early research achievements can be found in
a book [5].

The current research period gradually started from the 1990s and it is
related with the achievements in growth techniques, namely MBE [6] and
MOCVD [7], as well as in advanced characterization techniques. Recently,
the number of scientific publications on (Cd,Mg)ZnO materials and their
quantum structures increased significantly. The possibility to perform band-

gap engineering by introducing Cd or Mg into ZnO compound brings this



reborn material frontward as one of the most promising materials in mod-
ern optoelectronics [8, 9]. MgZnO can find the application in the deep UV
photodiodes, LEDs and LDs as a competitive material to nitride-based com-
pounds. The CdZnO quantum structures can be alternative to InGaN quan-
tum structures based blue and green light emitters. The lattice mismatch
between ZnO and GaN is about 2% whereas that for ZnO and sapphire is
about 18% [10]. Therefore, ZnO also is often used in combination with well
established GaN technology [11]. Recent achievements in growth technology
(including MBE approach) seem promising from the viewpoint of fabrica-
tion of quantum structures like nanorods [12], nanotubes [13], nano-wells
[8, 14], and etc., which show enhanced light extraction efficiency.

The current research on ZnO and ZnO-based materials are mainly related

with the applications in one of the following field, such as:
e UV and visible LEDs and LDs;
« solar-blind photodiodes;
« visible light transparent conducting oxides;
o solar cells;
o dilute magnetic semiconductor for spintronics;
 high radiation resistant devices for space- and nuclear-electronics;
 biosensors.

The unique properties of ZnO can be utilized in the new semiconductor
devices with better performance and efficiency. However, several problems
still have to be resolved before ZnO can become competitive with other
semiconductor groups in optoelectronics. For ZnO applications the p and
n doping is necessary. The nominally undoped ZnO epitaxial layers are n-
type. Also the n-type ZnO epitaxial layers can be grown highly conductive
by doping ZnO with Al, Ga or In. The p-type conductivity of ZnO epitaxial
layers may be achieved by introducing N, P or As to replace the O?>~ in
the ZnO lattice [15]. On the other hand, Li, Na, K, Cu or Ag can be
introduced to replace Zn** in the ZnO lattice [16]. Although there is variety
of dopants available, the highly conductive stable and reproducible p-type

ZnQO epitaxial layers are still major issue that must be resolved. However,



some breakthrough was done by realization of co-doping of ZnO epitaxial

layers [17].

Motivation

The breakthrough of GaN based semiconductor technology lasted more than
two decades starting the new generation of solid-state lighting. The begin-
ning of GaN research boom was initiated by the works of I. Akasaki group
on stable and reproductive p-type GaN epitaxial layers [18, 19] and by
the works of Sh. Nakamura on growth of high quality GaN epitaxial layers
suitable for commercial violet and blue LEDs [20, 21, 22]. The impact of
the research on GaN based technologies for optoelectronic was tremendous:
the whole new solid-state lighting industry was established offering the vast
variety of applications for semiconductor light emitting devices. Many tech-
nological problems were solved and great amount of knowledge on physics
behind the light generation and extraction was acquired in the past few
decades due to intense research in this field. By the way, the significant
contribution is done by the scientists at Applied Research Institute of Vil-
nius University — more than 150 scientific papers were published in recent

years (source: Web of Knowledge).

While the more powerful and more efficient LEDs and LDs are hitting
the market, the research progress on GaN based technologies saturates with
around 3000 papers each year since 2006. The ZnO based technologies how-
ever have the unrealized potential to be used in optoelectronics not only
supplementing the available lighting active media, but also revealing new
aspects of the fundamental recombination processes. The rapid progress
of the growth, doping and processing techniques promises the ZnO based
heterostructures and quantum structures of sufficient structural and opti-
cal quality for commercial optoelectronic devices in the near future. The
unique properties of ZnO may offer new interesting features of light emit-
ters. Therefore it is important and challenging to work in the area of ZnO

based technologies.



Goal of the work

The goal of this work is to study ZnO, MgZnO, CdZnO heterostructures
and quantum structures using advanced spectroscopy techniques and to
describe the optical quality of the structures considering the relation of the
crystal properties of the layers and linking to the applications in the field

of optoelectronics.

Tasks of the dissertation

To reach and fulfil the stated goal of this work the following tasks were
established:

1. Investigation of the MBE grown high quality undoped ZnO epitaxial
layers on the sapphire substrates using spectroscopic techniques and
characterization of the optical quality of the epitaxial layers linking
to the crystal quality. Characterization of the MBE grown Ga doped
n-type ZnQO thin heteroepitaxial layers on various epitaxial layer struc-
tures and relate the optical properties to the structures. Optical char-
acterization of the N doped p-type ZnO layers grown by magnetron
sputtering to find the evidences of N caused acceptor levels, that ac-

tivates p-type conductivity of the ZnO layers.

2. Investigation of the optical properties of the MBE grown MgZnO thin
epitaxial layers on sapphire substrates and description of the influence
of the Mg content in the epitaxial layers to optical properties, as well

to crystal structural quality of MgZnO epitaxial layers.

3. Characterization of the CdZnO/ZnO MQWs structures for application
of electrically driven green (A, = 505 nm) LEDs grown by combined
MBE and MOCVD techniques; description of the optical quality of
the structures relating to the growth conditions and comparing to the
conventional InGaN/GaN MQWs structures for green LEDs applica-
tion using spectroscopic techniques; evaluation of the main reasons
that influence the optical output characteristics of the CdZnO/ZnO
MQWs structures for LEDs.
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Novelty and importance of the work

The ZnO based semiconductor structures for applications in the field of
optoelectronics is currently in the intensive research period. The progress
in the growth and doping techniques gives the possibility to fabricate ZnO
based heterostructures of sufficient structural and optical quality for efficient
optoelectronic devices. Therefore, the investigation of currently available
Zn0O based structures is of great importance. The study of carrier dynam-
ics and fundamental interaction processes gain the necessary knowledge to

overcome main technological obstacles.

In this work series of ZnO, MgZnO and CdZnO heterostructures and
quantum structures were studied by the means of advanced spectroscopic

techniques. The main achievements of this work lie in these findings:

The model of inelastic exciton interaction involving localized excitons is
applied to calculate the P-band observed in ZnO PL spectra. The intro-
duction of localized donor bound exciton to the interaction led to the shift
of the P-band peak energy to the lower energy side. This explains the

diversity of measured P-band’s peak positions.

The carrier localization effect is studied in MBE grown MgZnO epitaxial
layers with high (17 — 32%) Mg content in the alloys. The PL investigation
revealed the double S-shaped PL peak position dependence on temperature,
what is the evidence of carrier localization in randomly distributed poten-
tial field fluctuations. The double blue-shift of the PL peak position with
increase of temperature is described for the first time and two blue-shifts
are attributed to the separated double-scale potential field fluctuations with

different average localization energy.

The PL decay time was measured for MBE grown CdZnO/ZnO MQWs
structures for green LEDs, that emits at around 505 nm peak wavelength.
The typical PL decay time is in the range from 30 ps to 50 ps at room
temperature and depends on growth conditions of MQWs. By comparing
the optical properties of CdZnO/ZnO MQWs structures with correspond-
ing InGaN/GaN MQWs structures it is ascertained, that for efficient light

emission the major influence has carrier localization effect in the active area.
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Key statements for defence

The following statements are mooted as results of the accomplished work:

1. Inelastic interaction among free and localized excitons with different
localization energy shifts the P-band’s peak position in the photolu-

minescence spectra of highly excited ZnO crystals.

2. The model of two different Gaussian density-of-states tails explains the
double blueshift of photoluminescence peak position in dependence on

temperature.

3. Carrier lifetime and emission efficiency in CdZnO/ZnO MQWs struc-
tures designed for 505 nm LEDs is lower by two orders of magnitude
in comparison to corresponding InGaN/GaN MQWs structures due to

weak carrier localization effect in the active area.

Layout of the dissertation

Dissertation consists of brief introduction, 5 chapters and conclusion chap-
ter. The introduction to the dissertation briefly describes the main idea of
the work, explains the motivation behind the research, the main goal and
tasks of the work, the novelty and importance of the dissertation. The key
statements for defence are introduced. Also the contribution of the author
and approbation of the research results are described in this chapter along
with the list of publications and conference contributions.

The second chapter is devoted to review on the current breakthrough of
research in the field of ZnO applications for optoelectronics with the corre-
sponding references to the scientific literature. Together with it some of the
basic knowledge about the ZnO is presented in order to build the foundation
for the analysis and interpretation of the results obtained in this work. The
third chapter lists and explains the techniques used in the conducted ex-
periments. The advantages and limitations of experimental techniques are
pointed out as well. The fourth chapter contains the original results of the
optical properties of the undoped and doped ZnO epitaxial layers paying
attention to the stimulated emission properties. The fifth chapter considers
the investigation of carrier localization effects in the ternary MgZnO epitax-

ial layers. In the sixth chapter, the investigation on the carrier dynamics in
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the CdZn0O/ZnO MQWs structures is considered. The last three chapters,
namely the fourth, fifth and sixth, contain the original experimental data,
analysis, interpretation of the results and validation combining with the
known models of semiconductor physics. The last chapter states the main

results of this work.

Contribution of the author

The author’s major contribution to this work is the implementation and
application of stationary and quasi-stationary PL and streak camera exper-
iments. Also the author dealt with the data acquisition, analysis, visualiza-
tion and interpretation. The modelling results presented in this work are
accomplished by the author using the numerical calculation methods. The
results and conclusions are achieved by the author discussing the matter

with the supervisor of the doctoral studies prof. dr. Edmundas Kuokstis.

The author has major contribution to preparation of the publications
(23, 24]. In the paper [25], the author contributed the PL results and
discussion. The author’s results are included in the publications [26, 27].
The author has prepared number of presentations in the conferences: six
poster and five oral presentations. The author gratefully acknowledges the

contribution of the co-authors to the publications and conference papers.

However, this work would not be possible without the contribution of the
researchers at Institute of Photonics and Optoelectronics of National Tai-
wan University. The samples growth and preparation was done by research
group of prof. dr. Chih-Chung Yang with dr. Shao-Ying Ting and dr. Jeng-
Jie Huang. The N-doped ZnO samples were grown by dr. Saulius Burinskas
at Kaunas University of Technology. The Ga-doped samples were grown by
dr. Huiyong Liu and dr. Vitaliy Avrutin at Virginia Commonwealth Univer-
sity. The integral form of excitons’ interaction with Dirac 6 wave-function
was derived by prof. dr. Egidijus Anisimovas at Department of Theoretical

Physics of Vilnius University.
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Approbation of the research results

The significant part of the research results discussed in this work is pub-
lished in the periodical peer-reviewed scientific journals working with the
co-authors of the papers. Also the segments of the research were presented
in number of international and national conferences as part results. The
list of publications and conference contributions related to the doctoral dis-
sertation is given below. Several publications that are not related directly
by subject to the doctoral dissertation are also listed separately in the third

section.

List of publications related to the dissertation

1. M. Karalitinas, V. Sukauskas, E. Kuokstis, S.-Y. Ting, J.-J. Huang,
and C.-C. Yang, Band tail filling effect in MBE-grown ternary MgZnO
epitaxial layers with high Mg content, Phys. Status Solidi C 10(10),
1265 (2012).

2. M. Karaliunas, T. Serevicius, E. Kuokstis, S. Jursenas, S.-Y. Ting,
J.-J. Huang, and C.-C. Yang, Optical Characterization of MBE-grown
ZnO Epilayers, Advanced Materials Research 222, 86 (2011).

3. S. Burinskas, J. Dudonis, D. Milc¢ius, M. Karaliunas, and E. Kuokstis,
Synthesis of ZnO:N thin films by reactive DC magnetron sputtering,
Lith. J. Phys. 50(3), 325 (2010).

4. E. Kuokstis, M. Karaliunas, S. Jursénas, S. Miasojedovas, T. Sere-
vicius, S.-Y. Ting, J.-J. Huang, and C.-C. Yang, Photoluminescence
studies of MBE-grown ZnO and MgZnO epitaxial layers, Phys. Status
Solidi C 6(12), 2668 (2009).

5. M. Karaliunas, E. Kuokstis, K. Kazlauskas, S. Jursénas, V. Hoffmann,
and A. Knauer, Optical gain dynamics in InGaN/InGaN quantum
wells, Proc. SPIE 7142, 71420U (2008).

6. V. Hoffmann, A. Knauer, F. Brunner, C. Netzel, U. Zeimer, S. Ein-
feldt, M. Weyers, G. Trankle, J. M. Karaliunas, K. Kazlauskas, S.
Jursenas, U. Jahn, J.R. van Look, and M. Kneissl, Influence of MOVPE

14



growth temperature on the structural and optical properties of InGaN
MQW laser diodes, J. Cryst. Growth 310, 4525 (2008).

List of conference contributions related to the

dissertation

1. E. Kuokstis, M. Karaliunas, M. Stasiunas, S.-Y. Ting, J.-J. Huang, and
C.-C.Yang, Optical Properties of CdZnO/ZnO Multiple Quantum
Wells for Optoelectronic Application, Poster S1-65. 40th Lithuanian
National Physics Conference (LNFK-40), 10-12th June 2013, Vilnius,

Lithuania.

2. E. Kuokstis, V. Sukauskas, M. Karalitinas, S. Marcinkevi¢ius, V. Liuolia,
S.-Y.Ting, J.-J. Huang, and C.-C. Yang, Investigation of MgZnO Epi-
taxial Layers as Active Media for Applications in Optoelectronics,
Poster S1-64. 40th Lithuanian National Physics Conference (LNFK-
40), 10-12th June 2013, Vilnius, Lithuania.

3. H. Liu, M. Karaliunas, V. Celedinas, K. Jarasiunas, V. Avrutin, N.
Izyumskaya, M. Reshchikov, U. Ozgiir, and H. Morkog, Optical Prop-
erties of Highly Conductive and Transparent GZO Grown by Molecu-
lar Beam Epitaxy, Oral presentation Z14.08. 2012 MRS Fall Meeting
& Exhibit, November 25-30, 2012, Boston, MA, U.S.A.

4. M. Karalitinas, V. Sukauskas, E. Kuokstis, S.-Y. Ting, J.-J. Huang,
and C.-C. Yang, Band tail filling effect in MBE grown ternary MgZnO
epitaxial layers with high Mg content, Poster 76. The 7th International
Workshop on Zinc Oxide and Related Materials (IWZn0O-2012), 11-
14th September 2012, Nice, France.

5. M. Karaliunas, M. Stasiunas, E. Kuokstis, S.-Y. Ting, J.-J. Huang, and
C.-C. Yang, Photoluminescence Dynamics of CdZnO/ZnO Quantum
Structures, Poster S1-40. 39th Lithuanian National Physics Confer-
ence (LNFK-39), 6-8th October 2011, Vilnius, Lithuania.

6. M. Karaliunas, V. Tumas, E. Kuokstis, and E. Anisimovas, Exciton-

Exciton Interaction Models in ZnO, Oral presentation O3-2. Interna-
tional Conference Advanced Optical Materials and Devices (AOMD-
7), August 28 — 31 2011, Vilnius, Lithuania.

15



10.

11.

12.

13.

M. Karalitinas, V. Sukauskas, T. Serevi¢ius, E. Kuokstis, S.-Y. Ting,
J.-J. Huang, and C.-C. Yang, The Band Tail Filling Effects in Ternary
MgZnO Epitaxial Layers, Poster P58. The 13-th International Con-

ference - School Advanced Materials and Technologies, 27-31 August
2011, Palanga, Lithuania. ISSN 1822-7759.

M. Karaliunas, E. Kuokstis, K. Y. Chen, S. Y. Ting, J. J. Huang, C.
H. Liao, C. Y. Chen, and C. C. Yang, Photoluminescence Properties
of InGaN/GaN and CdZnO/ZnO Multiple Quantum Wells for Light-
Emitting Diodes, Oral presentation. 16th Semiconducting and Insulat-
ing Materials Conference (SIMC-XVI), June 19-23, 2011, Stockholm,

Sweden.

M. Karaliunas, Photoluminescence decay time study of CdZnO/ZnO
and InGaN/GaN QWs LED structures, Oral presentation. The In-
ternships of PhD students in Foreign Science Centres. March 17, 2011,

Vilnius, Lithuania.

M. Karaliunas, E. Kuokstis, S.Y. Ting, J.J. Huang, and C.-C. Yang,
Optical Properties of CdZnO Multiple Quantum Wells, Poster P68.
The 12-th International Conference “Advanced Materials and Tech-
nologies” and Summer School “European Doctorate in Physics and
Chemistry of Advanced Materials”, 27-31 August 2010, Palanga, Lithua-
nia. ISSN 1822-7759.

M. Karaliunas, T. Serevic¢ius, E. Kuokstis, S. Jursénas, S. Y. Ting, J.

J. Huang, and C.-C. Yang, Optical Characterization of MBE-grown
/n0O Epilayers, Oral and poster presentation. The 9th International
Conference on Global Research and Education, August 9-12, 2010,
Riga, Latvia.

M. Karaliunas, E. Kuokstis, S. Y. Ting, J. J. Huang, and C.-C. Yang,

Stimulated Emission Study in MBE-Grown ZnO Epilayers, Poster

TuP62. XXXIX “Jaszowiec” 2010 International School and Confer-
ence on the Physics of Semiconductors, June 19-24, 2010, Krynica-
Zdréj, Poland.

M. Karaliunas and E. Kuokstis, Optical Gain Coefficient Spectra in

16



MBE-Grown ZnO Epilayers, Oral presentation. International Confer-
ence of Young Scientists, April 29-30, 2010, Siauliai, Lithuania.

14. M. Karalitinas, P. S¢ajev, and K. Jaragiunas, Room Temperature Pho-
toluminescence Spectra in Bulk 3C-SiC Crystals, Poster P39. The
11-th International Conference-School Advanced Materials and Tech-

nologies, 27-31 August 2009, Palanga, Lithuania. ISSN 1822-7759.

15. M. Karaliunas, E. Kuokstis, S. Jursénas, S. Miasojedovas, T. Sere-
vicius, S.-Y. Ting, J.-J. Huang, and C.-C. Yang, Photoluminescence
studies of MBE-grown ZnO and MgZnO epiaxial layers, Oral pre-
sentation. 15th Semiconducting and Insulating Materials Conference
(SIMC-XV), June 15-19, 2009, Vilnius, Lithuania.

16. M. Karaliunas, E. Kuokstis, S.-Y. Ting, J.-J. Huang, and C.-C. Yang,
Optical Gain in MBE-Grown ZnO Layers, Poster S1-38. 38th Lithua-
nian National Physics Conference (LNFK-38), 8-10th June, 2009, Vil-

nius, Lithuania.

Publications not included in the dissertation

1. P. S¢ajev, M. Karalitinas, E. Kuokstis, and K. Jarasitinas, Radiative

and nonradiative recombination rates in cubic SiC, J. Lumin. 134,
588 (2013).

2. P. S¢ajev, P. Onufrijevs, G. Manolis, M. Karalitinas, S. Nargelas, N.
Jegenyes, J. Lorenzzi, G. Ferro, M. Beshkova, R. Vasiliauskas, M.
Syvajéarvi, R. Yakimova, M. Kato, and K. Jarasiunas, On applicability
of time-resolved optical techniques for characterization of differently
grown 3C-SiC crystals and heterostructures, Material Science Forum
711, 159 (2012).

3. M. Karalitinas, P. Vitta, A. Zukauskas, A. Zahnd, D. Bista, B. B.
Chhetri, and M. R. Updhyaya, Characterization of Nepali Solid-state
Lamps, Electronics and Electrical Engineering 89(1), 29 (2009).

17



2 General properties of ZnO
related materials and
applications in

optoelectronics

In this chapter, the general properties of ZnO is reviewed paying more
attention to the aspects that are important for further discussions regarding
the results obtained in this work. A brief overview of recent achievements
in application of ZnO related materials in optoelectronics is included with

the intention to accumulate the interest in the field of ZnO research.

The research on ZnO and related materials, as well the research involving
ZnO as component for other cutting-edge technologies, is currently boom-
ing. According to C. Klingshirn’s review on ZnO published in 2007 [4],
over the last few years the renaissance in the research field of ZnO occurred
starting from the mid of 1990s. Indeed, the number of publications found
in the database for scientific literature “ISI Web of Knowledge” with the
keyword “ZnO7” rapidly increases, as it can be seen in Fig. 2.1. The number
of publications grown more than 3 times from 2004 until 2011 reaching more
than 6500. Besides, if compare to the GaN related publications number of
~ 3300 in 2011, there was 2 times more ZnO publications published. The
ZmO is considered the main rival of GaN in applications for optoelectronic
devices.

On the other hand in Fig. 2.2 the numbers of publications found with
the keywords “ZnQO” and “GaN” in the database of the journal “Applied
Physics Letters” are depicted with time. It is a weekly journal that features
concise, up-to-date reports on significant new findings in applied physics

and it is highly appreciated in the community of scientist in the area of
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Figure 2.1: Number of publications found using the keywords “ZnO” and
“GaN” distribution over the time. (Source: Thomson Reuters /
Web of Science)

material physics. We can see the rapid increase of ZnO related publications
number from 2000 to 2006. However, the GaN related research remains
more relevant subject in the last decade for applied physics.

A revival of ZnO research was initiated in the late nineties basically due to
the optically pumped lasing at room temperature in ZnO epilayers [28] re-
lating this effect to inelastic exciton-exciton interaction with induced optical
gain spectra [29]. It was demonstrated the electrically driven homoepitaxial
ZnO-based p-i-n LED [30]. Very recently, the life-time of ZnO-based LEDs
of 6.8 hours was reported [17]. The current breakthrough on ZnO material
system is largely related to improved MBE and MOCVD growth techniques,
that is the possibility to make quantum structures by accomplishing band

gap engineering by adding Cd or Mg to ZnO compound.

2.1 Basic structural properties of ZnO

Zn0 is a wide direct-gap II-VI semiconductor of preferable hexagonal wurtzite
type crystal structure shown in Fig. 2.3(a). Other possible crystal lattice
types for ZnO are cubic zinc blende shown in Fig. 2.3(b) and cubic rocksalt
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shown in Fig. 2.3(c). A cubic zinc blende ZnO can be grown on the suitable
cubic lattice type substrates. For example, the ZnO epitaxial growth on
GaAs (001) substrates using ZnS buffer layer resulted polycrystalline films
of zinc blende lattice with the lattice constant a = 4.463 A[31]. The zinc
blende ZnO has small practical value for applications due to the lack of
phase stability. The epitaxially grown zinc blende ZnO thin films tend to
relax forming hexagonal wurtzite ZnO inclusions [32]. A cubic rocksalt ZnO
is stable only at high ambient pressure, therefore it has even less practical

value in the sense of applications for semiconductor devices.

An ideal wurtzite crystal structure has a hexagonal unit cell with two
lattice parameters a and c¢ in the ratio of a/c = 1/8/3 = 1.633. The u
parameter, which is defined as the bond parallel to the c-axis length b
divided by lattice parameter ¢, in an ideal wurtzite structure is u =3/8 =
0.375. The measured lattice parameters for ZnO are close to ideal values:
a/c=1.602 and u = 0.382 [5]. This implies to the fact that ZnO is a hard
and robust material of high density.

Due to small unit-cell volume and large band gap energy ZnO exhibit high
radiation hardness with high threshold displacement energy [33]. Compar-
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Figure 2.2: Number of papers in the journal “Applied Physics Letters” dis-
tribution over the time. (Source: apl.aip.org)
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Figure 2.3: Unit cells of possible ZnO crystal lattice types: (a) hexag-
onal wurtzite, (b) cubic zinc blende, and (c) cubic rocksalt,
which exists only in high pressure ambient conditions. (Source:
wikipedia.org)

ing to Si, GaAs, and GaN, ZnQO is more resistant to particle irradiation. The
reported damage threshold values are around 1.5 MeV and the threshold
this high can not be explained by the creation of simple vacancy-interstitial

(Frenkel) pairs, but must involve “chains” of defects [34].

The energy band diagram in the vicinity of fundamental band gap of ZnO
is depicted in the Fig. 2.4. The conduction band is formed essentially from
the 4s orbitals of Zn?* ions and the upper valence band is formed from the
2p states of O?~ with an admixture of Zn?>* 3d levels. The valence band
of ZnO splits due to the hexagonal crystal field and the spin-orbit coupling
into three sub-bands labelled A, B and C from higher to lower energy [35].
The usual valence bands ordering for wurtzite semiconductors is A I'g, B
I7, and C I'7. It means that in most cases the spin-orbit splitting is larger
than the crystal field splitting [4]. In the case of ZnO however, valence band
ordering differ from the wurtzite semiconductors due to the negative spin-
orbit coupling. The ordering of the valence bands is A I'7, B I'g, and C I'7,
while the conduction band has the I'; symmetry [36]. This imposes selection
rules for optical transitions as indicated in Fig. 2.4. The transitions from
the two upper A I'; and B I'9 valence bands to the I'; conduction band
are allowed only for E L @ and transitions from the C I'; valence band
are allowed only for E || & Therefore, if the ZnO epitaxial layers are c-
axis oriented, the oscillator strength of the C exciton is found to be small
compared to the oscillator strength of A and B excitons [36]. The energy
difference between A and B valence bands AEsp = 5 meV and between B
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Figure 2.4: Z7nO band structure in the vicinity of the I' point. The con-
duction band (CB) is of I'; symmetry. The inverted ordering
of valence bands (VB) is: A I'7, B I'g, and C I';. The energy
E, =3.4376 eV, AEsp ~ 4.9 meV, and AEgc = 43.7 meV. The C
valence band splitting for heavy holes (HH) with the effective
mass 0.55mg and for light holes (LH) with the effective mass
0.31my is represented. [4, 15]

and C AEgc = 44 meV [15].

As it was mentioned before, exciton binding energy in ZnO is 60+ 1 meV
[2, 35]. It is uniquely large if compare to other semiconductors. The exci-
ton binding energy of various semiconductors is plotted in the Fig. 2.5 as
a function of band gap energy. The recent theoretical study suggests that
a substantial ionic bonding in ZnO is responsible for this phenomena [37].
Note, that III-V group semiconductors has substantial covalent bonding.
On the other hand, the insulator MgO with the band gap of 7.8 eV [9] has
completely ionic bonding [4]. The exciton binding energy in MgO was mea-
sured as high as 145425 meV [38, 39]. Therefore, the stronger localization
of conductive and valence band edge states on ion sites leads to enhanced

electron-hole interaction [37].

The exciton binding energy can be increased significantly in the MQWs
structures. In the ZnO/Zng73Mgp 270 MQWs with the well width of 1.29 nm
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Figure 2.5: Exciton binding energy versus band gap energy of various semi-
conductors.

the exciton binding energy reaches 115 meV, almost double that of bulk
ZnO [40]. Also the biexcitons binding energy was enhanced more than two
times than in bulk ZnO up to 30.9 meV in the ZnO/Zng74Mgp 260 MQWs
structures with the well width of 1.75 nm [14].

2.2 Band gap engineering

The fundamental band gap of ZnO results the NBE emission at near UV
spectral range, that is around 3.31 eV photon energy or 374.5 nm wavelength
at room temperature. However, the essential prerequisite for material to be
used in optoelectronics is the feasibility to realize the band gap engineering.
In the case of ZnO, this can be achieved by alloying ZnO with CdO or MgO
for narrowing or widening its band gap, respectively [8, 9, 41]. It allows the
band gap variation of (Cd,Mg)ZnO compound semiconductor in the range
from 2.8 to 4 €V ensuring the wurtzite structure of epitaxial layers [42]. The
band gap engineering paves the way for LEDs and laser diodes of any peak
wavelength around the fundamental emission of host material.

At present, the light emitting diodes cover whole visible spectral range and
is widely used as a monochromatic light sources as well in white light lamps.
The violet, blue and green LEDs are made of GaN material group alloying
with the In, and yellow, orange and red LEDs are made of (Al,Ga)InP
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Figure 2.6: Luminous and radiative efficiency dependence on wavelength.
The solid dots denote the InGaN based commercially available
LEDs’ efficiency and open dots denote the AlGalnP based com-
mercially available LEDs’ efficiency. The line shows the CIE
“physiologically-relevant” luminous efficiency function, or the
human eye sensitivity function. [43]

material group. However, there still is a problem with emission efficiency

of LEDs in the green spectral range.

In Fig. 2.6 the radiative and luminous efficiency of the most efficient
commercial available LEDs up to date is depicted as a function of dominate
emission wavelength [43]. Although the green LEDs look bright for human
eye, the radiative efficiency is significantly lower if compare to red and blue
LEDs. The reason is that human eye sensitivity to light function V(1) peaks
at 555 nm wavelength. There is a lack of efficiently radiative semiconductors
in that particular spectral range. As it can be seen in Fig. 2.7, the spectral
range around 505 nm emission wavelength is well covered by (Al,Ga)InP,
(Al,In)GaN and (Mg,Cd)ZnO material groups.

In Fig. 2.7, the band gap energy dependence on lattice constant is de-
picted for semiconductor groups with high importance in optoelectronics
[44]. The emission of radiative host semiconductors, namely InP, GaN and
ZnQ, is shifted to IR or UV side of the spectrum. Indeed, the problem
arises due to the diversity of material properties. For example, InP has a

zinc-blende crystal structure and has perfect match with the AlGaAs and
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Si crystal lattice constant. It is direct gap material and is primarily used for
optical-fibre communications in the long-wavelength region [45]. However,
the semiconductors for alloying the InP towards the green spectral range
are AIP and GaP. Even if these semiconductors have the same zinc-blende
crystal structure, they have indirect band gap structure [44]. The indirect
band gap semiconductors are very poor light emitters.

Both MgO and CdO are of NaCl type cubic or rocksalt crystal structure.
Despite the thermodynamical Mg solid solubility in ZnO limit to only 2%
maximum [42], for the thin film alloys grown under metastable conditions
MgO solid solubility in ZnO is 33 mol% [46]. Above this molar part of Mg in
the alloys the phase separation can occur with high probability. However,
recent achievements in the growth process optimisation led to the single
phase wurtzite structure MgZnO epitaxial layers with 55% of Mg in the
alloy [47].

For alloying the CdO with ZnO, the thermodynamical solid solubility is
limited up to 2% maximum at thermal equilibrium conditions [48]. How-
ever, under metastable growth conditions, the Cd concentration up to 30%
can be achieved resulting the ability to tune the energy gap of CdZnO
through the visible range from 380 to 620 nm wavelength [49].
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Figure 2.7: Band gap energy dependence on lattice constant for AlGalnP,
AllnGaN, and MgCdZnO material groups. The dashed hori-
zontal line marks the band gap energy equivalent to green light
emission at 505 nm wavelength.
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2.3 Growth of ZnO-based heterostructures

The most common substrate used for growth of ZnO epitaxial layers is a
sapphire (Al,O3) with various its crystallographic orientations. Despite the
fact that lattice mismatch between Al,O3 and ZnO is about 18% [10], the
/nO epitaxial layers on sapphire substrates are of sufficient crystal quality
for optoelectronic devices [50].

Because of the smaller lattice mismatch between ZnO and GaN (1.8%)
the latter material is considered to be as a buffer layer for ZnO [4]. For ex-
ceptional good quality structures ZnO can be grown on the lattice matched
SCAM substrates [36]. The hydrothermal growth technique allows to pro-
duce large volume ZnO crystals that can be used as substrates for the

homoepitaxy growth.

Molecular beam epitaxy

The ultra-high vacuum of around 5 x 10719 torr is necessary for the growth
in the MBE chamber. For MBE growth the slow deposition rate typically
less than 1000 nm per hour is the key issue. The slow deposition rate require
the higher vacuum conditions to achieve the same impurity levels as thous
of other deposition techniques [51].

A typical MBE system has three chambers: load-lock chamber, prepara-
tion chamber, and growth chamber. In the preparation chamber the sub-
strates are thermally cleaned. Prior to growth, the substrates are exposed
to an oxygen plasma. The oxygen plasma treatment is expected to act as
a further cleaning step and is necessary to guaranty an oxygen-terminated
surface [50].

In the growth chamber, a thin film crystallizes via the reaction among
thermally energized molecular (or atomic) beams of the constituent ele-
ments on the substrate surface. In contrast to MOCVD, which is operated
near the thermodynamic equilibrium, MBE growth is governed mainly by
the kinetics of the molecular beams reacting with the crystalline surface
[52].

For the growth of ZnO-related compounds, the metal fluxes of solid
species Zn, Mg, and Cd are evaporated from the Knudsen-cells. The beam

equivalent pressure of a solid source is measured by the beam flux mon-
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itor ion gouge. The temperature of the Knudsen-cells are controlled by
proportional-integral-derivative temperature controllers. For active oxygen
source the radio-frequency oxygen plasma is generated in the growth cham-
ber. When the O, plasma is used, the chamber vacuum during the growth
is typically of 107> torr [51]. The Si, and GaP Knudsen-cells are used for
the n-type and p-type doping, respectively.

Metalorganic chemical vapour deposition

MOCVD, or sometimes called metal-organic vapour phase epitaxy (MOVPE),
is a growth method especially suitable for compound semiconductors. The
MOCVD technique is based on the chemical reaction of the vapour or gas
molecules on the heated substrate surface. The vapours from the sources
are transported to the reaction zone with a carrier gas flow [53].

For the ZnO growth, the MOCVD technique typically involves the use
of metal alkyls, usually dimethylzinc ((CH3)2Zn, DMZn) or diethylzinc
((CaHs)2Zn, DEZn) in combination with a seperate source of oxygen, and
argon as a carrier gas [51]. The chemical reactions takes place during growth
process with DEZn, which is a very reactive electron deficient compound

with two vacant orbitals.

1. Growth with oxygen:
(CzH5)2Zn + 707 — Zn0O + 4CO;, + 5H50.
2. Growth with H,O:

(C2H5)2Zn + 2H,0 — ZH(OH)Z + 2C,Hg,
Zn(OH)z — 7Zn0O + H,0.

3. Growth with COj:

(CzH5)2ZIl + 2C0O, — (CzH5COO)2Zn,
(CoH5C0O0),Zn — ZnO + gaseous products.

The following reaction has been proposed in the case of DMZn with CO:

(CH3)2ZD + 2C0, — (CHgCOO)zZn.
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Zinc acetate can then react with water according to the following reaction
to form ZnO:

(CHgCOO)zZn + H,O — ZnO + 2CH3COOH.

Other reactions for the growth of MgO, CdO and their alloys are all the

same except the Zn is replaced with other II-group element.

Magnetron sputtering

Physical sputtering is driven by momentum exchange between the ions and
atoms in the materials due to collisions. The sputtering technique has many
advantages, such as low cost, simplicity, high deposition rate (about 1 pm
per hour).

The most popular growth technique for early ZnO investigations was sput-
tering method. ZnO films can be grown at a certain substrate temperature
by sputtering from a high-purity ZnO (99.99%) target using RF magnetron
sputtering system. The growth is usually carried out in the ambient with
O, /Ar + O ratio ranging from 0 to 1 at a pressure in the range from 1073
to 1072 torr. Os serves as the reactive gas and Ar acts as the sputtering en-
hancing gas. The RF power applied to the plasma can be tuned for example
from 150 to 300 W at the frequency 13.56 MHz to regulate the sputtering
yield rate from the ZnO target. As it was shown, this can change structural
properties of ZnO films significantly [54].

ZnO can also be grown by DC sputtering from a Zn target in the Ar + O,
gas mixture. Fig. 2.8 shows schematic diagram of DC sputtering system at

Kaunas University of Technology [25].

2.4 Optical properties of ZnO and related

materials

2.4.1 Inelastic exciton-exciton interaction transition

Due to high exciton binding energy in ZnO, the experimental observation
of the excitons inelastic collision caused PL band is evident even at room
temperature. This PL band, called as P-band, was first described in the
CdS crystal at cryogenic temperature as early as 1969 [56]. The schematic
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Figure 2.8: Schematic drawing of the DC magnetron sputtering chamber
with the main components: magnetrons with the different metal
cathodes; quartz crystal film deposition monitor; inlets for gas,
water coolant, high voltage and motion; electrical motor controls
sample manipulation system. [55]

drawing of the inelastic exciton-exciton interaction is shown in the Fig.
2.9. Two excitons with the wave vectors K and K’ in their initial 1S states
inelastically interact with each other. As a result one exciton produces the
photon with the energy hv and the other reaches the final continuum state,
where the exciton is dissociated to free electron and hole with the wave

vectors k and K, respectively.

There are few important features, that are the footprints of P-band in
the PL spectrum. First, the P-band is not present at low excitation and
it appears at particular excitation power density, which is the threshold
excitation power density Pf; Second, the P-band’s peak position is twice
of exciton binding energy below the band gap. If we consider the energy of

two interacting excitons before the collision E,, and E.. as

E.=E, =E,—E’, (2.1)

where E, is the band gap energy and E? is the exciton binding energy. Then
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Figure 2.9: Schematic drawing of the inelastic exciton-exciton collision. The
wave vectors I_(:and K’ refer to excitons in 1S states. The wave
vectors k and K refer to electron and hole final states, respec-
tively. [4, 57]

after applying the energy conservation principle the emitted photon energy
is

hv = E; —2E" — %kBT, (2.2)
where the last term of the formula is the average kinetic energy of electron-
hole pair. Third of the features is the P-band’s intensity proportionality to
the square of the exciton density when the excitation power is increased.
It is because the spontaneous emission rate increases in proportion to the
square of the free-exciton density. Therefore the amplitude of the optical
gain is proportional to square of exciton density as well [58].

Many experimental results show the appearance of Py-band prior to the
P-band with the increase of excitation power [59, 60]. This happens when
the transition of another exciton to the excited bound state (2S) is much
stronger than that to dissociated states in low-carrier density state [61].
Therefore the energy shift of the P-band’s peak position can occur. Con-

sidering the excitation of exciton to higher excited states the energy of the
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resulting photon after collision is given by
b 1 3
Pn:Eex—Ex 1——2 —EkBT(n:2,3,4"',°°), (23)
n

where P, is the photon energy, E,, is the free-exciton emission energy, n is the
quantum number of the envelope function, and kgT is the thermal energy.
The calculated values for emission photons of the interacting excitons to
first several excited states and to the continuum are listed in the Table 2.1.

Therefore the maximum peak shift (P — P>) of 15 meV can be expected.

Table 2.1: Theoretical values of emitted photon energy after inelastic colli-
sion of two 1S state excitons calculated using relation (2.3). The
exciton binding energy E? = 60 meV and E4 (8 K) = 3.3771 eV
and E,.(295 K) = 3.31 eV. The quantum number # is of the final
state of remaining exciton after collision.

P-band Pz P3 P4 P5 . P
Photon energy at 8 K (eV) 3.331 3.323 3.320 3.319 3.316
Photon energy at 295 K (eV) 3.24 3.23 3.23 3.23 3.22
Final exciton state n 2 3 1 5 o0

Other deviation from theory is the experimentally measured proportion-
ality coefficient of P-band’s intensity to the excitation power 8. According
to A. Yamamoto et al. [10], possible explanations for reduced slope B are as
follows: (i) the PL band due to bound excitons overlaps with the M-band;
(ii) in general, when the excitation density is increased, the slope of FX—
1LO band decreases from 1 to 0.5, so if the slope becomes 0.75, the slope
of the M-band would be 0.75x2 = 1.5; (iii) the excitons are scattered and
annihilated by other particles, such as other biexcitons, excitons, bound
excitons, what also leads to reduction of the dependence coefficient B [4].

The assumptions made for biexcitonic M-band are correct for P-band as
well. Moreover, the scattering of excitons may occur due to the interac-
tion with free carriers, electrons and holes. The scattering of excitons by
both point and extended defects influences not only the slope of P-band’s
intensity dependence on excitation density but also the P-bands threshold

excitation density. Therefore, the PIIZ is closely related with crystal quality

31



and may be the quantitative property for ZnO structural quality [62].

The excitons inelastic interaction is the process that can be easily stim-
ulated. The ZnO lasing based on exciton-exciton scattering at room tem-
perature was demonstrated [28]. The threshold excitation power density
for P-band stimulation was measured as 240 kW/cm?. Using the VSL
technique, the positive OG spectrum was measured with the peak value of
170 cm~! at the excitation density of 220 kW /cm? at the 3.16 eV photon
energy [29]. The specific features of P-band’s stimulated emission is the
stability of peak position with increase of excitation power density and the
symmetrical shape of the line as well as of the OG spectrum.

If the excitation power density is increased further, the P-band disappears
due to the screening effects of Coulomb interaction due to the high density
of photogenerated carriers. The transition carrier density from the excitons
to the free carrier plasma, or EHP, is called Mott density. Using the Debye-
Hiickel screening length, the Mott density in ZnO at RT is given by

kT
N Za%Ef

ny ~ 3.7x 10" cm™, (2.4)

where ag = 18 Ais the exciton Bohr radius and E? = 60 meV is the exciton
binding energys of ZnO [29]. Usually, at such density the conditions for
stimulated emission of EHP are already fulfilled. Therefore the Mott tran-
sition in good quality ZnO crystal is evident as the gradual changeover from
stimulated P-band to the stimulated EHP band in PL spectra dependence

on excitation power density.

2.4.2 Excitonic molecule transition

Similarly to the P-band, in high quality ZnO crystals under elevated op-
tical excitations at low temperature the emission band arises. This band
is attributed to optical transition of excitonic molecules, or biexcitons, and
is known as M-band. The M-band appears at 3.350 eV photon energy
above the excitation power density threshold as low as P¥ =100 W/ cm?
at liquid nitrogen temperature [63]. The PY closely depends on crystal
quality and may be the quantitative property for ZnO structural quality.
The intensity of M-band superlinearly increases with the excitation power

density Iy o< P2

. However, experimentally obtained dependence rates are

32



around 1.5 as the M-band overlaps with the PL bands of other radiative
mechanisms with lower dependence rates [10].

The early study of excitonic molecule transition by means of excitation
spectroscopy at 1.7 K temperature deduced the excitonic molecule energy to
Ejp; = 6.740 eV and binding energy EZ. = 12 meV [64]. The M-band emission
in ZnO is identified to be mainly due to decay of excitonic molecules into
longitudinal B excitons and upper B polaritons. This process is easily stim-
ulated and gives rise to a M»-band of positive gain. In the same work, the
positive OG coefficient spectrum of M-band was measured applying VSL
technique. The positive OG was measured at the excitation density as low
as 30 kW/cm? and the OG value around gy = 100 cm~!. The number of
levels and their separation, which is almost equal to the A-B valence band
splitting of ~ 6 meV, suggest that the three biexciton levels correspond to
the three possible combinations of A and B valence band [65].

In the ZnO nanorods the M-band appearance was reported at 3.350 eV
photon energy at 70 K temperature. The decay time of M-band was
measured in the temperature range from 8 K to around 180 K (kgT =
15.5 meV). It was shown, that the decay time is temperature independent
with 7y =~ 80 ps [66].

2.5 Doping

For ZnO applications the p and n doping is necessary. The nominally un-
doped ZnO epitaxial layers are n-type. Despite the fact, that there is variety
of dopants available for p-type doping, the highly conductive stable and re-
producible p-type ZnO epitaxial layers are still major issue. Compared to
other II-VI semiconductors and GaN, it has been difficult to dope ZnO to
produce a p-type semiconductor because of a strong self-compensation ef-
fect arising from the presence of native defects or hydrogen impurities. This
problem is very common for wide band gap materials. The semiconduc-
tors ZnQO, ZnSe, CdS or GaN are generally n-type while ZnTe is generally
p-type [4]. Oxygen vacancies (Vo), Vo complexes, Zn interstitial-related
complexes, and residual impurities such as H and Al are all believed to be
donors in ZnO, while Zn vacancies (Vz,) and their complexes are considered
to be acceptors [67].

For the long time, one of the most suitable dopants is considered to be

33



N on the O site (Np) due to the similar atomic radius. D. C. Look et al.
demonstrated the successful p-type doping in ZnO with N and estimated
N caused acceptor energy level less than 200 meV from the valence band
[68]. Also, PL lines at the energy 3.238 €V and 3.315 eV were attributed to
the donor-acceptor transition and neutral acceptor bound exciton radiative
transition AOX, respectively.

Later, the theoretical calculations revealed, that N is actually a deep
acceptor with a ionization energy around 1.3 eV [69]. However, recently the
compelling study showed, that shallow acceptor levels are created not by
N in O site Ng, but by complexes of Vz,-No-H™ involving the Zn vacancy
Vz, and ionized hydrogen H'. The estimated acceptor ionization energy
for such complex is 134 meV [70].

For n-type doping of ZnO, the Ga is reliable dopant. In the highly
doped n-type conductivity ZnO the electron concentration can reach up
to 102! cm ™3, while in the p-type ZnO the hole concentration is not higher
than 10'% cm=3 [16].

Some breakthrough was done by realization of co-doping of ZnO epi-
taxial layers [17]. Li atoms substitute Zn and act as acceptors, while the
incorporation of N makes interstitial Li passive and reduces the possible

compensation of Liyz, acceptors.

2.6 Devices

2.6.1 Light emitting devices

Recently, the breakthrough in ZnO heterostructure based LEDs has been
made. The novel p-Mgg 25Zng750:(Li,N)/n-ZnO single heterostructure was
fabricated on sapphire (0001) substrate using MBE growth technique. The
lifetime of the LED first time reported to be about 6.8 hours feeding with
continues current of 20 mA and it is the evidence of reliable p-type doping
of ZnO based epilayers [17]. The output power of the LED reported to
be in the order of tens of nanowatt. The reproducible p-type doping was
implemented by employing Li and N as a dual-acceptor dopant in MgZnO.

The peak emission of the EL is reported at around 392 nm with the
weak DRC emission at around 500 nm. The NBE peak wavelength differ

from earlier reported EL peak position, which is usually located at around
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420 nm. According to the paper, this discrepancy occurs due to the partic-
ular structure of the LED and the EL rises from the NBE exciton radiative
recombination in n-ZnO layer, rather than from the DAP radiative recom-
bination in p-ZnO layer as reported by others [30].

Other interesting phenomena is the EL. enhancement with LSP. The EL
of LEDs by LSPs can be enhanced in two ways. One is the increase of the
internal quantum efficiency of the device when the carriers in the active
region are coupled with the LSP modes. Therefore the capture probability
of the carriers by non-radiative centers is reduced significantly. The other
way is to enhance the external quantum efficiency of the device to reduce
the loss caused by total reflection. The former mechanism works if the
metal NPs are introduced near the active region of the device and the latter
mechanism works if the NPs are deposited on the surface of the device.
The generated LSP modes can be extracted as photons. Because the LSP
coupling rate is much faster than the recombination rate of the electron-
hole pairs, the electron-hole pairs have a less probability to be captured by
nonradiative centers.

Recently it was reported that the EL of ZnO LED may be enhanced
5 times by introducing the Ag NPs in the LED structure [71]. The n-
ZnO/NPs/i-ZnO/MgO/p-GaN LED structures on the sapphire (0001) sub-
strate were fabricated with the different size metal NPs sandwiched between
n-ZnO and i-ZnO (as active layer). The size of NPs has crucial role for the
LSPs enhancement effect as the LSP resonance extinction spectrum has to

be consistent with the emission spectrum of the LED.

2.6.2 Detectors

The single-crystalline cubic MgZnO epilayers were reported as an excel-
lent solar-blind photodetectors with the attractive characteristics by Wang
et al. [72]. The single-phase cubic 700 nm thick MgZnO epitaxial layers
with 54% of Mg in the alloy were grown on the sapphire substrates. The
authors claim, that high crystalline quality was achieved without highly pos-
sible inclusions of wurtzite-phase MgZnO due to transition from wurtzite
ZnO to cubic MgO crystal structure [73]. The single phase cubic MgZnO
epitaxial layer was achieved by applying the relatively low growth tem-

perature and oxygen rich growth ambient in the MOCVD chamber. The
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fabricated photodetector shows significantly smaller dark current of about
1.5x 107" A /em?, what is comparable with best AlGaN solar-blind pho-
todetector with 1.6 x 107! A /em? dark current value. The responsivity of
the device is reported about 396 mA /W at 10 V bias, what is more than
three orders of magnitude larger than the responsivity of earlier reported
MgZnO based solar-blind photodetectors [72].

2.7 Radiative and nonradiative

recombination

The non-equilibrium carriers in the semiconductor can recombine either
radiatively or nonradiatively, as it is depicted in Fig. 2.10. After excitation
these two processes occur simultaneously with corresponding rates R, and
R,,, respectively. As a result, the excited non-equilibrium carriers returns
to the initial state by giving away the energy of excited state as photons or

phonons. The total carriers recombination rate is expressed as R = R, + R,,;.

The radiative recombination rate can be calculated using rate equations.

The radiative recombination rate R, follows the bimolecular rate equation:

R = Bnp, (2.5)

where n is electron concentration and p is hole concentration. The propor-
tionality constant B is called the bimolecular recombination coefficient. For

excitons the recombination rate equation is monomolecular:

R = Boyhey, (2.6)

as the excitons correlated electron-hole pairs and are bound together. By
solving differential rate equation one can yield that with time photogener-

ated excess carriers An recombine exponentially

An(t) = An(0)e BrotP0)t — Ap(0)e 7, (2.7)

where An(0) is excess carrier density at t = 0, ng and pg are equilibrium
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carrier densities. The carrier lifetime T can be expressed as

1
B(no+ po)’

which is limited for the low excitation condition. 7 is measured by pre-

T= (2.8)

forming experiment as PL decay time. It is inverse quantity to the total
recombination rate R:
I O

TpL=T= == .
R Tr + Tor

(2.9)

Internal quantum efficiency (IQE) is radiative recombination probability
and is described as ratio of radiative ratio R, with total recombination ratio
R, 1P
IQE = — = —. 2.10
Qe- -2 2.10
Therefore, even if the PL decay time was measure, the radiative recombi-
nation time is unknown. On the other hand, we can write, that
1 1

IQE = —7 = ——. (2.11)
I+3 144

Tnr

If the 7, < 1,,, then IQE is close to 1. It is the same as R, > R,, and
this condition becomes valid at low cryogenic temperatures. Therefore,
if the radiative recombination rate is dominant over nonradiative recom-
bination rate and nonradiative recombination rate does not changes with

temperature, IQE can be estimated from the PL intensity variation with
temperature [74, 75, 76, 77]:

IQE = Ip(T)

T (2.12)

The nature of the nonradiative centres is point defects, impurity-related
defects, threading dislocations and stacking faults [79]. The point defects
are dislocations of native atoms from their position in the lattice grating, for
example Zn vacancies (Vz,) or oxygen vacancies (Vo). The impurity-related
defects are created by presents of different nature atoms in the lattice caus-
ing local deviations from crystal periodicity. In ZnO, common impurities
are N, Cu, Pb, Fe, S and other coming in the process of Zn excavation and

purification. Threading dislocations are typical defects of heteroepitaxial
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Figure 2.10: Schematic drawing of the possible radiative and nonradiative
processes in the semiconductors: a) the band-to-band radiative
recombination; b) radiative recombination through the defect
levels; c¢) the nonradiative recombination through the deep de-

fect levels; d) the nonraditive Auger recombination; e) nonra-
diative surface recombination. [78]
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surface

growth arising at the epitaxial layer and substrate interface due to lattice
mismatch. Stacking faults are the inclusions of different politypes of the

same crystal only with different lattice structure.

2.8 PL intensity dependence on excitation

power

The PL intensity is proportional to excitation power density as Ipy o< chc,
where exponent B can be of various values depending on the recombina-
tion mechanism. This can be determined by solving the rate equations of
carriers recombination. The case of radiative free carriers and excitons re-
combination is well described in ref. [74], for example. In thermodynamic
equilibrium of the recombination and the generation, the recombination rate
R is proportional to the excitation power density P,.. For a bimolecular

recombination of free electrons and holes, the equation yields

P, < G =R = An+ Bn?, (2.13)

where G is generation rate, n is the excess charge carrier density. (An)
describes the nonradiative rate, and (Bn?) the bimolecular radiative rate.

Note, that Auger recombination, which is proportional to n3, is neglected.
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The PL intensity Ipy is proportional to the radiative rate:

Ipy, o< Bn?. (2.14)

Therefore the excitation power density

Poe < A'ISY +B'Ipy . (2.15)

For excitons the equations yield

P < G =R = Angy + Boxiey, (2.16)
IPL o< Bexnex, (217)
P, o< A/IPL + BéxIPL- (218)

When the recombination is dominated by radiative processes, B =1 is ex-
pected for both a monomolecular exciton recombination process and a bi-
molecular recombination of uncorrelated electron-hole pairs. Due to large
exciton binding energy E? of ZnO and its compounds at excitation density
lower than Mott density of photogenerated carriers the radiative recombi-
nation can always be assumed to have excitonic nature.

At low temperature the recombination is dominated by radiative process.
When the temperature is increased, the monomolecular nonradiative re-
combination has to be considered. In the limit of a dominant nonradiative
recombination, the rate equations yield B = 2 in the case of uncorrelated
electron-hole pairs. For excitonic recombination B = 1 whether radiative
or nonradiative recombination dominates [80]. The dependence index f
equals to 1 in case of DRC transitions under low and medium excitation
conditions, while it decreases to 0.5 for high excitations [24].

The integrated intensity grows linearly with excitation power as is ex-
pected for any emission with a quantum efficiency near unity [64]. A de-
crease of B parameter for higher excitation conditions can be due to the

saturation effect and/or the local thermal heating of the sample [80].
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3 Experimental techniques

Number of spectroscopy and structural analysis techniques were applied
in this work. Although few of these may look similar or closely related,
it may give different approach to the subject in question. Therefore, the
data acquired by several spectroscopic techniques would sum up providing
the deeper insight to the processes which take place in the semiconductor
structures under investigation. The four main groups of the techniques are
(i) the spectrally resolved time-integrated PL and absorption spectroscopy,
(ii) the time-resolved spectrally resolved PL spectroscopy, (iii) advanced
spectroscopy techniques, i.e. SNOM and LITG, and (iv) crystal structure
and composition determination methods. In this chapter, all applied exper-
imental techniques are described paying attention to the advantages and

limitations.

3.1 Photoluminescence and absorption

spectroscopy

A spectroscopy experimental setup would always consist of three main el-
ements: (i) excitation source, (ii) light dispersing device, and (iii) light
registration device.

There are two major types of excitation sources: with broad continuous
spectrum for absorption, refraction, and photo-excitation spectroscopy and
with monochromatic discrete spectrum for PL spectroscopy. As former light
sources the deuterium, tungsten halogen or mercury vapour lamps are used.
As monochromatic excitation sources lasers are used exceptionally. There is
a vast variety of lasers available depending on the spectral region of interest
and excitation power required. However, in the sense of PL registration
approach lasers can be distinguished between CW and pulsed.

As light dispersing devices the monochromators with the holographic
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gratings are used. For the best performance in most monochromators two
holographic gratings are aligned with 1200, 600 or 300 grooves/mm in pairs
for sufficient spatial resolution required in experiments. The characteristic
quantity for monochromator is a focal length. It is the distance from an en-
trance slits to the exit slits of monochromator measured in meters. With the
grater focal length the better spatial resolution can be achieved, although
the loses of the PL signal increase. On the other hand, the small focal length
monochromator ensure strong PL signal with lower spatial resolution.

As the light detectors the photodiodes, PMTs and CCDs are used. The
photodiode is an semiconductor p-n junction plate with an applied volt-
age. The absorbed photons generate electron-hole pars and photocurrent
is induced, which is proportional to light intensity exposed on the photodi-
ode. The PMT is an vacuum tube with a photosensitive emulsion cathode.
Due to the photoeffect the electrons are generated on the cathode and ap-
plied high voltage accelerates electrons along the tube and initial number
of electrons is multiplied thousand of times in the cascade of photosensitive
emulsion barriers to produce the measurable electrical signal. Therefore
PMTs are highly sensitive light detection devices, although the avalanche
photodiodes reach the sensitivity of a regular PMT. The CCDs however
have advantage over the photodiodes and PMTs. It can measure the whole
spectrum at once taking significantly less time for the experiment. The
CCD is an array of photosensitive MOS diodes connected into single cir-
cuit. After the spatially resolved light exposure on the array, each element
saves the amount of photogenerated charge, which is proportional to light
intensity. The charge is read out from the elements one after another gath-
ering the light intensity distribution over the photon energy. The CCDs are
fast, however has limited spectral resolution. Often the light detectors are

cool down below the RT to effectively reduce the signal-to-noise ratio.

3.1.1 Stationary PL measurement technique

The time-integrated spectrally resolved PL experiments were carried out ap-
plying photon-counting technique. This technique is most straight-forward
method to measure PL. The CW excitation creates the stationary condi-
tion in the semiconductor sample: the carrier generation and recombination

rates are equal and constant with time. Thus carrier concentration has no
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time dependence. The PL signal is measured over the exposure time. The
PL registration system integrates the signal over the whole exposure time,
therefore weak PL signal can be measured by setting large exposure time.
Because PL intensity depends on the exposure time the resulting PL inten-

sity has to be given per time unit, i.e. per second.
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Figure 3.1: Schematic experimental setup for the photon-counting tech-
nique: 1- laser; 2- filter (with He-Cd laser); 3- cuvette with ink
(in excitation dependent experiments); 4- diaphragm; 5- metal
surface mirror; 6- spherical lens; 7- sample; 8- closed circuit He
cryostat; 9- spherical lens; 10- collective mirror; 11- light po-
lariser; 12- electromechanical shutter; 13- monochromator; 14-
PMT; 15- amplifier; 16- equipment-computer interface “Spec-
tralink”; 17- lab’s personal computer with PL spectra recording
and experiment controlling software.

The schematic experimental setup with CW laser (1) as an PL excita-
tion source is shown in Fig. 3.1. The He-Cd laser (Plasma, HCCL-4UM)
was used with excitation wavelength A, = 325 nm and maximum output
power P,, =6 mW. The laser beam was filtered out from additional lines
situated in the spectral range of interest using UFS-2 filter (2). Instead
of He-Cd laser, for selective excitation of MQWs structures the CW violet
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semiconductor LD (Alphalas, Monopower-405-150-MM) was used with the
measured excitation wavelength A, = 403 nm and the average excitation

power P, = 12 mW after the losses in optical setup.

The laser beam was focused on the sample surface using spherical lens
with focal length f =15 c¢cm (6). The variable excitation spot diameter
results variation of excitation power density P,.. The smallest diameter
of the excitation spot was about 200 pm and that gives maximum exci-
tation power density about P, =19 W/ cm? for He-Cd laser and about
Poe =38 W/ cm? for semiconductor diode laser. However, in excitation de-
pendent measurements the fused quartz cuvette with water ink mixture of
variable ratio (3) was used to attenuate excitation power. The laser power
was measured using power meter (Ophyr, Nova Display) equipped with the
silicon photodiode (Ophyr, PD300-UV).

For temperature dependent PL experiment samples (7) were placed in an
optical cryostat (8). The closed-circuit liquid He cryostat (CTI-Cryogenics,
model 22) allows temperature stabilization in the range from 8 K to 300 K
using temperature control unit with a proportional-integral-derivative con-
troller (Lake Shore Cryotronics, 331).

Resolution (meV/mm)

1 15 2 25 3 35 4 45 5
Photon Energy (eV)

Figure 3.2: System resolution Rg for the PL. measurements as a function of
photon energy hv.
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The PL signal from the sample was collected using the wide-diameter
lens with focal length f =20 cm (9) and front mirror of adjustable angle
(10) to the monochromator (13). The vertically adjusted polariser (11) was
used in most of the experiments resulting uniform signal response. The
double monochromator (Jobin- Yvon, HRD1) with focal length of 0.6 m was
equipped with two 1200 grooves/mm holographic gratings. The system
spectral resolution R; determined by monochromator was 0.6 A/mm. To

evaluate the resolution Rg in meV,/mm the relation was used:

_ 4-(hv)’R)
© 4-1239.5—hVR;’

Rg (3.1)
where hv is the photon energy. The Rg(hv) function graph is shown in
Fig. 3.2. In the spectral region of interest, the system resolution was less
than 5 meV for most of the experiments when the entrance and exit slits
of the monochromator was set to the maximum 2 mm width. However, the
better resolution less than 1 meV was achieved for experiments with specific

purposes.
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Figure 3.3: PL detection system response curve for the vertically polarised
light. The system has a sensitivity peak at 3.71 eV (333 nm).
The filled area denotes the range of interest for ZnO, CdZnO
and MgZnO PL properties.
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The PL signal was detected using PMT (14). The UV range sensitive
PMT (Hamamatsu, R1463P) was cooled down to 5°C temperature using
Peltier elements to reduce the signal-to-noise ratio. The electrical signal was
amplified (15) and through the equipment-computer interface (16) trans-
mitted to the lab’s personal computer (17) for analysis and storage. The
measured PL spectra were corrected according to the PL detection system
response. The system response curve was measured using the continuous
spectrum calibration light source (Bentham) equipped with halogen lamp
CL2 for spectral range from 300 nm to 800 nm and deuterium arc lamp CL3
for spectral range from 200 nm to 400 nm. PL detection system response
curve for the vertically polarized light is depicted in Fig. 3.3.

The precise calibration of the spectrometer was accomplished using the
discrete spectrum calibration light source (omt, Iscal) equipped with the
mercury and argon lamps emitting the lines from 254 nm to 922 nm. The
lines at 435.84, 407.78 and 404.66 nm were used for calibration in the area
of NBE PL of ZnO with the tolerable deviation of 0.5 meV.

3.1.2 Quasi-stationary excitation technique

The CW lasers are limited excitation sources in the sense of generated
excitation power. If the He-Cd laser can produce the maximum output
power of P,,. = 10 mW, one can estimate the photogenerated exciton density
Nex [81]:

ey = %, (3.2)
where o is the absorption coefficient of medium (i.e. ZnO), 7 is the exciton
lifetime, hv is the photon energy of the incoming light, and r is the excitation
spot radius on the sample surface. In the best case, the photogenerated
exciton density in the sample is not more than 2.5 x 10'® cm™3. Such
excitation level is considered as medium or low excitation power densities
for undoped or doped samples, respectively. The low-level excitation is
defined with the condition An < (ng+ po), where An is the photoexcited
carrier concentration and the ng and pg are the equilibrium concentration
of electrons and holes, respectively. The high-level excitation is considered
if condition An > (no+ po) is fulfilled [78]. For example, in the undoped

7ZnO epitaxial layers typical electron concentrations are from 107 cm™3 in
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the poorer quality crystals to 101 cm™ in the better quality crystals [16].

To reach high excitation conditions, the pulsed lasers are used. Pulsed
laser generates significantly more energy than CW laser as the output en-
ergy is concentrated in short period of time. After absorption of the laser
pulse the photogenerated excess carriers in the semiconductor sample start
to recombine to the ground states. Once the excitation pulse exposure is
over, the PL signal is decaying exponentially with time constant tTpy. At
that time the PL detection system starts to measure the signal from the
sample. Therefore synchronization of the PL detection system with the
laser pulse generation must be accomplished so that PL registration de-
vice would measure the PL signal after every incident laser pulse at the
laser repetition rate fr.,. When excitation pulse duration .. > 7pr, the
PL excitation regime is called quasi-stationary suggesting that similar to
stationary excitation conditions are achieved with pulsed excitation source.
The schematic experimental setup of PLL measurement in quasi-stationary
excitation regime used in this work is shown in Fig. 3.4.

The fourth (Aeye =266 nm) and the third (Ae =355 nm) harmonics of the
Q-switched Nd:YAG3* laser (Ekspla, NL301) were used with pulse duration
Texe = 4 1ns and repetition rate f., = 10 Hz. The initial 1064 nm radiation
of the pulsed laser (1) was mixed with second harmonic 532 nm radiation
in non-linear optical crystal (2) for third or fourth harmonic generation.
The maximum pulse energy generated in third and fourth harmonic non-
linear optical crystals (3) was 80 pJ and 30 pJ, respectively. To reduce the
output power of the excitation beam, the 4% of initial power was reflected
using Bragg mirror (4) and excess power was collected into the dumper (5).
Moreover, the excitation radiation power was reduced using the reflected
beam from the surface of quartz prism (6), that is 10% of incident power. To
this stage the generated optical output power from the laser was reduced 250
times. The fine adjustment of excitation power was accomplished using two
o-GLAN polarisers (7,9) and A/2 plate (8) in between. Such attenuator
allows to adjust the optical power of excitation beam in the range of 4
orders of magnitude. The excitation power was measured using power meter
(Ophyr, Nova Display) equipped with the photodiode (Ophyr, PD10-SH).

The same PL detection system as described in section 3.1.1 was used.
However in quasi-stationary excitation regime, the PL signal is integrated

over sufficient number of excitation pulses in stroboscopic mode. This is ac-
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Figure 3.4: Schematic experimental setup for quasi-stationary excitation
technique: 1- pulsed YAG:Nd** laser; 2- II harmonic crystal;
3- III or IV harmonic crystals; 4- diffraction mirror; 5- excess
power dumper; 6- quartz prism; 7- front a-GLAN polariser; 8-
A /2 wave plate; 9- rear a-GLAN polariser; 10- diaphragm; 11-
quartz beam splitter; 12- power meter; 13- dielectric mirror; 14-
spherical lens; 15- sample; 16- closed circuit He cryostat; 17-
spherical lens; 18- front mirror; 19- polariser; 20- shutter; 21-
monochromator; 22- PMT; 23- amplifier; 24- boxcar signal in-
tegrator; 25- equipment-computer interface “Spectralink”; 26-
signal generator; 27- lab’s personal computer with PL spectra
recording and experiment controlling software.

complished with boxcar integrator (24). It is synchronized with the pulsed
laser through the laser triggered electrical signal delay unit (26). The de-
layed turn-on signal starts the boxcar integrator to acquire the amplified
signal from the PMT (22) within the time window determined by the du-

ration of the turn-on signal.

Even thought boxcar integration method allows to measure semiconduc-
tor structures under high excitation levels, the PL signal acquisition in
stroboscopic mode increase the noise level in the detection system. One
source is the laser pulse energy deviation, which was not more than 4% in
the experiments. Although the averaging of the measured PL signal by the
boxcar integrator reduces the deviation, the signal-to-noise level of boxcar

technique is significantly higher if compare to photon-counting technique.
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3.1.3 Variable stripe length technique

Different geometrical configurations can be used in the PL experiments.
The most common is back-scattering configuration. In this geometry the
excitation beam is focused by spherical lens to the sample surface and the
PL signal is collected from the same side as it was excited with slightly
different angle as shown in Fig. 3.5 a). Other possible geometry is to excite
the sample from one side and collect the PL signal from the other side of the
sample as shown in Fig. 3.5 b). This configuration has few advantages over
back-scattering. For example, the spatially resolved PL signal distortion due
to the interference of light in the multilayer samples may be significantly
reduced because of the light scattering in dispersive medium. However in
the case of epitaxial layer stacks, other side of the samples contains the
thick substrates and epitaxial layers of different refractive index. Therefore
the significant loss in PL signal intensity occurs even if the underlying stack

and substrate are transparent.

a) b) 24°

Figure 3.5: PL. measurement configurations: a) back-scattering detection,
b) forward detection, c) side emission detection.

In side-emitted PL configuration the PL is measured from the sample side
parallel and excited perpendicular to the sample surface as it can be seen in
Fig. 3.5 ¢). The use of cylindrical lens allows to create the thin excitation
stripe on the sample surface. Edge PL configuration with the long, thin
excitation stripe is one of few techniques to measure the OG coefficient in

the semiconductors as active media for light amplification.
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The OG can be measured using pump-probe technique [56, 82]. It is
the most straight-forward method to measure the OG coefficient directly
with time domain by observing the change in transmittance spectra after
pump pulse with time delayed probe beam. The limitation of the method
arises due to the necessity to use thin transparent films and can not be
applied for the epitaxial layer stacks. The Hakki-Paoli method allows to
measure the gain and current-induced phase shift in the low (below SE
threshold) current density regime of the electrically driven structure [83, 84].
Therefore, to apply this method the completed structures for laser diodes
with Fabry-Perrot cavity are used. However, in most cases the samples

under investigation can not be processed to the required stage.

The VSL technique was employed for OG measurements. This technique
demands few experimental conditions to be ensured strictly [85]. Otherwise
the measured OG coefficient value or spectrum can be incorrect and lead to
erroneous interpretation. If the demand for geometry of excitation stripe is
not fulfilled, the SE can escape from the excited area to any direction and
miss the PL detector. This is the case of the extremely large OG coefficient
values, when the interval of [ for unsaturated OG is only few tens of jnm,
as was shown for GaN epilayers by Mickevicius et al. in [86]. To create the
narrow excitation stripe the excitation beam was focused onto the sample
surface using cylindrical lens. The width of the excitation stripe (~ 20 pm)
was estimated using a knife-edge technique. Lateral PL from the sample
edge was measured using different excitation stripe length, which had been
adjusted using a moving metal plate attached to the step motor with the
step of 1.25 pm and travelling length of 2 mm. The OG spectra were

obtained by analysing the measured edge PL spectra using formula:

o(hv) = %m (%l((:vv)) _ 1) , (3.3)

where g(hv) is the OG coefficient spectrum, [ is the excitation stripe length,
I;(hv) and b;(hv) are the edge PL spectra measured at [ and 2[ excitation
stripe lengths.

In case of high noise level, which arises due to non-linear nature of stim-
ulated emission, the spectra were smoothed using the adjacent averaging

algorithm. All measurements in side-emission configuration were carried
out at RT.
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3.1.4 Absorption spectroscopy

The absorption spectra were measured using the commercial UV, visible
and NIR spectrometer (Perkin Elmer, LAMBDA 950). Two light sources
are assembled in the spectrometer to cover the wide spectral range from
175 nm to 3300 nm. The light source for the UV and visible spectral
range is deuterium lamp with continuous spectrum from 175 nm to 350 nm
wavelength. For the visible and NIR spectral range the tungsten halogen
lamp is used with continuous spectrum from 350 nm to 3300 nm wavelength.
For measurements below 185 nm the N; purging must be applied to the
spectrometer for removing the atmospheric O;.

The spectrometer contains the double monochromator with holographic
gratings of 1440 grooves/mm for UV and visible spectral range and 360
grooves/mm for NIR spectral range with reflection peaks at 240 nm and
1100 nm, respectively. The monochromator resolution for UV and visible
spectral range is up to 0.05 nm and for NIR spectral range is up to 0.2 nm.
All reflecting optic elements are quartz.

The beam splitting is achieved with rotating chopper at around 46 Hz
frequency. The chopper produces the dark/sample/dark /reference cycle and
transmits the radiation to sample or to reference compartments in sequence.
The transmitted radiation through the reference compartment Ip(A) and
through the sample compartment /(1) is directed to the same detector and

alternately recorded. Then the transmittance T(1) is calculated as

I(A)
T(A) = 3.4
@)= (3.4)
and the optical density po is depicted as a function of wavelength
po(A) = —log; T(A). (3.5)

Therefore, the absorption coefficient spectrum of the sample is calculated

_ po(A)-In(10)
d )

() (3.6)

where d is the sample thickness.

As a detector, the PMT R6872 is used for UV and visible spectral range
from 175 nm to 800 nm. For NIR spectral range, the Peltier-cooled PbS
photodiode is used from 800 nm to 3300 nm wavelength.
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3.2 Time-resolved PL spectroscopy

3.2.1 Time correlated single photon counting

The time correlated single photon counting (TCSPC) technique is a method
to record low level light signals with picosecond time resolution. The com-
mercial available TCSPC spectrometer (Picoquant, Picoharp 300) was uti-
lized. As an excitation source the semiconductor laser (Picoquant, PLD
800-B) at Aee = 371 nm wavelength with pulse duration 7., = 70 ps and
repetition rate fr., = 10 kHz was used. The maximum output power of the
laser was P,,; = 0.43 mW. The PL is dispersed in the grating monochro-
mator Acton. For the PL registration the CCD camera is equipped in the
spectrometer.

The TCSPC technique is based on time-to-amplitude converter and sta-
tistical measurement of arrival time of PL photons. As the laser generates
the light pulse for PL excitation, it simultaneously transmits the signal
for time-to-amplitude converter. The signal starts the steadily increasing
voltage in time-to-amplitude converter immediately while the sample after
excitation emits the PL photons. The first PL photon that reaches the
detector stops the increasing voltage amplitude. The measured voltage am-
plitude is transmitted through the analogue-to-digital signal converter to
the analyser with digital memory. The analyser sorts the data by voltage
values and adds the results of the same value. After the statistical process-
ing of collected data for around 10 000 photons the results are presented as
photon number dependence on time and allows to estimate the PL decay

time Tpy.

3.2.2 Time-resolved PL with Kerr shutter

In time-resolved PL experiment, the hybrid mode-locked YAG:Nd3* laser
(Ekspla) at A = 1064 nm wavelength with pulse duration 7, = 27 ps and
repetition rate f., = 10 Hz was used as an excitation source. The laser
generated radiation was amplified in the optical amplifier and directed to
the non-linear optical crystals for generation of second harmonic at Ae =
532 nm and fourth harmonic at A, = 266 nm wavelength. The fourth
harmonic laser beam was aimed to the sample. The size of the excitation

spot on the sample surface was about 1 mm. The maximum excitation
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power density P, was reached up to 1 GW/cm?.

The PL from the sample was collected in back-scattering geometry and
dispersed by the 0.4 m focal length grating monochromator. The PL was
registered using the cooled PMT. The PL detection system is sensitive in
the spectral range from 1.6 to 4.0 eV photon energy and the maximum
1 meV step can be used for spectra measurement.

For time-integrated PL spectra, the GLAN polarisers were set in parallel
position to each other. In this case, the maximum of PL signal was exposed
to monochromator entrance slit. For the time resolved mode, the GLAN po-
larisers were set in perpendicular position that the PL signal was screened.
The toluene optical Kerr shutter was placed between the polarisers. The
exposure of stroboscopic first harmonic laser pulse on Kerr shutter caused
the change of refractive index proportional to light intensity. As a result,
the PL signal was elliptically polarised in the Kerr shutter therefore could
pass the screening GLAN polariser and enter the PL detection system. The
temporal resolution is limited by laser pulse duration.

For low temperature experiments the samples were placed in the liquid
argon cryostat (Cryo Con). The measurements were carried out in the

temperature range from 80 K to 323 K.

3.2.3 Streak camera

Streak camera is a high-speed detector which captures light emission oc-
curring in extremely short time periods. The streak camera measures light
intensity variation with pico- and nano-second temporal resolution and si-
multaneously measures the spatial distribution.

The light pulse to be measured is projected onto the slit of monochroma-
tor and is focused by the input optics on the photocathode of the streak
tube. The photons are converted into a number of electrons proportional
to the intensity of the incident light. The electrons are accelerated and
conducted towards the sweep electrodes. As the group of electrons created
from the light pulse passes between a pair of sweep electrodes, a high volt-
age is applied resulting in a high-speed sweep. The electrons are deflected
at different times and at slightly different angles in the perpendicular direc-
tion. Then the electrons are conducted to the micro-channel plate, where

they are multiplied several thousands of times. The amplified electrons are
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Figure 3.6: Time-resolved PL experimental setup with the streak camera
(Hamamatsu, C5680-02).

bombarded against the phosphor screen, where they are converted back into
light. The axis in the perpendicular direction of the fluorescence image is
the temporal axis. The position in the horizontal direction on the phosphor
screen correspond to the spatial axis. The brightness of the fluorescence

image is proportional to the intensity of the incident light pulse.

The schematic drawing of the time-resolved PL setup with streak camera
as a PL signal registration device is shown in Fig. 3.6. As an excitation
source the frequency doubled of mode-locked Ti:sapphire laser (Coherent,
Mira 900) was used with A,y = 390 nm wavelength for excitation of MQWs
selectively, that means avoiding excitation of barriers. The pulse duration
Texe Was 3 ps with repetition rate f., = 76 MHz. The output power of
the laser P,, after second harmonic generation was around 12 mW. The
laser beam was focused on the sample surface to the spot of the focalization
diameter about 200 pm. The excitation power density P, was around
38 W/cm? and the excitation energy density per pulse Ly = 8.5 mJ/cm?

achieved.
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3.3 Advanced spectroscopy techniques

3.3.1 Light-induced transient gratings technique

The light-induced transient grating (LITG) is a powerful technique to study
the non-equilibrium carrier dynamics in semiconductors. LITG allows to
measure the carrier lifetime 7g, diffusion coefficient D, and surface recom-
bination velocity ¢. The principle of this technique is to pump the sample
with two coherent light beams to create the interference gratings on the
sample surface. Two third harmonic laser beams at A, = 355 nm wave-
length of mode-locked YAG:Nd** laser was used for creation of the gratings.
The pulse duration of the laser beams was 25 ps.

The absorbed light excites the carriers spatially distributed in lateral
direction x as N(x) = Ny + ANcos(2nx/A), where the Ny is the equilib-
rium carriers, AN is the photo-excited carriers and A is interference period.
The modulation of carrier density results in modulation of refractive in-
dex change on. The sample is probed with the other laser beam, which
propagates through the sample without absorption. The time delayed first
harmonic laser beam at A = 1064 nm of the same laser was used for probing.
The variable delayed probe beam monitors the dynamics of induced modu-
lation of the refractive index by diffraction on the grating. The diffraction
efficiency ny(t) is proportional to squared carrier density, and it is related
with decay of AN as

o) <exp (<2 ). (3.7
where 7 is the characteristic time of the experimentally observed grating
decay.

The exponential decay of diffraction grating is caused by two effects. One
is the recombination of the AN and the other is the diffusion of AN. The
grating decay time Tg can be expressed through the ambipolar diffusion D,
and recombination time Tz as

1 1 4#°D,

— = — . 3.8
TG TR+ A2 (3:8)

Thus, a linear plot of 1/7g versus 1/A? allows one to find both 7z and D,

simultaneously by measuring decay of the grating efficiency at different A.
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3.3.2 Scanning near optical field microscopy

The scanning near optical field microscopy (SNOM) results gives detailed
and direct information on local, growth correlated variations of the band gap
potential in semiconductor nanostructures on a subwavelength length scale,
and carrier exchange processes between system of different dimensionality
[87].

High spatial resolution PL measurements were performed by the SNOM
apparatus based on the tuning fork technique. The illumination-collection
operating mode was used. An uncoated multimode fibre tips were used for
SNOM probes with average diameter of about 100 nm. Therefore the spa-
tial resolution of the measurements was evaluated to be around this value.
A third harmonic of the femtosecond Ti:Sapphire laser with wavelength
280 nm was used for excitation. PL signal from the fibre was measured by
the liquid nitrogen cooled CCD camera. For the near field PL extraction
the PL signal measured with the slightly retraced tip was subtracted from
the PL signal with tip in contact.

3.4 Crystal quality investigation techniques

3.4.1 Atomic force microscopy

The AFM measurements were accomplished using WITec Alpha 300 S sys-
tem. The AFM uses a probe to obtain surface topography images. Com-
mercially available AFM probes with 10 nm tip diameter was used in the
experiment; thus, providing a lateral resolution around 10 nm. The probe is
placed in contact with sample and is scanned line by line until whole area of

interest is scanned. Typical dimensions of scanned area are from 1 x 1 pm?
to 30 x 30 pm?.

3.4.2 Energy dispersive X-ray spectroscopy

The energy dispersive X-ray (EDX) spectroscopy is an analytical nonde-
structive technique used for elemental analysis or chemical composition
characterization. After the irradiation in the scanning electron microscope
with electron beam the sample emits X-rays due to the transition of excited

shell electrons to the ground states. The emitted X-rays can be collected
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and registered using X-ray detector. The measured energy of the emitted
X-rays allows to determine the chemical composition of the sample and
the measured intensity gives the information of the amount of chemical
elements.

The acceleration voltage of exciting electron beam results the penetration
depth of the electrons into the sample. Therefore the acceleration voltage
can be chosen with respect to the thickness of the epitaxial layers of interest.

In this work, the EDX experiment was carried out using CamScan Apollo
300 thermal field emission SEM with attached Ozford Instruments X-Max
SD X-ray detector of 50 mm? active area to estimate the Mg content x
in the Mg,Zn;_,O alloys. The images were recorded under 4 kV electron
accelerating voltage, resulting the electron energy of 4 keV. Therefore, the
penetration depth of electrons into the sample was about 100 nm not ex-

ceeding the thickness of ~ 120 nm thick MgZnO epitaxial layers.
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4 Optical properties of
undoped, (Ga- and N-doped
Zn0 layers

In this chapter, the optical properties of the set of undoped ZnO (National
Taiwan University), highly Ga doped ZnO epitaxial layers (Virginia Com-
monwealth University) grown by MBE, and N-doped ZnO thin films grown
by DC magnetron sputtering (Kaunas University of Technology) are pre-
sented. In the beginning of each section, the basic optical properties are
discussed briefly. Although it is at the most well described issues [4, 5, 16],
there is a necessity to build the background for further discussion. Next,
the subject is switched to the analysis of unique problems of each group of
samples.

In the first section, the optical properties of undoped ZnO epitaxial lay-
ers are presented. This includes the PL analysis under stationary, quasi-
stationary and pulse (nano- and pico-second) excitations, as well as SE
investigations and OG measurements. The second section is addressed to
the original model of the free exciton interaction with bound exciton form-
ing the P-band in ZnO. In the third section, the optical properties of highly
Ga-doped ZnO layers for transparent n-type contacts are presented. Finally
in the fourth section, the optical characterisation results of N-doped ZnO
films are presented, as the p-type conductive layers are of highly importance

in research on ZnO.

o7



4.1 Optical properties of ZnO epitaxial
layers grown by MBE technique

The schematic structure of the samples is depicted in Fig. 4.1. The samples
Al and A2 contain undoped ZnO epitaxial layers grown by MBE technique
(National Taiwan University) on sapphire (0001) substrate directly (sam-
ple Al) and with 2 pm thick GaN buffer layer in between (sample A2).
The thickness of ZnO epitaxial layers is 650 and 340 pm for samples Al
and A2, respectively. The XRD experiment revealed the FWHM of ZnO
(0002) plane diffraction line 800 and 200 arc sec for samples Al and A2,
respectively. The narrower line means the better structural crystal qual-
ity of ZnO epitaxil layer. The surface roughness was extracted from AFM
scanned surface topography and it is 6.8 nm and 6.2 nm for samples Al
and A2, respectively. The crystal structure analysis by XRD showed that
crystal quality of ZnO epitaxial layer on GaN buffer is better due to smaller
in-plane lattice mismatch of ZnO with GaN (about 2%) than ZnO with sap-
phire (18%) [10]. However, the AFM results show that due to the relatively

thick epitaxial layers, the surface quality is the same.

ZnO (650 nm) ZnO (340 nm)
GaN (2 um)
Sapphire (0001) Sapphire (0001)
Sample A1 Sample A2

Figure 4.1: Schematic structure of samples with undoped ZnO epitaxial lay-
ers. Sample Al is grown on the c-plane sapphire directly and
sample A2 is grown on GaN buffer layer.

In Fig. 4.2 (a), low excitation PL spectra of ZnO epitaxial layers at RT
are shown. For comparison, PL spectrum of bulk ZnO crystal grown by
hydrothermal method (HT) is depicted. Typically spectra consist of two

luminescence bands. More intense band is located in UV spectral region
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at NBE of ZnO around 3.3 eV photon energy and is caused by free exciton
annihilation. Also it may be the free-exciton annihilation with emission of
one longitudinal optical phonon (1LO), as it is discussed in [88] and is quite
probable process at RT. Second wide PL band dominates in the visible green
spectral region and is originated from radiative recombination through the
DRC caused by various crystal defects. In Fig. 4.2 (b) integrated NBE PL
band intensity dependence on excitation power density is shown. Linear de-
pendence in double logarithmic scale was fitted with the function Ipy, o< chc.
The extracted dependence index is B = 1.08 for the NBE PL band show-
ing the excitonic nature of the recombination. The integrated PL intensity
of the DRC band increases sublinearly with the fitted exponent B = 0.6

supporting the recombination mechanism through the radiative DRC.

In the case of sample Al, the DRC band contains two spectral bands
peaked at 2.16 eV and 2.49 eV photon energy and with FWHM of 610 meV
and 150 meV, respectively. The DRC line of sample A2 is significantly
suppressed and has the single peak at 2.16 eV photon energy with FWHM
of 660 meV. Interestingly, the bulk ZnO crystal shows single DRC band
peaked at 2.3 eV photon energy and with FWHM of 570 meV. As a result,
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Figure 4.2: RT PL spectra of the samples A1l and A2 together with PL
spectrum of bulk undoped ZnO crystal grown by hydrothermal
method (a). Integrated PL intensity dependence on excitation
power density for sample A2 (b) in low excitation conditions for

NBE and DRC bands.
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there is a difference in the DRC spectrum of bulk and epitaxial layers. The
bulk ZnO crystal has dominant DRC line at higher energy, the epitaxial
layer A1 has two well pronounced DRC bands, and the epitaxial layer A2,
which has better crystal quality due to GaN buffer layer, has lower energy
DRC band peaked at 2.16 eV photon energy. First-principles calculations
shows that the most stable intrinsic defects are Zn and O vacancies and
these defects can be related to the two DRC emission bands [67]. The lower
and higher energy DRC PL bands at around 2.0 and 2.45 eV photon energy
are related to Vz, and Vp point defects.

Table 4.1: Low excitation spectra parameters of the ZnO heteroepitaxial
layers and bulk ZnO crystal. Iypg and Ipgc are the integrated
intensities of near band edge and deep radiative centres bands.

Sample Al A2 bulk ZnO

PL emission NBE DRC1 DRC2|NBE DRC | NBE DRC

Peak position (eV) | 3.302  2.49 216 | 3.30 2.16 |3.306 2.3
FWHM (meV) 102 150 610 105 570 | 112 570
Ipre/INBE 3.34 0.12 0.23

The ratios of the DRC to NBE luminescence integrated intensities are
3.34, 0.12, and 0.23 for samples Al, A2, and bulk ZnO, respectively. The
significantly lower ratio for the sample with GaN buffer means the im-
proved crystal quality of the ZnO epitaxial layer with reduced point defect
concentration. The PL spectra parameters are summarized for comparison
in Table 4.1.

The low excitation PL spectra measured at low temperature revealed
more spectral features related to the crystal properties. The 8 K tempera-
ture PL spectra are depicted in Fig. 4.3. The most intense PL line is the
prominent neutral donor bound exciton (D°X) recombination at 3.360 eV
and 3.358 eV. These lines are related to Al and Ga defects in ZnO and
denoted as Ig and Ig, respectively. To the same group of lines the I;; line
at around 3.346 eV photon energy should be added, however the chemical
identity of the spectral line is unknown [15].

To the higher energy side from the dominant DX line the free exciton

recombination (FX) lines situate. The free exciton recombination to the
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Figure 4.3: Low temperature PL spectra at low excitations (in the range
from 20 to 150 kW/cm?) for sample Al (a) and A2 (b). The
dependence on excitation power density is shown in order to
clarify spectral lines as the spectral lines repeat in the spectra.

A valence band (FX,) of the I'; symmetry is situated at 3.374 eV photon
energy. Duo to the spin-orbit splitting of the valence band the B exciton
recombination can be expected around 8 meV apart the FX4 line. Indeed,
the shoulder can be found 5 meV apart from the FX4 line to the higher
energy side and it is attributed to the transition of free exciton to the
B valence band of I'g symmetry. The free exciton recombination to the C
valence band of the I'; symmetry is around 43 meV apart from the FXpg line
and can be resolved at 3.422 eV photon energy. Even if this transition is
forbidden for c-axis oriented epitaxial layers, due to the violation of crystal
symmetry with defects and dislocations, the transition to the C valence
band may occur.

To the lower energy side from the most intense DX line (the overlapped
I¢ and Ig and I;; lines) the DBX line is observed at 3.334 eV photon energy.

The line is named after the study about its nature in ref. [15]. The line was
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attributed to recombination of excitons bound at structural defects similar
to recombination at 3.41 eV photon energy in GaN [89]. The spectral line at
3.322 eV is attributed to two electron satellite (TES) transition of the DX
transition with the distance of 40 meV. The excitation of neutral donor
from initial state to excited 1S state during the radiative recombination
of the donor bound exciton (also possible 2§ or 2P final states with the
result of more adequate TES lines in PL spectra) is the mechanism behind
this PL line. The spectral range for TES transitions to occur is considered
from 3.34 to 3.31 eV. However, the PL line at 3.31 eV is neutral acceptor
bound exciton (A°X) recombination related with the presence of N in the
ZnO [90] and this line may be dominant in N doped ZnO epitaxial layers.
Other spectral line related to acceptor states in ZnO created by N is at the
3.236 eV photon energy. This line coincide with the spectral line of N doped
ZnO epitaxial layers described in ref. [15]. There was shown the increase of
the intensity of the line after annealing of the sample in the N, gas ambient.
On the other hand, at the photon energy of 3.238 eV the first longitudinal
phonon (1LO) replica of the A°X line can be expected, as it is 72 meV apart
from the main line. The two spectral lines are very close to each other and
therefore hard to distinguish due to low intensity. Also the coexistence of
the lines may be the case. The first and second longitudinal phonon (1LO
and 2LO) replicas of the DX line are also marked in the Fig. 4.3 apart from
the DX peak by 72 and 144 meV. These lines are very common in the low
temperature PL spectra of good quality ZnO crystals (bulks and epitaxial
layers) and get more intense with increase of temperature.

The PL peak position as a function of temperature was measured for ZnO
epitaxial layers and is depicted in Fig. 4.4. The measurements were carried
out under high excitation applying quasi-stationary excitation method. The
experimental data are fitted using two approaches, namely, the empirical
Varshni function [91]

oT?
B+T’

where Ep(0) is PL peak energy at 0 K temperature, o and B are Varshni

Eo(T) = E(0) (4.1)

fitting parameters. Another function is the Bose-Einstein-like function

k

EO(T) = EO(O) - ee/T——l’

(4.2)
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Figure 4.4: PL peak position dependence on temperature. The experimen-
tal points are fitted using Varshni and Bose-Einstein-like func-
tions.

where k and 0 are Bose-Einstein fitting parameters.

The fitting parameters are summarized in Table 4.2. The parameters are
reasonable similar for both samples in case of both approximations. The
only exception is Varshni function parameter B, which is proportional to

Debye temperature. It is significantly higher for sample A2 than for sample
Al.

Table 4.2: Fitting parameters for PL peak position dependence on temper-
ature in samples A1 and A2 under high excitation level.

Samples Varshni Bose-Einstein like
Ep(0) (V) o (meV/K) B (K) | Ep(0) (eV) k (meV) 6 (K)
Al 3.35 0.6 281 3.35 0.1 226
A2 3.35 2.4 2008 3.35 0.18 326

The PL intensity decay time has been measured at different photon ener-
gies of the spectrum at RT. Typically rather long luminescence decay time
of Tpr = 6 ns for ZnO NBE luminescence band evidences good quality of
ZnO epitaxial layers. As it is shown in Fig. 4.5, the gradually increase of

luminescence decay time up to Tpy = 11 ns with the decrease of photon
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energy is measured for sample A1 and very similar decay time dependence
on photon energy is measured for sample A2. This can be explained by
involvement of the radiative recombination through the deep defect states,
which is much slower process than band-to-band recombination.

The high crystal quality of the ZnO epitaxial layers is also confirmed
by observation of SE at high injection levels of nonequilibrium carriers.
Under CW excitation regime free exciton recombination line dominates the
spectrum, whereas under quasi-state high excitation new line on the long-
wave side of the spectrum appears. The new line can be explained by
nonelastic exciton-exciton interaction as well as by SE in EHP if density of
photogenerated carriers exceeds the the Mott density.

Indeed, as it is shown in Fig. 4.6 and 4.7 for samples Al and A2, re-
spectively, at excitation level of P, = 350 kW/ cm? spontaneous excitonic
luminescence of ZnO dominates the spectrum. It is shifted to 3.23 eV due
to many body effect caused band gap shrinkage. When a particular ex-
citation threshold is exceeded a new SE line appears at 3.17 eV due to
exciton-exciton scattering [26, 92]. When excitation density exceeds the
Mott density, SE of the EHP is observed at 3.15 eV photon energy. The
EHP SE threshold is marked by the break point in the PL intensity de-
pendence on excitation power density (Fig. 4.6(b) and Fig. 4.7(b)). One
can observe the sudden change of dependence index value 8 from 1.4 to 4.
The SE threshold was measured 1.9 MW /cm? and 2.75 MW /em? for sam-
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Figure 4.5: PL decay of sample Al at fixated photon energies (a) and PL
decay time dependence on photon energy for samples Al and
A2 (b) measured using TCSPC technique at RT.
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ples A1 and A2, respectively. The SE threshold P,y is considered as optical
characteristic for semiconductor structures as it is closely related with the
crystal quality [23, 27]. As we can see, the SE threshold is lower for sample
without GaN buffer layer, what contradicts to XRD results presented in the
beginning of section 4.1.

Consequently, one can say that crystal quality of active layers itself is
not the only characteristic affecting luminescence quantitative properties
of ZnO epitaxial layers. However, the SE in epitaxial layers occur near
the surface in the depth of few tens of pm. The AFM scan revealed very
similar surface roughness for both samples. Therefore, due to the sufficient
thickness of epitaxial layers, the substrate does not play important role for

the optical characteristics of layers near the surface.
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Figure 4.6: PL spectra dependence on excitation power density (a), inte-
grated PL intensity as a function of excitation power density
(b), and OG coefficient spectrum (c) for sample Al.

Furthermore, the OG coefficient spectra were also measured in VSL tech-
nique. The optimal OG coefficient spectra for samples Al and A2 are
shown in the Fig. 4.6(c) and 4.7(c). The OG spectrum has a peak value
of 200 cm™! at 3.16 eV photon energy in case of sample Al and same peak
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value of 200 cm™! at about 3.18 eV photon energy in case of sample A2
in the similar experimental conditions. The measured OG coefficient val-
ues are consistent with the reported in the scientific literature. Y. Chen et
al. reported the peak OG coefficient 177 cm™! for the stimulated exciton-
exciton scattering process and more than 500 cm™! for EHP SE measured
in the VSL technique [29]. The shape of the OG spectra for samples Al
and A2 significantly differ. The OG is positive from 3.04 to 3.22 eV and
is asymmetric with long shoulder at lower energy side in case of sample
Al. In case of the sample A2, the positive OG spectrum is narrower from
3.125 to 3.22 eV. At the same time it is more symmetric and has the peak
shift to higher energy side within 30 meV. This can be explained by the
different SE mechanism. As it is pointed out in [29], the symmetric and
blue-shifted OG is a signature of stimulated inelastic exciton-exciton colli-
sion mechanism and the red-shifted OG spectrum with higher asymmetry
are the characteristics for EHP caused OG. Note that, the excitation level

for both samples are different due to difference in Py,
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grated PL intensity as a function of excitation power density
(b), and OG coefficient spectrum (c) for sample A2.
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Figure 4.8: PL spectra of the sample A2 at different delay time. Spectra
are measured at 80 K temperature with the excitation energy
density of Iy =5 mJ/cm?.

Fig. 4.8 shows time-resolved luminescence spectra of sample Al in the
spectral range of NBE emission. The measurement was carried out at 80 K
temperature with excitation energy density of 5 mJ/cm? applying the time-
resolved PL technique with the Kerr shutter. The time dynamics of the PL
spectra clearly shows the co-existence of the exciton recombination band
with the P-band, as these bands separate due to different recombination
times. The P-band dominates the spectrum with the peak around 3.25 eV
photon energy and decays completely within the first 80 ps of the delay
time. The PL band of excitonic recombination at around 3.32 eV photon
energy has slower decay time, therefore it remains at longer delay time.
The energy difference between the peak position of two PL bands is close

to 70 meV, what is more than exciton binding energy.

4.2 Model of inelastic interaction among free

and localized excitons

The inelastic exciton-exciton collision caused P-band in the ZnO PL spec-
trum is usually overlapped with the PL bands of the other recombination

mechanisms what makes difficult to unambiguously identify this spectral
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line. The peak position reported in number of papers differs by value in the
spectral range of around 3.1£0.1 eV [93]. To identify the P-band in highly
excited PL spectra of ZnO epitaxial layers the theoretical model of inelas-
tic exciton-exciton collision was used [94]. The calculated P-band for ZnO
is compared with the experimentally measured PL spectra. Theoretically,
the P-band of inelastic exciton-exciton collision is expected in exact energy
position: it is red-shifted at the distance of twice exciton binding energy
from ZnO band gap energy E,. However, there is an experimental fact of
high diversity of the P-band’s peak position energy in ZnO varying from
sample to sample. The reported peak position values of P-band at different

temperature are listed in the Table 4.3.

The experimental PL peak position energy values of P,- and P-bands at
different temperatures reported in number of papers are depicted in Fig. 4.9

according to the data presented in Table 4.3. Quite broad deviation from

Table 4.3: PL peak energy Epy values of P-band at various temperatures T
reported in the literature. The data is visualized in Fig. 4.9.

Emission Epp, T Py, References
band (eV) (K) (kW/cm?)

P-band  3.181 RT 400 Bagnall et al. [3]
EHP 3.14 RT 800 Bagnall et al. [3]
P-band  3.048 550 1200 Chen et al. [6]
Py-band  3.20 RT 30 He et al. [60]
P-band  3.315 77 1900 Inagaki et al. [61]
Py-band 3.332 77 1000 Inagaki et al. [61]
P-band  3.32 77 0.47 Ko et al. [63]
P-band  3.31 10 47 Pan et al. [62]
P-band 32 RT 260 Lu et al. [13]
Py-band 3.22 RT 200 Lu et al. [13]
EHP 316 RT 580 Lu et al. [13]
P-band  3.18 RT 120 Ohashi et al. [95]
P-band  3.165 RT 64 Chen et al. [29]
P-band  3.20 RT 9000 Cho et al. [96]
Py-band  3.067 RT 240 Bagnall et al. [28]
EHP 3.032 RT 1320 Bagnall et al. [28]
P-band  3.17 RT - Yu et al. [97]
P-band  3.315 10 0.27 Klingshirn et al. [35]
P-band  3.32 77 0.47 Yamamoto et al. [10]
P-band  3.26 RT — Cho et al. [98]
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calculated theoretical peak position dependence on temperature using re-
lation (2.3) is evident. The most aberrant values may be due to the mis-
interpretation of the band origin itself or possible calibration deviation of
the PL detection systems in various experiment setups. Nevertheless, the

unambiguous determination of the P-band in the PL spectra of ZnO is a

difficult task.

As it was discussed in the section 4.1, the three bands coexists near the
excitation levels of SE threshold. The spontaneous PL band of radiative
exciton recombination is red-shifted due to the band gap renormalization
effect and usually has a peak at 3.24 — 3.26 eV. The P-band may arise
at the elevated excitation densities in case of good crystal quality ZnO.
This band can also become stimulated prior to the appearance of the EHP
SE. However, the spontaneous P-band and stimulated P-band have the
same peak position, which does not depend on excitation power density.
However, it deviates in different samples. The peak position of the P-band
is usually in the interval from 3.14 — 3.2 eV. After the transition through the
Mott density, the EHP SE line appears at around 3.13 eV and it has strong
dependence on excitation power density to shift to lower energy side of the
spectrum. Therefore, the identification of stimulated P-band is sometimes

difficult task, as it is the case in section 4.1.

The same issue is discussed by J. Fallert et al. [93]. The overlapping of the
P-band’s energy position with the EHP SE line’s energy position, especially
just above the threshold excitation power density, is very possible. However,
as it can be observed in Fig. 4.9 the deviation from the theoretical curve is
mostly to the lower photon energy side and the energy difference becomes

greater with the temperature increase.

We speculate, that the broad distribution of P-band’s peak position can
be the result of the free excitons interaction with defect bound excitons with
lower energy by the value of ionization energy. To support our speculation
based on experimental observations the model of inelastic exciton-exciton
interaction is developed with the Dirac 6 wave function of one of two inter-
acting excitons. The P-band spectra were calculated using ZnO material

parameters and compared with the experimental PL spectra.
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Figure 4.9: PL peak position energy of the P-band versus temperature. The
lines represent the P-band’s peak position energy dependence on
temperature calculated using relation (2.3). The points show
the experimental P-band’s peak position energy reported in lit-
erature. The references are listed in the Table 4.3.

The collision of free excitons

According to the paper [94], there are four possible interaction mechanisms
for excitons that may produce the luminescence. These processes can be

expressed as follows:
(i) (ER,Eg) — (hv.e—h);
(ii) (ERS Eg™") — (hv,e—h);

(iii) (B Eg) — (hv,Eg);

(iv) (B ER) — (v, Egi™),
- 18,252P . .
where hv is the photon energy, Egx is the energies of the 1S, 25, 2P

excitons with momentum %K, and e — A is the energy of an electron-hole pair
in the continuum state. The schematic diagram of the process (i) is depicted
in Fig. 4.10 a). The process (i) is described as a radiative scattering via the
exciton-exciton and exciton-photon interaction with the initial intermediate
and final states, as shown in Fig. 4.10 b). The other three processes can

also be described in exactly the same way.
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lision, where U1, is the interaction potential between the two
excitons and H,, is the exciton-photon interaction Hamiltonian

(b). [58, 94]

By the use of the second order perturbation theory the radiation power

spontaneously emitted at hv is given as

= — 2
27 (0|H,,|18,0) (k,K|(1S,0]U2|1S,K)|1S,K')
I(hv):7 Y d ZI5 hvp(hv)

KK kK 0
K2 WK? BK K
1 b
X ng 0 (E&SEthJr o T o T

(4.3)

where H,, is the exciton-photon interaction Hamiltonian, |0) is the ground
state of the crystal, p(hv) is the number of photon modes, nks and n}(S, are

the mean occupation numbers of the 1§ excitons with momentum K and
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K', respectively, E(%S is the energy of 1§ exciton at K =0, Efc’ is the binding
energy of the exciton, the reduced mass y is given by u=! =m,! —i—m,:l, M
is the translation motion mass of exciton M = m, 4+ m;,, and the Ui, is the
effective interaction potential between the two interacting excitons.

The argument of § function reflects energy conservation, what is more

clear when all cancelled terms are written

K2 2K k2 K
Ey’ Ey’® =hv+ | Eg® +EV+ — . (44
(0+2M>+(0+2M Vi | BBV e | (44)

The optical matrix element is denoted as (0|H,,|1S,0) = A and it does not
have specific structure. Since we know that the occupation numbers are
much smaller than unity, Boltzmann distribution is a good approximation

for excitons:

3/2 212
2mh? K
1S
_ _ . 4,
e = Ms (MkBT> eXp( 2MkBT> (4:5)

To evaluate the radiation power I(hv) we need to:

(i) calculate the matrix element of the Coulomb interaction,

(ii) perform the quadruple sum over the intermediate wave vectors.

The matrix element of the Coulomb interaction

The matrix element of Coulomb interaction was calculated by T. Moriya

and T. Kushida [94] for two interacting free excitons in the form of

21312a* a1
(4.6)

where ag is the Bohr radius of the 1§ exciton. The goal is to rebuild the in-

¢ = (k,K|(15,0|U12|18,K)|1S,K') =

termediate steps omitted in the paper in order to understand the evaluation
process.
The initial state is the product of the two 1§ exciton wave functions with

the wave vectors K and K’. These exciton wave functions are the product
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of the plain wave with centre of masses and hydrogen-like 1§ function with
relative coordinate
KR 5(ry), (4.7)

18, K)[18,K') = —=e™"R1gy5(ry)

1 1
NG NG
where V is crystal volume and @g is the envelope function of the 1S exciton.

From the analogy, the final state after collision is

15,0 |k, K) = %(pls(rl) N /KR \}_e’kTZ. (4.8)

As the result, we have to get the still exciton with zero momentum of the
mass center, which later emits the photon, and electron-hole pair, which is
described by its mass centre and relative momenta K and k. Hydrogen-like

wave function is a normalized exponent function

~3/2
ay

(PIS( ) ﬁ

while the Coulomb interaction is approximated to 0 function

e/, (4.9)

_ Ann?
Upp= TCM 55(R1—R2), (4.10)

where Ry and R, are the center-of-mass coordinates of the two excitons
with Rj» = |R; —Ry|, and @ is the scattering length of the excitons.
The product of wave functions and interaction potential have to be inte-

grated over the coordinates of all particles:

/d3R1/d3R2/d3r1/d3r2. (4.11)

However, the & function eliminates the integral over R, and we have

simplified intermediate result

4nh’a P ) By
C = M—V5/2 /d3R1 el( K+K+K')-R; /d3l‘1 (pls(rl)(PlS(rl) /d3r2e lkrz(PlS(r2>-
(4.12)

First two integrals are trivial
/d3R1 ol ("K+K+K') Ry _ V5KK+K” (4.13)
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/ &Py @rs(r1)Prs(ry) = 1. (4.14)

while the third integral can be simplified by applying the cylindrical sym-

metry, i.e. by using spherical coordinates

o T
/d3r2 —>27r/ drrz/ de sin 6. (4.15)
0 0

We introduce dimensionless coordinate r — agr and assign v =cos8. Then

we have

32127
C=0gK:iK V;/lg / drrie” / dve kraov, (4.16)

The integral over the angles equals to

1 . 2
—ikragv _ _©
/_1 dve Krag sin(krao). 1
therefore
MV3/2 : 5K,K+K’E/o drre”"sin (krao). (4.18)

The last integral is a standard integral, that can be found in the tables of

integrals, and it equals to

o0 2k
/ drre”"sin(krag) = %. (4.19)
0 (1+a2k2)
Therefore the final result is
2320 a1
— 0 5 5K,K+K" (4.20)

MV32 (14 a2k?)

The quadruple sum over the intermediate wave

vectors

Further we deal with the quadruple sum over the intermediate wave vectors
in order to derive the integrated form of the radiation power I(hv). We use

the expression of the matrix element of Coulomb interaction (4.20) derived
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in the previous section. The radiation power expression (4.3) now become

o 1 20mada? 16m2* [ 212 \°
1) =75 WW”W)AQN% ARV (Mk T>
E —hv) B
XZZZZ 212 45KK+K’e_h2K2/2MkBTe_EZKQ/szBT (4.21)
K K kK K k

K2 BPK? Pk RPK
s|ES—EP—py - -
% ( T VR R YT Y Y

The first sum over the K can be eliminated due to the Kronecker 8 by
changing K=K+ K'. Note, that in the argument of § function the signifi-
cant simplification occurs

K2 nK? BK 7KK’
+ — > — : (4.22)
2M 2M 2M M

The other three sums over the wave vectors are changed to integrals in

standard way

4 3
; — @/d K. (4.23)

The expression of radiative power (4.21) then becomes

2 1 hvp (hv)A2N?
I(hv) === VPUVIANis 301403210 167 / &K / &k / K/
h (EIS—hv)? MSV3 (kgT)>
1 2 KK/
el )]s (s PR
(1+a%k2) 2MkgT M
(4.24)
where we have assigned
h’k?
E=ES—El—hv——. 4.25

This quantity does not depend on K or K', therefore it is constant for
integration over the wave vectors.
The integration over the K’ may be calculated having in mind that &

function cuts out the plane in the three-dimensional space. The calculated
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integral is

/ PK's E_th-K’ KR Mk T _ 2M>*kpT exp | n MPE? |
M n*K 2MkpT 1'K2
(4.26)
At this point two triple integrals over the wave vectors k and K left.
Actually, these integrals are spherically symmetrical therefore the triple

integrals can be changed to single. After application of changes we can
write

2 hvp(hv)A*Nig . 4 5. 1

I(hv) = 0 _
7 M5 (kgT)? (Eés—hv)2
—42nM>*kgT
X / dk 47k’ / dK47K? (1+ adk?) 4”h4—KB (4.27)
e l n*K?2 ME? ]
X — — .
Pl 2MisT 2h2K2kgT
After simplifications the expression becomes
21077 3@ hvp (hv)AZN? 1 oo 1
I(hv) = ala p(2 A Nis 2/ dkk>————
M? (ksT) (ESS —hv)*Jo (1) () o)

o0 1 /(W*K2 1 2M
dKK — - .
></0 exp[ kg T ( M +4h2K2>1

The integrals that left in the equation are not very complicated, how-
ever the variable exchange would simplify the work significantly. Instead

of momentum k we introduce the variable &, which has the dimension of

energy:

hK>

5 = 2—7
H
21

K2k — ‘2‘733 g1/24e.
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Instead of momentum K we introduce dimensionless variable t:

K2
t kgT = ——
B M )
1
K= (2MkgT)"/?4'/2, (4.30)

1
KdK = —2MkpTdr.
2n

After the introduction of exchanged variables to the expression (4.28) we

obtain the final integral form

2971a3a2A%hvp (hv) N% (2u)*/2 1
MszT (Eés—hV)z

g1/2 2
/ dé / dtexp | —t — 1 <£> :
1+€/Eb 4¢ \ kgT

Theoretically, there may be other types of exciton-exciton inelastic colli-

[(hv)=

(4.31)

sion processes resulting with emission of photon. As it was noted before,
there may be other types of exciton-exciton inelastic collision processes re-
sulting with different state of one of interacting exciton and emitted photon
after collision. The equation (4.31) was derived for the process (i). The
integrals for other processes are derived in the same way as it was done
for process (i), however with some modifications due to the differences in
the exciton-exciton interaction. For process (ii), when one of interacting

2S8.2P
excitons is in excited state E S,

before the collision, the solution is the
same as (4.31) only with few following replacements: ay — 2a9, a — 2a,
NIZS — NisNasop, and most important E? — EP/4.

In process (iii), the two EII<S state excitons interact producing the photon
and leaving the exciton in the same E11<S state. The integral solution for this

type of interaction is

pRF 2 A A%hvp (hv) N
M?>  (ElS—nv)’+ (na/e) (ELS)? kBT

/ ” t 1 (E —hv
“xp 4¢ kBT .
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Note, that the single integration is applied because one of the product par-
ticles remain in the same excitonic state. For the process (iv) (Eg,Ex)) —
(hv,EIZ(‘?,’ZP), which should correspond to P-band, the solution for evalua-

tion of radiative power spectrum is

::25n2h35?2. A%hvp (hv) Nis
M> (BN —hv)’ + (rafe) (E)S)® kT

2
> 1 (E}S—(3/4)EL —hv
></0 dr exp [_I_E( ‘T .

First of all, the PL spectra for GaAs were calculated with the material

I(hv)

(4.33)

parameters listed in Table 4.4 for optimisation of numerical calculation al-
gorithm. The best results were achieved integrating from 107* to 10° eV
with the increment of 1 meV. Fig. 4.11 a) shows the process (i) caused
PL spectra dependence on temperature in the range from 5.8 to 81.4 K.
The PL intensity decreases with temperature and PL peak position shifts
to lower energy side. Also the characteristic for the (i) interaction process
asymmetric broadening of the PL spectrum is evident with increase of tem-
perature. In the Fig. 4.11 b), all four interaction processes are shown for
GaAs, calculated using integral equations (4.31), (4.32) and (4.33). Due to
the small GaAs exciton binding energy, the spectra are situated close to
each other. The peak position of spectra are situated around the E&S —E}C’ )
E}S—(1/4)EL, ELS, and E}S — (3/4)E? for processes (i), (ii), (iii), and (iv),
respectively.

The same integrals were evaluated for ZnO using material parameters
listed in the Table 4.4. The calculated spectra as a function of temperature
due to interaction process (i) are depicted in the Fig. 4.12 a). The evolution
of spectrum with increasing temperature is the same as calculated for GaAs.
However, as it is observed in the Fig. 4.12 b), due to the large exciton
binding energy of ZnO, the calculated PL spectra are situated in the range of
60 meV, from 18§ state exciton energy at EéS to the energy at E(}S —Efc’ , Where
the process (i) caused PL spectrum is situated. Evidently, the exciton-
exciton interaction caused spectral band due to the process (iii) correspond
to the exciton radiative recombination spectral position. However, the P-

band caused by process (i) is at exact photon energy of two exciton binding
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Table 4.4: Parameter values for numerical calculation of radiation power of
exciton-exciton collision in ZnO and GaAs.

Parameter Zn0O Ref. GaAs Ref.
EY (eV) 0.06 2] 0.0041  [94]
E}S (eV) 3.3771  [99],[5], [35]  1.5151  [94]
m 0.24 my [100] 0.0665 mg  [58]
m 0.59 my [16] 0.139 my  [58]
u 0.171 mg 0.058 mo  [44]
M., 0.83 my 0.267 my
ap (A) 80 [101] 136 [102]
na/e 2.14x 107 [5] 32x107°  [94]
mo (kg) 9.10938 x 103!
kg (eV/K) 8.6173 x 1073
h (eV-s) 6.58212 x 1016
/4 3.14159
10 10"

S [ GaAs  ESES-Guen | S G(atf\)s kT=1meV

0,014 L o

F: @ 310]4 (i) @) O

@ - @ A Ya
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Figure 4.11: Calculated spontaneous emission spectra due to the process (i)
at various temperatures for GaAs using equation (4.31) (a).
Spontaneous emission spectra calculated for typical exciton-
exciton collision processes at kgT =1 meV (b). The peak in-
tensities are normalized. The photon energy is measured from

the exciton energy E&S :

energies apart from ZnO band gap E,. As this spectral region is of our

interest, the further discussion will continue on exciton-exciton interaction

process (i).
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Figure 4.12: Calculated spontaneous emission spectra due to the process
(i) at various temperatures for ZnO using equation (4.31) and
ZnO material parameters (a). Spontaneous emission spec-
tra calculated for typical exciton-exciton collision processes at
kgT =1 meV (b). The peak intensities are normalized. The
photon energy is measured from the exciton energy E&S :

The collision of free and localized excitons

Lets repeat the calculation preformed in the recent section with the one of
two interacting excitons localized at the centre of coordinates. In this case,

the initial state is

|IS, K> |lOC> = %eiKRI (plS(rl) . 5(R2)(p15(r2), (434)

where the |loc) is the initial state of localized exciton. The final state after

collision of two excitons remains the same as before

_ 1 1 1 .
15,0) [k, K) = — @ 5(r; ) - —=eKR2—_eikr2, 4.35
| )| ) \/‘7(1015( 1) SV SV ( )

The calculation of integral is more simple, because two 6 functions elimi-
nate the integral over mass centre coordinates. Therefore, using the same

normalized integral over r; (4.14) we have the new Coulomb matrix element

321312 a1
MV2 (14a3k2)%

_4ni’a
- MV?

/d3l‘2 eiikrz(pm(rz) = (4.36)
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By repeating the steps of calculation in case of the interaction of free exci-
tons, we write the radiation power expression for the case of the interaction

of free and localized exciton

I(hv) = 722262 2 = hvp (hv)Njen
K K K (EdS —hv
K2, K ke (4.87)
S| Eppet —r—EP -2 > T2 v,
XO\ Hoet o B Ty T Y

where Nj,. is the mean occupation number of localized excitons, and Ej,. is
the total energy of localized exciton Ej,. = E(%S — AEj,.. The AEj,. energy
is the localization energy, what may be up to 10% of E? energy in case of

bound exciton. The argument of ¢ function reflects the energy conservation

R2K2 K2 2K
E E}S —=h ES+EP 4+ — . 4.
loc+ ( 0 -+ M ) v+ ( -+ -+ 2,LL -+ M ( 38)

We use the free exciton concentration expression (4.5) and the Coulomb
matrix element (4.36). Note, that the summation must be preformed over
three momenta because one exciton is localized and its state is described.
However, the Coulomb matrix element does not have the Kronecker 8, that
reflects the momenta conservation. Therefore the difficulty of the summa-

tion over the momenta remains the same.

We have to calculate

_2m hp(hv) 273ain*a® [ 2mh? 32
I(hv) = " A“N1sNipe 3 oTTT)
(EIS—hv)? MV MkgT
h2K2
X ZZZ T +a2k2) 7 €Xp l— 2MkBT] (4.39)

2572
><6<EhK ),
2M
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where we denoted

PK ., 1K
E=Ejpe+———El——— —hv. 4.40
10C+ 2M X 2“ ( )

First, we perform integration over K
=2
1% — K VM3/2E1/?
— [ d’KS | E- = : (4.41)
8 2M V2m2h

Second, we introduce the variable exchange as before. Instead of momentum

k we introduce the variable & with the energy dimension and instead of the

momentum K we introduce the dimensionless variable ¢:

hk?
5 = 2—7
H (4.42)
t-kpT = K
BT oM
Then the final result is
PSS hvp (hv)
I(hv) = WWO%GZMS loc ZW
) | Y (Eg” —hv) (4.43)
></0 dgél/zm/o dtrl/ze—f\/Elac—E}g—hv—g+szT.
X

The numerically calculated spectra using the solution (4.43) with the en-
ergy of localized exciton AEj,. = E&S — Ejpe = 1 meV are depicted in Fig.
4.13 a). The spontaneous emission spectra of inelastic localized exciton in-
teraction with free exciton are strongly asymmetric. The long lower energy
side of the spectrum does not depend on temperature. The higher energy
side of the spectrum has a sudden fall forming the steep edge of the spec-
trum. The strong asymmetry is caused due to the Dirac § wave functions of
localized exciton. Because of that, the interaction potential, which is very
complicated in case of two exciton, might not be chosen correctly.

In contrast to the lower energy side, the higher energy side of the cal-
culated spectrum has strong dependence on temperature. With the tem-
perature increase the high energy side of the spectrum becomes smoother.

However, the peak position and intensity does not change with temperature
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Figure 4.13: Calculated PL spectra of inelastic collision of free exciton with
localized exciton using the equation (4.43). The PL spectra
dependence on temperature for exciton with the localisation
energy AE;,. =1 meV (a). The PL spectra dependence on
AE),. (solid lines) with respect to PL spectrum of free excitons
interaction (dotted line) (b).

significantly.

In Fig. 4.13 b), the calculated spectra for free excitons collision process
and for localized to free excitons collision process are depicted at fixed
temperature of kgT = 1 meV. Evidently, by changing localization energy
AE),. of exciton, the spectrum shifts to the higher energy side by the value
of AEj,.. Note, that the emission peak position of the PL spectra with
localized exciton contribution does not coincide with the actual energy of
the free exciton-exciton interaction emission peak reduced by localization
energy: (EéS - Efc’) —AEj, # EpL(Ell(S,El(,C).

In Fig. 4.14, the calculated spontaneous emission spectra due to the
exciton-exciton inelastic interaction are compared with the experimentally
measured PL spectra at high excitation conditions. The emission spectra
caused by inelastic interaction of free exciton with localized exciton are cal-
culated with the AEj,. bound energy values from 1 to 15 meV. However,
the usual energy difference between FX and DX bound excitons is more
than 20 meV. Therefore, the calculated spectra are situated at the expected
energy position and coincide with the experimentally measured P-band’s
energy position. The emission spectrum of free excitons radiative collision

marks the theoretical position of the P-band.
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Figure 4.14: Calculated spontaneous emission spectra in comparison with
experimentally measured PL spectra of sample Al (dots) at
10 K temperature. The emission spectra caused by inelastic
interaction of free exciton with localized exciton (solid line)
are calculated with the AE,. = E&S — Ej,. localization energy
values of 1 meV, 5 meV, 10 meV and 15 meV. The emission
spectrum of free excitons radiative collision (dashed line) marks
the theoretical position of the P-band.

4.3 PL properties of highly conductive
Zn0O:Ga epitaxial layers

A group of Ga doped ZnO epitaxial layers were optically characterized. The
samples contain different stacks of epitaxial layers and are schematically
depicted in Fig. 4.15. The purpose of the Ga doped ZnO is to be applied in
devices as highly conductive transparent n-type contact layers. Therefore,
the ZnO:Ga layers are deposited on the top of various epitaxial stacks.
The highly conductive and transparent ZnO:Ga epitaxial layers were
grown under metal-rich conditions with adjusted reactive oxygen pressure
Pp; to incorporated metal (Zn + Ga) pressure ratio <1:1 [103]. The epitax-
ial layers were grown on the a-plane sapphire substrates by plasma-enhanced
MBE at Virginia Commonwealth University (USA). The B4 sample was
grown on c-plane sapphire substrate, while for B6 sample the Ga doped

Zn0O layer was deposited on the GaN based LED structure.
The ZnO:Ga epitaxial layers studied here are single crystal and highly
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Figure 4.15: Schematic structure of Ga doped ZnO epitaxial layer samples.
The sample B1 has high temperature ZnO epitaxial layer under
the Zn0O:Ga layer and sample B2 is the reference for sample
B1. Other samples have various stacks of epitaxial layers under
Zn0:Ga layer as indicated in the figure.

Table 4.5: Layer thickness dgzp, carrier concentration n., and carrier mo-
bility . of Ga doped ZnO epitaxial layers. The concentration
and mobility of electrons were measured by Hall experiment.

Samples Bl B2 B3 B4 B5 B6
dczo (nm) 320 290 450 355 390 300
nex 102 (cm™3) 9.2 0.001 69 48 5 5.3
te (cm?/V-s) 40 73 31 34 40 49

conductive with the electron concentration as high as 9.2 x 10% cm ™3, the
RT carrier mobility g, of ~ 41 cm?/Vs, and the high transmittance ex-
ceeding 90% in the visible wavelength range. Detailed description of the
growth procedure and studies of structural and electrical properties of the
Zn0O:Ga layers based on the temperature-dependant Hall measurements can
be found elsewhere [104]. The thickness of the epitaxial layers dgzo, electron
concentration n, and Hall mobility u, are given in Table 4.5.

In order to observe the defect related PL, the low excitation PL experi-
ment was conducted as the defect related PL bands are usually saturated
and obscured at high excitations. Apparently, the nominally undoped ZnO

epitaxial layer of the reference sample B2 shows a broad, well-pronounced
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deep recombination centres (DRC) band (Fig. 4.16) centred at 2.17 eV with
a FWHM of 700 meV. The other PL band of the sample B2 spectrum is
NBE emission peaking at the photon energy of 3.305 ¢V with a FWHM of
117 meV. The NBE band is quite asymmetrical having two lower energy
side shoulders approximately at 3.27 eV and 3.19 eV photon energy.

The DRC band in the sample B1 is very weak if compare to the NBE
band, which is consistent with the published data reporting that heavy dop-
ing of ZnO with Ga can drastically suppress the deep-level emission due to
the screening effect in highly degenerate material [105, 106, 107]. The DRC
band has the peak intensity at around 2.425 eV. The NBE band at 3.275 eV
from the sample B1 is broader (FWHM ~295 meV) and even more asym-
metric with extended lower energy side if compare to the NBE band from
the reference sample B2. This may be caused by radiative recombination
through the DOS tales which are created by large amount of shallow defects
in the doped ZnO epitaxial layer [107]. The PL band on the higher energy
side from ZnO NBE emission band has been observed. The higher energy
(HE) PL band is centred at 3.51 eV and its FWHM is of about 202 meV.
Since the NBE and HE PL bands are overlapping, the FWHM values were
estimated by the deconvolution method with the percent error not more
than 12%.

To gain insight into the origin of the HE line in the sample B1, the de-
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Figure 4.16: RT PL spectra of Ga doped ZnO and undoped ZnO epitaxial
layers of samples B1 and B2 measured under low excitation.
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Figure 4.17: PL spectra dependence on excitation power density for the
sample Bl measured at RT. The inset shows the PL peak
position dependence on excitation power density P, of NBE
(empty ellipses), HE (crosses) and DRC (filled diamonds) PL
bands.

pendence of PL intensity on excitation power density was measured at the
low excitation level. The excitation power density was changed in the range
from 0.5 W/cm? to 5.6 W/cm?. The results are shown in the Fig. 4.17. At
the lowest excitation level a new PL line appears, which is obscured by the
broad NBE PL band. This band is centred at 2.76 €V, in region character-
istic for DRC-related emission. In fact it is possibly Cu-related green line.
However, it is to weak to identify properly. As it is shown in the inset of
Fig. 4.17, the PL peak intensity of the NBE and HE bands increases with
excitation power density with the rate B = 1. This finding suggests that
both PL bands are either band-to-band radiative recombination transition
or free exciton radiative recombination transition. The DRC related PL
band depends on excitation power density with the rate B = 0.75. The
estimated intermediate DRC band rate may be due to the overlapped DRC
and NBE PL bands.

The PL spectra dependence on temperature of the sample B1 is shown in
Fig. 4.18. The NBE line at low temperatures clearly shows excitonic nature.
The dominant PL line at 3.358 eV (8.1 K temperature) is the neutral donor

bound exciton (D°X) radiative transition. However, the line has higher
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Figure 4.18: PL spectra dependence on temperature of sample B1 under
CW excitation. Inset shows the peak intensity dependence on
temperature for NBE (filled ellipses) and HE (empty squares)
PL lines.

energy shoulder at 3.372 eV what is the exact energy of low temperature
free exciton (FX) transition. The two longitudinal optical phonon replicas
(LO1 and LO2) are at 3.288 eV and 3.216 €V photon energies, what is 70 and
142 meV apart from the DX PL line. In the temperature range from 100 to
150 K, the FX line overcomes the DX line by intensity due to dissociation
of donor bound excitons, what is typical behaviour for ZnO and as well
as GaN. The DRC band at low temperature is situated at 3.02 eV and
the FWHM is ~ 0.55 eV. However, at 160 K temperature the DRC band
experiences sudden shift to lower energies and the increase in intensity. This

may be related with thermal activation of DRC.

Based on the excitation- and temperature-dependent PL measurements, it
is proved the excitonic nature of the 3.27 eV line, while the band at 3.51 eV
can be attributed to the free electron-hole plasma in highly degenerate
Zn0:Ga layer. The position of HE line well correlates with the blue shift
of 255 meV of the absorption edge observed in other degenerate ZnO:Ga
samples with similar electron concentrations. The coexistence of two bands
in the PL spectrum of highly Ga doped ZnO layers should be discussed
in more details. Since the carrier density in the ZnO:Ga layer of sample

Bl is 9.2 x 102 cm ™3, the existence of excitons in the layer is unlikely, as
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the Mott density for ZnO is around 3.7 x 10'® cm™3. Therefore, the NBE
band probably originates from the underlying 90 nm thick ZnO epitaxial
layer. On the other hand, the ZnO:Ga epitaxial layer is 320 nm thick and
the penetration depth for excitation light is around 65 nm (the absorption
coefficient for A = 325 nm is & = 1.6 x 10° cm™! [16]). Therefore, the
excitation of underlying ZnO layer is hardly possible.
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Figure 4.19: PL spectra of ZnO:Ga epitaxial layers on various epitaxial layer
stacks and substrate orientations measured under CW excita-
tion at RT (a). The Burstein-Moss energy shift of the HE band
from the free excitons band AEgy; dependence on the electron
concentration n (b). The Mott concentration is marked with
the arrow. The doted line is a guide for the eye.

To gain more knowledge about the measured phenomenon, more samples
were measured. The structure of the samples are depicted in the Fig. 4.15.
The selected samples does not have high temperature grown ZnO layer un-
derneath the ZnO:Ga epitaxial layer. Therefore if the free exciton emission
arises from the undoped ZnO layer, as it is the case of sample B1, it would
not be present in the other samples. The PL spectra are compared in the
Fig. 4.19(a). All highly conductive Ga doped ZnO layers exhibit the PL
peak with the Burstein—-Moss shift about 100 meV to the higher energy
side. Apparently, every other sample without high temperature grown ZnO
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epitaxial layer underneath the Ga doped ZnO epitaxial layer has carrier
concentration higher than Mott density and is degenerated. Therefore one
can conclude that the 3.27 eV PL band in the PL spectrum of sample Bl
originates from the underlying ZnO epitaxial layer. In the Fig. 4.19(b),
The Burstein-Moss energy shift of the HE band from the free excitons band
AEgy dependence on the electron concentration n is depicted. Evidently,
the emission band shift to the higher energy side is greater for the more
degenerated samples with higher carrier concentration as the quasi-Fermi
level of electrons penetrates more into the conduction band. This result

coincide with the results reported in the literature [106, 107].
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Figure 4.20: PL spectra dependence on excitation power density under high
excitations for samples B1 and B2. The SE appears at elevated
excitations at 3.15 eV and 3.11 eV photon energy.

At high excitation, created by 4th harmonic of pulsed YAG:Nd** laser
(Aexe =266 nm, T, =4 ns), the SE lines appear (Fig. 4.20) with a threshold
excitation power densities of 1.2 MW /ecm? and 0.86 MW /cm? (Fig. 4.21)
for the reference sample B2 and the sample B1 with ZnO:Ga layers, respec-
tively. At relatively lower excitation, the P-band was also detected at 3.196
eV (69 meV apart from spontaneous emission peak) for the ZnO epitaxial
layer of sample B2. The P-band emission is attributed to the radiative re-

combination of an exciton-exciton collision process. It is worth noting that
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Figure 4.21: Integrated PL intensity dependence on excitation power den-
sity P,y in double logarithmic scale. The threshold values of
excitation power density for SE are shown with arrows.

the peak position of SE lines in the sample B2 and sample B1 is quite dif-
ferent — 3.13 eV and 3.168 €V, respectively. The SE line around 3.13 €V is
due to the electron-hole plasma (EHP). The optically pumped SE has been
observed by many researchers for undoped ZnO grown by a variety of meth-
ods. However, only one study of the SE lines in ZnO:Ga (n = 10'® cm—3)
has been reported [108]. The SE lines in ZnO:Ga did not exhibit red shift as
typically observed for the EHP SE in nominally undoped ZnO layers. The
broadening of SE lines under high excitation is due to the accumulation of

higher density of carriers and strong saturation of OG.

The OG spectra measured applying the VSL technique are shown in Fig.

I at

4.22. The OG spectrum of sample B1 has maximum value of 190 cm™
the photon energy 3.145 eV and the shoulder of 130 cm™! value at 3.17 eV.
Therefore, we observe overlapped OG spectrum of two mechanisms: the
EHP OG and exciton-exciton interaction caused OG. If compare to the
reference sample B2, the maximum OG coefficient is only 60 cm™! by value
peaked at 3.14 eV. Also recall, that the threshold excitation power densities
for SE are 0.86 MW /cm? and 1.2 MW /cm? (Fig. 4.21) for samples Bl
and B2, respectively. Therefore the Ga doped ZnO epitaxial layer plays
important role for improving the conditions for SE to occur. It is possible,

that photo-excited holes are injected through the interface between the
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Figure 4.22: OG spectra of sample Bl (with the ZnO:Ga epitaxial layer
on the high temperature grown ZnO thin epitaxial layer) and
sample B2 (only high temperature grown ZnO epitaxial layer)
measured in the VSL technique. The OG spectra with highest
OG values were selected for comparison.

Zn0:Ga and ZnO epitaxial layers and support the population inversion in

the ZnO epitaxial layer.

4.4 Optical characterization of ZnO:N films

grown by DC magnetron sputtering

The N doped ZnO thin films were deposited by DC magnetron sputter-
ing at Kaunas University of Technology. Two samples were prepared for
PL experiment for optical characterization of the films. The structure
of the samples is depicted schematically in the Fig. 4.23. Sample C1 is
the N doped ZnO thin film grown on lime glass substrate, while sample
C2 is the N doped ZnO grown on Si substrate under the same partial
oxygen pressure po» = 1.7 x 1072 Pa. The residual gas pressure in the
growth chamber was 7 x 1073 Pa. The working pressure was kept constant
Parcor+n2 =2 x 107! Pa by adjusting oxygen and nitrogen gas flows. The
substrate temperature was set to 230 °C before the growth. This substrate
temperature is relatively low for ZnO growth and it is more likely to obtain

the polycrystalline ZnO films [109]. The deposition was performed with a

92



constant discharge current density of 8 mA /cm?. The current density from
plasma of the unbalanced magnetron to substrate was around -3.5 mA/ cm?.
The thickness of films estimated from cross-section SEM images is ~ 0.5 pm.
The details on growth equipment, sample preparation, electrical and optical

properties can be found elsewhere [25, 55].

Glass

Sample C1 Sample C2

Figure 4.23: Structure of N doped ZnO thin films on the lime glass (sample
C1) and the Si (sample C2) substrates grown by DC magnetron
sputtering.

The PL experiment was carried out in quasi-stationary excitation regime
exciting with pulsed YAG:Nd** laser. The excitation power density was
~1.5 MW /cm?. The PL spectra of the ZnO:N films are shown in Fig. 4.24
and Fig. 4.25 for samples C1 and C2, respectively. The room temperature
PL spectra consist of one predominant broad line at the NBE spectral region
with the peak energy of 3.23 eV for both samples. The only difference is
the FWHM which is 259 meV and 274 meV for ZnO:N thin films on glass
and Si substrates, respectively. The attention was concentrated on the NBE
spectral region of ZnO while the natural ZnO DRC PL bands in yellow-green
spectral region were not observed.

The PL spectra were measured also from the other side of the sample
plate in order to reveal the possible contribution of the substrate. Such PL
spectra are depicted in Fig. 4.24 and Fig. 4.25 as curves (c). As can be seen,
the sample C1 has some emission from substrate side in a given spectral
range. It is a wide band with the FWHM of about 1.173 eV and maximum
at 3.255 eV, which is nearly to the peak position of PL spectrum of ZnO:N
film. This could be the PL spectra of the film-substrate interface as the glass

substrate is transparent for excitation wavelength. Such interface should be
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Figure 4.24: PL spectra of ZnO:N film on the glass substrate at 8 K (a) and
RT (b); curve (c) demonstrates PL spectrum from back-side of
the sample. Spectra are arbitrary shifted in intensity scale.
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Figure 4.25: PL spectra of ZnO:N film on the Si substrate at 8 K (a) and
room temperature (b); curve (c) demonstrates PL spectrum
from back-side of the sample. Spectra are arbitrary shifted in
intensity scale.

very disordered what explains broadened PL band. Meanwhile, in the case
of sample C2 there is no noticeable radiation in a given spectral range when
measuring from the substrate side of the sample C2.

The ZnO:N film PL spectra at 8 K show two clearly resolved lines at
3.362 and 3.315 eV. The FWHM of the dominant line is 19 and 25 meV for
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Figure 4.26: Detailed view of the NBE PL spectra of the ZnO:N films at
8 K. The spectral lines are denoted as follows: FX is a free
exciton line at 3.372 eV; DX is a line of bound exciton related
to neutral donor at 3.362 eV; TES marks two electron satellites
at 3.330 eV; AX is a neutral acceptor related bound exciton
line at about 3.314 eV; 1LO’s mark the first replicas of the lon-
gitudinal optical phonon assisted bound exciton recombination
lines shifted by 72 meV toward low energy side from DX and
AYX lines. Spectra denoted as 1 and 2 are from the newly-cut
and as-it-is areas of the sample C1, respectively.

samples C1 and C2, respectively. This demonstrates rather poor quality of
ZnO:N films comparing, for example, to 3 meV value of FWHM of MBE-
grown ZnO epilayer on a sapphire substrate [6]. Detailed view of the low
temperature PL spectra is illustrated in Fig. 4.26. The most intense two
lines can be attributed to the radiative recombination of the bound excitons
at neutral donors (D°X) and neutral acceptors (A°X). These two lines have
LO phonon replicas shifted toward low energy side by 72 meV with respect
to the main lines. Weak free exciton emission (FX) can also be observed
on the higher energy side of DX line as a light shoulder at 3.372 eV. The
line at 3.33 eV is attributed to the two electron satellite (TES) transition.

The excitation of neutral donor from initial state to excited 1§ state during
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the radiative recombination of the donor bound exciton (also possible 28 or
2P final states with the result of more adequate TES lines in PL spectra)
is the mechanism behind this PL line. The dominant DX line is a result
of several overlapping PL lines [15]. We were able to resolve these lines
at 3.362, 3.356, and 3.344 eV by using the detection system with spectral
resolution of less than 5 meV. All these lines are typical for the undoped
bulk ZnO single crystals and are attributed to the intrinsic shallow donors.
The relatively weak FX line and intense A’X line evidence lower quality of
the films and higher density of shallow acceptors in both ZnO:N films in
comparison with the bulk ZnO films. The clearly pronounced A°X line is
probably caused by nitrogen created states in ZnO matrix [16].

It also should be noted that PL signal from ZnO:N films was relatively
weak when excitation beam was focused on the as-it-is sample surface. The
PL signal increased nearly 20 times in magnitude (compare spectra 1 and
2 in Fig. 4.26 a) when focused excitation beam was aimed at newly-cut
area of sample surface. It gives an idea about strong surface recombination.
This effect significantly depreciates the radiative properties of tested ZnO:N
samples.

For conclusion, the PL spectra revealed poor radiative properties and con-
firmed lower structural quality of ZnO:N thin films grown by DC magnetron
sputtering at low growth temperature. Low temperature PL spectra pos-
sess relatively intense A°X line at 3.314 eV which is a signature of nitrogen

caused shallow neutral acceptor states in ZnO.
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5 Exciton localization effects

in MgZnO epitaxial layers

The PL investigation on the MBE grown Mg,Zn;_,O epitaxial layers re-
vealed the S-shaped PL peak position dependence on temperature. This
behaviour is attributed to carrier localization in randomly distributed po-
tential field minima and it is usual effect in ternary and quaternary semi-
conductor epitaxial layers and QWs. To the best of our knowledge, first
time two blue-shifts of the PL peak position dependence on temperature
for samples with high Mg content x in Mg,Zn;_,0O alloys are analysed and
described. The model of band-filling of two energy separated Gaussian-
like tails of DOS is suggested. The origin of potential field fluctuations as
localization centres is inhomogeneous distribution of Mg in ternary alloy.
The localized excitons are prevented from escaping the Mg rich areas in
the crystal and the probability to be trapped in the non-radiative recom-
bination centres is significantly reduced. As a result, the enhancement of
PL intensity is observed and this effect is useful for efficient optoelectronic
devices based on MgZnO epitaxial layers.

In this chapter, the results of the investigation on Mg,Zn;_,O epitaxial
layers with different Mg content in the alloys by means of SEM, XRD, EDX,
AFM, PL, and SNOM are presented. In the first section, the samples prepa-
ration procedure is presented with some experimental data about crystal
quality of the grown epitaxial layers. The second section is devoted to PL
analysis and the discussion on the observed double S-shape of the PL peak
with the increasing temperature. In the third section, the model of two
energy separated Gaussian-like DOS tails derived from the experimental
data and the evidences of carriers distribution in localized states achieved

by SNOM measurements with nano-scale lateral resolution are presented.
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5.1 Growth of MgZnO epitaxial layers

The Mg,Zn;_,O epitaxial layer samples were prepared using MBE tech-
nique at Institute of Photonics and Optoelectronics of National Taiwan
University. Epitaxial layers were grown on sapphire (0001) substrates with
~ 10 nm thick MgO nucleation layers, while the sample D4 was grown on
(0001) sapphire substrate with 2 ym thick GaN buffer layer, as shown in
Fig. 5.1. The ~ 100 nm thick ZnO buffer layers were deposited on the
nucleation or buffer layer prior the growth of Mg,Zn;_,O. The substrate
temperature was set to 500 °C and the Zn effusion cell temperature was
set to 290 °C during the growth of Mg,Zn;_,O epitaxial layers. The ad-
justable growth parameters were O, gas flow rate ¢go and Mg effusion cell
temperature Tye. The values of growth parameters are presented in the
Table 5.1. For the samples with MgO nucleation layer, the growth dura-
tion of Mg,Zn;_,O epitaxial layers was 2 hours yielding thickness dpozn0
about 100 nm. However, for sample D4 the growth process took ~ 6 hours

resulting the Mg,Zn;_,O epitaxial layer about 320 nm thick.

ZnO
100 nn_, [IMGZN0IB20 M)
—
ZnO (100
nO (100 nm) 10 nm
MgO
Sapphire (0001) Sapphire (0001)
Samples D1 - D3 Sample D4

Figure 5.1: Schematic structure of Mg,Zn;_,O epitaxial layer samples.
Samples D1, D2 and D3 have MgO nucleation and ZnO buffer
layers, while sample D4 has GaN and ZnO buffer layers.

The thickness of the epitaxial layers was confirmed by cross-section SEM
images. The cross-section SEM image of the sample D2 is depicted in
the Fig. 5.2 and the visible layers are indicated as follows: the sapphire
substrate, ~ 10 nm MgO nucleation layer, ~ 100 nm ZnO buffer layer, and
the single phase homogeneous Mg 177Zn¢ 830 epitaxial layer of good crystal
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Figure 5.2: Cross-section SEM image of sample D2 shows the single-phase
epitaxial Mg 17Znpg30 layer. However, the columnar growth
parallel to the c-axis can be traced in the image.

Table 5.1: Growth conditions for Mg,Zn;_;O epitaxial layers. The Ty, is
Mg effusion cell temperature and @g; is the O, gas flow rate. The
dmgzno is the thickness of Mg,Zn;_,O epitaxial layers confirmed
by cross-section SEM images.

Sample D1 D2 D3 D4
Tug (°C) 310 370 345 345
o2 (sccm) 2.5 2.8 2.7 2.7
dygezno (nm) 100 130 110 320

quality. However, the columnar growth can be traced parallel to the growth
direction (c-axis), what may be the threading dislocations arising from the
substrate and penetrating through the ZnO and Mg,Zn;_,O epitaxial layers
up to the surface.

Consistently with cross-section SEM data, the XRD measurements also
show the Mg,Zn;_,O epitaxial layers being of single phase and good crystal
quality. In the Fig. 5.3, the ®-2@ scan around (002) diffraction peak consist
of the Mg .17Zng g30 diffraction peak and ZnO diffraction peak with FWHM
values 140 arcsec and 130 arcsec, respectively. The FWHM values are sim-
ilar for both epitaxial layers, therefore the crystal quality of Mg,Zn;_,O
epitaxial layers is as good as of ZnO buffer layers.

The EDX experiment was carried out to estimate the Mg content x in
the Mg,Zn;_,O alloys. The estimated Mg content x in the alloys is 0.025,
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0.17, 0.30, and 0.32 for samples D1, D2, D3, and D4, respectively. The
high amount of Mg is close to the critical concentration that may lead to
crystal lattice phase separation [73]. The phase separation emerges in the
epitaxial layers with high amount of Mg and the co-existence of MgZnO in
wurtzite and cubic lattices may be observed. However, the crystal structure
experiments have not showed the evidences of possible phase separation.
Moreover, recently the high quality single-phase wurtzite MgZnO epitaxial
layers with up to 55% of Mg part in the alloys were reported [47, 110].

Table 5.2: Mg content x in the alloys measured by EDX and surface param-
eters of Mg,Zn;_,O epitaxial layers measured by AFM: Rapps is
the roughness, o is the standard deviation and H denotes the
peak-to-peak distance.

Sample D1 D2 D3 D4
x (%) 25 17 30 32
Rapy (nm) 2.3 58 9.1 28
Oarm (nm) 2.9 172 129 3.6
H (nm) 25 73 126 65

1000
MgZnO ’/Z”O
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1

Intensity (a. u.)
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Figure 5.3: ®-20 rocking curve around the (002) diffraction peak of sample
D2. The main Mg 17Zngg30 diffraction peak has FWHM of
140 arcsec and the second ZnO diffraction peak has FWHM of
130 arcsec.
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6 um 6 um

Figure 5.4: SEM images of the Mg,Zn;_,O epitaxial layer surfaces. The
sample names are depicted on the corresponding images. The
ditches in images D2 and D4 are mechanical scratches in sample
surface.

The SEM images of the Mg,Zn;_,O epitaxial layers surfaces are shown
in Fig. 5.4. By comparing the images one can say, that samples D1 and
D4 have smooth and uniform surfaces, while the samples D2 and especially
D3 have grainy profiles. The increase of Mg in the alloy reduces the crystal
quality of the epitaxial layer. However, the Mg 327Zn( 630 epitaxial layer on
the sapphire/GaN template has much better crystal quality if compare with
the Mgp.3Zng 70 epitaxial layer on the MgO nucleation layer, even though
the Mg part x in the alloys is very similar, however the thickness of the

epitaxial layers differs.

The AFM experiment results shown in Fig. 5.5 are consistent with SEM
images, only AFM allows to probe the surface with 10 nm lateral resolu-
tion. The surface roughness Rapy was measured as 2.3 nm, 5.8 nm, 9.1 nm
and 2.8 nm for samples D1, D2, D3, and D4, respectively. The roughness
increases with increase of Mg part in the alloy, however drops down signif-
icantly for Mgg 32719630 epitaxial layer on GaN buffer layer (sample D4).
Other surface parameters extracted from AFM data, such as peak-to-peak
distance H and standard deviation c4pys, correlate with the roughness and
are listed in Table 5.2.

101



Figure 5.5: AFM images of Mg,Zn;_,O epitaxial layers. The samples D1
and D4 are much smoother if compare to samples D2 and D3.

5.2 Double blueshift of PL spectra of
MgZnO with temperature

The room temperature PL spectra of the Mg,Zn;_,O epitaxial layers with
various Mg content x in the alloys are shown in Fig. 5.6. The PL spectra shift
to higher energy side from 3.297 eV to 4.0 eV by changing x from 0 to 0.32.
Besides, the PL spectra broaden with increased Mg part in the compound
and the tails towards the lower energy side becoming longer, what is the
evidence of the increase of DOS tail states [111]. However, the FWHM
of sample D4 PL band is 230 meV and is significantly smaller than the
FWHM of sample D3 (343 meV) and rather close to the FWHM of sample
D2 (184 meV). This can be explained by the use of different buffer layer in
the structure of sample D4. The PL spectrum of sample D1 is similar by
shape to the PL band of ZnO epitaxial layer used as a reference with FWHM
values 90 meV and 84 meV, respectively. The PL spectra were measured in
the same experimental conditions only changing the samples on the sample
holder. Therefore, the PL intensity is comparable in arbitrary units. One
can say, that even small incorporation of Mg in the ZnO lattice reduces the
PL intensity. The PL intensity drops down significantly for sample D1 if
compare to the PL intensity of the ZnO epitaxial layer. Nevertheless, the

PL intensity increases gradually with increase of Mg content x in the alloy.
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Figure 5.6: RT PL spectra of Mg,Zn;_,O epitaxial layers with different Mg
content x, which was estimated by EDX and is depicted above
the corresponding spectrum. The spectrum of ZnO epitaxial
layer is depicted as a reference point for the PL peak position
shift due to increasing x. The PL intensity is comparable in
arbitrary units.

The peak position of PL spectra measured at 8 K temperature is depicted
in Fig. 5.7. The linear fit over the experimental data gives the relation
E,%f = 3.35+1.9x. The result is compared with the deduced function for
the PL peak position of the laser deposition grown MgZnO epitaxial layers
PL spectra measured at 2 K temperature [112]. The lines have slightly
different slope and the PL peak energy at x = 0. As it is claimed in the
paper [112], the extrapolated 3.38 eV PL peak energy at 2 K temperature
may be the evidence of dominant free exciton recombination in the MgZnO
PL spectrum. Our results show that low temperature PL peak positions of
samples D1, D2 and D3 together with PL peak position of the ZnO epi-
taxial layer align well. Therefore, the dominant recombination mechanism
of low temperature PL band is the recombination of donor bound excitons.
However, the peak position of sample’s D4 PL band is slightly shifted to
the higher energy side. It may be a clue for different dominant recombi-
nation mechanism of Mgy 327Zng¢3O. Although, the structural and optical
properties of sample D4 do not show significant difference comparing to
other samples and the recombination mechanism is still of excitonic origin
[24]. Also it is worth noting, that the given relation in the paper [112] was
estimated for the Mg,Zn;_,O epitaxial layers up to 15%. Therefore it may
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Figure 5.7: Low temperature PL spectra peak position dependence on Mg
content x in the alloys. The solid line represents the linear fit
over the experimental data (dots). The doted line is the fit of
experimental data reported in the paper [112].

not be accurate for the higher Mg contents in the MgZnO epitaxial layers.

The PL peak position of the MgZnO band of the sample D4 dependence
on temperature is depicted in Fig. 5.8. The NBE PL spectrum of MgZnO

consist of single broad band at whole temperature interval. The PL peak
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Figure 5.8: MgZnO PL band dependence on temperature of sample D4. The
spectra are arbitrary shifted in the intensity scale.
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position dependence on temperature follows the S-shape. The small red-
shift occurs in temperature range from 10 to 30 K with —0.125 meV /K
decrease. The blue-shift occurs in temperature range from 30 to 80 K with
0.15 meV/K increase. With the further increase of temperature from 80 to
300 K the red-shift occurs again with —0.3 meV /K decrease. However, for
comparison with MBE-grown ZnO hetero-epitaxial layers the red-shift due
to the temperature induced band gap shrinkage in the range from 80 K to
300 K vary from —0.36 meV /K to —0.4 meV /K, as we have measured earlier
[24]. Also the value of —0.35 meV /K was reported [88]. The lower rate of
band gap shrinkage with temperature in MgZnO epitaxial layers refers to

anomalous behaviour as it is going to be discussed later.
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Figure 5.9: Arrhenius plot of the MgZnO emission band of MgZnO epitaxial
layers with different Mg part in the alloys x. The inset shows
the activation energy E, as a function of x.

The PL intensity of the MgZnO emission band dependence on temper-
ature is depicted in Fig. 5.9 as the Arrhenius plot. The temperature of
PL intensity thermal quenching is increasing with increase of Mg part in
the alloys. Moreover, for MgZnO epitaxial layers with 30% and 32% of Mg
the PL intensity increases and reaches the maximum at around 30 K. The
activation energy E, was estimated from Arrhenius plot. The activation

energy increases with the increase of Mg part in the alloy from 19 meV for
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sample D1 with 2.5% of Mg to around 40 meV for sample D3 with 30% of
Mg as it is shown in the inset of Fig. 5.9. This result coincide well with the
results provided in literature [111, 113]. However, for the MgZnO epitaxial
layers with high Mg content in the alloy the activation energy values are
reported even higher. For example, for Mgg 15ZnggsO thermal activation
energy E, =66 meV [111] and for Mg 37Zng 630 thermal activation energy
is even 127 meV [113].

The S-shaped PL peak position dependence on temperature is typical
behaviour in case of carrier localization effect which usually takes place in
ternary [80, 114, 115, 116] and quaternary [117, 118] semiconductor epi-
taxial layers and QWs. The model explains the non-monotonous decrease
of PL peak position with increase of temperature through the thermal ac-
tivation of exciton hopping. At low temperatures, the carriers are frozen
so that they are strongly localized in the potential field fluctuations with-
out escaping. However, with increase of temperature, the carriers gain
thermal energy to overcome the potential field barriers and move to the
lowest energy levels causing the initial red-shift of the PL peak position.
With the further increase of temperature, the carriers are thermalized in
the randomly distributed potential field minima occupying the higher en-
ergy levels of DOS tail states. Therefore the PL peak energy experiences
the blue-shift. Furthermore, the fundamental band gap shrinkage with the
temperature increase overcomes the blue-shift and causes the red-shift of

the PL peak position.

The band-filling model for tails of DOS is applied in order to estimate the
average potential field fluctuations depth in the Mg,Zn;_,O epitaxial layers.
The model was derived by P. G. Eliseev et al. for AlIGaN/InGaN/GaN QWs

[115] assuming a Gaussian shape of the band tail

M} , (5.1)

E)=poexp|—
p(E) = po exp [ 207
where pg, Eo, and oy are fixed parameters for band tail. The parameter
o represents the average depth of randomly distributed potential field fluc-

tuations. It manifest itself through the PL peak position dependence on
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temperature as an additional term in Varshni function (4.1)

2 2
Eo(T) = Eo(0) — (BafT) - kZT. (5.2)

The function well describes the blue-shift of PL peak position and allows

to evaluate the average depth of randomly distributed potential field fluc-
tuations o [119].

In Fig. 5.10, the measured PL peak position dependence on tempera-
ture for sample D4 at different excitation power densities is shown. The
results of fitting over the experimental data using function (5.2) is shown
in Fig. 5.10 as lines. The fitting parameters are presented in Table 5.3.
The Varshni parameters o and B were considered independent on excita-
tion power density and kept constant. The two independent blue-shifts can
be indicated in PL peak position dependence on temperature. The lower
temperature blue-shift was fitted in temperature range from 40 K to 140 K.
The randomly distributed potential field fluctuation parameter ¢ decreases
from 12.1 to 10.7 meV with increasing excitation power density 20 times
as shown in the inset (a) of Fig. 5.10. This behaviour is expected having
in mind the screening of the potential field pattern with increased number
of photo-excited carriers. When density of excitons increases the potential
field fluctuations are covered and the effect diminishes. The extrapolated
excitation power density at which ¢ = 0 meV is around 250 kW /cm? and it
gives abrupt value of photo-excited carriers density about 1.6 x 102 cm ™3,

The second blue-shift occurs at the temperature 240 K. The fitting of
the experimental data in the range from 220 K to 300 K with the function
(5.2) reveals the average potential field fluctuation value I' (the adequate
parameter to o for high temperature blue-shift) from 70 to 84 meV (Fig. 5.10
inset b). However, at medium excitation regime the large potential field
fluctuation pattern is not sensitive to carrier density alternation and broad
distribution of the parameter may arise due to small fitting interval limited
to 300 K temperature.

The presence of double-scale potential field profile was revealed by Monte
Carlo simulation in case of quaternary AllnGaN alloys by K. Kazlauskas
et al. [118]. The model well describes the S-shape PL peak position de-
pendence on temperature in wide temperature range as well as W-shaped

linewidth dependence on temperature. The o and I' quantitative expres-

107



S14 _—1|2_2|{).100¢|15>:0!oo|01t|3x=[—_
410 E”}ii;ﬁxij
—_ B © B ]
% 4.08 Sample D4 10 T A T A I
Q9 | O _ LI L L L
84%— ot gmjm) s 3
= 4.04 =0r |
o ¥ TR I T I T

1

o]
O
<&
A

|

40 kW/cm?
60 kW/cm?
80 kW/cm?

& P... (kW/cm?)
8 & oo
,’,x,\ O~ \A\
£ AN
ANVTRNG
AN NN

Eliseev functioy
1 |

20 40 60 80 100

0

50

100

150 200 250 300 350 400

Temperature (K)

Figure 5.10: PL peak energy dependence on temperature at different excita-
tion levels for sample D4. The lines are fitting of experimental
points with Eliseev function (5.2). The inset shows the random
potential field distribution parameter ¢ (a) and I' (b) depen-
dence on excitation power density P,y..

Table 5.3: Eliseev function (5.2) parameter values obtained by the best fit
to the peak position dependence on temperature at different ex-
citation power densities of sample D4. The low and high tem-
perature blue-shifts were fitted using oo = 6.9+ 3.6 meV /K and
B =2665+557 K.

Py kKW /cm? EJ (eV) o (meV) EJ (eV) [ (meV)
4+1 4.1+£0.003 12.1+0.9 - -
40+£10 4.094 £0.008 12+1 4.374+0.02 70+2.6
60+ 15 4.085+0.02 11.24+0.4 4.478+£0.006 84.3+0.8
80+£20 4.076 +£0.002 10.7£04 4.414+0.01 76+2

sions in relation to experimentally available quantities Ty and I's are pre-

sented in the paper:

I'=/T3/In(4) o2,

O =

2kBTS) (53)

(5.4)

where Ty is a saturation temperature of the linewidth and I'g is the temper-

ature independent linewidth above the saturation temperature.
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Table 5.4: Eliseev function (5.2) parameter values obtained by the best fit
to the peak position dependence on temperature for Mg,Zn;_,O
epitaxial layers with different Mg content z in the alloys.

Sample EJ(eV) E} (eV) o (meV)
D2 3.678+0.001 3.92+0.01 4.7+0.2
D3 4.016£0.002 4.46+0.03 24.24+0.3
D4 4.085+0.002 4.48+0.01 11.24+04

Sample ['(meV) a(meV/K) B(K)

D2 54+2 48+25 2350£491
D3 85+4 9.4+49 21661453
D4 84+1 6.9+3.6 2665+557

In the case of sample D4 in our experiment, the W-shaped FWHM de-
pendence on temperature was measured yielding the Tg = 53.75 K and
I's = 150 meV, therefore the calculated values are 6 =9.26 meV and I' =
127.7 meV. The fitted o values concur well with the calculated, however
the fitted I' values are much lower than calculated one. This disagreement
may indicate the other origin of second Gaussian like DOS tails than that
introduced in the model. Besides, the double-scale potential field profile
was introduced in case of Cdg.043Zn0.9570/Mgo.12Zng 88O QWs in the frame
of Monte Carlo simulation [120]. The estimated values are 6 =20 meV
and I' =29 meV and these double-scale potential field fluctuations are at-
tributed to composition and QW width fluctuations, respectively. Since our
samples are ternary MgZnO epitaxial layers the origin of strongly expressed
I" potential field fluctuations is in question and it is necessary to investigate
the crystal properties of MgZnO epitaxial layers in nano-scale resolution.

In Fig. 5.11, the PL peak position dependence on temperature for samples
D2, D3, and D4 is depicted. All curves were measured at the fixed excitation
power density of 60 kW/cm?. The two blue-shifts were fitted with the
Eliseev function (5.2) and the o and I" values are depicted in the inset of Fig.
5.11. The fitting parameters are presented in Table 5.4. The determined
localization energy is compared with the FWHM of MgZnO PL band. The o
values for MgZnO alloys with different Mg part in the compound correlates
with the P FWHM broadening as it is depicted in inset a) of Fig. 5.11.
This proves the relation of carrier localization pattern with the amount
of DOS tail states caused by Mg inhomogeneous distribution. In case of

sample D1, the PL peak position dependence on temperature follows the
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Varshni law, therefore parameters ¢ and I' in that sense are equal to 0.

5.3 Band tail filling effects in MgZnO

The model we used to describe independently two blue-shifts of the same
experimental curve should give the same set of fitting parameters. In the
most simple case, if two Gaussian-like DOS tails does not interact with each

other, the combined fitting function would be in form

aTl? (c?+T1?)
B+T kT

However, in such a case the sum of Gaussian DOS would manifest itself

Ey(T) = Eo(0) (5.5)

in the same way as single Gaussian DOS tail only with broader distribution
over the energy. We managed to fix the Varshni parameters o and B for
low and high temperature blue-shifts. However, the parameter Ey(0) gives
significantly different values for lower temperature and higher temperature
blue-shifts as shown in Fig. 5.12 a). The difference between E§(0) and
EL(0) is 240, 440, and 390 meV for samples D2, D3, and D4, respectively.

In general case, the parameter Ey(0) gives the extrapolated value of PL
peak position at 0 K if localization effect is excluded. The dashed lines in
Fig. 5.12 a) are the Varshni functions plotted using fitted parameter values
with no localization responsible term in the equation (5.2) (o or I'=0 meV).
When the high temperature blue-shift occurs the PL peak shifts to the
much lower energy side and PL peak position at low temperature should
be situated around the EJ(0) value if there is one Gaussian DOS tail. In
our case, the low temperature blue-shift lowers the PL peak position energy
again to the actual measured PL peak position at 8 K temperature of Eg L—
4.037 eV as it is shown in Fig. 5.12 a). The difference AE; = EJ (0) —E} =
38 meV is the actual energy difference between the two Gaussian like DOS
peaks. At low temperatures the first Gaussian like DOS tail is filled with
the increase of temperature causing the low temperature blue-shift and at
elevated temperatures the second Gaussian like DOS tail is filled causing the
high temperature blue-shift of PL peak position. The estimated potential
field profile for carrier localization with two spatially separated localization
centres is depicted in Fig. 5.12 b).

The SNOM images of samples D3 and D4 are shown in Fig. 5.13. In
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Figure 5.11: PL peak position dependence on temperature of MgZnO epi-
taxial layers with different Mg content x in the alloys. The lines
are the fittings with Eliseev function (5.2). The inset a) shows
the lower temperature localization energy o and PL. FWHM
dependence on Mg content x, which correlate well. In the inset
b) the I" dependence on Mg content x is depicted.

the left-hand-side picture the PL intensity distribution in the scanned area
is shown. In the right-hand-side picture the PL peak position distribution
in the scanned area is shown. The SNOM images show less Mg incorpo-
rated areas with red-shifted PL spectra in high contrast. However, the PL
intensity experiences anti-correlation with PL peak wavelength providing
the Pearson correlation coefficient -0.51 in case of sample D4. The Pearson
correlation coefficients for all samples are listed in the Table 5.5. Therefore,
the SNOM experiment reveals the peculiar distribution of photo-excited
carriers across the MgZnO epitaxial layers. This behaviour is abnormal
from the first view, because Mg rich regions must behave as carrier scat-
tering barriers due to greater band gap. Therefore, the PL. mapping shows
reversed distribution than the expected one. The Mg rich areas have the
wider band gap as the introduction of Mg increases the band gap of ZnO.
Naturally, one should expect the carriers to move to the lower energy areas,
which has less Mg. Therefore the positive Pearson correlation coefficient
should be expected.

Evidently, the photo-excited carriers are localized in Mg rich areas and

are prevented to escape to lower energy states of Mg absent areas. The

111



4.50 CT 1 1 1T 1 1 11T 1]
S EJ'(0) (@
D440 FF—= — b
c - [N ]
(@] L S ]
=430 . ]
2 | ae e ]
o L 1 S ]
2 4.20 |- \;
m L pe|
[ r ]
o410F .
g AE, .

4.00 .

0 50 100 150 200 250 300
Temperature (K)

Figure 5.12: PL peak position dependence on temperature of sample D4
(open circles) and the Eliseev function (5.2) fit of low and
high temperature blue shifts (solid lines) together with Varshni
functions using same parameters (dashed lines) (a). Estimated
potential field profile for carrier localization with two separated
localization centres (b).

¥ um)

L3 it L Lo
N

Peak wavelength {nm}
T

Peak intersity larb. units
T e . - ’

4GaC

‘ .
4400
420CF |
210 (-
anar— 31105

JE00 05

3800

. 00
G‘E. 3 o 0 G‘%.C [+8-} Ll

A 145 a0
B oumi xtumi
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the 30% and 32% of Mg in the alloys, respectively. The left-
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Table 5.5: Correlation p between PL intensity Ip; and peak wavelength A,
PL intensity Ip;, and FWHM of PL band @, and peak wavelength
A, and FWHM of PL band o.

Sample D1 D2 D3 D4
p(Ipr,Ap) -0.25 -0.07 -0.46 -0.51
p(IpL, @) 0.09 -047 -0.52 -0.02
p(Apr,w) -0.09 0.06 0.28 0.38

Mg inhomogeneous distribution within the Mg rich around 100 nm width
areas causes the I' localization scale. The potential field fluctuations in Mg
absent areas across the sample causes ¢ localization scale, which is from 4
to 10 times less than I' localization scale (see Table 5.4). If compare with
thermal energy of carriers at room temperature, the ¢ localization scale in

the Mg absent areas has no significance.

The o and I dependence on Mg content in the MgZnO alloy is closely
related with other structural and optical parameters. In Fig. 5.14 a), the
AFM roughness Rapy dependence on Mg content x is depicted together
with RT PL. FWHM. The Fig. 5.14 b) shows the average potential field

fluctuations energy o dependence on Mg content x in comparison with RT
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Figure 5.14: AFM roughness Rary, RT PL FWHM, activation energy E,,
average localization energy ¢ and I" dependence on Mg content
x in the alloy.
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PL FWHM. All three quantities monotonously increase with Mg content
x and sharply decrease for sample D4. The I' dependences on Mg content
together with the thermal activation energy E, are depicted in Fig. 5.14
c¢). Each of the quantity increases with Mg content x and saturates at high
Mg content. The FWHM of PL band has relation to the amount of DOS
tails at the band edge and DOS tails are created by the structural disorder
of the crystal. The potential field distortion arise due to the inhomoge-
neous distribution of atoms in the alloy. The thermal activation energy of
PL intensity quenching has relation to the temperature induced band tail
filling with carriers, what depends on the profile of DOS tails caused by
localization centres.

In conclusion, the double S-shaped of PL peak position dependence on
temperature was measured for MgZnO epitaxial layers with different Mg
content in the alloys. The model of two Gaussian energy separated DOS
tails is suggested and the average depth of fluctuating potential field was
extracted to be around 10 and 75 meV. The origin of the DOS tails forma-
tion is inhomogeneous Mg distribution over the ZnO lattice. The utilization
of strong carrier localization effects in MgZnO epitaxial layers may be ben-

eficial for optoelectronic devices.
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6 Optical properties of
CdZnO/ZnO MQWs

structures for LEDs

In this chapter, the optical characterization results of CdZn0O/ZnO MQWs
structures for green LEDs application are presented. As it was discussed
before in section 2.2, the relatively low efficiency of green LEDs motivates to
look for alternative methods to fabricate the light emitters for this particular
spectral range. It was shown, that CdZnO quantum structures containing
around 15% of Cd are promising for blue LEDs [121, 122, 123]. However,
the optical properties of CdZnO quantum structures are poorly investigated,
especially with higher Cd content in the alloy.

For that purpose, CdZn0O/ZnO MQWs structures were prepared at Insti-
tute of Photonics and Optoelectronics of National Taiwan University using
combined MOCVD and plasma-assisted MBE techniques [51]. The active
area of the structures consists of 3 and 10 repetitive MQWs. The time-
integrated temperature-dependent and transient PL experiments were car-
ried out for optical characterisation of the structures. In order to compare
the optical properties of CdZnO/ZnO MQWs structures the conventional
InGaN/GaN LED structures were investigated. The InGaN/GaN MQWs
structures were grown using the MOCVD technique and consist of 5 repeti-
tive MQWs. Both LED structures were designed to emit at the wavelength
of around 505 nm.

The PL properties of CdZnO/Zn0O and InGaN/GaN MQWs structures are
compared. The PL intensity and decay time are different by two orders of
magnitude and is lower for CdZnO/ZnO MQWs if compare to InGaN/GaN
MQWs. The most influential physical properties, that are responsible for
lower light emission from CdZnO/ZnO MQWs, are investigated and dis-

cussed.
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6.1 Growth of CdZnO/ZnO MQWs

structures

Seven CdZnO/ZnO MQWs samples were fabricated using the combined
plasma-assisted MBE and MOCVD techniques. The schematic drawing of
the samples is shown in the Fig. 6.1. Prior to the MQWs growth, the 2 pm
thick undoped GaN buffer layer was deposited at 1000 °C temperature on
the 50 nm thick GaN nucleation layer deposited at 550 °C on sapphire (0001)
plane substrate using MOCVD technique. The ~1 pm thick p-GaN contact
layer was deposited at 930 °C on the GaN buffer layer. After MOCVD
growth, the targets were moved to MBE reactor for continues growth. The
triple 5 nm thick CdZnO QWs and 20 nm thick ZnO barriers were grown
followed by Ga doped 30 nm thick n-type ZnO contact layer. The Cd
effusion cell temperature Ty, was varied from 240 °C to 267 °C for samples
E1 to E4 while the substrate temperature TSQMZV for growth of quantum well
layers was kept constant at 170 °C for all samples. For samples E3 and E5
to E7 the Cd effusion cell temperature Te; was fixed to 260 °C while the
substrate temperature TS% for growth of barrier layers was changed from
170 °C to 420 °C.

For growth of ZnO barriers, the O, flow rate @go was fixed at 1.8 sccm
and the growth duration was 12 min. For the growth of the well and barrier
layers, the Zn effusion cell temperature Tz, was kept constant at 295 °C.
For Ga doped n-ZnO deposition, the growth conditions were set to Ts,, =
550 °C, Tz, = 310 °C, T, = 700 °C for Ga effusion cell temperature, Qpy =
1.8 sccm, and growth duration was 60 min. The working pressure in MBE

growth chamber during the growth process was from 1.5 x 107> to 2 x

Table 6.1: Growth conditions for CdZnO/ZnO MQWs structures for LEDs:
now is the number of QWs, Ty is Cd effusion cell temperature
for growth of QW layers, and TS% is the substrate temperature

for growth of barrier layers. The substrate temperature TS%ZV for
growth of QW layers is 170 °C for all samples.

Sample El E2 E3 E4 E5 E6 E7 E8 E9
now 3 3 3 3 3 3 3 10 10
Teq (°C) 240 250 260 267 260 260 260 260 260
T8, (°C) 170 170 170 170 250 350 420 170 170

116



10x CdZnO/ZnO MQWSs

» w

g 5

g =

= =

Q 3

5 z

p—GaN TSJ n-GaN (2

3 p-GaN =

GaN GaN 3
& GaN

Sapphire (0001) Sapphire (0001)
Sapphire (0001)

Samples E1-E7 Samples E8 and E9 Samples F1 and F2

Figure 6.1: Schematic drawing of CdZnO/ZnO MQWs structures with 3
and 10 repetitive QWs and InGaN/GaN MQWs structures with
5 repetitive QWs.

1073 torr. After growth process samples were in situ annealed at 600 °C
for 10 min before moving out from the MBE reactor.

Additionally, two samples, namely E8 and E9 in Fig. 6.1, were prepared
with 10 repetitive MQWs grown under near conditions as samples E3. In
total, nine LED samples were prepared by varying the Cd effusion cell tem-
perature in growing CdZnO well layers and substrate temperature in grow-
ing ZnO barrier layers. The variable growth parameters for CdZnO/ZnO
MQWs LED structures is listed in the Table 6.1. Few MOCVD grown con-
ventional InGaN/GaN MQWs LED structures with 5 repetitive QWs were
selected as reference in order to compare properties of the CdZnO/ZnO
MQWs structures with those of GaN based structures for LEDs, which are

designed to emit at the peak wavelength of around 505 nm.

6.2 PL spectra of CdZnO/ZnO MQWs

structures

The time-integrated PL spectra were measured for CdZn0O/ZnO LED sam-
ples using selective excitation at A,y = 403 nm wavelength. The CW violet
LD created 17 W/cm? excitation power density in the excitation spot of
150 pm diameter on the sample surface. The PL spectra measured at 300 K
temperature of CdZn0O/ZnO LED samples are shown in Fig. 6.2. The PL

intensity is arbitrary comparable due to the ensured identical experimental
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conditions with 10% possible deviation. Strong influence of growth condi-
tions on PL spectra is evident. For example, the spectrum of sample E7
grown at highest substrate temperature for growth of barrier layers TS% =
420 °C has no PL band in the spectral range of interest. Unfortunately, the
growth conditions are not suitable for Cd incorporation in the ZnO layers.
Probably, due to the high temperature Cd atoms evaporate from the QW
layers. This is the case for sample E6 as well, which was prepared at TSIZ)
= 350 °C. The PL spectrum of sample E6 is shifted the most to the higher
energy side indicating the lowest Cd amount incorporated in the QWs. The
spectra of other three samples E1, E2, and E5 are situated around 2.73 eV
photon energy and have quite same spectral width and shape. Other sam-

ples are significantly shifted to lower energy side of the spectrum.
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Figure 6.2: PL spectra of the CdZnO/ZnO MQWs structures measured at
the 300 K temperature under selective excitation conditions.
The PL intensity is comparable in arbitrary units as the spectra
were measured in the same experimental conditions.

Since the QWs were excited selectively using laser wavelength A =
403 nm, the single PL band is observed in the spectrum decorated with
interference fringes arising from the multiple reflections from the interfaces
of epitaxial layers of different refraction indexes. For the extraction of the
spectral parameters, the interference fringes were removed using fast Fourier

transformation filtering. The main spectral parameters extracted from the
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Table 6.2: Spectral parameters of the selectively excited CdZnO/ZnO
MQWs PL bands at 300 K temperature.

Sample El E2 E3 E4 E5 E6 E7 E8 E9
PL peak (eV) 272 275 244 256 273 2776 — 238 2.50
FWHM (meV) 490 374 372 327 444 372 — 470 485
Cd contenty (%) 16 15 26 22 15 15 - 29 24

selectively excited PL spectra are listed in the Table 6.2. The abrupt Cd
concentration y in the Cd,Zn;_,O/ZnO QWs was estimated using empiri-

cally derived Vegrad’s law:

ES%0(y) = EZ"O(1 —y) + ES“O(y) = by(1 —y) (6.1)

where the band gap of ZnO EgZ”O = 3.28 €V, the band gap of CdO EngO =
2.3 eV, and the bowing parameter b = 3.04 eV [9]. Because of the Stoke’s
shift, the PL peak energy does not exactly correspond to band gap energy.
As it was measured in ref. [9], the Stoke’s shift for Cd content around
20% can be as large as from 300 to 400 meV. However, the used values of
parameters are deduced experimentally, and for example EgZ”O is the PL
peak position of ZnO band rather than actual band gap energy at room

temperature. The y values are listed in Table 6.2.

In Fig. 6.3, the Cd content y in the Cd,Zn;_,0/ZnO QWs dependence on
Cd effusion cell temperature TCQdW for growth of well layers is shown when
the temperature for growth of ZnO barrier layers is fixed to TSIffb = 170 °C.
The inset shows the Cd content y dependence on substrate temperature TS%
for growth of ZnO barrier layers at fixed TCQdW = 260 °C, which is important
growth parameter for QWs quality as it was shown in case of samples E6
and E7. Apparently, for better Cd incorporation into the CdZnO QWs the

higher TCQdW but lower TS% temperatures are preferable.

The PL spectra dependence on excitation power density P, was mea-
sured for sample E8 with highest Cd content in the active area. The PL
spectra were measured at low excitation regime at room temperature and it
is shown in Fig. 6.4. In the measured excitation power range the integrated
PL intensity increases linearly with P, resulting the dependence power 3
= 1. According the comprehensive study by Netzel et al. [74], in the limit

of a dominant nonradiative recombination, the rate equations (2.15) and
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(2.18) yield B = 1 in the case of excitons and B = 2 in the case of free
EHP. Therefore, one can say that PL band from CdZnO/ZnO MQWs is of

excitonic nature.
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6.3 PL decay time and internal quantum
efficiency of CdZnO/ZnO MQWs

structures

The PL decay time tp;, of CdZnO/ZnO MQWs was measured in the range
from 30 to 50 ps at room temperature and depends on the growth condi-
tions of the structures, as it is depicted in Fig. 6.5. The second harmonic of
mode-locked Ti:sapphire laser was used with A, = 390 nm for excitation
of MQWs selectively. The pulse duration 7, was less than 3 ps with rep-
etition rate f., = 76 MHz. The excitation power density P, was around
30 W/cm? and the excitation energy density per pulse I = 7 mJ/cm?.

The PL was measured using streak camera.
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Figure 6.5: PL decay of CdZnO/ZnO MQWs LED structures measured with
streak camera applying selective excitation for MQWs.

According to measured PL decay time, the samples can be separated in
three groups. The lower PL decay time was measured for samples E1 and
E2 and it is around 30 ps. For samples E5 and E9, the PL decay time was
measured about 40 ps. For all other samples, including sample E8 with
estimated highest Cd concentration in the QWs (y = 29%), the PL decay

time was measured around 50 ps. The PL decay time values measured for
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CdZn0O/ZnO MQWs structures are listed in the Table 6.3.

The PL decay time is considered as characteristic for evaluation of crys-
tal quality [79, 98, 124]. In Fig. 6.6 the tpy is depicted as a function of Cd
effusion cell temperature TCQdW for growth of well layers and substrate tem-
perature TS%? for growth of ZnO barrier layers (inset). In agreement with
the discussed results in section 6.2 about the influence of growth parameters
to the Cd incorporation to the layers, the PL decay time increases with the
increase of Cd effusion cell temperature Ty, However, the substrate tem-

perature TS% for growth of ZnO barrier layers has no significant influence

on PL decay time of CdZnO/ZnO MQWs.
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Figure 6.6: PL decay time dependence on Cd effusion cell temperature TCQdW.
The inset shows the PL decay time dependence on substrate
temperature Tfiz for growth of ZnO barrier layers.

It is worth noting, that there are only few reports on PL decay time of
CdZnO quantum structures or epitaxial layers. At the time of preparation
of this work, two papers were found, that reported on the PL decay time
of CdZn0O quantum structures. The PL decay time for laser MBE grown
CdZnO/MgZnO MQWs was measured around 30 ps at 200 K temperature
and shorter than the temporal resolution of setup above 200 K [41]. For
plasma enhanced MBE grown Cdy 16Zng.g4O films, the two-exponential de-

cay with 21 ps and 50 ps lifetime was measured at room temperature [125].

122



Table 6.3: Tp, and room temperature IQE values for CdZnO/ZnO MQWs

structures.

Sample El E2 E3 E4 E5 E6 E7 E&8 E9
TpL, (ps) 31 31 48 53 42 51 — 52 40
IQE (%) 34 25 12 12 32 - - 54 7.1

For farther investigation of optical properties of the CdZnO/ZnO MQWs
structures, the internal quantum efficiency (IQE) was measured. The widely
used method to evaluate IQE is to measure the PL intensity dependence on
temperature. On the basis of two conditions, that the radiative recombina-
tion is dominant at the low temperature and the nonradiative recombina-
tion rate does not depend on temperature, the IQE can be estimated using
relation (2.12).

The PL spectrum dependence on temperature of sample E8 is shown in
Fig. 6.7. The PL spectra consist of single PL. band and remain of the
same shape and width in all temperature range. The small red-shift can
be observed with increase of temperature. The PL intensity monotonously

decreases with increase of temperature. This behaviour is typical for all
CdZn0O/Zn0O samples.
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Figure 6.7: PL. spectra dependence on temperature for sample ES.
The spectra were measured under selective excitation at

Aexe = 403 nm keeping constant excitation power density of
about 25 W /cm?.
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The integrated PL intensity dependence on temperature for CdZnO/ZnO
MQWs samples is depicted in Fig. 6.8. The lowest temperature integrated
PL intensity is normalized to unity, assuming that the radiative recom-
bination is dominant over nonradiative and the IQE due to the radiative
recombination is near 100% at the 0 K temperature limit. Therefore, in
Fig. 6.8, the value of integrated PL intensity at 300 K denotes the IQE
value at room temperature. The estimated IQE values for CdZnO/ZnO

structures are presented in Table 6.3.

Note, that for samples with lower Cd content y in the alloys and lower PL
decay time tp; the IQE values are measured significantly greater. Indeed,
for samples E1, E2 and E5 IQE values are from 30% to 40%. For samples
with better characteristics, namely E3 and E4, resulting IQE values are
around 10%. Moreover, the samples E8 and E9 with the 10 MQWs in
the active area has monotonous decrease with the increasing temperature
and IQE values are 5.4% and 7.1%, respectively. These IQE values are in
agreement with reported in literature. Indeed, the IQE of 5.1% and around
10% was reported for CdZnO/ZnO MQWs based LEDs by Ting et al. [75]
and Chen et al. [77]. The observed contradiction can be explained in such
a way, that in case of CdZn0O/ZnO MQWs structures with worse crystal
quality of active area due to unsuitable growth conditions the radiative
recombination is low even at low temperatures, therefore the conditions for
IQE evaluation is not fulfilled.

Furthermore, the carrier localization effect was measured for samples E3
and E4. In Fig. 6.9, the PL peak position dependence on temperature is
depicted and it shows small blueshift in the temperature range from 30 to
60 K. By fitting the S-shaped peak position dependence with the function
(5.2), which was discussed in chapter 5, the average depth of randomly
distributed potential field fluctuations ¢ was estimated about 4.5 meV for

samples E3 and E4. In Fig. 6.10, the PL peak intensity dependence on

Table 6.4: Fitting parameters on the temperature dependence of the PL
intensity in CdZnO/ZnO MQWs samples E3 and E4.

Sample c E, (meV) v E" (meV) T3 (K)
E3 14+£2 31£2 06=£01 12£1 96=£5
E4 6+4 3+£3 04£01 10£2 83&£7
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Figure 6.8: Integrated PL intensity dependence on temperature for
CdZnO/ZnO MQWs structures. The 8 K temperature inte-
grated PL intensity is normalized to unity and the integrated
PL intensity at the 300 K temperature shows the room temper-
ature IQE value if the conditions are fulfilled (see text).
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Figure 6.9: PL peak position dependence on temperature for samples E3
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Figure 6.10: Normalized PL peak intensity dependence on temperature for
samples E3 and E4. Points are experimental data. The solid
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temperature was fitted with the PL intensity thermal quenching relation
[126]:

I(T) 1
Iy  1+cexp(—E,/kgT)’

(6.2)

where E, is the activation energy in a thermal quenching process, Iy is the PL
peak intensity at the limit of 0 K, and c is fitting parameter. The deviation
of fitting results from experimental data is clearly observed. Therefore the

hopping thermal quenching term was added to the relation (6.2):

I(T) 1
Iy 1+vexp(—E"/kgT +T/Tp)’

(6.3)

where Ef; is the activation energy, Tp is a characteristic temperature, and v
is fitting parameter. The fitting of CdZnO/ZnO MQWs PL intensity depen-
dence on temperature was significantly improved taking into account the
localization of carriers. The hopping of localized carriers process contribute
to the PL intensity variation with temperature and it is the evidence of

carrier localization effect in MQWs. All fitting parameters are listed in the

Table 6.4.
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6.4 Carrier localization in CdZnO/ZnO and
InGalN/GalN MQWs structures

In order to compare the measured optical properties of CdZnO/ZnO MQWs
structures, two conventional InGaN/GaN MQWs structures for green LEDs,
which emit at the wavelength of around 505 nm, were investigated. The
InGaN/GaN MQWs sample structure is schematically drawn in Fig. 6.1.
The time-integrated PL spectra were measured for the PL intensity com-
parison in arbitrary units at RT with 6% accuracy caused by the change of
the samples in the experimental setup. Under the same experiment condi-
tions, the PL intensity of InGaN/GaN MQWs structures is by two orders of
magnitude greater than the PL intensity of CdZnO/ZnO MQWs structures,

as can be seen in Fig. 6.11.
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Figure 6.11: PL spectra of the CdZnO/ZnO MQWs structures and In-
GaN/GaN MQWs structures at RT.

The measured PL decay time at RT for InGaN/GaN MQWs is 4.2 ns and
4.0 ns for samples F1 and F2, respectively. The PL decay time of two kinds
of LEDs structures differs by two orders of magnitude, as it is shown in
Fig. 6.12.

The IQE was also estimated from PL intensity variation with temperature

for InGaN/GaN MQWs structures. From the variation of PL intensity with
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temperature the IQE values were estimated as 12% and 15% for samples F1
and F2, respectively. If compare to the IQE of CdZnO/ZnO MQWs sam-
ples, IQE is greater, but not enough to explain the observed enhancement
of radiative efficiency in InGaN/GaN MQWs. In Fig. 6.13, the PL peak po-
sition dependence on temperature is shown. The well pronounced S-shape
suggests the strong carrier localization effect in active area of InGaN/GaN
MQWs. The best fitting with Eliseev function (5.2) revealed that aver-
age energy scale o of potential field fluctuations due to inhomogeneous In
distribution and QWs width deviation is more than 30 meV. Indeed, this
energy is greater than thermal energy of carriers at RT, therefore the local-
ization effect is not eliminated, at it is in the case of CdZn0O/ZnO MQWs

structures. The fitting parameters are listed in Table 6.5.
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Figure 6.12: PL decay of CdZnO/ZnO MQWs structures (a) and of In-
GaN/GaN MQWs structure (b).

For further investigation on photogenerated carrier recombination and
dynamics, five samples were selected. The LITG experiment was carried
out for the carrier dynamics investigation in the MQWs structures. Due
to the unavailability of selective excitation for MQWs, the ZnO barrier
were also excited with third harmonic of mode-locked YAG:Nd** laser at

Aexe = 355 nm wavelength. Therefore, prior to the LITG experiment the
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Table 6.5: Eliseev function (5.2) parameter values obtained by the best fit
to the peak position dependence on temperature of CdZnO/ZnO
and InGaN/GaN MQWs structures.

Sample Ey (eV) o (meV/K) B (K) o (meV)
E3 (CdZnO) 2.485 + 0.002 1.0 £ 0.5 1770 =370 4.4 +0.5
E4 (CdZnO) 2.61 £ 0.01 0.9£05 1360 £284 4.3 £0.7
F1 (InGaN) 25 £0.2 0.4 £ 0.2 690 £ 144 31 £ 13
F2 (InGaN) 2.6 £0.2 0704 700£150 35+£9

transmission experiment was conducted for MQWs samples. For complex
epitaxial layer samples with MQWs structure the absorption measurements
are very complicated. One should expect, that absorption edge would be
formed of the thicker layers, that is ZnO layers in CdZnO/ZnO MQWs LED
structures. In Fig. 6.14 the plot of (ahv)? versus photon energy hv is de-
picted for the sample E8. As it was expected, the absorption edge is formed
by ZnO layers and gives the band gap E, = 3.38 ¢V. However, the closer
look to the slope of the absorption edge, the linear decline intervals can be
observed. The linear extrapolation to energy axis gives the absorption edge
at 2.75 eV. This energy can be attributed to the CdZnO band gap energy
taking into account the Stoke’s shift. One can say, that non-selective exci-

tation can also give information about QWs in transmitted light variation.
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Figure 6.13: PL peak position dependence on temperature for InGaN/GaN
MQWs samples F1 and F2 (dots). The lines are the fitting
with Eliseev function (5.2).
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Figure 6.14: Absorption spectrum as the (ohv)? versus photon energy hv
for sample E8 with 10 MQWs in the active area. Together the
PL spectra are depicted measured under selective excitation
(solid line) and non-selective excitation (dotted line). The inset
shows the absorption edge of the spectrum in detail.

The diffusion coefficient was measured using the LITG technique [124].
The results of experiment for sample E3 are shown in Fig. 6.15. The mea-
sured ambipolar diffusion coefficient D, is greater for CdZnO/ZnO MQWs
structures, where the localization effect in room temperature is eliminated.
The carrier recombination time Tg is comparable for both types of struc-
tures and it is consistent with measured IQE values, which do not differ
significantly. The extracted carrier mobility values u, are also presented in
the Table 6.6 and correlates with diffusion coefficient values. Evidently, the
carrier localization in the active area of LED reduces the carrier mobility
in the QWs.

Table 6.6: Diffusion coefficient D, recombination time 7,, and mobility u of
carriers in MQWs structures measured by LITG experiment.

Sample D, (cm?/s) g (ps) Mg (cm?/Vs)
E3 (CdZnO) 3.2 503 124
E5 (CdZnO) 4.6 510 180
F1 (InGaN) 2.6 527 100
F2 (InGaN) 0.4 500 15
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Figure 6.15: Diffraction efficiency kinetics for sample E3. In the inset the
inverse grating decay time 7g as a function of the grating period
A is depicted.

In conclusions, the CdZnO/ZnO MQWs structures for LEDs, designed for
emission at 505 nm wavelength, were characterized optically. The PL decay
time was measured for the structures at RT and it is in the range from 30 to
50 ps depending on growth conditions of active area of the LED structure.
The IQE was estimated from PL intensity variation with temperature. IQE
values do not exceed the 10% value and for structures with worse structural
quality the nonradiative recombination is dominant even at low tempera-
ture. It was shown, that small carrier localization of around 4 meV average
depth of potential field fluctuations increases the radiative recombination
rate at low temperatures significantly. The optical CdZnO/ZnO proper-
ties were compared with corresponding InGaN/GaN MQWs structures for
505 nm LEDs. The RT PL intensity and PL decay time were measured two
orders of magnitude greater for InGaN/GaN MQWs structures if compare
to CdZnO/ZnO MQWs structures. It was ascertained, that major influence
has carrier localization effect in InGaN/GaN MQWs active area. The esti-
mated average depth of potential field fluctuations is around 30 meV, what

is more than thermal energy at RT.
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7 Conclusions

1. The model of inelastic excitons interaction applied for indication of P-
band in PL spectra of the ZnO. The experimental deviation of the P-
band from theoretical peak energy position is explained by involvement

of localized excitons in formation of P-band.

2. The reduced threshold and enhanced optical gain coefficient of stim-
ulated emission was observed in the highly Ga doped ZnO and high
temperature grown ZnQO epitaxial layers structure, what is the result

of carriers redistribution near the interface.

3. The low temperature PL spectra of N doped ZnO layers exhibit the
intense band at 3.314 eV photon energy. The line is attributed to an
acceptor-bound exciton recombination. It indicates the presence of

the acceptor states in the band gap.

4. The double blue-shift of the PL peak position dependence on temper-
ature was measured revealing the strong carrier localization effect in

the MgZnO alloys. The model of two different Gaussian shaped DOS

tails filling with temperature is introduced.

5. The SNOM experiment revealed the existence of less than 100 nm Mg
rich areas with enhanced PL intensity. In these areas, the large scale
field fluctuations are located and the potential field barriers prevent
the carriers to escape to lower energy states in the Mg absent areas.
The second carrier localization caused by the smaller potential field

fluctuations are located in the Mg absent areas.

6. The CdZnO MQWs structures for 505 nm emitting green LEDs have
low emission efficiency and short carrier lifetime. If compare to In-
GaN/GaN MQWs structures for green LEDs, the emission efficiency

and the carrier lifetime is two order of magnitude lower.
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7. The average depth of localization centres for CdZnO/ZnO MQWs is
estimated around 4 meV, while for corresponding InGaN/GaN MQWs
it is more than 30 meV. Small carrier localization effect in active area
of CdZnO/ZnO MQWs is the main reason for lower radiative recom-

bination rate.
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