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Chapter One Introduction

Semiconductor Properties Optical methods
PL Raman IR
Band
Gap v v
Effective mass v
Band offset v
Free earmer
Concentration v v
Mobility v v
Scattering time v v
Resitivity Y Y
Lattice
Alloy composition v v v
Ornentation v
Crystallimty v v
Stress v Y
Impurity and defect
Presence and type v v v
Concentration v v v
Microstructure
Layer thickness
Surface behaviour v v
Interface behaviour v v v
Layer-by-layer behaviour v

Table 1 3 Synopsis of Optical Characteristic Techniques [31]
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Chapter One Introduction

1 6 Outhne of remainder of thesis

Chapter two describes the important aspects of the experimental arrangement and
procedures and a detailed description of the equipment used Chapter three discusses the
photoluminescence characterisation technique and presents results at both room and low
temperatures from bulk ZnO matenal that 1s subsequently used as a reference in the
analysis of the PLD-grown ZnO matenal In chapter four the PLD-grown ZnO samples
are discussed and their photoluminescence results analysed with particular attention to
the matenal quality and defects associated with the film morphology Chapter five
introduces the various concepts associated with high level optical excitation in ZnO,
such as non-linear optical bands associated with biexcitons and the electron-hole plasma
state, 1n addition to a discussion of random lasing processes in granular material 1n
comparison with the conventional laser structure in semiconductors Chapters six and
seven present the results of high level optical excitation studies on both bulk and PLD-
grown ZnO matenal The identification of features associated with non-linear optical
processes, and the observation of stimulated emission and lasing at both room and low
temperatures 1s discussed The final chapter presents a summary of the experimental

results and the possibilities for future research
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Chapter Two Experimental Arrangement

mol Again one may observe that the spectra 1n figure 2 12 closely resembles that in

figure 2 9(b), which was obtained with HeCd excitation

1. 5 n

PL Intensity (au)

1 ' 1 ¥ 1 T 1 * T

26 28 30 32 34
Photon Energy (eV)

Figure 212 PL Spectra of 9-cyanonanthracene in cyclohexane, 1x10° molarity,
excited by the flashlamp head Integration 1 0s, Increment 1 0 nm, Shts 800um

The data n figure 2 13 demonstrates the TCSPC histogram from this sample Similar

comments pertain to this figure as to figure 2 1] The highlighted areas of yellow 1n
table 2 3 are the values of interest [11, 12]
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Chapter Two Experimental Arrangement

investigated, the acquisition mode was set in accumulation mode, 1€ 100 scans, each
corresponding to a single laser pulse, were summed and the result plotted Effectively
averaging 100 different spectra, in a manner similar to that using the boxcar integrator
method The PDA set-up therefore provided an excellent independent check on the
results from the boxcar set-up For the investigation of laser modes the kinetic series
mode was used In this mode one has the option of acquiring and storing separately a
sequence of single scans, each corresponding to a single laser shot This allows us to
explore the pulse to pulse variability of the excitation laser output and the spectral
emission from the sample and to gauge the extent and importance of both The exposure
time throughout the experiment was set to 0 04s, which 1s the collection time of the
PDA before readout The background was recorded before each spectrum was taken
This was done to reduce any noise effects due to external stray light sources e g

mndicator LED’s on various equipment

The Nd YAG used as the pump laser intensity has an external triggering options The
Q-swatch tnigger was configured so that the firing of the pump laser triggered the PDA
camera capture This requires the input of 2 TTL negative going signals (5V — 0V,
10us wide) The first TTL signal called “Q-switch command” fires the Pockels cell and
precedes lasing by ~170ns The second TTL signal called the Fire Command causes the
pump laser lamps to flash This signal occurs after the pump laser pulse with a delay of
~180us A delay generator was incorporated into the expeniment so that the pump laser
finng was at a fixed time relative to the PDA camera The window region for PDA
acquisition was then optimised over the duration of a single emission pulse, to enable us

to resolve lasing modes and their pulse to pulse variation
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Chapter Three Photoluminescence

Schildknecht{15] | Schildknecht Schzlmdknecht peak | Identified peaks eV
1dentified Peaks (eV Peak — (0 4meV¥*) in this work (Peak
Fig3$s Position) Fig36 Position)
Fig35 (corrected for Fig36
refractive index of
air in conversion to
eV)
Dy, X 33639 33635 A 33635
DX 33628 33624 B 33624
(FWHM= 11meV) (FWHM= 82meV)
33610 3 3606 C 33613
33609 3 3605
33607 33603
33605 3 3601 D 3 3600
33600 33596
D,.°X 33597 33593 E 33592
(FWHM=1 55meV)
D3>, X 33566 33562 F 33561

*shift correction to take account of the rise in temperature from 4 SK (Schildknecht et
al) to 25K 1n this present study

Table 3 2 Assignment of peaks and values between Schildknecht reference [15] and the

present work

The sample temperature was 25K for the spectra acquired in this work compared to the
Schildknecht work [15], which was obtained at 4 5K Consequently a correction of the
peak energy position was required to compensate for the band gap shrinkage between
4 5K and 25K The corrected spectra may then be used to correlate the lines When the
peak positions of the observed emussion peaks are plotted against increasing
temperature they follow closely the trend of the energy band gap, which 1s known to
reduce It 1s possible to estimate the emission peak position at certain temperatures
rather accurately using a semi-empirical formula

al?

p+T

E(T)=E(0) - B7)

61
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Chapter Three Photoluminescence

of the various members of the I-line series and their chemical origins 1n many cases
The best currently available assignment 1s presented 1n tabular form by Meyer et al [1],
and 1s reproduced below 1 table 3 3, where the various I-line series members are
tabulated, along with Schildknecht’s designation, and our A, B, C etc assignment We

also include the chemical 1dentifications, where known

Schildknecht eV Identified eV Meyer et al eV
Labelled (Peak in this (Peak Labelled (Peak Chemical
Peaks [15] Position) work Position of Positions [1] | Posttion) | Identity
45K own work) 45K
45K
(corrected)
Dp’, X 33639 A 33639 I 33718
D1, X 33628 B 33628 I 33674
33610 C 33617 I3 33665
33609 Iy 33628 H
33607 Is 33614
3 3605 D 33604 Is 33608 Al
33600 I 33600
D" X 33597 E 33596 Ig 33598 Ga
D3, X 33566 F 33565 Iy 3 3567 In
Lo 33531
Lis 33484

Table 3 3 Assignment of peak positions compared between Schildknecht [15] and the

present work in comparison to Meyers et al’s convention [1]

3.3 Other bands in bulk ZnO matenal

The bound exciton complex region has been analysed in reasonable detail and the peaks
observed have been assigned to previously observed features in the literature Inspecting
figure 3 4 at lower energies (< 3 35 eV) indicates that there are broader bands that exist

in the EP bulk matenial These bands will be discussed 1n the following sections

PL spectra on a linear scale show no indication of the FE peak mentioned m 3 14 It s
expected to be weak and become stronger with increasing temperature, as bound

excitons become thermally dissociated from donor centres However the introduction of
65
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Chapter Six High Excitation Effects [

O

Concentration profile of
excitons In the PLD
matenal due to
confinement in grains

Concentration of Excitons

Distance (x)
Figure 6 23 Concentration profile of excitons that is present in a polycrystalline

sample

The total number of excitons recombining per unit time per unit area 1s

Crip 15 the concentration at x = 0, T the thickness of the skin depth and 7 the hifetime of

the excitons Letting the generation rate equal the total number of excitons in dynamic
equilibrium we have

Con?)_( 1

T hf

Therefore the concentration of excitons created in the polycrystalline material 1s given

by

(64)

| I

Cpp=—|— 65
PLD=T Y ¥ (65)
For the bulk material the generation rate of excitons 1s the same in the bulk matenal as
the PLD materials within the same skin depth
G =i (6 6)
hf
We will assume that within the skin depth the concentration 1s a constant value Cgyk,

and that beyond this region 1t decays according to a normal d:iffusion profile [26], as

shown below, where L 1s the diffusion length of excitons 1n bulk ZnO
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Chapter Seven High Excutation Effects 1!

feature at higher energy, labelled “X*” 1s also seen, and 1s marked by an arrow in the
figure This may be due to emussion from the B-exciton or emussion from the upper

polariton branch of the exciton-polariton [2,2a]

T T v T — T
| Y
- 06| X
=
8 xX*
2 4 . 4
@ 04
c
2
£
-l
o 021
h

T v T

L B
324 330 336 342

\—4

28 E"?\otovn Er?lgrgy (eV)3 ¢

Figure 7 1 Spectra shown for the Nd YAG laser with an excitation stripe of 1 8 mm
The main peak (Y) 1s at ~ 3 10eV with two smaller peaks at (X*) ~ 3 35eV and (X} ~
3 24eV Inset shows close up of peaks X* and X Shts 500um, Integration [ Us,
Increment 0 1nm The data has been normalised according to the procedure outlined in

chapter 2, section 2 3 4

The results obtained at lower excitation intensities (21% and 50% of the maximum
intensity) yield little extra information (figure 7 2) The X* band disappears at both
lower pump laser intensities while the X band becomes less prominent The two higher
energy bands do not appear until the stripe length 1s increased or the excitation intensity
increased above a certain point However, these bands do not show any evidence of
non-linearity 1n the emission versus excitation intensity data, and, given the varniability
of the X band as a function of laser position on the sample surface noted previously, the
data here continues to support the previous assignment of these bands to free exciton

and exciton-electron collision-related emission respectively
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Chapter Seven High Excitation Effects 11

density for a particular pump intensity 1n bulk matenal, and also, more generally,
improved optical emission and smaller linewidths, as 1s seen for most materials systems
[7] and consequently that 1t would be substantially easier to see the onset of high
excitation effects, stimulated emission and lasing at such temperatures The ZnO
samples were all investigated at low temperatures (~9K) with the same experimental
arrangement used for the RT VSL measurements but with the samples placed instde a
cryostat Low temperatures spectra of the non-linear bands should be shifted to higher

energies (shorter wavelengths) and the width of the bands should also be reduced

The motivation to perform these experiments at low temperatures centred on the desire
for improved signal to noise ratio and reduced linewidths We expected that the spectra
would be broadly similar to those seen at room temperature, and 1n particular that the P-
band would play a dominant role in the emission processes under high excitation 1n the
PLD-grown samples In chapter 6 we proposed that the exciton diffusion length may
play a substantial factor in explaining the absence of high excitation effects at room
temperature We wished to examine whether the expected reduction 1n diffusion length
at low temperatures would lead to the appearance of non-linear emission bands 1n the
bulk material at low temperatures However, other workers have identified that the
threshold for lasing processes in bulk matenal at low temperatures 1s actually higher
than at ~ 70K, due to localisation of free excitons on binding complexes at such low
temperatures We see evidence for this in bulk matenal, and also in some of the PLD

material, and discuss the effect further below

721 Eagle Picher bulk ZnO matenal
The graph of intensity versus energy for the VSL measurements recorded at 9K 1s
shown 1n figure 7 14 with 6 main bands/lines The excitation stripe length 1s increased

from 0 4mm to 2 8mm 1n the data shown 1n this figure
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