
~; 

MBE growth and properties of 

ZnO and ZnCdO thin films 

Keiichiro SAKURAI 

January 2001 



This thesis is based on the research work to which the 
author devoted himself at 

Fujita Laboratory, Department of Electronic 
Science and Engineering, Kyoto University, Japan 

from Apr.l996 through Jan.200 1. 

"Repair when broke. To pieces when beyond. " 

---author's motto 

Acknowledgements 

I would like to express my sincere gratitude to rny supervisor, Profes­

sor Shigeo Fujita, for his continuous guidance supervision, and heartful 

encouragernent throughout this work. I arn deeply grateful to my eo­

supervisors , Professor Hiroyuki \Iatsunarni , and Professor Junzo Ishika\va 

for their precious cornments and helpful guidance. 

I am very indebted to Associate Professor Shizuo Fujita for fruitful 

and ainple suggestions on this work , and moral support on both public 

and private difficulties. I would like to acknowledge Associate Professor 

Yoichi Kawakami for stimulating discussions, including those on optical 

characteristics and its possibilities . I would like to thank Dr. l\!Iitsuru 

Funato for discussions on structural evaluation of the films. I would like 

to thank Dr. Jun Suda for detailed and comprehensive guidance on ?viBE 

method and experirnental procedures. 

~/1ost of this work was done under co-operation with people of Rohrn. 

Co. and Electrotechnical Laboratory. I would like to thank ;\1r. Tet­

suhiro Tanabe and :\1r. Ken :\ akahara from Rohm Co. for their eager 

works and discussions , and lVIr. Hidemi Takasu for continuous and gen­

erous support. I also wish to acknowledge Dr. Shigeru :\"iki, Dr. Kakuya 

Iwata, and Dr. Paul Fons at Elcctrotechnical Laboratory, for incentive 

suggestions and discussions. 

I am grateful to Dr. \Iakoto Shinohara, \Ir. Daisuke lrnai , ~·1r. 

Eiji Kinoshita at Shirnadzu Co. for CAICISS mcasun:rncnts. I \\'ish 

to thank Dr. ~·lasahiro Yoshimoto at Kyoto Institute of Technology for 

microscopic photolurninescencc measurernents . I also thank \Ir. Tokudera 



H Acknow lcdgenwnts 

of Seiwa Electric \IFG. Co. for kindly lt"'nding a Knudt hen cell. 

This work was n1ade possible by the cooperation and assistance of 

many people at Kyoto C niversity. The research work was executed \Vith 

~lr. Daiji Iwata: ~Ir. .\Iasahiko Kanehiro . .\Ir. Ryo Tatsurni, ).lr. 

Takeshi Kubo. ~Ir. Daisuke Kajita. and ~Ir. Tsu~·oshi Takagi. I arn 

sincerely grateful for their devoted contribution with individual special­

ties. I wish to acknowledge Dr. Yukio \"arukawa: ~Ir. Kunirnichi Ornae : 

.\Jr. Tornoaki Izurni~ and ).Jr. Keigou .\laejinw for extensin• support and 

fruitful discussions. I arn also thankful to all the rnernbers of Optoelec­

tronic \laterial Science and Engineering Laborator:v (Fujita Laboratory) 

in Kyoto Cniversity during rn_y doctoral course studies. 

Experiments were partially assisted by the facilities of Quanturn Op­

toelectronics Laboratory (Sasaki Laboratory, \" oda Laboratory), Semi­

conductor Science and Engineering Laboratory (.\Iatsunan1i Laboratory), 

and Venture Business Laboratory in Kyoto C niversity. 

I arn grateful for the financial support of .Japan Society for the Pro­

rnotion of Science. Finally, I especially \Vish to thank rny parents, grand­

parents, and my relatives for their encouragement and supports. 

Contents 

Acknowledgements 

1 lntrod uction 

1.1 Backgrounds . . . . . . . . 

1.2 Zinc oxide . . . . . . . . . 

1.2.1 Properties of ZnO . 

1. 2. 2 Research progress 

1.3 Objectives of this study 

1.4 Outline of this thesis . . 

2 MBE growth of ZnO using nitrogen oxide 
2.1 Introduction ...... . 

2.2 GSMBE system . . . . . . . 

2.3 Experimental procedures . . 

2.3.1 Selection of substrate 

2.3.2 Substrate preparation 

2.3.3 Growth procedures 

2.3.4 Characterization 

2.4 Growth of ZnO using l'\02 

2.4.1 Adsorption of l\02 gas to L~2 shroud. 

2.4.2 At optin1urn temperatures . . . 

2.4.3 At non-optimum temperatures . 

2.5 Comparison with other oxygen sources 

2.5.1 Comparison with :'\2 0 ..... 

Ill 

1 

1 

2 

2 

4 

5 

6 

13 

13 

14 

17 

17 

18 

20 

22 

22 

22 

23 

28 

29 
29 



IV CO~TE~TS 

2.5.2 Comparison with radical oxygen . 

2.6 Two step growth ... 

2. 7 Indiun1 contarnination 

2.8 Surnmary ...... . 

29 

31 

34 

38 

3 MBE growth of ZnO using radical oxygen 

3.1 Introduction . . . . . . . 

43 

43 

44 

52 

52 

53 

53 

3.2 RS~viBE system . . . . . . . . . . . . . . 

3.3 Experimental procedures . . . . . . . . . 

3.4 Optirnization of radical cell configuration 

3.4.1 Orifice size ............ . 

3.4.2 Distance frorn the radical cell .. 

3.5 Optimization of the fundamental growth paran1eters . 

3.5.1 Problems to be solved 

3.5.2 Growth temperature 

3.5.3 RF power . . . . . . . 

3.5.4 Oxygen flow rate . . . 

3.6 Effects of polarity of ZnO c--axis . 

--, 
i)( 

57 

61 

64 
64 
68 

3. 7 Dependence on orientation and morphology of substrates 70 

3. 7.1 Su bstrate orientation . . . . . . . . . 71 

3. 7.2 Surface morphology of the substrates 7 4 

3.8 Growth on rniscut sapphire substrates . 76 

3.8.1 On c- plane 78 

3.8.2 On a plane 81 

3.9 Optimized results 81 

3.10 Summary . . . . . 86 

4 Growth and characterization of Zn1_xCdxO films 89 

4.1 Introduction .......... . 

4.2 RS\113£ growth of ZnCdO filrns 

4.2.1 Procedures. 

4.2.2 Results . . 

4.2.3 Discussion . 

89 

91 

91 

93 

97 

CO~TE~TS V 

4.3 Blue luminescence from ZnCdO films . . . . . . . . . . . 97 

4.3.1 Dependence on ternperature and excitation intensity 98 

4.3.2 Spatial distribution 102 

4.3.3 Discussion 103 

4.4 Summary 107 

5 Conclusions 109 

Appendix 113 

List of publications 117 

5.1 Full length papers and letters . . . . . . . . . . . . . . . 117 

5.2 Proceedings . . . . . . . . . . . . . . . . . . . . . . . . . 118 

5.3 Papers presented at international conferences and n1eetings 118 

5.4 Domestic l\:Ieetings (in Japanese) 119 

5. 5 Related publications 

5.6 Award .............. . 
121 

121 



Chapter 1 

Introduction 

1.1 Backgrounds 

Information technologies have been applied to various fields and have 

been wildly permeating into every aspect of our life. These new tech­

nologies support communications to be faster and easier, and to be useful 

than ever. Following this trend, the size and power consumption of infor­

mation appliances are preferred to be smaller, while their functions and 
capacity dramatically increase. Consequently, there have been strong de­

mands on optical semiconductor devices, for shorter wavelength, higher 

efficiency, and integration possibilities. These demands on semiconductor 

devices involved higher storage density which requires laser diodes (LDs) 

shorter in their wavelength, or full-color luminescence which requires light 

emitting diodes (LEDs) of all three primary colors; red, green and blue. 
Recently, wide-bandgap semiconductor compounds, including ZnSe and 

Ga:"J, have been introduced to the world as short-wavelength optical de­
vice materials. ZnSe--based compounds have realized pure green LEDs 

and LDs [1], and Ga~ -based compounds have made LEDs and LDs 

operating at blue and shorter wavelengths [2, 3] possible. These new 

semiconductor compounds are being applied as full- color light sources 
and short-wavelength lasers for storage devices. But still, under the 

current fast development of information appliances, smaller size, higher 

1 



2 Chapter 1. Introduction 

density of integration, lower power consumption and higher efficiency, 

are strongly dernanded. In view of these persisting demands on optical 

devices, Zinc oxide (ZnO) is an attracting candidate n1aterial. 

1.2 Zinc oxide 

1.2.1 Properties of ZnO 

ZnO is a material that bears closely to our daily lives. It is characteristic 

of many useful properties, such as piezoelectric behavior 1 transparency to 

visible light, conductivity, sensitivity to various gases. These properties 

make ZnO one of the most widely and commonly used material applied 

to the industry, widely applied for passive devices such as piezoelectric 

devices [4, 5, 6], gas sensors[7, 8], varistors, and transparent electrodes[9). 

Frorn a different point of view, as a semiconductor material, ZnO 

closely resembles the famous Ga~. ZnO has a wide band gap of 3.4e V 

which corresponds to ultraviolet (GV) light [10). It also has a wurtzite 

(WZ) structure with lattice constants of a= 3.24 A and c= 5.19 A [11] 1 

which is quite similar to those of Gal\[12]. In addition to these properties, 

ZnO is particular of two major attractive points. 

Excitonic properties: The first point is that ZnO has a large exciton 

binding energy of Eb = 60me V [10, 13], which is more than two times 

larger than that of GaN (28meV) [14] or ZnSe (21meV) [15]. An exciton 

is a pair of loosely bound electron and hole, described by a model close 

to that of a hydrogen atom [16]. And similar to a hydrogen molecule, 

two excitons can also form an excitonic molecule (biexciton) [17, 18]. 

By utilizing excitons and biexcitons~ it is expected that high - efficiency 

lasing can be realized by contribution of exciton to the optical gain [19, 

20, 21, 22]. Also, the nonlinear optical effects of excitons are pointed out 

to be applicable for future ultra fast optical switching devices [23, 24]. 

However, excitons are known to dissociate at high temperatures, or 

change to electron hole plasrna (EHP) at higher excitation density by 
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screening effect[22). \Vith larger Eb, excitons becorne rnore stable and 

thus become easier to be utilized at higher temperature or densitv. In 

the case of GaN- and ZnSe- related alloys, though excitons were clearlv 

observed at low temperatures and their contribution to optical gain wer~ 
pointed out [17, 25L excitons tended to dissociate by the thermal energy 
of room temperature (26rne V). In the case of ZnO, with its large exciton 

binding energy, excitons can be observed even at room temperatures [26L 

and quite low lasing threshold was also reported at low temperatures 

[27). w1oreover, the binding energy of excitons can be strengthened by 

confining in low- dimensional structures; in the case of quantun1 wells, 

an ideal well can boost the binding energy up to a factor of four[28]. 

As ZnO naturally has a large binding energy, the increment of binding 

energy by confinement can be also large, which may exceed any other 

semiconductor device materials. Thus ZnO is a promising candidate 

material for future high-efficiency short-wavelength lasing devices, and 

nonlinear optical devices utilizing excitons. 

Connection with present ZnO devices: The second point is that 

ZnO is already widely applied to the industry, as mentioned above. By 

adding functions as active elements to present ZnO devices, integration 

of existing passive elements with transistors, LEDs and nonlinear optical 

devices, all based on ZnO, can be realized. This would lead to higher 

density of integration and increase the functionality of present passive 

devices. In addition, as serniconductor devices require the highest quali­

ties in both electrical and optical properties, the research for ZnO active 

devices would improve the quality of the present passive devices. Con­

ventional ZnO passive devices would benefit from the improved quality 

of ZnO crystals, resulting in lower rates in optical, electrical and physical 

losses. 
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1.2.2 Research progress 

Although ZnO has these attractive properties as sen1iconductor devices, 

as it had long been considered as a rnaterial for passive devices, two 

major developn1ents have been needed to be rnade; optical and electrical 

quality, and band structure modulation. 

Conventional growth techniques such as chen1ical vapor deposition 

(CVD) [29] or sputtering [30] had been successful on fabrication of passive 

ZnO devices. However, as a passive device material, the optical proper­

ties of ZnO had n1ainly been evaluated by its transparency, or efficiency 

as a phosphor. Suppression of deep-level luminescence and nonradiative 

recombination centers, bandgap rnodification for quantum confinement 

and tuning of the applicable wavelength, which are inevitable as an op­

tical device material, had not been exarnined sufficiently. ""C nder strong 

demands for further developments in optical quality and controllability 

of band structure, pulsed laser deposition (PLD)[31 L n1olecular beam 

epitaxy (~BE)[32, 33], and vapor transport[27] was applied for ZnO epi­
taxy. \:Vorks on these new growth methods have significantly irnproved 

the optical quality of ZnO films, successfully obtaining ZnO fihns that 

are free of deep- level luminescence and capable of lasing at room tenl­

perature (RT) by optical excitation [26, 34]. Still, further enhancernents 

in film quality, such as crystallinity or electrical properties, was required 

for fabrication of active semiconductor devices. 

Another large hurdle is the band structure rnodulation, including con­

duction type control and bandgap modification. ZnO has n--type con­

duction nature. Conventional growth methods such as hydrothermal syn­

thesis, MOCVD and sputtering, have been successful in obtaining ZnO 

films with desired high n type conductivity [35, 36], \Vhile no successful 

reports on p type conduction had been made. The n -- type inclination 

of ZnO is caused by defects originating from interstitial zinc or oxygen 

vacancy [37, 38, 39]. Fabrication of p- n ZnO heterojunction semicon­

ductor devices requires suppression of the intrinsic donors and therefore 

avoid self cornpensation on p type doping. Thus, higher crystallinity and 
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suppression of defects have been required fron1 the standpoint of conduc­

tion type controlling. Co-doping technique is said to ease this difficulty 

of p-- type doping[40], and p-type conduction in ZnO fihns are being 

reported [ 41, 42, 43] by utilizing this theoretical prediction. However, 

to date, p- type doping of ZnO still has problems in hole concentration, 

or optical quality, or reproducibility; no group has reported successful 

fabrication of p-n heterojunctions by ZnO. On the other hand, for effi­

cient utilization of the excitons, fabrication of deep and efficient confine­

ment structures is required. \\7idening of the bandgap makes potential 

of barrier layers higher, while narrowing of the bandgap makes wells 

deeper. :Vloreover, by bandgap modification, the applicable wavelength 

range of ZnO would widen fron1 the visible (>400nm) region to the far­

CV ( <300nm) region. Ohtomo et al. have reported that the bandgap 

of ZnO can be widened up to 4.0eV by alloying with :N'lgO [44), which 

corresponds to a wavelength of 310nm. However, the bandgap of ZnO 

has not been narro\ved much in the previous studies; narrowing to 3.0e V 

was reported by alloying with Cd0[45], but no further reports have been 

made. 

1.3 Objectives of this study 

The study presented in this thesis was done based on the background 

mentioned above. The first objective of this study was to obtain infor­

mation and knowledge on growth parameters that have influence on the 

quality of ZnO films, and thus improve the optical and electrical proper­

ties of ZnO filrns for optical semiconductor devices. The second objective 

of this study was to modify the bandgap and luminescence wavelength 

of ZnO do\vn to the visible region, in order to enhance confinement po­

tential and expand applicable wavelength range of the future ZnO-based 

optical semiconductor devices. 
In this study, ~'lBE n1ethod was chosen for growth of ZnO and its 

respective alloys. Among the growth methods being applied for optical 

device- quality ZnO epitaxy, \~IBE is a prornising technique. !v'lBE is 
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a method that is applied for mass production, while it is also suitable 

for fundamental research activities. Thus the techniques developed in 

the research stage can directly be applied for mass production. The 

residual pressure during growth is lnw enough (typically in the range of 
10-5 _._ 10-9 Torr), which enables in-situ observation n1ethods using elec­

tron beam, such as reflection high energy electron diffraction (RHEED). 

RHEED is a powerful analysis rnethod of the growing crystal surface, 

which makes it possible to observe few monolayers of the surface frorn 

low-incident electron bean1 diffraction patterns, and provides useful in­

formation such a·s surface morphology, crystallographic orientation and 

growth speed [46, 47] . And compared to PLD, ~1BE can dynamically 
change the supply of each source material, without being restricted by 

compositions of the prepared ablation targets. 

However, at the time this study had begun, reports on growth of ZnO 

by MBE method were quite few, and most of the growth parameters 

were still unclear of their effects on the quality of ZnO films. This study 

was done in parallel with the early development of research on growth 

of ZnO films by TYIBE method, investigating the effects of fundamental 
growth parameters and putting the obtained knowledge to practical use 

for higher quality of the ZnO films. 
The latter part of this study is dedicated to alloying of ZnO with 

CdO, to search for possibilities of narrowing the bandgap for further 

fabrication of confinement structures and utilization of ZnO at longer 

wavelength range. 

1.4 Outline of this thesis 

This thesis is organized in five chapters. 
Chapter 2 concerns gas source :\1BE ( GS~viBE) of ZnO films, using 

~02 as oxygen source rnaterial. N02 and ~20, which were used for MBE 
of ZnO films for the first time in this work , are described in this chapter. 

Chapter 3 concerns radical source l\:IBE (RS:\IBE) growth of ZnO, 

using radical oxygen as oxygen source. Various growth parameters of 
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ZnO, including the growth temperature, Zn partial pressure, paran1eters 
concerning the radical source and substrate orientation, were examined 

in this chapter. The effects of each parameter on RS).IBE gro\\'th of ZnO 
films are described. 

Chapter 4 deals with alloying of ZnO with CdO, using the RS).IBE 
method described in the previous chapter. The characteristics of ZnCdO 

films with varied Cd contents are described. Blue luminescence frorn 

ZnCdO films is observed for the first time, and its characteristics are 
also described. 

Finally, the results obtained in this study are summarized in Chapter 
i). 
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Chapter 2 

MBE growth of ZnO using 
nitrogen oxide 

2.1 Introduction 

At the time this study had begun, reports on MBE growth of ZnO were 

quite few. As oxygen source material, radical oxygen was used [1], but 

its advantages to other oxidizers were still unclear. Among the oxygen 

source candidates, NOx gases were attractive candidates for ?v1BE growth 

of ZnO. :\Ox gases have been widely used in growth of ZnO by ~10CVD 

method, but had not been used in the case of :VIBE of ZnO. In the case of 

:NIBE method using liquid nitrogen shrouds, ~Ox gases, with their high 
condensation points (21.2 oc for N02 and -88.5 oc for N2 0 ), would easily 

be adsorbed to shrouds and thus the residual vacuum level during growth 

would be quite low, which makes in-situ measurements much easier than 

the case of radical oxygen. 

In this chapter, two types of :\Ox gas, N20 and );02 
1

, were used 

for :YIBE of ZnO films for the first time, and their merits and demerits 

for ~1BE of ZnO were evaluated. Radical oxygen was also examined for 

companson. 

1 N 0 was not examined , as it has a lower condensation point ( -151.8 oc ) and did 
not adsorb well to the shroud as the other two. 

13 
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0 

NOx 

RHEED 
QMA gun LN 

exchange 
chamber 

Figure 2.1: Schematic diagram of the gas-source \IBE system. 

2.2 GSMBE system 

Overview: The epitaxial growth of films described in this chapter was 

carried out using a GSl\llBE system schematically described in Fig.2.1. 

The used system was a modified A~EL\/A K:\IV-101 GS~1BE system, 

originally designed for M0.\1BE growth of Zn:\1gSSe alloys. The sys­

tern consisted of one exchange charr1ber and one growth chamber, and 

sample exchange did not require repressurization of the growth chamber. 

The growth charnber was equipped with an effusion cell for zinc, a gas 

cracking cell for NOx gases, and a radical cell for radical oxygen. All 

cells were equipped with individual shutters. The growth chamber was 

also equipped with a quadrapole rnass spectron1eter(Q\IS; "CL VAC ~vlSQ-
101) for analysis of residual gas , and a reflection high energy electron 

diffraction (RHEED) syst.ern for in-situ real-tirne observation of surface 
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structures of the sarnples. 

Pumping system: The growth charnber was pumped by an oil dif­

fusion purr1p (Edwards E06K), equipped with a liquid nitrogen trap 

(Vacuurr1 Generator CCT-150) and supported by a rotary purnp (CL­

VAC GCD-200XA). All purr1ps and oils were anti-corrosion type. The 

overall pumping speed of this pumping system was about 450£/sec. The 

growth chamber was also equipped with a liquid nitrogen cryoshroud, 

and cooled to liquid nitrogen temperature (77K) during gro\vth for ad­

sorption of remaining gases. At the best condition, the pressure inside 

the chamber was maintained lo\ver than 1 x 10-9 Torr. To avoid corrosion 

from remaining corrosive elements (Se, S) and oxidizers, aluminum gas­

kets were used for sealing. The baking temperature after maintenance 
was kept lower than 120 oc in order to avoid softening of gaskets. 

Substrate heating system: The substrate holder was made of nlolyb­

denum, and heated up to 800 ac by a tantalum heater placed backside. 

Substrates were soldered to the holder by 6~ indium. The substrate 

temperature (T..c;ub) was monitored by a thermocouple at the back side of 

the holder. The measured value of the thermocouple was corrected by 

referring the eutectic point of Al/Si(577°C ) and Au/Si(363°C ). 

Zinc supply: Metallic zinc of 6:\" purity was evaporated from a low-­

temperature type Knudsen cell (K-cell;EPI EPI-40-LT; Fig.2.2). Zinc 

was held in a 40cc crucible made of pyrolytic boron nitride (PBN). The 

crucible was equipped with a 2rnm<t> orifice in order to raise the cell 

temperature for equivalent zinc output , thus improving controllability 

of zinc supply. To prevent the orifice from choking up , the heater wire 

was placed denser at the exit edge of the crucible [2]. The temperature 

of the crucible was controlled by a temperature controller (Eurotherm 
model818). The temperature was stabilized within ±0.3oC . The flux of 

Zn was nwasured as partial pressure by a nude ionization gauge (:\"IG). 
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Crucibl 
(PBN) 
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Thermo­
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Figure 2.2: Schematic diagram of a K-cell. The zinc cell was equipped 
with an orifice for improved controllability of zinc flux. 

NOx supply: NOx (~20 or :r\02 ) gases were supplied from a gas cell. 

The gas cell was designed for thermal cracking of metalorganic gases, 

equipped with heaters and tantalum baffles (Fig.2.3) . In this work, the 

temperature of the gas cell was kept at 40oC to avoid condensation of 

NOx gases inside the cell. In the case of N02 , all pipings and valves 

were also heated and kept above 30°C . The flo\v rate of the ~Ox gases 

was controlled by a mass flow controller (lVIFC; STEC SEC-3400S). 

Oxygen supply: For comparison with NOx gases, radical oxygen was 

supplied from a radical cell. The radical cell was originally designed for 

nitrogen doping to ZnSe and its respective alloys. Ylicrowave (2.45GHz) 

was applied for excitation of oxygen. The applied power of the microwave 

was 250W at maximum. Radical oxygen was injected through a 0.2mm<P 

crystal orifice. The distance between the orifice and the substrate loca­

tion was approxin1ately 850n1m. The en1ission spectrum from the radical 

cell was dominated by atornic transitions at 777nm and 845nm [3) as 
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PBN 

cracked + ,...----------. 
gas 

Figure 2.3: Schematic diagram of the gas cell used for injection of 
:\'Ox gases. 

shown in Fig.2.4, and the color during operation \Vas yellowish white. 

2.3 Experimental procedures 

2.3.1 Selection of substrate 

In the case of ).IBE growth of ZnO, preferably, the substrate should be 

stable under irradiation of oxidizers, and match the hexagonal structure 

of ZnO crystal, which is wurtzite (\,YZ) with lattice parameters of a = 

3.243A, c = 5.195A (Fig.2.5). One attractive candidate was c-plane sap­

phire. Sapphire (a- Ab0:3) is a transparent oxide substrate which has a 

hexagonal corundum structure with lattice parameters of a = 4. 754A and 

c = 12.99A , and quite stable under oxidizing environments or high tem­

perature. As it was commonly used as substrates for Ga~ (which has a 

lattice constant quite similar to that of ZnO) and its respective alloys, it 

was cornmercially available at an affordable cost; while other candidates, 

such as SiC [3] or ScAL\fg04 [4], was quite expensive. In addition, sap­

phire substrates are transparent in the \\'hole visible region and up to CV 

region of ). rv 250nm 2
, which rnakc input / output of light through the 

substrates possible. In turn, sapphire is highly insulative ( rv 1014 S1 ·ern) 

which disallows contacts to be molded to the substratc, and requires 

2 from vendor catalogues 
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Figure 2.4: Typical spectrum of emission from oxygen plasma operating 
at oxygen flow rate = 0.4 7 4ccm and \'1\V power = 250\V. The spectrum 
was dorninated by atomic transitions at 777nrn and 845nrn. 

additional etching processes in device fabrication. And though it has a 

hexagonal structure, there is a large lattice mismatch between ZnO and 

sapphire in their c-planes , of about 18o/c (see Fig.2.9). However, tak­

ing future rnass production iu consideration, the low cost , high quality 

and availability of sapphire substrates were attractive enough to hold out 

the few disadvantages. Considering the factors mentioned above, c-plane 

sapphire was used as the su bstrate for works done in this chapter. 

2.3.2 Substrate preparation 

c-plane double side -polished sapphire manufactured at Cnion Carbide 

(presently Bicron) by Czochralski (CZ) rnethod was used as substrates. 

The thicknPss of the substrate was 0.33mrn, and the error range of surface 

orientation was 0.3 degree from c -plane. The substrate was degreased 

in organic solvents, and etched in a rnixed solvent of H2S03:H3P04 = 

~c;~~ ......... ·~·J 
I I I 
I I I 
I 1 I 
I I 
I I 
I AI I 
I 

ol 
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12.991/3 
==4.330A 

5.207A 

19 

Figure 2.5: Schematic diagrarns of sapphire ( corundurn structure) and 
ZnO (wurtzite structure). Figures are not drav;.'n to scale. (~ote that 
the diagram of sapphire does not describe a whole unit cell; see Fig.2.9). 
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1:3 at 100°C for 10 20 rnin. Glass dippers were used for holding the 

substrate 3
. The substrates were then rinsed with deioniz£>d \Vater and 

blown with dry nitrogen. Extending the fonnula reported by Reisrnan et 

al.[5] to 373K ~ the etch rate of sapphire at this condition was cstirnated 

to be in the rage of 0.3 rv 5nrn/h ~. This lov; etching rate is apparently 

insufficient for cornplete removal of the darnag('d layer possibly rernaining 

at the substrate surface. However, it was estimated to be effective for 

rernoval of sn1all bumps with heights of few rnonolayers. which were often 

seen on the substrate surface (Fig.2.6( a)). After etching, the sapphire 

substrate showed steps with 1/6 height [6] of one unit cell (12.99_4 / 6), 

as seen in Fig.2.6(b). After introducing into the charnber, the substrates 

were thermally cleaned by heating up to 800 oc for 2rnin. After t hennal 

cleaning, the substrates were cooled to 350 oc and put under irradiation 

of radical oxygen for 10- 30 min[7]. After the pre-growth treatn1ents, 

the substrate showed streaky RHEED patterns, which indicate sn1ooth 

surface. 

2.3.3 Growth procedures 

After the preparation of the substrate, the substrate was heated to 

growth ten1perature (T9r)· Oxidizing gas (radical oxygen or ~Ox gas) 

was injected into the charnber with the shutter closed, after a few min­

utes interval for stabilizing the gas ftow, Zn and oxygen source (radical 

oxygen or ~Ox gas) were irradiated sirnultaneously to the substrate. In 

the case of two step growth described in section 2.6, low-temperature 

(LT) buffer layer was grown and annealed prior to the growth at higher 

ten1perature. After growth, the shutters of cells were closed and the 

substrate was cooled to roorn temperature. 

3 Any kind of plastics examined could not stand this etching process, resulting in 
contamination of the suhstratP surface. 

4 0.3 is for pure H:3P04 and 5 is for H2S03 : H3 P04 = 9:1 solution. 

2.3. Experimental pr?._c_e_d_ur_e __ s ___ 2_1 

(a) 

(b) 

Figure 2.6: AFl\1 irnages of c-plane sapphire substrates (manufactured by 
Union Carbide). (a):as degreased, (b):after etching in H2S03 :H3P04= 
1:3 at 100°C for 10 min. 1/6 height steps[6] are visible. Small bumps are 
observed for (a). 
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2.3.4 Characterization 

The grown filrns were characterized by RHEED~ X-ray diffraction (XRD) 

by e - 28 and rocking cun·e (XRC) rnethocL photolurninesccnce (PL) 

using a He-Cd laser irradiation at 325nrn as excitation source, absorp­

tion measurement using a Xenon larnp for excitation. Atornic Force .\Ii­

croscopy (AF:\1; SII SPI3700), and scanning electron rnicroscopy (SE.\I; 

Hitachi S-4500 SEM). Growth rates were rneasured frorn cross-sectional 

SE.\'1 images of the cleaved samples. Carrier concentration and resistivity 

were measured by a Hall measurernent systern (Resistest8300). Contacts 

for Hall measurement were made by gold wires soldered to the filrn sur­

face by pure indiurn. 

2.4 Growth of ZnO using N02 

Growth of ZnO films using l'\02 by \IBE rnethod was exan1ined. Bearn 

pressure of zinc was varied between 2 5 x 10-7 Torr, flow rate of :\"02 was 

varied between 1.12 -3.75 ccm. Growth temperature was varied bet\\'een 

Tgr= 200 -600 oc . Growth duration tin1e was 3- 5 hours. 

2.4.1 Adsorption of N02 gas to LN2 shroud 

It is worth noting that the background pressure was kept belo\v 1 x 10- 7 

Torr during growth, lo\v enough for use of RHEED and other n1eans 

of in-situ nwnitoring equiprnents that require high vacuurn level. This 

low background pressure was made possible by the existence of liquid 

nitrogen shroud. Residual :\02 gas was adsorbed to the shroud during 

gro\vth, and desorbed when the shroud was gradually heated to room 

temperature after growth. Fig.2.7 shows the change of background pres­

sure of tlw charnber after growth with the pun1ping system working: the 

:\02 gas desorbs abruptly at a specific ternperature. 
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10 

Time after stoppage of LN2 (hours) 

Figure 2. 7: Typical record of chamber pressure after growth run, as 
adsorbed :\"2 0 detaches from L:\2 shroud \vith rising temperature. The 
gas detaches abruptly at a certain temperature. :-\02 sho\vs the sarne 
trend. 

2.4.2 At optimum temperatures 

For gro\vth at 350 ~ T9r?. 500 oc , c-axis oriented growth of ZnO was 

observed by XRD measurernents. :\" o other growth directions were ob­

served in XRD rneasurements. and the narrowest value of full width at 

half rnaxirnum (F\VH.\1) of XRC was 0.848 degree. The RHEED pat­

terns of the grown ZnO filrns showed six -fold c -axis oriented growth 

(Fig.2.8). However, the RHEED patterns were spotty, which indicated 

rough surfaces 5 . 30 degrees rotation in the basal plane with respect to 

the sapphire substrate was observed. This is because the oxygen atorn 

dorninates the surface structure of sapphire, as schematically drawn in 

Fig.2.9 [8, 9]. This is analogous to the case of Ga~ (ViZ; a = 3.180, c = 
5.178) epitaxy on c-plane sapphire[10~ 11 , 12]. Typical PL spectra rnea­

sured at 20K and RT are shown in Fig.2.10. The spectra showed alrnost 

no deep-level hnninescence (DL) up toRT, indicating high optical quality 

.')The RHEED patterns should be "streaky" \vhen the surfac0 is smooth<·r than the 
incident angle (typically lower than 10·) of the electron beam: s<~c Pagf~ 20 of Ref.[46] 
of Chapter 1. 
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Figure 2.8: Typical RHEED patterns of a c-plane sapphire substrate and 
a ZnO film grown by using N20 gas as oxidizer. The ZnO crystals were 
30 degrees rotated in the basal plane with respect to the substrate ( c.f. 
Fig.2.9). 
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Figure 2.9: Schematic drawings of atomic arrangement of ZnO on c-plane 
(0001) sapphire. For AI, only the topmost layer is shown (the second layer 
of AI is slightly below the first layer of Al[9] and not shown). 
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Figure 2.10: Photolurninesccnce and absorption spectra of a typical ZnO 
filrn with colurnnar structurr.s. Excitonic peaks were clearly observed. 
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ZnO 

Substrate 

200nm 

Figure 2.11: SE.\1 irnage of a typical ZnO filrn grown directly on sapphire 
using ~02 gas. Rough structures were observed. 

of the grown layers as being dominated by near-bandedge luminescence. 

At low temperatures, the absorption spectra clearly exhibited two ab­

sorption peaks, each corresponding to A&B excitons (3.378, 3.393e V) 

and C excitons (3.433e V). Referring to the well-known band structure 

[13], the absorption peak at lower energy was assigned to the mixture 

of absorption by A (3.378 eV) and B (3.393 eV) excitons, and that at 

the higher energy by C (3.433 eV) excitons. Here, A and B excitons 

cannot be distinguished because of the low resolution C-v 15 me V). These 

excitonic absorption peaks were observed until near RT. Observing the 

PL spectra again, the peak at 20 K was found to be at 3.379 eV. As this 

energy value agreed well with the absorption peak of A & B excitons, 

it was assumed that the PL at 20K was due to radiative recombination 

of free A excitons. The PL peak at RT was also dose to the A & B 
excitonic absorption peak, suggesting free exciton emission. 

The surface morphology was observed by SE.\1. Typical SE~I images 

are shown in Fig.2.11. The structure was disordered, i.e. the ZnO crystal 

consisted of sparse islands and thin columns with irregular heights and 
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nm 

• 
Figure 2.12: AF~1 image and RHEED pattern of ZnO film grown at 
300°C . Dense nucleation was observed , although RHEED indicated 

polycrystal growth. 

sizes. Further, the reproducibility was quite lovv· , with the structure 

differing largely between the samples , including those grown at the same 

condition. Observed by the cross-sectional SE~/1 images of the cleaved 

samples, the structure of the initial growth layer extremely differed from 

sample to sample. From these results, it was estimated that control of 

the initial nucleation was required for higher reproducibility, and possibly 

for better morphology of the film, which would be further examined in 

section 2.6. 

2.4.3 At non-optimum temperatures 

For films grown at T
9
r::; 300 oc , relatively uniform and dense initial 

nucleation on sapphire was observed (Fig.2.12). These films showed 

ring shapes in RHEED patterns, which meant that the film was poly­

crystal and not perfectly c-axis oriented. :\o luminescence peak could 

be observed by PL measurements. \"evertheless, the reproducibility at 
T < 300 oc was much better than the case of filrns grown at higher 

gr_ 

T_qr. These results suggested that growth at T9r :S 300 oc can be used as 
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low --temperature buffer layers for unifonn nucleation and irnproved rnor­

phology. Considering these results: use of low--ten1perature buffer layers 

was examined in section 2.6. 

For T9r?:. 600 oc , no growth was observed. This can be attributed 

to higher desorption rate of ZnO or source materials from the surface of 

the sample by higher T9r. Though it was not examined in this work it is 

possible that growth could occur at higher ternperatures with increased 

zinc and :\"02 supply. 

2.5 Comparison with other oxygen sources 

2.5.1 Comparison with N 20 

Cse of :\"20 as oxidizer was also examined. :\"20 is comn1ercially available 

with high purity, and also adsorbs well to L:\ 2 cryoshrouds. Several 

experiments were conducted at r\20 flow rate = 0.5 - 10.0 ccm, Zn 
pressure = 2 ··· 8 x 10-7 Torr , T9r= 250 - 300 oc . However , as far as we 

tried, no epitaxy was observed for most conditions, with few exceptions 

that forrned small grains (Fig.2.13) , showing only initial nucleation on 

the substrate. 

From these results , it was sho\vn that additional excitation (such as 

activation by plasma) was required for use of :\2 0 gas as oxidizer in the 

case of ZnO epitaxy by ~1BE method. 

2.5.2 Comparison with radical oxygen 

For comparison , use of radical oxygen as oxygen source was also exarnined 

on the same :\IBE system, using a plasrna cell with its orifice placed about 

85cm far from the growth position. The Zn flux was varied between 

6 x 10-8 - 6 x 10- 7Torr. The grovvth ternperature was varied between 200 

· 500 oc . The flow rate of oxygen was lirr1ited to l.Occm, as the pressure 

inside the chamber went over 1 x 10-"1 Torr at that flow rate. Growth was 

conducted for 5 hours. 
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nm 

Figure 2.13: AF:\1 irnage of ZnO on sapphire, gro\vn by using .\20 gas 
as oxidizer. Only initial nucleation was observed. 

The RHEED patterns indicated polycrystal grov:vth (Fig.2 .14). The 

morphology of the films was rough , though no columnar structures were 

observed. PL spectra showed strong deep level peaks (Fig.2.15). The 

intensity ratio of near-bandedge luminescence to deep level luminescence 

was larger with higher growth temperature. Thus higher growth temper­

ature was preferred for better optical quality. Ho\vever , the growth rate 

was extremely lower than the case of :'\02 , and no growth was observed 

for Tgr> 400 oc (Fig.2.16). This low growth rate could be ascribed to 

insufficient oxygen supply, as the gro\vth speed was clearly limited by the 

oxygen flow rate. The growth rate rapidly decreased with srnaller flow 

rates, and could not be measured for samples gro\vn at flow rates lower 

than 0.95ccm, as the filrns were too thin. At flo\v rates smaller than 

0.8ccn1, no growth was observed. The filrn thickness did not increase 

with varied Zn pressures. 

From the above results, it was shown that larger oxygen flux and 

rnore efficient purnping systen1 is required for use of radical oxygen as 

oxidizer. However , it was also shov.·n that radical oxygen has advantage 

in dense and relatively uniforrn growth con1pared to the case of :'\02 gas. 

2.6. Tv;o step grovYth 

. ~ ... 
4/t" ...., · ·~ .. .. . 
• . ' ' ,~,.-:-, .... ,. 
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Figure 2.14: Typical RHEED pattern of ZnO film grown under insuffi­
cient supply of radical oxygen , indicating polycrystal gro\vth. Radical 
oxygen was irradiated from a distance of 850Innl. 

2.6 Two-step growth 

As described in section 2.4.2 , ZnO epitaxy was shown to be possible by 

using :'\02 as oxidizer. However , at higher growth temperatures wherE' 

the optical properties of the films were better, the surface structure was 

quite rough and reproducibility was poor. This could be ascribed to 

sparse and irregular initial nucleation of ZnO crystals at the substrate 

surface. On the other hand , at lower growth temperatures of T9r::; 300 

oc , dense initial growth and high reproducibility was observed, as de­

scribed in section 2.4.3. In expectation that use of low tcn1perature (LT) 

buffer layer rnay contribute for dense initial nucleation and in1provrd 

morphology, two -step growth using LT buffer layer was exarninrd. 

LT buffer layer was grown at 250 oc for a thickness of rv lOOrun, 

and then annealed at 450 oc for 20 min under :\02 irradiation. By 

this annealing process , the ring pattern in RHEED was eliminated and 
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Figure 2.15: PL spectra of ZnO grown with insufficient supply of radical 

oxygen at various growth temperatures. 
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Figure 2.16: Typical growth rate of ZnO using radical oxygen irradiated 
from a distance of 850rnnl. ~o epitaxy was observed for T9r> 400 ac . 
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nm 

• 

Figure 2.17: AF\1 in1age and RHEED pattern of the LT buffer layer 
after annealing. The ring pattern in RHEED is elirninated. while the 
dense nucleation is preserved. 

the pattern was aligned in six-fold c-- oriented pattern (Fig.2.17). The 

surface of the buffer layer was covered \vith small and drnse hillocks. 

After annealing of LT buffer, growth of the rnain layer \vas conducted at 

400 oc . 
All of the ZnO filrns grown on LT buffer layers showed sparse colum­

nar growth as shown in Fig.2.18. The facets of the colurnns were aligned 

in hexagonal shapes, and the height of the colurnns was regular for each 

sarnple. Cornpared to the films grown without LT buffers , the morphol­

ogy of these filrns were fairly ordered, and reproducibility was greatly 

improved by use of LT buffers. However, no remarkable improvement by 

use of LT buffer was seen in the results of RHEED , XRD, and PL mea­

surernents. Growth rates were zinc- determined at this growth condition, 

with a maxirnurn value of rv 70nm/h (Fig.2.19). 

2. 7 lndium contamination 

The grown filrns showed n type conduction and \VCre highly conductive. 

Resistivitv of the filn1s wer<' lower than 3 x 10-2 0 · cm, and the carrier 

concentration \vas higher than 1 x 10 19crn- 3
, though rnost part of each 

plan view 
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Figure 2.18: SE:\1 in1age of a typical ZnO film grown with use of LT 
buffer layer. Columnar growth with hexagonally aligned facets was ob­
served. 
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Figure 2.19: Growth rate of ZnO by using ~02 gas as oxidizer. Growth 
rate is controlled by flow rate of N02 at this growth condition (T9r= 

400°C, Zn pressure rv 2xlo-7 Torr). 

film consisted of columnar structures. These electrical properties are 

quite unsuitable for use of ZnO as semiconductors, as it would obstruct 

p-type conduction control. 

To investigate the cause of this extraordinary high donor concen­

tration, impurity incorporation was measured by secondary ion mass 

spectrornetry (SHviS). From the measurement result of SI~1S shown in 

Fig.2.20, it was found that the indiurn used for substrate soldering was 

highly incorporated into the film. As indium works as donors in ZnO 

[14] , one cause of high donor concentration was ascribed to indium con­

tamination. By problems peculiar to the equiprnents used in this work, 

indium contarnination was quite difficult to be avoided. Even with use of 

indiurn-free substrate holder, indiurn contamination could not be com­

pletely avoided, as the whole system was considered to be contaminated 

with indiurn and difficult to rernove the contarnination. 6 

6 Indium was contained in the thick layer of various materials deposited inside the 
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Figure 2.20: SI::V1S depth profile of a typical ZnO film grown in a indiurn 
contaminated Iv1BE system. 
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Considering the cost of cleaning the whole systcrn and the advantages 

of designing a new systern exclusively for ZnO epitaxy1 further works on 

ZnO epitaxy was done on a new radical source ~IBE systern 1 which is 

described in the following chapters. 

2.8 Summary 

In this chapter, gas- source ~'!BE ( GS;\IBE) growth of ZnO using .0J02 

as oxygen source material was demonstrated for the first tirne. 

;\;lajor achieven1ents and problems described in this chapter are: 

1. It was shown that ZnO can be grown by simply irradiating Zn and 

N02 on the substrate, without using thermal cracking or activation 

by plasma. 

2. Using N02 as oxidizer, the reproducibility of ZnO filrns were low 

and their morphology differed largely between samples. The repro­

ducibility was improved by use of low-temperature buffer layer. 

3. It was shown that N02 and I\2 0 gases adsorb well to liquid nitrogen 

shrouds and thus lower the residual pressure during growth. In 

the case of a MBE system with liquid nitrogen shroud and small 

pumping speed, like the Yt:BE systen1 used in this chapter, use of 

N02 gas may greatly increase the upper limit of effective oxygen 

supply and growth rate. 

4. For improved growth rate and film quality, larger supply of zinc 

and higher growth ternperature were preferred. 

5. Indium used for substrate soldering was found to be a rnajor source 

of contarnination. 

chamber in nearly 10 years of operation . The cells were contaminated with indium 
when the system was baked aft<'r maintenance. 
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6. For use of radical oxygen as oxidizer, irnprovernents in equipments 

for further efficient supply of oxygen were found to be inevitable. 

However, without the buffer layer, the morphology and reproducibil­

ity of the epilayers were better than the case of \"Ox gases. 
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Chapter 3 

MBE growth of ZnO using 
radical oxygen 

3.1 Introduction 

In the previous chapter, N Ox gases and radical oxygen were used as 

oxygen sources, and each examined oxidizer (:\Ox , radical oxygen) was 

shown to have its own advantages. Taking the results of the previous 

chapter in account, a new l\1BE system was designed exclusively for epi­

taxy of ZnO. The important point to consider was the oxygen source. 

:'-JOx gases did have advantages in systems with liquid nitrogen shrouds, 

but anti -corrosive equipments significantly raises the cost of the system. 

In addition, in the case of )J02 gas, commercially available gases were 

low in their purity (31\), and on-site purification was required for fur­

ther investigations. On the other hand , radical oxygen did not require 

anti-corrosive pumping systems , and highly pure oxygen (5N) gases were 

comrnercially available. However, in contrast to the case of NOx gases, 

activation of oxygen with high efficiency was essential for use of oxygen 

gas, as found in the previous chapter. Considering the advantages and 

disadvantages of each gas , radical oxygen was chosen as oxidizer in the 

new iv1BE (radical- source l\1BE: RS:\1BE) system. 

At the time this \vork had begun , :\1BE was a still prernature tech-

43 
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Figure 3.1: The RS:'viBE systen1 used in chapter 3 and 4. 

nique for :\JIBE of ZnO, and effects of rnany fundarnental gro\vth pa­

rameters, from the growth ten1perature to the preferable substrate con­

figuration, were unclear. In this chapter, the effects of the following 

fundarnental growth parameters on RS~1BE of ZnO films were evaluated 

and roughly optimized. Examined parameters are: growth temperature, 

oxygen flow rate, radio frequency (RF) power, distance of the radical 

cell, orifice size of the radical cell, substrate preparation (involving sur­

face sn1oothness), substrate orientation, and miscut angles. Related with 

optimization of these parameters, typical type of surface facetting and 

in plane rotational twinning of ZnO were investigated. Their elimina­

tion, also involving control of +c / -c polarity of ZnO, is described. 

3.2 RSMBE system 

Overview: The epitaxial growth of filn1s described in this chapter was 

carried out using a RSl\1BE systen1 based on an Eiko E\V-100 water­

cooled :VI BE systrrn (Fig.3.2, Fig.3.1). The systern consisted of one 

3.2. RS:VIBE system 45 

heater (Carbon, SiC coated) 

sub. holder~ 
- - - - -- - - shutter 

charged particles 

eli~or 

Figure 3.2: Schematic diagram of the RS?viBE system. 

exchange chamber and one growth chamber. The growth chan1ber was 

equipped with effusion cells and a radical cell, with individual shutters. 

The growth chamber was also equipped with a quadrapole mass spec­

trometer(QMS; ULVAC I\1SQ-101) and a reflection high energy electron 

diffraction (RHEED; Vieetech VE-026+ VP-026) system. As the flux of 

radical oxygen was found to be essential in chapter 2, the distance be­

tween the radical cell and growth position was designed to be sn1aller 

and variable. Also, to avoid contamination of the epilayers by indium 
solder, the system was built to be solder- free. 

Pumping and cooling system: The growth charnber was purnped by 

a turbo molecular pump (T~,IP; Pfeiffer Vacuum T!\1C 1000) supported 

by a rotary pump (RP; Alcatel model 2021 or 2033). The pun1ping 

speed of the T;\1P was 880£/scc. For sealing, conventional Cu gaskets 

were used. As far as we have investigated , contamination of grown films 

by copper was not observed in secondary ion mass spectrometry (SL\IS) 

measurements. The samples were transferred via an exchange chamber, 
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which was purnped separately by a T:\lP (Shirnazu T:\IP-50) and RP 
(CLVAC GLD-50). This RSiv1BE systen1 had no liquid nitrogen (L:\2) 

shroud. Instead, it was equipped with a water jacket , which was cooled 

with chilled ( 16 oc ) water. The jacket kept the charnber walls around the 

cells from excess heating, which causes evaporation of various rnaterials 

deposited on the wall. The advantage of this water-cooling systern is ease 

of baking and maintenance, and low running cost. The systern could be 

quickly baked or repressurized after growth runs ) as there was no need 

to wait 1~2 shrouds to heat up to room temperature (RT). This was a 

great advantage for a system that required frequent n'filling of zinc , a 

material that exhausted very quickly. Though this water -cooling systern 

was expected not to provide extensive cryopumping as L~ 2 shrouds do, 

the lowest pressure inside the grO\Vth chanlber was below 1 X 1 o-9 Torr 

at the best condition. 

Radical oxygen supply: Radical oxygen was supplied from an RF 

(13.56MHz) radical cell (Eiko ER-1000; Fig.3.3). The maximum RF 

power applied to the cell was 450\V 1
. The walls of the excitation room 

were made of high-purity synthetic quartz (='JSG ES-grade; Al < 0.1ppm, 

Cu < O.Olppm, Li < 0.05ppm) to suppress contamination by impurities 

contained in quartz. The erosion of walls by oxygen plasma was strong 

at the corners of the excitation room, and sharp trenches were formed. 

Though there was apparent erosion of the quartz parts, no sign of con­

tamination by silicon was observed by SI~1S measurements of the grown 

filrns (see Fig.3.31). The distance between the radical cell and the sub­

strate was variable between 100 200mm by changing a spacer flange. 

However, at a distance of 125mrn or s1naller, though the radical cell 

did not directly obstruct the rnolecular bearn from other cells, the re­

evaporation frorn the surface of the radical cell badly interfered with the 
uniformity of the epilayers. Thus rnost of the experirnents were done at a 

distance of 150 200nlm. The radical cell was equipped with a charged 

1 The rated RF power of the cell was 300\V. 

charged particle 
eliminator (CPE) -----.L.t .... 
sheild 
(stainless) 

RF coil 

quartz tube 
(ES grade) 

t 
gas 
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orifice 

• plasma luminescence 
(to external spectroscope) 

Figure 3.3: Schernatic diagran1 of the radical oxygen cell. High voltage 
(DC600V) was applied to the CPE during operation. 



48 Chapter 3. ~\IBE growth of ZnO using radical oxygen 

particle elirninator (CPE), which consisted of a pair of stainless (SUS-

304)2 electrodes. The voltage applied to the CPE was DC 600 V. 6~ 

pure oxygen gas was supplied to the radical cell. The fluw rate of oxygen 

was controlled by a n1ass flow controller (.\IFC: STEC SEC-7320). The 
error range of the ~lFC was ± 1 <?t To avoid excessive gas injection 

to the growth chan1ber, the gas was first vent to the exchange charnber 

until the flow rate is stabilized, and then the flow was switched to the 

radical cell pipings. After stoppage of gro\vth and shutdown of the rad­

ical cell, the gas flow was irnmediately vent to the exchange charnber. 

The ernitted light frorn oxygen plasma was observed fron1 outside the 

chamber through quartz piping. The calor of oxygen plasrna was reddish 
to eyes, and the spectra were dominated by emission peaks fron1 atomic 

oxygen at 777nrn and 845nrn [1 ](Fig.3.4). l\Ionitored at the 777nnl line , 

the emission intensity frorn radical oxygen varied with oxygen flow rate, 

RF power, and the orifice size of the radical cell. The en1ission intensity 

showed peak intensities at specific flow rates, depending on the orifice 

size and applied RF power (Fig.3.5). The relationship between the emis­
sion intensity and the properties of the grown films was also investigated. 

Zinc supply: Metal zinc was evaporated from a Knudsen cell (K-cell; 

Eiko l\1B-3000C, or EPI EPI-40-LT with an 2 cf; PB~ orifice). The tem­

perature of the crucible was controlled by a temperature controller (RKC 

REX-P300 or Eurothern1 model818). The source metal inside the cru­

cible was gradually oxidized during growth. To stabilize the ternperature 

of the source metal and output flux, source nwtal was once heated up to 
rndting point after refilling, to perfectly fit the crucible and avoid isola­

tion by oxidized layers. The flux of Zn was measured as partial pressure 

by a nude ionization gauge (l\IG). 

2For the material of the electrodes of CPE, Inconel was also examined, but a highly 
insulative layer have formed at the surface of the elC'ctrodes, thus killing the efficacy 
of the CPE. 

-en 
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~ 
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Wavelength (nm) 

Figure 3.4: Typical emission spectra of oxygen plasma from the radical 
cell. The spectra were dominated by atomic transition peaks. Inset 
shows the triplet at 777.2 , 777.4 , 777.5 nm. 

Substrate heating system: The substrate holder was made of In­

conel3 and was indium-free (Fig.3.6). l\Iost of the substrates used in this 

chapter were cut in a fixed size and then polished by the vendor. The 

substrate holder was designed to exactly match the size of substrate and 
avoid nonuniform heating caused by previously deposited materials on 
the holder surface. The substrates were pressed to the holder by Inconel 

retainers, which were pinned to the holder by Inconel screws. The holder 

was heated by radiant heat of a SiC-coated carbon heater placed at the 

back side. The substrate temperature (Tsub) was monitored by a ther­
mocouple placed closely at the back side of the holder. The rneasured 

value of the thermocouple was corrected by referring the eutectic point 

of Al/Si(577°C ) and Au/Si(363°C ). The substrate was rotated at a 
constant speed during growth for uniforrnity. 

3 Inconel-600: ~i > 52%, Cr 14 ""' 17 %, Fe 6 "' 10 %, :\In < 1 o/c,, C < 0.15% 
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Figure 3.5: Ernission intensity frorn radical oxygen monitored at 777nm. 

The peak position (Ropt ) varied with orifice size and RF power. 

3.2. RS\1BE system 
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Figure 3.6: Schematics of the substrate heating system. The holder can 

be rotated during growth at a constant speed. The holder was designed 

especially for substrates cut in a regular size by the vendor. The trenches 

around the contact area was designed to avoid deposition on the contact 

area, which spoils uniform and steady heating. 
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3.3 Experimental procedures 

Sapphire substrates were degreased in organic solvents, followed by rins­

ing with deionized water and blowing with dry nitrogen. After introduc­

ing into the charnber, the su bstrates were thennally cleaned by heating 

up to 700 oc for 10 15 min. The substrates were not etched (the rea­

son is discussed in section 3.7.2). Irradiation of radical oxygen during 

thermal cleaning was not conducted neither 4 
• After the preparation of 

the substrate, the substrate temperature (Tsub) was changed to growth 

ternperature (T
9
r). After stabilizing operation of the radical cell, Zn and 

radical oxygen was irradiated simultaneously to the substrate by opening 

the substrate shutter. After growth, substrates were cooled down to RT 

in 10 30 min. The grown filn1s were characterized by RHEED, XRD, 

SEM, PL, Hall, and AFw1. Also, coaxial impact collision ion scattering 

spectroscopy (CAICISS) was used for detern1ination of polarity of ZnO 

in section 3.6. 

3.4 Optimization of radical cell configura­
tion 

Considering future fabrication of device structures, one important point 

is the growth rate. If the growth rate is too slow, the thickness of each 

layer would be made etching and fabrication of contacts too difficult, or 

it would significantly increase the operation cost. In this section, the 

orifice size and distance of the radical cell were examined, in order to 

gain higher growth rate while ensuring crystallinity of the grown ZnO 

films. 

4 This was because slight growth of ZnO during thermal cleaning was observed by 
RHEED, even when the shutter of the zinc cell wa':i closed. 
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3.4.1 Orifice size 

The growth rates as functions of oxygen flow rate with different radical 
configurations are shown in Fig.3. 7. :\Iaximurn growth rates could be 

obtained around an optimum flo\v rate (Rapt ) deterrnined by the orifice 

size and applied RF power, where the en1ission fron1 radical oxygen was 

strongest. Supply of oxygen exceeding Rapt led to decrease in growth 

rates and degradation in film crystallinity, as confirmed by polycrystal 

RHEED patterns (Fig.3.8). This \vas possibly caused by insufficient acti­

vation of oxygen molecules. In addition, flux of zinc would have decreased 

by oxidizing of the zinc source in the crucible 5 , thus reducing the growth 

rate under oxygen-rich conditions. ~rith smaller orifice size, stable op­

eration of radical cell was able to be maintained at smaller oxygen flow 

rates. However, with other growth conditions fixed, no significant in1-

proven1ent in film quality or growth rate was observed by reducing the 

orifice size. 

From these results, it was n1ade clear that not only the oxygen flow 

rate should be optimized but also the orifice size should match the desired 

oxygen flow rate to give stable and rnaximun1 activation of radical oxygen. 

3.4.2 Distance from the radical cell 

The cell distance was varied by changing the spacer flange attached to 

the radical cell in the range of 120 200mm. The maximurn growth 

rate significantly increased with smaller distance , as shown in Fig.3.9. 

However, with other growth conditions fixed, the surface rnorphology 

roughened with smaller distance. 

5 The metallic zinc in the K-cell was gradually oxidized, and a fragile ZnO layer wa':i 
formed at the surface. Therefore, the actual zinc flux was supposed to be somewhat 
dependent on the oxygen flow rate. 
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Figure 3.7: Growth rates as functions of oxygen flow. The maximum 
growth rate was obtained around the flow rate where the ernission inten­
sity fron1 radical oxygen was the strongest. Excessive suppl,y of either 
zinc or oxygen led to decreased growth rates. 
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(Tg = 600°C, RF power= 300W, Zn pressure= 5e-7Torr, 
orifice: 1 mm, cell distance = 200mm; 
Beam along: Zn0[1120] azimuth) 

Figure 3.8: RHEED patterns of ZnO filrns gruwn with excess oxygen flow 
rate ( > Rapt ) . Ring patterns frorn polycrystal structures were observed. 
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Figure 3.9: Growth rates as functions of distance between the radical cell 

and substrate. 
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3.5 Optimization of the fundamental growth 
parameters 

For gaining optimal results in ZnO epitaxy, fundarnental growth pararn­

eters were examined. The follo\ving gro\Yth parameters were exarnined 

and roughly optimized: growth temperature, oxygen flow rate. and RF 

power applied to the radical cell. 

c-plane just-oriented sapphire (manufactured by Bicron) was used 

as substrates. Radical oxygen was irradiated to the substrate during 

thermal cleaning at 700 oc for 10 min. ZnO was gro\vn directly on the 

substrate for 2 hours at T9r= 350 - 650 oc . The fio\Y rate of oxygen 

was varied between 0.2 - l.Osccm. The RF power applied to the radical 

cell was varied between 90 ~· 450 \V. The pressure of Zn was 6 x 10~ 7 

~ 1 x 10-6 Torr. The distance between the orifice of the radical cell 

and the substrate holder was approximately 200mm. The results were 

evaluated by FWHM of XRC, PL characteristics, growth rate and surface 

morphology. 

3.5.1 Problems to be solved 

On the process of this work, two typical problems have arisen, and were 

examined to be solved. One problem was a typical style of surface 

facetting that spoiled the morphology of the film, and the other was 

a twinned growth in two directions rotated in the c-plane. The problen1s 

are described below. Related factors and countermeasures are examined 

and discussed throughout this chapter. 

Surface facetting: ~1any samples showed partly facettcd surfaces that 

consisted of hexagonal hillocks and fiat regions, as shown in the SE:\1 

irnages of Fig.3.10. Typical hexagonal hillocks consisted of facets with 

similar values of tilt angles (Fig.3.11). Deep cracks \vere often observed 
around these hexagonal hillocks, and sorne cracks at cleaved surfaces 

were found to be erncrging frorn the very initial growth stage, near the 
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(surface) 

(cleaved surface) 

(substrate) 

150nm 

Figure 3.10: A bird's-eye view of a typical ZnO surface consisting of both 
hillocks and flat regions. 
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Figure 3.11: AF~1 image of a typical hexagonal hillock. 
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(surface) 

(c I eaved 
surface) 

(substrate) 

100 nm 

Figure 3.12: SEM image of a typical crack appeared at a cleaved surface. 

heterointerface with the substrate (Fig.3.12). 

Rotationally twinned growth: From the results of RHEED and 

XRD mea.r.:;urements, the ZnO films obtained in this section were found 

to be c -axis oriented, with 30 deg rotation in the basal plane with re­

spect to the substrate (see Fig.2.9). However, in this work, a number 

of ZnO filrns grown on c -plane sapphire showed twinned growth, which 

was a rnixture of "30 -degrees rotated" and "unrotated'' domains in the 

c--plane, as schcrnatically shown in Fig.3.13. This rotation was confirmed 

by XRD pole figure measurements as shown in Fig.3.14(a). The occur-
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Figure 3.13: Schematics of rotationally twinned growth in the ZnO c­
plane. (See also: Fig.2.9) 

rence of the rotationally twinned growth was easily detected by RHEED 

observation, as "mixed" patterns as Fig.3.14(b). This was probably due 

to the large ( rv 18%) mismatch between the six-fold oxygen lattice of c-­
plane sapphire and unit cell of ZnO (cf. Fig.2.9) , which would make either 
"rotated" or "unrotated" growth unstable and mix with each other. 

3.5.2 Growth temperature 

Fig.3.15(b) shows effects of growth ternperature on F\-VH~v1 of Zn0(0002) 

peak of XRC. The RF power and oxygen ftow rate were fixed at 300\V 

and 0.5sccm for these san1ples. The best ( = narro\vest) value of FWH)..I 

of XRC was obtained at T9r= 550 600 ac , and apparently degraded 

at T9r < 400 oc . The PL characteristics (Fig.3.15 (a)) showed the sa1ne 
tendency. From these results, T_qr 2:: 550 oc was preferred for optimal 

crystallinity and optical quality of the filn1s in the following experiments. 



62 Chapter 3. IYIBE growth of ZnO using radical ·oxygcn 

(b) RHEED 
Zn0[1100] 

(c) RHEED 
Zn0[1120] 

' 

mixed: 

• ' • 
' 

• 

rotationally 
twinned 
growth 

Figure 3.14: Rotationally twinned growth observed hy (a): XRD pole 
figure and (b,c): R.HEED patterns. Growth in two different directions is 
observed sitnultaneously (see Fig.3.13). 
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Figure 3.15: Typical trends of PL and XRD characteristics of ZnO filn1s 
with varied growth temperatures. 0 2 flow rate was 0.5sccm, and R.F 
power was 300vV for these samples. 
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3.5.3 RF power 

Fig.3.16 shows effects of RF power on FvVH\I of Zn0(0002) peak of 

XRC at T9r= 600 oc and oxygen flow rate of 0.5sccrn. Higher RF power 

gave better results in crystallinity of the ZnO filrns. All sarnples showed 

facetting surface with the hexagonal hillocks. \Vith larger RF power, the 

hillocks increased in their size and tended to coalesce with other hillocks. 

However, the hillocks did not disappear by sirnply raising the applied 

RF power. At RF power lower than 200 \V, the grovvth rate rapidly 

decreased. Below 50 vV, no epitaxy or quite spars<' and Snlall island 

growth on the substrate surface was observed. 

Considering the above results , higher RF power was preferred for 

optimal quality of the films. In this work , the radical cell was operated 

at its rnaxirnun1 operational RF power of 400--450\V. 

3.5.4 Oxygen flow rate 

With other growth parameters fixed , the surface morphology was largely 

dependent on flow rate of oxygen. vVith lower oxygen flow rate, the 

hillocks became sparse and finally disappeared (Fig.3.17). This differ­

ence was apparent in RHEED patterns frorn the very initial growth stage. 

Surfaces with hillocks showed "arrow-head" patterns, which are indica­

tive of facetting surfaces, while the smooth surfaces showed "streaky" 

patterns. From experiments at different zinc pressures , it was found that 

the emergence of the hexagonal hillocks \Vas caused by excess supply of 

oxygen gas relative to zinc pressure. In other words, growth at zinc-rich 

condition led to smoothing of the film surfaces. The zinc rich condition 

was able to obtain by supplying excessive zinc relative to oxygen supply, 

and also by growing at low temperatures , where the vapor pressure of 

zinc is lower and thus re evaporation of zinc atorns frorn the growing 

surface would decrease. Though the surface morphology was largely af­

fected by the rnorphology of the initial grcnvth stage, the morphology 

gradually smoothened or roughened by adjusting the growth conditions 

to zinc rich or oxygen rich , H'spectively. 

3.5. Optimization of the fundarnental growth parameters 
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Figure 3.16: FWH:l\1 of Zn0(0002) peak in XRC as a function of RF 
po\ver applied to the oxygen radical cell, shown together with typical 
surface rnorphology of the ZnO filrns. 
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Figure 3.17: Surface morphology of ZnO filn1s grown on c plane sapphire 
substrates with varied oxygen supply. Excess oxygen led to facetting sur­
faces, indicated by arrow- head RHEED patterns and observed as hexag­
onal hillocks in SEl\·1 images. 

3.5. Optin1ization of the fundamental growth parameters 
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Figure 3.18: Schematic drawing of ZnO surface under Zn-rich growth 
condition, shown with the bonding arrangements of a zinc atom at surface 
possessing one dangling bond. The surface is stabilized with zinc, which 
would induce bonding from oxygen of the newly bonding ZnO molecule. 
(See also: Fig.2.5.) 

As shown in Fig.2.5, c-plane ZnO has a polar surface of either zinc 

or oxygen, with layers of each species heaped up alternately. ZnO is also 

asymmetric along its c-axis, distinguished by the name +cor-c. +c and 

- c directions are known to be terminated by zinc and oxygen surfaces, 
respectively[2]. Cnder zinc--rich growth conditions, the surface of ZnO 

would be dominated by zinc, and it would induce bonding between the 

surface zinc atom and the oxygen atom of newly formed ZnO n1olecules, 

thus inducing growth in the + c direction (Fig.3.18). The same discussion 

can be applied for oxygen-rich condition, which would have promoted 

growth in -c direction. This possible relationship between the growth 

direction of ZnO and its surface morphology was examined in section 

3.6. 
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3.6 Effects of polarity of ZnO c-axis 

Frorn the results previously described. it \\·as found that the relative flux 

of radical oxygen to Zn pressure largely effects the rnorphology of the 

ZnO films, and this difference was estirnated to be largely dependent on 

the initial growth condition. Considering the discussions of section3.5.4. 

the direction of c ·axis of ZnO at the initial growth stage was estimated 

to largely affect the n1orphology of the grown fihn. To confinn this hy­

pothesis, gro\vth on bulk ZnO substrates with different c -axis polarities 

was examined. 

Procedures Homo -epitaxy of ZnO on bulk ZnO substrates with +c I 
-c orientations was exan1incd. Bulk ZnO substrates with +c I -c polar­

ities were used6 . The substrates were de greased and thermally cleaned 

prior to growth. The growth parameters were: Zn pressure = 5 x 10-7 

Torr, Tgr= 520 oc , oxygen flow rate = l.Osccm, RF power = 230"-r. For 

comparison, growth on c--plane sapphire substrates was conducted at the 

same growth condition. The film thickness was measured by step heights 

of masked edges using a Sloan Dektak profilometer. 

Results On -c oriented bulk ZnO substrates, the grown ZnO layers 

showed spotty RHEED patterns. In SE).1 in1ages, the surface of the films 

was completely covered with the hexagonal hillocks, and no smooth re­

gion was observed (Fig.3.19(a)). On +c oriented bulk ZnO substrates, 

the grown ZnO layers sho\ved srnooth surfaces as shown in Fig.3.19(b). 

On c-plane sapphire substrates at the same growth condition, the surface 

of the ZnO filrn showed an intermediate surface structure, which con­

sisted of both the hexagonal hillocks and smooth regions (Fig.3.19( c)). 

The thickness of the epilayers was approximately 250rHn, and no signif­

icant difference in growth rate was observed between different growth 

6 Substrates were manufactun'd by two Yendors: some were grmvn by hydrothermal 
technique, others were by vapor transport technique[3]. Results wen' basically the 
same between vendors. 
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Figure 3.19: Surface morphology of ZnO filn1s grown on bulk ZnO sub­
strates. The morphology largely differs \Vith the polarity of the substratP. 
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polari ties. 

The orientation of the c-axis of ZnO filrns was con finned by CAICISS[4, 

5]. The c-axis orientation and the species of the surface aton1s were 

clearly distinguishable by the azirnuth dependency of Zn signal inten­

sity. The c axis orientation of the filrns \vas consistent with those of the 

substrates for each san1ple. ZnO grown on +c substrates had +c orien­

tation and zinc stabilized surfaces, while those grown on -c substrates 

had -c orientation and oxygen -stabilized surfaces. 

From these results, it was shown that the hexagonal hillocks observed 

in this work were indicative of - c oriented gro\vth, while + c orieilted 

growth led to srnooth surfaces. In addition, the ernergence of the hexago­

nal hillocks (and thus, the surface morphology) of the epilayer was found 

to be heavily dependent on the growth direction at the initial growth 

stage. The mechanism how -c orientation leads to ernergence of hexag­

onal hillocks is still unclear. The preferable orientation of ZnO differs 

between reports; Ohnishi et al. reported that -c oriented growth was 

preferable in the PLD method case[4], while hvata et al. encourage 

growth under Zn-rich condition (that would lead to + c oriented growth) 

for rv1BE method[6]. This difference between reports shows that the 

growth direction does not solely determine the surface rnorphology, and 

the preferable orientaion of c-axis changes by other growth pararneters. 

However, the orientation of ZnO c-axis was found to strongly affect the 

morphology of ZnO films, heavily dependent on the initial growth direc­

tion. This result encouraged research on effects of substrate configura­

tions on morphology of films, which is described in section 3. 7. 

3. 7 Dependence on orientation and mor­
phology of substrates 

From the results previously described in this chapter. the rnorphology of 

the ZnO filrns was found to be largely· dPpendPnt on its initial growth 

stage, involving the direction of c axis of ZnO. On bulk ZnO substrates, 

3. 7. Dependence on orientation and morphology of substrates 
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Figure 3.20: Con1mon crystallographic planes of sapphire and their rel­
ative angles to c- plane. 

the growth direction was stongly dependent on the su bstrate configura­

tion. This can also be true in the case of growth on sapphire substrates. 

The morphology of ZnO films would be dependent on the substrate con­

figuration. In this section, effects of the following paranH:~ters concern­

ing the sapphire substrate was exarnined: crystallographical orientation, 

manufacturer, surface morphology, pre-growth preparation, and miscut 

angle. 

3. 7.1 Substrate orientation 

Sapphire substrates are available in n1any crystallographical orientations 

(Fig.3.20). r-plane has been widely used for fabrication of commercial 

ZnO devices. However, among the recent research works on optical 

device- quality ZnO growth. only c plane was chosen as orientation of 
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(He-C d, 300K) 

:·T 
200nm (substrate) Photon energy ( eV) 

(Growth condition: 450°C, Zn 5e-7Torr, 1.25ccm 140W, 3mmct>2hours) 

Figure 3.21: SE:\I image and PL spectrurn of ZnO filn1 grown on r plane 
sapphire substrate. Though the surface rnorphology was srnooth, the 
optical quality was inferior to those gro\vn on c--planc. 

sapphire substrates, although there is large rnismatch between ZnO and 

sapphire. As previously described in this papeL the large n1ismatch 

between ZnO and sapphire in their c--planes \Vould be one rnajor factor 

of deteriorating the crystallinity of ZnO epilayer. Expecting that the 

other orientations would decrease the rnisrnatch , growth on r - plane and 

a- plane sapphire substrates were examined. 

on r-plane sapphire: On r--plane sapphire substrates, the c ·axis of 

ZnO epilayers was parallel to the substrate surface. The morphology 

of the filrns was relatively smooth with columnar structures parallel to 

the surface (Fig.3.21). Determined by XRD e - 2B rneasuren1ents, the 

films were grown with their a- axis perpendicular to the substrate sur­

face. However, as far as we have exarnined, these ZnO films showed 

no lurnincscence peaks in PL nteasurenwnts. The cause of degradation 

in optical quality was unclear, but inYestigation on this orientation was 

discontinued. 

3. 7. Dependence on orientation and n1orphology of substrates 
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Figure 3.22: RHEED patterns of ZnO filn1s grown on different orienta­
tions of sapphire. Rotationally twinned patterns are elin1inated for films 
grown on a--plane sapphire. 

on a- plane sapphire: On a plane sapphire substrates, the properties 

of the grown ZnO filrns measured by XRC, PL, and AFl\1 were basically 

the san1e to those grown on c-- plane sapphire. However, the rotational 

twinned pattern in the RHEED patterns has significantly decreased , as 

seen in Fig.3.22. Fons et al. reported that use of a · plane improves 

the crystallinity of ZnO, significantly reducing the rotation in c-- plane[7]. 

The reason of this improvement in crystallinity can be ascribed to the 

small rnismatch between a- plane sapphire and ZnO, as schematically 

described in Fig.3.23. The c-- axis of sapphire ( c = 12.99 A) and the a 
axis of ZnO (a = 3.250 A) are related alrnost exactly by a factor of 4, 
with a rnisrnatch of 0.08%. Also, the rn-axis of ZnO rnatches the rn ­

axis of sapphire with a mismatch of 2.48%. This small rnisn1atch would 

have strictly determined the in ·plane orientation of ZnO relative to the 

sapphire to Zn0(1120) 11 sapphire[OOOl] , thus eliminating rnixing of two 

different growth directions in ZnO c plane[8). 

Considering the results described ahoYe, a plane sapphire was pre­

ferred as substrates for ZnO epitaxy. 
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Figure 3.23: Schematic drawing of the erystallographical relationship be­
tween a-plane sapphire and c oriented ZnO. The lattices coincidentally 
rnatch with a very srnall mismatch. 

3. 7.2 Surface morphology of the substrates 

The effects of difference between substrate manufacturers and pre -growth 

treatments were examined. For c- plane sapphire substrates, three ven­

dors using CZ or edge-defined filrn-fed (EFG) methods (A(CZ), B(EFG), 

C(CZ)) were compared. Observed by AF:'vl, the c-plane substrates sup­

plied by vendor B had the rnost srnooth surfaces, while bumps and fluc­

tuation of unit steps were observed in the other two (Fig.3.24(a)). The 

surface morphology of the grown ZnO films showed the opposite ten­

dency. As far as examined in this work in the case of r -plane sub­

strates, the rnorphology of the grown films was rougher for smoother 

substrates, and signal from rotational twinned crystals was stronger in 

RHEED patterns, as seen in Fig.3.24(b). This undesirable influence of 

tllf' substrat<' srnoothness was confirrned by comparing the growth on 

as provided and pre annealed su bstratcs of vendor B. c plane sapphire 

substrates pro\·ided frorn vendor B were pre annealed in latrn pure oxy-
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Figure 3.24: (a):AF:\1 images of c- plane sapphire substrates frorn dif­
ferent vendors. (b) :R.HEED patterns of ZnO films grown on c--plane 
sapphire provided frorn different vendors at the same growth condition. 
Signal frorn rotational twinned crystals (indicated by arrows) \Vas ob­
served for c plane substrates with srnoother surfaces. Growth conditions 
for these sarnples were: T_9r= 600°C , Zn pressure = 1 x 10-6TorL oxygen 
flow rate = 0.3sccm, RF power = 450\\-. 
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gen at rv 1200°C for lhour to have ultra srnooth surfaccs[9]. The filrns 

gro\vn on pre -- annealed substrates had distinctively rough surfaces, corn­

pared to those grown on as -- provided substrates ( Fig.3.:25). Etching of 

the c plane substrates, \vhich srnoothes the substrate surface as described 

in section 2.3.2, gave sirnilar results to the ultra -srnooth substrate case; 

the ZnO filrns showed rough surfaces frorn the initial stage of gro\vth. 

Considering these results, the sapphire substrates were neither etched 

nor pre- annealed in the following works. By contrast, in the case of a-­

plane sapphire substrates, no significant difference was observed between 

ZnO films grown on substrates of different vendors. These results show 

that in the case of c plane sapphire, rnoderate fluctuation on the surface 

of substrates is required for growth of ZnO \Vith srnooth surfaces, while 

the a-plane case is not. 

The difference between c-- and a - plane sapphire rnay by due to the 

large lattice n1ismatch between ZnO and c- plane sapphire. Due to the 

rnismatch, the ZnO atoms bonded to sapphire would feel a great strain , 

rnaking initial nuclei unstable and sparse. Growth of the nuclei would 

be strictly restricted to a specific fashion, which may be relatively in­

sensitive to other growth parameters and lead to surface roughening. In 

addition to the observed twinned growth, this surface roughning may 

have involved -c oriented growth (described in section 3.6), or transi­

tion from 2D- mode to S -K mode growth[lOL or both of then1. Presence 

of microscopic steps and kinks would have increased the chances of ini­

tial nucleation of ZnO in a fashion that led to srnoother surfaces. On the 

other hand, as the mismatch between the lattices of a -plane sapphire and 

ZnO is quite smaller, initial nucleation would not be strictly restricted 

to a specific style, making it easier to obtain desired style of growth by 

controlling other growth parameters. 

3.8 Growth on miscut sapphire substrates 

As previously d<~scribcd in this chapteL in the case of growth on c plane 

sapphire su bstrat<'S, the rnorphology of th<' ZnO <•pilayers v\·as heavily 
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Figure 3.25: (a): AFYI images of c -plane sapphire substrate provided 
from the sarne vendor (Bicron), as -- provided (left) and srnoothcd by an­
nealing in latm oxygen at rvl200°C for lhour. (b): SE\1 irnagcs of ZnO 
grown on c- plane sapphire, on as provided substrate (left) and annealed 
smooth substrate (right). The morphology of ZnO roughened by use of 
ultra-smooth substrates. 
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dependent on microscopic fluctuations of substrate surface. Thus it is 

natural to think that the small rniscut angles of the substrates can take 

effect on the initial growth stage and change the rnorphology of the ZnO 

epilayers. Comrnercially available substrates usually have a srnall but a 

certain error margin in the surface direction, and there is a possibility 

that srnall miscut angles have recognizable effects on the crystallinity of 

ZnO epilayers. On the other hand, it may be possible to improve the 

morphology of the epilayers by controlling the initial growth conditions 

with use of intentionally miscut substrates. 

Considering these possibilities, RS~/IBE gro\vth and characteristics 

of ZnO on rniscut sapphire substrates, on both c and a planes, were 

examined. Intentionally miscut sapphire n1anufactured by Kyocera using 

EFG rnethod were used as substrates. These substrates had very sn1ooth 

surfaces, which led to surface roughening and twinned growth in the case 

of growth of ZnO on c-plane sapphire, as described in section 3. 7.2. 

3.8.1 On c-plane 

The substrates were miscut from c--plane to a- or m-axis direction, with 

a maximum miscut angle of 2.87 degrees. The growth temperature was 
T9r= 600 ac , and the pressure of Zn was 8 x 10- 7 Torr. The flow rate 

of oxygen was 0.3sccrn, and the RF power was 450\i\7
• The growth time 

was 2 h. 

The film thickness was approximately 300nm. PL spectra at RT were 

dominated by NBE peak, and deep level emissions were more than 30 

times weaker than the NBE peak emission in their intensity. c- axis ori­

ented ZnO films were obtained, with their c--axis tilted to align with the 

c-axis of the substrates. For samples with smaller substrate offset angles, 

the hexagonal hillocks, indicative of -c -oriented growth, were observed 

at higher density on their surface. RHEED patterns ·were spotty and in­

cluded twinned crystal patterns frorn the initial growth stage~ as shown in 

Fig.3.26. \Vith larger offset angles, twinned RHEED patterns weakened 

gradually, and no twinned patterns were observed for sarnples with offset 
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Figure 3.26: RHEED patterns of ZnO grown on miscut r. plane sapphire 
substrates. Rotationally tv.rinned patterns decreased and was finally elim­
inated with larger rniscut angles. 
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Figure 3.27: F\VH~1 of XRC as a function of miscut angle of substrate 
frorn c plane. 

angles larger than 2.5 deg. For these san1ples, RHEED patterns showed 

streaks after the growth, and their surfaces were smooth. F\VH~I of 

ZnO (0002) peak of XRC decreased with larger mise ut angles (Fig.3.27). 

:\ o significant difference was seen by the direction of rniscu tting (toward 

a axis, or toward c axis). 

Frorn these results, it was shown that miscut angles can irnprove the 

rnorphology of ZnO epilayers on c plane sapphire substrates. ~1iscutting 

of the substrate increases the density of steps and kinks on substrate 

surface [ 11]. As discussed in section 3. 7. 2. in the case of c:- plane sap­

phire substrates, existence of microscopic steps or kinks on substrate 

surface was preferred for better morphology of ZnO epilayers. Consid­

ering together, the above results indicate that steps and kinks on the 

c plane sapphire surface promote +c oriented growth of ZnO at the 

initial growth stage. while growth on fiat terraces provokes -c oriented 

growth and surface facetting. 
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3.8.2 On a-plane 

Growth on a-plane sapphire substrates, intentionally miscut to c- or 

m--axis direction with a maximum Iniscut angle of 8.95 degrees, was 

examined. The growth temperature \Vas T9r= 600 oc , and the pressure 

of Zn was 1.5 x 10-6 Torr. The flow rate of oxygen was 0.25sccrn, and 

the RF power was 400\V. The growth tirne was 2 h. 

c-axis oriented ZnO films were obtained, \Vith their c--axis tilted to 

align with the a-axis of the substrates (Fig.3.28). Also, emergence of 

hexagonal hillocks was observed at film surfaces. FvVH~f of ZnO (0002) 

peak of XRC was best for samples with sinall miscut angles, and constant 

for sainples with miscut angles larger than 2 degrees (Fig.3.29). Both the 

miscut to\vards c- and m--axis gave similar results. As far as investigated, 

use of miscut a-plane sapphire substrates simply deteriorated the quality 

of the ZnO film. 

Considering the above results, Iniscut angle of a·-plane sapphire sub­

strate is very likely to have a tendency to degrade the quality of the ZnO 

epilayer. This can be ascribed to the already--small mismatch bet\veen 

just--oriented a-plane sapphire and c-oriented ZnO, as described in sec­

tion 3.6. The miscut angle apparently promotes mismatch between the 

substrate and epilayer in the a plane case, which is in strong contrast 

with the c plane case. Thus miscutting of a-plane sapphire substrates 

is not recommended for ZnO epitaxy. 

3.9 Optimized results 

Ctilizing the results obtained in this chapter, the characteristics of ZnO 

filn1s were improved as shown in Table 3.9. 

Parameter 
XRC F\\'H~1 (Zn0(0002); arcsec) 

Growth rate (nrn/h) 
PL DL/XBE intensity ratio (RT) 

Donor concentration (ern -:3) 
Carrier mobility ( cm2 /Vs) 

prelin1inary values best values 
> 3600 < 360 
< 100 300 ~ 400 
~1 ~ 150 

lx10 18 5x1017 

~ 1 ~ 15 
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Figure 3.28: RHEED and AF.\1 irnages of ZnO grown on rniscut a plane 
sapphire substrates. Tilted growth and enwrgence of hexagonal hillocks 
were observed. 
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Figure 3.29: F\NH\1 of Zn0(0002) XRC peak as a function of substrate 
miscut angle fron1 a plane sapphire . 

.Judged frorn the F\\'H~\1 of XRC Zn0(0002) peak, the crystallinity \vas 

significantly improved by applying the developed techniques. Also, the 

growth rate has largely increased , fast enough for future device fabrica­

tion. 

PL spectra were free of deep-level lun1inescence, and excitonic peaks 

were dearly visible at low ternpcratures (Fig.3.30). The PL spectra 

at low temperatures were don1inated by neutral donor-bound excitonic 

peaks[l2), with presence of free -excitonic peak. However , con1parcd to 

bulk ZnO crystals[l3], cxcitonic peaks were not clear in absorbance sp('C­

tra, which rneans that further irnprovcrn('nt in optical quality is required. 

The electrical properti('S needed to be irnproved , as the donor conC('Il­

tration \vas still too high for p type conduction control, and the carrier 

mobility vvas still much lower than those of bulk crystals(> 200 crn2 /Vs). 

These problems may be ascribed to insufficient crystallinity, which is still 

far frorn the best data of epit axial ZnO ( '"'-' lOarcsec) [8]. And possibly, 

srnall amount of incorporation of irnpurities frorn the asscrnbly parts of 
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Figure 3.30: Typical optical characteristics of ZnO filrn grown by R.S~BE 
rnethod. PL spectra are free of deep lurninescrnce. However, excitonic 
peaks are not dear in absorbance spectra. 
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Figure 3.31: SIM:S depth profile of a typical ZnO filrn grown by the 
RS::V1BE system. Contamination was greatly reduced. However, Fe , Cr, 
Al , possibly sputtered from the structures of the radical oxygen cell , were 
needed to be further reduced from this early result. 

the radical cell, such as iron , chromiurn frorn Inconel or stainless steel 

parts, or aluminum from alumina insulators [14] used for the CPE, which 

was confirmed by SI:\IS n1easurements (Fig.3.31). Though the contanli­

nation level was significantly suppressed than the sarnples obtained in the 

previous chapter , further reduction of the irnpurit.ies would he n~quirerl. 
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3.10 Summary 

In this chapter, effects of each growth parameter on radical source l\1BE 
(RS:VlBE) growth of ZnO were described. Exan1ined pararneters include 
the growth temperature, Zn pressure, oxygen flow , RF power applied 
to the radical cell, orifice size and distance of the radical cell, su bstrate 
vendor, miscut angle of sapphire substrate. 

The following achievements were described: 

1. Effects of fundamental growth parameters of ZnO were evaluated 
by the crystallinity and optical characteristics of the ZnO filn1s. 
Each growth parameter were roughly optimized. 

2. Specific type of surface roughening was shown to be strongly pro­
moted by excessive oxygen supply, and this roughening was shown 
to be related to the direction of c-axis of ZnO. This surface rough­
ening was mainly determined at the initial growth stage. It was 
found to be also heavily dependent on substrate configuration, such 
as the surface smoothness or miscut angles, and preferable config­
urations were found. 

3. a- plane sapphire substrate was shown to be suitable than c-plane 
sapphire substrate for RSivlBE ZnO growth, reducing a specific 
type of twinned growth of Zn 0. 

4. It was found that the use of miscut substrates can improve the crys­
tallinity of ZnO films on c- plane sapphire substrates. On the other 
hand, in the case of a plane substrates, it degraded the quality of 
ZnO films in their crystallinity and morphology. 

5. C tilizing the techniques developed in this chapter, the obtained 
ZnO filrns at optin1ized conditions clearly showed excitonic peaks 
in PL spectra, with improved growth rate, enhanced crystallinity 
and srnooth surface rnorphology. 
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Chapter 4 

Growth and characterization 
of Znl-xCdxO films 

4.1 Introduction 

For larger energy gap for confinement, and for \vider applicable range 

in wavelength, both widening and narrowing of bandgap by alloying are 

desirable. For this purpose, .\1g0 and CdO are candidate materials for al­

loying with ZnO (Fig.4.1). Alloying with ~I gO was previously reported to 

widen the bandgap up to 4.0eV[1].0n the other hand, alloying with CdO 

(Eg=2.3e V[2]) had been reported to narrow the bandgap for rv200me V 

by PLD method[3], but no further reports on bandgap narrowing have 

been made. Also, the luminescence peak still remained at 3.2e V, at the 

edge of UV region. 

One reason that further investigations were not conducted by PLD on 

ZnCdO was possibly frorn the difficulties in supplying sufficient arnount 

of Cd, which has a relatively high vapor pressure and thus requires large 

amount of supply during growth. Another reason was that CdO has a 

bond length (2.35A ) largely different frmn that of Zn0(1.99A ) . This 

would make replacernent of Zn atoms with Cd atorns fron1 ZnO crys­

tal unstable, thus prornoting phase separation between ZnO and CdO. 

Csing the delta lattice pararneter (DLP) model[4L the calculated n1ax-
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Figure 4.1: Bond length and energy gaps of various semiconductor ma­
terials. 

4.2. RSl\1BE growth of ZnCdO films 91 

imum composition of CdO that the ZnCdO crystal can be meta-·stable 

is 3.3% at 873K, and lower for lower ternperatures.However, in analogy 

of the InGaN case, the phase separated regions may work as confine­

ment structures that enhance the stability of excitons [5]. ~Ioreo\·er. as 

RSl1v1BE method can dynamically vary the flux of metallic source mate­

rials, it can supply larger amount of Cd during growth than usual PLD 
method. 

In this chapter, under expectation of further narro\ving of the band gap 

of Zn 0 or utilizing phase separation between Zn 0 and Cd 0 ~ alloying of 

CdO with ZnO by RS?\1BE method \vas exarnined. Also, unexpected 

blue luminescence was found in PL spectra of films grown at specific 

conditions, and this blue luminescence was extensively investigated. 

4.2 RSMBE growth of ZnCdO films 

4.2.1 Procedures 

ZnCdO films were grown 111 the RS?\IBE system, which was basically 

same to the system used in Chapter 3. :\:1etallic zinc, metallic cadrnium, 

and radical oxygen were used as source materials. A Knudsen cell (K­

cell: Eiko ~'1B-3000D) was added to the system as Cd source. This 

K-cell had two sets of heaters around the 40cc PBN crucible, with one 

of the heaters placed densely at the exit edge of the crucible. As the 

partial pressure of Cd during growth was extremely high (2 x 10-s Torr 

at maximum) , no orifice was attached to the crucible, in order to avoid 

the crucible from choking up 1
. The temperature of the Cd cell was 

controlled by two temperature controllers (REX-P300) connected to two 

sets of heaters and thermocouples. The temperature of the exit edge was 

kept higher than that of the source material to avoid condensation. The 

operation condition of the radical cell was fixed to certain pararneters, 

due to its inherent cornplexity observed in the previous chapter. The 

1.:'\ote: this would have made supply of Cd rather unstable , compared to that of 
zinc ( = with orifice). 
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Figure 4.2: Schematic cliagrarn of the AES system (Kratos AXIS-1G5S). 

distance between the oxygen radical cell and the substrate was 150rnrn: 
and the orifice size of the radical cell v:.ras 1.8rnmq). Oxygen fio,,· was 

0.25sccm , and the RF power applied to the radical cell was 400\V, 

nrior to growth, a plane Kyocera sapphire su bstrates were degreased 

and thermally cleaned at 700°C for 15min. Epitaxy of ZnCdO films under 

various partial pressures of zinc and cadrnium was conducted for 2 hours. 

The growth rate was 200 400 nm/h. The partial pressures of zinc and 

cadrniurn were systematically varied bet.\veen 3.1 x 10- 7 2.3 x 10- 6 Torr 

and 3.0x10- 7 1.4xl0-5 Torr , respectively. Growth ternperature (T9r) 
was varied between 400 600 oc . For cornparison, growth of pure CdO 

was also conducted at a Cd pressure of 1.4 - 1.5 x 10- 6 and T9r= 600 oc . 
The propPrties of grown filrns \vere characterized by photolumines­

cence (PL) excited by a He-Cd laser. optical absorption~ Auger electron 

spectroscopy (AES; Kratos AXIS-165S; see Fig.4 .2) , atcnnic force mi­

cros<'opy (AF\I) and X-ray diffraction (XRD). 
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Figure 4.3: Categorization of the ZnCdO films grown with varied Zn and 
Cd pressures. The obtained filrns could be categorized in three types, 
each of them close to either pure ZnO or pure CdO. These samples were 
grown at 600°C . 

4.2.2 Results 

The obtained fihns were categorized into three types, as shown in Fig.4.3. 

At relatively high Zn pressure , the film was transparent (type- A), sarne 

as pure ZnO films. At low Zn pressure, the film color turned to half­

transparent red (type--B), similar to that of pure CdO films. At inter­

mediate Zn pressure of approximately 4 - 7x 10-7 Torr, transparent or 

slightly yellow films were obtained (type- C), which showed distinctive 

optical properties, as described later in section 4.3. 

The n1acroscopic composition and the growth direction of the films 

were investigated by AES and XRD (Fig.4.4). The electron bearn size of 

AES was large, and no rnicroscopic composition fluctuation was observed. 

For type--A films, ZnO-related peaks dominated the XRD and AES spec­

tra. The growth direction was Zn0(0001), suggesting that these films are 

essentially identical to Zn0(0001) crystals, though a srnall amount of Cd 
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Figure 4.4: Typical AES spectra and XRD patterns of each type of 
ZnCdO films. 

may be incorporated below the detection limit. For type-B films, CdO 

related peaks dominated the XRD and AES spectra, which was similar to 

pure CdO films. The observed XRD peaks were dominated by CdO(lll), 

and weak signals from CdO(llO) were also observed in some samples. 

For type---C films, ZnO-related peaks dominated both AES and XRD 

spectra. The Cd solid compositions estimated from AES signal intensi­

ties were lower than 5% . XRD peaks were dominated by ZnO(OOOl). 

XRD peaks from CdO was not observed in many type-C samples, but 

some samples showed CdO(lll). These results showed that type-C films 

mainly consisted of ZnO(OOOl) crystals, containing a small amount of 

CdO. Though rnany of the type--C samples did not show CdO peaks in 

XRD spectra, phase separation in these filn1s was strongly suggested. 

The surface rnorphology of the filrns was studied by AF~I. The surface 

rnorphology of type A films was dependent on the total pressure of Cd 

and Zn: srnoother for higher pressure and rougher for lower pressure, 

which agrees with the results obtained for pure ZnO filn1s in section 
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Figure 4.5: AFl\11 image of a typical blue--luminescent ZnCdO film. 

3.5.4. All of the type- C films, which was grown under relatively oxygen-­

rich conditions, had rough surfaces covered with hexagonal hillocks, as 

shown in Fig.4.5. The surface structures of type-C films were similar to 
those of type- A films with rough surfaces. 

The optical properties of films were investigated by PL and absorption 

measurements. Type A films clearly showed bandedge luminescence in 

the UV region, and no deep level luminescence was observed. Type B 

films showed deep level peaks only, and their intensities were extrernely 

weak. Type -C fihns showed a distinct blue luminescence, as described 
in section 4.3. 

The bandgaps of the type-A and type-C films were quite close to 

that of pure ZnO ( ""3.3eV at RT), as shown in Fig.4.6. Judged from 

the shift of the absorption edges, the bandgap narrowing of ZnCclO filrns 

was smaller than "" 50me V for the transparent filrns obtained in this 
investigation. 
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Figure 4.6: Absorption spectra of type-A and type -C films measured at 
RT, using a xenon lamp as light source. The absorption edge of type--A 
and type--- C films were quite close to that of pure ZnO, with a maximurn 
shift of rv 50 me V. 
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Figure 4. 7: PL and absorption spectra of a typical type- C (blue­
luminescent) ZnCdO film. Distinct blue luminescence with a large Stokes 
shift was observed. 

4.2.3 Discussion 

As foreseen from the large difference in bond-lengths, alloying of CdO 

into ZnO showed a tendency to provoke phase separation at a very low 

CdO composition. Under the growth conditions applied in this work, the 

critical composition of CdO estimated from the signal intensity of AES 

spectra was 3rv5%. This value is much higher than the predicted solubil­

ity limit, suggesting occurrence of phase separation. As the observed shift 

of bandgap was quite small, materials other than CdO should be prefer­

able for bandgap narrowing, except the blue luminescence described in 

this section. 

4.3 Blue luminescence from ZnCdO films 

Blue luminescence from a typical type -C ZnCdO film is shown in Fig.4. 7. 

This blue luminescence peak (I blue ) was located at 2.65 2.80 e V at RT 
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under weak irradiation of He-Cd laser (325nrn), and was clearly visible 

to naked eyes. And, as the absorption edges of these filn1s ren1ained 

close to that of pure ZnO (Fig.4.6) , a large Stokes shift up to r-v 500me V 

was observed between the luminescence peak and the absorption edge for 

type-C films. To the best of our knowledge, this was the first tin1e that 

pure blue luminescence was discovered for both ZnO and CdO. This blue 

luminescence is interesting as a candidate rnethod for applying ZnO for 

visible light emitting devices. Therefore, extensive investigation on this 

blue luminescence was conducted, as described below. 

4.3.1 Dependence on temperature and excitation 
intensity 

The temperature dependences of spectra and integrated intensity of PL 

are shown in Fig.4.8 and Fig.4.9. At low temperatures, both the lu­

rninescence peaks at near-bandedge(~BE) and in the blue region were 

observed. The NBE peaks disappeared at higher temperatures, while 

the blue peak remained relatively strong in intensity. The intensity ratio 

(Ri ) of the integrated luminescence intensity between low (:S 15K) and 

room ( r-v 300K) temperatures was Ri = 5. 7 r-v 35, which was much lower 

than the case of pure ZnO films (Ri > 100). Supposing all of the carri­

ers radiatively recombinate at low temperatures, the internal quantum 

efficiency at RT was estimated to be 1.5% r-v 17.3%, much higher than 

the case of pure ZnO films( <1 %). PL spectra under varied excitation 

intensities are shown in Fig.4.10. With larger excitation power, blueshift 

of !blue was observed, and the NBE peak was gradually enhanced. This 

suggested that the state density of levels corresponding to Iblue was low, 

and was filled up at high excitation densities. 

Considering that phase separation would have occurred in this film, 

the relatively independent behaviors of :\BE peaks and Iblue suggested 

existence of two kinds of regions in the filrn; regions that have character­

istics close to that of pure ZnO, and regions that are blue-luminescent. 
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Figure 4.8: PL spectra of a typical type C (blue luminescent) ZnCdO 
film. The peak at the near-bandedge significantly decreased at higher 
ten1peratures, while Iblue remained visible to naked eyes. 
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Figure 4.10: PL spectra of a typical type - C ZnCdO filrn, taken un­
der varied excitation intensities. SHG of Ti:sapphire laser operated at 
355nm was used for excitation. The pulse width and frequency was 1.5ps, 
80:\1Hz. \Vith stronger excitation , blueshifts were observed. 
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20u m 

Figure 4.11: Plan-view FL microscopy image of a typical type-C ZnCdO 
film at RT, excited by a mercury lamp. The contrast in the image reflects 
the difference in luminescence intensity. 

4.3.2 Spatial distribution 

Spatial distribution of luminescence was investigated by FL microscopy 

at RT. On type- C films, the entire area was blue luminescent , while the 

luminescence intensity was spatially nonuniform. Figure 4.11 is a typical 

example, where differences in PL intensity appeared as clear contrasts. 

As all of the type C filn1s had rough surfaces, the surface roughness could 

be considered as one cause of this nonuniforn1ity. However, in the case 

of type A ( = uV lurninescent) filnlS, the lurninescence intensity was rel­

atively uniform than the type C casP. This difference between type -- A 

and C filrns sugg<)sted that the blue lurninescent n)gions are nonuni-
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formly distributed in type C films~ resulting in distinctive nonunifonnity 

in lurninescence intensity. The luminescence was fluctuated both rnacro­

scopically and n1icroscopically ( < 1J1m). The rnicroscopic fluctuation was 

supposed to be related to the hexagonal grains of the fihns. Howen•r, 

even at the highest rnagnification ( x 400), the rnicroscopic nonuniforrnity 

in the image were below the resolution of the equipments~ and their 
structures could not be detern1ined in detail. 

Considering that the luminescent regions were estin1ated to be non uni­

formly distributed, spatial composition fluctuation vvas investigated by 

micro energy dispersive X-ray spectroscopy (JLEDX ) measurements linked 

with transmission electron microscopy (T£).1) observations. A typical 

type--C sample was lapped flat, and measured by 11EDX with a in -plane 

resolution of <5nm. Hexagonal grain structure of the film was clearly 

observed by plan- view bright field image of scanning TEl'vf (STE).T), as 

shown in Fig.4.12. From the 11EDX measurements linked with TE~'l 

observations, the solid composition of Cd was found to be spacially dis­

tributed, being concentrated at the grain boundary regions. 

4.3.3 Discussion 

The origin of blue luminescence is unknown, but multiple models of blue 

luminescence can be assumed . For example: 

1. CdO dot -like regions: This model can be crossed out, as the blueshift 

of the luminescence peak (2.3eV --7rv2.8eV) is way too large for a 

dot with a barrier bandgap of 3.2e V. 

2. ZnCdO with narrowed bandgap: This is also unlikely, because the 

blue luminescent filrns were obtained only under very narrow and 

strict growth conditions. and the lurninescence peak did not shift 

gradually with varied grcnvth conditions. 

3. C nknown deep level of ZnO: This rnodel is the rnost acceptable 
one among the models proposed here. In this case , as the ab­

sorbance below the ZnO bandgap was Sin all, the blue luinincsccnt 
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500nm 

Figure 4.12: Plan-view bright- field STE).I image of a typical type - C 
(blue--luminescent) ZnCdO film. Hexagonal grain structures were clearly 
observed. 
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Figure 4.13: Summary of EDX rneasurements on a type C ZnCdO filrn. 
The drawing delineates the grain boundaries and rneasured points. The 
CdO composition was found to be concentrated at the grain boundaries. 
The solid composition of Cd (roughly estimated frorn EDX signal inten­
sities) varied between Qrv189{ . 
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Figure 4.14: The model of spatially fluctuated ZnCdO film. The grain 
mostly consists of pure ZnO, and Cd is concentrated at the hexagonal 
boundary regions. The blue luminescent regions, which are small in 
their area, would be concentrated together at the boundaries. Excitons 
are trapped in the blue luminescent regions and radiatively recombinate. 

region must be small in their area. They would possibly be con­

centrated near the grain boundaries, where Cd atoms are concen­

trated. The presence of Cd atoms would have induced emergence 

of radiative recombination centers in ZnO. Recently, blue lumines­

cence centered around rv 400nm from ZnO:Zn was independently 

reported[6], which supports this model. 

Independent of the above models, the excitons excited at the pure­

ZnO region \vould have rnoved into the blue luminescent region to make 

radiative recornbination, as sketched in Fig. 4.14. This mechanism agrees 

with the rapid decrease of :\BE lurninescence with higher ten1peratures. 

This rnay have supported the blue lurninescence at higher ternperatures, 
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where the carriers are expected to diffuse further. 

4.4 Summary 

In this chapter, alloying of ZnO with CdO by RS.\IBE, and the charac­

teristics of the obtained Zn 1_xCdxO crystals \vas described. 

The following achievements \vere described: 

1. The composition of the films was found to have tendencies to be 

close to either pure ZnO or pure CdO. The properties of grown 

filn1s changed sharply at the critical Cd composition of x=3rv5o/c;. 

2. At specific growth conditions, blue photoluminescence was observed 

from the grown films. They were found to be spacially fluctuated 

in both luminescence intensity and Cd composition, with Cd con­

centrated at the hexagonal grain boundaries. 

3. The blue luminescent films outwardly showed large Stokes shift 

of rv 500meV. This blue luminescence was found to have a high 

internal quantum efficiency up to rv20%. 
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Chapter 5 

Conclusions 

This research work was done for two objectives; to obtain information and 

knowledge on growth of ZnO for optical device usages, and to exploit the 

possibility of ZnO- based compound semiconductors. ;\fore than half of 

this work was dedicated to evaluate and improve molecular beam epitaxy 

(~IBE) techniques which were prernature as growth methods for ZnO, 

using gas--source ~\IBE (GSYIBE) and radical ---source Iv1BE (RSl\1BE) 

methods. The rest of this work was dedicated to modify the optical 

properties and improve the functionality of ZnO by alloying with CdO, 

using RS~1BE method. 

In Chapter 2, GS\1BE growth of ZnO using N02 as oxygen source 

was described. N02 was used for ~~IBE growth of ZnO for the first tirne. 

It was shown that ZnO epitaxy occurs by sin1ply irradiating l\02 gas 

and Zn on the substrate, \vithout using therrnal cracking or activation 

by plasma. N02 and \i2 0 gases were effectively adsorbed by the liquid 

nitrogen shroud, and the residual pressure during growth of ZnO was 

maintained quite lower than the case of radical oxygen. Compared to 

the case of radical oxygen. the reproducibility was relatively low when 

N02 gas was used as oxidizer. Cse of low-ternperature buffers was shown 

to improve reproducibility. From these results, it was shown that use 

of ~02 as oxidizer has advantages in GS~IBE growth of ZnO under 

existence of liquid nitrogen shrouds. However, problen1s specific to the 
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used equiprnents obstructed further investigations. 

In Chapter 3, in consideration of the results obtainC'd in the previous 

chapter, RS~IBE growth of ZnO was described. Effects and optirniza­

tion of fundamental growth pararneters were described. Growth on bulk 

ZnO substrates with different polarities was described. A specific type 

of surface roughening \vas found to be related to the difference in growth 

direction of ZnO crystal. Growth on sapphire substratcs with different 

surface orientations was described, and a plane substratc was shov,'n to 

be suitable than c-plane substrate for RS:\IBE gro-wth of ZnO. Also, in 

the case of c plane sapphire, use of substrates with srnooth surfacf's was 

found to roughen the morphology of the overgrown ZnO fihns under the 

growth conditions applied in this work. Growth on sapphire substrates 

with different offset angles was described, and it was shown to irnprove 

the crystallinity of ZnO on c-plane substrate, while it causes tilting of 

ZnO c-axis on a plane substrates. These results are the base for exten­

sive researches on l\1BE growth of ZnO-based compound serniconductors, 

and will help further improvements on the quality of ZnO crystals. 

In Chapter 4, alloying of ZnO with CdO by RS~\IBE, and the charac­

teristics of the grown Zn 1_xCdxO crystals were described. It was found 

that the properties of grown films change sharply around a critical Cd 

composition of x=3rv5%. ~ear the critical Cd composition, blue photo­

luminescence at RT was observed for samples grown at a specific growth 

condition. Large Stokes shift of rv 500me V was outwardly observed on 

blue luminescent ZnCdO crystals. Both luminescence intensity and Cd 

cornposition were found to be concentrated at the boundaries of hexag­

onal grains. The blue luminescence was estimated to have high inter­

nal quantum efficiency up to rv 17%. These results have suggested the 

possibility of expanding the applicable wavelength range of ZnO based 

cornpound serniconductors to the visible region, with high luminescence 

efficiency. 

The rf'sults obtained in this study have offered several useful informa­

tion on ZnO epitaxy and investigation for ZnO based active serniconduc­

tor devices, which had been at their very infant stage of developrnent and 
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still continuing to grow. These achievernents would help exploitations on 

new optical devices utilizing excitons, and enhanced functionality and 

quality of present ZnO- based devices 'Widely used in the industry. 

Further improvement in the quality of ZnO filn1s. especially suppres­

sion of donor concentration for conduction type control, is the rnost rnajor 

task remaining for future investigations on growth of ZnO by RS~IBE 
rnethod. 



Appendix 

Table A-1: Comparison of GaN, ZnSe, and ZnO 

Compound I ZnO I Ga:\' I ZnSe 

E9 (RT) [eV] 3.2'"'-'3.3 [1 , 2] 3.39 [3] 2. 715 [3] 
E9 (OK) [eV] 3.43 '"'""' 3.44 eV [4] 

E ex [meV] 59"'63 me V [5 , 4] 24 [6] 22 [7] 

Eb 15 meV [8] 5.7 [9] 3.5 [8] 

rb 14'"'-'18 A [5, 10] 29 45 [5] 
m e 0.24'"'-'0.28 [3 , 10] 0.20 (11) ' 0.18 (_i) [11] 0.15 '"'-' 0.17 [5] 

7l2hh 1.8 [3] 1.76 [11] 1.14 [3] 
E 8.84( c ),8.4 7( a) [3] 10.4(c),9.5(a) 8.1 

EAC 4.0 [3] 5.80 5.75 
Structure W* \V,ZB ZB 

L.C. [A] 3.250( a) ,5.207( c) [12] 3.180(a),5.178(c) 5.667 
:VI.P. [°C J 1970 [10] 1523 1793 

*: ZnO: Transforms Into rocksalt at > 95kbar [13] 

(E9 : bandgap, Eex: exciton binding energy, Eb: bi-exciton binding energy, 
Tb: bohr radius of exciton, m e: effective n1ass of an electron, mh: effective 

mass of a heavy hole, E : relative dielectric constant(DC) , EAc : relative 
dielectric constant(AC(lightwave region)), \V: \Vurtzite, R: Rocksalt, ZB: 

Zincblende , L.C. : lattice Constant , \LP.: melting point) 
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Table A-2: Bandgap, exciton binding energy, energy level of 
exciton of ZnO at low temperatures(.J] 

valence bandgap [eV] Eex[rncV] energy level of exciton [e V] 
A 3.4410 63.1 3.37785 ( 1s L 3.4252 (2p) 
B 3.4434 50.4 3.39296 (1s). 3.4308(2p) 
c 3.4817 48.9 3.4327 (1s), 3.4694(2p) 
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