
Kochi University of Technology Academic Resource Repository

�

Title
Photoluminescence of ZnO and a multiple quantum

well Al0.5Ga0.5As/GaAs

Author(s) Dang, Thai Giang

Citation 高知工科大学, 博士論文.

Date of issue 2011-09

URL http://hdl.handle.net/10173/776

Rights

Text version author

�

�

Kochi, JAPAN

http://kutarr.lib.kochi-tech.ac.jp/dspace/



 

 

Photoluminescence of ZnO and a multiple 

quantum well Al0.5Ga0.5As/GaAs 

 

 

Dang Thai Giang 

 

 

A dissertation submitted to 

Kochi University of Technology 

in partial fulfillment of the requirements 

for the degree of 

 

 

Doctor of Philosophy 

 

 

Department of Environmental System Engineering 

Kochi University of Technology 

Kochi, Japan 

 

 

 

 

August 2011 

 

 

 



 2

Acknowledgements 

 

I would like to express my deepest gratitude to people, whose supervision, guidance, support, 

and help played an indispensable role in completion of this thesis. 

First of all, I would like to thank Professor Taniwaki Masafumi, my primary supervisor, for 

his guidance and support during my PhD period. Thank you for providing me with the implanted 

ZnO wafers, for performing the TEM experiments, for teaching me the TEM technique, for 

giving me freedom in doing research, and especially for being tolerant to my sometimes 

impulsive nature. 

I am also very grateful to Professor Kanbe Hiroshi, my co-supervisor, who always inspires 

me with his famous saying “you can try”. Your saying gave me strong encouragement to pursue 

problems that I was really interested in. Your guidance in writing and submitting a manuscript 

will be helpful for me in far future.  

For the generosity of Dr. Kawaharamura Toshiyuki, whom I also consider as my co-

supervisor though unofficially, I am deeply in debt. Thank you for teaching me the XRD, FE-

SEM, ellipsometry techniques and for introducing me to the mist CVD method, which I see great 

prospective in. Your warm care helped me a lot during the hardest times of my PhD. 

I would like to extend my warmest thanks to Professor Lawrence Hunter, who spent endless 

time and effort in editing my English writing. Your academic English writing courses were 

among the most effective courses I have ever taken and your two-page system would be helpful 

for the rest of my life. 

The work related to tin ion implantation in ZnO was conducted with assistance of Professor 

Yoshiie Toshimasa from Kyoto University Research Reactor Institute, for which I am very 

grateful. 

I also wish to thank Professor Hirao Takashi for providing me with access to the facilities of 

the Nano-device Research Institute, Kochi University of Technology. 

To Professor Momota Sadao, thank you very much for monitoring my PhD process.  

I would like to thank Dr. Nitta Noriko, who provided me with access to the FIB and TEM 

facilities. 

To Ms. Yamasaki Momoko, thank you a lot for your guidance in SEM and XRD usage and 

for your warm friendship. Thanks are extended to Mr. Yamamoto Tomoki, who taught me the 

TEM sample preparation procedure by ion milling.  

I really appreciate the effort of all KUT IRC staff members to make my staying in Japan 

comfortable, enjoyable, and memorable.  

 



 3

Abstract 

 

Nowadays, nanotechnology plays an important role in developments of semiconductor industry. 

For optoelectronic device applications, it is highly desirable to understand photoluminescence 

mechanisms in nano-scale semiconductor structures such as a quantum well and a near surface 

layer in an ion-implanted semiconductor wafer. This thesis aims at studying mechanism of i) 

room temperature PL of an Al0.5Ga0.5As/GaAs multiple quantum well and ii) the deep-level band 

PL of hydrothermal ZnO wafers implanted with 60 keV Sn+ ions. In addition, excitation power 

and temperature dependent PL as well as formation of implantation-induced defects in the ZnO 

wafers are also investigated. Motivation for these studies will be advocated below. 

Since 1970s, AlGaAs/GaAs QWs have found widespread applications in (opto)electronic 

devices working in the red-to-infrared regions. In the study of an AlGaAs/GaAs quantum well, 

however, problems still remain. First, the ratio of the intensity of the 1=n  electron-light hole 

transition ( lhe 11 − ) to that of the 1=n  electron-heavy hole transition ( hhe 11 − ) transition is 

known to increase with temperature due to the thermal population of holes from the hh1  sublevel 

to the lh1  sublevel. Nevertheless, to my knowledge, no model has yet been put forward to 

describe this phenomenon quantitatively. This study proposes a model in which the temperature 

dependence of the above ratio can be described by an exponential function of reciprocal 

temperature. The model was verified against experimental observations in the temperature range 

40–340 K. Second, the mechanism of PL at room temperature (RT) in AlGaAs/GaAs quantum 

wells has been a long-standing controversial problem. Researchers have been extensively 

debating the question whether the photoemission at RT results from excitonic recombination 

and/or free-carrier recombination. A common approach to determining the recombination 

mechanism is to observe the dependence of the PL intensity PLI  on the excitation power extI . 

This dependence can be described by the formula: t

extPL ICI ×= , where C  is a constant, and the 

exponent t  has a value of 1 for excitonic recombination and a value of 2 for free-carrier 

recombination. In previous studies, such excitation-power dependence measurements have been 

performed at only few temperatures, which did not allow a detailed investigation of the variation 

of the PL mechanism. In this study, the PL spectra of a MQW Al0.5Ga0.5As/GaAs was measured 

from 5 to 296 K in small steps of 15–20 K with numerous excitation powers. The results show 

that as temperature was increased from 5 to 120 ± 20 K the value of t  increased from 1.03 to 

1.37 ± 0.5; at temperatures from 120 ± 20 to 296 K, t  remained constant at 1.37 ± 0.5. These 

results indicate that i) as the temperature increases from 5 to 120 ± 20 K, excitons are dissociated 

and free-carrier recombination gradually makes a larger contribution to the total PL intensity of 
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the hhe 11 −  transition, ii) above 120 ± 20 K, the relative contributions from free-carrier 

recombination and, thus, excitonic recombination to the total PL intensity do not vary. This 

tendency is confirmed by the temperature dependence of the energy difference between the 

hhe 11 −  transition and the bulk GaAs band gap. 

Among oxide semiconductors, ZnO possesses many superior characteristics such as a large 

direct RT band gap of ~3.3 eV and a large binding energy of 60 meV. ZnO was studied as early 

as in 1935 and has recently been of renewed interest due to developments in growth technique 

and great concern about (opto)electronics devices working in the blue and violet regions. Despite 

an enormous effort paid to ZnO research, problems still remain in the field. For example, 

implantation-induced defects as well as dynamic annealing are not yet well understood, effect of 

pulsed laser excitation power on temperature dependent PL of ZnO has not been studied, and 

debate on the origin of various defects responsible for deep level (DL) photoluminescence (PL) 

band ranging from green to yellow-orange regions (1.9-2.5 eV) is still continuing. In the current 

thesis, ZnO wafers were implanted at RT and low-temperature (LT) (near liquid nitrogen 

temperature) with 60 keV Sn+ ions to doses from 3.1 × 1012 to 1.5 × 1015 ions/cm2. The 

implanted wafers and an unimplanted one were systematically characterized by transmission 

electron microscopy (TEM), photoluminescence (PL), X-ray diffractometry (XRD), atomic force 

microscopy (AFM), scanning transmission electron microscopy (STEM), X-ray energy-

dispersive spectroscopy (EDS), Hall measurement, reflectance and transmittance techniques at 

RT. Combination of temperature and excitation dependent techniques were employed to measure 

PL in the temperature range from 5 to 298 K in small steps of 10–20 K. Both excitations with 

pulsed laser and cw laser were utilized. The defect formation was investigated. When possible, 

relation between variations of the PL of the near-band-edge (NBE) and deep-level (DL) bands 

and changes in data obtained by the other techniques was discussed.  

TEM, STEM, and EDS techniques were employed to examine ZnO wafers implanted with 60 

keV Sn+ ions at RT to a dose of 8.0 × 1014 ions/cm2 and at LT to a dose of 1.5 × 1015 ions/cm2. 

These ion implantation doses do not render the ZnO wafers amorphous. Within the sensitivity of 

the EDS measurement device, no regular variations in the relative concentration of O and Zn 

atoms are observed down to 120 nm under the sample surface. 

Photoluminescence spectra of a hydrothermal ZnO wafer implanted at RT to a dose of 3.6 × 

1012 ions/cm2 were measured in the temperature range from 5 to 298 K. The sample was excited 

by means of the 266-nm line of an Nd3+: YAG Q-switched pulsed laser with numerous average 

excitation powers in the range from 0.33 mW to 7.50 mW. At constant temperatures, the most 

intense PL peak red-shifts with average excitation power, whereas positions of other near-band-

edge peaks remain unchanged. It was experimentally proven that the red-shift is not due to local 
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heating at the excited spot. Rather, it is due to relaxation of photo-excited carriers to lower 

energy transitions as the most intense transition is saturated by high excitation photon density. 

Furthermore, the temperature dependence of the most intense PL peak energy was fitted with the 

Varshni equation. The Varshni coefficients α  and β  decrease with increasing pulsed laser 

excitation power. 

Hydrothermal ZnO wafers implanted at RT with 60 keV Sn+ ions to doses of 3.6 × 1012, 4.1 × 

1013, 8.0 × 1013, 1.6 ×1014, and  2.5 × 1014 ions/cm2 were examined by photoluminescence (PL), 

atomic force spectroscopy (AFM), and X-ray diffractometry (XRD) techniques. The PL intensity 

significantly decreases in the wafers implanted to the doses of 4.1 × 1013 ions/cm2 and higher. 

The AFM measurements indicate that the roughness variation is not the cause of the significant 

decrease in PL intensity. Furthermore, under illumination of the He-Cd laser 325 nm line the DL 

band peak in the PL spectra of the implanted samples blue-shifts, and the DL band intensity first 

increases and then steadily decreases with illumination time. The illumination time dependence 

of the deep-level PL intensity is similar to the dependence of EPR +
OV  signal reported previously. 

The abnormal behaviors of the DL band are discussed in details in the thesis body text.
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1  Introduction 

Nowadays, nanotechnology plays an important role in developments of semiconductor industry. 

Photoluminescence is a simple technique, which is routinely utilized to characterize 

nanostructures such as quantum wells, quantum wires, quantum dots, thin films, and a thin near 

surface layer of an ion-implanted semiconductor wafer. Photoluminescence (PL) is spontaneous 

emission of light resulting from recombination of electron-hole pairs, which are created by 

another light excitation source. Study on photoluminescence plays an indispensable role in 

fabrication process of radiative devices such as lasers, light emitting diodes (LED), 

electroluminescence panels, and cathodoluminescence of cathode ray tubes (CRT) [1]. Moreover, 

energies of peaks, which normally appear in PL spectra, provide useful information about energy 

levels in semiconductor structures. Those peaks are referred to in the field as transitions. When 

an electron returns from an occupied level in the conduction band to an unoccupied level (a hole) 

in the valence band, the process is called recombination. There exist many kinds of 

recombination.  If the electron returns to the unoccupied state directly, the process is referred to 

as free-carrier recombination. On the other hand, the electron can interact with the hole by an 

attractive Coulomb force to form an exciton, similarly to the interaction of an electron with a 

nuclear in a hydrogen atom. Excitonic recombination occurs when the exciton collapses 

releasing a photon. The exciton can be also bound to a donor or acceptor to form a donor-bound 

or acceptor bound exciton (DBX or ABX). Collapse of these bound excitons results in peaks, 

whose energies are smaller than energy of the un-bound or free exciton (FX). More 

complicatedly, when an exciton bound to a neutral donor collapsed, part of its energy can be 

transferred to an electron on the donor; as a result, energy of the DBX transition decreases and 

the donor is left in an excited state. This process results in two electron satellites (TES) in PL 

spectra [2, 3]. Similar process occurring in a neutral-acceptor-bound exciton complex results in 

two hole satellites [4, 5]. Thus, not only PL research is useful for device applications, but also 

mechanism of various PL transitions provides a researcher with rich physics to investigate. This 

thesis aims at studying mechanism of i) room temperature PL of an Al0.5Ga0.5As/GaAs multiple 

quantum well and ii) the deep-level band PL of hydrothermal ZnO wafers implanted with 60 keV 

Sn+ ions. In addition, excitation power and temperature dependent PL as well as implantation-

induced defects in the ZnO wafers are also investigated. Motivation for these studies will be 

advocated below. 
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1.1 AlGaAs/GaAs – a classical quantum well 

Nanotechnology has been occupying a central place in industrial development recently. 

Nanotechnology deals with low-dimensional structures, in which the size of at least one 

dimension is reduced to less than the electron de Broglie wavelength [6], typically in the range 

from few nanometers to few hundreds nanometers. As electrons are confined in such extremely 

narrow space, quantum effects naturally emerge, which make properties of the low-dimensional 

structures fundamentally different from those of the corresponding bulk materials. Last decades 

have witnessed an enormous effort (see [7] and references therein) devoted to studies of i) 

quantum wells and superlattices, ii) quantum wires, nanotubes, and nanorods, and iii) quantum 

dots and nanocrystals,  where electrons are confined in one, two, and three dimensions, 

respectively. These studies have resulted in not only a new understanding of the quantum 

systems but also in fabrication of nanostructure-based devices with much better performance 

than bulk material-based ones (see [7, 8] and references therein). All these advances were deeply 

in debt to a pioneering work by R. Dingle et al. [9], who first observed the quantum confinement 

effect in an AlGaAs/GaAs multiple quantum well. Later on, a large number of studies have been 

devoted to the optical properties of AlGaAs/GaAs quantum wells (QWs). Photoluminescence 

(PL) at different temperatures [5-7], photoluminescence excitation (PLE) spectroscopy [10], and 

absorption [11] in these structures have all been intensively studied. As a result, AlGaAs/GaAs 

QWs have found widespread applications in optoelectronic devices [12]. AlGaAs/GaAs-QWs-

based resonant-tunneling diodes [13, 14], laser diode [15], high electron mobility transistors 

(HEMT) [16], quantum cascade laser (QCL) [17], optical bistable switch [18], quantum-well 

infrared photodetectors (QWIP) [19], and ultrafast optical modulator [20] have been readily 

demonstrated.  

AlxGa1-xAs/GaAs QW is a classical QW, where the GaAs well layer is a direct band gap 

semiconductor and the mismatch in lattice constants of AlxGa1-xAs and GaAs is extremely small 

(less than 0.12% [8, 21]), which makes growth of abrupt AlxGa1-xAs-GaAs interface feasible.  

Owing to these properties, it was not accidental that the quantum confinement effect was first 

observed in AlxGa1-xAs/GaAs. From material points of view, AlxGa1-xAs/GaAs QWs are 

generally preferred to bulk AlxGa1-xAs alloys. Due to carrier confinement effect, devices 

fabricated from the QWs normally show superior characteristics than those fabricated from bulk 

materials. For example, AlxGa1-xAs/GaAs-QW-based lasers require lower threshold current [15] 

but possess higher quantum efficiency and higher output power owing to the unique step-like 

shape of density of states [8, 22]. In QWs, wavelength tuning also can be readily realized by 

variation of the well width. HEMT has been achieved utilizing the QW as a channel layer [16]. 

QWIPs are highly reproducible and more stable than infrared photodetectors based on narrow 
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band gap materials such as  HgCdTe [8]. Thus, study on photoluminescence of AlxGa1-xAs/GaAs 

QWs would be helpful for optoelectronic applications. 

Even though properties AlGaAs/GaAs QWs have already been well-documented, problems 

still remain. This thesis addresses two problems.  

First, in the PL spectra of AlGaAs/GaAs QWs, the strongest luminescence is caused by the 

transition from the 1=n  electron sublevel to the 1=n  heavy hole sublevel [23-25]; this 

transition is denoted as hhe 11 −  in this thesis. The ratio of the intensity of the 1=n  electron-

light hole transition ( lhe 11 − ) to that of the hhe 11 −  transition is known to increase with 

temperature due to the thermal population of holes from the hh1  sublevel to the lh1  sublevel 

[23]. However, to our knowledge, no model has yet been put forward to describe this 

phenomenon quantitatively. This thesis proposes a model in which the temperature dependence 

of the above ratio can be described by an exponential function of reciprocal temperature. The 

model was verified against experimental observations in the temperature range 40–340 K. 

Second, the dominant PL mechanism in AlGaAs/GaAs quantum wells at room temperature 

has been a topic of extensive debate. For a long time, researchers have been arguing whether the 

room-temperature photoemission dominantly resulted from excitonic recombination, or free-

carrier recombination or from both of them. Normally, the exciton binding energies of excitons 

in most studies fluctuated around 10 meV [23, 25-30], which is well below room-temperature 

thermal energy of ~26 meV. Therefore, if the quantum confinement effect is not considered, the 

excitons should be readily dissociated at room temperature. However, due to the small thickness 

of the well layer, the free electrons and holes are effectively confined in the well to form 

electron-hole pairs. Therefore, excitonic recombination is possible even at room temperature, 

according to many authors [12, 23, 31, 32]. Christen and Bimberg et al. [31] have constructed a 

complicated theory of line shapes for free-carrier recombination and excitonic recombination. By 

fitting the PL spectrum measured at 300 K with their constructed formulae, they concluded that 

excitonic recombination was the predominant PL mechanism at 300 K. Dawson et al. [32] have 

measured the PL and photoluminescence excitation (PLE) spectra at room temperature. Due to 
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the closeness in energy of peaks observed in the PL spectrum and those in the PLE spectrum, 

they concluded that the luminescence in the PL spectrum was due to the excitonic recombination. 

Jiang et al.[23] observed temperature dependence of energy differences between the  hhe 11 −  

and lhe 11 −  peaks and the bulk GaAs band gap. The differences remained unchanged with 

temperature. This led them to the conclusion that excitonic recombination is still dominant even 

at room-temperature.  However, using the same approach, Fouquet et al. [33] and Zhongying et 

al.[25] reported that the energy differences did increase with temperature, indicating the 

dissociation of excitons at high temperature. Another common approach to determining the 

recombination mechanism is to observe the dependence of the PL intensity PLI  on the excitation 

power extI . This dependence can be described by the formula [25, 33]: t

extPL ICI ×= , where C  

is a constant, and the exponent t  has a value of 1 for excitonic recombination, a value of 2 for 

free-carrier recombination, and a value between 1 and 2 for an intermediate case. Fouquet et al. 

[33] and Zhongying et al. [25] reported the value of 2 and 1.91 for the t  exponent determined at 

room temperature and at 300 K, respectively. Their conclusion was in favor of free-carrier 

recombination. On the other hand, utilizing the same approach, Hayakawa et al. [34] concluded 

that the PL is the result of both free-carrier and excitonic recombination because the  t  exponent 

values determined at room temperature were 1.45 and 1.21 for the (111)- and (100)-oriented 

MQWs, respectively. In previous studies [25, 33, 34], such excitation-power dependence 

measurements have been performed at solely few temperatures, which did not allow a detailed 

investigation of the variation of the PL mechanism. In this study, the excitation-power 

dependence was measured from 5 to 296 K in small steps of 15–20 K. In addition, PLE and 

temperature dependence of difference in energy between the MQW’s peaks and bulk GaAs band 

gap were utilized to study the PL mechanisms. 
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1.2 ZnO – a promising material for blue-ultraviolet (opto)electronics and transparent 

electronics 

Even though AlGaAs/GaAs has been widely applied in fabrication of numerous (opto)electronic 

devices working in the  red-infrared ( νh  < 1.9 eV) region, extension of this material to devices 

working in the blue-ultraviolet (UV) region ( νh  > 2.8 eV) is impeded by a fundamental 

limitation, that is, the low band gap energy of GaAs (1.424 eV at 300 K [21]). Oxide 

semiconductors are potential materials of choice for the application owing to their higher RT 

band gaps (ZnO-3.3 eV [35], α -Ga2O3-5.3 eV [36], MgO-7.8 eV [37], In2O3-3.75 eV [38], and 

α -Fe2O3-2.6 eV [39]). Among oxide semiconductors, ZnO is probably the most promising 

material. ZnO was studied as early as in 1935 [40], and has recently been of renewed interest due 

to developments in growth technique [41] and great concern about blue-UV (opto)electronics 

devices and transparent electronics [37]. Some researchers even called the recent period as the 

renaissance of ZnO [42] probably because of an significant increase in the number of papers 

devoted to ZnO during the last decade. In atmospheric pressure and RT conditions, single 

crystalline ZnO is stable in the wurtzite structure [37]. Wurtzite ZnO possesses a direct RT band 

gap of ~3.3 eV and large exciton binding energy of 60 meV. The latter energy is much larger 

than RT thermal energy (~26 meV). Therefore, excitonic lasing is feasible even at RT [43]. 

Alloying ZnO with CdO and MgO can vary the band gap energy from 2.9 to 4 eV [37], which is 

another advantage of ZnO. In addition, growth of ZnO nanostructures such as quantum well [44], 

quantum wires [45], quantum dots [46] have been all demonstrated. The superior characteristics 

mentioned above widen the range of applications of ZnO. ZnO-based transparent thin-film 

transistor (TTFT) [47], heterostructure field-effect transistor (HFET) [48], diode [49], LED [50], 

laser [51], piezoelectric device [52], gas sensor [53] have been readily fabricated.    

Despite an enormous effort paid to ZnO research, problems still remain in the field. For 

example, achievement of reproducible and stable p-type ZnO is challenging [35], implantation-

induced defects as well as dynamic annealing are not yet well understood  [54], effect of pulsed 

laser excitation power on temperature dependent PL of ZnO has not been studied, and debate on 

the origin of various defects responsible for deep level (DL) photoluminescence (PL) band 

ranging from green to yellow-orange regions (500-600 nm) [55-60] is still continuing. The 

current thesis addresses three problems as described below. 

First, little is known about the formation and annihilation of implantation-induced defects in 

ZnO probably due to rather small number of studies on ion-implanted ZnO by means of 

transmission electron spectroscopy, which is one of primary techniques to investigate an ion-

implanted layer. Iwanaga et al.[61] have reported that high voltage electron irradiation caused 

formation of interstitial loops. The interstitial were i) O interstitials displaced by irradiating 
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electrons and ii) excess Zn interstitials originally residing in the crystal before electron 

irradiation. Annealing ZnO implanted with As+ ions, Coleman et al. [62] have illustrated that 

implantation-induced damage layer was thermally less stable unimplanted ZnO. In addition, the 

study of Kucheyev et al.[54] indicates that ZnO possessed strong dynamic annealing against 300 

keV Au ion implantation, whereas relatively low dose of 60 keV Si ions could induce 

crystalline-to-amorphous phase transition in ZnO. Tin is also another group IV element like 

silicon. However, the effect of tin ion implantation on properties of ZnO has not been studied. 

On the other hand, Nitta et al. have reported formation of anomalous cellular structure in GaSb 

implanted with 60 keV Sn+ ions [63, 64]. Moreover, a dose of 1014 Sn ions/cm2 could render 

GaAs amorphous according to Taniwaki et al [65]. Therefore, the study of Sn ion implantation-

induced defects in ZnO and comparison with other materials are highly desirable. 

Second, little attention has been paid to effect of pulsed laser excitation on PL of ZnO, even 

though PL spectra excited by a continuous-wave laser has been studied rather carefully from low 

temperature  of 2 K to RT of 300 K. Low temperature (LT) photoluminescence of bulk ZnO was 

reported early in 1965 in the study of Reynolds et al. [66]. In that study, ten prominent near-

band-edge (NBE) peaks were observed and labeled as I1-I10. Later studies (see [55] and 

references therein) confirmed the presence of those peaks and the notion of Reynolds et al.[66] 

has been widely utilized. Recently, numerous studies have been devoted to temperature 

dependent PL of ZnO [67-75]. Most of these studies [67, 69-73] utilized a continuous-wave (cw) 

laser as an excitation source except for the studies of Zhang et al. [68] and Cao et al. [74], which 

utilized pulsed laser excitation. However, researchers have not addressed the question whether 

and how pulsed laser excitation power variation causes changes in i) position of PL peaks and ii) 

Varshni coefficients α  and β  derived from temperature dependence of the peaks.  

Third, the notorious problem remaining in the study of ZnO is roles of various defects (point 

defects such as VO, Oi, VZn, Zni, Lii, LiZn, CuZn, and their complexes) in the photoemission of the 

deep-level (DL) band stretching from the green region (around 2.4 eV) to yellow-orange region 

(around 2.1 eV) [55-60, 76]. Many defects were attributed to the green band. Dingle [77] found 

that the ratio of intensities of the peaks at 2.85908 and 2.85897 eV was identical to that of the 

natural abundances of 63Cu and 65Cu. Consequently, it was concluded that the green band arose 

from CuZn point defects [55, 77]. Nonetheless, later studies also suggested VZn, Zni, OZn, and VO 

as origins of the green band (see [55] and references therein). For instance, it has been reported 

in [78] that an EPR (electron paramagnetic resonance) signal with g = 1.9560 directly correlated 

to the green band PL intensity. The authors of [78] attributed this signal to +
OV  centers. 

Annealing data of Studenikin et al. [58] appeared to support this assignment. However, as has 

been pointed out in [55], the g = 1.9560  value is close to the g-factor of effective mass (EM) 
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shallow donors rather than +
OV  [79, 80]. The +

OV  centers caused the EPR signal with g║=1.9948 

and g⊥=1.9963, according to Smith and Vense [81]. For the assignment, they have put forward 

very strong arguments based on the presence of 4.1% natural abundance of the 67Zn isotope. 

Base on this assignment, Vlasenko and Watkins [79] have demonstrated a direct correlation 

between the yellow-orange (YO) band PL and the ODEPR (optical detection of electron 

paramagnetic resonance) signal of the +
OV  centers. In contrast to Vlasenko and Watkins [79], Liu 

et al. [59] attributed the YO band to Oi. On the other hand, Nikitenko [82] concluded that the YO 

band results from LiZn. As evident, much confusion occurred in literature mainly because the 

green-yellow-orange PL band is relatively broad and highly asymmetric, indicating that 

numerous transitions of close energy contribute to it. For identification of the origins of those 

transitions it is necessary to: first vary the conditions, which can cause changes in position and/or 

intensity of the band, then analyze why those changes occur. Several methods have been applied, 

for example, utilizing different growth techniques and varying parameters during the growth 

processes [57-59], and annealing ZnO in different atmospheres [56, 60]. As an alternative, 

implantation technique has been widely employed to vary optical and electronic properties, 

structure, and morphology of materials [54, 61-63, 83, 84]. Thus, it would be interesting to study 

influence of Sn ion implantation on the deep-level PL band. 

In the current thesis, ZnO wafers were implanted at RT and LT (near liquid nitrogen 

temperature) with 60 keV Sn+ ions to doses from 3.1 × 1012 to 1.5 × 1015 ions/cm2. The 

implanted wafers and an unimplanted one were systematically characterized by transmission 

electron microscopy (TEM), PL, X-ray diffractometry (XRD), atomic force microscopy (AFM), 

scanning transmission electron microscopy (STEM), energy-dispersive spectroscopy (EDS), Hall 

measurement, reflectance and transmittance techniques at RT. Combination of temperature and 

excitation dependent techniques were also employed to measure PL in the temperature range 

from 5 to 298 K in small steps of 10–20 K. Both excitations with pulsed laser and cw laser were 

utilized. The defect formation was investigated. When possible, relation between variations of 

the PL of the NBE and DL bands and changes in data obtained by the other techniques was 

discussed. 
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2  Experiments 

2.1 The samples 

2.1.1 The multiple quantum well Al0.5Ga0.5As/GaAs 

The sample utilized in this study is depicted in (Figure 1). The sample was grown on a (100)-

oriented GaAs substrate by molecular beam epitaxy. It consisted of a 0.5-µm-thick Al0.5Ga0.5As 

buffer layer, 100 periods of alternating Al0.5Ga0.5As and GaAs layers and a 6-nm-thick GaAs cap 

layer. The grown layers were unintentionally doped. The Al0.5Ga0.5As barrier width was close to 

10 nm and the GaAs well width, determined from the PL peaks (see below), was 9.6 ± 0.6 nm 

(17 ± 1 monolayers). 

 
Figure 1. The Al0.5Ga0.5As/GaAs multiple quantum well utilized in the study. 

According to [21], AlxGa1-xAs ternary alloys crystallize in the zinc blende structure for all x 

from 0 to 1. For x < 0.41-0.45 [21], AlxGa1-xAs is a direct band gap semiconductor, the Г-valley 

is the lowest valley. For x > 0.45, AlxGa1-xAs is an indirect band gap semiconductor, the X-

valley is lower than the Г-valley. However, in this study Al0.5Ga0.5As is treated as a direct band 

gap semiconductor when calculating the band offsets and the electron effective masses of the 

barrier in the Kronig-Penney model. The lattice mismatch between Al0.5Ga0.5As and GaAs at 300 

K was calculated to be 0.07% based on the formula: xxa 0078.06533.5)( +=  in [21], where 

)(xa  is the lattice constant of AlxGa1-xAs. With such a small lattice mismatch, the abrupt change 

in band gap energy is expected in the interface of Al0.5Ga0.5As and GaAs. For the detail 

parameters of the AlxGa1-xAs ternary alloys, readers are referred to the reference [21]. 
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2.1.2 The batches of hydrothermal ZnO wafers implanted with Sn+ ions.  
Hydrothermal ZnO wafers were purchased from ORBE PIONEER LTD. The purity of the 

wafers was advertised to be 99.99%. According to the producer website, the ZnO wafers 

contained other impurities in ppm level as listed in Table 1. Ion implantation was performed by 

Professor Taniwaki Masafumi from Kochi University of Technology.  

Table 1. Concentrations of various impurities in ppm in the purchased hydrothermal ZnO wafers. The table 

was taken from the website of the producer ORBE PIONEER LTD. 

Ca Mg Fe Ni Cu Mn Cr Co 
1.83 4.69 0.61 0.92 0.007 0.15 <0.01 <0.02 

Ag Ti Al Li Mo V Na K 
<0.02 0.049 0.67 1.1 <0.02 <0.01 6.53 6.1 

  

The zinc surface of the wafers was implanted by a home-made ion implanter, which locates 

at Kyoto University Research Reactor Institute, Japan. A titanium filament was heated up to 

approximately 1500 oC. Electrons sputtered from the filament ionized the Ar atoms which filled 

the chamber. The ionized Ar atoms were accelerated by an electric field of 750 V between the 

filament and the target. The target was made from phosphor bronze (CuSnP), which contains 

3.5-10 % Sn and 0.03-0.35 % P. The accelerated Ar atoms bombarded the target and caused the 

sputtering of its constituents Cu, Sn, and P. The ions Cu, Sn, and P were accelerated by a 60 keV 

electric field. Subsequently, the 60 keV Cu, Sn, and P entered a tube surrounded by a wire coil. 

Magnetic field produced by current running through the coil exerted Lorentz force on the ions. 

As a result, Cu, Sn, and P ions were bent in different trajectories, which enabled selection of 

solely Sn ions. The 60 keV Sn+ ions perpendicularly bombarded the zinc surface of a ZnO wafer, 

which was stored in a 2 × 10-6 Torr chamber. The temperature of the wafer was kept at room 

temperature (RT) or nearly liquid nitrogen temperature (see Error! Reference source not 

found.). Hereafter the liquid nitrogen temperature was referred to as low temperature (LT). 

There were two batches of samples. The implantation dose of the samples in the two batches was 

listed in Error! Reference source not found.. Error! Reference source not found. also 

specifies which characterization techniques were performed in which samples. For brevity, the 

samples are hereafter referred to by their batch, implantation temperature, and implantation dose. 

For example, the b2 RT 8.0 × 1013 ions/cm2 sample is the wafer in batch 2 implanted at RT to a 

dose of 8.0 × 1013 ions/cm2. 
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Table 2. Implatation dose of the sample in the batches 1 and 2 and characterization techniques performed on 

the samples. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

(Continue) 

Sample Dose Characterization techniques 
Batch Tempe-

rature 
1014 

ions/ 
cm2 

PL CTE
M 

STE
M 

EDS XR
D 

AF
M 

Trans. 
and 
Refl. 

Hall 

Unim-
planted 

0       O O 

2       O O 
4       O O 
8  O O O   O O 

RT 

1.5  O O O   O O 
4       O O 
8       O O 

1 

LT 

1.5  O O O   O O 
0.036 O    O O O O 
0.41 O    O O O O 
0.8 O    O O O O 
1.6 O    O O O O 

RT 

2.5 O    O O O O 
0.41     O  O  
0.88     O  O  
2.4     O  O  

2 

LT 

4.9     O  O  
O: performed and reported in this thesis. 
Empty box: not reported in this thesis.  

Sample Dose 
1014 

ions/cm2 

Tempearture, 
K 

Implantation 
time 

 

Date 
Batch Temperature 

1 Unimplanted 0   2009/12/6 
RT 2   2009/12/6 

4   2009/12/6 
8   2009/12/6 

1.5   2009/12/6 
LT 4 112 27’20’’ 2009/12/19-20 

8 112 46’12’’ 2009/12/19-20 
1.5 112 30’30’’ 2009/12/19-20 

2 RT 0.036 298 25’’ 2010/05 
0.41 298 3’40’’ 2010/05 
0.8 298 5’ 2010/03 
1.6 298 14’ 2010/03 
2.5 298 21’ 2010/03 

LT 0.41 131 15’50” 2010/9/10 
0.88 133 14’ 2010/9/10 
2.4 114 27’30’’ 2010/9/9 
4.9 128 49’29’’ 2010/9/14 
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2.2 Characterization techniques 

2.2.1 Photoluminescence techniques 

2.2.1.1 Simple photoluminescence (PL) 

In the PL technique, an electron is excited from the valence band to the conduction band leaving 

a hole in the valence band by means of an excitation source, whose energy is larger than the 

energy of the semiconductor band gap. The excited electron and hole then relax to the bottom of 

the conduction and the top of the valence band, respectively. Subsequently, the electron and hole 

recombine releasing by a photon. The process is illustrated in (Figure 2) 

 

 

Figure 2. Energy scheme in PL technique 

To measure the PL of the Al0.5Ga0.5As/GaAs MQW, the sample was excited with a 635 nm 

line of a laser diode. The PL emission was focused onto the slit of a 0.3-m-diffraction-grating 

monochromator (Acton Research Corporation SpectraPro®-300i), whose blaze wavelength and 

groove density were 1 µm and 600 g/mm, respectively.  A 100×1340 Roper Scientific CCD 

(charge coupled device) array was used to record the PL signal. The system was calibrated by 

Spectrograph Calibration method (see the manual WinSpec Princeton Instruments Spectroscopic 

Software Version 2.5C). In the excitation-power dependence measurements, output power of the 
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laser diode was varied with an optical attenuator and was registered by means of an optical 

power meter. 

To measure PL of a ZnO implanted at RT with Sn+ ions to a dose of 3.6 × 1012 ions/cm2 at 

temperature range from 5 to 298 K, the same system as that in the previous paragraph was 

utilized except for the excitation laser and the grating. When the near-band-edge (NBE) PL was 

measured (357-422 nm), the grating, whose blaze wavelength and groove density were 0.3 µm 

and 1200 g/mm, respectively, was utilized. When the whole spectrum including deep-level PL 

was measured (330-800 nm), the grating, whose blaze wavelength and groove density were 0.5 

µm and 1200 g/mm, was utilized. Since any position of the last grating could not cover the wide 

wavelength range from 330 to 800 nm, the “Step and Glue” data acquisition mode was used. The 

minimum overlap was 45 nm. The sample was excited with the 266-nm line of the fourth 

harmonic generation from an Nd3+: YAG Q-switched pulse laser (pulse duration: ~10 ns, 

repetition rate: 16 kHz, maximum output average power: ~10 mW). The pulse peak power was 

approximately 103 times more than the measured maximum output average power. The average 

excitation power was varied from 0.33 ± 0.02 to 7.5 ± 0.05 mW by means of an optical 

attenuator. The excited area was estimated to be 10-5 cm2. Note that accuracy of the estimated 

area was limited merely to the order of the value because the excited-spot size could not be 

determined precisely.  

The PL of ZnO wafers implanted with 60 keV Sn+ ions at RT to doses of 3.6 × 1012−2.5 × 

1014 ions/cm2 was also measured by a HOBIRA Jobin Yvon system. The samples were excited 

with the 325-nm line of a continuous wave He-Cd laser. The PL emission was focused onto the 

slit of a 0.32-m-diffraction-grating spectrometer (iHR320 HOBIRA Jobin Yvon), and a 

256×1024 pixel CCD (charge coupled device) array (the Synapse CCD camera HOBIRA Jobin 

Yvon) was used to record the PL signal. 

To compare the effect of the 266 nm line Q-switched pulsed laser excitation and the 325 nm line 

cw He-Cd laser excitation on PL of the b2 RT3.6 × 1012 ions/cm2 ZnO wafer, room-temperature 

PL spectra excited by both lasers were measured by means of the HOBIRA Jobin Yvon system. 

The excited spot areas were 1.2 × 10-3 and 2.6 × 10-4 cm2 in the cases of pulsed laser and cw 

laser excitation, respectively.  

The two measurement systems are hereafter referred to shortly as the Princeton and Hobira 

systems. 
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2.2.1.2 Photoluminescence excitation (PLE) 

Photoluminescence excitation (PLE) technique is a powerful technique to determine energy 

levels in semiconductors. Different from PL technique, in the PLE technique the excitation 

wavelength is varied. PL spectra are measured for all excitation wavelengths [see (Figure 3)(a)]. 

These PL spectra then are normalized by excitation power [see Fig. 3 (b)]. Subsequently, a 

detection wavelength is fixed, and the normalized PL intensity at the detection wavelength is 

plotted as a function of excitation wavelengths. As a result, a PLE spectrum is obtained. For 

simple imagination, if the Fig. 3(b) is cut by a plane perpendicular to the Detection Wavelength 

axis, the resulting intersection is a PLE spectrum. Figure 3(c) shows some PLE spectra at 

different detection wavelengths. The arrow in Fig. 3(c) indicates the detection wavelength or 

detection energy (DTE) as normally denoted in PLE spectra. The DTE is usually selected at the 

low-energy shoulder of a peak observed in a PL spectrum. Though the PL intensity is measured, 

a PLE spectrum is similar to an absorption spectrum because the more photons of some 

excitation wavelength a sample absorbs, the more photons of the detection wavelength the 

sample emits. However, PLE spectroscopy is generally more sensitive than absorption 

spectroscopy, e. g. in many cases transitions, which do not appear in an absorption spectrum, can 

be readily resolved in a PLE spectrum. 
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Figure 3. (For illustration purpose only) (a) PL spectra of CdSe quantum dots measured with numerous 

excitation wavelengths (b) normalized PL spectra, whose intensity was normalized by excitation power (c) 

some representative PLE spectra at different detection wavelengths. 

In this study, PLE measurement was performed only in the Al0.5Ga0.5As/GaAs MQW at 5 K. 

Experimental scheme for PLE measurement is shown in (Figure 4). The excitation source was a 

Ti: sapphire laser, whose wavelength was varied in the range 716–820 nm with a step of about 1 

nm. Part of the laser beam was divided by a half mirror and measured by a power-meter for 

normalizing PL spectra. 
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Figure 4. Experimental scheme for PLE measurement. 

 

2.2.2 Transmission and reflection 

Figure 5 shows experimental scheme for transmission and reflectance measurements. The 

measurements were conducted by means of a UV-4100 C system. The light source provided 

wavelengths in the range from 176 to 2500 nm. As shown in Figure 5, the light incident beam 

made angles of 0 and 5 degrees with respect to the normal of the sample surface in the 

transmission and reflection measurements, respectively. In addition, a system of four mirrors was 

also utilized in the reflectance measurement (see Figure 5). 
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Figure 5. Experimental scheme for transmission and reflectance measurements. 

2.2.3 Four-point Van De Pauw measurements 

Currently, the resistivity, Hall mobility, and carrier concentration measurements are routinely 

conducted in the conventional four-point Van der Pauw configuration [85]. In this method, four 

contacts are produced on the sample surface near the sample edge. An current ijI  is injected 

through contacts i  and j  ( i : input,  j: output), and the potential difference between the other 

two contacts klkl VVV −=  is measured. The resistance ijklklij IVR /, =  is calculated. According to 

Van der Pauw [85], the sheet resistance sR  satisfied the equation:  

1)/exp()/exp( 41,2334,12 =−+− ss RRRR ππ , where the contacts from 1 to 4 are numbered in the 

anti-clockwise order. In his original paper, Van der Pauw plotted a graph, which allows 

determination of sR  graphically, knowing 34,12R  and 41,23R . But nowadays, the equation can be 

numerically resolved for the variable sR  with the help of a personal computer. The sheet 

resistance sR  relates to the resistivity ρ  of the sample and the sample thickness d  by the 

formula: dRs=ρ . The sheet Hall coefficient HsR , Hall coefficient HR , and mobility Hµ  can be 

determined by the formulae: BRRHs /24,13∆= , dRR HsH = , and sHsH RR /=µ , respectively, 

where B  is magnetic induction and 
)0(24,13)0(24,1324,13 =≠

−=∆
BB

RRR . The positive magnetic field 
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direction is specified in Figure 6. When 0>B  is applied, if 024,13 <∆R , the major charge carrier 

is electron and 024,13 >∆R , the major carrier is hole. The sheet carrier concentration sn  and 

carrier concentration n  are calculated by the formulae: 24,13/ ReBns ∆=  and dnn s /= . When 

performing Van der Pauw measurements, an operator usually commutates the contacts and 

switches the polarities of the injected current, measured voltage, and magnetic field to obtain 

statistically more accurate results. 

 
Figure 6. A ZnO wafer image denoting the implantation area, position of In contacts, positive direction of 

magnetic field in the four-point Van der Pauw measurements. . 

In this study, the Hall measurements were conducted to investigate the variations of electrical 

properties of ZnO wafers with implantation conditions (dose and temperature). The 

measurements were conducted at RT by means of a HL5500PC Accent Optical Technologies 

system. The system utilized a permanent magnet of ~0.505 Tesla. After measurements of the 

corresponding resitances klijR , , the system automatically calculated sR , ρ , HsR , Hµ ,  sn , and n , 

given that the thickness of 0.5 mm of the wafers was inserted a priori. The contacts were 

produced by evaporating indium in a 3 × 10-4 Pa chamber. Positions of the contacts are shown in 

the Figure 6. 

 

2.2.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a powerful tool to study crystal structures, chemical analysis and 

stress measurement, phase equilibria, grain size, orientation of different domains in 
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polycrystalline aggregates [86]. In XRD, X-ray parallel beams is utilized to irradiate a sample, 

the beams reflect from parallel atomic planes in the sample, the reflected beams subsequently 

interfere with each other. If the angle between the the X-ray beam and the atomic planes θ  (see 

Figure 7), and the interplanar spacing between the plane d , and the X-ray wavelength λ  satisfy 

the Bragg’s law: 

 
Figure 7. Scheme illustrating working principle of the X-ray diffraction. 

λθ nd =sin2                                         (1) 

where n is an integer and it is called the order of reflection, then the reflected beams produce an 

intense peak. There exists numerous varieties of XRD measurements such as out-of-plane, in-

plane, rocking curve, and pole measurements [86]. However, in this thesis results of merely the 

most popular θθ /2  measurement are reported. In this measurement, both the angles between the 

incident beam and i) the sample surface  θ  and ii) the detector θ2  are varied. The detected 

signal intensity is plotted as functions of θ2 .  

The measurements were conducted by means of a JEOL Rigaku ATX system. The emitted 

X-ray from a copper target normally contained Cu Kα, CuKβ, and WLα lines. Therefore, a Ge 

220 crystal collimator is utilized to i) render the incident X-ray beam parallel and ii) select solely 

Cu Kα (λ = 1.5418 Å) for the measurement. This experimental set up was referred to in literature 

as double crystal diffraction (DCD) [87, 88] configuration [see Figure 8(a)]. In addition, triple 

crystal diffraction (TCD) configuration [84, 89]  was also utilized to improve the measurement 

resolution. In TCD configuration, an additional Ge 220 crystal was placed behind the sample as 

an analyzer [see Figure 8(b)]. In this thesis, the XRD measurements were conducted merely in 

the ZnO wafers not in the AlGaAs/GaAs MQW. 
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Figure 8. (a) Double crystal (DCD) and (b) Triple Crystal (TCD) X-ray diffraction configurations. 

2.2.5 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a tool to study surface morphology of interested samples. In 

AFM, a sharp tip attached to a cantilever is utilized to probe the sample (see Figure 9). When the 

tip approaches the sample surface, the atoms on the sample surface exert a force on the front 

atoms of the tip. This force bends the cantilever. The bending is monitored via a photo diode, 

which detects intensity of a reflected laser beam. The incident laser beam is directed on the top 

of the cantilever. A feedback system is employed to adjust the Z distance between the tip and the 

sample surface (see Figure 9). AFM operation is divided into static and dynamic modes [90]. In 

the static AFM mode, while the tip is scanning the sample surface, the feedback system adjusts 

the Z distance so that the force between the sample and the tip is kept constant [90, 91]. 
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Consequently, a map of Z as a function of X and Y results in the image of the sample 

morphology. This imaging mode is also referred to in literature as dc contact mode [91]. In the 

dynamic AFM mode, the tip is deliberately vibrated. The dynamic itself is divided into 

amplitude modulation (AF) [92] and frequency modulation (FM ) [90, 93] modes. In the AM 

mode, when the tip is brought close to the sample surface, the interaction between sample and 

the tip changed the tip oscillation amplitude, the feedback system adjust the Z distance so that 

the oscillation amplitude is kept constant. Similar to the static AFM mode, the AFM image 

results from a map of Z as function of X and Y. In the FM mode, not oscillation amplitude but 

oscillation frequency variation [93] is registered as function of X and Y. The frequency variation 

is caused by the interaction of the tip and the sample. In literature, the dynamic AFM mode is 

usually called non-contact mode, in the sense that the tip is not necessarily brought into contact 

with the sample. The dynamic AM mode has another variety mode called tapping mode, in 

which the driving oscillation amplitude is large so that the tip is brought to close contact with the 

sample surface (or tapped to sample surface) in a small time during one vibration period. This 

reduces the damage on the sample in comparison with the dc contact mode. In addition to the 

topography image type, there exist also frictional-force and phase image types. The readers are 

referred to the reference [91] for the detailed discussion.   

 
Figure 9. Simplified scheme describing the working principle of an AFM. 



 28

In this study, AFM was utilized to measure morphology of implanted ZnO wafers. The 

general purpose was to investigate whether the relationship between the wafer roughness and PL 

intensity exists. Morphology of the samples was investigated by means of a JEOL TM-4210BU 

Scanning Probe Microscope, which was set to the AFM contact mode. 

2.2.6 SRIM 

The simulation of ion implantation process has been developed since 1960s. Nowadays, the most 

popular software package is TRIM or SRIM (Transport of Ions in Matter or Stopping and Ions in 

Matter) depending on version. The software has been developed by James F. Ziegler, Jochen P. 

Biersack, and Matthias D. Ziegler since 1980s. Generally, the authors utilized the Monte Carlo 

method, detail descriptions of the method can be referred to the authors’ book [94] and will not 

be reproduced in the current thesis. The SRIM software posseses many advandtages such as i) 

user-friendly interface, since the interface is self-explained and the simulation parametters are 

automatically provided and ii) trajectories of a large number of implanted ions can be tracked in 

reasonable fast time with normal mordern personal computer. However, the SRIM program 

suffers from two major disadvantages. First, it does not take into account the structure of the 

target materials [94]. Second, the program does not consider important effects during ion 

implantation process such as dynamic annealing [94]. In fact, as claimed by the author of the 

program, all calculations are performed as if all damage events happen at 0 K. Despite those 

limitations, SRIM is very helpfull for experimentalists, who want to know general outcomes 

when they implant a concrete ion into a concrete target. 

The calculations itsef are rather complicate; however, for a experimentalist it is important to 

understand outputs that the latest SRIM version (SRIM-2011) provides. Below are outputs, 

which are relevant to the study reported in this thesis, : 

- The trajectories of ion implants and recoils. Here, recoils are host atoms, they either are 

knocked out from the previously balanced position or vibrate stronger around the 

balanced position after collision with the ion implants. The trajectories are depicted in 

four graphs: XY longitudinal, XZ longitudinal, XY ions only, and YZ lateral. Here, the 

X-axis is coincident with the ion incident beam direction, YZ plane are parallel to the 

surface of the target. The first three graphs show the depth trajectories of the recoils (XY 

longitudinal and XZ longitudinal) and the ions (XY ion only), whereas the last graph 

shows the transverse view of recoils’ trajectories. 

- Ion and recoil distributions. These graphs show the depth distributions of the ion implants 

and recoil host atoms. 
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- Damage events. These graphs show the depth distributions of implantation-induced host 

atoms’ vacancies. Note that the SRIM program treatments imply that these vacancies do 

not recover after being knocked out from the previous (before implantation) position. The 

treatments are unrealistic. 

- The 3D-distributions of ions, recoils, and vacancies. 

2.2.7 Conventional transmission electron microscopy (CTEM) 

2.2.7.1 TEM sample preparation 

The TEM samples in this study were prepared by means of a focused ion beam (FIB) FEI 

QUANTA 3D 200i system. The system provides Ga+ ions, which serve to i) mill the sample, ii) 

deposit platinum (Pt) protection and attachment layers, and iii) monitor the preparation process. 

Before the preparation process, the samples were deposited with conductive Au layer to prevent 

charge accumulation and to protect the sample from being damaged by the ion beam in the initial 

stage of Pt deposition process. To deposit the Pt protection layer, C9H16Pt gas was allowed to 

blow on the interested region; the ion beam was directed to the region simultaneously. As a 

result, Pt atoms were deposited on the sample surface. After that, the ion beam was utilized to 

dig two trenches into the sample leaving a wall between the trenches see Figure 10(a). The top 

surface of the wall was covered with the Pt protection layer. The depth of the trenches was few 

micrometers and the thickness of the wall was about 1.5 µm. Note that the sample surface was 

perpendicular to the ion beam in the Pt deposition and digging steps. Next, the sample was tilted 

so that its surface made an angle of 45 o with the ion beam and the ion beam was utilized to cut a 

U-shape piece from the wall see Figure 10(b). The wall was almost cut out from the sample 

wafer except for a small bridge [(see the right side of the wall in Figure 10(b)]. Subsequently, a 

sharp tip called omniprobe was inserted into the chamber near the wall [see Figure 10(c)]. The 

small piece of the sample (the wall) was attached to the omniprobe by Pt deposition. The small 

bridge was then cut off and the small piece was taken out from the wafer [see Figure 10(d)]. 

Subsequently, the small piece was placed on a copper grid sample holder; Pt deposition was 

performed once again to attach the small piece to the copper grid [see Figure 10(e)]. The sample 

stage was rotated again so that the top surface of the small piece was perpendicular to the ion 

beam. Finally, the piece was milled to desired thickness by mean of the ion beam [see Figure 

10(f)].    
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Figure 10. TEM sample preparation by means of FIB: (a) Digging two trenches, (b) U-shape milling, (c) 

Attaching a piece of sample to an omniprobe (d) Taking out the sample (e) Attaching the sample on a copper 

grid sample holder, and (f) Milling sample to desired thickness.  

 

2.2.7.2 Operation of TEM: BF, DF, SAED, and HRTEM images 

Transmission electron microscopy (TEM) is a powerful technique for observation of nanoscale 

structures. It has been widely utilized to characterize ion-implanted samples. In TEM, a high 

energy (hundreds of kilo-electron volts) electron beam is utilized to illuminate an examined 

sample, whose thickness is typically less than ~100 nm [95]. For imaging, TEM uses electrons 

that cross over the sample. If the electron beam crosses the sample without angle deviation, it is 

termed as a transmitted beam (or direct beam [95]), if it reflects from the sample’s 

crystallographic planes, it is termed as a diffracted beam (see Figure 11). There exist two 

fundamental imaging modes in TEM. In the diffraction mode, the back focal plane (BFP) of the 

objective lens is projected onto the viewing screen; whereas in the image mode, the image plane 

of the objective lens is projected (see Figure 12). In the diffraction mode, normally the objective 

aperture is opened wide and the selected-area aperture is inserted to select the area of interest, 

here comes the term selected-area electron diffraction (SAED). In the image mode, the selected-

area diffraction (SAD) aperture is usually opened wide and the objective aperture is inserted to 

select interested spots. Bright field (BF) and dark field (DF) regimes are usually utilized to take 

photos of samples. In the BF regime, the objective aperture is adjusted so that it does not 
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intercept the transmitted spot. Several diffracted spots around the transmitted spot can be 

selected also. However, it is a trade-off between the brightness and contrast, the more spots are 

selected the brighter the image is but the worse the image contrast is and vice versa. To take a 

simple DF images, the objective aperture is adjusted so that it intercepts the transmitted spot. As 

a result, merely diffracted spots are selected. Again, the number of selected diffracted spots 

depends on the quality of the image. DF images taken in this manner are generally not preferable 

because the diffracted beams travel off from the optic axis, which increases aberration and 

astigmatism. To overcome this problem, the incident beams are normally tilted so that the 

selected diffracted spot lies on the optic axis. This can be realized by changing the regime from 

Bright Tilt to Dark Tilt. This technique is called centered dark-field (CDF) imaging. Unlike BF 

or DF images, which result from amplitude contrast, high-resolution TEM (HRTEM) images 

result from phase-contrast [95]. When electron waves travel across very thin sample (typically 

less than 50 nm [95], as the result of scattering by the sample’s atoms, the electron waves pass 

through the sample with uniform amplitude but with phase shift [96]. This phase shift is 

introduced by the atoms of the specimen; therefore, atomic resolution can be obtained in 

HRTEM images. It should be noted that phase shift can be introduced also by the aberration and 

defocusing of lenses [95]. Therefore, not every time the obtained HRTEM images can be 

interpreted intuitively as in the cases of DF and BF images. To obtain HRTEM images, i) the 

samples need to be very thin to avoid inelastic scattering of the electrons, ii) the electron beam 

need to be aligned precisely along the zone axis [95], this can be done by centering the crossover 

of Kikuchi lines to the center of the viewing screen see Figure 13, ii) the objective aperture is 

maximally opened to select as many diffracted beams as possible. 

 
Figure 11. Electron beams in TEM. 
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Figure 12. Simplified scheme describing the working principle of TEM. 
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Figure 13. Crossover of Kikuchi lines was placed in the center of the viewing screen. The image was taken in 

the batch 2 RT 8 x 10
14 
ions/cm

2
 sample. 

In the current thesis, TEM was performed to study the defects in the Sn+ implanted layer of 

ZnO wafers. The images were taken either by JEOL JEM-2100F or JEOL JEM-2010F TEMs. 

The working acceleration voltage in both TEMs was 200 keV. 

2.2.8 Scanning transmission electron microscopy (STEM) 

Employing the same post-sample lens system but differing from conventional TEM (CTEM), 

scanning transmission electron microscopy (STEM) utilized a highly-convergent electron beam 

to probe a sample instead of a broad (or parallel) beam and the probe is scanned across the 

sample instead of static imaging [95]. While scanning, the intensity of electrons emerging from a 

small area on the sample is registered by means of a detector, in that sense STEM is similar to 

scanning electron microscopy (SEM). The detector is placed on the plane conjugate to BFP of 

the objective lens [95]. Depending on the position and shape of the detector, images can be 

obtained in BF, DF, annular dark field ADF, and high-angle annular dark field HAADF modes 

[95]. In the BF mode, the detector is placed on the optic axis to register the transmitted beam, in 

the DF off the optic axis to register diffracted beams (see Figure 14). In the ADF mode, the 

detector possesses an annular shape and registers diffracted beams even though its center is 

aligned on the optic axis (see Figure 14). In the HAADF, diffracted beams, which make large 

angles with the optic axis, are registered by the annular-shaped detector. Resolution of STEM is 

not determined by the aberration of the objective lens as in the case of CTEM but by the probe 

size, and STEM is sensitive to atomic numbers of the atoms that constitute the sample [95]. 

These are the major advantages of STEM in comparison with HRTEM. 
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Figure 14. Simplified scheme describing the working principle of STEM. 

In this thesis, STEM was utilized to take BF images of the implanted layer in the ZnO wafers. 

The images were compared to the distribution of elements taken by EDS. The STEM system was 

incorporated to the JEOL JEM-2100F TEM. 

 

2.2.9 X-ray energy dispersive spectroscopy (EDS) 

The composition of interested materials can be analyzed by means of X-ray Energy dispersive 

spectroscopy (EDS) technique. In EDS, high energy electrons (from a few keV to hundreds of 

keV) bombard an interested sample. Interaction of these electrons with the constituents of the 

materials can produce continuum and characteristic X-rays [95, 97]. Continuum X-rays, also 

called Bremssrahlung X-rays, result from deceleration of the incident electrons [97] by the 

Coulombic field of the sample atoms. Bremssrahlung X-ray energy can vary in the range from 

zero to the energy of incident electrons [97]. The incident electrons can also displace the 

electrons in the inner shells of the sample atoms leaving vacancies in the inner shells (see Figure 

15). As the electrons from the outer shells fill the vacancies, characteristic X-rays are emitted 

from the sample. The photon energies of the characteristic X-rays are equal to the differences in 

energy of the outer shells and the inner shells and therefore are unique for each element. 

Registration of these characteristic X-ray photons can determine i) which elements are available 

in the sample, qualitatively speaking and ii) atomic percentages of the elements, quantitatively 
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speaking. Nowadays, energy dispersive spectrometers are routinely incorporated in scanning 

electron microscopes (SEMs) and transmission electron microscopes (TEMs), which make SEM 

and TEM analysis more powerful. Especially in TEM, mapping of different elements in the 

interested region of the sample can be readily performed. Namely, an image of the interested 

region is taken by TEM or STEM; subsequently, the distribution of various elements in the 

region is measured by EDS. However, the atomic percent of constituents should be larger than 1-

2 % to be observable in conventional EDSs [97].  

 
Figure 15. Production of continuum and characteristic X-rays when the sample is bombarded by high energy 

electrons. 

In this thesis, the EDS was performed to search for possible variation of relative Zn and O 

atomic percent ration in the implanted layer compared to the unimplanted layer. This information 

would be helpful for judgment of deep level PL origins. The EDS was incorporated in the TEM, 
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whose details were described in section 2.3.7.2. The EDS detector was cooled by Peltier 

elements. 
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3  Photoluminescence of an Al0.5Ga0.5As/GaAs MQW in the temperature range from 5 to 400 

K 

3.1 The photoluminescence spectra and the temperature dependence of peak positions. 

The PL spectra from the MQW are shown in Figure 16. At 5 K, 3 peaks were observed at 

1.518, 1.565, and 1.572 eV. At this temperature, the 1.572 eV peak had the highest intensity. As 

the temperature was increased, an additional peak appeared on the high-energy side of the 

strongest peak. At 50 K, four separate peaks can be distinguished; they were denoted as peak 1, 

peak 2, peak 3, and peak 4 in order of increasing energy. The energy difference between peak 4 

and peak 3 at 50 K was 15 meV.  

 
Figure 16. PL spectra of the Al0.5Ga0.5As/GaAs MQW at different temperatures. 

 

In Figure 17, the energy of each peak is plotted as a function of temperature and compared to 

the bulk GaAs band gap energy, which is described by the formula [98]: 

)204/(10405.5519.1)( 24 +××−= − TTTE g , where )(TEg  is the band gap energy measured in 

eV at T  K. It can be seen that the curves for peaks 1, 3, and 4 follow the general shape of the 

bulk GaAs band gap energy curve, shown by the dashed line. The curve for peak 1 is very close 



 38

to the bulk GaAs band gap energy curve, and can therefore be attributed to PL from the GaAs 

substrate. In addition, peaks 3 and 4 can be attributed to the hhe 11 −  and lhe 11 −  transitions[24, 

99], respectively. Figure 2 also shows the calculated energies for the hhe 11 −  (solid line) and 

lhe 11 −  (dotted line) transitions in an Al0.5Ga0.5As/GaAs MQW with a well width of 9.6 nm. The 

calculations were carried out based on the Kronig-Penney model. The calculations are described 

in the next section. 

 
Figure 17. Energies of peaks 1, 2, 3, 4, the bulk GaAs band gap, and the calculated 1e-1hh, 1e-1lh  transitions 

versus temperature. 

3.2 The Kronig-Penney fits 

Figure 18 shows the energy scheme of an Al0.5Ga0.5As/GaAs QW. For simplicity, in the Kronig-

Penney model it is considered that the potential barrier possesses the rectangle shape.  
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Figure 18. Energy scheme of an Al0.5Ga0.5As/GaAs QW 

Time-independent Schrödinger equations for the wave functions of the carrier (electron) 

 in area I: 0)(
)(

2 2

22

=−− xE
dx

xd

m
I

I

w

ψ
ψh

, where wm - mass of a charge carrier (electrons or 

holes) in the well. 

in area II: 0)()(
)(

2 2

22

=−+− xEV
dx

xd

m
IIb

II

b

ψ
ψh

, where bm - mass of a charge carrier (electrons 

or holes) in the barrier. 

 

Solutions of those equations are: 

in area I: )sin()cos()( 11 xBxAxI ααψ += , where 
h

Emw2
=α . 

in area II: )sinh()cosh()( 22 xBxAxII ββψ += , where 
h

)(2 EVm bb −
=β . 

For the sake of convenience, axis x was set as shown in the Figure 18. As the results, 

boundary conditions would be: 

 (1): 21)0()0( AAIII =→=ψψ  (because the wave functions should be continuous at 0=x ) 

(2): 21)0(')0(' BBIII βαψψ =→= (because the first derivatives of the wave functions should be 

continuous at 0=x ) 

)sinh()cosh()( 11 xBxAxII β
β
α

βψ +=→  
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and periodical conditions of wave functions: 

(3): )sinh()cosh()sin()cos()()( 1111 bbwwbIIwI LBLALBLALL β
β
α

βααψψ +=−→=−  

(4): )cosh()sinh()cos()sin()(')(' 1111 bbwwbIIwI LBLALBLALL βαββααααψψ +=+→=−  

So we have a system of linear equations for 1A  and 1B : 
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11
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βαααββαα

βααβββαβ
 

Since this system should have an infinite number of roots, because the wave functions may 

differ from each other by a multiply factor, so the determinant : 

)sinh()sin((

)cosh()cos(

bw

bw

LL

LL

ββαα

ββαβ

−

−

)cosh()cos(

))sinh()sin((

bw

bw

LL

LL
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−

+−
 

should be equal to zero. From that, the following equation can be obtained to define the energy 

level of electrons or holes in the QW:  

01)cosh()cos()sinh()sin(
2

22

=−+
−

bwbw LLLL βαβα
αβ
αβ

                  (2) 

Strictly speaking, equation (2) slightly differs from the equation normally quoted in textbooks, 

for examples, [100]. Namely, instead of simple “ 1− ”, the last term is usually written as 

“ )](cos[ bw LLk +− ”. The difference results from the difference in boundary conditions. In the 

textbook [100], the wave function at wL−  may differ from that at  bL−  by a phase factor, e.g 

)()( )(
b

LLik

w LeL bw ψψ +=− , where 
)(

2

bw LLN

r
k

+
=

π
, ,...2,1,0=r  By selecting 0=r , the term 

“ )](cos[ bw LLk +− ” becomes “ 1− ” as in Eq. (2). In practice, the results of calculation did not 

strongly depend on this term because )sinh( bLβ  and )cosh( bLβ  are normally much larger than 

unity, hence, the first and the second terms normally are much larger than the last term, which 

can be neglected. 

The values of the band offsets, effective light hole masses, and effective electron masses 

were derived from [101] as follows: 

298/)]2()300([)2()2()( cccc EETETE ∆−∆×−+∆=∆  

where )(TEc∆ , )2(cE∆ , and )300(cE∆  are the conduction band offset at T , 2, and 300 K, 

respectively. According to [101], )2(cE∆  and )300(cE∆  were calculated by placing 5.0=x  into 

the formulae:  )1288.09456.0()( 2
2 xxxE KTc +=∆ = (eV) and 
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)217.0805.0()( 2
300 xxxE KTc +=∆ = (eV) for the conduction band offset of the Al0.5Ga0.5As/GaAs 

quantum well at 2 and 300 K, respectively. 

298/)]2()300([)2()2()( vvvv EETETE ∆−∆×−+∆=∆  

where )(TEv∆ , )2(vE∆ , and )300(vE∆  are the valence band offsets at T , 2, and 300 K, 

respectively. According to [101], )2(vE∆  and )300(vE∆  were calculated by placing 5.0=x  into 

the formulae:  )0912.04145.0()( 2
2 xxxE KTv +=∆ = (eV) and 

)153.0350.0()( 2
300 xxxE KTv +=∆ = (eV) for the valence band offset of the Al0.5Ga0.5As/GaAs 

quantum well at 2 and 300 K, respectively. 

)
204

10902.3
0951.0()( 2

5

0)( T
T

mTm
GaAslh +

×
−×=

−

 

where )()( Tm
GaAslh  is an effective GaAs light hole mass at T  K and 0m  is a free electron mass.  

 

298/)]2()300([)2()2()( )()()()( AlGaAslhAlGaAslhAlGaAslhAlGaAslh mmTmTm −×−+=  

where )()( Tm
AlGaAslh , )2()( AlGaAslhm , and )300()( AlGaAslhm  are the  effective light hole masses of 

the barrier Al0.5Ga0.5As/GaAs at T , 2, and 300 K, respectively. According to [101], 

)2()( AlGaAslhm  and )300()( AlGaAslhm  were calculated by placing 5.0=x  into the formulae:  

)0097.00441.00951.0()( 2
02)( xxmxm KTAlGaAslh ++==  and 

)0163.0372.0088.0()( 2
0300)( xxmxm KTAlGaAslh ++==  for the effective light hole masses of the 

Al0.5Ga0.5As barrier at 2 and 300 K, respectively. 

)
204
10848.1

0665.0()( 2
5

0)( T
T

mTm
GaAse +

×
−×=

−

 

where )()( Tm
GaAse  is an effective GaAs electron mass at T  K and 0m  is a free electron mass.  

298/)]2()300([)2()2()( )()()()( AlGaAseAlGaAseAlGaAseAlGaAse mmTmTm −×−+=  

where )()( Tm
AlGaAse , )2()( AlGaAsem , and )300()( AlGaAsem  are the  effective light hole masses of the 

barrier Al0.5Ga0.5As/GaAs at T , 2, and 300 K, respectively. According to [101], )2()( AlGaAsem  

and )300()( AlGaAsem  were calculated by placing 5.0=x  into the formulae:  

)0137.01006.00665.0()( 2
02)( xxmxm KTAlGaAse ++==  and 

)0231.00856.00632.0()( 2
0300)( xxmxm KTAlGaAse ++==  for the effective electron masses of the 

Al0.5Ga0.5As barrier at 2 and 300 K, respectively. 
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Due to the lack of temperature dependences of the effective heavy hole masses in literature, 

the effective heavy hole masses of Al0.5Ga0.5As/GaAs were considered as constants in the whole 

temperature range from 5 to 400 K. The values of the effective heavy hole masses of GaAs and 

Al0.5Ga0.5As  were calculated by placing 0=x  and 5.0=x  into the formula: 

)25.051.0()( 0 xmxmhh +=  given in [21]. Note that variation in the effective heavy hole masses 

did not cause a significant change in the calculated results of the hhe 11 −  and lhe 11 −  transitions. 

These parameters (the band offsets and effective masses) at temperatures in the range from 5 to 

400 K were saved in a list. Subsequently, a program was written in Delphi 7. This program read 

the parameters in the list as an input, and solved the equation (2) numerically. The barrier width 

was taken to be 10 nm, according to the specification of the sample. In fact, the calculated results 

did not strongly depend on the barrier width. The well width was varied so that the calculated 

hhe 11 −  and lhe 11 −  transitions best fitted the experimental data of peaks 3 and 4. The well 

width of 9.6 (±0.6) nm corresponding to 17 (±1) monolayers provided the best fit. The lists of 

parameters and the calculated hhe 11 −  and lhe 11 −  transitions, interface of the program, are 

provided in the Appendix A. The source code of the whole program is too long (35 pages) to 

include in this thesis, merely the main function responsible for the energy level calculation is 

included in the Appendix. If one needs the whole source codes and the program itself, please, 

contact with me by the e-mail: giang2110@gmail.com. 

 

3.3 PLE spectrum 

Figure 19 shows the excitation power of the Ti: sapphire laser as a function of excitation energy. 

This dependence was utilized to normalize the PL spectra measured at 5 K. Figure 19 also 

illustrates the PLE spectrum detected from low-energy shoulder of peak 3 (see Figure 19). In the 

PLE spectrum, three peaks, which are distinguished from the excitation power line, were 

observed at 1.572, 1.589, and 1.714 eV. The calculated energies of the hhe 11 − , lhe 11 − , and 

hhe 22 −  were  1.570, 1.591, and 1.719 eV, according to the Kronig-Penney model (see section 

3.2). Therefore, the three peaks were attributed to hhe 11 − , lhe 11 − , and hhe 22 −  free excitons 

(FXs). Note that in the Kronig-Penney calculation the exciton binding energy was not considered.  
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Figure 19. PLE spectrum detected at low-energy shoulder of peak 3 and the Ti: sapphire laser excitation 

power as a function of excitation energy. 

A detailed view of the PLE spectrum of peak 3 is shown in (Figure 20). Another feature 

appeared between the hhe 11 −  and  lhe 11 −  FXs. Previously, in [27, 28] this feature was 

assigned to the excited 2s state or the onset of the continuum of the of the hhe 11 −  FX. 

Following the approach of  Miller et al. [28], the excited 2s state of the hhe 11 −  FX was 

determined at the middle point of the rising part of the feature. Thus, the energy of 1.5809 eV 

was obtained for the 2s state of the hhe 11 −  FX. According to the hydrogenic model, the 

difference in energy of the 1s and 2s state of a free exciton ssE 12 −  and the exciton binding energy 

bE  by the formula:  
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Figure 20. Detailed view of the PLE spectrum from peak 3, which shows the 2s excited level or the onset of 

the 1e-1hh exciton. 

bss EE
4
3

12 =−                                                (3) 

However, an exciton in a QW cannot be considered as a 3D-exciton so the ratio bss EE /12 −  

should differ from 0.75. A model treating an excitons in a QW as a 2D-exciton has been 

conducted by Miller et al. [28]. The model provided a value of 0.84 for the ratio bss EE /12 −  in a 

10-nm-well-thickness A10.37Ga0.63As/GaAs QW. Utilizing the value of 0.795 for the ratio 

bss EE /12 − , I obtained a value of 11.7  ± 1 meV for the binding energy of the  hhe 11 −  FX  in the 

current sample. The binding energy error of 1 eV resulted from the errors when determining the 

exact position of the 2s state in the PLE spectrum and the value of the bss EE /12 −  ratio. 

Figure 21 illustrates PLE spectra detected from the low-energy shoulder of peaks 2 and 3. In 

the PLE spectrum of peak 2, the two FX peaks hhe 11 −  and hhe 11 −  were observed at the same 

energy position. This indicates that the photoluminescence of peaks 2 and 3 is from the same set 

of quantum wells. In addition, the normalized PL intensity of peak 2 decreased drastically when 

the excitation energy became less than the energy of hhe 11 −  FEs. This suggests that peak 2 is 

the result of recombination of excitons bound to impurities since for excitation energies lower 

than the energy of the hhe 11 −  FX, exciton formation seems to decrease, leading to a 

considerable reduction in the PL intensity of impurity-bound excitons. 
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Figure 21. PLE spectra detected at low energy shoulders of peak 3 and peak 2. 

3.4 The quenching and Arrhenius fit  

The temperature dependence of PL intensity is usually fitted with the formula[23, 25, 102]: 

)]/exp(1/[0 kTEAII a−+=                                    (4) 

where I  and 0I  are PL intensities at T  K and as temperature approaches 0 K, respectively; A  is 

a temperature-independent constant, and aE  is an activation energy. This formula was first 

proposed by Williams and Eyring [103] in a slightly different form. Originally, the meaning of 

aE  was the activation energy necessary for an electron to “radiationlessly” surmount a barrier 

between a “metastable” state and a “normal” state. The “metastable state” was referred to as an 

electron trap, whereas the “normal state” probably implied an energy level in the valence band. 

Later, numerous studies interpreted this activation energy aE  as dissociation energies of various 

exciton complexes [23, 25, 102, 104, 105]. Jiang et al. [23] and Zhongying et al. [25] have 

considered aE  as an exciton binding energy in AlGaAs/GaAs quantum wells. 

In the current study, thermal quenching of the integrated PL intensity of the hhe 11 −  

transition is depicted in (Figure 22). The experimental data in the temperature range 5–120 K 

were fitted using the expression (4) to obtain the activation energy aE = 12.5 ± 0.7 meV. This 

activation energy is close to the binding energy of 11.7 ± 1 meV of the hhe 11 −  FX determined 

previously in the PLE spectra (see Figure 20). 
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Figure 22. Temperature dependence of the peak 3 integrated intensity in the range from 5 to 120 K. The 

experimental data (empty squares) were fitted with the formula I=I0/[1+Aexp(-Ea/kT)]. The solid line shows 

the least-square fit. 

It should be noted that the activation energies obtained from least-square fits fluctuated when 

the range of data (or range of temperature) varied, as illustrated in Table 2. The 5-120 K range 

was selected because at 120 K the t  value and the energy difference  gEE −3  started to stabilize. 

The temperature of 120 ± 20 K is equivalent to the thermal energy of 10.3 ± 1.7 eV. This energy 

is also close to the binding energy 11.7 ± 1 meV and the activation energy 12.5 ± 0.7 meV 

determined before. This closeness once again supports the conclusion on the dissociation of the 

hhe 11 −  FX in the temperature range from 5 to 120 K. 

Table 2. Activation energies obtained by fitting the temperature dependence of the peak 3 integrated intensity 

with the formula: I=I0/[1+Aexp(-Ea/kT)]. Activation energies fluctuated with the selected range of 

temperature. 
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Range of temperature 

K 

Ea 

meV 

Error 

meV 

5-80 14.3377 1.08525 

5- 95 13.2836 0.85087 

5-120 12.5179 0.73114 

5-160 12.9956 0.67575 

5-200 14.1121 0.68045 

Average 13.4494  

Stadard Error 0.76313  

 

3.5 The ratio of intensities of the lhe 11 −  and hhe 11 −  transitions 

Figure 23 depicts the energy diagram for calculation of the ratio hhlh II / , where lhI  and hhI  are 

the intensities of peaks 4 (the lhe 11 −  transition) and 3 (the hhe 11 −  transition). Assuming a 

Boltzmann distribution,  )/kTE-(Fn hvh ]exp[ −∝ , where vF  is the nonequilibrium quasi-Fermi 

level in the valence band and hE  is the hole energy level. As a result, the PL peak intensities of 

the hhe 11 −  and lhe 11 −  transitions are given as )/kT)-E(-(F(T)I hhvhhhh 1expα=  and 

)/kT)-E(-(F(T)I lhvlhlh 1expα= , where hhE1 , lhE1  are the energies of the hh1  and lh1  sublevels, 

respectively, and hhα , lhα  are coefficients. Assuming:  

 
Figure 23. Energy diagram for calculation of the ration Ilh/Ihh. 
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1)(/)( =TT hhlh αα                                                                (5) 

and taking into account the fact that the difference in energy between the hh1  and lh1  sublevels 

is equal to that between the lhe 11 −  and hhe 11 −  transitions, the ratio hhlh II /  can be written as: 

 exp E/kT)(-/II hhlh ∆=                                                            (6) 

where 34-EEE =∆  and 3E , 4E  are the energies of peaks 3 (the hhe 11 −  transition) and 4 (the 

lhe 11 −  transition), respectively. According to this formula, the ratio hhlh II /  is expected to 

approach unity as the temperature approach infinity because E∆  has a finite value. 

Figure 24 shows the ratio hhlh II /  plotted versus reciprocal temperature with a semi-

logarithmic scale. Note that the lhI  and hhI  were the peak intensities not integrated intensities. 

As expected, in the semi-logarithmic plot the experimental data make a straight line, which tends 

to cross the vertical axis at unity. The data are fitted by equation (6) with E∆  calculated from the 

experimental values for the energies of peaks 3 and 4 not from the Knonig-Penney model. The 

theoretical curve is a close fit to the experimental data except for the data points at the lowest (40 

K) and highest (340 K) temperatures. At 40 K, it is possible that the PL of peak 4 at 1.586 eV 

was affected by a known defect in the CCD array at 1.590 ± 0.002 eV. At 340 K, the accuracy of 

the measured PL intensities for peaks 3 and 4 is expected to be poor because of the low signal-

to-noise ratio. In general, the data are most reliable in the temperature range 70–260 K, where 

peaks 3 and 4 are clearly resolved. Figure 5 also shows experimental hhlh II /  data derived from 

the PL spectra of a 4.2-nm AlAs/4.2-nm GaAs MQW reported by Jiang et al. [23]. Note that hhI  

was the intensity determined at the hhe 11 −  peak and lhI  was the intensity determined at the 

postion 33 meV above the hhe 11 −  peak in the PL spectra published by Jiang et al. [23]. Again, 

these data are approximated by equation (6) using the 33 meV energy difference between the 

lhe 11 −  and hhe 11 −  transitions claimed in the reference. The approximation line fits the 

experimental data well, which suggests that equations (5) and (6) are valid regardless of the 

barrier aluminum mole factor and the well width. The line made from the data of Jiang et al. [23] 

lies below that from the current study and is steeper because of the larger E∆ , which resulted 

from i) smaller GaAs well thickness (4.2 nm) and ii) larger band offsets at the AlAs/GaAs 

interface in comparison with the  Al0.5Ga0.5As/GaAs interface. 
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Figure 24. Temperature dependence of the ratio Ilh/Ihh. 

In the case of free-carrier recombination, the assumption that the PL peak intensity is 

proportional to the hole concentration is reasonable, since PL intensity is proportional to the 

product of the electron and hole concentrations. For excitonic recombination, this cannot be so 

readily assumed, because in this case the PL intensity is proportional to the exciton concentration 

[1]. Since an exciton is an electron-hole pair, the exciton concentration should be proportional to 

either the electron or hole concentration. To fulfill the charge neutrality condition, the 1=n  

electron concentration should be larger than both the 1=n  heavy hole concentration and the 

1=n  light hole concentration. Therefore, the exciton concentration should again be proportional 

to the hole concentration as required. In addition, as the temperature increases, peaks 3 and 4 

partly overlap due to thermal broadening. Even though this fact was not considered in the model, 

equation (6) has proven to be a good approximation for the ratio hhlh II /  at temperatures in the 

range 50–300 K. 
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3.6 Excitation dependences 

The dependence of PL intensity PLI on excitation power extI  has been readily approximated [25, 

29, 106, 107] by the formula:  
t

extPL ICI ×=  

where C and t  are constants. Numerous studies [29, 106, 107] have attempted to prove that the 

underlying recombination process can be determined from the value of the exponent t . 

According to the model developed by Fouquet and Siegman [29], excitonic recombination 

results in  1=t , free-carrier recombination in 2=t ,  and mixture of excitonic recombination and 

free-carrier recombination in 1< t  <2. The model of Fouquet and Siegman [29] was applied only 

to the time-integrated photoemission intensity after the sample was shortly excited by a ~250 ps 

laser pulse. However, the conclusion of the model was quoted in the case of steady-state 

excitation and photoemission [25, 34]. On the other hand, Schmidt et al. [107] and Taguchi et al. 

[106] have developed models for steady-state excitation and photoemission. In those models, the 

value of  t  can be larger than 1 even for the excitonic recombination. Nevertheless, the models 

merely considered the process at low temperatures. As a result, Schmidt et al. [107] and Taguchi 

et al. [106] neglected the term related to the non-radiative depopulation of electron concentration, 

which played an essential role in the argument of Fouquet and Siegman [29]. Thus, at this 

moment no adequate models have been developed for the steady-state case at both low- and 

room-temperatures. I consider the model of Fouquet and Siegman more appropriate to apply in 

the current study because it reflects the monomolecular and bimolecular nature of the excitonic 

and free-carrier recombination, respectively. Therefore, the conclusion of the model is utilized in 

this study. 

To determine the mechanism of photoemission, the dependence of PL of peak 3 on excitation 

power was measure in the wide temperature range from 5 to 296 K with small steps from 15 to 

20 K. Figure 25 shows some representative PL spectra measured at 100 K. The excitation power 

was varied more than 2 orders of magnitude at 100 K. In the worst case the excitation was varied 

at least 1 order of magnitude at 296 K. PL intensity in the center region of peak 3 was integrated. 
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Figure 25. Some representative PL spectra excited with numerous excitation powers. The spectra were 

measured at 100 K. 

In Figure 26, the integrated PL intensity of peak 3 at temperatures of 5, 60, 120, 180, and 296 

K is plotted versus excitation power with a double-logarithm scale. The experimental data are 

fitted by straight lines, whose slopes are equal to the exponent t  in the expression t

extPL ICI ×= . 

At 5 K, 03.1=t , indicating that the dominant recombination mechanism is excitonic at this 

temperature. Figure 27(a) illustrates the temperature dependence of the t  exponent. As the 

temperature increases from 5 to 120 ± 20 K, the value of t  increases from 1.03 to 1.37 ± 0.5. At 

temperatures from 120 ± 20 to 300 K, t  remains constant at 1.37 ± 0.5. The deviation of the data 

point at 120 K ( 29.1=t ) from the above trend may have been related to the accuracy of the 

measurement. The temperature dependence of t  suggests that as the temperature increases from 

5 to 120 ± 20 K, excitons are dissociated and free-carrier recombination gradually makes a larger 

contribution to the total PL intensity of the hhe 11 −  transition. Above 120 ± 20 K, the relative 

contributions from free-carrier recombination and, thus, excitonic recombination to the total PL 

intensity do not vary. This appears to validate Hayakawa’s conclusions [34] on the presence of 

two PL recombination mechanisms at room temperature. 
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Figure 26. Dependence of integrated PL intensity of peak 3 on excitation power at 5, 60, 120, 180, and 296 K. 

The exponent t  in the expression 
t
extPL ICI ×=   is also shown. 

 
Figure 27. Temperature dependence of (a) the t  exponent and (b) energy difference between peak 3 and the 

bulk GaAs band gap. 
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A large variance exists in the values of the t  exponent reported in the literature. Fouquet and 

Siegman found that 2=t  at room temperature. The values of 1.05 at 11 K and 1.42 at 120 K 

reported by Zhongying et al. [25] are very close to the values 1.03 at 5 K and 1.38 at 160 K 

found in this study. However, Zhongying et al. [25] reported a further increase in t  up to 1.91 at 

200 K, in contrast to the results described here. In addition, Hayakawa et al. [34] reported a t  

value of 1.21 at 300 K for a 50 Å wide Al0.3Ga0.7As/GaAs MQW. The discrepancy in the 

published results suggests that the t  exponent is sensitive to the measurement conditions. Also, 

in this study, such sensitivity may have led to unreliability in some of the data points for the t  

exponent, for example, the one at 120 K. However, this is unlikely to have affected the overall 

trend observed in Figure 27(a), due to the large experimental dataset in the current study. 

Let me denote the difference in energy between peak i  ( 4,3,1=i ) and the bulk GaAs band 

gap as gi EE − . Figure 27(b) plots the energy difference gEE −3  in the temperature range 5–

300 K. The shape of the curve is very similar to that of the temperature dependence of the t  

exponent except for the fact that the former stabilizes at 105 ± 10 K and the latter at 120 ± 20 K. 

If a single recombination mechanism dominated the PL in the entire 5–300 K temperature range, 

the energy difference would not be expected to change in that temperature range. The fact that 

two completely different physical quantities show similar temperature dependence strongly 

supports the conclusion on the variation of the PL mechanism and on the relative contribution of 

free-carrier recombination to the total PL intensity. The relative contribution is expected to 

increase with temperature in the entire 5-300 K temperature range, since excitons are more easily 

dissociated at higher temperature. However, the observed stabilization of the t  exponent and of 

the energy difference between peak 3 and the bulk GaAs band gap completely contradicts this 

expectation. 

It should be noted that the temperatures 120 ± 20 K and 105 ± 10 K correspond to thermal 

energies ( kT ) of 10.4 ± 1.7 meV and 9.0 ± 0.9 meV, respectively. These energies are close to 

the reported binding energies of the hhe 11 −  exciton [10, 12, 26, 30] in AlGaAs/GaAs MQWs 

with well widths almost identical to that used in this study. As a result, one can speculate that the 

temperature at which the t  exponent and the energy difference gEE −3  begin to stabilize may 

represent the binding energy of the hhe 11 −  exciton. However, this leads to difficulties in 

explaining the fact (data not shown here) that the energy differences gEE −1  and gEE −4  also 

increase from 5 to 105 K before becoming constant, as in the case of gEE −3 . Such similar 

stabilization temperatures would not be expected since the binding energies of bulk GaAs, 

hhe 11 − , and lhe 11 −  excitons are different. For example, the binding energy of bulk GaAs is 

claimed to be 4 meV [9], whereas the binding energies of hhe 11 −  and lhe 11 −  excitons in an 
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Al0.4Ga0.6As/GaAs quantum well with a width of  9.6 nm were calculated to be 10 and 13 meV 

[26], respectively. More investigations are needed to clarify this problem. 
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4  Characteristics of hydrothermal ZnO wafers implanted with 60 keV Sn
+
 ions 

4.1 SRIM calculations 

The parametters utilized in the simulation are listed as follow.  

For the implantation ions: Type: Tin (Sn), Energy: 60 keV, Atomic number: 50, Atomic mass: 

119.90 amu, Incident angle: 0 degree.  

For the target: The layer thick ness: 5 mm. Layer density: 5.605 g/cm3. Compound Correction: 1. 

The first target element: Type: Oxygen (O), Atomic number: 8, Atomic mass: 15.99, 

Atomic Stoichimetry: 0.5 or 50%, Displacement Engergy: 28 eV, Lattice Energy: 3 eV, 

and Surface Energy: 2 eV. 

The second target element: Type: Zinc (Zn), Atomic number: 30, Atomic mass: 65.39, 

Atomic Stoichimetry: 0.5 or 50%, Displacement Engergy: 25 eV, Lattice Energy: 3 eV, 

and Surface Energy: 1.35 eV. 

Most parameters were automatically filled in by the SRIM program except for the ion energy 

of 60 keV, which was applied for this concrete study, and the density of 5.605 g/cm3, which 

differed from the SRIM default value of 4.23 g/cm3. The value of 5.605 g/cm3 were taken from 

[37]. In addition, the displacement energies of Zn and O atoms were taken to be 57 eV in [54, 

108]. The calculations with the 57 eV displacement energies were conducted and the results were 

essentially the same as the those calculated with displacement energies of 25 and 28 eV for Zn 

and O atoms. 

Belows are ouput results provided by SRIM after 60000 ions were run. 

Figure 28 shows the stopped positions of i) Sn ions and ii) the recoils Zn (moving atoms: 

cyan dots and stopped atoms: violet dots) and O (moving atoms: orange dots and stopped atoms: 

green dots). The maximum range the ions can reach is approximately 53 nm. It can be observed 

that some recoils can reach as far as approximately 93 nm, which is much further than the ions 

can. 
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Figure 28. Stopped positions of (a) Sn ions (b) Zn and O host atoms. 

Figure 29 depicts the 3D distribution of ions Sn, recoils Zn and O. The average range of Sn ions 

is about 19.8 nm. 
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Figure 29. 3D-distribution of (a) Sn ions and (b) Zn and O host atoms. 

Figure 30 depict the depth distribution of ions Sn, recoils Zn and O. From the figures the end 

of range (EOR) of the implanted Sn ions, Zn and O recoils were tentatively determined at 

approximately 50 nm, at which the  ion and recoil concentrations were two- three orders of 

magnitude smaller than the corresponding maximum concentration. The average ranges of Zn 

and O recoils were calculated to be 15.6 and 15.5 nm, respectively. These average ranges were 

smaller than the average range of Sn ions (19.8 nm) because  at the stopped position the ions 

have less energy to transfer to the host atoms as explained in the SRIM tutorial. Figure 31 
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illustrates the distributions of Zn and O vacancies and energey absorbed by Zn and O atoms over 

target depth. It can be seen in Figure 31(a) that the number of Zn  vacancies is more than the 

number of O vacancies probably because  Zn atoms absorbed more energy from Sn ions than the 

O atoms did [see Figure 31(b)]. Note that the displacement energies of Zn and O were 25 and 28 

eV, respectively; the energies were filled automatically by SRIM. If not taking into account 

dynamic annealing, the SRIM calculations predicted that number of Zn interstitials and  

vacancies is more than that of O interstitials and vacancies.  

 
Figure 30. Depth distribution of (a) Sn ions and (b) Zn and O recoils (or interstitials). 
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Figure 31. Depth distribution of (a) Zn and O vacancies and (b) energy absorbed by Zn and O atoms. 

 

  

4.2 TEM, STEM, and EDS of ZnO wafers implanted with high doses of 60 keV Sn
+
 ions 

4.2.1 The batch 1 RT 8 × 1014 ions/cm2 sample 

Figure 32(a) and (b) show the BF and DF images of the batch 1 RT 8 × 1014 ions/cm2 sample. 

The Au coating layer is indicated in Figure 32(a). No characteristic depths calculated by SRIM 

were discernible from the BF image; for example, maximum or average Sn+ ions around 20 nm, 

or end of range (EOR) of Sn+ ion distribution around 50 nm, or EOR of Zn and O recoil 

distribution around 15.5 nm. On the other hand, in the DF image, a layer of bright contrast could 
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be observed. The thickness of this layer was determined to be 77 nm. Previously, a sponge-like 

layer of 180 nm thick was observed in the GaSb implanted with the same 60 keV Sn+ ions to 

nearly the same dose of 8.1 × 1014 ions/cm2 [64]. A 130-nm-thick layer of cavities were observed 

in the 60 keV Sn+ ion 4.1 × 1014 ions/cm2 sample [64]. In the current study, similar layers were 

not observed in implanted ZnO wafers. Coleman et al. [62] have reported a 15-nm-thick band of 

cavities in ZnO implanted at RT with 300 keV As+ ions to a dose of 1.4 × 1017 ions/cm2. In the 

Figure 32(a), a ~14-nm-thick band of dark contrast appeared under the Au coating layer. 

However, it was not clear whether the band was caused by ion-implantation or by reaction of 

ZnO with Au during Au evaporation process. It should be noted that the ion acceleration voltage 

and ion dose in [62] were much higher than in the current study. In the DF image, in contrast, 

rather clear band of bright contrast appeared under the Au coating layer. The thickness of the 

band was determined to be approximately 77 nm. This thickness was well higher than the 

maximum range of Sn+ ions but smaller than the maximum range of Zn an O recoils as 

calculated by SRIM. 
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Figure 32. (a) BF and (b) DF images of the b1 RT 8 x 10

14
 ions/cm

2
 sample. 
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The HRTEM image of the region near ZnO-Au interface is illustrated in Figure 33. The ZnO-

Au interface was tentatively determined by the green line. As expected, the (001) and (100) 

directions indicated in the figure were perpendicular and parallel to the interface. The distances 

between two nearby spots along the (001) and (100) directions were approximately 7.89 and 4.35 

Å, respectively. Interestingly, these distances were roughly one and half times of the lattice 

constants c = 5.21 Å and 2/3a  = 2.81 Å. 

 
Figure 33. HRTEM image of the b1 RT 8 x 10

14
 ions/cm

2
. 

These photos were taken by means a CCD camera istalled in the JEOL JEM-2100F TEM. 

High intensity of the SAED spots could destroy the CCD camera. Therefore, SAED images were 

not taken, instead the Fourier Transform (FT) of interested regions was carried out. The regions 

subjected to FT are marked by red squares and numbered from (a) to (f) in Figure 33. The 

magnified pictures of those regions along with the corresponding FTs are depicted in Figure 34. 
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As can be seen, FT of the Au layer was significantly different from those of the ZnO regions. 

Spots also appeared in the FTs [see  Figure 34(c)-(f)]. 

 
Figure 34. Magnified HRTEM images of the regions denoted as (a), (b), (c), (d), (e), and (f) in the previous 

figure. Corresponding 2D Fourier Transform images of the regions are also shown.  
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As mentioned in the corresponding part in the methodology section, STEM and EDS 

measurements were performed in order to search for the change in relative concentration of Zn 

and O atoms in the implanted layers. Figure 35(a) show the STEM image of the b1 RT 8 × 1014 

ions/sample. The STEM image was essentially similar to the BF CTEM image. In the figure, a 

straight line was drawn perpendicular to the ZnO-Au interface. Relative concentration of Zn and 

O atoms along the pink corridor will be measured by EDS technique. The EDS spectrum of the 

region limited by the STEM image was shown in Figure 35(b). Besides Zn, O peaks, Au and Pt 

peaks came from Au and Pt coating layers, the Cu peak probably resulted from the copper grid, 

the Co and Fe peaks may originate from the impurities in the sample, the Ga peak was the result 

of FIB manipulation. Note that Sn was not observed from the EDS spectrum, probably, because 

the Sn concentration was too low. The maps of Au, Sn, Zn, and O atoms in the interested region 

are shown in Figure 36. A bright region in Figure 36 confirms the presence of Au coating layer. 

It should be noted that the Sn distribution was not reliable, the demonstrated image was probably 

the background X-ray intensity rather than a characteristic Sn peak. Figure 37(a)-(d) plot the 

EDS intensities resulting from Au, Sn, Zn, and O atoms along the pink corridor drawn in the 

corresponding STEM image. Note that the origin of the “Depth” axis was taken at the position, 

which marked the end of the Au coating layer and the “depth” increased as one moved deeper 

inside the sample. The higher the intensities, the more number of atoms. As can be seen, the Zn 

and O intensities increased in the range from 125-150 nm and then saturated. This may be 

attributed to the increase in the thickness in the deeper region. Relative intensity of O and Zn 

atoms along the corridor is plotted in Figure 37 (e). The relative intensity is considered to be 

proportional to the relative concentration of O and Zn atoms. As can be seen the relative 

concentration fluctuated around an average value. Probably, the EDS measurement was not 

sensitive enough to detect any variation in relative Zn and O concentration. 
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Figure 35. Batch 1 RT 8 × 10

14
 ions/cm

2
 sample: (a) STEM image and (b) EDS spectrum of the region 

depicted in the STEM image. 
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Figure 36. Distribution of (a) Au, (b) Sn, (c) Zn, and (d) O atoms in the b1 RT 8 × 10

14
 ions/cm

2
 samples as 

obtained from the EDS measurements. 
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Figure 37. EDS intensities of (a) Au, (b) Sn, (c) Zn, (d) O atoms along the corridor drawn in the previous 

figures or in the corresponding STEM figure. The intensities are considered to be proportional to the number 

of atoms. (e) the relative count of O and Zn EDS intensities along the corridor. The relative count is 

considered to be proportional to the relative O and Zn concentration. 
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4.2.2 The batch 1 LT 1.5 × 1015 ions/cm2 sample 

Figure 38 (a) and (b) show the BF and DF images of the b1 LT 1.5 × 1015 ions/cm2 sample. The 

Au coating layer is indicated in both figures. A band containing voids of bright contrast was 

observed in the BF image. The thickness of the band was approximately 16 nm, which was close 

to average ranges of Zn and O recoils and vacancies. In the DF image, a layer of bright contrast 

could be observed in the left side. The thickness of this layer was approximately 43 nm. 

Previously, a layer containing large ellipsoidal voids or cells was clearly observed in GaSb 180 

implanted at LT with the same 60 keV Sn+ ions to doses of 4.0 × 1014 ions/cm2 or 8.9 × 1014 

ions/cm2 [64], respectively. In the current study, even though the 16–nm band of voids could be 

observed in the BF image, it was not as clear as in GaSb. 

 
Figure 38. (a) BF and (b) DF images of the b1 LT 1.5 × 10

15
 ions/cm

2
 sample. 
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The SAED of the implanted layer is demonstrated in Figure 39(a) and (b). Halos were 

observed along with the diffraction spots of single crystalline ZnO. Probably, ion implantation 

partly amorphized the implanted layer. Note that positions of the diffraction spots indicate that 

the electron beam was parallel to the >< 0101  direction. Figure 39(b) showed the same SAED 

pattern but taken in the dark tilt configuration. Comparing the dark-tilt and bright-tilt SAED 

patterns, one could realize that the DF image shown in the previous figure was taken by the 

1102  spot. 

 
Figure 39. SAED of the implanted layer: (a) bright tilt (b) dark tilt.. 
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The HRTEM image of the region near the ZnO-Au interface is illustrated in Figure 40 (a). A 

magnified image of the 10 × 10 nm2 region marked with the number 4 was shown in Figure 40 

(b). The region was nearly 20 nm under the ZnO-Au interface. The Fourier transform (FT) of the 

region showed bright spots [see Figure 40(c))], indicating that the region generally remained in 

crystalline phase. Note that the resolution of the original image [see Figure 40(b)] was not clear. 

However, if one reconstructed the image from the FT using low-pass filter [see Figure 40(e)], the 

resolution became better, and atomic rows can be readily distinguished [compare Figure 

40(b),(d), and (f)]. Utilizing this approach, the length of 10 atomic rows was determined to be 

2.81 nm [see Figure 40(f)]. The rows were parallel to the ZnO-Au surface. The distance between 

two continuous rows was close to the distance between two continuous )0110( planes. It was 

unclear clear how the rows could appear in the HR image, given that the ZnO-Au interface was 

on the (0001) plane.  
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Figure 40. (a) HRTEM of the b1 LT  1.5 × 10

15
 ions/cm

2
 sample, (b) magnified image of the region marked as 

4 in a, (c) no-filter Fourier transform of b, d) figure reconstructed  from the no-filter Fourier transform in c, 

(e) low-pass filter Fourier transform of b, and (f) figure reconstructed  from the low-pas filter Fourier 

transform in e. 
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Figure 41 (a) show the STEM image of the b1 LT 1.5 × 1015 ions/sample. The STEM image 

was essentially similar to the BF CTEM image. In the figure, a straight line was drawn 

perpendicular to the ZnO-Au interface. Relative concentration of Zn and O atoms along the pink 

corridor will be measured by EDS technique. The EDS spectrum of the region limited by the 

STEM image was shown in Figure 41(b). The spectrum was essentially the same as the spectrum 

shown in Figure 35(b). The maps of Au, Sn, Zn, and O atoms in the interested region are shown 

in Figure 42(a)-(d). A bright region in Figure 42(a) confirms the presence of Au coating layer. It 

should be noted that the Sn distribution was not reliable; the demonstrated image was probably 

the background X-ray intensity rather than a characteristic Sn peak. Figure 43(a)-(d) plot the 

EDS intensities resulting from Au, Sn, Zn, and O atoms along the pink corridor drawn in the 

corresponding STEM image. Note that the origin of the “Depth” axis was taken at the position, 

which marked the end of the Au coating layer and the “depth” increased as one moved deeper 

inside the sample. As can be seen, the Zn intensities increased in the range from 0-10 nm and 

then saturated. It appears that there existed one step in Zn intensity at approximately 60-nm 

depth. Differing from the corresponding image of the b1 RT 8 × 1014 ions/sample, the O 

intensity was small and shows no regularities. This may be attributed to the increase in the 

thickness in the deeper region. Relative intensity of signals resulting from O and Zn atoms is 

plotted in Figure 37(e). Again, no regularities could be observable. Probably, the EDS 

measurement was not sensitive enough to detect any variation in relative Zn and O concentration. 
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Figure 41. Batch 1 LT 1.5 × 10

15
 ions/cm

2
 sample: (a) STEM image and (b) EDS spectrum of the region 

depicted in the STEM image. 
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Figure 42. Distribution of (a) Au, (b) Sn, (c) Zn, and (d) O atoms in the b1 LT 1.5 × 10

15
 ions/cm

2
 samples as 

obtained from the EDS measurements. 
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Figure 43. EDS intensities of (a) Au, (b) Sn, (c) Zn, (d) O atoms along the corridor drawn in the previous 

figures or in the STEM image of the b1 LT 1.5 × 10
15
 ions/cm

2
 sample. The intensities are considered to be 

proportional to the number of atoms. (e) The relative count of O and Zn EDS intensities along the corridor. 

The relative count is considered to be proportional to the relative O and Zn concentration. 

4.3 XRD of the batch 2 samples 

The wide-range XRD patterns of the batch 2 samples are shown in Figure 44. Three peaks were 

observed at 34.42, 52.68, and 72.56 o [(see Figure 44(a)]. They were attributed to 0002, 0003, 

and 0004 reflections, respectively. Note that the interplanar spacings of the 0002, 0003, and 0004 

planes were determined from the θ2  angles to be 2.6055, 1.7374, and 1.3028 Å, respectively. As 

required, these values within the experimental errors satisfy the equation: 

)0004()0002()0003( /1/1/2 ddd += , where )0002(d , )0003(d , and )0004(d  are interplanar spacings of the  

0002, 0003, and 0004 planes, respectively. Note that the interplanar spacing of the (hkl) plane in 

the hexagonal lattice is calculated by the formula [96]: 2

2
22

22 )(
3

41
c

l
khkh

ad
+++= . The high 

sharpness of the 0002 and 0004 peaks indicates high crystallinity of the samples used in this 
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thesis. Although the reflection from the (0003) planes is forbidden according to the structure 

factor theory [96], the appearance of the (0003) peak indicates that the samples used in this thesis 

contained some defects (probably twins). 

 
Figure 44. Wide-range XRD patterns of the batch 2 (a) RT 3.6 × 10

12
, (b) RT 4.1 × 10

13
, (c) RT 8.0 × 10

13
, (d) 

RT 1.6 × 10
14
, (e) RT 2.4 × 10

14
, (f) LT 8.8 × 10

13
, (g) LT 4.1 × 10

13
, (h) LT 2.4 × 10

14
, (i) LT 4.9 × 10

14
 ions/cm

2
 

samples. 
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Figure 45(a) and (b) plot the detailed XRD view of 0002 and 0004 reflections of the RT (top) 

and LT (bottom) samples. The peaks from the b2 LT 8.8 × 1013 ions/cm2 sample were highly 

symmetric, which remarkably differed from those from other LT samples including the lower 

dose LT 4.1 × 1013 ions/cm2 sample. Probably, the dose of the LT 8.8 × 1013 ions/cm2 was much 

lower than denoted. For RT samples, although the 0002 and 0004 peaks resulting from the RT 

3.6 × 1012 ions/cm2 were also highly symmetric, a low-angle shoulder appeared in the samples 

implanted to doses of 4.1 × 1013 ions/cm2 and higher and it moved further in the low-angle 

direction as the implantation dose was increased [see top parts of Figure 45(a) and Figure 45(b)]. 

This was observed in both the 0002 and 0004 reflections. At first, the shoulder was thought to be 

due to polycrystalline aggregates [86] because a high-angle shoulder also appeared in the RT 2.5 

× 1013  ions/cm2 and LT 4.9 × 1013  ions/cm2 samples (see Figure 45), for example. The low- and 

high- shoulders would result from solely one polycrystalline-originated peak. However, high-

resolution triple crystal X-ray diffraction (TCD XRD) [89] measurements revealed that the high- 

and low-angle shoulders resulted from separate peaks as demonstrated in Figure 46. This can be 

clearly observed in the XRD spectrum of the RT 1.6 × 1014 ions/cm2. Previously, similar low-

angle shoulders have been observed in numerous ion-implanted sample [83, 84, 109]. Sousbie et 

al. [109] attributed the origin of the low-angle shoulder to a strain profile resulted from high 

concentration of hydrogen implants in their experiments. Meanwhile, Cheng et al. also assigned 

the low-angle shift with implantation dose to the increasing point defect density, but they did not 

specify which concrete point defects they meant. Zaumseil et al.[84] claimed that the shoulder 

originated from dislocation loops and they even constructed a model to calculate the loop size 

from the measured XRD data. Formation of interstitial dislocation loops in ZnO irradiated with 

>300 keV electrons has been reported by Iwanaga et al. [61]. Probably, the low-angle shoulder 

observed in this study resulted from dislocation loops. 
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Figure 45. XRD detailed scans around the (a) 0002, (b) 0004 reflections. The top figures show the data 

measured in batch 2 RT samples, and bottom figures in batch 2 LT samples. 
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Figure 46. X-ray Tripple-Crystal Diffractometry (TCD XRD) patterns around the 0002 reflection of the 

batch 2 (a) RT and (b) LT samples. 

4.4 AFM images of the batch 2 RT samples 

Figure 47(a)-(e) show the AFM images of all the b2 RT ZnO wafers. As can be seen in these 

figures, no significant variations in morphology were observed. In each image, root mean square 

(RMS) roughness of five approximately-200-nm-long lines was calculated. These lines were 

selected so that they did not cross scratches on the sample surface, as shown by arrows in Figure 

47(a)-(e). Figure 47(g) depicts Z-position of points along the five lines drawn in Figure 47(e). 

Each sample was imaged at various imaging parameters (measurement times were 0.167 ms and 

0.333 s, feedback filter frequencies were 5 and 10 Hz, the gain levels were 2 and 3 if considered 

the highest gain level was 4). Subsequently, the RMS roughness was averaged over all recorded 

images. It should be noted that although the changes in measurement parameters (the 

measurement time, feedback filter frequency, gain level) slightly deviated the RMS roughness, 

the calculation procedure was essentially the same for all samples. The calculated RMS 
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roughness is plotted in Figure 47(f) as a function of implantation dose. As can be seen in the 

figure, the RMS roughness of the wafers implanted to doses of 3.6 × 1012, 4.1 × 1013, 8 × 1013, 

and 1.6 × 1014 ions/cm2 was just slightly different. 

 
Figure 47. AFM images of batch 2 ZnO wafers implanted at room-temperature to doses of (a) 3.6 × 10

12
, (b) 

4.1 × 10
13
, (c) 8.0 × 10

13
, (d) 1.6 × 10

14
, and (d)  2.5 × 10

14
 ions/cm

2
; (f) implantation dose dependence of RMS 

roughness; (g) Z-position of points along 5 lines depicted in (e). 
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Previously, Singh et al. [110] have reported RMS roughness of 0.7 nm in the “un-exfoliated” 

area of ZnO implanted with 100 keV H2
+ ions to a dose of 2.7 × 1017 ions/cm2. In addition, 

Coleman et. al.[62] have reported RMS roughness of ZnO single crystal implanted at RT with 

300 keV As+ ions to a dose of 1.4 × 1017 ions/cm2 and that of unimplanted ZnO to be 2.5 nm and 

0.6 nm, respectively. These values are in the same order of magnitude as the RMS roughnesses 

of the 2.5 × 1014 (2.3 nm) and 3.6 × 1012 (0.9 nm) samples in the current study. It appears that 

RMS roughness did increase with implantation dose. 

 

4.5 Electrical properties of samples in batches 1 and 2 

Figure 48(a)-(f) plots sheet resistance sR , resistivity ρ , Hall coefficient HsR , mobility Hµ , sheet 

carrier concentration sn , and  carrier concentration n  of the ZnO wafers as functions of 

implantation dose. Note that the resistivity and carrier concentration should be considered as 

“effective” values because the implanted samples were not uniform across their thickness. The 

implanted layers were certainly different from the unimplanted layers below. It can be seen that 

the implantation dose dependences of resistances and carrier concentrations show no regularities; 

whereas mobility appears to decrease with implantation dose in all samples of batches 1 and 2 

[see Figure 48(d)]. The decrease in mobility probably resulted from scattering of carriers by Sn 

impurities or implantation-induced defects. However, the order of mobility did not change (the 

mobility varied in the range from 20 to 80 cm2/(V.s)). Therefore, variation of resistivity was 

probably determined mainly by variation of carrier concentration. Two possibilities may account 

for the irregular variation of carrier concentration in the samples. First, the original wafers before 

implantation were not identical and possessed different carrier concentrations. Second, the 

production and annihilation of charge carriers were complicated during ion-implantation process. 



 82

 
Figure 48. Implantation dose dependences of (a) sheet resistatnce, (b) resistivity, (c) Hall coefficient, (d) 

carrier mobility, (e) sheet carrier concentration, and (f) carrier concentration. 

4.6 Transmittance, reflectance, and absorbance of batches 1 and 2 samples 

Figure 49(a) shows the transmission spectra measured in the batch 2 wafers. The wafers were 

almost transparent for the photon energy in the range from 1.6 to 2.6 eV with transmission of 

approximately 80%. At the photon energy of approximately 3.2 eV, the transmission became 

zero, marking the energy edge of ZnO. As confirmed by the XRD and PL measurements, effect 

of implantation on the batch 2 RT 3.6 × 1012 ions/cm2 sample was negligible. Therefore, 

transmission of this sample can be considered as transmission of an unimplanted ZnO wafer. As 

can be seen in the Figure 49(a), the deviation from the unimplanted wafer transmission increased 

with implantation dose, namely in the photon energy range from 2.5 to 3.2 eV the transmission 

decreased with implantation dose. This was observed in both RT and LT samples. Especially, in 

the LT samples the monotonic deviation was evident except for the b2 LT 8.8 × 1013 ions/cm2 

samples, whose transmission spectrum was essentially the same as that of the b2 RT 3.6 × 1012 
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ions/cm2 sample. XRD and PL measurements also confirmed that the denoted dose was not 

correct; the dose should be much lower than 8.8 × 1013 ions/cm2 because the XRD peak was 

symmetric and the PL intensity was very intense in this sample. Again, the sample can be 

considered as unimplanted. The strong absorption was due to implantation induced defects. 

 
Figure 49. (a) Transmision and (b) Absorption spectra of the batch 2 wafers implanted at room and low 

temperature. 



 84

Figure 49(b) shows the absorption coefficients of the batch 2 wafers as functions of photon 

energy. When calculating absorption, it was considered that the samples were uniform across 

their thickness and the sample thickness was taken to be 0.5 mm. The absorption of the b2 RT 

3.6 × 1012 and b2 LT 8.8 × 1013 ions/cm2 samples at 2.8 eV was approximately 6 cm-1. Strictly 

speaking, the consideration that the samples were uniform across their thickness was not 

completely correct because the absorption coefficients of the ultra-thin implanted layers were 

much larger than the absorption coefficients of unimplanted layers. The absorption coefficients 

of the implanted layers iα  can be calculated from the relative transmission of the implanted 

wafers T  and b2 RT 3.6 × 1012 ions/cm2 sample 0T  by the formula: 

dTTi /)/ln( 0−=α  

where d  is the thickness of the implanted layer. According to the SRIM calculation, d  was 

taken to be 50 nm. This formula was derived with assumptions that i) absorption of 50-nm-thick 

unimplanted layer was negligible in comparison with absorption of the implanted layer of the 

same thickness and ii) the absorption was uniform across the implanted layer thickness. The 

second assumption was very rough because the implanted ions did not distribute uniformly 

across the implanted layer as inferred from the SRIM calculations. Despite this shortcoming the 

absorption coefficients of the implanted layers are plotted in Figure 50. As can be seen, the 

absorption coefficients of the implanted layers at 2.8 eV were 5 to 6 orders of magnitude more 

than that of the “unimplanted” sample. This justifies the first assumption. In addition, in the LT 

samples the absorption tended to expand to lower photon energy direction as the implantation 

dosed was increased, namely, abrupt falls (see the dotted lines) occurred at ~2.6, 2.3, and 1.9 eV 

in the b2 LT 4.1 × 1013, 2.4 × 1014, and 4.9 × 1014 ions/cm2 samples, respectively. In the RT 

samples, the absorption coefficients’ behaviors were qualitatively the same but not as profound 

as in the LT samples. The abrupt fall at ~2.6 eV was observed in all RT samples and the lower-

energy tail was observable in the b2 RT 8.0 × 1013, 1.6 × 1014, and 2.5 × 1014 ions/cm2 samples 

but not in the b2 RT 4.1 × 1013 sample.  
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Figure 50. Absorption of the implanted layers (see text). 

Reflectance spectra of the b2 samples are depicted in Figure 51. A typical feature of 

reflectance spectra was observed in the b2 RT 3.6 × 1012 ions/cm2 and b2 LT 8.8 × 1013 ions/cm2 

samples, namely, reflectance abruptly declined in the photon energy range from 3.05 to 3.2 eV 

and subsequently increased from 3.2 to 3.3 eV. As the implantation dose was increased, the 

falling and the rising part became less profound and in the b2 LT 4.9 × 1014 ions/cm2 the rising 

part disappeared. Previously, the negative minimum and high-energy-wing maximum were 

attributed to exciton transitions [111]. It was stated [112, 113] that when the carrier 

concentration exceeded a screening concentration sn , electrons and holes could not form an 

excitons. This may account for the degradation of the mentioned above typical feature with 

increasing implantation dose. It was also specified [112] that  the screening concentration sn  

determined an exiton-free layer, whose thickness depended on implantation dose and voltage. 

This exciton-free layer strongly affected the reflectance spectra. Calculations were conducted to 

fit the experimental reflectance spectra by the authors of [112]. Similar studies are desirable for 

the samples in this thesis. 
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Figure 51. Reflectance spectra of the batch 2 wafers implanted with 60 keV Sn+ ions at room and low 

temperatures. 
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4.7 Photoluminescence of the batch 2 RT samples 

4.7.1 Excitation-power and temperature dependent PL of the batch 2 RT 3.6 × 1012 

ions/cm2 sample 

All measurements in this section was conducted in the b2 RT 3.6 × 1012 sample, whose PL was 

considered to be similar to that of  bulk hydrothermal ZnO 

Excitation dependence of ZnO NBE PL in the temperature range from 5 to 300 K.  

Figure 52(a) shows the PL spectra measured at 5 K with numerous excitation powers. In the 

spectrum measured at 0.36 mW two intense peaks can be observed at 3.356 and 3.361 eV; they 

were attributed to the neutral-donor-bound A exciton (DBXA) transitions I9 and I6, respectively 

[2, 55, 66]. Faint shoulders appeared around 3.32, 3.366, 3.379, and 3.390 eV; they were 

assigned to the two-electron satellite (TES), DBX I3, free A exciton (FXA), and free B exciton 

(FXB) transitions, respectively [2, 55]. Several authors [114, 115] have assigned the transitions at 

3.315 eV or 3.325 eV to the acceptor-bound exciton (ABX) transition. Due to the n-type 

conductivity nature of the current sample, I consider the assignment of the transition at 3.32 eV 

[see Figure 52(a)] to the ABX transition unlikely. As the excitation power was increased, the 

broadening of the I9 peak occurred, which caused the I6 and I3 transitions indiscernible. In 

addition, the I9 peak red-shifted with excitation power. The red-shift of the most intense peak (I9 

at low temperature and low excitation power) with excitation power appeared in PL spectra 

measured at every fixed temperature in the range from 5 to 298 K. This was partly illustrated in 

Figure 52(b), which plots PL spectra measured at 298 K. The peak shifted from 3.272 eV at 0.36 

mW excitation power to 3.262 eV at 7.51 mW. It should be noted that a faint shoulder appeared 

at approximately 3.12 eV when the excitation power exceeded 0.76 mW. This feature was 

attributed to the second LO-phonon replica of the most intense peak due to the separation of 

approximately 140 meV with respect to the most intense peak [116, 117]. The first LO-phonon 

replica probably merged into the TES transition and/or the most intense peak itself.  
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Figure 52. PL spectra measured by means of a Q-switched pulsed laser with numerous excitation powers in 

the range from 0.33 mW to 7.51 mW at (a) 5 K and (b) 298 K. (Princeton system). 

At first, local heating was suggested as a primary reason for the red-shift, e.g. when the 

excitation power was increased, the excited area was heated up locally, and a temperature 

increase led to the red-shift in the most intense peak. Below, evidence is put forward to show that 

the suggestion was not correct in this case. Figure 53 demonstrates the PL spectra measured in 

the second-order dispersion of the grating at 5 K with numerous excitation powers. In 

comparison with the spectra measured in the first-order grating configuration [see Figure 52(a)], 
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the transitions were better resolved, and the energies of the transitions were slightly different but 

within the experimental error except for the TES transition at 3.311 eV, which was 

approximately 10 meV below the position determined in Fig. 1(a). Due to the better resolution, it 

can be clearly seen that i) relative intensities of the transitions I9 and I6 increased with excitation 

power and ii) the red-shift with excitation power occurred just in the position of the DBXA 

transition I9, position of other transitions remained almost unchanged. If the red-shift was caused 

by the temperature increase, it should occur in all transitions. The last contention was evident in 

Figure 54, which plots the PL spectra measured at temperatures from 5 to 65 K. Though rather 

difficult, one could realize that both the DBX transitions I9 and I6 red-shifted with increasing 

temperature. However, one could argue that the temperature increase caused by the increase in 

excitation power at 5 K was much smaller than 65 K. The argument can be refuted as follows. At 

5 K, the increase in excitation power from 0.33 to 7.50 mW caused the peak to shift from 3.3566 

to 3.3517 eV. Suppose that the temperature did not increase at the minimal excitation power of 

0.33 mW, the peak at 3.3517 eV would correspond to the temperature of approximately 70 K 

(see below), which was well higher than 65 K. Thus, it was conclusively proven that red-shift in 

the I9 peak with excitation power was not caused by local heating. 

 
Figure 53. PL spectra measured in the second-order grating configuration at 5 K by means of a Q-switched 

pulsed laser. (Princeton system). 
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Figure 54. PL spectra measured in the temperature range from 5 to 65 K by means of a Q-switched pulsed 

laser at 0.33 mW excitation power. (Princeton System). 

Figure 53 also suggests another explanation for the red-shift. It can be seen that at the 

maximal excitation power of 4.88 mW a faint shoulder appeared around 3.34 eV. This shoulder 

was not discernible at low excitation powers, but its intensity became comparable with the I9 

peak at 4.88 mW excitation power. The shoulder can be attributed to the TES transition of the 

DBX transition I3 [55]. Apparently, as the excitation power was increased, the DBX I9 transition 

was saturated, more and more photo-excited carriers relaxed to lower (than I9) energy levels, 

therefore, lower energy transitions became more intense. These transitions also overlapped with 

the DBXA I9 transition. As a result, the merged peak shifted toward lower energy position. The 

lower energy transitions, which caused the red-shift of the I9 peak, could be the TES transition at 

3.34 eV, but more likely were the bound excitons I10 at 3.3530 eV and/or I11 at 3.3481 eV [55]. 

Figure 55 (a) and Figure 55(b) depict room-temperature PL spectra excited by the 266 nm 

line of a Q-switched pulsed laser and the 325 nm line of a cw He-Cd laser, respectively. As the 

excitation power was increased from 0.02 mW to 1.70 mW, pulsed laser excitation caused the 

PL peak to shift from 3.303 eV to 3.281 eV, whereas the cw laser excitation caused no shifts, the 

peak remained at approximately 3.302 eV. At 1 mW excitation power of the Q-switched pulsed 

laser, the photon density of one pulse was estimated to be 6.9 × 1013 photons/cm2. During the 

time period equal to the pulse duration of 10 ns, the photon density of the cw laser 1 mW 

excitation power was approximately 6.3 × 1010 photons/cm2. This density was by three orders of 

magnitude smaller than the pulse photon density; therefore, it was probably insufficient to 
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saturate the I9 transition. In fact, when the pulsed excitation power was decreased to 0.02 mW 

(1.4 × 1012 photons/cm2), the peak position (3.303 eV) was close to the cw laser excited peak 

(3.302 eV). It should be noted that a rather large variance exists in peak position observed in 

Figure 55 and that in Figure 52(b). This problem may result from i) the fact that higher photon 

density was utilized to measure the PL spectra in Figure 52(b) and/or ii) different calibration 

precision in the two measurement systems. However, the red-shift was unique to pulsed laser 

excitation as confirmed by both measurement systems. 

 
Figure 55. Room temperature PL spectra excited by means of (a) a Q-switched pulsed laser and (b) a 

continuous-wave He-Cd laser. (Hobira system) 
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Following the approach of Zhang et al. [68], we plotted the position of the most intense peak 

(I9 at low temperature and low excitation power) as a function of temperature for all excitation 

powers. A typical variance of less than 3% was maintained for every excitation power except for 

the lowest excitation power of 0.33 ± 0.02 mW. Subsequently, the temperature dependences 

were fitted with the Varshni equation [118]: )/()0()( 2 βα +−= TTETE ; where )0(E  and )(TE  

are energies at temperatures 0 and T, respectively, α  and β  are so-called Varshni coefficients. 

In the original paper of Varshni [118], )0(E  and )(TE  denoted band gap energies; however, in 

later studies, they also denoted energies of various excitonic transitions [67-74]. Shown in Figure 

56 are representative experimental data for the excitation powers of 0.33 ± 0.02, 1.34 ± 0.04, and 

7.50 ± 0.05 mW and corresponding Varshni fits. It can be seen that the Varshni equation 

satisfactorily fitted the experimental data points. The arrows in Figure 56 indicate that the peak 

position in the PL spectrum measured at 5 K and 7.50 mW would correspond to that measured at 

70 K and 0.33 mW. Excitation power dependences of the fitting parameters )0(E , α , and β  are 

demonstrated in Figure 57(a)-(c), respectively. Generally, )0(E , α , and β  decreased with 

excitation powers and asymptotically reached the values of approximately 3.352 ± 0.001 eV, (5.0 

± 0.5) × 10-4 eV/K, and 200 ± 50 K, respectively. In addition, α  varied in the range 5.0–16 × 10-

4 eV/K as excitation power decreased from 7.50 mW to 0.33 mW, whereas β  in the range 200–

1400 K.  

 
Figure 56. Temperature dependences of the most intense PL peak (the DBXA I9 peak at low temperature and 

low excitation power) energy measured with excitation powers of 0.33 ± 0.02 mW (solid squares), 1.34 ± 0.04 

(empty triangles), and 7.5 ± 0.05 mW (solid cirles) along with corresponding Varshni fits (dotted lines). 
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Figure 57. The pulsed laser excitation power dependences of the Varshni fitting parameters (a) E(0) , (b) α, 

and (c) β. 
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Table 3 lists the values of the coefficients α  and β  reported in previous studies [67-74]. As 

can be seen, the reported values of α  and β  varied in the range  6.7–13.9 × 10-4 eV/K and 700–

1077 K, respectively, except for the reported by Li et al. [72] data, which were unrealistically 

high ( 7.58=α  × 10-4 eV/K and 4249=β  K). In the current study, the values of α  and β  at 

0.33 mW excitation power could not be precisely determined due to the large experimental error. 

However, those at 0.76 mW excitation power [ 1.8)  7.8( ±=α  × 10-4 eV/K and  180  500 ±=β  

K] were comparable with results of previous studies. At higher excitation powers, α  and β  

became considerably smaller than the reported values. It should be noted that most studies[67, 

69-73] cited in Table I utilized a cw He-Cd laser as a excitation source except for the study of 

Zhang et al. [68] and Cao et al. [74], which utilized 150 fs laser pulses and a quasi-continuous-

wave Ti: sapphire laser, respectively. Our study indicates that if one utilizes pulsed laser 

excitation, the effect of excitation power on the coefficients α  and β  can not be neglected. 
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Table 3. Varshni equation's fitting parameters E(0), a, and b  in literature. 

 

Structure, growth 

method 

E(0) 

(eV) 

Claimed 

origin 

α  

(10-4 eV/K) 

β  

(K) 

Excitation source 

 

Thin film, mist chemical 

vapor depositiona 

3.360 DX  8.0 775 cw He-Cd laser 

(325 nm) 

Nanorods, vapor phase 

transportb 

3.355  FX 10.7  727 Ti: sapphire  

150 fs pulse 

(325 nm) 

Polycrystalline thin 

films, rf-magneton 

sputteringc 

3.366 FX 13.9  900 cw He-Cd laser 

(325 nm) 

Film, rf-plasma assisted 

MBEd 

3.3772  

3.3651  

3.3312  

FX 

DBX 

ABX 

 7.2 1077 cw He-Cd laser 

(325 nm) 

Bulke 3.377 

3.360  

FX 

DBX 

      11 

 6.7 

 920 

 920 

cw He-Cd laser 

(325 nm) 

Nanorods, vapor-phasef 3.381  FX       58.7 4249 cw He-Cd laser 

(325 nm) 

Bulk seeded-chemical-

vapor-transportg 

3.380  FXA 8.2   700 cw He-Cd laser 

(325 nm) 

Nanoneeddle array, 

template-free 

electrochemical  

depositionh  

3.379  7.5 1050 Quasi-continuous-

wave Ti: sapphire 

(267 nm) 

  

aSee [67] 

 bSee [68] 
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cSee [69] 
dSee [70] 
eSee [71] 
fSee [72] 
gSee [73] 
hSee [74] 

 

ZnO deep-level PL in the temperature range from 5 to 300 K. 

The wide-range PL spectra measured at 5 K by means of the Q-switched pulsed-laser excitation 

are shown in Figure 58. Similar to the NBE I9 peak, the DL band appeared to red-shift with 

excitation power. For instance, at 0.33 mW excitation power the band peaked at ~2.096 eV and 

at 4.88 mW peaked at ~2.060 eV. Figure 59 plots representative PL spectra measured at 4.88 

mW excitation power at temperatures in the range from 5 to 300 K. Interestingly, the DL band 

blue-shifted with temperature instead of red-shift as in the case of the NBE peak. Such abnormal 

dependence of the DL band  was also reported previously by Cao et al. [74] and Ahn et al. [119]. 

Figure 60 depicts temperature dependence of the DL band peak. Due to the broad FWHM of the 

band and the low signal-to-noise ratio, the error in the peak position was estimated to be 0.014 

eV. The band peak energies belonged to the orange-yellow region. Figure 61(a) and (b) show the 

wide-range RT spectra measured at numerous excitation powers from the Q-switched pulsed and 

cw lasers. Differing from the PL spectra measured at 5 K by means of the Q-switched pulsed 

laser excitation, the DL band measured by means of the cw laser excitation blue-shifted with 

excitation power [see Figure 61(b)]. For example, the DL band peaked at 2.42 eV at 0.020 mW 

excitation power and peaked at ~2.52 eV and at 1.7 mW. Meanwhile, determination of the DL 

band peak in the Q-switched pulsed laser excitation room-temperature PL spectra was difficult 

[see Figure 61(b)] due to the broadening of the NBE band. Nevertheless, it appears that the band 

red-shifted with excitation power and the intensity of the orange-yellow region (around 2.1 eV) 

was comparable with that of the green region (around 2.5 eV). Another interesting feature is that 

the relative intensity of DL and NBE bands in the Q-switched pulsed laser excitation was 

roughly one order of magnitude smaller than that in the cw laser excitation (see Figure 61). The 

mentioned above characteristics would be useful in determination of the origins of the green and 

yellow-orange PL bands.  
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Figure 58. Wide-range PL spectra measured by means of a Q-switched pulsed laser with numerous excitation 

powers in the range from 0.33 mW to 7.51 mW at 5 K. (Priceton system). 

 
Figure 59. Some representative wide-range PL spectra measured in the temperature range from 5 to 300 K 

by means of a Q-switched pulsed laser at 4.88 mW excitation power. (Princeton system). 
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Figure 60. Temperature dependence of the near-band-edge PL peak. 
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Figure 61. Wide-range room temperature PL spectra excited by means of (a) a Q-switched pulsed laser and 

(b) a continuous-wave He-Cd laser.(Honbira system). 

4.7.2 Room temperature PL of the batch 2 RT samples 

PL spectra of the batch 2 RT samples are depicted in (Figure 62). Note that the unimplanted ZnO 

PL spectrum was measured in the unimplanted area on the surface of the 3.6 × 1012 sample. As 

can be seen, two regions appeared in the unimplanted ZnO PL spectrum: the near-band-edge 

(NBE) region peaking at 3.278 eV (378 nm) and the deep level (DL) region peaking at 2.48 eV 
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(500 nm). At an implantation dose as low as 3.6 × 1012 ions/cm2, the ZnO wafer remained intact, 

which was evident in the similarity of the PL spectra of the unimplated and implanted areas. 

However, when the implantation dose was increased to 4.1 × 1013 ions/cm2, the PL intensity 

decreased significantly, by more than two orders of magnitude. This casts doubt on the previous 

claim that  a high level of dynamic annealing makes ZnO highly resistant to implantation-

induced damages [54]. A further increase in implantation dose caused a gradual decrease in PL 

intensity of both NBE and DL regions. In addition, the DL region peak red-shifted with 

implantation dose. Absorbance of the implanted samples also illustrates the same tendency; 

namely, the absorbance edge red-shifted with implantation dose (see Figure 50). The red-shift 

was reported previously in hydrothermal ZnO irradiated with 4 MeV electrons [82]. According 

to [82], electron irradiation could not introduce new impurity-related defects but the red-shift 

still occurred; similarly, in the current study most likely Sn+-related defects did not cause the red-

shift of the DL band. AFM measurements (see Figure 47) show that the RMS roughness of the 

wafers implanted to doses of 3.6 × 1012, 4.1 × 1013, 8 × 1013, and 1.6 × 1014 ions/cm2 was just 

slightly different, whereas the PL intensity of the 3.6 × 1012 sample was by more than two orders 

of magnitude larger than that of the other samples (see Figure 62). The AFM measurements 

indicate that surface variation was not the main reason for the abrupt decrease in PL intensity. 

The sharpness of the characteristic feature in the reflectance spectra (see Figure 51) also did not 

degrade abruptly like in the PL case. This suggests that number of electron-hole pairs created by 

the laser excitation did not decrease abruptly; whereas the lifetime of these electron-hole pairs 

may abruptly decrease via non-radiative channels. The PL decrease was probably caused by 

implantation-induced non-radiative defects inside the implanted layer rather than on the surface. 
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Figure 62. PL spectra of batch 2 ZnO wafers implanted at RT with 60 keV Sn+ to doses in the range from 3.6 

× 10
12
 to 2.5 × 10

14
 ions/cm

2
. 

In Figure 63, the effect of illumination on PL behaviors of the ZnO wafers is demonstrated. 

The samples were illuminated with 60 W/cm2 laser (the same 325 nm He-Cd laser line) for 

numerous illumination times. Shown in Figure 63(a)-(d) are the PL spectra of the b2 RT 4.1 × 

1013, 8.0 × 1013, 1.6 × 1014, and 2.5 × 1014 samples, respectively, after numerous illumination 

times. As can be observed, in the four samples the PL intensity and position of the NBE peak 

remained almost unchanged; whereas the DL peak blue-shifted. The DL band intensity of the b2 

RT 4.1 × 1013 sample decreased with illumination time. Meanwhile, the DL band intensity of 

other samples first increased and then steadily decreased with illumination time. Note that all 

these variations were irreversible. The observations are quantitatively detailed in Figure 64, 

Figure 65, and Figure 66. Figure 64(a) shows that after an initial increase the DL band peak 

energy saturated at approximately 2.55 eV in the b2 RT 4.1 × 1013, 8.0 × 1013 sample and at 2.4 

eV in the b2 RT 1.6 × 1014 and 2.5 × 1014 samples. The PL intensity was integrated in the ranges 

from 3.099 to 3.541 eV for the NBE region and from 1.983 to 2.916 for the DL region. The 

integrated PL intensities of the NBE and DL regions were normalized by the maximum 

integrated PL intensity and then were depicted as functions of illumination time in Figure 65. In 

all the four samples, the fluctuation of the NBE band intensity was smaller than 10 %, except for 

the 2.5 × 1014 sample. This fluctuation was probably due to the fluctuation in the laser excitation 
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power. Meanwhile, the variation of the DL band intensity was more than 60 % at least. In 

addition, the illumination time dependence of the DL band intensity did not follow that of the 

NBE band intensity. Thus, the fluctuation of the laser excitation power was not the main cause 

for the variation of the DL band intensity.  It appears in Figure 66(a) that the DL band PL 

intensity decreased more slowly with illumination time in the higher implantation dose sample. 

In addition, the initial growth stage lasted for shorter time as the implantation dose was 

decreased [see Figure 66(b)]. In particular, in the 4.1 × 1013 sample the initial growth of PL 

intensity did not occur [see Figure 66(b)]. These data indicate that implantation-induced defects, 

which resulted in the red-shift of the DL band, were eliminated by illumination with the He-Cd 

laser 325-nm line; consequently, the band blue-shifted.  

 
Figure 63. PL spectra of the b2 RT (a) 4.1 × 10

13
, (b) 8.0 × 10

13
, (c) 1.6 × 10

14
, and (d) 2.5 × 10

14
 ions/cm

2
 

samples after illuminated with the 5 mW 325 nm line of a cw He-Cd laser for numerous illumination times.. 
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Figure 64. (a) Dependences of the DL peak position in the b2 RT samples and (b) detailed-view of the region 

hedged by the rectangle in the top figure. 
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Figure 65. Dependeces of normalized integrated PL intensity on illumination time: (a) 4.1 × 10

13
, (b) 8.0 × 10

13
, 

(c) 1.6 × 10
14
, and (d) 2.5 × 10

14
 ions/cm

2
 samples. The dependences for the DL and NBE band are shown. 
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Figure 66. (a) Illumination time dependences of the DL integrated intensity in the 4.1 × 10

13
,  8.0 × 10

13
,  1.6 × 

10
14
, and 2.5 × 10

14
 ions/cm

2
 (b) detailed-view of hedged by the rectangle in the top figure. 

Recently, Evans et al. [120] and Laiho et al. [121] have independently reported the 

dependence of electron paramagnetic resonance (EPR) intensity of singly ionized oxygen 

vacancies +
OV   on illumination time. This dependence was surprisingly similar to that of the DL 

band PL intensity in the current study; namely, initial rapid growth was followed by a steady 

decrease. Meanwhile, it has been illustrated that the DL band peaked at 2.15, 2.37, and 2.55 eV 

as hydrothermal ZnO was annealed in ZnO, O-rich, and Zn-rich atmospheres, respectively [56]. 



 106

In addition, the 2.37 and 2.55 peaks could be easily switched by solely varying annealing 

atmospheres [56]. Borseth et al. [56] attributed the 2.15, 2.37, and 2.55 bands to Li-related, ZnV , 

and OV  point defects, respectively. In another study, Studenikin et al. [58] have also claimed that 

annealing in oxygen-deficient atmospheres resulted in the green band emission (2.43 eV), while 

in oxygen-rich in red band emission (1.94 eV). Furthermore, Zhao et al. [60] have attributed the 

band peaking at 2.38 eV to ZnV  basing on the fact that Zn-implants exerted more influence over 

the PL intensity than O-implants. Based on the studies mentioned above, I discuss the abnormal 

variations of the DL band with implantation dose and illumination time as follows. 

Following the assignment of Zhao et al. [60], suppose that the green emission was due to the 

Zn-related defect transition (we presume that it is the −→ ZnZn Vi  transition [122]). Implantation 

introduced more OV  point defects ( ×
OV , +

OV , and ++
OV ), which facilitated the conduction  band  to 

+
OV  transition ( +→ OCB V ) in the orange region; therefore, the DL band red-shifted with 

implantation dose. During illumination, a ×
OV  center released an electron [120, 123] , thus, the 

+
OV  concentration initially increased; further illumination reduced the +

OV  concentration via the 

hole trapping reaction +++ →+ OO VhV  [123] . This explains the variation of the DL band PL 

intensity with illumination time and partly the blue shift after long-time exposure. However, the 

model could not explain why the DL band blue-shifted after short-time exposure when the 

increase in +
OV  concentration still occurred. The model would contradict the studies of Borseth et 

al. [56] and Studenikin et al. [58]. 

On contrary, following the assignment of Borseth et al. [56], suppose that the green band was 

due to a OV -related transition (we presume that the oxygen vacancy is +
OV  in this case), there are 

two scenarios. First, implantation with Sn+ ions reduced the relative +
OV  concentration in 

comparison with that of other defects because, for example, +
OV  point defects aggregate to form 

complexes. According to Borseth et al. [56], the red-shift with implantation dose could be 

attributed to the Li-related defect, whose relative concentration became dominant. Furthermore, 

illumination recovered the relative +
OV  concentration via the electron-releasing mechanism (see 

the previous paragraph) as evident in the initial growth in the DL band PL intensity, and the band 

blue-shifted. However, this scenario could be excluded because absorbance of the implanted 

sample in the yellow-orange region increased with implantation dose (see Figure 50). If the 

yellow-orange PL band was caused by the Li-related defects, the absorbance should not increase 

with Sn dose. Second, implantation increased the +
OV  concentration. As indicated by the XRD 
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data (see Fig. 1), formation of complexes such as multi-vacancies, multi-interstitials, or even 

dislocations occurred including +
OV -complexes. Furthermore, the DL band red-shifted with 

implantation dose because either i) the +
OV -complexes were still radiative and their energy was 

smaller than the energy of individual point defects, as argued by Studenikin et al. [58]; or ii) the 

complexes were non-radiative and emission from Li-related defects became dominant, as argued 

by Borseth et al. [56]. During illumination, the complexes dissociated and the number of 

individual point defects increased, which in turn caused the DL band blue-shift and an initial PL 

intensity increase. However, it is unclear which mechanism accounted for the dissociation of the 

complexes, given a small variation in temperature during illumination. Moreover, the second 

scenario could not naturally explain the next stage when the DL band continued blue-shifting as 

the band intensity decreased. 

Clearly, more investigations are necessary to satisfactorily explain the abnormal behaviors of 

the DL band. 
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5  Conclusion 

In the Al0.5Ga0.5As/GaAs MQW: 

The PL properties of a 10-nm-Al0.5Ga0.5As/9.6-nm-GaAs MQW were investigated at 

temperatures in the range 5–400 K. The ratio of the intensity of the PL peak due to the lhe 11 −  

transition to that of the hhe 11 −  transition could be described quantitatively by the formula: 

)/exp( kTE∆− . This was verified by comparison with experimental data in the temperature 

range 50–340 K. 

In order to determine the PL recombination mechanism, the dependence of the PL intensity 

on excitation power was measured over a wide temperature range from 5 to 296 K in small steps 

of 15–20 K. From the results, it was concluded that the relative contribution of free-carrier 

recombination to the total hhe 11 −  PL intensity increased with temperature in the range 5–120 K, 

and then remained constant from 120 to 296 K. The exciton binding energy was determined to be 

11.7 ± 1 meV and the activation energy of the hhe 11 −  transition 13.4 ± 0.8 meV. Both energies 

were close to the thermal energy of 10.3 ± 1.7 eV, corresponding to the temperature of 120 ± 20 

K.  

 

In the hydrothermal ZnO wafers:  

TEM, STEM, and EDS techniques were employed to examine ZnO wafers implanted with 60 

keV Sn+ ions at RT to a dose of 8.0 × 1014 ions/cm2 and at LT to a dose of 1.5 × 1015 ions/cm2. 

These ion implantation doses did not render the ZnO wafer amorphous. Within the sensitivity of 

the EDS measurement device, no regular variations in the relative concentration of O and Zn 

atoms were observed down to 120 nm under the sample surface. 

Photoluminescence spectra of a hydrothermal ZnO wafer implanted at RT to a dose of 3.6 × 

1012 ions/cm2 were measured in the temperature range from 5 to 298 K. The sample was excited 

by means of the 266-nm line of an Nd3+: YAG Q-switched pulsed laser with numerous average 

excitation powers in the range from 0.33 mW to 7.50 mW. At constant temperatures, the most 

intense PL peak red-shifted with average excitation power, whereas positions of other near-band-

edge peaks remained unchanged. It was experimentally proven that the red-shift was not due to 

local heating at the excited spot. Rather, it was due to relaxation of photo-excited carriers to 

lower energy transitions as the most intense transition was saturated by high excitation photon 

density. Furthermore, the temperature dependence of the most intense PL peak energy was fitted 

with the Varshni equation. The Varshni coefficients α  and β  decreased with increasing pulsed 

laser excitation power. 
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Hydrothermal ZnO wafers implanted at RT with 60 keV Sn+ ions to doses of 3.6 × 1012, 4.1 × 

1013, 8.0 × 1013, 1.6 ×1014, and  2.5 × 1014 ions/cm2 were examined by photoluminescence (PL), 

atomic force spectroscopy (AFM), and X-ray diffractometry (XRD) techniques. The PL intensity 

significantly decreased in the wafers implanted at RT to the doses of 4.1 × 1013 ions/cm2 and 

higher. The AFM measurements indicate that the roughness variation was not the cause of the 

significant decrease in PL intensity. Furthermore, under illumination of the He-Cd laser 325 nm 

line the DL band peak in the PL spectra of the implanted samples blue-shifted, and the DL band 

intensity first increased and then steadily decreased with illumination time. The illumination time 

dependence of PL intensity was similar to the dependence of EPR +
OV  signal reported previously 

[120, 121]. The abnormal behaviors of the DL band were discussed. 
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APPENDIX: the program for calculating Kronig-Penney fits. 

Table I. List of parameters utilized to calculate the hhe 11 −  and lhe 11 −  transitions. 

Temperatu-

re 

K 

∆Ec 

eV 

∆Ev 

eV 

Well 

Electron 

Effective 

Mass, 

m0 

Well 

Heavy 

Hole 

Effective 

Mass, 

m0 

Well 

Light 

Hole 

Effective 

Mass, 

m0 

Barrier 

Electron 

Effective 

Mass, 

m0 

Barrier 

Heavy 

Hole 

Effective 

Mass, 

m0 

Barrier 

Light Hole 

Effective 

Mass, 

m0 

5 0.504514 0.229881 0.066498 0.51 0.095095 0.12014 0.635 0.121171 

10 0.503705 0.229599 0.066491 0.51 0.095082 0.119998 0.635 0.12383 

15 0.502895 0.229317 0.066481 0.51 0.09506 0.119856 0.635 0.126489 

20 0.502086 0.229035 0.066467 0.51 0.09503 0.119715 0.635 0.129149 

25 0.501276 0.228753 0.06645 0.51 0.094994 0.119573 0.635 0.131808 

30 0.500466 0.228471 0.066429 0.51 0.09495 0.119431 0.635 0.134468 

35 0.499657 0.22819 0.066405 0.51 0.0949 0.119289 0.635 0.137127 

40 0.498847 0.227908 0.066379 0.51 0.094844 0.119147 0.635 0.139786 

45 0.498038 0.227626 0.06635 0.51 0.094783 0.119006 0.635 0.142446 

50 0.497228 0.227344 0.066318 0.51 0.094716 0.118864 0.635 0.145105 

55 0.496419 0.227062 0.066284 0.51 0.094644 0.118722 0.635 0.147765 

60 0.495609 0.22678 0.066248 0.51 0.094568 0.11858 0.635 0.150424 

65 0.494799 0.226498 0.06621 0.51 0.094487 0.118439 0.635 0.153083 

70 0.49399 0.226216 0.06617 0.51 0.094402 0.118297 0.635 0.155743 

75 0.49318 0.225935 0.066127 0.51 0.094313 0.118155 0.635 0.158402 

80 0.492371 0.225653 0.066084 0.51 0.094221 0.118013 0.635 0.161062 

85 0.491561 0.225371 0.066038 0.51 0.094125 0.117871 0.635 0.163721 

90 0.490752 0.225089 0.065991 0.51 0.094025 0.11773 0.635 0.16638 

95 0.489942 0.224807 0.065942 0.51 0.093922 0.117588 0.635 0.16904 

100 0.489133 0.224525 0.065892 0.51 0.093816 0.117446 0.635 0.171699 

105 0.488323 0.224243 0.065841 0.51 0.093708 0.117304 0.635 0.174359 

110 0.487513 0.223961 0.065788 0.51 0.093596 0.117163 0.635 0.177018 

115 0.486704 0.22368 0.065734 0.51 0.093482 0.117021 0.635 0.179677 

120 0.485894 0.223398 0.065679 0.51 0.093366 0.116879 0.635 0.182337 

125 0.485085 0.223116 0.065622 0.51 0.093247 0.116737 0.635 0.184996 

130 0.484275 0.222834 0.065565 0.51 0.093126 0.116595 0.635 0.187656 

135 0.483466 0.222552 0.065506 0.51 0.093002 0.116454 0.635 0.190315 

140 0.482656 0.22227 0.065447 0.51 0.092877 0.116312 0.635 0.192974 

145 0.481846 0.221988 0.065387 0.51 0.092749 0.11617 0.635 0.195634 

150 0.481037 0.221706 0.065325 0.51 0.09262 0.116028 0.635 0.198293 

155 0.480227 0.221424 0.065263 0.51 0.092489 0.115887 0.635 0.200953 

160 0.479418 0.221143 0.0652 0.51 0.092356 0.115745 0.635 0.203612 

165 0.478608 0.220861 0.065137 0.51 0.092221 0.115603 0.635 0.206271 

170 0.477799 0.220579 0.065072 0.51 0.092085 0.115461 0.635 0.208931 

175 0.476989 0.220297 0.065007 0.51 0.091947 0.115319 0.635 0.21159 

180 0.47618 0.220015 0.064941 0.51 0.091808 0.115178 0.635 0.214249 

185 0.47537 0.219733 0.064874 0.51 0.091667 0.115036 0.635 0.216909 

190 0.47456 0.219451 0.064807 0.51 0.091525 0.114894 0.635 0.219568 
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Table II. List of the calculated the hhe 11 −  and lhe 11 −  transition energies. 

 

Temperature 

K 

hhe 11 −  

eV 

lhe 11 −  

eV 

5 1.570435 1.591335 

10 1.570247 1.591247 

15 1.569845 1.590945 

20 1.569435 1.590635 

25 1.568925 1.590225 

30 1.568321 1.589721 

35 1.56763 1.58913 

40 1.566856 1.588456 

45 1.566004 1.587704 

50 1.56508 1.58688 

55 1.564087 1.585987 

60 1.56303 1.58503 

65 1.561911 1.584011 

70 1.560734 1.582934 

75 1.559603 1.581903 

80 1.55832 1.58072 

85 1.556988 1.579488 

90 1.555609 1.578209 

95 1.554186 1.576886 

100 1.55272 1.57552 

105 1.551215 1.574115 

110 1.549672 1.572672 

115 1.548192 1.571292 

195 0.473751 0.219169 0.064739 0.51 0.091381 0.114752 0.635 0.222228 

200 0.472941 0.218888 0.06467 0.51 0.091237 0.114611 0.635 0.224887 

210 0.471322 0.218324 0.064531 0.51 0.090944 0.114327 0.635 0.230206 

220 0.469703 0.21776 0.06439 0.51 0.090646 0.114043 0.635 0.235525 

230 0.468084 0.217196 0.064247 0.51 0.090344 0.11376 0.635 0.240843 

240 0.466465 0.216633 0.064103 0.51 0.090038 0.113476 0.635 0.246162 

250 0.464846 0.216069 0.063956 0.51 0.089728 0.113193 0.635 0.251481 

260 0.463227 0.215505 0.063808 0.51 0.089415 0.112909 0.635 0.2568 

270 0.461607 0.214941 0.063658 0.51 0.089099 0.112626 0.635 0.262119 

280 0.459988 0.214378 0.063507 0.51 0.088779 0.112342 0.635 0.267437 

290 0.458369 0.213814 0.063354 0.51 0.088457 0.112059 0.635 0.272756 

300 0.45675 0.21325 0.0632 0.51 0.088132 0.111775 0.635 0.278075 

320 0.453512 0.212122 0.062889 0.51 0.087475 0.111208 0.635 0.288713 

340 0.450273 0.210995 0.062573 0.51 0.086808 0.110641 0.635 0.29935 

360 0.447035 0.209867 0.062254 0.51 0.086134 0.110074 0.635 0.309988 

380 0.443797 0.20874 0.061931 0.51 0.085452 0.109507 0.635 0.320625 

400 0.440559 0.207612 0.061605 0.51 0.084764 0.108939 0.635 0.331263 
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120 1.546578 1.569778 

125 1.54493 1.56823 

130 1.543251 1.566651 

135 1.541542 1.565042 

140 1.539904 1.563504 

145 1.538138 1.561838 

150 1.536346 1.560146 

155 1.534529 1.558429 

160 1.532687 1.556687 

165 1.530922 1.555022 

170 1.529034 1.553234 

175 1.527025 1.551425 

180 1.525095 1.549595 

185 1.523246 1.547846 

190 1.521277 1.545977 

195 1.51929 1.54409 

200 1.517385 1.542285 

210 1.513325 1.538425 

220 1.509301 1.534601 

230 1.505119 1.530619 

240 1.500981 1.526681 

250 1.496692 1.522592 

260 1.492455 1.518555 

270 1.488172 1.514472 

280 1.483748 1.510248 

290 1.479384 1.506084 

300 1.474982 1.501882 

320 1.465976 1.493276 

340 1.456844 1.484544 

360 1.4477 1.4758 

380 1.438356 1.466856 

400 1.429021 1.457921 
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Interface of the program written in Delphi 7 to calculate the hhe 11 −  and lhe 11 −  transitions. 
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The code used to calculate the energy level, according to the Kronig-Penney model. 

 

function TForm1.GetEnergyLevel(mw,mb,Eb,lw,lb,Xstep: extended; n: integer): extended; 

var a,E,F,Fstore, Alp, Bet, AlpLw,BetLb: Extended; 

    i,j,k : integer; 

begin 

  i := 0; 

  F := 0; 

  a := sqrt(2 * 9.1093897 * 1.60217733)/1.05457266; 

  Fstore := 0; 

  E := 0; 

  While E <= Eb do 

    begin 

      if (Eb-E)<0 then Exit; 

      Alp := a * sqrt(mw * E); 

      AlpLw := Alp * Lw; 

      Bet := a * sqrt(mb * (Eb-E)); 

      BetLb := Bet * Lb; 

      F := (sqr(Bet) - sqr(Alp)) * sin (AlpLw) * sinh (BetLb); 

      F := F + 2  *(Bet*Alp)* cos (AlpLw) * cosh(BetLb); 

      F := F - 2 * (Bet*Alp);//* cos (Alp * (Lw+Lb)); 

      If Fstore * F < 0 then 

        begin 

          inc(i); 

          if i = n then 

            begin 

              Result := E; 

              exit; 

            end; 

        end; 

      Fstore := F; 

      E := E + Xstep; 

    end; 

end; 
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