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Abstract

In this dissertation, the growth of high quality ZnO, ZnMgO, ZnMnO and
ZnCdO thin films on Al,O3; substrate by plasma-assisted molecular beam epitaxy
were studied. The photoluminescence (PL), transmittance and time-resolved
photoluminescence (TRPL) were used to investigate the optical properties.

For the growth of Zn;MgO (x=0~0.112) thin films, MgO buffer is used to
improve the surface morphology during the initial growth stage, which eventually
leads to an atomically flat surface. ZnO/ZnMgO multiple quantum wells were also
fabricated successfully on the atomically flat MgO surface.

In the case of Zn;,Mn,O (x=0~0.061) thin films, transmittance spectra show an
increase of band gap with the increasing Mn concentration. Resonant Raman
scattering spectra showed 11 longitudinal optical phonon lines for the Zn;«Mn,O
samples. In addition, circular polarization degree of 9 % was observed in the



ZNg.997Mng 0030 sample at magnetic field B=5T.

Furthermore, the growth of high quality Zn;4Cd,O thin films with visible light
emission was achieved at growth temperature of 350 “C. The concentration of Cd can
be systematically adjusted via the Cd/Zn beam pressure ratio and the maximum
concentration was 49.7 %. The origin of radiative recombination and dynamics of the
charge carriers in the graded Zn;,Cd,O multilayers was investigated by means of PL
and TRPL spectroscopy. The internal quantum efficiency of our sample achieved

33.67 %.
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Chapter 1

Introduction

Recently, ZnO-based optoelectronic devices have attracted increasing attentions
due to their attractive properties of the wide band gap (3.37 eV) and high exciton
binding energy (60 meV) [1]. In addition, ZnO has certain advantages, including the
availability of fairly high quality ZnO bulk single crystals and the amenability to wet
chemical etching [2-4]. For the development of ZnO-based optoelectronic devices,
such as light emitting diodes, solar blind-photo detectors, and transparent thin film
transistors [5-9], the growth of high quality ZnO-based ternary compounds and
quantum well structures is crucial. Molecular beam epitaxy (MBE) is one of best
growth techniques to grow such structures. MBE operates in ultra-high vacuum
condition, which allows a slow deposition rate and the observation of in-situ growth
by reflection high energy electron diffraction (RHEED). By this way, films and
guantum structures of high quality could be grown. In addition, many molecular
sources can be installed in a typical MBE system. As a result, novel binary, ternary
and quaternary compound semiconductors with good crystal quality can be prepared.
In this thesis, MBE technique was used to grow the ZnO, Zn;_\Mg,O, Zn;_xMn,O and

Zn;4Cd,O. The optical properties of these materials were studied.



In chapter 2, the MBE growth technique was described. The optical spectroscopy,
which includes the photoluminescence, transmittance, and time-resolved
photoluminescence used to investigate the optical properties were presented. The
growth conditions of all samples in this thesis were also shown.

In chapter 3, ZnO and Zn;\MgO epitaxial films were grown on c-plane
sapphire substrates using MgO buffer layers. Presently, sapphire is the most
commonly used substrate for ZnO-based epitaxial growth. Since sapphire has the
advantages of thermal stability at high growth temperature, chemical inertness, strong
bond strength. However, the lattice mismatch between ZnO and sapphire is 18.4 %
[10]. For that reason, the ZnO films generally show rough surface morphology and
poor crystal quality when ZnQO-films are directly grown.on c-plane sapphire substrates
without a buffer layer. MgO is the most widely used buffer layer for ZnO grown on
sapphire substrates, because the lattice mismatch between ZnO and MgO reduce to
8.4 % [11]. Nowadays, the wavelength for emission or detection can be tuned by
using either ZnO quantum well or by alloying ZnO with a higher band gap material.
MgO has a band gap of about 6.7 eV. Though the equilibrium solid solubility of MgO
in ZnO in the bulk form is limited (less than 4 mol. %), but the ionic radii of Mg**
(0.057 nm) is similar to that of Zn®* (0.060 nm) [12]. Since MBE is a non-equilibrium

processing technique, solid solubility of MgO in ZnO can be significantly enhanced in



the metastable state after thin film deposition. Thus, we report the growth and optical
properties of ZnO and Zn;«Mg,O thin films grown on c-plane sapphire substrates
using MgO buffer layers in this thesis.

In chapter 4, the growth and optical property of Zn;Mn,O thin film was
described. Diluted magnetic semiconductors (DMS) have been intensely studied in
the last few decades. By introducing the magnetic atoms to substitute the cations of
the binary semiconductors, such as 11-V1 or 111-V compound semiconductors, the band
gaps can be varied and the semiconductors also exhibit very interesting magnetic
effects [13]. Among II-VI DMS, Zn;,MnO has direct band gap (above 3.37 eV at
300 K) and large exciton binding energy (near 60 me\)). Furthermore, Mn?* ion has
half-filled 3d-orbital with five electrons in the same spin direction, therefore it has the
large total spin angular momentum (S = 5/2). These advantages make Zn;Mn,O a
potential material for applications in spintronics such as spin light-emitting diodes
(spin LEDs) and spin filters. Recently, there are some papers focused on the magnetic
properties of ZnMnO because of the prediction of room temperature ferromagnetism
[14], however optical properties of ZnMnO are still rarely studied. Therefore, in this
thesis, resonant Raman scattering and photoluminescence of ZnMnO with variant Mn
concentration are investigated.

In chapter 5, 6 and 7, the growth and optical properties of Zn;_Cd,O thin films



were depicted. For visible emission, Zn;—,Cd,O is a suitable compound for extending

emission wavelength from ultraviolet to blue and green spectral regions owing to the

smaller band gap of CdO of 2.3 eV [15]. In addition, the fabrication of

Zn0/Zn;4Cd,O heterojunctions and multiple quantum wells would provide the key

element in ZnO-based light emitting diodes and laser diodes. However, the rock-salt

structure of CdO is dissimilar to the wurtzite structure of ZnO, which induces

problems for ZnCdO alloys, such as poor crystalline quality. Up to date, Zn,—,Cd,O

film had been recently prepared by pulse-laser deposition [16], metal organic

chemical vapor deposition (MQCVD) [17-18],.and MBE [19]. In comparison, MBE

distinguished by its high versatility and the capability of in situ growth control.

However, the results about the fabrication and optical properties of Zn;Cd,O films

grown by MBE are still rather limited. Sadofev et al. [19] demonstrated single-phase

Zn;4CdxO layers with Cd composition up to 32 % by MBE. Although, the Cd

composition in Zn;-Cd,O films exceeds x=32 %, which is much less than that was

grown by MOCVD (69 %) [18]. Therefore, in chapter 5, 6 and 7, we represent the

growth approaches to fabricate high quality Zn,Cd,O films with high Cd

concentration and visible light emission using MBE. Detailed studies of temperature

dependent PL and TRPL of Zn,Cd,O films with different concentration of Cd are

also reported. Finally, a brief conclusion will be presented in chapter 8.



Chapter 2

Experimental details

In this chapter, the experimental techniques used in this thesis were described.
The experimental techniques include plasma-assisted molecular beam epitaxy
(PA-MBE), photoluminescence (PL) spectroscopy, transmittance (T), time-resolved
photoluminescence spectroscopy (TRPL). The growth conditions of all samples will

be listed.

2.1 MBE system

The SVT Associates MBE system is shown in/Fig. 2.1. It consists of a vertical
growth chamber with ten cell ports, a load-lock chamber, and analytical equipments.

Currently, six solid sources Zn, Mn, Cd, Mg, Se, Te, and gas source (Oxygen),
are installed in the effusion cells and plasma cell. Each source has its own shutter to
control the supply duration of each source. The samples were grown on the heated
substrate which was set to rotate for uniform growth and there is a main-shutter
between sources and the substrate to avoid the unintentional evaporation before
growth.

The load-lock chamber is used to transfer substrate from air to the growth



chamber. Its high vacuum (< 5x107 torr) is achieved by using a diaphragm pump and
a turbo pump. The growth chamber was further pumped down to a base pressure of
2x107° torr. The reflection high-energy electron diffraction (RHEED) system is also
set up in the growth chamber. It is an invaluable tool to determine different aspects of
the deposition layer. Morphological data of the surface may be interpreted from the
spot and line pattern, which appear on the phosphor screen display during growth.
2.2 Growth conditions of ZnO

The detailed growth conditions of ZnO thin films are listed in Table 2.1. Fig.
2.2 shows the growth rates of ZnO thin films with various Zn cell temperatures. When
the substrate temperature was fixed at 650 ‘C and the oxygen flow rate was 0.6
SCCM with plasma power ‘250 W, the growth rate increases linearly with the
increasing Zn cell temperature, which"indicates these ZnO thin films were grown
under oxygen-rich conditions.

The PL spectra of ZnO thin films with various Zn cell temperatures at 10 K are
shown in Fig. 2.3. For these samples, the dominant peaks around 3.36 eV are
attributed to the near band edge (NBE) emission [20]. The broad and weak emissions
which originate from the deep levels (DLs) near 2.25 eV are also observed. The DLs
are attributed to the zinc interstitial (Zn;), oxygen vacancy (V,) [21], and oxygen

interstitial (O;) [22]. Fig. 2.4 shows the intensity ratios of the NBE emission to the DL



emission. The intensity ratio reaches maximum value of 75 at Zn cell temperature of

280 °C. This growth condition was used for the growth of Zn;,Mg,O, Zn; Mn,O and

Zn1,Cd,O epilayers.

2.3 Growth condition of Zn;xMgxO

The structure of the Zn;«MgxO thin films used in chapter 3 was shown in Fig.

2.5. The detailed growth conditions of Zn;.xMg,O thin films are listed in Table 2.2.

2.4 Growth condition of Zn,.yMn,O

The structure of the Zn;..Mn,O thin films-used in chapter 4 was shown in Fig.

2.6. The detailed growth conditions of Zn;.xMgxO thin films are listed in Table 2.3.

2.5 Growth condition of Zn,.,Cd,O

The structure of the Zn; 4Cd,O thin films used in chapter 5~7 was shown in Fig.

2.7. The detailed growth conditions of Zn; 4Cd,O thin films are listed in Table 2.4.

2.6 Photoluminescence spectroscopy

To study optical properties of semiconductors, laser beams with photon energy

higher than the band gap energy of the semiconductor are usually used to excite

electrons from the valence band to the conduction band and leave holes in the valence

band. The excited electrons/holes relaxed to the bottom of conduction band/top of the

valence band through the carrier-phonon interaction. Electron and hole pair forms
7



exciton by Coulomb interaction. Electrons and holes, Excitons, recombine and emit
photons. The emitted photons can be detected and analyzed by photoluminescence
(PL) spectroscopy.

The experimental set-up for the PL measurement is shown in Fig. 2.8. PL
measurements were performed by using the 325 nm line of a He-Cd laser. The
incident beam was focused by a lens (f=10 cm). The PL emission from sample was
collected by second lens (f=10 cm) and focused by the third lens (f=30 cm) to the
spectrometer. The signal was dispersed by an iIHR550 spectrometer and detected by
liquid nitrogen cooled charge-coupled - device ~(CCD). The spectrometer was
controlled by a computer, which was used to store and plot the collected data. For
temperature-dependent PL measurements, samples were cooled in a closed-cycle

refrigerator system. The temperature was varied from 10 K to 300 K.

2.7 Transmittance

The experimental set-up for transmittance measurement is shown in Fig. 2.9. A
broadband xenon lamp was used as an excitation source. The incident beam was
focused on the sample by a lens (f=10 cm). The transmittance beam from the sample
was collected to the entrance slit by lens L2 (f=10 cm) and L3 (f=30 cm). The

transmittance spectra were analyzed by the iHR550 spectrometer and detected by



liquid nitrogen cooled charge-coupled device.

2.8 Time-resolved photoluminescence spectroscopy

TRPL system was used to study the decay dynamics of excitons. The

experimental setup of TRPL system is similar to the PL system and shown in Fig. 2.10.

The GaN diode laser with 50 ps pulses and a repetition rate of 40 MHz at a

wavelength of 377 nm was used as an excitation source. The peak power of the pulse

was estimated to be below 0.1 mW. The laser beam was focused on the sample by a

lens (f=10 cm). The combination lenses guide the signal to the iIHR550 spectrometer,

which was equipped with a high-speed photomultiplier tube to detect the signal. The

signal was further analyzed by a computer. The overall temporal resolution of the

setup was about 300 ps.



T (substrate) | T (Zn) O, plasma | Thickness
(C) (C) (SCCM/W) (nm)
Sample 1-A 650 270 0.6/250 131
Sample 1-B 650 275 0.6/250 144
Sample 1-C 650 280 0.6/250 159
Sample 1-D 650 285 0.6/250 181
Sample 1-E 650 290 0.6/250 225
Table 2.1 Growth conditions of ZnO thin films.
T (substrate) T (Zn) |, Oz plasma T(Mg) | ZnixMgO
(C) (©) (SCCM/W). | (C) (x)
Sample 2-A 650 280 0.6/250 290 0.033
Sample 2-B 650 280 0.6/250 300 0.064
Sample 2-C 650 280 0.6/250 310 0.083
Sample 2-D 650 280 0.6/250 320 0.112

Table 2.2 Growth conditions of Zn;Mg,O thin films.
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T (substrate) T (Zn) | O, plasma T (Mn) | Zni4xMn,O

(C) (C) (sccMmiw) | (C) (x)
Sample 3-A 650 280 0.6/250 680 0.003
Sample 3-B 650 280 0.6/250 700 0.009
Sample 3-C 650 280 0.6/250 720 0.011
Sample 3-D 650 280 0.6/250 730 0.021
Sample 3-E 650 280 0.6/250 735 0.026
Sample 3-F 650 280 0.6/250 740 0.030
Sample 3-G 650 280 0.6/250 760 0.039
Sample 3-H 650 280 0.6/250 770 0.061

Table 2.3 Growth conditions.of Zn;.,Mn,O thin films.

T (substrate) T.(Zn) | O, plasma T (Mn) | Zn;xCdO

(C) (C) (sceMmmw) | (C) (x)
Sample 4-A 650 280 0.6/250 180 0.062
Sample 4-B 650 280 0.6/250 190 0.104
Sample 4-C 650 280 0.6/250 195 0.185
Sample 4-D 650 280 0.6/250 200 0.256
Sample 4-E 650 280 0.6/250 210 0.366
Sample 4-F 650 280 0.6/250 220 0.454
Sample 4-G 650 280 0.6/250 230 0.497

Table 2.4 Growth conditions of Zn;.,Cd,O thin films.
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Fig. 2.5 Sample structure of Zn; 4MgxO thin films.
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Fig. 2.6 Sample structure of Zn;,Mn,O thin films.
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Fig. 2.7 Sample structure of Zn;,Cd,O thin films.
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Chapter 3
Growth and characterization of Zn,.,Mg,O thin films and

Zn0O/ZnMgO multiple quantum wells

In this chapter, growth and characterization of Zn;\Mg,O (x=0~0.112) thin films
grown by molecular beam epitaxy system will be discussed. The MgO buffer is very
useful for the improvement of surface morphology during the initial growth stage,
which eventually leads to an atomically flat surface. Additionally, ZnO/ZnMgO
multiple quantum wells (QWSs) were also fabricated: successfully and their optical
properties were investigated.

The morphology evolution.can be observed by .in situ reflection high-energy
electron diffraction (RHEED). At the beginning of MgO deposition, the sharp streaky
pattern of clean Al,O3 substrates, as shown in Fig. 1 (a), becomes diffuse spotty
pattern, as shown in Fig. 1 (b), because of the large (8%) lattice mismatch between
MgO(111) and Al,O3 (0001). Therefore, the growth of MgO is a 3-dimensional
growth mode. Immediately after the growth of MgO buffer layer, the ZnO growth
starts with spotty patterns, as shown in figure 1 (c), superimposing on the MgO
patterns with the spot spacing about 9% smaller. As the growth continues, the
RHEED spots gradually elongate and finally become streaks. This self-flattening
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procedure can be dramatically accelerated by interrupting the deposition and

annealing the sample at 750 °C. After 5 min annealing, Fig. 1(d) shows sharp streaky

RHEED patterns of ZnO. Thus, a flat surface of buffer layer was accomplished. The

growth of Zn,,MgxO epilayers then starts at 650 °C, with the same oxygen flow rate

of 0.6 sccm under the plasma power of 250 W as MgO and ZnO buffers. The Zn cell

temperature is 280°C and the Mg cell temperatures are varied from 290 to 300, 310,

and 320°C for the growth of Zn,_Mg,O thin films.

In this study, the Mg content in Zn,;—4Mg,O was determined by energy dispersive

X-ray spectroscopy. Fig. 2 shows the PL spectraof the-Zn,_\Mg,O layers recorded at a

temperature of 10 K exhibit'a sharp band edge luminescence, which originates from

the recombination of bound ‘excitons. The emission spectra of Zn,_xMg,O films is

broadened due to alloying and the related potential fluctuations. Additionally, the

emissions which originate from the deep levels near 2.25 eV are not observed. For

increasing Mg content the excitonic luminescence exhibits blue shift. The maximum

emission energy is 3.71 eV for the ZngggsMgo1120 sample. he low-temperature

transmittance spectra of Zn,_«MgO are also shown in the inset of Fig. 2. The energy

of strong absorption edge increases with Mg concentration. It implies the growth of

high quality Zn,—«Mg,O thin films with MgO/ZnO buffer layers were achieved.

Finally, the conditions of high quality Zng ¢17Mgo.0s30 thin film was used to grow
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the ZnO/ Zng 917M00.0530 multiple QWs. Fig. 3 displays the low-temperature (10K)

PL spectra from the series of QWs with well width from 2.0 to 3.5 nm. The emission

of a donor-bound exciton at 3.36 eV from the ZnO well is clearly identified. The

decrease in emission energy with the increasing well width is owing to the

confinement effect. Additionally, the full width at half maximum of the PL emission

from the ZnO well with 2 nm(~50 meV) is narrower than previous reports(~60 meV)

[23]. Thus the quality of ZnO/ZnMgO multiple QWs is comparable to that was used

to fabricate ZnO/ZnMgO multiple QW based high-efficiency light emitting diodes.

In conclusion, high quality Zn;xMgxO (x=0~0.112) thin films were grown

by PA-MBE. The MgO buffer is very effective for the improvement of surface

morphology during the initial _growth stage, which eventually leads to an atomically

flat surface. The energy of absorption edge ‘increasing with Mg concentration was

observed. Additionally, high quality ZnO/ZnMgO multiple QWs were also fabricated.
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Fig. 1 RHEED patterns show the surface morphology evolution during growth. (a)

The Al,O3 (0001) surface after oxygen plasma treatment. (b) Growth of MgO buffer
layer starts. (c) and (d) respectively correspond to ZnO surfaces before and after

annealing.

20



e =) Zny_ Mg Oat10 K
e \=().03 3
e v=(). 064
e \=(). 083
e x=(), 112

Intensity (arb. units)

= 804 =0.033

<

= 60 - Aa=0.004

z

"g 7 x=0.083

Z 404

= x=0.112
20
0

33 34 33%/36—F37 38 \39
Photon Energy (eV)

——
20 22 24 26 28 30 32 .34 36 38
Photon Energy (eV)

Fig. 2 PL spectra of the Zn;.xMg,O films (0=x=0.112) at 10 K. The inset shows the

transmittance spectra of Zn; \Mg,O at 10 K.
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Fig. 3 PL spectra from the series of ZnO/ Zng9:7Mdo,0s30 QWs recorded at 10 K. The

QW thickness varies from 2.0 10 3.5 nm.
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Chapter 4

Growth and optical Properties of Zn,; ,Mn,O thin Films

In this chapter, optical properties of Zn;,Mn,O (x=0~0.061) thin films will be
studied by transmittance, resonance Raman scattering and circular polarization
measurements.

Figure 1(a) shows room temperature transmittance spectra of Zn;«Mn,O thin
films with Mn concentration x=0, 0.009, 0.030 and 0.061. The absorption edge energy
increasing with Mn concentration can be-observed. Additionally, the absorption edge
broadening is assumed as E(band-maximum) - E(absorption edge). The broadening is
because of the generation of disorder in the semiconductor, this causes some localized
states [24]. Compared with the absorption edge broadening published in some papers
(from 90 to 140 meV) [25-26], the absorption edge broadening of our samples (from
20 to 35 meV) are narrower. It means that there is high quality in our samples. Figure
1(b) shows the absorption edge energy of the Zn;,Mn,O versus Mn concentration.
The blue shift of the absorption energy is due to MnO having a larger band gap than
Zn0O [27]. The shift of the absorption edge can be expressed by the following equation
E(x)=3.337 +3.056 x(eV) ).

The experimental results are in good agreement with reference 24. Furthermore, the
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broadening of the absorption edge increases with the Mn concentration. The
broadening is mainly due to the increasing disorder with increasing Mn concentration
in Zn1.xMn,O. There are also strong mid-gap absorptions around 3 eV for higher Mn
concentration samples. This effect has been ascribed to the transition involves d
orbital of the Mn?* ion [28].

Figure 2 shows low temperature (10 K) resonant Raman scattering (RRS) spectra
of ZnO and Zng.9;Mng 30 thin films using the He-Cd laser (A=325 nm) excitation.
RRS experiment is performed under the excitation laser energy higher than the band
gap, and the incident photon energy will be in resonance with the electronic interband
transition. The peak at 578 ‘em™ is the first-order longitudinal optical (LO) phonon
mode [29], in which both O“and Zn atoms vibrate .in.the same direction. The weak
peak around 457 cm™ is ascribed to the Ej (high) mode. Compared with 440 cm™ in
bulk ZnO single crystal [29], the frequency of the E;, (high) mode in our sample is
slightly larger, it is mainly due to strain effect in the thin film. Under RRS condition,
some intense peaks at frequency positions of approximately integer times 578 cm™
contribute to the nth-order LO phonon scattering processes. These are intense LO
phonon lines because of the Frohlich interaction, which is the interaction between
electrons and the longitudinal electrical field induced by the LO phonons [30]. In
addition, there are also some relatively weak peaks at frequency positions next to
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these LO phonon modes. Interestingly, the intervals of these weak peaks are also close
to the frequency of LO phonon mode. Considering the frequency positions of these
peaks, they are probably caused by the combination of E; (high) mode and multiple
LO phonon scattering.

From the RRS spectra, we find 5 and 11 LO phonon modes for ZnO and
Zno.97Mno 030 samples, respectively. In previous studies [31], J. F. Scott et al reported
that the LO phonon numbers (n) in RRS spectra varies proportionally with the
electron-phonon coupling coefficient (a)), which is given as the ratio of the Frohlich
interaction energy to the LO phonon energy. They also predicted the number of LO
phonon modes in ZnO is more than n=9 in CdS. However, they only found n=38 in
their ZnO sample. From our results, we could not find LO phonon lines for n>5 in
ZnO due to the strong near band edge PL emission. However, for Zng¢7Mng 030, the
near band edge emission is weak and due to the large electron-phonon coupling
coefficient «=0.9 (is assumed to be the same as ZnQ), the observation of large
amount of LO phonon lines (n=11) in RRS spectra can be understood.

Figure 3 shows the RRS spectra of Zn;Mn,O (x=0.003~0.030) thin films.
Besides some intense LO phonon lines, there is an extra peak at 3632 cm™ for
ZNo.997Mng 0030 sample. This peak is ascribed to the neutral donor bound exciton
(DoX) emission. As shown in the spectra, the LO phonon mode intensity at the
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frequency position of around 3500 cm™, which is assigned to the sixth-order LO
phonon mode, is always the largest in each of Zn;.xMn,O samples, and the intensity
decreases with increasing Mn concentration. The behavior of intensity variation is
mainly related to the band gap position, and it can be explained by using the Raman

cross section for the nth-order LO phonon mode which is given as [32]

olo)=ut 3y, (anedemiemo) exp(——"h‘”wj @,

" Eex+ (M- o —ho+hT| kT

where p is the electronic transition dipole moment, E. is the electronic transition
energy. hw, and hw,, are the energies of the incident photon and the LO phonon,
respectively. T is the homogeneous line width. |g,n+ j) and |g, j> are the (n+j)
th-order and jth-order LO phanon states.in the electronic ground state, respectively.
le;m) is the mth-order LO phonon_state in_the electronic excited e state. kg is
Boltzmann’s constant and T is the temperature. From this equation, the nth-order LO
phonon mode intensity will become larger if E; =%m —nhw,. The band gap of
Zn1xMn,O shifts to higher energy when Mn concentration increases, and it tends to be
away from the frequency position of around 3500 cm™. Therefore, the intensity of
sixth-order LO phonon mode decreases.

To investigate the dependence of RRS intensity on the band gap energy,
temperature dependent RRS spectra of Zng g91Mng 0090 is shown in figure 4(a). At 10

K, the intensity of sixth-order LO phonon mode around 3500 cm™ is the largest.
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However, when the temperature increases to 160 K, the seventh-order LO phonon
mode around 4100 cm™ becomes the largest in intensity. The behavior can be
explained by considering the temperature dependence of the photoluminescence (PL).
Figure 4(b) shows the PL peak position of Zngge1MngoeeO as a function of the
temperature, and the curve can be fitted by considering the Bose-Einstein statistical

factor for phonons [33]
EM)=EO)-— oo @)
exp(®/T)-1

where E(T) and E(0) are the energies at T K and 0 K, respectively, a, is the
strength of the electron-phonaen interaction, and  ®- is associated with the mean
frequency of the phonons. From figure 4(a) and (b), the shift of PL position results in
the LO phonon line intensity variation. To summarize, multiple LO phonon scattering
in RRS spectra can be explained by using the “cascade model” [34-35], the scattered
photons will have energy hw=hw, —nhwy, or ho=ho -nhog, ——Nhog .
Moreover, by studying RRS spectra, we find that when the scattered photon energy is
close to the band gap, the LO phonon intensity will be resonantly enhanced.

Figure 5 show the low temperature (10 K) PL spectra of Znggg7Mng g0
analyzed by(c,) and (o) circular polarization at magnetic field B = 0 and B = 5
Tesla. At B = 0, no difference was observed between two circular polarization. The

DX (at 3.356 and 3.363 eV) and RRS (at 3.306 and 3.378 eV) intensities for (o, )

27



and (0'_) components are approximately the same. However, at B = 5 Tesla, a slight
difference is observed between the two circular polarization components of the DoX.
While the intensities of the two circular polarization components of the RRS remain

the same. The degree of circular polarization can be defined as

PolmE @)

o+ o—

where I, and [I__ are the intensities of the right and left circular polarization,

respectively. For RRS, P =0 at B = 0 and 5 Tesla. Whereas, for DyX emission, P =0

at 0 Teslaand P = 9 % at 5 Tesla: The non-zero.circular polarization is due to the

energy splitting of the two spin components-of the DoX; (electron -1/2 and hole -3/2)

and (electron +1/2 and hole +3/2). Although, the energy-separation is too small to be

resolved, due the energy relaxation-from the higher energy spin state to the lower

energy spin state, P=9 % is observed. The dependence of circular polarization on the

magnetic field shows Brillouin-type para-magnetism. No hysteresis is observed. It

implies that the Zngge7MngpoosO exhibits para-magnetism due sp-d exchange

interaction between conduction band s electrons/valence band p electron and d

electrons of the Mn atoms.

In summary, we have grown Zn;,Mn,O (x=0~0.061) thin films by PA-MBE.

Transmittance measurement shows an increase of the band gap with the increasing

Mn concentration. From RRS spectra, we observe LO phonon lines up to 5 and 11
28



order for ZnO and ZnMnQO samples, respectively. From the temperature dependent

RRS experiment, we find the intensities of these LO phonon lines are sensitive to the

band gap position. Low temperature PL spectra of Znggg7Mng 030 at magnetic field

B=0 T and 5 T were investigated to calculate the degrees of circular polarization of

P=0 % and 9 %, respectively.
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Fig.1 (a) Room temperature transmittance spectra of Zn;.«Mn,O thin films with Mn
concentration x=0, 0.009, 0.030 and 0.061. (b) The energy of absorption edge for
Zn;xMn,O thin films as a function of the Mn concentrations(x). The experimental

results of ours(0) and reference 24 (m) are plotted.
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Fig. 2 Resonant Raman scatterings of ZnO and Zng¢7Mng 3O thin films, using the

He—Cd laser (A=325 nm).
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Chapter 5

Thermal-activated carrier transfer in Zng¢sCdp 0,0 thin film

In this chapter, the thermal-activated carrier transfer processes in Zng¢gCdg 02,0
thin film grown by plasma-assisted molecular beam epitaxy were investigated by
temperature dependent and time-resolved photoluminescence.

Fig. 1 shows the PL spectra of ZnO and ZnggCdoo2O films at 10 K. The
emission peaks at 3.361 and 3.366 eV were assigned to the excitons bound to neutral
donors (DoX) [36]. The peak at 3.377 eV is attributed to the free A excitons (FXa)
[37]. When Cd atoms were introduced into ZnO, the PL band becomes broad and the
spectral position of the PL peak shifts to 3.185 eV. According to the experimental
results of Gruber et al. [38], the Cd composition herein can be estimated as 2%.
Additionally, the PL emission profile of ZngggCdo 20 is not symmetry due to the
existence of localized states at low energy side. The transmittance spectrum at 10 K
shown in the inset shows a strong absorption near the band edge. It can be seen that
the Cd incorporation reduces the band gap energy and causes a Stokes’ shift of about
100 meV. The Stokes’ shift is attributed to the localization of excitons due to the Cd
compositional fluctuation [39]. In order to further investigate and compare the optical
properties of Zng 9gCdo 020 with ZnO, the temperature-dependent PL measurements of
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Zn0O and Zng9gCdo 020 were carried out. In Fig. 2 (a), both DX and FXa of ZnO shift
to lower energies, and the line-width broadens with increasing temperature. The PL
line width broadening is related to the carrier—phonon interaction. Additionally,
because of thermally activated processes of carriers, FX dominates at high
temperature. In Fig. 2 (b), three PL peaks of Zng¢sCdo 0,0 labeled as P1, P2, and P3
were observed at different temperatures. The P1 emission was observed at low
temperature. When T>140 K, additional peaks, P2 and P3, become visible. The
intensity of P2 increases and exceeds that of P1 when T>220 K. Similar optical
properties were also observed by Yang et al. [40] in ZnSe;«Tex (x=0.01) epilayers. In
the case of ZnSe;.4Tey, at lowtemperature of 10 K, X/Te"is not observed and the PL of
the Te,-bound excitons (X/Tey) is \very pronounced. The energy states of X/Te and
X/Te clusters become observable as‘the temperature was increased. Thus, the PL
peaks of P1, P2, and P3 can be attributed to the emissions from X/Cd,, X/Cd, and
XICd cluster, respectively. Fig. 2(c) shows the dependence of X/Cd, intensity on

temperature with a double-channels activation energy function: [41]

IPL(T): h ).

1+C, exp(_ E%T) +C, exp(_ E%Tj
B B

Where Ip (T) is the integrated PL intensity at temperature T, kg is the Boltzmann

constant, Eal and Ea2 denote the activation energy, C is a tunneling factor, and Iy is

the integrated intensity at the low temperature limit. In this study, E;;=4 meV and
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E.2=19 meV were extracted. The activation energy E,; is attributed to the average
localization energy of the X/Cd,. On the other hand, the activation energy Ea»
corresponds to thermal energy of 220 K, which is similar to the quenching
temperature of X/Cd, intensity. Therefore, we consider that the activation energy Eg,
is the energy for carriers transferred from X/Cd, to X/Cd.

In order to confirm the origin of the emissions from X/Cd, X/Cd,, and X/Cd clusters,
the PL peak positions of the free-exciton (FX), X/Cd, X/Cd,, and X/Cd clusters as a
function of temperature were plotted in Fig. 3(a). The FX peak positions obtained
from transmittance are well fitted by the Vashini’s prediction [42] which is written as
E,(T)=E,(0)-aT?/(B+T) (2):

Where Eg(0) is the band-gap.-energy at T=0 K, and'a and b are the corresponding
thermal coefficients. The fitting is labeled by solid lines in Fig. 3(a). The X/Cd peaks
exhibit a similar trend. The emission energy of X/Cd is 80 meV lower than that of FX.
It implies that there is not enough energy to offer the carriers transferred from X/Cd
states to FX states. Therefore, X/Cd dominates the carrier recombination at 300 K.
However, the X/Cd, peak demonstrates a fast red shift at temperatures above 50 K.
This phenomenon could be attributed to continuous localized states formed with the
X/Cd, states. We proposed that excitons assisted by the scattering of LO phonons
would transfer to the deep localized states, and the possibility of this re-localization
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process is promoted as the temperature increases because the spreading of exciton
wave-function enhances the interaction with LO phonon fields. In this condition, the
increased temperature only causes small parts of the carriers to delocalize from the
deep localized states to the shallow ones. The X/Cd, peak redshifts dramatically until
the carriers were relocalized at the X/Cd cluster states (the deepest localized states).
On the contrary, as the temperature exceeds 220 K, the thermal energy overthrows the
activation barrier of 19 meV, which pro- motes large amount of the carriers to escape
from the deep localization and the X/Cd emission dominates. Fig. 3(b) shows the
power dependent PL spectra at:220 K forZng.9gCdp020. The intensity of PL emission
is enhanced with increasing excitation power. Under an excitation power of 65 W/cm?,
the emission energies of X/Cd cluster and X/Cd are at 2.782 and 3.160 eV,
respectively. As the excitation power-is increased, the X/Cd cluster exhibits energy
blueshift and the X/Cd, state dominates the spectrum. This result implies that the
density of state for the X/Cd, is much higher than that for the X/Cd cluster. The
increasing excitation density saturates the lower energy states. As a result, the X/Cd,
state dominates the emission.

In order to provide further evidence to support the existence of localized states
and to demonstrate the origin of the radiative recombination, we performed TRPL
measurements at 10 K, 100 K and 150 K as shown in Fig. 4. The carrier
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recombination time decreases with increasing temperature. It implies that the

thermalized carriers could relax easily over along distance and find a lower

local-energy minimum. Besides, the main PL peak positions undergoes no obvious

energy shift over time at 10 K, reflecting the main recombination of the localized state

with the same concentration of Cd. However, the main peak shifts 39 meV toward the

low energy side with time at 100 K. It reveals that the thermal- activated carriers

transfer to the deeper localized states via the phonon scattering. As the temperature

increases to 150 K, a larger redshift of 100 meV with the delay time was found,

indicating more carriers can transfer to.the deeper localized states. In combination

with temperature-dependent PL and TRPL, we demonstrate the carrier transfer

dynamics in Zng9gCdo020. The strong redshift of the X/Cd, peak energy is caused by

the carrier transfers to the deep localized" states as T<220 K. Moreover, a

delocalization process occurs as the temperature exceeds 220K.

In summary, emissions of X/Cd, X/Cd,, and X/Cd cluster from Zng ¢gCdy.020O thin

film were investigated by PL and TRPL spectroscopy. Two emission peaks, which are

attributed to the carrier recombinations of X/Cd states and X/Cd cluster states, were

observed at elevated temperatures. From 50 to 220 K, the carriers transfer from

shallow X/Cd, states to deep localized X/Cd, states. Above 220 K, the carriers escape

from the deep localized X/Cd, states to X/Cd states.
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Fig. 1 PL spectra of ZnO and Zng 9sCdp 020 films at10 K. The inset shows the PL and
transmittance spectra of Zn ¢gCdo.0,0 at 10 K.
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Chapter 6
Growth and carrier dynamics of Zn,.,Cd,O thin films with

visible light emission

In previous chapter, the recombination dynamics of Zn;,Cd,O thin films with
low Cd concentration (x=0.02) sample has been studied. For high efficient light
emitting device application or solar cell application, the growth and optical studies of
high quality Zn;Cd,O with high Cd concentration are demanded.

In this chapter, high «Cd" concentration of Zn;..CdO was controlled by
adjusting the Cd/Zn beam pressure ratio. The Cd content in Zn,_,CdO was
determined by energy dispersive x-ray spectroscopy and showed concentrations
ranged from 0.062 to 0.497 in Fig. 1. The Cd content, X, increases linearly with
increasing beam equivalent pressure, which was measured by a nude ionization gauge
placed in front of the substrate. It is the first time that Zn,—,Cd,O thin film grown at
350°C with Cd composition up to 49.7 % by PA-MBE. During the growth of
Zno503Cdo4970 thin film, a streaky RHEED pattern was observed along the (11-2)
azimuth, as shown in the inset of Fig. 1. It implies that Zngs03Cdo 4970 thin film has
smooth surface.

Figure 2(a) shows the PL spectra of Zn;,CdO films taken at 10 K. By
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increasing X, the luminescence peak shifted to a lower energy from 3.36 eV of ZnO to
1.91 eV of Zngs03Cdo4970. It is difficult to grow Zn,Cd,O with high Cd content.
Because, ZnO and CdO have different crystal structure and the growth temperatures
are very different [43]. Furthermore, there is a large lattice mismatch between ZnO
and CdO. It is the first time that high quality Zn,Cd,O thin film can be grown at
350°C with red PL peak emission by PA-MBE. Figure 2(b) shows the measured and
referred values of PL peak position versus Cd content x. The solid line,

E, =-1.05x+3.35(eV) (1),
connects the band gaps of the two binary.compounds; ZnO (3.35 eV) and CdO (2.20
eV) [43].
The red dashed line,
E, =3.36-6.12x+6.43x* (eV) 2),
describes our experimental data for the PL emission peaks. For comparison, the PL
results summarized from previous reports [38,44-45], can be illustrated by the dotted
line of the following equation,
E, =3.35-9.19x+8.14x*(eV) (3).
The deviation from the solid line, band bowing, is due the composition fluctuation
(chemical disorder), which creates local potential well to lower the emission energy.

The band bowing of the previous reports is more pronounced than ours. It implies our
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samples have better crystal quality with less chemical disorder.

In order to further investigate the optical properties of Zn;Cd,O to study the

band bowing effect, temperature-dependent PL measurements of Zn,,Cd,O with x=

0.062, 0.185, 0.366 and 0.454 were carried out. In Fig. 3, the near band edge emission

of Zngg38Cdo 52O simply shifts to lower energy and the line-width broadens with

increasing temperature. However, the PL peak position of ZnggisCdo 1850 shows

abnormal red-blue-red shift with increasing temperature. A red shift is observed at

temperature below 90 K. As the temperature is increased above 90K, the PL peak

position shifts to higher energy first, then. moves towards lower energy as the

temperature is increased “above 120K. In" the case of Zngg34Cdo3esO and

Znos46Cdo 4540, the dependence of peak position ‘on temperature shows initial

red-shift and then blue-shift as large as several tenth meV. These novel temperature

behaviors of PL emission peak are attributed to the existence of complex localized

states, X/Cdn and X/Cd clusters, as described in previous chapter. For Zng g15Cdo.1g50 ,

due to insufficient thermal energy for localized carriers to overcome the localization

potential at low temperature, they relax to the lower-lying localized states prior to

recombination. As the temperature increases localized carriers are thermalized,

occupy higher energy states and leads to blue shift in emission peak. At temperature

above 120 K the red shift due to temperature induced band gap shrinkage dominates
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over the blue shift. The PL peak position of Znge3sCdoss60 and ZngsssCdo.4540
demonstrates red-blue (V-shaped) shift with increasing temperature. The red shift
observed at temperature below 100 K and 120 K respectively, and then the blue shift
behavior is observed. Similar optical trends were also observed by Lin et al. in
ZnSe1xTey (x=0.05) epilayers [46]. In the case of ZnSeg o5 Teo.05, the V-shaped energy
shift over the same range of temperatures (10-300 K) are ascribed a rather deep
localization. Additionally, the Stokes’ shift of Zngg34Cdo3660 and Zngs4sCdo.4540
shown in Fig. 2(b) is as large as 1 eV. Thus, V-shaped energy shift of Zngg34Cdy 3660
and Zngs546Cdg 4540 indicates that the carriers are still: localized in localized states at
room temperature.

The PL peak positions of.Zng 938Cdo.0620, ZNo.815Cd0.1850, and Zng 634Cdo 3660, as
a function of temperature were plotted in figure 4(a). The PL peak positions of
ZNng938Cdp 0520 are well fitted by the Vashini’s prediction which is written as
E,(T)=E,(0)—aT?/(B+T) [42], where E4(0) is the band-gap energy at T=0 K, and
a and B are the corresponding thermal coefficients. The fitting is labeled by dashed
lines in Fig. 4(a). However, the Vashini’s trends don’t completely agree the trends of
the PL peak positions in ZnggisCdo1gs0 and ZngessCdo3ssO as a function of
temperature. It implies the existence of carrier transfer between localized states. In
previous report, the cathode-luminescence results also showed that there are clusters
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in Zn;CdsO crystal with high Cd concentration [47]. Similar localized states were

also observed by Yang et al.in ZnSe;.Tey epilayers., the localized states of ZnSe;.xTex

include the Te, bound exciton and the Te, clusters bound exciton [40]. Therefore, the

PL emission of Zngg15Cdg 1850 and Zng 634Cdp 3660 can be attributed to the emissions

from the Cd, bound exciton and the Cd, clusters bound exciton, respectively. The Cd,

bound exciton has been identified here as the exciton bound to two or more isolated

Cd. Thus, the localized states with different localized energy were caused the Cd,

bound exciton. On the other hand, the Cd, clusters bound exciton has been identified

here as the exciton bound to. the deepest localized states. Fig. 4(b) shows the

temperature dependence of the integrated PL . intensity for Zngg3sCdo 0620,

Znog15Cdo.1850, and Znge34Cdo3e6O. The integrated PL intensity shows a typical

behavior for thermally activated nonradiative recombinations of Zngg3sCdo0620. The

integrated PL intensity of the ZnggisCdo1gs0 with increasing temperature first

decreases fast below 40 K, then slows down between 40 and 60 K, and finally

decreases quickly again for T higher than 60 K. On the contrary, the integrated PL

intensity of the Zngg34Cdo 3660 With increasing temperature first decreases below 150

K, then increases above 150 K. Similar optical properties were also observed in

qguantum dots system [48]. As a result, thermally activated transfer of carriers was in

the quantum dots with different localized states. Thus, the phenomenon of the
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integrated PL intensity in Znge34Cdo3660 can be attributed to the carrier transition

from Cd, clusters to Cd, bound exciton. Fig. 4(c) shows the dependence of the

integrated PL intensity in Znge3.Cdo 3660 on temperature with an activation energy

function: [41]

L(T) (4),

= lo

1+C exp(_ E%%Tj
where Ip (T) is the integrated PL intensity at temperature T, kg is the Boltzmann
constant, E, denotes the activation energy, C is a tunneling factor, and I, is the
integrated intensity at the low temperature limit. In this study, E,=15 meV was
extracted. The activation energy E; corresponds to thermal energy around 150 K,
which is similar to the temperature that PL peak positions start to blue shift and
integrated PL intensity increases. When the temperature exceeds 150 K, the PL
quenching of Cd, clusters bound exciton and the PL increasing of Cd, bound exciton
becomes dominant.

In summary, this study investigated the growth and carrier dynamics of
Zn14Cd,O. High quality Zn;.4Cd,O thin films with visible light emission were grown
on sapphire substrates by PA-MBE. The maximum concentration of Cd is 49.7 %
which can be systematically adjusted via the Cd/Zn beam pressure ratio. The
S-shaped dependence of the PL peak positions indicates that Cd, bound exciton lead

the different localized states in alloying. The V-shaped dependence of the PL peak
49



energy in high Cd concentration Zn;4CdO indicates that Cd, clusters bound exciton,

in which the carriers are deeply trapped below 150 K. Above 150 K, the carriers can

escape from the deepest localized Cd, clusters states to shallow localized Cd, states.

An activation energy Ea=15 meV was observed for Zngg3sCdosssO, and the

corresponding thermal energy around 150 K, coincides the temperature where the

blue shift starts and integrated PL intensity increases.
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55



Chapter 7

Optical properties of the graded Zn,,Cd,O film

In previous chapters, growth and optical properties of Zn,_,Cd,O thin films with
x=0~0.497 were discussed. In this chapter, PL, transmittance, and TRPL spectroscopy
techniques will be employed to study the recombination processes in graded band-gap
Zn;4Cd,O (x=0~25.9%) multilayers for possible applications in photonic devices.

The sample comprising 4-layers with variable Cd-content was grown on
c-sapphire by PA-MBE. The energy band diagram and the arrangement of the graded
layers are presented in Fig:~1(a). Fig. 1(b) shows the PL spectrum of the graded
Zn;4Cd,O film at 10 K. The.emission peak at 3.36 eV is assigned to the excitons
bound to neutral donors (DoX) from ZnO. The region of the broad band emission is
from 1.40 eV to 3.2 eV. We propose that the broad band emission exhibit the
near-band edge (NBE) emission and localized states emission of Zn;,Cd,O.

Fig. 2(a) presents the broad band emission from 1.40 eV to 3.2 eV. The
dotted-lines in Fig. 2(a) are the curve fitting of the peak. One dotted line with peak
energy at 2.96eV is due to the NBE emission, and the others are associated with the
emissions of the localized states for the graded Zn;.Cd,O. The peak energies of the
localized-state-emissions are 2.61 eV (x=14.7%), 2.43 eV (x =19.2%), and 2.22 eV (x

56



=25.9%). In order to confirm the assignments for NBE emission of graded Zn; ,Cd,O,

we performed the transmittance spectrum measurement at 10 K as shown in Fig. 2(b).

In combination with PL spectrum, two NBE emissions from the ZnO and graded

Zn4,Cd,O are observed. Therefore, it indicates that the broad band emission from

2.80 eV to 3.20 eV is due to the NBE emission from the graded Zn;Cd,O.

Fig. 3(a) shows the PL spectra of the graded Zn;.,Cd,O and the Zng 741Cdo 2500

atl0 K. The PL peak energy of Zng 741Cdo 2500 is 2.17 eV, which is close to the peak

energy of the graded Zn;Cd,O with x=0.259. This verify the broad band emission

from 1.40 eV to 2.80 eV is attributed to-the localized-state emissions of the graded

Zn1,CdyO. The inset shows the PL spectra with log-scale. A weak broad band

emission of the graded Zn;.,CdyO from 2.80 €V to 3.20. eV was clearly observed. The

broad band emission from the graded Zn;.,Cd,O film overlaps with the NBE emission

from the Zno741Cdo2590. In addition, Fig. 3(b) shows the transmittance spectra of the

graded Zn;«Cd,O and the Zng741Cdo 2500 taken at 10 K. The transmittance spectra

confirm the results of PL. Fig. 3(c) shows PL spectra taken at 10 K from the graded

Zn;4CdyO using 325 nm and 377 nm excitation. Because the 377 nm excitation is

near the band gap of graded Zn;,CdO, the resonant excitation results in stronger and

well resolved NBE emission. The NBE emission includes three recombinations at

3.11 eV, 3.01 eV, and 2.87 eV, which correspond to the localized-state-emissions at
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2.61 eV(Cd=14.7%), 2.43 eV(Cd=19.2%), and 2.22 eV(Cd=25.9%), respectively.

Hence, these results verify again that the broad band emission from 2.80 eV to 3.20

eV is due to the NBE emission of the graded Zn;xCdyO. To our knowledge, there is

no report on the observation of NBE emission from Zn;,Cd,O with high Cd

concentration due to the existence of strong localized-state-emissions. Additionally,

the PL emission of the Zn;,Cd,O covers red light, green light, and blue light. As a

result, the white PL emission can be observed by naked eye. The white PL emission of

the graded Zn;4Cd,O film was shown in Fig. 3(d).

In order to understand thecarrier- recombination dynamics of the graded

Zn1,Cd,O, the temperature-dependent PL measurement of the graded Zn;,Cd,O was

carried out. In Fig. 4, the line-width of the graded Zn;.«Cd,O broadens with increasing

temperature, but the PL intensity of the graded Zn;.,Cd,O with increasing temperature

first decreases below 200 K, then increases above 200 K. Similar optical trends were

also observed in our previous report of Zn;,CdO thin film with high Cd

concentration. This phenomenon was attributed to the carrier transition from deep

localized state to the shallow localized state. The integrated PL intensity of the graded

Zn;4Cd,O as a function of temperature was plotted in the inset of Fig. 4. By using the

integrated PL intensity at 10 K as a reference, the intensity ratio of the high

temperature PL to 10K PL can be regarded as the internal quantum efficiency (IQE)
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[49-50]. The integrated PL intensity in a low temperature range is higher than that at
10 K. This behavior is due to the flow of carriers, which are photo-excited in the ZnO
buffer layer, into the graded Zn;xCd,O layers for PL emission. The IQE read at our
sample is 33.67 %. The IQE of our sample is higher than other recently reports about
Zn1,Cd,O [51-52].

TRPL measurements were detected at 3.11 eV and revealed multi-exponential
nature of the recombination processes in graded Zn;,Cd,O. Typical PL decay profiles
at different temperatures are illustrated in Fig. 5(a). The PL decay profiles reveal
non-single-exponential decay and can be decomposed into a fast (initial) and a slow
(tail) component. As the temperature is increased above 60 K, the PL decay time of
the slow component will increase! gradually. This phenomenon becomes obviously
when the temperature is increased above 140 K. None of the TRPL spectra could be
fitted by a mono-exponential decay. These experimental profiles indicate complex
decay dynamics in graded Zn;4CdsO. To make a more quantitative analysis of the
decay behavior, the decay curves are fitted by the stretched exponential function [53],
1(t)=1,-e 0, (1)
where £ is the stretching exponent and 7 is the exciton lifetime. Fig. 5(b) displays the
measured t and S as a function of temperature. There are two steps in the temperature
dependent PL decay time, 1. § show the similar temperature dependence and the steps
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occur at the same temperature as t. This phenomenon indicates initial transfer of

carriers from the deep localized state to the shallow localized state. The carrier

transferring phenomena occurs at about 60 and 140 K (as the arrow line). The g

decreases at 60 and 140K. On the contrary, t increases at the same temperatures.

The measured PL decay parameters reflect several competing recombination

processes. The radiative and non-radiative lifetimes can be extracted from the

measured PL decay parameters by the following equation [54-56],

1 1

) 2
RN ke @
1
T , 3
) L ) ©
D)= 1o (T @
z-p|_(T) _TPL(T)

= 5w ®)

where zp_ is the measured PL decay time, r and.zyg are correspondingly radiative and

non-radiative lifetimes, and #iy stands for the 1QE. Fig. 5(c) illustrates the above

procedure and shows the extracted radiative and nonradiative lifetime parameters.

Here, we introduce an auxiliary parameter, transition temperature Ttg, which allows a

qualitative description of the competition between radiative and non-radiative

recombination processes in graded Zn;4Cd,O. Although the non-radiative

recombination gradually dominated the zp_after 120 K, the gap between radiative and

non-radiative recombination reaches balance above 180 K. Therefore, it indicates that

the PL intensity increases at high temperature.
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In summary, the origin of radiative recombination and dynamics of the charge

carriers in the graded Zn;,CdO multilayers was investigated by PL and TRPL

spectroscopy. We confirmed that the broad band emission exhibited the NBE

emission and localized states emission of Zn;,CdsO. The high IQE of 33.67 % was

achieved. Strong evidence of exciton transfer from the deep localized state to the

shallow localized state was observed. In addition, the radiative and non-radiative

recombination arrive balance at high temperature. This result corroborates with the

phenomena that the PL intensity increases at high temperature. The high IQE of

Zn1,Cd,O proposes this material has potential application in high efficiency photonic

devices.
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Fig. 3 (a) PL spectra of the graded Zn;CdO and the Zng741Cdp 2500 at 10 K. The

inset shows the PL spectra with log scale. (b) Transmittance spectra of the graded

Zn14Cd,O and the Zng741Cdy 2590 at 10 K. (c) PL spectra obtained at 10 K from the

graded Zn;.,Cd,O using different excitation (325 nm and 377 nm). (d) White PL

emission can be observed by naked eye.
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Chapter 8

Conclusion

In this dissertation, high quality of ZnO, Zn;«MgxO, Zn;_xMn,O and Zn;Cd,O
thin films were grown on c-Al,O3; using the SVT Associates PA-MBE system.
Additionally, the optical properties of these alloys were also investigated. The growth
parameters of high quality ZnO thin films were used for the growth of Zn;Mg,O,
Zn1,Mn,O and Zn;.4Cd,O epilayers. For the Zn;_«Mg,O thin films, the MgO buffer is
very effective on the improvement of surface morphology during the initial growth
stage, which eventually leads to an atomically flat surface. The maximum emission
energy of 3.71 eV for the Zng gggMgo.1120 sample was observed. The energy of strong
absorption edge increases with the Mg concentration. Additionally, ZnO/ZnMgO
multiple QWs were also fabricated successfully.

In the case of Zn;_4Mn,O thin films, we have grown Zn;_,Mn,O (x=0-0.061) thin
films by MBE. From RRS spectra, we observe LO phonon lines up to 5 and 11 order
for ZnO and ZnMnO samples, respectively. From the temperature dependent RRS
experiment, we find the intensities of these LO phonon lines are sensitive to the band
gap position. Low temperature PL spectra of Zng.gg97Mng 0030 at magnetic field B=0 T
and 5 T were investigated to calculate the degrees of circular polarization of P=0%
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and 9%, respectively.

In the case of Zn;,CdyO thin films, the growth and carrier dynamics of

Zn1,CdO were investigated. High quality Zn;,Cd,O thin films with visible light

emission were grown on sapphire substrates by PA-MBE. The maximum

concentration of Cd is 49.7 %, which can be systematically adjusted via the Cd/Zn

beam pressure ratio. The S-shaped dependence of the PL peak positions indicates that

Cd, bound exciton dominates the other localized states. The V-shaped dependence of

the PL peak energy in high Cd concentration Zn;4Cd,O indicates that Cd, clusters

bound exciton, in which the carriers are-deeply trapped below 150 K, is the major

origin of emission. Above 150 K, the carriers can escape from the deepest localized

Cd, clusters states to shallow localized Cd, states. An.activation energy Ea=15 meV

was observed in Zngg34Cdo 3660, and the carresponding thermal energy around 150 K,

coincides the temperature where the blue shift starts and integrated PL intensity

increases.

Finally, the white PL emission of the graded Zn;.,Cd,O film was fabricated. The

origin of radiative recombination and dynamics of the charge carriers in the graded

Zn1,CdyO multilayers is investigated by PL and TRPL spectroscopy. We confirmed

that the broad band emission is due to the NBE emission and localized states emission

of Zn;,Cd,O. The IQE of our sample reaches 33.67 %. Strong evidence of exciton
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transfer from the deep localized state to the shallow localized state was observed. In
addition, the radiative and non-radiative recombination arrive balance at high
temperature. This result corroborates with the phenomena that the PL intensity
increases at high temperature. The high IQE of Zn;Cd,O proposes this material has

potential application in high efficiency photonic devices.
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