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PREFACE

　　　　　Remarkable　advances　have been made　in recent years　in the

science　and　technology　of　thin　fi Im　processes　for　deposition

because　of　their　potential　technical　value　and　scientific　curi-

osity　in　the　properties　of　ａ　two　dimensional　solid.　Many　fabri-

cation　techniques　to obtain　metal, insulater, amorphous　material

and　semiconductor　films　in　the　production of　ｖＬＳ工　and　many　elec-

tro-optic　devices　have　been　reported.　Numerious　important　pro-

cess　for　film deposition, such　as　therma ｌ　evaporation, sput-

tering, ion-plating, ionized-cluster-beam(工CB)deposition, chemi-

cal　vapor　deposition(CVD), plasma CVD, metalorganic CVD and　pho-

to-CVD have　been　studied.

　　　　　Recently　ZnO　thin　film　has　much　attention　for　applications

　　　　　　　　　　　　　　　　　　　　　悛懇てsuch as　surface acoustiりSAW) devices, integrated optic devices,

heteroj unction　solar　cell　devices and transparent electrodes,

because　of　its　large　piezoelectricity, large　optical　refractive

indices,　large　acousto-optical,　electro-optical　and　nonlinear-

optica １　coefficients ， and high　optica ｌ　transparency　in　the　visi-

ble　region. Therefore many　fabrication techniques　for growing　ZnO

film　have　been developed.　However　it has　been　very difficult　to

obtain　high　qua 1ity　ZnO　f i 1ms　ａｔﾆ　１０ｗ　substrate　temperatures

because　of　its　high　melting　points.　工ｆ　　new　techniques　for

growing　ZnO　film with good　crystal line　quality　can be　developed,

many　applications　will　have　great possibility･

　　　　　This　thethis　describes　the　growth and　properties　of　ZnO　thin

fi 1ms prepared by　some　techniques.　　The　development of　new　fabri-
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cation　techniques　using plasma and photon energy for obtaining

ZnO　film at　１０Ｗ　substrate　temperatures　are　also described.

　　　　（Ｔｈ･is　thesis　consists　of　８　chapters.　工ｎ　chapter　工, the

basic　properties　of　ZnO　and　ａ　brief　historical　sketch　are　intro-

duced.‘　．工ｎ･chapter　工工and　工V, the　growth　and　properties　of　ZnO

film　by　chemical　vapor　deposition method　are　described.　Chapter

工工工Ｉ･describes the　optical　waveguide　properties ・and　three　dimen-

sional　optical　waveguide utilizing the　selective　film growth

technique.　　工ｎ　chapter　ｖ　and　ｖ工,new　techniques　for　growing　ZnO

film with high crystalline quality at　１０ｗ　substrate　temperatures

using　plasma　technology　are　investigated. Photo-MOCVD　technique

and　the　effect　of　uv　light irradiation　on　the　growth　are　ex-

plained　in　detai ｌ　in　chapter　ｖ工工．　Chapter　ｖ工工工　sumraerizes

the　conclusions　of　the present　investigation.　　　　　　一

-II -

Masaru　Shimizu
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CHAPTER　　工．　INTRODUCTION

　　　　　Zinc　Oxide (ZnO) is　one　of　工エーＶ］:　compounds　and　has ・the

wurtzite　structure　with　the　lattice　parameter　a=3.24A　and　c=5.19A

ｆ月．　工ｔ　melts　at　temperatures　higher　than　１８０００Ｃ　and　the　density

is ５．６ｇ／ｃｍ３［１１．

　　　　　Zinc Oxide　is　an　n-type　semiconductor　and　the　band　gap of

this　oxide　is　3.2ev　at　room temperature.　工ts　conductivity　is　due

to　the　non-stoichiometry　consisting　in　the　excess　of　zinc.

　　　　　The growth of　single　crystal　ZnO　presents　ａ　difficult　prob-

lem.　Experimental　difficulties　arise　first　of　all　from　the

relatively　high　melting　temperature.　］:ｎ　addition, it　shows ａ

tendency　to　deviate　from　stoichiometry, particularly　at　high

temperatures, which necessities ａ　strict control　of　the condi-

tions　of　crystal　growth.

　　　　　Many methods　of　crystal　growth　have　been adopted　and　im-

proved in order　to prepare single　ZnO　crystals of high purity and

perfect　structure.　However, no attempt has　yet been made　to pull

crystals　from the melt because the vapor pressure of ZnO is too

high.　Therefore, crystals of ZnO have been grown by the hydro-

therraa ｌ method ［2-4], by the　traveling solvent zone　technique［５］

and　from　vapor phase　reaction［６－９］・

　　　　　工ｎthe hydrotherma ｌ method, larged 0　ｔ０　20g) macroscopically

sound　ZnO　crystals　suitable　for preliminary　transducer use　have

been　grown　at　rates　of　from　１０　to　1 5mm/day［３１．

　　　　　Growth of　ZnO single　crystals by the travelling solvent zone

　　　　　　　　　　　　　　　　　　　　　　　　　　　　幼●　　　　　　　り£，technique　was　carried　out　by　Walff　and　LaBella［５１．　工ｎ　this

－１－



method,　PbF2 was　used　as ａ　solvent, and the　temperature of　the

hot zone was about 9000C．　The rate of　passing the　system down-

wards was 3.5mm/day ［５１．

　　　　　The　vapor growth techniques have also been applied　to the

growth　of　ZnO　single　crystals　by　ａ　number　of　investigations［６－

１０］．　　Both　needles　and　platelets　of　single　crystal　ZnO　were

obtained　by　this　method　at　temperatures　between　1050　and　1325°C.

　　　　　Many　growth　techniques　to　obtain　bulk　ZnO　crystals　as　men-

tioned above have been developed.　However current trends show

the　more　extensive　applications　of　ZnO　thin　films.　For　example,

ZnO　piezoelectric　films　have　been　applied　to　ultrsonic　devices

for bulk acoustic waves as well　as surface acoustic waves, be-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　high

cause　ZnO　has　ａ　low　dielectric　constant　ａｎｄ旨7jtlf台ＣｔｒｏｍｅＣｈａｎｉｃａｌ

coupling　factor.　　Therefore, an　improvement　in　the method　of

preparing　thin　films, a　more　fundamental　interest　in　the　charac-

ter　of　these　films, and　controlling　the properties　of　films　are

required.

　　　　　Preparation　of　thin　ZnO　films　has　been　described　by many

researchers.　Numerous　processes, such　as　sputtering［11-17],

ion-plating［18], ionized-cluster　beam deposition［19,20], spray

pyrolysis［21,22], chemica ｌ　vapor　deposition (CVD) [23-29], and

metalorganic chemical　vapor deposition (MO-CVD)［30-36], have

been　carried　out.　Among　these　deposition　methods, the　most

frequently　employed　technique was　sputtering, and many sputtering

techniques　have been developed to grow ZnO films with high quali-

ty　for　various　applications.

　　　　　The　sputtering methods　are　classified　into　the dc　sputtering

－２－



and　rf　sputtering methods.　In the dc　sputtering ｍｅｔﾆhod,diode

sputtering［1 1,37,38］and triode　sputtering methods［1 5,39-41］

have been carried out to obtain piezoelectric　ZnO films.　　ZnO

films　with　high　resistivity have　also　been　prepared　by　many　rf

sputtering　techniques［11-14,16］。

　　　　　ZnO　thin　fi1ms　obtained　by　these　sputtering　techniques　have

been　applied　to　ultrasonic　transducers. composit　resonator, SAW

filters, SAW amplifires, integrated optic devices and transparent

electrodes。

　　　　　The　sputtering　method　is　very　useful　and　convenient　in

preparing　ZnO　thin　films　at　considerably　low　substrate　tempera-

tures.　However, the　sputtering　method　has　some　disadvantages　;，

1 )the growth rate　is　not　very high,　2) the　composition of　ａ　sput-

tered　film　is　not　the　same　as　that　of　target (the　deviation　from

ａ　stoichiometry),　３）ａ　sputtered　film　surface　is　bombarded　by

energetic　particles。

　　　　　Thus　thedevelopment of new techniques with high control-

lability　for　obtaining　high　quality　ZnO　thin　films　is　required.

This　thesis　includes　the　research on some new developments　in ZnO

thin　film　growth　technology,　explains　the　properties　of　these

newly obtained　films,　and illustrates　various applications.
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CHAPTER　II. GROW？Ｈ　AND　PROPERTIES　OF　ZnO　FILMS　ON　SAPPHIRE

　　　　　　　　　　　　　SUBSTRATES　BY　CHEMICAL　VAPOR　DEPOSIT工ON

2-1 .　Introduction

　　　　　Ａ　ZnOthin film is one of　the most promising materiaIs　for

devices utilizing their piezoelectrical　and optical properties　as

mentioned　in Chapter 工．　Many studies on applications of ZnO to

surface　acoustic　wave/ acoust-optic　and　optical　waveguiding　ae-

vices have been made. Recently, applications to light emitting

diode, a　solar　cell　and ａ　transparent electrode　have　been　re-

ported.　Several　fabrication　techniques　of　ZnO　thin　films, such

as　sputtering, ion-plating, ionized-cluster-beam　deposition,

spray pyrolysis, chemical　vapor deposition (CVD) and metaloiこganic

chemical　vapor deposition (MOCVD), have been investigated　for

these purposes.　Among these growth techniques, sputtering has

been　most widely applied to　the growth of　ZnO fi1ms.　However,

ZnO　films　obtained　by　this　technique　are　polycrystalline, and　it

is　very difficult to obtain single crystal　films。

　　　　　Recently, the　growth of　ZnO　thin　fi 1ms　by　chemica ｌ　vapor

deposition has become　one of　the most　important methods　of　single

crystal　ZnO　film　formation.　Chemica ｌ　vapor　deposition　can be

defined　as　ａ　material　synthesis　method　in　which　the　constituents

of　vapor　phase　react　to　form ａ solid　film at some　surface, and

CVD　is　versatile　and　flexible　technique　in producing　deposits　of

pure　semiconductors.　Thus　many　researches　on CVD of　ZnO have

been　carried out.　Single crystal　ZnO can be prepared by any of

the　following CVD techniques:

７－



　　　　1) chemical　reactions　of　zinc-halide

　　　　　ZnO　single　crystals　were　obtained　by　chemical　reactions　as

follows：

2ZnX2　＋０２｀１‘ 2ZnO　＋　２×２ (2-1 )

Needle-like　ZnO　single　crystals　were　obtained　by　chemical reac一

tion　of　zinc-fluoride (ZnFj) V゛ith　air　at　9500C　bｙｌ･Kubo　い］・

Takahashi　et ａ1. described the growth of plate-1ike　zinc oxide

single　crystals　by　using　zinc‘cloride (ZnCl2) as　the　starting

materia １， and in their method ZnCl2 and H2O vapors were　intro-

duced　by　carrier　gas　Ｎ２　and　02/ respectively　to obtain　ZnO　crys-

tals［２］。

　　　　2)chemical reacti!Wof zinc sulfide or zinc selenide

　　　　Single crystal　of　ZnO have been grown by sublimating both

ZnS　and　ZnSe, and by　reacting　them with oxygen　in an argon gas

f low.　Using　ZnS　as　the　starting material, both　platelet-　and

prism-type　ZnO　crystals were　grown.　　When ZnSe was　used as　the

starting material, hollow-type prisms and plates were the general

formes［３１．　The　oxidation　and　hydrolysis　of　ZnS　was　used　to

obtain ZnO ribbon crystals by Hjwanaga et al. [4]。

　　　　３］chemical　reaction of　zinc oxide

　　　　The　reduction　of　ZnO by　H2, or　Ｈ２　and　Ar, or　NH3　was　ａ

wide ly　used　method　to　obtain　ZnO.　工ｎ　this　method, Zn　vapor

produced by　the reduction of　ZnO　at high　temperature　was　trns-

ported to ａ lower temperature region and ………reduced again to form

ZnO.　When hydrogen　is　used ｒｅｄ‘uctiongas, the　reaction　is

ZnO(s)゛Holg) t Zn(g)゛H20(g)

K = P2ぶ’ＰＨ２０/ＰＨ2

８

（２

（２

２）
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Where (s) and (g) designate　solid　and　gaseous　species, respec-

tively.　Ｋ　is　equilibrium constant.　The crystal　grown by this

method has　advantage　concerning　to　impurity　content compared with

the one grown by the other method because the starting material

with high　purity　can be prepared easi ly.　　By using close　space

vapor transport method as mentioned above, epitaxial　ZnO films

were　obtained　on　sapphire　substrate　at　source　temperatures　of

650-825°C and　at　substrate temperatures　of　５５０－7750Cbｙ‰alii

　　　ｙ,へ，　　　　　　　　　　　　　　　　　　　　　　　　　Ｊ･Ｋ［5], Rabadanov［6] ,F.Pizzallo［７］and　Hammer［８１．　Hammer　and　CO-

workers measured the optical　waveguide properties of　single　crys-

tal　ZnO films epitaxially deposited on sapphire substrates.　They

concluded　that　epitaxial　ZnO　films　grown　on　sapphire　might　pro-

vide･ａ　useful　medium　for many integrated optic applications.　The

vapor　transport using open tube　method　has　been　also　employed　in

　　　　　　　　　　　　　　　　　　　　　ﾄもthe　epitaxial　growth of　ZnO　by Kasuga et ａ１．［９１．

　　　　Aoki　and　his　coworkers　have　described　an　other　method　to

obtain　single　crystal　films, in　which　the　gas　used　for　reducing

the　ZnO　source　was　ammonia　instead　of　the　more　conventional

hydrogen［10].　The growth reaction can be　represented by

　　　　３ＺｎＯ（ｓ）＋　2NH3 ゛ 3Zn(g)゛Ｎ２　゛3H2O (at　the　source) (2-4)

　　　　Zn(g)十　Ｈ２０り･ＺｎＯ十Ｈ２　　　　　　　　　　　　（ａｔ　the　substrate)(2-5)゜

工ｎ　the　chemica 1　vapor　deposition　methods　as　mentioned　above,

single　crystal　ZnO　films　are　epitaxially　deposited　on　sapphire

substrates.　However　single　crystal　ZnO　films　with　good　surface

　　　　　　　　　　　　　　　　　　　　　　uniformly
fl ｈ ｂ btai ｄら id ｂ ing

these　CVD　techniques.　　工ｎ　order　to　obtain　single　crystal　ZnO

films　with mirror　like　surface and wide area, a new CVD technique
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have　carried　out.　In this　chapter, the new CVD technique uti-

lizing　ZnO-H2-H2O-O2　system　is　described.
Ｉ

２－２．　Ｅχperimental　Procedure

　　　　　At　first　stage of our study, the　following chemical　reaction

was　carried ｏｕｔ：

　　　　　　　　　　　　　　　　　　　　　ZnO　゛Ｂｒ２ま　ZnBr2　＋０２　　　　　　　　　　　　　　(2-6)

工ｎ　this　case, ZnO　fi lin was　not　grown　on　ａ　sapphire　substrate ，

neverthe less　the　film　deposition　was　carried　out　for　ninety

hours, and only　ｔりｅ polycrystalline　grains　grew･

　　　　　The　chemical　vapor　reaction　using　zinc-cloride　as　the

starting materials was　also used　to obtain　single　crystal　ZnO

films.　The　grain　growth　was　observed　and　thin　films with　smooth

surface　were　not　grown　on　supphire.　This　method　has　sraal 1

supersaturation　ratio which　relates　to　generation　probability　of

critical　nucleus　at　an　early　stage　of　crystal　growth.　The

adoption　of　new　chemica 1　reaction　system　which　has　high

supersaturation ratio can increase　the　generation probability and

give　high　nucleation　density　which　has　possibility　of　growth　of

uniform　thin　film.　Therefore,　ＺｎＯ‾Ｈ２‾Ｈ２０‾０２　system　was　adopted°

However, attempts　to　grow　ZnO　thin　film with　large uniformity　by

using this chemical　reaction system was unsuccessful.　Even if

ZnO　films　were　grown,　they had　rough　surfaces.　This　unsuccess　of

thin　film growth may　be　caused by　low　density　and　non　uniformity

of　crys ta 1　nuc lei　on　substrate　surface　in　heterogeneous

nucleation.　工ｎ　this　heterogeneous　nucleation, the　generation

rate　of　critical　nuc1eus　i s　dependent　on　distribution　of

－10－



preferential　point　of　crystal　nuclei, such as　dust, impurity and

　　　　　　　　　　　　　　　　　　　　　　thesekink of　substrate.　工ｆ｀ヽ－ヽ。一一■'preferential　pointsof　crystal　nuclei

do not distribute uniformly, thin film which has high crystalline

quality　and　good　uniformity　can　not　be　obtained.　The　difference

of　lattice　constant　between　substrate　and　grown　layer　is　also

important　factor　in the crystal　growth.　工ｎ　the　present　study,

sputter-deposited　ZnO　layer was　used　as　ａ　high density　of　nuclei,

and　buffer　layer　for　difference　of　lattice　constant　and　of

thermal　expansion coefficience between　substrate and grown　layer.

At　succeeding　process, a　ZnO-H2-H2O-O2 chemical　reaction system

was　carried　out.　The　intimate　procedures　used　in　the　present

study are　described　in next　section.

2-3.　Film Growth

　　　　　At　the　first　step　of　the　film growth, an　intermediate　layer

was　deposited　on　ａ　sapphire　substrate　by　ａ　planar　magnetron

sputtﾆering　system (Nichiden　ANELVA：　SPF-210H).　This　sputtering

equipment was　composed　of　ａ　vacuum　chamber　consisting　of　ｃｏａχial

planer magnet　under　the　target　holder and　ａ　substrate　heating

system, an　rf　power　supply　and　ａ　pumping　system　as　shown　in

Fig.2.1.　The　substrate　holder　was　positioned　above　and　parallel

to　the　target　and　could　change　ａ　space　from　２．５　to　5 cm.　The

substrate　was　held　with metal　clamps　on the　substrate　holder and

was　heated　by　the　heating　system, which　was　placed　behind　the

substrate holder.　The　substrate　temperature was　controllable

from　１５０　to　400°C. The　substrate　temperature was measured with　ａ

thermocouple　and　depended both　on applied　rf　power　and　on　the

-11-
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Sputtering　chamber　and　magnetron　cathode.

Table　2-1.　Sputtering　conditions　of　ZnO.

Sputtering gas

Gas pressure

Substrate temperature

Target

Size of target

Target to substrate

Input power

Film thickness

Deposition rate

02十Ar (1:1)

3×10'3～3×lO-'-Torr

Above 300°Ｃ

ZnO ceramic (Li dope)
Zn metal (99.9%)

Diameter 100 mm
Thickness 6 mm

40 mm

50～400 W

3000Å～48μｍ

Max 9.8μ/h「
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substrate　heater　current.　The　pumping　system　had　ａ　３００　1/min oil

diffusion pump and ａ trap cooled by liquid nitrogen, and gave ａ

pressure　of　about　５×１０‾７　Torr.　　Sputtering　was　performed　in

argon(50%)/oxygen(50%) premixed gas.　The pressure in the　sput-

tering　chamber　was ３×１０‾３－５×10-2　Torr　during　sputtering　and　was

continuously　pumped.　The　ZnO　ceramic　target　used　in　our　experi-

ment was　prepared　by　sintering　ａ　pressed　ZnO powder cake.　The

diameter of　the　ZnO　target　was　1 0cm.

　　　　　Table　２－ｌ　　shows　the　sputtering　conditions　used　in　this

study.　　Figure　２．２　shows　the　evaluation　of　crystallographic

qua ｌity　for　sputtered　fi １°ｓ　by　x-ray diffraction (using Ｃｕ“Ｋ（ｘ

radiation) patterns　and　χ-ray　rocking　curves, where a is　the

standerd　deviation　angle　of　the　rocking　curve　when　Gaussian

distribution　is　assumed.　The　value　of a for　the　high quality

　　　　　　　　　　　　　　－regions　of (1120) and (0001) ZnO　films　obtained　by　sputtering

were　less than ０.５０and 0.7°, respectively.　　工intermediate sput-

tered　layers　were　deposited　under　the　conditions　correspondening

to the　”excel lent” region in Fig 2,2. The　film thickness of　the

intermediate　ZnO layers was　２００－４００Ａ　fordeposition on the (0112)

sapphire　substrate and 2000－3000A for deposition on　ｔｈｅ（0001）

sapphire　substrate.

　　　　　After　the　intermediate　layer mentioned above had been depos-

ited　on　sapphire　substrates, the CVD growth using　the　ZnO-H2-H2O-

０２　system was　carried　out, as　shown　in Ｆ･ig.2.3.　　The　schematic

diagram of　the　reactor　for　the　chemical　vapor　deposition　and　its

temperature prof i le are　shown in Fig.2.4..　The quartz　reaction

tubes　had an　internal　diameter of　３０　and84mm, respectively.　The

－13－



smal 1　and　large　tubes　were　１００　and　1 45cm　long　respectively･

Sintered pieces　of　ZnO(5N) and　substrate were　placed　in　the　inner

tube.　The　temperature　profile which did　not have　temperature

gradient was　mainly used　in the　present　study.　　The　substrate　was

ａ sapphire‘with or without ａ ZnO sputtered　layer.　Ａ mixture of

H2,　Ｈ２０　andＮ２　gases　was introduced　into the　inner　tube. Nitrogen

gas　was　used　as　ａ　carrier　gas.　　The　deoxidation　reaction　took

place at　the　source, according to the　next reaction：

ZnO(s)゛H2ま　Zn(g)゛Ｈ２０ (2-7)

　　　　　On the oter hand,　ａ mixture gas of Ｏ２ and Ｎ２ was　introduced

into　the　outer　tube　and　the　oxidation　reactions　might　take　place

at　substrates, following　the　equation:

　　　　　　　　　　　　　　　　　　　　2Zn(g)゛０２こ２ＺｎＯ（ｓ）　　　　　　　　　　　　(2-8)

　　　　　　　　　　　　　　　　　　　　Zn(g)゛Ｈ２０ｊＺｎＯ（ｓ）゛Ｈ２　　　‘ （２－９）

　　　　　　　　　　　　　　　　　　　　２Ｈ２゛０２こ２Ｈ２０　　　　　　　　　　　　　　　　　（２－１０）

　Ｉ･ZnO　was　formed　on　the　substrate　by　the　chemical　reaction

according　to　the　above　equations.づThe　optimum　growth　conditions

in　this　ＣＶＤ･system　is　shown　in Table　２－２．

　　　　　When chemica ｌ　vapor deposition of　ａ　ZnO　film　was　tried　on　ａ

sapphire　substrate　without　ａ　sputtered　ZnO　layer,　ZnO　film　was

not　grown.　　Even　if　ａ　film　was　deposited, it had　ａ　very　rough

surfase.　０ｎ　the other hand, ZnO　films were　reproducibly obtained

on ａ　sapphire　substrate with　the　intermediately-sputterd　ZnO　thin

layer.　The　deposition　rate, crystalographic　properties　and　sur-

fa en morphology were dependent on the ｆ１０ｗ rates　of N2,　Ｈ２ん０２

and Ｈ２０　gases°

　　　　　The　typical　x-ray diffraction patterns　of　ZnO film deposited

14－
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ZnO(C.YD.)→･

　　　　　-^ZnO(SpD.) -*
ﾌﾌｼﾞﾌyJ多

‘゛‾aA1203→

不多ｼﾞｼﾞｼﾞｼ

Fig.2.3.　CVD process.

1000a:)－

800　　－

N2十〇2→　　　　　　　　　　　　　　　　　゛H2｀゛‘H20
　　　　　　substrate ZnO　　　　　　　　　　　　fNj

　　　　　　　　　　　　　C.V.D.System

Fig.2.4 .　Schematic　diagram　of　the　CVD　system.

Table　2-2.　Growth　conditions　for　epitaxial　ZnO.

ZnO source M:。 12霖r｢1

N2　: 270 ml/min

substrate　　Ｏ２ : 13 ml/min

　　　　　　　Ｎ２ : 210 ml/min
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　　　　　　－on (0112) and (0001) sapphire　substrate　are　shown　in　Fig.2.5..

　　　　　　　　　　　－Only the (1120) and (0002) peaks were observed and the half width

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－of　these　peaks　were　very　smal1.　Moreover, the (1120) and (0002)

peaks　produced　by　the　Cu-Koi..　lines　were　clealy　separated　from

those by　the Cu-Ka2 lines.　Figure 2.6　shows the X-ray rocking

　　　　　　　　　　　　　　　　　　　　　　　　－curve　of　ZnO　film　on (0112) sapphire　substrate.　The　standerd

deviation angle ａ was　0.11°.　These evaluation from x-ray dif-

fraction　indicated　ZnO films were　single crystalline.

　　　　　　　　　　　　　　　　　　　　　　　　　　４　　　　１　　　１

　　　　　The　crystallographic　quality　of　the　obtained　ZnO　films were

also evaluated by　the Laue　back-reflection and　the　reflection

high　energy　electron　diffraction (RHEED) technique.　The　Laue

back-reflection　pattern　is　shown　in　Fig.2.7 , where　the　spots　can

be　seen　correspondingly　to　single　crystalline　film.　Figure　２．８

shows　the　typica １　RHEED　patterns　of　ZnO　fi 1ms　grown by　CVD　on

　　　－(0112) and (0001) sapphire　sustrates.　These　patterns　showed

distinct　spots　and　the　different　spot　pattern　appeared　periodi-

cal ly　by　changing　an　incident　angle　of　electron　beam.　These

resuIts means　that the chemical　vapor deposited ZnO films were

single　crystal line　and　are　supported　by　the　x-ray　evaluation

technique.　The　surface　of　fi lm obtained　by　the　CVD method　was　so

smooth　that　they were　used　as　optical　waveguides without　pol-

ishing　surfaces.　Figure　２．９　shows　the　SEM　photographs　of　the

fi lm　surfaces obtained by the sputtering method and by the CVD

method.

　　　　　As　mentioned above, attempts　to grow single crystal　ZnO film

directly　on　bare　sapphire　substrates　in　the　ZnO-H2-H2O-O2　system

under　various ・conditions　were　unsuccessful.　This　means　that　in

17
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　　　　　　　　　sapphire,(b) (0001) sapphire.
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Fig.2.7.　　x-ray　Laue back ref lection pattern of (1120) ZnO and

　　　　　　　　　　　　　－　　　　　　　　　　(0112)sapphire.
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Fig.2.8.　RHEED　patterns　of　epitaxial　ZnO　films.
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Fig.2.9.　SEM　photographs　of　epitaxial　ZnO　films.
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this　CVD method　the　intermediately　sputterd　ZnO　thin　layer　plays

an　important　role　in growth　process.　工ｎ order　to　investigate　the

effect　of　intermediate　sputterd　ZnO　layer　on　the CVD growth, two

kind of　substrates with different　intermediately　sputtered　layers

in　thickness　were　used　in　growth.　工ｎ　one　sample, the　intermedi-

ately　sputtered　layer　was　25nm　in　thickness.　Another　sample　had

250nm　intermediate　layer･

　　　　　x-raydiffraction patterns　of　sputter-deposited　intermediate

　　　　　　　　　　　　　　　　　　　　－ZnO　layers　on　the (1120) sapphire　substrate　and　the　CVD　fi 1ms　on

them are shown in Fig.2.1 0.　工ｎ Fig'.2.10(a) and (c), the x-ray

diffraction patterns of　intermediate　layers　with　２５　and　２５０　nm　in

thickness　sputterd at　a substrate　temperature of ２０００Ｃ尚　………j．

respectively.　The half value width of the　ZnO sputtered　layer

with　ａ　25nm　thickness　is　narrower　than　that　of　250nin.　x-ray

diffraction patterns of　the CVD　films　grown on　these　intermediate

layers are shown in Fig'.2.10(b) and (d).　工ｔ is found that the

CVD　ZnO　f i 1ms　obtained　on　thin　sputterd　ZnO　layer　which　had

better crystal Unity　shows　the better quality.　　工ｎａ word, the

crystalline quality of　films　obtained by　this　CVD method　depends

on　quality of　intermediate sputterd　layer.

　　　　　Affinityof ZnO to the　intermediate　ZnO thin　layer is much

stronger than to the bare sapphire substrate.　Furthermore, the

ZnO　particle deposited tightly by the　sputtering method　plays　the

role　of　dense　nuclei　in　the　succeeding　CVD　process.　　Therefore,

depositing ZnO films as ｉｎヒermediate　layers　causes　the　surface

binding　energy　to　become　very　uniform over　the　entire　surface

area where　the　intermediate　layer has　been deposited.　The　inter-
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mediate　sputtered　ZnO　layer　plays　also ａ　role　as　buffer　layer

which　relaxes　the　difference　of　lattice　constant　and　thermal

expansion　coefficient　between　ZnO　and　sapphire.　For　these　rea-

sons,　ａ　ZnO　single　crystal　film can be grown only　on　an　interme-

diate　ZnO　layered　pattern　when　the　growth　condition　for　the　CVD

process are appropriate.　Accordingly, successful　selective crys-

tal　growth　of　the　ZnO　fi lm　is　made　by using　this　technique　as

shown　in　Fig,2.1 1.

2-4.　Electrical　Properties of Epitaxial Films

　　　　　The　electrical　properties of bulk single crystals　of　ZnO

have been　studied by Heiland［11], Thomas［12], Hutson［13,14］

and　Kroger［15]. The　studies　on　the　electrical　properties　of

single　crystals　ZnO doped with nickel　and cobalt［16], and　lith-

ium and copper have been also carried　ｏｕｔ［17,18].

　　　　　工ｎ contrast　to the bulk ZnO crystals, there has been ａ few

report about the electrical　and optical properies of　thin　fi lm

ZnO　because　it　has　been　difficult　to　obtain　high　quality　ZnO

films。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　　The　electrical　properties　of　the　epitaxial　ZnO (1120) films

　　　　　　　　　　　　　　－on　sapphire (0112) have　been　examined.　　Measurements　were　car-

ried　out　in　the　temperature　range　７７－４００Ｋ　by　ａ　van　der　Pauw

method.　　Four point contacts　of　indium have been made ‘as　ａ ohmic

contact.　　工ｎ　order　to　investigate　the　dependence　of　electrical

properties　on　film　thickness, the　fi lm was　reduced by　lapping･

　　　　　The　as-grown　fi 1ms　showed　ａ　n-type　semiconductores　with

resistivity of　１０‾２－１０‾ｌ n cm as　shown　in　Fig.2.1 2.　　　The　film
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ZnO(C.VD)→

易易ごご

Fig.2.1 1 .　Process　of　the　selective crystal　growth and photograph

　　　　　　　　　　　of　selectivelygrown　ZnO.



resistivity　does　not　show　the　temperature　dependence　in　the

measured　temperature　range.　　The　carrier　concentration　in CVD

films,　which　is　shown　in Fig.2.12。　was　about　1018　cm‾３，ｗｈｉｃｈ　is

higher　than　in　bulk　sigle　crystal　by　more　than　two　order　of

magnitude［8,9].　　The　temperature　dependence　of　carrier　concen-

tration also was weak.　　These experimenta 1　result　suggested　that

the　CVD　fi lm was degenerated　typed。

　　　　　Figure　2.12 and　2.13　show　the　dependence　of　resistivity,

carrier　concentration　and Hall　mobility　on　temperature.　　The

specimens　measured　were prepared　at　9500C． The　electrical pro-

perties　of　as-grown　samples　show　the weak　temperature　dependence.

工ｔ　ia　also　found　that the　thinner　samples　show the higher carrier

concentration.　　These experiment facts　suggest　ヒhat　ZnO films

obtained　are　degenerated　or　have　some　shallow　doners, and　there

exist highly conductive　layer in the　interface　region。

　　　　　工ｎorder to　investigate　to the distribution of electronic

properties,　measurements　were carried　out　when　sample's　thick-

ness　was　reduced　to　１４３μｍ　and　１７ χｌｍby　lapping　from　surface.

The　thickness dependence　of　resistivity, carrier　concentration

and　Hall　mobility　are　shown　in　Fig.2.14.. The　resistivity　and

carrier　concentration　show the weak temperature dependence.　　The

temperature dependence of Hall mobility also ｗａｓ･weak when the

film　thickness　were　of　１４３　and　ｌフ　um.　The　dependence　of　fi lm

thickness　on　electrical　properties　at　３００Ｋ　is　also　in Fig.2.15.

Resistivity decreases　as　the　film　thickness　decreases.　　This

tendency means that　the high conductive　layers　exist　in the　film-

substrate　interface　region.　　The carrier concentration　increases

25－
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with decreasing　the　film　thickness　and　is　very high in the　inter-

face　region.　　This　suggest　that　the　carriers　are　localized　and

impurity　conduction may　occure in the　interface　region.

2-5.　Optical　Properties　of　Epitaxial　Films

　　　　　The　optical　transmission　was　measured　for　the　CVD　films

which　is　shown　in　Fig.2.1 6.　　Transmission　was　measured　by　ａ

double　beam　photospectroscopy{SH工MADZU:MPS-50L).　　　The　film

showed　ａ　sharp　absorption　edge　at　about　380nm.　　The　obtained

films were coloreless and transparent.　　The average　transmission

of films of ２．４μｍthick (Sample No.1 0-18) a･nd of　１４３ym (Sample

No.Sp-51 ) are　about　８０１　and　７６１　inthe　visible　region.

2-6. Dependence of Growth Conditions on Electrical　and Optical

　　　Properties

　　　　The　effect　of　the　growth　temperature　on　　electrical　and

optical　properties　of　ZnO　films　grown by　CVD　were　mesured.　　The

dependence　of　growth　temperature　on electrical　prpoperties of

films are shown in Figri7.. Electrical measurement was carried

out　by　the　van der　Paw method.工ｔ was　founded that　resistivity

and carrier　concentration decrease with increaseing　the　substrate

temperature.　The　increse　of　mobility　with　increasing　substrate

temperature　was　observed. This　means　that　ZnO　films　grown　at

higher　substrate　temperatures　have　less　native　defects　than when

they grew at　low substrate temperatures.工ntensity of　photolu-
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minescence　spectrum　also　wa s　measured, which　i s　shown　in

Fig.2.1 7.　　The　photoluminescence　intensity　increased as　the

substrate　temperature　increased.　　The　strong　intensity of　photo-

luminescence　also　shows　that　the　film　contained　less　non　radia-

tive　native　defects　which decresed mobility.　　　This　fact　sup-

ported　the　change　in mobility　as　shown　in　Fig. 2.17.

　　　　　The　dependence　of　growth　rate　on　the　electrical　and optical

properties of　ZnO films were also measured,　which　is　shown　in

Fig.2.1 8.　　The　growth　rate　were　controlled　by　changing　the　flow

of　water　vapor.　Electrical　resistivity　incresed　and　mobility

decreased with　increasing　the　growth　rate.　Photoluminescence

intensity　decreased.　Thus, it　was　found　that　the　number　in　non-

radiative　recombination　center　which　decreased　the　mobility　in-

creased when　fi 1ms were grown at high　growth　rates.　These　re-

suits　indicate　that　ｔｈｅ・electrical　and optical　properties　can be

control led by changing　the　growth rate of film.

2-7.　Conclusion

　　　　　Single　crystal line　ZnO　thin　fi 1ms　were　obtained　by　the

chemica ｌ　vapor deposition method using the ZnO-H2“H2O-O2 system.

　　　　　　　－　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　㎜The (1120) and (0001) ZnO　films　were grown　epitaxially　on (0112)

and (0001) sapphire　substrates, respectively.　　工ｎ　this　CVD　meth-

od, an　intermediate　thin　layer was　first deposited on the sap-

phire　substrate by sputtering and then the CVD growth　was　per-

formed.　The　ZnO　single　crystal　f i 1ms　were　grown　only　on　an

intermediate　ZnO　layered　pattern　when　the　growth　conditions　for
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the　CVD　process　were　appropriate.　Accordingly, successful　slec-

tive　area　growth　of　the　ZnO　films　was　made　by　using　this　tec-

hnique。

　　　　　The　electrical　properties　of　as grown　samples were measured.

The　resistivity of　films　was　１０‾２-１０‾ｌｎ cm, Hall　mobility of　４０－

１２０ｃｍ２／Ｖ;ｓｅｃand carrier concentrations of １０１８ｃｍ‾３．　The tern-

perature dependence of them was weak and this result means that

ZnO　films　obtained　is degenerated or have　some shallow doners.

The　dependence of　film　thickness　on　electrical　properties　showed

carriers　are　localized　and　impurity　conduction　may　occure　in the

interface　between　fi lm　and　substrate.　The　optical　transmission

measure　ments　showed　that　the　CVD　fi 1ms　obtained　had　ａ　sharp

obsorption　edge at　380nm and high　transparency　in　visible region.

The dependence of　growth parameters (substrate temperature and

growth　rate) on　electrical　and　optical　propeerties　also　was

investigated.

References

　［１］工.Kubo,　J.Phys.Soc.Jpn.　16(1961)2358.

　［２］T.Takahashi, A.Ebina　and　A.Kamiyama,　Jpn.J.Appl.Phys

　　　　　5(1966)560.

［３］

［４］

［５１

［６１

Y.S.Park and D.C.Reynolds,　J.Appl.Phys. 38(1967)756.

Ｈ．工wanaga and n.Shibata,　Jpn.J.Appl.Phys. 11(1972)121 ・

G.Galli　and J.E.Coker,　Appl.Phys.Letters　16(1970)439.

R.A.Rabadanov,　S.A.Semiletov　and　Z . A.Magomedo v,

33



　　　　Sov.Phys.Solid state　12(1970)1124.

　［７］F.Pizzarello,　J.Appl.Phys.　43(1972)3627.

　［８］J.M.Hammer,　D. J.Channin,　M.T.Duffy　and　J.P.Wittke,

　　　　Appl.Phys.Letters　21 (1972)358.

　［９］M.Kasuga　and Ｓ．工shihara,　Jpn.J.App:L.Phys. 15(1976)1835.

［１０］M.Aoki, K.Tada　and T.Murai　and　Ｔ．工noue,　Thin　Solid　Films

　　　　83(1981)283.

［１１］G.Heiland.　E.Mol low　and Z.Stockman,　Solid　state　Phys.

　　　　　8(1959)191．

［１２］D.G.Thomas, in:　Semiconductors, Ed.N.B.Haannay (Reinhold, New

　　　　　York,1959).

［１３］A.R.Hutson, ibid・

［１４］A.R.Hutson, Phys.Rev.　108(1957)222・

［１５］F.A.Kroger, in:　The Chemistry of 工mperfect Crystals (North-

　　　　　Holland,Amsterdam, 1964)p.691 ．

[16]　M.Sumita, Jpn.J.Appl.Phys.　6(1967)1469・

［１７］E.D.Kolb and R.A.Laudise, J.Amer.Ceram.Soc. 49(1966)302.

［18]　E.M.Dodson and J.A.Savage, J.Mater.Sci. 3(1968)19.

－34－



CHAPTERII工. FABR工ＣＡＴ工ON　OF　ＯＰＴ工CAL WAVEGUIDES ＵＳ工NG　ZnO FILMS

　　　　　　　　　　　　ON　SAPPHIRE SUBSTRATES

3-1 .　Introduction

　　　　　工ｎ　the　past　twenty　years, significant　advances　have　been

made in the field of integrated optics　including optical　wave-

guides.　However　the　first　study　of an all　dielectric　guide was

apparently that ｏｆふondros et ａ１．in 1 91 0 ［１］．　　They presented

the　first　theoretical　description of　mode　propagation along ａ

dielectric　rod.　　　The　subj ect　then　seems　to　have　lain　dormant

until　the　development　of　high　frequentcy　sources.　　　工ｎ　the　late

193O's　and　early　194O's, the　dielectric　rod　came　into　considera-

tion　as　an antenna which became ａ　candidate　for microwave antenna

system.　　The　early　theory of　dielectric　aerials　and　its　experi-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ凶mental verification was described ｂｙぶiely in 1953 ［２］．

　　　　　工n1 96O's, the first dielectric waveguide　to be studied at

optical　frequencies　was　the　glass-coated, glass　fiber　developed

originally　for　fibre　optics　imaging　applications［３］．　　　工ｎ　1971 ,

the　Corning　Glass　Works　succeeded　in　fabricating　single-mode

glass fibers with loss rates of ２０dB/km.　These guides are very

promissing　considerations　for　optical　transmission　lines　in　the

communications　system of　the　future.

　　　　　On　the　other　hand, the　dielectric　thin　film waveguide　at

optical　frequency　is at　least as　old as　the development　of　opti-

cal　thin　film　technology.　　　工ｔ was　not　until　the　rate　I960'･Ｓ ・

however, that thin fi lm guides become candidates　for potentia ｌ

communications　applications.　　工ｎ　1969, the　Bell　Telephone　Labo-
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ratories　published　ｔｈｅ･ theoretical　and　experimental　studies　in

”integrated optics"［４１．　　This　new　concept　promises　to　bring　the

techniques　of　electronic　integrated　circuit　to　optical　wave-

guides, so　that　planer　arrays　of　passive　and　active　signal　pro-

cessing　element　can be　fabricated.　There does　exist many　liter-

ature　on　dielectric　thin　film, e.g.　ZnS, ZnO, Si3N4, Y工G, polymer

glass, and　charcogenide,　optical　waveguide。

　　　　　工ｎａ　ZnO　thin　film optical　waveguide, the　first　theoretica ｌ

and　experimental　studies　were　described　by　P.K.Tien　et　ａ１．　in

1969 [5].　　　工ｎ　their　work, thory　and　experiment　of　on modes　of

propagating　:Light　waves　in　sputter　deposited　ZnO　films　were

described.　　工ｎ　1971, optical waveguide　losses　grater　than　２０

dB/cm were　reported [6］and J.M.Hammer　et　al. reported　the　１０ｗ

losses (below　５　dB/cm) epitaxial　ZnO　optical　waveguides　in　1972

［７１．　　Since　then, N.Chubachi　et　al. [8], E.L.Paradise　et　ａ１．

[9], and　T.Shiosaki　et　ａ１．［１０］described　the　theoretical　and

experimental　studies　on ZnO thin film optical　waveguide。

　　　　　工ｎ　this　chapter,ａ　simple　theory　of　thin　film waveguide　and

experimental　studies　are described.

３‘２．　　Optical･V/aveguides (planer Type) and　the ｉｒ　Properties

　　　　　工ｎ　thissection, simple waveguide theory is described.　工ｆ

the media were perfect dielectrics, the　Maxwel 1　equation are

∇xE=-μ･o3H/3t

∇xH=eon2 3E/ at

(3-1)

(3-2)

where,･Ｅｏ　and　Voare　permitivity　and　permiability　in　free　space″

and　ｎ　is　refractive　index, respectively･
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We　assume,

　　　　　　　　　　　　　　　　　E=E(x,y)expj(oit-ftz)

　　　　　　　　　　　　　　　　　H=H(x,y)expj(ωt-ftz)

in where　the direction of propergation is

constant　is　６　ｆ　ａｎｄω゜27rc/λ・

nd the ro

　　(3-3)

　　(3-4)

agation

ｆ　as　shown　in　Fig.3.1 ,

　　　　工ｎstep　index waveguide, the electromagnetic component is

not changed in the ｙ direction.　　Therefore, 3/3t =ja),　3/3z=-j６，

3/3y=O　are　given, and　from　equation(3-1 ) and (3-2) the general

wave　equation are as　follows,

3
2Ey/3x2

゛(ko‘n2一日:2)Ｅｙ＝0

32Hｙ/a°（2　゛（kl･゛112“a2）Ｈy °0

TE mode

TM mode

(3-5

(3-6

where。

　　　　　　　　　　ＨＸ戸－β/（゛μｏ E.　Ｈ２゛‾1 /j叫Ｉ０ 3E /3x　TE °ode　(3-7)

　　　　　　　　　　Ｅ）ｃ°６／り:0112Hｙ゛Ｅジ1/如Ｃｏｉ１２ ’3H /3x TM mode　(3-8)

From　the　solution　of　the wave　equations (3-5) and (3-6), and from

the　boundary conditions at ｘ＝Ｏand　ｘ＝　h, eigen　value　equation　can

be　obtained, where ｈ　is　film　thickness。

　　　　　　　　　　　　　　　　considered
　　　　四

ａ　waveguide　as　an　electromagnetic　field　which　mathematically

represented ａ　solution of　Maxwel l's　wave　equation, subject　to

certain　boundary conditions　at　the　interfaces　between　planes　of

different　indices　of　refraction.　　Above　mentiond　description　is

generally called the physical-optic approach［11,12].

　　　There　is　ａ　another method　which　is　the　ray-optic approach

［11 ].　　工ｎ order　to explain　the waveguiding　of　light　in　ａ　planer

waveguide by the ray-optic method, only Snell's　law of reflection

which　coupled　with　the　phenomenon　of　total　internal　reflection.
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Consider　ａ　ray　of　ｌ ight　propergating　within　ａ　three- layer　wave-

guide structure as shown in Fig.3.2 ,

　　　　　From　Snell's　law,

sinφ1　/sinφ2　＝　n2/n^ (3-9)

and

　　　　　　　　　　　　　　　　sinφ２　/sinφ３　＝　^3/^2　　　　　　　　　　　　　　　　（３－１０）

where　φ３　is　smal1,　ａ　ray　of　light　passes　freely　through　both

interfaces, sufferinq only refraction, as　shown in Fig.3.2(a).

This　case　correspond to　the　radiation modes.　　Ａｓφ･３　is　increased

beyond　the　point ａｔ｀゛hichφ２ ･exceeds　the　critical　ａｎｇ:Le　for total

internal　reflection at the n2-ni　interface,　the　light wave　passes

as　shown　Fig.3.2(b).　　　This　case　corresponds　to　ａ　substrate

radiation mode and the condition for total　internal　reflection at

the ｎ２‾ｎｌ　inter face is given by

　　　　　　　　　　　　　　　　φ2>sin (n^/n2)　　　　　　　　　　　　　　　(3.11)

and

φ3>sin"^(n^ /n3 ） (3.12)

Ａｓφ３　is further　increased　beyond　the　うoint　at　whichφ２　also

exceeds　the　critical　angle　for　total　internal　reflection　at　the

ｎ２‾ｎ３　interface･ｊ　the　light wave　becomes　confined　as　shown　in

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゝ

Fig.3.2(c).、This　case　correspondes　to　ａ　guided　mode　and　the

critical‘ angle by

　　　　　　　　　　　　　　　　　φ2>sin"^(n3 ln.2 ）　　　　　　　　　　　　　(3.13)

and

　　　　　　　　　　　　　　　　　φ3>sin-''(1)゜900　　　　　　　　　　　　　　　　　　　　(3.14)

011 1ｙ　゛゛hen　吋ｋｎ３　can　confined　waveguide　modes　occur (because

sin(j)2°&/kn2) .
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Fig.3.3.　Techniques　for　coupling　light　into　ａ　thin-film

　　　　　　　　　　waveguide; (a) Endfire, (b) Prism　coupler, (c) Grating

　　　　　　　　　　coupler.
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　　　　工ｎ　the　waveguide　modes, the　total　phase　changes　for ａ　point

on ａ wavefront that travels　from ｔｈｅｎ２‾ｎ３　interface　to　thenn-n-i

inter　face　and　back again must be ａ multiple　of　２¶．　Then　the

following condition given by

2kn2tsin9jj^-2φ23-2φ2"] =2m IT (3.15)

where t　is　the　thickness　of　the　waveguiding　region.　Θｍ　is　the

angle　of　reflection with　respect　to　the　ｚ direction, m　is　the

mode numbeiﾌﾀ　andφ２３ and φ２１　are　the phase changes　suf f erd upon

total　internal　ref lection　at　the　interfaces. The　values　ｏｆφ･２３

ａｎｄφ２１ can be caluculated from

　　　　　　　　　　　ｔ°削）２３゛（1122ｓｉＪφ２－“２３）１／２／（１１２ｃｏｓφ２）　　　　(3.16)

　　　　　　　　　　　ｔ“ｌφ２１°（「i2 sin2φ２－ＪＩ」１／２／（゛２ｃｏｓφ２）｀　　　(3.17)

for TE　wave, and

　　　　　　　　　　　Ｕ１゛φ２３°゛２２（1122ｓｉｌ１２φ２-ｉｌ２３）１／２／（1123112coｓφ２）　　(6.18)

　　　　　　　　　　　tan(J)2-]°「１２２（1122ｓｉｒｌ２φ２-1121）１／２／（「１２１“２ｃｏｓφ２」　　(6.19)

for ＴＭ｀ヽ/aves ．　　Whei°ｅ　φｍ＝７ｒ,／２－Ｏｍ

　　　　For ａ　given m, the parameters　ｎｌ ｆ　ｎ２ｆ　ｎ３　and ‰　φｍ（ｏｒ ｅｍ）

can be　caluculated.　　Thus　ａ descrete　set of　reflection　angleφｍ

are　obtained　correspondending　to　the　various　mode.　However,

valid solutions do not exist for all waves ｍ｀

　　　　The　excitation　of　guided　wave　is required　in guided wave

experiments. Efficient　coupling　of　light　into　and　out　of　thin

fi lm　is　an　important　consideration. Ttese　coupling　techniques

have　been　commonly　used ａ５　shown

。Ｆｉｇ°3.3.　The　end-fire　coupling

technique (Fig.3.3(a)) requres　the　good　opticals　surfaces　at　the

edge of　the　fi lm to avoid excessive　scattering of　the　incident

beam.
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　　　　Inthe prism coupling method, light enters through the top

surface of　the　film with the　prism coupler.　工ｎ order　to　excite

alｌ　possible waveguide modes　in　the　film, the refractive index of

the　prism　should be　larger　than　that　of　the　film. An　incoming

laser　power enters　the ･film　by tunneling through the gap which is

air　or　other　１０Ｗrefractive　index materials　and　separates　the

prism　from　the　film.　For　effective　coupling, the　spacing　of　the

air gap is on the order of one-eighth to one-fourth of the vacuum

optical　wavelength.　For most efficient power transfer, the　phase

velocity　ｏｆ･the　light　wave　in　the　prism　must　match　that　of　ａ

guided　mode　of　the　magnitude.工ｎ　this　case, the　propagation

constant of ａ particular mode in the film is

Ｂ°n ksin6　　ｋ°2ir/y (3.20)

where　"p　is the　refractive　index　of　the prism, 0　is　the　angle

between　the　incident　beam　in　the　prism　and　normal　to　the　surface

of　the　film, and ｙ’is　the　free-space　wave　length.　The　different

modes　of　the　film　can be　excited by　varing ９．

　　　　　　　The　gratingcoupling method　has　been　also　used　to　provide

efficient　coupling (Fig.3.3{c)).　　工ｎ　this　case, the　phase-match

condition　is　　　　　　　ｊ

　　　　　　　　　　　　　　　　　B=kn ŝine゛2111/λ２　　　k=2iT/y　　　　　　　　　　　　(3.21)

where　n-i is the　refractive　index of　the　air　or　other medium　in

which　the　incident　beam propergates,　Ａ ２　is　the grating period,

and　ｌ　is　the diffraction order of　the　grating｡

　　　　　工ｎ　our　ｅχperiment, the　second　coupling　technique,　prism

coupling method, has　been used because of　high coupling efficien-

cy, good　selectivity of excited mode and good applicability･
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　　　　　　　Optical　waveguided　losses　of　ZnO　films　obtained　have　been

measured　by　the　scattering　detection　method［13].　工ｎ　this　meth-

od,　if　the　scattered　light　intensity　increases　in　proportion　to

the guided　light intensity, the waveguided　losses can be measured

by　measuring　of　the　distribution of　scattered　light　along　ぢｈｅ

guided　ｌ ight.　Ａ fiber　optic　probe　is　then used　to measure　the

intensity　of　the　light　scattered, as　shown　in　Fig.3.4.　　The

intensity　of　scattered　light　as　measured　by　the　optica 1　fiber

probe　is　plotted　in Fig.3.5.　This　figure　shows　the average　slope

of　TE2　mode.　　Figure ３．６　　shows　an example　ｏｆ･ the　relation

between　the optical　loss and the effective refractive index of

the　mode. The　loss　measurement　was　carried　out　for　TE　modes

propergating perpendicular　to the c-axis of　ZnO film. The　loss

value for the first mode is estimated as ０.87 dB/cm from the loss

va lue and the　standard deviation for higher modes. The refractive

indecies, thickness and attenuation of　the CVD　films　obtained are

tabulated in Table　3-1.　The values of　the refractive　indices

are consistent with　those of　the　ZnO bulk　single　crystal.

３－３．　Fabrication of Ridge Optical Waveguides and　their･Properties

　　　　　･工ｎthe　various　optical　waveguided　devices　with　the　function

of　optical　modulation　and　switching, three dimensiona １　waveguide

is desirable to cont二roll　the waveguided　light with good efficien-

cies. The　three dimensional　waveguide have　been proposed, such as

buried type, ridge　type, loaded type and　voltage-induced　type･

Various ways, such as　thermal　diffusion, ion exchange, ion　injec-

tion and electron beam bombardment have been used to fabricate
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Fig.3.4.　Schematic　illustration　of　the　scattering　detection
　　　　　　　　　method.
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the　buried　type　waveguides. This　type　waveguide　has　the　９００ｄ

advantages　of　fabricating　low　loss　optical　waveguides, optical

modulator　and　optical　switching　devices　quite　easily.　Therefore,

this buried　type devices　have been used mostly.　工ｎ　ridge　type,

the　waveguides　have　been　fabricated　by　removing　thermal　evapo-

rated　or　sputtered　layer　using dry etchig　or　chemica 1　etching

technique.　This　type waveguide　is　multi　mode waveguide　and　is

suitable　for　the　curved　guide　because　of　good　confinement　of　the

guided　light. With　the　ridge　type　waveguide, for　example, one　of

the　most　difficult　problems　lies　in　fabricating　smooth　side

walls.　The　loaded　type　waveguide　has　two　type　waveguides, such

as　dielectric　loading and metal　loading　type.　This　type wave-

guides　have　been　not　used　widely, because　the　difference　of

refractive　indices　between　waveguided　region　and　clad　region　is

too　ｓｍａ１１，１０‾３．　　工ｎ　ｅlectro-optic crystals, such　as LiNbO2　and

LiTaO3,　voltage　induced　type　waveguide　have　been　proposed.　　The

theory　of　dielectric　three　dimensional　waveguide　mode　was pres-

ented　by E.A.J.Marcatili［！４１．

　　　　　工ｎ　the　following experiment, we propose　the new technique to

fabricate　the　ridge　type optical　waveguide　using　selective　crys-

tal　growth　technique　in　CVD　and describe　the　scattering　loss

measurement.　　　　　　　　　　　　　　　Ｉ　　　・　　　　　　　　　　　　　　　　　　　　　。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　工ｎthe first stage of fabrication process, an intermediate

ZnO　layer ｗｉ七卜２００Ａ thickness was　sputtered　on (0112) sapphire

substrate　by　an　rf　planer　magnetron　sputtering　system. After

that, the　ridge　was　fabricated　using photo　１ ithographic　technique

as　shown　in Fig.3.7.　AZ1350J was used as ａ photoresist and the
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chemical　etching was　carried out using hydrogen chloride (HCl)

for ５－８sec.　工ｎ succeeding process, the chemical　vapor deposi-

tion was　carried　out and the ridge waveguide was　fabricated as

mentioned　in　Chapter　２．　　This wave guide　has　ａ　19.1　μｍ　width　and

1.05　μｍ　thickness.　Figure　3.8. shows　ａ　SEM　photograph　of　the

ridge　waveguide　fabricated。

　　　　　Ａprism coupler at　the top of　the guide was　used to　inject

the He-Ne　laser　light (6328　h.　　Figure　3.9.　showsダａ　ｌ ight　propa-

gating　in ａ　guide.　　From this　figure　it can be　seen　that ａ　6328A

light beam　for　ａ　distance　longer　than　ｌ　cm.　The　optical　proper-

gation loss at Ｅｘｐｏｍｏｄｅwas measured by ａ scattering detection

method, as　mentioned　in　Sec.3-2. The　ridge　optical　waveguide

fabricated　showed　ａ　propagation　loss　of　40.32　dB/cm, which　is

shown　in　Fig.3.10.・　工ｔ　has　been　founded　that　the　two　dimensional

thin　film　optical　waveguides　of　ZnO　on　sapphire　showed　very　１０ｗ

loss.　Therefore, the　high　propergation　loss　of　ridge　waveguide

obtained　is attributed　to　the　roughness　of　the　side　wal Is。

　　　　　The　selective area　crystal　growth　technique　was　used　for　an

application　to　three　dimensional　optical　waveguide, as mentioned

above, however　an approach　to　smoothing　side　wal Is　should　be

made.　　The　appropriate choice　of growth direction to the　sub-

strate　and　of　growth　conditions　are　applicable.　These　approach

to reduceing　scattering　loss are now under　investigation.

3-4.　Conclusion　　　　　　　　　　　　　　　　　　尚

　　　　　Optical　propergation　losseswere measured in as-grown single

crystal line　ZnO　films　obtained　on　sapphire　substrates　by　the
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chemical　vapor　deposition　method.　The　loss　measurement　was　car-

ried　out　by　the　scattering　detection　method.　　The　minimumm

attenuation　loss obtained are 0.87 dB/cm for TEq mode ゛ｔ6328A･

This attenuation　loss　is　considerably smal 1　and the CVD method is

proved　to be　a excellent　technique　to obtain the high quality　ZnO

films with　１０ｗoptical　propagation　losses。

　　　　　The　ridge　type　optical　waveguide　were　also　fabricated　using

the　selective　crystal　growth　technique　in　the　CVD　method.　　The

ridge　waveguide　showed　the　attenuation　loss　of　40.3　dB/cra　for

TE^
DO mode at　6328A.　This　high　loss was attributed　to　the　rough-

ness　of　the　side walls.
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CHAPTER　IV. GROWTH　AND　PROPERT工ES　OF　ZnO　FILMS　ON　SILICON

　　　　　　　　　　　　SUBSTRATES BY CHEMICAL VAPOR ＤＥＰＯＳ工TION

4-1.　工ntroduction

　　　　　Several　fabrication techniques of　ZnO thin films, such as

sputtering.　ion-plating, ioni zed-cluster-beam　deposition.　spray

pyrorysis　and　chemical　vapor　deposition, have　been　investigated

for many purposes, as　mentioned above. However　it was　very diffi-

cult　to　obtain　high　quality　films　with　good　c-axis　orientation,

good　surface　flatness, high　transparency　and　high　growth　rate　by

these　methods. And　there　has　been　no　report　about　ａ　crystal

growth mechanism of　ZnO films　with good　c-axis　orientation by CVD

on　semiconductor　substrates.工ｎ　this　chapter　ａ　CVD　technique　for

obtaining ａ　ZnO　thin　film with　ａ　good　c-axis　orientation　at　ａ

high　growth　rate (3.6-90　Vim/h) on　ａ　silicon　substrate　is　re-

ported.

　　　　　Silicon　is　ａ　suitable　substrate　for　ZnO　growth, because　the

thermal　expansion coefficient of　Si(3.57　× １０‾６／ｏＣ）［１］is　nearly

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　χ
equa ｌ　to　that　of　ZnO (4.0　１　１０‾６／゜Ｃ）　[2].　The　silicon　is　of

course,　ａ　promising material　of　application　to　many　kinds　of

electronic devices.　This　CVD method has ａ maximum growth rate of

９０戸ｍ／ｈwhich is higher than conventional methods, e.g. reactive

magnetron　sputtering　with　ａ　deposition　rate　of 15 pm/h [3].　ZnO

films　obtained　by　this　CVD　method　have　ａ　rather　low　resistivity

(10~^-10ncm) and resistivity control　by ａ　diffusion process with

lithium or other　suitable　acceptors　is　necessary　to　obtain　ａ　ZnO

film with ａ high resistivity which　is usually needed　for applica-
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tion　to　surface　acoustic　wave　devices.　However　high　conductive

ZnO　films　obtained　by　this　CVD　method, which　have　also　good

transparency to most of the useful solar spectrum, can be used as

ａ window　layer of ａ　solar cell.　工ｎ　this　chapter we　report　the

fabrication of ZnO films on Si by this CVD method and the charac-

terization of　these　films　by　x-ray　diffraction, reflection　elec-

tron　diffraction (RHEED), scanning　electron　microscopy (SEM),

optical　transmission　measurement　and　photoluminescence　measure一

merit.　Thin　film　solar　cells　of　ZnO/Si　were　also　fabricated　and

photovoltaic　properties　were　studied.

4-2.　Experimental　Procedure

　　　　　Thegrwoth apparatus simi lar to the one which is used in the

prev ious　work ［４］　is　shown　in　Fig.4.1　I in　which　the　reaction

tubes　have　an　internal　diameter　of　３０　and　８４　mm　respectively･

The　smal 1　and　large　tubes　are　１００　and　１４５　cm　long　respectively･

The　purified　ZnO　powder (99.99%) and　Si　substrates　are　placed　in

the　inner tube.　Ａ temperature profile of　the　furnace with　the

growing　region　temperature　of　９５００Ｃ　is　shown　in　Fig.4.1 .　　Ａ

mixture　of　Ｈ２”　Ｈ２０　and　Ｎ２　gases　isintroduced　into　the　inner

tube.　The deoxidation reactions take place at the　source, ac-

cording to the　next　equation:

ZnO　十　Ｈ２ＺＺｎ　＋Ｈ２０　　with　　Ｐ¨Ｚｎ＝Ｋ’ＰＨ
２

／ＰＨ２０
(4-1)

On the other hand″ａ mixture gas of Ｏ２and Ｎ２is introduced　into

the　outer　tube　and　the　oxidation　reactions　may　take　place　at　the
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substrates, following　the　equations:

2Zn　十〇２こ2ZnO

Zn　＋Ｈ２０こZnO　＋　Ｈ２

２Ｈ２　十　〇2 t 2H2O

Si　十　〇2 ‾ｙSiOn

2Si　＋　０２　■t2SiO(g)

Ｓｉ＋Ｈ２０まＳｉＯ＋Ｈ２

(４

(４

(４

２）

３）

４）

(4-5)

(4-6)

(4-7)

ZnO　is　formed　on　the　substrate　by　the　chemical　reactions　accord-

ing　to　the　above　equations.　The　substrare　was (111) oriented

silicon　on　which　ａ　３００－2500A　thick　ZnO　layer　was　sputter-depos-

ited　followign　the　process　shown　in　ref.［５］・・　　　工ｎ　order　to

investigate　the　effect　of　the　sputtered　thin　ZnO　layer　on　the

crystal Unity of the CVD　ZnO film, chemica ｌ　vapor deposition of ａ

ZnO　film wa s　also tried directly on ａ silicon substrate without ａ

sputtered　ZnO　layer.　　The　thin　intermediate　ZnO　fi lm　on　the

substrate　was　deposited　by　ａ　planer　magnetron　rf　sputtering

system　at　ａ　substrate　temperature　of　３００－3500C．　　A (111) Si

single　crystal　wafer　was　used　as　ａ　substrate　because　its　three-

fold symmetry may give rise to the growth of ａ more highly c-axis

oriented　ZnO　film　due　to　the　similarity of　the　six-fold　symmetry

of　ZnO　to　the　three-fold　symmetry of　silicon.

4-3.　Film Growth

　　　　　Attempts　to　grow　ZnO　f i 1ms　directly　on　bare　silicon　sub-

strates　have　been　unsuccessful.　　Even　if　ａ　film　was　deposited,
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it　had　ａ　very　rough　surface　and　the　affinity　of　ZnO　to　the

si 1 icon　substrate　was　very　weak　and　the　ZnO　layer　was　easily

pealed off.　　０ｎ　the otehr hand, ZnO　thin　fi 1ms were　reproducibly

obtained on ａ　silicon　substrate with　ｔｈｅ"intermediately-sputtered

ZnO　thin　layer.　　　By　using　this　method　ZnO　f i 1ms　could　be　Ob-

tained　ａ１１　over　the‘substrate　surface　uniformly　and　the　affinity

of　the　ZnO　film to　substrate was　strong.　　The appropriate　flow

rates　of　Nj,　Ｈ２０　and　Ｈ２ from　the　source　side　were　1 50cc/min,

5.5gr/h °nd 55cc/min,　and those of Ｎ２and Ot from the　substrate

side　were　200cc/min　and　50cc/min　respectively.　The　appropriate

thickness　of　the　intermediately-sputtered　layer　Ｗａｓバ1500　to

2500A.　工ｎ　this　CVD　system, highly　oriented　films　were　obtained

at　ａ　substrate　temperature　of　８５０　ｔ0　10000C。

　　　　　The　typical　x-ray　diffraction　pattern　of　ａ　ZnO　film　depos-

ited　on　a (111)　Si　substrate　is　shown in Fig.4.2‘　Fig.4.2(a)

shows　the　patten　of　an　intermediately-sputtered　ZnO　layer　prior

to CVD growth and Fig.4.2(b) shows　that of ａ CVD ZnO fi lm.　From

Fig.4.2(b) it　is　seen that only the (00-2) peak of　ZnO is present

and　the　separation of the Cu-Kcti　and ^a2　１ines of the (00-2) peak

is　clearly　shown.　　This　indicates　that　ａ　highly　c-axis　oriented

ZnO　film was　deposited　on　the (111) silicon substrate.　The ｃ－

axis　of　the　ZnO film was perpendicular to　the　silicon　surface.

An　χ-ray　rocking　curve　of　this　CVD　film was measured　to estimate

the　distribution of　the　c-axis　orientation.　　The　value of　stand-

ard　deviation angle of the c-axis orientation distribution was

0.47°, taking the distribution as Gaussian to ａ good approxima-

tion.　　工ｔ　is　shown　in　Fig.4.2(a) thaヒ　an　itnermediately-sputtered
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Schematic　diagram　of　the　growth　furnace　and　ａ

temperature　profile.

ZｎＯ(002) intermediate ZnO layer on SiOll)
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　　　　　　　　　20

Fig.4.2.　　X-ray　diffraction pattern of　ａ　ZnO　film on (111) Si:

　　　　　　　　(a)the　pattern　of　an　intermediately　sputtered　ZnO

　　　　　　　　layer prior to CVD growth, (b) that of ａ CVD　ZnO　film.
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ZnO layer on ａ (Ill) silicon substrate also had ａ ｃ－ａχis orienta-

tion.　　工ｔ has　been　reported　by M.S. Raven et al. that　sputter-

deposited　ZnO films　on SiO2/(111)Si　had only (002) reflections

［６］．　　工ｎ our case　the (111) silicon　substrates　had　been　chemical-

１ｙ cleaned but had not been sputter cleaned just prior to growth･

And　also　sputtering　deposition　was　performed　in　oxygen　and　argon

（１：１）．　　For　these　reasons　the　silicon　surface　might　have　ａ　very

thin　SiO2　layer prior　to　sputtering ，deposition, if　thus　could　be

possible　that　the　ZnO　particles　have　been　deposited　on　the　SiO,

layer giving the　sputtered　ZnO　layer ａ　c-axis　orientation.

　　　　　Ｆｉ嶮．３（ａ）ｉｓ ａ RHEED pattern of an intermediately sputtered

ZnO　layer　sputter-deposited　prior　to　the　CVD　growth　and

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　い践Fig.4.3(b) is　that of ａ CVD ZnO film.　Ｆｉｇ。4.3(c) is the theoret-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－ical　pattern　in which　an　electron･beam　is　incident　in　the [1120]

and［1 010］directions of ZnO.　The pattern of an intermediately

sputtered　ZnO　layer　had　spots　and　rings.　　This　shows　the　sputter

deposited　ZnO　:Layer　to　have　ａ　poor　c-axis　orientation.　However

the　CVD　ZnO　film on　the　sputtered　ZnO　layer　had　ａ　good　c-axis

orientation　so　that　the　RHEED　pattern　had　well-defined　spots and

had no rings.　By comparing this RHEED pattern (Fig.4-3(b)) with

that　of　the　theoretica ｌ　pattern (Fig.4.3 (c)), it was found　that

these　patterns　were　coincident.　This　shows　that CVD　ZnO　films on

(Ill) silicon had ｃ－ａχis　orientation perpendicular　to the sub-

strate　surface　while　the　a-axis　of　those　films　was　in　random

orientation parallei　to the　substrate　surface.

　　　　　　　　１Åhｔtp:/／ｗ

ww

．４.shows.an.SEM.photograph.of.ａ.ZnO.film.on
(111)

silicon. This　photograph　shows　ａ　columnar　structure of　the　layer,
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Fig.4.3.　RHEED　pattern　of　ａ　ZnO　film　on (111) Si：　(a) the

　　　　　　　　pattern of　an　intermediately　sputtered　ZnO　layer prior

　　　　　　　　to CVD　growth, (b) that　of　ａ　CVD　ZnO　film.

Fig.4.4.　SEM　photograph of ａ ZnO fi lm on (111) Si
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where　the　c-axis of ZnO is perpendicular to the substrate.　The

crystallite diameter was　about　ｌ　μｍ．

　　　　　The　thickness of　the ZnO film increases　linearly with the

growth time as　shown in Fig.4.5.　　This growth rate　was　obtained

at ａ substrate temperature of 950°C, gas flow rates of 55cc/min

for H,, 5.5gr/h for Ｈ２０and 1 50cc/min for Ｎ２ at the　source side,

and　of　50cc/『nin　for　０２　and　200cc/min f°１７　Ｎ２　゛ｌｔ　the　substi：ate

side.

　　　　　The　growth rate　of　the　ZnO　fi lm was　dependent　on the　flow

rate of Ｈ２０'　The Ｈ２０ gas f １０ｗrate　was　control led by　changing

the　temperature of the water source in the bubbler and the flow

rates of Ｎ２ and Ｈ２　gases　which were　introduced　to　the　reaction

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ＶＳｒ４tube　through　Ｈ２０ in　the　bubbler.　Ｆｉｇ。４．６　shows　the　relationship

between　the　Ｈ２０　gas　flow　rate　and　the　growth rate.　工ｎ　this　case

the　ｆ１０ｗ rates of N, and Ｈ２ gases were constant and the Ｈ２０gas

flow rate was　controlled by changing　temperature　of　Ｈ２０．　The

growth　rate　was　increased　from　０.06　μm/min　to　1.5μm/min　when

decreasing　the　Ｈ２０ gas　flow　rate.

　　　　　As　previous ly　mentioned, the　intermediately　sputter-depos-

ited ZnO　layer played an important role　in this CVD method.　Ａ

ZnO　film　was　not　deposited　on a　silicon　substrate　without　sput-

tered　layer.　　The　well　adhering　ZnO　thin　layer　deposited　by

sputtering　plays　ａ　role　of　providing ａ　high density　of　nuclei　in

the　succeeding CVD process.　Depositing ZnO as an intermediate

layer at　１０ｗ temperatures causes　the　surface binding energy to

become　very　uniform　over　the　entire　surface　area.　For　these

reasons, a　ZnO　fi lm　can　be　grown　only　on　an　intermediate　ZnO
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Fig.4.5.　Relation　between　deposition　time　and　thickness　of　ZnO

　　　　　　　　　film.
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Fig.4.6.　Relation　between H2O　gas f low　rate　and　film growth

　　　　　　　rate　at　ａ　substrate　temperature　of　950°C, gas　flow

　　　　　　　rate　of ５５ｃ°３／゜infor Ｈ２・150c°３／゜in for Ｎ２ at source

　　　　　　　side and of 50c°^/min for Oo and ２００ｃ°■^/min for Ｎ２３ｔ

　　　　　　　substrate　side.
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layer.　　The　sputtered　thin　ZnO　layer also acted as ａ buffer　layer

which reduced the　difference　of　thermal　expansion　coefficient and

lattice　constant　between　ZnO　and　silicon.　Ａ　CVD　ZnO　film　is

tightly　deposited　on　ａ　Si　substrate　because　the　intermediate

layer　is deposited　tightly on　the　substrate by sputtering and the

affinity　of　the　CVD-deposited　ZnO　to　the　intermediate　ZnO　layer

is　strong because　of　the homo-epitaxy｡

　　　　　utilizing　these　techniques　ａ　ZnO　film　can be　selectively

grown only on the pattern written by an　intermediate　ZnO　layer

when the growth conditions for the CVD process are appropriate。

　　　ひｒ４．Fig。４．７　shows　ａ　successful　selective　growth　of　ａ　ZnO　film　on

(Ill) Si　made by using　this　technique.　Here　the　intermediate　ZnO

layer　pattern　was　sputter-deposited　on　the　Si　substrate　using　ａ

metal mask and then CVD growth was　performed on　the　Si　substratre

with　the pattern.　The edge of　the　ZnO　strips　is　not　flat and has

irregular planes.　This　is because　the　c-axes of　the　polycrystal-

lites　are　normal　to　the　substrate but　the a-axes are　in random

orientations.　When the ａ－ａχis　hadａ　good orientation as　in an

epitaxial　growth of　ａ　ZnO film on (0001) sapphire, the edge of

strips　had ａ more regular　plane.

４－４．　Optical　Properties

　　　　　Optical　transmission　measurements　in　the　3500　ｔ0　7400A　re-

gion　were　made　on　ａ　ZnO　thin　fi lm　about　１ ５　μｍ　thick　using　ａ

double　beam　spectrophotometer (SH工MADZU　MPS-50L).　This　thin　film

sample was　obtained when ａ　sample　of　ZnO　on　silicon　was　quenched

from　950°C　to　room　temperature　and　pealed　off　from　the　substrate
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Fig.4.7.　Photograph　of　selectively　grown　ZnO　strips　of　３５μｍ

　　　　　　　　　widthobﾋained by　selective　crystal growth　technique.
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silicon due　to　the difference　of　the therma 1 expansion coef fi-

cients between ZnO and Si.　The optical　transmission as ａ　func-

tion　of　wavelength　is　shown　in　Fig.4.8.　　工ｔ　is　found　that　the

absorption　edge　of　the　ZnO　fi lm　obtained　by　this　CVD　is　about

3900A and the　film has ａ good transparency although the film is

as thick as １５μｍthick。

　　　　　Photoluminescence　measurements　in ａ　ZnO film on ａ Si　sub-

strate　were　made.　For　the　measurements　of　photoluminescenee

spectra　the sample　was　excited　by　3650X　radiation　from ａ　250W

high-pressure　mercury 。lamp.　　The　emission　peak was　located　at

about　5200A　at　room　temperature　as　shown　in Fig.4.9.　　This　green

luminescence band is usually observed in ａ single crystalline　ZnO

and　attributed　by many　authors　to　interstitial　zinc　or　an　oxygen

vacancy.　　The result that no other　luminescence peak was　observed

shows　that　the　ZnO　film obtained did　not contain prominent impur-

ities.

４－５．　Application

　　　　　Thin　film solar eel Is　of n-ZnO/p-Si　were　fabricated.　The

substrates　were 250/tm thick B-doped p-type Si　single　crystal

wafers　which　had　ａ　resistivity　of　０.005－0.015Ωｃｍ;　the n-type　ZnO

layers　had　ａ　ｔれickness　of　about　０．９　μｍ．　　The　samples　were　cut

into　about　６　×　7mm2　squares.　Ｉ The darkエーＶ characteristics of

the　eel Is　were　poor, but　ａ　treatment　of　the　eel Is　in　hydrogen

improved　the　エーＶ characteristics　as well　as　the photoelectric

conversion　efficiency.　The　typical　current-voltage　characteris-

tics　of　the　eel Is　are　shown　in Fig.4.10.　The　best　cell　showed ａ
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Fig.4.10.　　Dark current-voltage characteristics of　ZnO/Si　cell.

photovoltaic　effect　with　open-circuit　photovoltage　of　115mV　and

short-circuit photocurrent of　about　32/'A/cm2 under an　irradiation

of　100mW/cm2. This　cell　showed ａ　conversion efficiency of　0.92%.

The　current-voltage　characteristics　and　photovoltaic　effect　of

the　cells may be effected mainly by the　interfacial　layer, caused

by　interfacial　defects　at　the　j unction　and　series　resistance

effects.　Therefore, the　improvement　of　conversion　efficiency　of

our　solar cells may be　expected by decreasing　series　resistitivy

and　controlling　interfacial　states.

4-6.　Conclusion

　　　　Ａ　highly　oriented　ZnO　single　crystal　thin　film with　high

deposition　rate　was　obtained by　the　ZnO-H2-H2O-O2　CVD　system　on

the (111) silicon substrate with ａ very thin ZnO sputtered layer

(1500-2500A) on it.　The growth rate was increased from 3.6 y m/h
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to　90um/h and　can　be　control led by　changing　the　Ｈ２０　gas　ｆ１０ｗ

rate. The ZnO sputtered layer gives ａ high density of nuclei and

ａ buffer　layer　for the　succeeding CVD process.　When ａ thin ZnO

layer　was　not　sputter-deposited　on　the　silicon　substrate, a　CVD

ZnO　film was　not　deposited.　By using this　technique, in which

both sputtering at the first step and CVD at the second step were

used for the fi lm growth, a selective crystal growth of the ZnO

film was　successfully made。

　　　　　n-ZnO/p-Si　solar　cells　have　been　prepared and　the　best cell

showed　ａ　conversion　efficiency　of　0.92%.
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CHAPTER　　Ｖ．　GROWTH　AND　PROPERTIES　OF　ZnO　FILMS　ON　DIFFERENT

　　　　　　　　　　　　　　SUBSTRATES　BY　PLASMA-ENHANCED METALORGAN工Ｃ CHEM工CAL

　　　　　　　　　　　　　　VAPOR DEPOSIT工ON

5-1.　工ntroduction

　　　　　工ｎ　1968　Manasevit　first　reported　the　successful　use　of　　　　　　　　　　　介吟

Metalorganic　Chemical　Vapor　Deposition (MO-CVD), also named　Met-

alorganic　Vapor　Phase　Epitaxy (MO-VPE) or　Organometallie　Vapor

Phase　Epitaxy (OM-VPE), in ａ　open　system for　the　epitaxial　growth

of　compound　semiconductors［月．　工ｎ his work, single　crystal　GaAs

films was grown on ａ number of　single crystal　insulating oxide

substrates　by　the　decomposition　of　alkyl-gallium which was　first

applied as　ａ　source　of　Ga.　Since his　pioneering　study, his　group

have　reported　actively　the　growth of epitaxial　compound　semicon-

ductor films　and alloys,へGaAs, GaP,工nP, GaN, AIN, Ga-,_χＡｌχＡｓ，

Ｇａｌ－ｘ工n^As　and　GaAsi_^P^,　on　insulataing　substrates　and　semicon-

ductors　i.e. a-Al2O3, MgAl2O4″BeO,　ThO2,　Ge,　GaAs, Si　and　　（ｚ‾

ＳＩＣ［2-6].

　　　　　工ｎ　their　process　semiconductor　films　of　工工エーｖ　compounds　and

alloys are produced by decomposing appropriate Group　工工工　metalor-

ganic　compounds, such　as　triethylgallium (TEG), trimethylgallium

(TMG) and trimethylalumium (TMA), in the presence of the appro-

priate Group ｖ hydrides.　At the　first stage of　the work of MO-

CVD, the　fundamental　basic　problem　to　be　solved　was　that　due　to

poor　purity of　the　source used, metalorganaic　compounds, crystal-

line quality of　semiconductor films obtained by　MO-CVD was　infer-

ior　to　that obtained by the other epitaxial growth method.　For
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this　reason　various　devices　fabricated　by　the　MO-CVD　technique

were　not　resulted　in practica 1　use　in　the　1970s.　However, in

1 977M)upuis and co-workers succeeded in achieving the room-

temperature　pulsed　laser　operation　of　Ｇａ（１－ｘ）ＡｓｘＡＳ‾ＧａＡｓ　double-

heterostructure　lasers［７］．　　Within only　few years　following this

work, their group reported　successful　continuous　room-temperature

operation of Ｇａ（１－ｘ）ＡｌｘＡＳ－ＧａＡｓ　double-heterostructure　lasers ［８１，

distributed-Bragg-confirement Ｇａ（１－ｘ）ＡｌｘＡｓ‾ＧａＡＳ　lasers［９］″quan-

turn　well　Ｇａ（１－ｘ）ＡｌｘＡｓ‾ＧａＡｓ　and ＡｌｘＧａ（１－ｘ）Ａｓ‾Ｇ゛ＩＡｓ‾ＡｌｘＧａ（１－ｘ）Ａｓ

lasers［10,11 ], high efficiency GaAlAs/GaAs heterostructive　solar

eel Is［１２］and　Ａ１０.5G゛10.5Aｓ－ＧａＡｓ　heteroj unction　phototransistors

［１３］．　Since　their work allowing realization of　favorable practi-

cal　devices, many　studies　have　been　published　by　other　workers,

on　various　kind　of　heterostructure　lasers［14-21], heterostruc-

ture　solar　eel 1 s［22-25], and　photocathods［26,27］etc..　　On

these studies stimulating the development of　the device　technolo-

gy　utilizing　single　crystal　film growth　technique,　the　First

工nternational　Conference on Metalorganic　Vapor　Phase　Epitaxy　was

held　at Ajaccio, France　in　May　1981.

　　　　　工ｎ the　growth of　工エーＶ工　ｃｏｍｐｏｔﾕnds, the　successful　use　of　the

metalorganic technique　for the preparation of　selenides, sulfides

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　卜
and telluride of　zinc and cadmium was　first reported byVManasevit

in　1971 ［２８］’　His　group　reacted (C2Hc)2Zn　and　also (CH3)Cd　゛゛ith

H2S,　H2Se　or (CH3)2Te　to　obtain　ZnSe,　ZnS,　SnTe,　CdSe,　CdS　and

CdTe　on　insulating　substrates.　After　their　works, many　studies

of epitaxial　growth of　ZnO for　surface acoustic wave devices［２９－

36], of　ZnS　and ZnSe　for electroluminescent and high　emitting
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devices [37-42], of　CdS　and CdTe　for　solar　cells［43-45], and of

HgTe　and　ＣｄχHgi －χTe　for　infrared　detectors ［46-51］have　been

reported.　However, in comparing with　the　study of　工工エーｖ　compound

semiconductor by MO-CVD that of　工エーＶ工’Ｓhave de layed and there

have　been proposed many problems　for obtaining practical　devices.

Recently　studies　in　this　field　have　grown　very　actively.　　工ｎ

order　to　discuss　the　problem　to　be　overcome,工nternational　Con-

ference on　工エーＶ工　compoundswas　held at　Durham, UK, in April　1982。

　　　　　From　many　studies　mentioned　above, the　MO-CVD　technique

proved　to　be　very　promising　technique　with　good　features　as

follows：　　1) The　composition, carrier　concentration, conduction

type, film　thickness　and　growth　rate　of　the　films　etc. can　be

easi ly　controlled, since　ａ１１　０ｆ　the　constituent　elements　and

dopants　can　be　introduced　into　the　reaction　chamber　in　the　vapor

phase.　Therefore, even　mixed　crystals　and　multi-layered　struc-

tures　can　be　easi ly　obtained.　2) The　gas　introduced　into　the

reaction chamber can be exchanged easi ly, because of ａ high gas

ｆ１０ｗ　rate　comparing　with　that　of　ordinary　CVD, and　for　this

reason　favorable　abrupt　change　of　component　and　impurity　distri-

bution can be achieved.　3) The　growth apparatus　is　equipped　with

ａ　heating　system　which　produces　only　ａ　single　hot　region　for

deposition.　4) The　MO-CVD　system　is　superior　in　productivity

comparing　with　ａ　conventional　LPE　system.　5) The　reaction　of

crystal growth is caused by　thermal　decomposition and the　epi-

taxial　film growth on insulating oxide substrates　is possible.

6) The　component　materials　of　this　growth　system, such as　metal,

quartz　and　graphite, are　not　affected　by　the　raw　material　gases.
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7) The　crystals　with discrepancy of　stoichiometry　can be　obtained

by　changing　the　ratio　of　compositions　introduced　as　soruce　mate-

rials, e･ｇ･，エエエ／ｖ　and　エエ/Ｖエ．

　　　　　０ｒｌ・the　other　hand　in　addition　to　the　recent increasing

interest in the MO-CVD technique, the plasma-enhanced ＣＶＤ（ＰＥ－

CVD) technique　has　been　developed　actively　in　recent　years.　工ｎ

PE-CVD, numerous　films　of　interest　in　semiconducstor　processing

and devices　are deposited by utilizing decomposition of　source

materiaIs　by　the　action of　the glow discharge　at　low　tempera-

tures.

　　　　　This　plasma-enhancement　technique　employs　ａ　glow　discharge

to generate active　species　such as　ions, atoms, molecules　or　free

radicals.　The　nonequi1ibrium　steady-state　condition　produced　by

ａ　glow　discharge　transforms犬inert　molecules　into　reactive　spe-

cies　which　can　be　produced　generally　only　at　high　temperatures.

By the use of　this action of　the　glow discharge　reaction, usually

required　high　temperatures　of　substrates　can　be　reduced　consid-

erably　ｔ０　lower-temperature　region.　The　early　works　in　this
　　　　　　　　　　　　　　　　　　　　　ｇ,ｇ，

field were reviewed ｂｼﾞﾍﾞ<irk [･52].

　　　　　Ａ　systemequipped with ａ　large reactor for commercial　use

was　first　presented　ｂ y Reinberg in 1974
拘４１．Ｈｉｓ

system is ａ

capacitively　coupled　circular　parallel　plate　system　with　ａ　top

electrode　and ａ　heated　lower grounded wafer　plate.　After　his

work, in　early　1976　Rosier　et　al. first　proposed　ａ　commercially

available production system to obtain the　silicon nitride　film as

the　passivation　coating　for　silicon　device［55].　The　deposition

rate, refractive　index　and　etch　rate　were　studied　by　them.　They
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indicatﾆed　that　the plasma　silicon nitride　films practically with-

out　pinholes are　scratch resistant and good　step coverage, and

are　an effective　barrier to alkali　ions.　Since　their work allows

realization　of　practical　use, many　studies　on　applications　have

been　published,　such　as　device　passivation　overcoat, diffusion

masks　for LED, an antireflection coating ovsr LED, a　coating　over

photolithographic　masks, a　backseal　film which minimizes epi-

taxia 1　film autodoping on highly doped　substrates and ａ matrix

for　dopant　in　solid-to-solid　diffusion.　The　successful　applica-

tion of　silicon nitride　films obtained by PE-CVD has　promoted　its

application　to　other　plasma-promoted　reactions.　The　plasma-

enhanced deposition of fi 1ms　such as SiO2,　A12O3,　Tic,　Sic, and

amorphous　Si　has　been also reported and is now being studied by

many　workers。

　　　　　工ｎ　this　chapterwe　propose　ａ new method　for　obtaining　ZnO

fi 1ms　at　low　substrate　temperatures　by　plasma-enhanced　metalor-

ganic　chemical　vapor　deposition (PE-MO-CVD).　This　PE-MO-CVD

method has the advantageous　features of both MO-CVD and PE-CVD

methods　as　mentioned　above.　工ｎ　the　following, fi lm　growth,

electrical　and　optical　properties　　of　films　and　their　applica-

tions　are　described.

５－２．　Experimenta １　Procedure

　　　　　工ｎPE-MO-CVD, the　suitﾆable metalorganic compound used as　the

Zn source reacts with oxidizing gas,　such as 02, C02 and N2O, in

the　plasma　discharge, resultﾆing ’ｔｏ　ZnO　fi1ms.　For　MO-CVD, in

general, semiconductor　films　ｏｆ工エーＶ工　and　工工エーＶ　compounds　are
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produced　by decomposing appropriate Group　II　and Group 工工工metal-

organic compounds as shown in Table 5-1 .　工ｎour study, diethl-

zinc (DEZ, (C2Hr)2Zn) is　used　as　the　Zn　source.　Diethlzinc　is

one　of　stable　metalorganic　compounds　in　Ｎ２　and　Ar　atmosphere　at

room　temperature, but　reacts　with　air　and　water　rapidly, and

ignites　by　itself.　The　saturated　vapor　pressure　curve　and　other

properties　are　shown　in Fig.5.1.　　At　the　first　state　of　our　work

oxygen　was　used　as　an　oxidizing　gas.　　However, when　it　was　used,

the　reaction　with DEZ　was　too　rapid and the nozzles　for　intro-

ducing gas　to reaction chamber were　soon choked with　deposited

ZnO.
‘　Moreover″

the　reaction of Ｏ２with DEZ　took place whether

the　electric　power　for　plasma　generation　was　applied　or　not.

After　recognizing　these results,　C02,　or Ｎ２０　gas　reacted with DEZ

to produce　ZnO.　CO, ０ｒN2O was chosen as an oxidizing gas based

on　the　following　consideration.　First,　C02　and　Ｎ２０　do not　react

with DEZ rapidly and the reaction between DEZ and C02 ０ｒＮ２０does

not take　place be low 4000C without applying the electric power

for　plasma　generation.　For　this　reason, the　effect　of　glow

discharge　plasma　on　the　chemical　reactions　is　investigated defi-

nitely.　Second″．　C02　and Ｎ２０are　fairly safe ｇａｓ｡

　　　　　The　external　aspect　of　the　PE-MO-CVD　system used　in　this

study　is　shown　in　Fig.5.2. ,　　Figure　５．３　shows　the　schematic

diagram　of　the　apparatus.　This　system consists　principally　of　ａ

gas　supplying　system and ａ plasma CVD system (ANELVA　PED-301 ).

The　gas　system　has　flow meters, valves, and　ａ　stainless　steel

bubbler　containing　ａ　liquid metalorganic　compound (DEZ) (Sumitomo

Chemica １　Ｃｏ･， Ltd.).　These parts　are　connected with each other
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Fig.5.1

Table　５－１．　Metalorganic　compounds.
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５
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Diethyl Zinc Properties

　　( C,H5)22n

　Molecular Weigh!

　Boiling Point

　Melting Point

・Specific Gravity

　Relractive Index

･‘Expansion CoeKicient

123.5

118°Ｃ

－２８°Ｃ

1.2065

1.4936

0.０019

Vapor　pressure　versus　temperature　for metalorganic

　compounds　and　properties　of　diethylzinc.
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Fig.5.2.　Externa ｌ　aspect　of　the　PE-MO-CVD　system.
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Fig.5.3.　Schematic　diagram　of　the　PE-MO-CVD　system.
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by　ｌ／４　inch　stainless-steel　tubes.　Ar gas　is used as ａ carrier

gas.　Ａ bubbler containing DEZ　is　set　in ａ　therraostatic　controled

bath　and　the　vapor　pressure　of　DEZ　is　control led　by　changing

temperature　of bubbler.　The　plasma CVD　system　is　ａ　capacitively

coupled　circular parallel　electrode　system.　Plasma　is　generated

by applying RF power of　２０－３００Ｗat　13.56MHz.　The　chamber　size　is

30cm　in diameter　and　1 8cra　in　height.　The　electrodes　are　21cm　in

diameter.　　Substrates materials　such as　glass, silicon, ceramic,

sapphire and polyimide are　set on upper electrode with heating

system, as　shown in Fig.5.3。

　　　　　Anoxidizing gas such as Ｏ２，C02 and N2O is　introduced into

the　reaction chamber　through many smal 1　holes　bored　in　the　lower

electrode.　DEZ　is　also　introduced　through　an　inlet　nozzle　with

many holes.　The　temperature of　the　substrate　is　measured　with

the　thermocouple.　The　reactor　is　evacuated by ａ　rotary ｐｕｍｐ（500

1/min), and reactor pressure, which is measured by MKS BARATRON

pressure　transducer, about　1.５　Torr during　the　growth run.

5-3. Crystal　Growth Using the Reaction between Diethylzinc and

　　　　　C02

　　　　　工ｎ　this　section, c-axis　oriented　and　epitaxial　ZnO　film

growth by using the　reaction of　DE2 with C02　is described.　Crys-

talographic　properties　of　ZnO films dependent on the materials of

substrate.

５－３－１．　Films　Grownon Glass

　　　　　　　　　ＡCorning 7059 glass was used as^substrate because of
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its　low　price　and　its　potential　for　the　substrate　of　surface

acoustic　devices.　The　growth　condition　employed　in　the　present

work was that the flow rate of Ar was ２００sccra and of CO, was ３００

seem.　　The　DEZ　saturated　gas　pressure　was　1 OmmHg.　　The　gas　pres-

sure　of　reactor　was　kept　at　1.2mraHg during plasma discharge.

　　　　　工ｎ　the　PE-CVD　system,the　growth rate　and　the　properties　of

the grown fi 1ms seem to be greatly affected by the gas flow rate,

the DEZ　saturated gas pressure, the rf　input power and the sub-

strate　temperature.　Fi lm　thickness　was　measured　by　ａ　prof i lome-

ter (Rank　Taylor　Hobson　Co. Ltd., Talysurf　４）．　Figure　５．４　　shows

the deposition　rate　as　ａ　function　of　these　parameters.　The

growth　conditions　in　changing　the　parameters　are　shown　in　Table

5-2.　From　Fig<.5.4(a) and (b), we　can　see　that　the　deposition

rate　increases　rapidly as　the gas　f low rate　is　increased, how-

ever, that　increases　gradually　as　the　substrate　temperature　and

rf　input power are increased.　Both O2　and C02　gas　atmospheres

are　used.　　The grow･ﾋｈ rate by reacting DEZ　with O2　is　higher than

that obtained by DEZ　with C02.　As　is　well　known, DEZ　burns　very

violently in ｏχygen atmosphere.　This too-rapid reaction harms

the uniform mixing of the DEZ and the Ｏ２gas in the whole chamber

and　thus　the　uniformity　of　the　film　thickness, though　DEZ　is

diluted　in the　carrier　Ar　gas　by bubbling.　　０ｎ　the　other　hand,

the C02 gas is ° fire extinguishing age�ﾆfor fire accidents in

using　DEZ, and　no　reaction　takes　place　without　plasma　discharge.

The　C02　gas　mixes　more　uniformly　with　DEZ　and gives more uniform

film　thickness.　The　reproducibility　of　the　films　is　also　lower

when　the　Ｏ２　gas　is used　as　the　oxidizing　agent, because　this

74



｛
！
ヽ
Ｅ
～
ω
｀
４
ｇ

gﾄ(SCCM)

(ａ)

(ｂ)

Fig.5.4.　Deposition rate of　ZnO films as ａ function of (a)：Ar

　　　　　　　　　gas　flowrate, CO2 gas　flow rate　and　DEZ　standard　gas

　　　　　　　　　pressure,　and(b)：　substrate　temperature　and　rf　input

　　　　　　　　　power.　Refer to Table 5-2.

Table　５－２．　The　film　growth　parameters　supplement　to　Fig.5.4.

Åｒflow r≪tt

　　(･ec・）

Ｃ０１flov r≪t≪

Co. ｆｌ・ｖrattl

　　(･cc・）

DCZ ・･tur≪t≪d

１●●pr≪itur≪

　　(m> I|)

Subatrata ？●●－

paratur*

　　　(≫C)

rf laput ≫0≫≪「

　　　　（Ｖ）

loa-Voo 300 10 ２３０ 230

２００
80-390 10 230 230

２００ (*5O-3OO) 10 230 230

２００ 300 10-150 230 230

２００ 300 10 200-300 230

200 300 10 230 200.STO
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rapid　reaction　takes　place and deposits　ZnO powders at the nozzle

tip of　the　DEZ　inlet and c3isturbs　ａ　smooth　flow of　ＤＥＺ。

　　　　　Figure　５．５　　shows　the　x-ray　diffraction　pattern　of　ａ　ZnO

film　grown　on　ａ　Corning　7059　glass　substrate　at　ａ　substrate

temperature of　２０００Ｃand an rf　input power of　220W.　工ｔ is shown

that only　the (0001 ) face of　ZnO　is　grown parallei　to　the　sub-

strate　surface。

　　　　　The　effects of　substrate　temperature on　fi lm properties were

investigated.　Figure ５．６　shows　the　relation between the　x-ray

peak　intensity and　the　substrate　temperature　keeping　the　rf　input

at　230W.　The　value　of　standard　deviation　　of　the　x-ray　rocking

curve　for　the (00-2) peak, which represents　the distribution of

the c-axis of polycrystallites around the substrate normal, is

al so　shown　in　Fig.5.6.　The　x-ray　peak　intensity　increases　as

the　substrate　temperature　increases.　工ｔ　increases　rapidly　at　ａ

substrate　temperature　of　２０００Ｃ．　The　value　of　standard　deviation

decreases from ５ｏto ３ｏas the substrate　temperature　increases.

This　shows　that　the　films　grown　at　higher　substrate　temperatures

have　better　c-axis　orientations.　When　the　rf　input　power　is　not

applied, no x-ray peak　is observed even　if　the　substrate　tempera-

ture　is increased　from　２００ to　3500C．　This　suggests　that　the

reaction of DEZ and C02 gas is caused by the energy of the plasma

discharge　and not by the　thermal　energy　of　the　substrate　alone。

　　　　　The　typical　x-ray　diffraction　patterns　of　films　prepared　at

different　substrate　temperatures　are　shown　in　Fig.5.7.　　The　ZnO

fi 1ms　grown　at　ａ　substrate　temperature　of　1 50°C　have　ａ　mixed

orientation, however　those grown above　２０００Ｃhave　only　c-axis
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Fig.5.5.　x-ray　diffraction　pattern of　ａ　ZnO　film　grown　on　ａ

　　　　　　　　　Corning　7059　glass　substrate.
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Fig.5.7
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Ｘ -ray　diffract ion　patterns　of　f i 1ms　prepared　at

different　substrate　temperatures.
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Ｆ上g.5 .8.　RHEED　patterns　and　SEM　micrographs　of　f i 1ms　prepared

　　　　　　　　　　at　ｄ土ff erent　subsヒrate　ｔ二emperatures：　(a) and (b)

　　　　　　　　　　150°C,(c) and (d) 200°C, and (e) and (f) 250°C.
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orientation.　The　substrate　temperature higher　than　２０００Ｃ　is　also

essential　for the　good　c-axis　normal　orientation of　the　ZnO　film.

The　structural　nature　of　the deposited films was also examined by

reflection　high　energy　electron　diffraction (RHEED) and　scanning

electron　microscopy (SEM)。

　　　　　TheRHEED patterns and SEM micrographs　of　ZnO films grown at

1 50°C, 200°C and ２５００Ｃat an rf input power of 230W are　shown　in

Fig.5.8.　The film grown at １５００Ｃhas ring patterns, indicating

that it has ａ mixed orientation and is ａ polycrystal.　The pat-

terns　of　the　fi 1ms　grown at ･２０００Ｃand ２５’ＯＯＣ･have　spread　spots;

films　grown at　these　temperatures　also　have　better　surface　flat-

ness　than　that grown at　1500C．　From　the RHEED and　SEM we　can see

that　the　fi 1ms　obtained at ａ　substrate temperature higher than

２０００Ｃ　have　good　crystalline quality and smooth surface。

　　　　　The　effectsof　rf　input power　levels on film properties were

also　investigated.　Figure　５．９　shows　the　typical　x-ray　diffrac-

tion　patterns　of　films　prepared　at　different　rf　input　powers･

The　ZnO films grown on　ａ Corning 7059 glass∧substrate, keeping

the　substrate　temperature　at　2000C at　an　rf　input　power　of　150W,

have　mixed　orientation as　shown in Fig.5.9.　　However, in　the

fi 1ms obtained at rf　input　power　above　220W　the (00-2) peak be-

comes dominant, which shows that the c-axis is oriented perpen-

dicularly to　the　substrate.　As　rf　input power decreases below

220W, x-ray　intensity　of　the (00'2) peak　decreases.　０ｎ　the　other

hand, x-ray　intensity　of　the (0０･２) peak　increases　at　rf　input

power　above　220W.　The value　of　standard deviation　　of　the x-ray

rocking curve for the (00･2) peak, varies　from　４．８　to　3.００as the
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Fig.5.10.　RHEED　patterns　and　SEM　micrographs　of　f i 1ms　prepared

　　　　　　　　　　　at　different　rf　input　powers：(a) and (b) 150W, (c)
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rf　input　power　increases　from　５０　ｔ０　280W, as　shown　in Fig.5.9.

From these facts it is found that the fi 1ms obtained at higher rf

input　power have　better c-axis　orientation　than　those obtained at

lower　rf　input　power.　　The　RHEED　patterns　and　SEM　micrographs　of

ZnO　films　obtained at an rf　input power of　150W, 220W and 280W at

ａ　substrate　temperature　of　２０００Ｃ　are　shown　in　Fig.5.10..　The

RHEED　pattern　of　ZnO　fi 1ms　grown　at　an　rf　input　power of　１５０Ｗ

have　ａ　scattered　ring pattern accompanied by widely　spread　spots。

　　　RHEEDＴｈＪこyこ｀Sﾌﾟこｺpatterns　of　the　fi1ms　grown at　220W and 280W have only

spread　spots, which　indicate　that　the　films　have　better　crystal-

line　quality　than those obtained　at 150W.　The　ZnO films obtained

at 220W and 280W have ａ smoother surface than those obtained at

150W　as　shown　in Fig.5.10.,　The　effects　of　rf　input power　levels

on　film properties　are　presumably　caused　by　the　change　in　condi-

tion　of　plasma　discharge　and　by　the　change　in　generation　rate of

active　species with the change of　rf　input power　levels。

　　　　　工ｎ　the　PE-MO-CVD　system　the　growth　rate　of　ZnO　films　can be

controlled by　changing the gas　flow rate, saturated　gas　pressure

of　DEZ, rf　input power and　substrate　temperature as　shown　in Ｆｉｇ･

5.4.　　The RHEED patterns　and SEM　micrographs　of　film　obtained　at

different　growth　rates　are　shown　in Fig.5.11.　The　growth　rate　of

the　samples　shown　in　this　figure　was　controlled　from　0.7ym/hr　to

６μm/hr　by　changing　the Ar　gas　flow　rate.　The RHEED　patterns　of

the　fi 1ms　grown at growth rates　of　０．７μm/hr and 6um/hr　indicate

that　the　films　have　poor quality.　　However, the RHEED pattern of

the　film　grown　at　ａ　growth　rate　of　１.8　um/hr　shows　good　crystal-

１ine qua ｌity.　From the SEM we can see that the fi lm grown at ａ
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growth　rate　of　１.８　pm/hr　has　ａ　smooth　surface, while　those　grown

at　ａ　rate　of　０．７　ym/hr　and　６　um/hr　have　rough　surfaces.　These

facts　shows　that　films　grown　at　an　appropriate　growth　rate　have

good crystalline quality and ａ　smooth　surface.

　５－３－２．　Fi 1ms　Grown on Si

　　　　　Si 1 icon　was　used　as ａ　substrate, because of　its potential

for many applications　such as　optical　waveguides^ surface acoustic

wave　devices　and　heteroj unction devices.　The　fi lm properties

were　also　affected　by　the　substrate　temperature, rf　input　power

level　and gas　flow rate。

　　　　　The growth condition employed in the present work was that

400sccm　of　Ar　flow　through the　DEZ　bubbler　and　200sccm　of　C02

ｆ１０ｗ　direct ly　into　the　reaction　chamber.　Ａ　stainless　steel

bubbler　containing　DEZ　was　maintained　at　２００Ｃ．　(The　partial

ｐｌ°essure °ｆ DEZ ゛゛゛１Ｓ１５ Ｔｏｌ：r).　The ratio ｏｆ［Ｃ０２］／［ＤＥＺ畑as equal

ｔ：ｏabout １０。

　　　　　The　c-axis　oriented　ZnO　films were obtained on (111) Si　at ａ

substrate　temperature　of　３５００Ｃ．　Ａ　typical　x-ray　diffraction

pattern, RHEED　pattern　and　surface　morphology　of　ZnO　on (111) Si

grown　at　3500C　are　shown　in　Fig.5.12.　The　fi 1ms　grown　on　Si

show　only　ａ　diffraction　peak　from　the (0 ０･２) plane.　The　RHEED

patterns　exhibit spread　spots.　These x-ray and RHEED observa-

tions　indicate　that　the　films have high c-axis　orientation normal

to　the　substrate.　From　the　surface　morphology　and　cleaved　cross

section　of　SEM　photographs, we　can　see　that　the　fi lm　surface

morphology　is　something　ｌ ike　that　of　fi 1ms　grown on　the　glass
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substrate, previously　mentioned　in　section　5-3-1, and　c-axis　is

aligned perpendicular to　the　substrate　surface.　エヒ　is　noted　that

non-c-axis　oriented　films　had　rough surfaces。

　　　　　Thec-axis orientation of　the　films　was　also affected by　the

substrate　temperature　and　rf　input　power.　　Figure　5.13　shows　the

dependence of　the　c-axis　orientation on　substrate　temperature and

rf　input power, evaluated by the standard deviation angle.　工ｎ

film growth on Si, higher c-axis oriented fi 1ms were grown as the

substrate　temperature and　the　rf　input power　increased.　General-

ly, crystalline　films　prepared by the other methods　tend to　have

good　quality　when　they　are　grown at higher　substrate　tempera-

tures.　ZnO　films　obtaiend on Si　by　PE-MO-CVD　showed　the　similar

tendency.　The dependence of the c-axis orientation on rf input

power　level　suggests　that　the　quantitative　change　of　the　active

species with　increasing rf　input power influences the　film quali-

ty.　　The degradation of　standard deviation at　high rf　input　power

levels　is　probably　caused by　the damage　of　fi 1ms　being due　to

plasma　discharge.

　5-3-3.　Fi 1ms　Grown on SiO2/Si

　　　　　The　preparation　of　ZnO　thin　fi 1ms　on SiO2/(100)Si　is　de-

scribed in this section.　Thermally grov゛ｎSiO2 layer on (lOO)Si

used　was　1.3　μｍ　thick.　The　c-axis　oriented　ZnO　films　were　grown

at　　substrate　temperatures　higher　than　３０００Ｃ　and　rf　input　power

leve Is　of　more　than　200W.　Ａ　typical　x-ray　diffraction　pattern,

RHEED pattern and SEM photograph of　film grown at　3000C are　shown

in　Fig.5.14.　　An　χ-ray　diffraction　pattern　shows　only　the　sharp
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ZnO (00-2) peak.　The RHEED pattern　shows　no Debye　rings　but well-

defined　spread　spots which　indicate　that the　film had　ａ　so-called

fibre　structure.　The　dependence　of　the　c-axis　orientation on

substrate　temperataure and of　rf　input power was　also　studied、as

shown　in　Fig.5.13(b).　　From　this　standard　deviation　measurements

of　the　x-ray　rocking　curve　and　from　RHEED　measurements　it　is

found　that　the　films　obtained at the higher substrate temperature

and at the higher rf input power had the better c-axis　orienta-

tion.　This　tendency　shows　same　one　ｏｆ、fi 1ms　grown　on　other

substrates.

　5-3-4.　Fi 1ms Grown on Ceramics

　　　　　工ｔ　has　recently　been　reported　that　ａ　trans lucent　A12O3

ceramic　is　one　of　very　promising　substrates　for　the　surface

acoustic　wave　devices　and　can　be　used　as　an　ｉｎｅχpensi ve　and

versatile　substitute　for　the　sapphire substrate［５６］．　The　ceram-

ic (Sumimoto　Chemical ･Co.,・　Ltd.) used　as　ａ　substrate　in　the

present work was ６００μｍin thickness and　its　surface　roughness

was　５００－1000A．　The growth　rate was　investigated as　ａ　function of

substrate　temperature.　As　shown　in　Fig,5.15。the　growth　rate　is

decreased　with　increasing　substrate　temperature.　The　ZnO　films

grown　on　this　ceramic　substrate　at　different　temperatures　showed

c-axis　orientation　below　the　temperature　of　350°C, and (00-2) and

（１０･1) planes were observed at 400°C, as　shown in Fig.5.1 6.　The

minimum　standard　deviation　was ３ｏ　at　ａ　substrate　temperature　of

２０００Ｃand increased as　the　temperature　increased.　Figure　5.17

shows　the dependence of　the　c-axis orientation (0) on substrate
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temperature。

　　　　　RHEEDand　SEM　photographs of　ZnO f i 1ms　grown between １５０－

4000C　are　shown　in　Fig^.5.18　and　5.19,　The　fi 1ms　grown　under

optimum　condition (at　ａ　substrate　temperature　of　２０００Ｃ）ｓｈｏｗｓ

we１１-defined　spread　spots　of　RHEED　pattern　and　good　surface

flatness。

　　　　　工ｎ　the　growthof materials with hexagonal　structure (wur-

tzite　type), e.g.　ZnO, AIN　and　BeO, their　c-axes　tend　to　be

oriented　perpendicular　to　the　substrate　surfaces.　At　substrate

temperatures　below 3500C the crystal growth mechanism　is　strongly

affected　by　this　tendency　as mentioned above　and the　ZnO film had

ａ　c-axis　orientation.　However, at　substrate　temperatures　above

350°C, overcoming the preferential c-axis orientation ZnO grew

optionally on the　substrate　surface which was　formed by many　fine

aluminum　oxide　crystals　with　different　oriented　planes.　　工ｎ　this

case　different　peaks　form (00･2) and (ICI)　planes　of　ZnO　were

observed, as can be seen in Fig.5.1 6.

　5-3-5.　Films　Grown on Polymide

　　　　　工ｎ　the　PE-MO-CVD　method　non-heatproof　substrates　can　be

used, because　the　lower　growth　temperatures　are　applicable　in

this method.　utilizing this advantage polyimide　film can be used

as ａ　substrate material.　Recently　polyimides　f i 1ms　have　been

adopted　as　flexible　substrates　for electronic　circuits　and　solar

eel Is.ニ　The　polyimide　film (Ube　工ndustries　Ltd.) used　in　the

present work was　１００μｍ　inthickness.　The decomposition t二empera-

ture　of　polyimide　used　is　478°C　in air　and　５１００Ｃ　in　Ｎ２　atraos-
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phere,　and　its　resistivity is　1016-1017Ωｃｍ･-

　　　　　Highly　c-axis　oriented　ZnO　films　were　prepared　at　the　sub-

strate　temperatures　above　350°C, as　shown　in Fig.5.20.　　The

surface　morphology　of　the　film　resembled　that　prepared　on　other

substrates.　The　dependence　of　c-axis　orientation　on　the　sub-

strate　temperatue　and　rf　input　power　is　shown　in　Fig.5.20　exhib-

iting　the　same　tendency　as　that　of　f i 1ms　grown　on　other　sub-

strates.　The　c-axis　orientation　of　the　film　becomes　higher　with

increases　of　both　substrate temperature　and　rf　input　power。

　　　　　工ｔis noted here that fi 1ms of about ｌ　μｍthickness did not

peel　from polyimide　substrates, and　adhesion　to　this　flexible

substrate　was　relatively　strong, as　wiｌｌ　be　mentioned　ｉｎ’Appen-

dix.

　5-3-6.　Epitaxial　Films

　　　　　工七 has been also found that　the epitaxial growth of (1120)

ZnO films on (0112) sapphire　substrates and of (0001 ) ZnO films

on　(0001) sapphire　substrates　is　also　achieved　at　low　substrate

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　ｒ　ｋ．

temperatures.　The　growth　condition　employed　in　the　presen七　work

was　that　the　f low rate of Ar was 500sccm and of C02 was 300sccm.

The　vapor pressure of DEZ was　kept　1 5Torr during the　growth　runs.

　　　　　The (1120) ZnO　films　were　grown　on (0112) sapphire　sub-

strates　at　ａ　substrate　temperature　of　２０００Ｃ　as　shown　in　Ｆｉｇ･

5.21 .　ZnO　f i 1ms　grown　at　ａ　substrate　temperature　lower　than

200°C and/or at　lower rf input power show the (0002), (lOTi) and

　　　－(1 120) peaks　as　ｉ ｌ lustrated　in Ｆｇχi.5.21　, indicating that　these

films were not grown epitaxially.　Figure 5.22 shows RHEED pat-
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terns　and　SEM　photographs　for　ZnO　films　grown　at　different　sub-

strate　temperatures　and　at　same　rf　input･power.　　Film　quality　is

also　affected　by　rf　input　power　as　shown　in　Fig.5.21 .　　From

these　figures we　can　see　that　fi 1ms　grown under　optimum　condi-

tions　have　better　crystalline　properties　and　smooth surfaces,.

The RHEED pattern of　films　grown under optimum conditions con-

sists　of　well-defined　spots;　when　the ■direction　of　the　incident

electron beam was　changed, two kinds of RHEED pattern appeared

alternately and periodically/ indicating that the grown　f i 1ms

were　almost　single　crystals.　Fi lm　properties　were　evaluated　by

standard　deviation　measurements　and　ａ　film　quality　chart　of

　　　－　　　　　　　　　　　　　－(1120)ZnO film on (0112) sapphire　substrate　is　illustrated　in

Fig.5.23..　These　x-ray　rocking curve　measurements　and　RHEED

measurements　shows　that　the　films　obtained　at　the　higher　sub-

strate　temperature　and　at　the　higher　rf　input　power　had　the

better quality.　However, when　the　fi 1ms　were grown at　too high rf

input　power, the　degradation　of　the　standard　deviation　angle　of

fi lms　was observed as　shown　in Fig.5.24　，ｉ ｌlustrating　the　de-

pendence　of　standard　deviation　on　the　substrate　temperature

(Fig.5.24(a)) and　on　the　rf　input　power (Fig.5.24(b)).　　The

degradation of　the　standard deviation with increasing rf input

power is probably caused by the damage of films being to plasma

discharge.　The　improvement of　the　standard deviation with in-

creasing rf　input power below ａ certain power　level　is　presumably

caused　by　the　change　in　the　generation　rate of active　species.

The　effects　of　substrate　temeprature　on　the　film　properties　are

caused　by　adsorption, evaporation　and　surface　migration　of　atoms

97－
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etc. .

　　　　The (0001)ZnO　films　were　grown　on (0001) sapphire　substrates

at　substrate　temperatures　higher　than　１５００Ｃ．　The　typical　x-ray

diffractiｺ　ｐａｔ二tern、RHEED　pattern　and　SEM　photograph　are　shown

ｉｎ　Fig?5?55.、　The　RHEED　patterns　of　films　grown　at　different

substsrate　temperatures　and　rf　input　powers　show　slightly　spread

and　arced　spots, which　indicates　that　the films　was　not　com-

pletely　single　crystal.　　x-ray　rocking curve　measurements　shows

in Fiqj:5.26　and 5.27.　The tendency of the dependence of stand-

ard　deviation　on　the　substrate　temperatue,　as　shown　in

Fig.5.27(a), is　different　from one of　the　case of (11　20) ZnO

fi 1ms.　The　degree　of　standard　deviation　does　not　change　at

substrate　temperature　higher　than　２０００Ｃ．　This　difference　of

tendency　is　presumably　caused　by　the　difference　of　adsorption

coefficient　and　surface migration　energy.　From　Fig.5.27(b) we

can　see　the　degradation　of　standard　deviation　with　increasing　rf

input　power.　However, standard deviation of　films　grown at　３５００Ｃ

does　not　increase.　工ｎ　these　films, the　effect of　film properties

on　substrate　temperature　probably　overcomes　the　effect　on　rf

imput　power.

5-4.　工nfluence　of Growth Conditions　on Electrical　Properties

　　　　　Preparationof　ZnO　films　on different　substrate　is　described

in　previous　section.　工ｎ　this　section　the　relations　between

electrical　properties　and　growth　conditions　are　described.　The

electrical　properties　of　films　grown　on　doming　7059　glass　sub-

strate by PE-MO-CVD were measured at room temperature by ａ　van
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der　Pauw　method.　Ohmic contacts were made　by evaporating　indium.

These　films　showed　n-type conductivity, and typical　values　at

room　temperature　of　resistivities　　, electron　Hall　mobilities

and carrier concentration are　ｐ＝１０‾３－１０Ｑｃｍ，μ＝０．５－６０ｃｍ２／ｖ･sec

and ｎ°1018－1019cm‾３／　respectively.　　ZnO　films were grown on glass

substrate　at　different　substrate　temperatures　to　investigate　the

influence of　substrate temperature on electrical　properties.　The

growth condition is　that　Ar　flow　rate　is　400sccm　through　bubbler

containing DEZ　and C02　flow rate　is　200sccm.　The bubbler　is　kept

at ２００Ｃ。

　　　　　The　structural nature of　films measured above was　studied by

the　ｘ･-ray　diffraction method, which　is　shown　in Fig.　5.28.　As

mentioned　in　Sec.5-3-1 , whereas　the　ZnO　fi 1ms　grown　at　lower

substrate　temperature　exhibit　the　peaks　from (00-2) and (10-1)

plane　etc., fi 1ms　grown　at　higher　than　250°C　exhibit　ａ　strong

orientation of the c-axis (00･2) perpendicular to the substrate.

x-ray　peak　intensity　also　increases　as　the　substrate　temperature

increases.　The　standard　deviation　angle　changes　with　increasing

substrate　temperature　as　shown　in　Fig.5.29。

　　　　　Figure ５．３０　shows　the dependence of　resistivity,　mobility

and carrier　concentration of　these　fi 1ms on substrate tempera-

ture.　Resistivity decreases　sharply　with　increasing　substrate

temperature, whereas　carrier　concentration　increases　UP　to　about

260°C　and　ａ　further　increase　of　substrate　temperature　results　in

ａ　decrease.　From　electrical　and　x-ray　measurements,　it　is　known

that　the　dependence　of　mobility　on　substsrate　temperature　is

similar　to　that　of　standard　deviation.　This　fact　means　that　the
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increase　in　mobility　can　be　attribute　to　an　improvement of　crys-

tallinity.　　The change of　carrier ･concentration is　related　to the

stoichiometry　or　diffusion　of　impurities, for　example　alkali

ions, from　substrate。

　　　　　Thedependence of electrical　properties　on rf　input power

level　was　also　investigated.　The　orientation　of　films　grown　at

different　rf　input power is　shown in Fig.5.31.　　Fi 1ms obtained

at　１０ｗ　rf　input power shows diffraction peaks　from (10ヽ0), (00-2)

and (1 ０･１) plane and fi 1ms grown at higher than 150W show c-axis

orientation.　The standard deviation measurement, in Fig.5.32.,

shows　that　the　degree　of　c-axis　orientation　decreases　up　ｔｏ･ 21 OW

and at　higher　than　21 OW increases　with　increasing　rf　power.　　This

degrade　of　standard　deviation　angle　is　presumably　due　to　the

damage　from　plasma　discharge.　　The　change　of　electrical　proper-

ties　with　rf　input　power　shows　in　Fig.5.33.　　Resistivity　de-

creases　with　increasing　rf　input　power.　　Hall　mobi:Lity　of　films

grown at　３０００Ｃincreases　up to 200W and is saturated.　However,

that of　films　grown at ２５００Ｃincreases rapidly over ２００Ｗ．　The

saturation　of　mobility　of　films　obtained　at　3000C　is　related　to

degrade　of　standard deviation.　The rapid　increase of　mobility of

films　obtained　at　250°C　is due　to　the disappearance of (10-1) peak

over　21 OW.　Carrier　concentration　increases　gradualy　and　de-

creases　when　films　grew　at　250°C. This　decrease of　carrier

concentration　is　due　to　the　change　of　stoichiometric　or　impuri-

ties　from　electrode　and　substrate by damage of　plasma dishcarge｡

　　　　　The　electrical　properties　are　also dependent　on　the　mole

ratio　of　C02　to DEZ.　The conversion of　conducst･i vity type was
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not　seen　in the mole ratio　range between　６　to ２００．　The depend-

ence of electrical　cahracteristics on the mole ratio of C02　to

DEZ　is　shown　in　Fig.5.34.　　Hall　mobility　increases　with　in-

creasing　the　mole　ratio and　reaches　ａ　maximum around　３０－５０　of

mole　ratio.　　This　change　of mobility means　the　change of　crystal-

Unity　of　film.　Carrier　concentration also　reaches　ａ　maximum

around　１００　of　mole　ratio　and　decreases　at　ｌａｒりer mole　ratio.　　At

larger　mole　ratio　above　１００　the　film　components　have　better

stoichiometry.　　Therefore, the　variation　of　the　film　resistivity

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｊＩcompetition
ｌ

with mole　ratio　of　ＣＯ匹

crystalinity and degree of　stoichiometry　of　the　films.

　　　　　The electrical　properties　of　epitaxial　films　on　sapphire

substrate　were　also　measured.　The　crystalinity　is　strongly　de-

pendent　on　substrate　temperature, as　described　in　section　5-3-6.

Figure　5.35　shows　the　dependence　of　standard　deviation　angle　of

x-ray　rocking　curve　on　substrate　temperature.　The　standard　de-

viation　angle, which　shows　the　degree　of　c-axis　orientation,

decreases　as　the　substrate　temperature　increases.　This　standard

deviation　measurements　mean　that　films　grown　at　higher　substrate

tempearture　have　better　crystalline　quality.　　The　dependence　of

resistivity on　substrate temperature is shown in Fig.5.36.　Re-

sistivity decreases with increasing　substrate　temperature and　the

dependence　of　resistivity on　substrate　temperature corresponds ot

that　of　standarad　deviation　angle　on　substrte　temperature.　This

tendency　is also observed　in the electrical　characteristics of　Ｃ－

axis　oriented　films　on glass　substrate as mentioned above.

　　　　　The　influence　of　electrical　properties　of　f i 1ms　grown　on
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ceramic　substrate　on　substrate　temperature was　al so　investigated.

The　film quality is　strongly affected by　substrate　temperature as

described　in　Section　5-3-4.　The　standard　deviation　decreases　up

ｔ０　２０００Ｃ　and　increases　as　the　substrate　temperature　increases　as

shown　in Fig.5.37.　The electrical characteristics of　fi 1ms by

Hall　measurement　is　shown　in　Fig.5.38.　　Mobility　of　films　shows

ａ　maximum　value　at　ａ　substrate temperature　of　２０００Ｃ　and　the

dependence of mobi ｌity on substrate temperature corresponds　to

that　of　standard deviation, which　indicate　the　change　of　fi lm

quality.　Carrier　concentration decreases　with　increasing　sub-

strate　temperature/ possibly　because　of　the　better　stoichiometry

of fi 1ms or diffusion of alkali ions from the substrate or both。

　　　　　The　surface component of　ZnO　films by PE-MO-CVD was analyzed

by　ａ　Auger　electron　spectroscopy.　　Auger　analysis　of　film　grown

on glass　substrate, as shown in Fig.5.39., shows zinc and oxygen

peaks and shows no evidence of the presence of carbon from source

alky1-metal　compound (DEZ) and　other　major　impurities　in　the

films.

5-5.　Optical　Properties　　　　　　　　　　　　　　　　　　，｡

　　　　　The　optical　transmission　spectrum was　measured　in　the　wave-

length range　from ３００ｔ０ 800nm by　ａ　double　beam photospectroraeter

(ＳＨ工MADZU, MPS-50L).　The typical　transmission spectra of film

grown on glass　substrate　is　shown in Fig,5.40.　This　sample　was

800nra　in　thickness.　Figure　5.40　shows　film has　the　sharp absorp-

tion edge at 380nm and average transmittance of over ８０１　inthe

visible　region.
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　　　　Photoluminescence　characteristic　of　fi 1ms　on　sapphire　sub-

strate　was　also　measured.　The　samples　were　excited　with　the

3650A 1 ine of ａ high pressure mercury lamp. Ｆｉ祗．４１shows PL

spectrums of　ZnO fi 1ms prepared by PE-MO-CVD, CVD and　sputtering･

工ｎ　fi1ms　grown by PE-MO-CVD, broad photoluminescence　spectrum

with　the　peak　about　6400A　is　observed, though　CVD　fi 1ms　exhibit

green　photoluminescence.　The　photoluminescence　intensity　of

plasma-deposited　film and sputtered　film is　smaller　than　that　of

CVD　film.　The　dependence　of　photoluminescence　spectrum　on　tem-

perature, as　shown in Ｆ:i*..5.42　,shows no significant change　of

spectrum　at　１０ｗ　temperature.　The　temperature　　dependence　of

emission　intensity　was　also measured.　From　Fig.5.43。it　is　seen

that　the　peak　intensity　decreases　slowly　with　increases　in　tern-

perature up ｔ０１８００Ｃand ａ　further　increase　results in ａ　sharp

decrease　in emission intensity.　The　slope at high temperature

region　in Fig.5.43　corresponds　to an　activation　energy　of　thermal

quenching　of　0.1 2eV.

5-6.　Application Devices

　5-6-1 .　Fabrication　of　Transducers

　　　　　ZnO　films　prepared　by　PE-MO-CVD　exhibit　１０ｗ　resistivity　as

mentioned　above　and　this　property　is　not　good　for　piezoelectric

applications.　The resistivity of　greater　than　lO^ncm　is　necessa-

ry　for　these applications.工ｔ　is　well　known　that　lithium　is　used

as　p-type　dopant　for　ZnO.　Therefore an application to　transducer

was　demonstrated by　using　lithium doped high resistivity　ZnO.

　　　　　At　first　stage,　titanium electrode was deposited on　fused
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quartz　rod by　the　electror!beam evaporation method because of　its

good adhesion　to　fused quartz.　Au　electrode as　ohmic　contact was

deposited　on　titanium　by　the　ordianry evaporation　technique.　　工ｎ

this　structure　the　adhesion　between　Au　and　Ti　was　strong.　　After

evaporating　electrode, ZnO　film was　deposited　at　ａ　substrate

temperature of ３０００Ｃfor ２３hours.　And then　ｌithium which acts

as　acceptor　was　diffused　to　increase　resistivity　by　coating　the

films　with LiOH　alcoholic　solution and heating　them　in air　at

５０００Ｃｆｏｒ･１０　hours.　At　last　stage,　the Au upper electrode was

evaporated　on　ZnO ．film　after　diffusing　treatment.　The　piezoe-

lectrical　characteristics　of　plasma-deposited　film were measured

by　the　pulse-echo method　as　shown　in　Fig.5.44,　By　using　this

method　the　attenuation and　velocity of ultrasonic waves　in　solid

can be measured.　工ｎ this　pulse-echo method, if　we assume　1 ) the

parallei　plane　wave　propagates　into　sample　in　the　range　of　echo

used.　　2) the　reflection is perfect at both ends of　the　sample.

3) both　ends　of　the　sample　have　flat　parallei　faces, from　the

decay　of　pulse　echo　measured, absorption　coefficient　　　　and

sound　velocity ｕ of　fused quartz　is calculated.　工ｆ　the change of

the peak　value of pulse echo is given by following expressions

　　　　　　　　　　　　　ａ°ａｏｅ６ｔ

where　弓ｏ　is　pulse height of　first ref lected waves and ６ is ab-

sorption　coefficient　per　unit　time, absorption　　coefficient ａ is

given by

　　　　　　　　　　　　　ａ＝　６／ｕ

Then sound velocity is written by

　　　　　　　●●　　　u= 21/T　　　　　　つ
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where ｌ　is thickness of substrate and Ｔ is period of echo.　Figai"*.

5.45　shows　the　multiple　reflections　echo　pattern　which　is　Ob-

served　at ａ　repetition　frequency of 35MHz。

　　　　Themultiple reflection echos at 35MH2 have high order　values

of　107MHz, 175MHz　and 245MHz.　For this　reason the　fundamental

pulse　frequency　of　this　transducer　is　35MHz.　The　velocity　of

transverse wave　in　fused quartz ｕ of　5880 m/sec and absorption

coefficiency of　3.76　×１０‾２ｄＢ／ｃｍａｒｅ　determined　fromequations

mentioned　above.　These　values　are　similar　to　those　reported　in

ref.57.

　5-6-2.　Fabrication of　Heteroj unction Solar Cells

　　　　　Several　transparent conductive oxide　semiconductors, such as

工TO　and　SnO2　have　been　used　to　form　heteroj unction　solar　eel Is.

ZnO has ａ band gap (Eg=3.3eV) large enough to be　transparent　to

most　of　the useful　solar　spectrum as mentioned in section 5-5.

工ｎPE-MO-CVD, it can be prepared with ａ high　transparency and ａ

sufficiently　１０ｗ resistivity to prevent series resistivity　losses

in ａ　heteroj unction with　ZnO as　window　layer｡

　　　　　CdTe　isａ promising material　for high efficiency solar cells

because　it is　ａ direct band gap　semiconductor with nearly optimum

band　gap (Eg=1.44eV), and　it　has　ａ high absorption　coefficient

over ａ maj or portion of the solar spectrum.　For these　reasons,

using　plasma　deposited　film　we　fabricated　n-ZnO/p-CdTe　hetero-

junction　solar　eelIs.　　An　ideal　ZnO/CdTe　heteroj unction　band

diagaram　constructed　following　Anderson's　model, for　CdTe　doping

of　１０１７ｃｍ‾３ｆ　the　depletion　layerwidth　is　about　０．１　μｍ．
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　　　　　The　p-type　CdTe　single　crystal　used　in　this　study was　grown

by the Bridgeman method from ａ phosphrous doped source melt.　Ａ

ingot of　CdTe　single　crystal　was　cut　into (110) wafers　with about

1.5mm　thickness, and　then　they were　lapped and polished to mirror

smooth.　　Finally　Dolished (110) surfaces　of　samples　were　etched

chemically　for　about　seven minutes　in　Br　methanol　solution (1幻．

The　growth　condition　of　ZnO　is　shown　in　the Table　of　５－３。

　　　　　工ｎ　order　to　reduce　the　density　of　interface　states　and

resistivity, the　postdeposition　annealing　was　carried　out　at

４‘５００Ｃ　for　fiveminutes　in hydrogen.　工ndium was　evaporated on　the

ZnO　as　an　ohmic　contact.　An ohmic　contact　of　CdTe　was　made　by

electrodeless plating with use of　HAuCl［５８１。

　　　　　Theelectrical　characteristics of n-ZnO films and the p-CdTe

substsrates　were measured.　The　typical　dark　and　illuminated J-V

characteristics　of　the　best　cell　is　shown　in　Fig.5.46..　The

illumination　is　100mW/cm2(AMl) simulated　light.　　The　best　cell

showed　an　open-circuit　voltage　Voc　of　514mV, a　short-circuit

current-density Jsc of ２１。3mA/cm?。，ａfiｌｌ　factor F.F. of ０．４and

ａ　conversion　efficiency　of　4.4%.　Ａ　series　of　cells　was　prepared

under　same　conditions, with the results　suramerized　in　Table　5-4.

工ｎ　our　n-ZnO/p-CdTe　heterostructure　solar　cell, considerable

improvement　in　conversion　efficiency　is expected　by　reducing　the

effect　of　the　interface　state, which can be achieved by deter-

mining optimum conditions　of　deposition of　ZnO and of　postdeposi-

tion　annealing, and by decreasing electrode　resistance.

5-7.　Crystal　Growth Using Reaction between Diethylzinc and Ｎ２０
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Table　5-3. The growth condition of　ZnO by PE-MO-CVD.

Gas　Flow

DEZ Bv±). Temp・

Sub. Temp・

工nput Power

Gas Pressvire

Time

」（ｍＡ/ｃｍ２）

　　　　　　10

Ar

C02

５００ml/min･

３００ml/min.

15.5　°Ｃ

２５０　°Ｃ

２３０Ｗ

1.5 Torr

３０　min.

Fig.5.46.　The　dark　and　ｉ ｌluminated　エーｖ　characteristic　of　the

　　　　　　　　　　best　cell.

Table　5-4.　Results　on　solar cells.

NO.

Ｓ－１

Ｓ－２

Ｓ－３

Anneal

　Temp･

　【゜Ｃ】

　　４５０

　　４５０

　　４５０

Vｏｃ

【ｍＶ】

　337

　514

　390

Jsc

【mA/c�】

　13.2

　21.3

　14.3
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　5-7-1.　Ｅχperimental　Procedure

　　　　　N2Owas　also used as an oxidizing gas　in the present work.

The　apparatus　used, which　is　nearly　same　one　mentioned　above

section,　is　shown　in　Fig.5.47.　Ｎ２０　are　fairly　safe　gases,

however,　in the use of Ｎ２０there is　ａ　possibility of　producing

NOx'　which　is　one　of　the　most　dangerous　gases　in　plasma　dis-

charge.　　Therefore, the　exhaust　was　released　to　air　through ａ

scrubber, as　shwon in Fig,5.47.　The growth condition employed

in the present case was　that　500sccm of Ar flow through the DEZ

bubbler　and　1 OOsccm　of N2O　flow directly into　the　reaction cham-

ber.　Ａ　stainless　steel　bubbler　containing　DEZ　was　maintained　at

200C．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一　　　　　エｎ　the　present　study, c!orning　7059　glass　and (0112) and

（0001）ｐｌａｎｅ　sapphire were used as　substrates.　The　structura ｌ

nature of　the deposited　films　also was examined by x-ray diffrac-

tion, reflection　high　energy　electron　diffraction (RHEED)　an

scanning　electron microscopy (SEM).

　5-7-2.　Fi 1ms　Grown on Glass

　　　　　工ｎ　Fig.5.48。is　shown　the　growth　rate　of　the　ZnO　film　grown

on ａ glass　substrate　in using N2O as　ａ　function of　the　inverse

substrate　temperature　over the range　from １５００Ｃto 400°C.　The

film　deposition　rate　in　this　case　obeys　the　Arrhenius' equation.

The activation energy of　the　reaction estimated by the data given

in　Fig.5.48　is　3.4KJ/inol　smaller　than　that　when　CO,　･is　used″

7.6KJ/mol.　The value obtained by our work is much smaller than

that　in MO-CVD， 　２１Ｙ.Ｉmol,reported　in ref.33.　This　fact　supports
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Fig.5.47.　Shematic　diagram of　the　PE-MO-CVD　system.
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that　the　thermal　energy　from ａ　substrate　required　in the reaction

in　PE-MO-CVD　is　less　than that　in　MO-CVD and　that　the use　of　PE-

MO-CVD technique　allows　the　crystal　growth at　lower　substrate

temperatures。

　　　　　utilizing　the　reaction between　DEZ　and　N2O, c-axis　oriented

ZnO　films　were　grown　on　ａ　glass　substrate　at　substrate　tempera-

tures of　１５０－３５００Ｃand rf　input power　leve Is of　60-260W, which

were　lower　than　those in the　case of　using　ＣＯ２°　The　film　evalu-

ation　by　the　standard　deviation　from　the　x-ray　rocking　curve　is

shown　in　Fig.5.49.　　When　the　rf　input　power　was　not　applied,

nothing　was　deposited　even　if　the　substrate　temperature　was

3000C．　However, at ａ　substrate temperature （ﾌi　3500C very thin

grayish　films　were deposited　unevently and weak x-ray diffraction

peaks　from (0 ０･２), (io< ) and (10･■1) planes　of　ZnO　were　observed.

When the　substrate　temperature was　400°C, very weak peaks　from

ＺｎＯ（１０･Ｏ），（００･2)and (10.1)　planes, and　Zn ｏｎ･the　chamber wall　and

inlet　nozzle were also observed.　From these observations, we can

see　that　the reaction between DEZ　and N2O　for　producing　ZnO is

caused　by　the　energy　of　the　plasma　discahrge, not by　the　therma ｌ

energy of the　substrate at　temperatures　below　4000C。

　　　　　As　shown　in Fig.5.49　, c-axis　oriented　film grew even at ａ

substrate　temperature　of　１５００Ｃ　and　an　rf　input　power　of　6bw,

where　the　reaction　between　DEZ　and N2O　for　producing　ZnO　took

place　more　easily than　that　ｂｅｔ二ween　DEZ　and　ＣＯ２’　These　facts

indicate　that　the　difference　in　readiness　of　the　reaction　may　be

due　to the　difference　in bond dissociation energy of Ｎ２０　and　C02,

although　the　dissociation processes　as well　as　active　species
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involved　remain　still　unknown　at the　present　stage of　the work.

　５－７－３．　EpitaχialGrowth

　　　　　　　　　　　　－　　　　　When(0112) sapphire　was　used　as　ａ　substrate, ZnO　epitaxial

layers　grew　at　ａ　substrate　temperature　of　２５００Ｃ．　The　RHEED

pattern　exhibits　distinct　spots, as　shown　in　Fig.5.50.　　工ｔ　is

noted　that　the　different　spot　pattern　could　be　observed　periodi-

cal ly　when　the　direction　of　the　incident　electron　beam was

changed.　The　comparison of　the evaluation by　the　standard devia-

tion　in the cases of NjO and C02　is given in Fig.5.51.　The good

quality fi 1ms on sapphire　substrartes are obtained at　lower rf

input　power　in　using　Ｎ２０　compared with using ＣＯ２°

5-8.　Conclusion

　　　　　Highly　c-axis oriented　ZnO films were grown on glass　sub-

strates　and epitaxiaふ　ZnO films　were　grown on　sapphire　substrates

at　substrate　temperatures　of　１５０－3500C　by the　PE-MO-CVD　method。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●using　DEZ　and C02 (or O2) as source materials.　The　crystallogra-

phic　properties　of　the　deposited　films　were　highly　dependent　on

the　rf　input　power, substrate　temperature　and　gas　flow rate.　By

the　PE-MO-CVD　technique highly c-axis oriented ZnO fi 1ms　also

were　grown　on　Si, SiO2/　ceramic　and　polyimide　substrates　at

relativly　low substrate　temperatures:　　350, ３００，２００　and　350°C,

respectivley,　using　DEZ　and　CO,　as source　materials. By　the　use

of　DEZ　and N02　highly　c-axis　oriented　and　epitaxia 1　ZnO　films

were　grown　on glass　and　sapphire　substrates　at　１５０　and　250°C,

-123 －



-

- -

Fig.5.50.　RHEED　pattern　of　ａ　ZnO　film　grown　at　250°C
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respectively.　　ZnO　films were obtained at　lower substrate　temper-

atures and　lower rf　input power levels in N02 than in ＣＯ２‘　The

plasma deposited films　had　low resistivities　ｏｆ１０‾３－１０Ωｃｍ,‘Hall

mobilities　of　０．５-５０ｃｍ２／Ｖ･sec　and　carrier　concentrations　of　1018－

1019cm‾３．　The　electrical characteristics　of　the　ZnO films　were

strongly　dependent　on　the　substrate　temperature the　rf　input

power and the mole ratio of CO, ０ｒＮ２０to DEZ.　Ａ piezoelectric

transducer　and　heterojunction　solar　cells (n-ZnO/p-Si　and　ｎ－

ZnO/p-CdTe) were　constracted.
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CHAPTER VI. GROWTH　AND　PROPERTIES≒OF　ZnO THIN　FILMS　　BY　THE

　　　　　　　　　　　Ｍ工CROWAVE PLASMA ＥＸＣ工ＴＡＴ工ON METHOD

6-1 .　工ntroduction

　　　　　Lowtemperature formation and microfabrication techniques

for　fabrication　semiconductor　devices　and　integrated　circuit

using　plasma　and　ion　technology　have　　been　　　。。，　developed.

Plasma　CVD(chemica ｌ　vapor　deposition), specially, has　been　used

extensively　for　producing dielectric　films and　amorphous　silicon

fi 1ms.　　工ｎ　plasma　deposition　technique, the　decomposition of

source　materials　to　form　f i 1ms　is　principally assisted by the

action　of　the　glow　discharge　and　many　activated　species　excited

by　electron　with high energy exist。

　　　　　Recently　themicrowave plasma　technology as ａ new method　for

chemical　dry etching and　deposition of　poly-crystalline　silicon,

silicon dioxide　and si licon nitride in ＬＳ工fabrication process

has　aroused　considerable　attention［1-51.　The　microwave　excita-

tion　technique　has　several　advantages　over　the　conventional

RF(1 3.56 mHz) discharge method.　For examples;　1 ) The microwave

excitation method　can　produce　active　species with　ａ　long　life

time,　2) Therefore the　etching　and　deposition　region　can　be

separated　from　the　dischage　region,　3) The　plasma　radiation

damage(optical　and particle radiation ｆｌｕχ）ｔｏ　the　samples　canbe

eliminate.　Microwave　excitation method, as　mentioned　above, has

the　advantageous　features, however　little　study of　this method to

the deposition of　the 工工エーｖand 工エーＶ工compounds semiconductors

have　been　found.
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　　　　　工ｎ‘order ・to, obtain high quality　ZnO　thin film at　low sub-

strate　temperatures　for　applications　such as　surface　acoustic

wave　(SAW) devices, optical　waveguided　devices, sollar　cell　de-

vices　and　transparent　electrodes, we　have　developed　the　plasma-

enhanced　meta lorganic　chemical　vapor　deposition(PE-MOCVD) tech-

nigue［６－８１．．　The　plasma　CVD　system　used　was　equipped　with　ａ

capacitive coupling discharge　system and para 1lei　faced elec-

trodes.　The　substrates were mounted on the electrode　and were

exposed　by　plasma　discharge.　Therefore, the　effect　of　the plasma

radiation　damage　on　film　formation　was　not　minor.　　The　observed

degradation　of　film　quality　resulted　from　the　deposition　at

higher　RF　power　density　was　caused　by　the　plasma　damage.　　　Then,

the　authors　developed ａ technique　to obtain high quality ZnO film

using microwave　plasmas。

　　　　　工ｎ　this　chapter　we　are　the　first　to　describe　experiment　de-

tailes　of　the　１０ｗ　temperature　growth　of　c-axis　oriented　and

epitaxial　ZnO thin fi 1ms　using the microwave excitation tech-

nique and an application　for optical　waveguide.

6-2.　Experimental　Procedure

　　　　The　･experimental　system　used　is　shown　in　Fig.6.1 .　　This

system　consisted　of　ａ　microwave　generator, wave　guides, ａ　reso-

nant reactor cavity, a quartz reactor tube(30cm in diameter and

125cm　in　length), a　gas　supplying　system and ａ　evacuation　system.

Ａ microwave　generator　was　capable　of　delivering　up　to　1.5kW.　工ｔ

ｗａｓ‘possible to adj ust the position of the　susceptor　from １０　to

60cm　from　the　cavity.　The　substrates　on the　susceptor were　heated
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Fig.6.1 .　Schematic　diagram　of　the　microwave　plasma　ｅχcitation
　　　　　　　　　　system.
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by an　infrared　lamp｡

　　　　　工ｎ　this　ｇｒｏ゛゛th　system,　　diethylzinc(DEZ,　Zn{C2H5)2) reacted

with　microwave　excited　oxygen　or　dinltrogen　monooxide　to　produce

ZnO.　　　An O2　０ｒ N2O g°ｓ　゛ａＳ　injected　upstream of　the discharge

zone　and DEZ　was　introduced　into　reactor　　from　other　inlet　as

shown　in　Fig.6.1.　　The　flow　rates　of　gases　are　control led　by

mass　flow　controllers.　工ｎ　the　present　experiment, the　gas　flow

rates　of Ar　through the DEZ bubbler,　and Ｏ２　and N2O were 20-30,

４１４　and　３００　seem, respectively.　The　reaction　tube　was　evacuated

by ａ　rotary　pump(500　1/min) and　the　reaction pressure was con-

ｔｒｏ:Lied　by　ａ　throttle　valve　j oined　with　the　rotary　pump.　The

reaction　pressure was　about　ｌ　Torr during　the　growth　run.　工ｎ　the

present　study,　Corning　7059　glass　and　sapphire　were　used　as

substrates。

　　　　　Optical　emission　spectrum　from　the　oxygen microwave　plasmas

were analyzed by ａ monochrometer(25 cm) in the　３００－８００nm spec-

tral　range.　　The　structual　nature　of　the　deposited　films　was

examined by an x-ray diffraction, reflection high energy　electron

diffraction(RHEED) and secondry electron microscope(SEM).　The

electrical　and optical　properties were　also measured.

6-3.　Results　and　Discussion

　　　　　工ｎ　the　early　stages　of　our　experiment,･DEZ　was　passed

through　the　microwave　radiation　field,　where　ａ　discharge　was

generated,　to obtain Zn　films.　However, the　inj ection of DEZ

into the　plasma　region　led　to　very unstable　discharge　and　plasma

discharge was　not　maintained　for　ａ　long　time.　　工ｎ　this　experi-
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ment, the　deposition　of　black　materials, which was　found　to be　ａ

carbon by an Auger analysis, was observed on the　inner waｌｌ　of

quartz　tube　only　in　discharge　region　and　did　not obtain　Zn　films

on ａ　substrate.　Therefore, in our　study, DEZ　reacted　with　the

microwave　excitated　Ｏ２　０ｒＮ２０　toproduce　ＺｎＯ｡

　　　　　The　optical　emission　spectrum　from　the　oxygen　plasma　was

measured　to　investigated　the　growth　process.　　Many peaks　from

excited atomic oxygen, and molecular oxygen　ions were　observed　as

shown　in Fig.6.2.　Spectroscopic examination revea led that the

reactive oxygen radicals　played　very important role of　the growth

process［9,10].

　６－３－１．　Effectof　Substrate　Temperature

　　　　The deposition rate of　ZnO fi 1ms on ａ glass substrate as ａ

function　of　reciproca 1　substrate　temperature　i s　shown　in

Fig.6.3..　　　In this ｅχperiment, the　substrates were placed at ａ

distance　of　20cm from discharge　region.　　The　variation of　the

deposition rate of　films by　the plasma　excitation technique　is

smal 1。however　that of　films　obtained by　thermal　MOCVD　increases

as　the　substrate temperature　increases.　　The　caluculated activa-

tion　energy　of　the　reaction　using　MOCVD　in　the　temperature　range

of　１００－4000C　is　larger　than　that　when　　the　microwave　excited

oxygen　is　used, as　shown　in　Fig.6.3,　　This　supports　that　the

energy　required　in　the　reaction　in　the　microwave　plasma　enhanced

method　is　less　than　that　in　thermal　MOCVD and　that　the microwave

plasma　enhancement　technique　allows　crystal　growth at　lower　sub-

strate　temperatures.
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　　　　　　工ｎ　our　experiment,the　deposition　of　ZnO was　observed　when

the　substrates were placed at ａ　distance　of　50cm　from　the　dis-

charge　region.　　This　means　that　the　acti vated species　with a

long　ｌｉ fe　time (reactive　oxygen　radicals) existed　and　reacted

with　DEZ.　　The　maximum　deposition　rate　was　obtained　at　ａ　micro-

wave　input power of　130W　regardless　of　substrate　temperature and

ヒhe　position　of　the　susceptor.　工ncreasing　the　power　to　the

discharge　will　increase　the　probability　of　completely　dissoci-

ating　０２　molecule　generating　ｏχygen　radicals　or　energetic　meta-

stable.　　Therefore　the effect of microwave　input power on　the

deposition　rate　may　be　re lated　to　the　change　in　the　number　of

activated　species　by　changing　electron　density　with　power　and　to

the　mutua 1　reaction with　the　activated　species.　However　the

details have not been well　understood　in　this　stage｡

　　　　　工ｎ　this　system　c-axis　oriented　ZnO　fi 1ms　have　been　grown

successfully　on　ａ　glass　substrate　at　　substrate　temperatures　of

higher　than　２０００Ｃ．　Figure　６．４　　shows　the　x-ray　diffraction

patterns　of　f i 1ms　obtained at　2000C　by　the　plasma　excitation

method　and　thermal　MOCVD.　　Only　c-plane　reflection　peaks were

　　　　　　　　●　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．observed　in both　films.　　The　film　evaluation by　the　peak　inten-

sity　and　the　ｈａ:Lf　width of an x-ray diffraction　patterns, and　the

standerd deviation angle(o) of　the　X-ray rocking curve　for　the

（0002）ｐｅａｋ　indicated　that　the　f i 1ms　obtained　by　the　plasma

excited　method　showed　better　crystal line　quality　than　when　they

were　grown　by　therma １　MOCVD.　The　substrate　temperature　and

microwave　input power dependence　of a　value　of　films　is　shown　in

Fig.6.5..　　This　film　quality　chart　means　that　more　highly　c-axis
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oriented　films　were　obtained　by　the　microwave　excitation　plasma

method　at　same　substrate　temperatures。

　　　　　The　electrical　resistivity　of　the　grown　films　was　measured.

Figure ６．６　shows‘the　variation of　resistivity　as　ａ　function of

substrate　temperature.　Resistivity　decreases　as　the　temperature

increases　up　to　the　substrate　temperature　of　３０００Ｃ　and　increases

at　higher　than　300°C, which　may　be　caused　by　the　competition

between crystallization and degree　of　nonstoichiometry　of　the

films.　Resistivity of　films　grown by thermal　MOCVD showed higher

than　that　of　films　by　microwave　excited　MOCVD.　The　improvement

in　c-axis orientation of　film obtained by microwave　excited　MOCVD

is one of　the most　effective　causes　in　the　decrease of　resistivi-

ｔｙ｡

　　　　　The　optical　transmittance　of　the　films　was　measured　using ａ

double-beam　spectrophotometer (SH工MADZU：　ＭＰＳ－2000）．Ｚｎｏ　films

obtained　at　various　substrate　temperatures　by　microwave　excited

method　shows　excel lent　transmittance　as　indicated　in Fig.6.7。

and　the　average　transmittance　is　found to be　about 80%.　Even

though　the　deposition　parameters　were　same, the　transmission

spectrum　of　the　films obtained　by　thermal　MOCVD　showed　lower

transparency　and　ｉｒ!terference　effect　was　not　observed.工ｔ　is

found　that our microwave excited　MOCVD method has proved to be an

excellent　method　to　obtain　highly　transparent　ZnO　films　for

various　applications.

6-3-2.　Effect of　Gas　Flow

　　　　Thedependence of deposition rate on the DEZ and Ｏ２ｆlow was
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a lso　investigated. Figure　６．８　shows　the　deposition　rate　as　ａ

function　of　DEZ　concentration.　The　increase　in　deposition　rate

with　increasing DEZ　concentration　for O2　flow　of　1.85　× 10-2

mol/min was observed.　　Ａ similar result was also reported　in　the

growth of ZnSe and 工nAs when ｖ工and ｖ group source materials were

supplied　sufficiently.　Contrary　to　the　DEZ　ｆ low, the　deposition

rate　decreased　as　the O2　flow increased,　when the DEZ　ｆlow was

kept ｔ０２．５×１０‾５mol/min, as shown in Fig.6.9.　　The excess O2

resulted　in ａ　reduction　inａ　deposition rate, which may　be　caused

by　some　compleχes.

　６－３－３．　Effectof Reaction Pressure

　　　　　The　effect of　total　reaction　pressure　on deposition rate was

measured, which　is　shown　in　Fig.6.1 0.　The　depositor!　rate　in-

creases　with　increasing　pressure　due　to　the　increase　of　gas

concentration　caused　by　the　decrease　in　gas　velocity.　　The　depo-

sition　rate　decreases　rapidly　as　ａ　reactor　pressure　increases

over　２　Torr, which　is　caused　by　some　premature　reactions　in-

eluding homogenious　recombination of　the atomic species due to

the　high concentration of　gas　sources.　　The　increase　in　pressure

also　causes　ａ　decrease　in　electron　temperature, which　leads　to ａ

decrease　in　the　energy　transfer　between　ｔ二he　electrons　in　the

plasma　and　the O, molecules°

　　　　　The　orientation of　the grown　films was　changed with　increas-

ing　total　reaction　pressure.　　When　the　films　were　deposited　at　ｌ

Torr　and　400°C, only　c-plane　reflection　peaks　were　observed.

However, (00･2) and (10-1) peaks appeared　when　films　were　deposited
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at　higher　than　２　Torr. The　gas　phase　reaction　and　the　surface

reaction　were　effected by　the　reaction pressure.　Thus　the　orien-

tation　depended　on gas　pressure as mentioned　above。

　　　　・The　electrical　resistivity of grown films ａ pressures　of　ｌ－８

Torr　showed　ｌ －１０３Ωｃｍand exhibited ａ minimum at a pressure of 2

Torr. This　variation of resistivity is　simi lar to the　reaction

pressure dependence of　the　grain size measured by SEM observa-

tion.　Therefore　this　resistivity　variation may be　related　to　the

change　in　the　Hall　mobi1ity which　is　1imited by　scattering at

grain　boundaries.

　６－３－４．　Doping Effect

　　　　　ZnO　thin　fi 1ms　with　high　resistivity　have　been　used　for

applications　to　SAW　devices　and　integrated　optics. Recently　１０ｗ

resistive　ZnO　films　have been attracting attention as　transparent

electrodes　and　window material　０ｆ　soller　eel Is. Therefore,　ｃｏｎ一

trolling　the　electrical　resistivity　of　ZnO　film　is　an　important

obj ective.　工ｎ　this　study, the　doping　of　Li　and　Al　to　ZnO　was

carried　out.　　　　　　　　　　　　　　　　　　　４　　　　　　　　　　　　１　　　　　，■

　　　　　LiOH　was　used　as　ａ　dopant　of　Li. The　smal 1　quartz　vessel

loaded with LiOH was　put　into the plasma　discharge　region. The

doped　ZnO　films　grown　at　2000C　showed　the　resistivity　of　１０５－１０７

Qcm, which　is　１０４－１０６　higher　than　undoped　f i 1ms.　　This　doping

method　resulted　in　difficulties　in　control ｌing　the　doping　con-

tents　and in　the　reproducibi ｌｉｔｙ｡

　　　　　TrimethYlauminium(TMA,　A1(CH3)3)　was　also　introduced　into　ａ

reactor　as　ａ　dopant　of　Al. The　ｆ low　rate　of　Ar　through　ａ　TMA
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bubbler　was　1 5sccm. The　temperature dependence　of　resistivity　and

an　effect　of　Al　doping　are shown　in　Fig.6.11. The　non-doped

fi 1ms　had　resistivities　of １０－１０‾１　ficm,however　the　Al　doped

fi 1ms　showed lower resistivities ｏｆ１０‾１－１０‾３ΩＣｍ．Ｔｈｅ　resistivi-

ty of　film could be　controlled easily from １０‾ｌ　ｔ０１０‾３　ncmby

changing TMA flow rate and control lability was　fairly good.

　6-3-5.　Ｎ２０ as　an Oxidizing Gas

　　　　　NtOwas al so used as an oxidizing gas in the present study･

The　growth　condition　employed　in　the　present　case　was　that　２０－３０

seem of　Ar　flow　through the　DEZ　bubbler　and　３０　seem of N2O　flow°

ZnO　films　were　obtained　by　using　the　reaction　between　DEZ　and

microwave　excited　Ｎ２０’

　　ｊ　　The　substrate　temperature　dependence　of　the　deposition　rate

is　shown　in Fig.6.12 , and　it　can　be　seen　that　the　films　obtained

by　this　microwave　method have　higher deposition rate　than that of

thermal　MOCVD film。

　　　　　工ｎ　this　system, c-axis　oriented　f i 1ms　have　been　grown on

glass　substrate　at　ａ　substrate　temperature　of　150°C, which　is

lower　than that when O2 was　used.　when fi 1ms were prepared by

thermal　MOCVD at　lower than 200°C, the x-ray diffraction peaks

from (1 0･Ｏ），（００･2),(10-1 ) planes　of　ZnO were observed and c-axis

oriented films　have　not been grown。

　　　　　Fi1ms　obtained by our method　showed the ｂｅｔﾆter crystal Unity

than　that　of　films　by　MOCVD as mentioned above, however　they　had

higher　resistivity.　The　resistivity　ｏｆ’ fi 1ms　prepared　at　１ ５０－

4000C by　the　plasma excitation method was　of　１０‾ｌ　to　１０７　f2cm.　０ｎ
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the　other hand, the　thermal　MOCVD films　showed　the　resistivity of

１０‾３－１０１　Ωｃｍ．　Thiscan be easily understood by considering

the　films　by　the　plasma method have better　stoichiometric but the

effect　of　nitrogen doping as　acceptor　is　not　definite.

　6-3-6.　Epitaxial Growth

　　　　　Epitaxial　growth　of　ZnO　fi 1ms　on　sapphire　substrates　has

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－been　carried　out.　　工ｎ　this　experiment, (01T2) and (0001) sapphire

were　used　as j　substrate! and Ｏ２　gas　was used　as　an oxidizing gas.

The growth condition were the same as mentioned in section　6-2.

The　dependence　of　the　crystal line　structure　on　the　substrate

temperature was　examined by an ｘ‘ray diffraction and　the RHEED

method.　Films　didn't　grow　epitaxially　at　substrate　temperatures

of　lower　than　４０００Ｃ．　　Fi 1ms　grown　on (0112) sapphire　at　4000C

　　　　　　　　　　　　　　　　　　　　　－shov゛ed ａ only ZnO (1120) plane peak and the separation of CuKcxi

and ＣｕＫ（ｚ２ｔｒａｃｅwas also observed.　The RHEED pattern of the fi lm

grown　at　400°C, as　shown　in　Fig.6.1 3 ,　has　the　spots.　　These

indicate　that　the　film　is　single　crystal line.　Ｗｈｅｎ（0001）ｓａｐ-

phire　was　used　as ａ　substrate, (0001) ZnO　layers　grew　higher　than

４０００Ｃand　the RHEED pattern exhibits　distinct　spot　as　shown　in

Fig.6.14.　　When　films　were　grown by　thermal　MOCVD, the　epitaxial

films　could not obtained at　4000C。

　　　　　　　　　　　　　　　　　　　　　　　－　　　　　Fi1ms　grown an (0112) and (0001) sapphire by the microwave

plasma　technique　generally　showed　the　average　transmittance　of

higher　than　８０私　which　was　higher　than　that　of　therma １　MOCVD

films　as　shown　in Fig.6.1 5..　　The　reflactive　index(ng),　which

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　皿was measured by the ｍ　line method, of the (1120) epitaxial　film
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deposited　at　400°C and　300W　was　1.997. This　value　was　nealy　same

of　the　bulk　crystal'sdig°1.993).

　6-3-7.　Application　to Optical Waveguide　　．．

　　　　　工ｔis well known that ZnO is one of　the　suitable materials

for　application　to　optical　waveguided　devices　because　of　its

large　piezoelectricity, high　transparency, large　diffractive

indices, and　good　acoust-optic　and electro-optic　coefficient.

Therefore thin fi 1ms of ZnO with low optical waveguided　losses

have　potential　applications　as　　various　integrated　optical　de-

vices.工ｎ waveguided devices, the guided wave propagation　loss　is

very　important　factor. The attenuation includes the scatter工ng

loss　at　film　surface　and　interfacial region, and　the　bulk　loss.

The　ｌight　propagation　losses　were　measured･by　the　scattering

detection method at　the He-Neユaser wavelength(6328λ) and experi-

mental details may　be　found　elsewhere.　Ｍｏｓね　of ･fi｡1mｓ･ｏｂぢained

showed waveguide attenuatio・ of about １０ｄＢ／ｃ°for･the TEq: °ｏｄｅ･

The　best　result　obtained　was　the　minimum　propagation　loss　of

2.04dB/cm for the TE^ mode as shown in Fig.6.1 6.　工ｔ was　founded

that　the　propergation　losses　of　f i lms　grown by our method　was

lower　than them grown by　thermal　MOCVD.　The　MOCVD　fi 1ms, gener-

ally, had　short　light　propagation distances　due　to　high　scat-

tering　losses.　This means　that　ZnO　films　grown by　the　microwave

plasma　excitation method　have　smooth　surfaces　and high　crystal-

Unity･
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6-4.　Conclusion　　　　　　　　　　　　　・　　　●

　　　　　The　growth　of　c-axis　oriented　and　epitaxial　ZnO　films　have

been　achieved　using　DEZ, and　microwave　oxygen　or　dinitrogen

monooxide　plasmas.　The effect of　the　growth conditions (substrate

temperature, microwave input power.　reaction pressure,　plasma-

substrate　distance　and　gas　flow　rate) on　the　deposition　rate.

crysta:Ｌ Unity,　and electrical and optical properties of　ZnO films

on glass　and　sapphire substrates have been investigated.　　C-axis

oriented　and　epitaxial　ZnO　films　were　grown　successfully　at

substrate　temperatures　of　１５００Ｃ　and　400°C, respectively.　工ｎ　this

method, the　fi lm formation was observed on substrates　placed at ａ

maximum distance of　50cm from plasma　region, which means　that　the

active oxygen species(excited oxygen atoms) with ａ　long　life　time

played　an　important　roles　in　the　growth　process　and,　therefore,

the plasma radiation damage was　fairly minor.　As deposited　films

showed　the　resistivity of　１０‾１－１０４　Ωｃｍand the the resistivity

could be　controlled　ｆｒｏｍ１０‾３　to１０７flcm by the　doping of　Al　and

Li. The　average　transmittance　of　fi 1ms was　found to be ８０１and

refractive　index (ng) of　epitaxial　film was　1.997.　　Ａ　comparison

of　film　characteristics　using　the　microwave　excitation　technique

and　the　thermal　MOCVD　technique　showd　that our　technique uti-

lizing　microwave　plasmas　was　an　excellent method　to　obtain　high

quality　ZnO films with good surface flatness　and high transparen-

cy　at　low　substrate　temperature. The　best　result　obtained　for

optical　waveguided　device　application　was　ａ　optical　propagation

loss　of　2.0dB/c°in　the　TE^　Ｉ゛ode.
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CHAPTER ＶＩ工．　LOW TEMPERATURE GROWTH OF　ZnO Ｆ工LM BY PHOTO-MOCVD

7-1 .　Photo-MOCVD of　ZnO Thin Films

　7-1-1 .　工ntroduction

　　　　　Many　fabrication　techniques　for　growing　ZnO　film　with　good

crystal line　quality　have　been　developed.　工ｎ　order　to　obtain

highly c-axis　oriented and epitaxial　ZnO films, we have developed

thin　fi lm　fabrication　techniques　such　as　rf　planar　magnetron

sputtering［1-3], chemical　vapor deposition (CVD)［４－７］and plas-

ma-enhanced metalorganic chemical　vapor deposition［８－１０１，　as

mentioned　before.　　The　plasma　deposition　method　does　have　some

disadvantages　such as　film　surface　bombardment　by　energetic　par-

tides, deviation　of　stoichiometry　and　ａ　１０ｗ　growth　rate.　How-

ever,　the　CVD (ZnO-H2-O2-H2O) system　developed　by　our　group　has

given　single　crystal　ZnO　films　and　the　selective　area　growth　of

the　ZnO　film was　successful［５－７１．　One　problem　with　the　CVD

system is thermal damage to both the substrate surface and　the

complex　device　on　the　substrate, caused　by　the　high　substrate

temperature (800-1000°C) required　in　this　method.　Therefore　the

development　of　ａ　new　technique　for　obtaining　highly　c-axis　ori-

ented　and　epitaxial　ZnO　thin　films, and　selective　film growth

technique　of　ZnO at　low　substrate　temperatures, is　required。

　　　　　工ｎ　recent　years　ｔりｅ　photochemical　vapor　deposition (photo-

CVD) technique　has　received　much　attention　in　the　research　field

of　amorphous materials　, metal　films and compound　semiconductoｒｓ，

because　of　its　low processing temperature　, little bombardment　by

energetic partic:Les, low contamination and　selective　film growth.
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However,　it has not been very　long since research on the photo-

MOCVD of　工工エーｖ　and　工エーＶ工　compound　semiconductors　was　started.

Especially　in　　工エーＶ工　semiconductors,　the　reaction　mechanism　of

thermal　decomposition　and　photochemical　processes　using metalor-

ganic　compounds　are　very　complicated　and　remain　unknown.　工ｎ　the

work on　film preparation of　ZnO by　laser-induced CVD, some re-

ports　were　published　by　Ｒ．　Solanki　and　coworkers［11,121.　］:ｎ

their study, high deposition rates were obtained using an ex-

cimer　laser;　however, the　effects　of　light　irradiation　on　crys-

talline　and electrical　properties　were not clarified　in detail。

　　　　　工ｎ　this　section,we　report　on　the　１０ｗ　substrate　temperature

photodeposition and properties of　Zn and　ZnO fi 1ms obtained by

utilizing　the　reaction　between diethylzinc［DEZ:Zn(C2Hc)2］and

oxygen　or　nitrogen　dioxide, when　exposed　to　ａ　mercury　lamp　or

xenon-mercury　lamp.　Some effects of　ultraviolet　light irradiation

on　the　growth process　are　also　described.

　７－１－２．　Experimental　Procedure

　　　　　The　photo-MOCVD　system　used　in　this　work　is　shown　in

Fig.7.1 .　工ｎ　this　system, the　source　alkylmeta1　compound　DEZ

reacts　with Ｏ２　０ｒNO 2　as an　oxidizing gas　to　produce　ZnO.　The

light　source　used　is　ａ　５００Ｗ high　pressure　mercury　lamp　or　ａ　５００Ｗ

xenon-mercury　lamp.　An ultraviolet transmitting filter is placed

between　the　light　source and the　incident quartz　window of　the

reaction　chamber　in order　to　study　the　wavelength　dependence　for

photodeposition.　　Only　ultraviolet　light　is　introduced　through

this　filter, thus　　preventing　an　increase　of　the　substrate　tern-
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perature　by　exposing　the substrate　to　infrared　irradiation.　The

chamber used measures　1 5cra　indiameter　and　20cm　in height, and

has　ａ　purge　system　designed　to　prevent　ZnO　deposition　’ｏｎ　the

window.　The gas flow system is assembled using ｌ／４　inchstain-

less　tubing, stainless　steel　valves, flow meters and ａ　stainless

steel　bubbler for DEZ which　is　in temperature　control led bath.

The　reaction　chamber　is　evacuated by ａ normal　rotary ｐｕｍｐ（500

1/min), and the pressure　is　about　ｌ　Torr during the growth run.

Corning　7059 glass was　used　as　ａ　substrate.

　7-1-3.　Photodeposition of　Zn Films

　　　　　The　photodecomposition of DEZ was　carried　out at an earlier

stage of our study.　　Zn f i 1ms of ａ grayish color were deposited

at　substrate　temperatures　of　２５０－3500C． When　the　substrate　was

exposed to the　ultraviolet　light　from ａ　high　pressure　mercury

lamp, at　room・temperature　Zn　films　formed　on　the　substrate.　The

thickness of　films　obtained　increased　as　the　short wavelength

limit of　the　light　source was decreased　from 300nm ｔ０220nm using

the　ultraviolet　transmitting　filters.　No　film at　all　was depos-

ited　when　the　filter　reached　the　transmittance　limit　wavelength

of　300nm.　The　above　mentioned　wavelength　results　show that　the

photodissociation wavelength of DEZ is below 300nm which coin一

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　函;３cides　with the　280nm　figure　reported by Vrhorapson　et　ａ１．[13-15].

When ａ　large　amount　of DEZ　was introduced intoヒhe reactor and

maintained　at　room　temperature　without　heating　the　substrate, a

thick　Zn　film with ａ　mirrorlike　surface was deposited only on the

ｌight　irradiation　region( i.e. selective　fi lm　growth).
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　7-1-4. Photodeposition　of　ZnO　Fi 1ms　using　the　Reaction　between

　　　　　　　　Diethylzinc and Ｏ２

　　　　　The　photodeposition　of　ZnO　was　also　achieved　using　ａ　xenon-

mercury　lamp.　Using two kinds of wavelength regions, i.e. 220-

41 Onm and　320-41Onm, the reaction between DEZ　and oxygen was　used

to obtain ZnO films.　The dependence　of　the　deposition　rate　on

the　substrate　temperature　is　shown　in Ｆｉｇ･7.2.　　When　no　light

irradiation was　used, the　deposition　rate　was　lower　than　when　it

was　present.　Shortening　the　wavelength　emitted　by　the　light

irradiation had an effect on increasing the deposition rate up　to

ａ　substrate　temperature　of　３５００Ｃ．　This　photo　irradiation effect

on deposition　rate　suggests　that　the　photodissociation　of　DEZ

（２２０－４１０ｎｍ）ａｎｄthe contribution of the red-shifted tail　in the

absorption　spectrum　to　some　gas-phase　photodissociation　of

DEZ(320-410nm) are　important.　The　red　shift　in　the absorption of

DEZ adosorbed on　substrate　surface　is　al so an important factor

［16]. More　complete　dissociation　of　DEZ (and　NO2) by　uv　irradia-

tion and the role of uv　light on enhancing the　mobility of　the

adsorbed　species　also demand consideration in both wavelength

regions.　The　activation　energy　of　the　reaction　using　photo-

ＭＯＣＶＤ（２２０－４１０ｎｍ）ｉｓ　8.7{kJ/mol)calculated　from　using an

Arrhenius　equation,lower　than　that　when　the　fi 1ms　were　grown

using　MOCVD.I 4.5(kJ/mol).　　This ・shows　that　uv　light　irradiation

assists　the　growth rate　of　ZnO　thin　ｆｉ･1ms. Although　the　detailed

reaction　mechanism　in　the　photochemical　process　between　DEZ　and

oxidant　is　presently unknown, the growth rate and the　crystal-

Unity are　influenced by　the photochemical　reaction in the gas
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phase　and/or　the　surface　reaction.工ｎ　our　experiment, the　rise　in

surface　temperature of　the　substrate　from　the　uv　light　in　the　uv

wavelength region used　is negligible as the　light power is　low

(0.4-3.4mW/cm2).　The　difference　of　the ｄ４

without　ａ　light　irradiation, decreases　as　the　substrate　tempera-

ture　increases.　The　decrease of　the deposition rate　above　３５００Ｃ

may　be　attributed　to　reevaporation and　change　in　the　sticking

coefficient.

　　　　　C-axis　oriented　ZnO　f i 1ms　were　grown　successfully　at　ａ

substrate temperature of ２５００Ｃunder　light irradiation of　２２０－

41Onm.as　shown in Fig.7.3. However, film grown under 320-410nm

irradiation showed ａ　strong x-ray　peak　from (00'2) planes, as　well

as weak peaks　from (1 0･0), (10･1 ) and (1 1･0) planes.　Without irra-

diation, films　obtained at　2500C　showed weak　peaks　from (100),

（００･２), (10-1)　and (11･0) planes,as　shown　in　Fig.7.3　, and　c-axis

oriented　films　could　be　grown　at　ａ　substrate　temperature　of　more

than　３０００Ｃ　regardless　of　whether　or　not　light　irradiation oc-

curred.　When　ZnO　films　are　grown　on　glass　substrates,the　growth

obeys　Bravais's　rule　and　films　grown generally　show c-axis orien-

tation.as　is　well　known [17,18］．　　　Our　experimenta1 ．results　men-

tioned　above (as　shown　in　Fig.7.3) reveal　that　uv　irradiation

allows　crystal　growth at　lower　substrate　temperatures, and photon

energy　assists　the　reaction　in　the　vapor　phase, and also　surface

reactions　such　as　　adsorption,　desorption, and　acceleration　of

surface　migration　and　photo　induced　carrier excitation effect.

7-1-5. Photodeposition　of　ZnO　Films　using　the　Reaction　between
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Fig.7.3.　x-ray diffractﾆion patterns of　ZnO fi 1ms grown ｂｙ： （ａ）

　　　　　　　　　ＭＯＣＶＤ;（ｂ）ｐｈｏｔｏ－ＭＯＣＶＤ　（３２０－４１０ｎｍ;　０．４ｍＷ／ｃｍ２）；（ｃ）

　　　　　　　　　photo-MOCVD (220-41Onm, 0.7mW/cm2).
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　　　　　　　　　Diethylzincand NO 2

　　　　　Photodeposition　using the　reaction between DEZ　and N02 (dis-

sociated　under　398nm)［１９－２！］was　also　carried　out.　工ｎ　contrast

to　the rapid reaction between DEZ and O2
f　DEZ hardly

react with

N02　directly　at　substrate　temperature lower　than １５００Ｃ．　The

light source used was ａ high pressure mercury　lamp.　Figure ７．４

shows　the　dependence　of　the　deposition　rate　on　the　substrate

temperature.　The　deposition　rate　of　films　grown　by　photo-MOCVD

proved to be higher than that of fi 1ms grown by thermal-MOCVD.

This　means　that　the　wavelength　of　the　light　source used　coincide

with　the　dissociation wavelength of　DEZ　and　N02,　and　also　the　uv

light　has　an effect　on the　surface　reactions。

　　　　　The　X-ray　diffraction　patterns　of　films　grown　by　MOCVD　and

photo-MOCVD,utilizing　the　reaction　of　DEZ　with N02,　at　ａ　sub-

strate　temperature　of　１５００Ｃ　are　shown　in　Fig.7.5.　　From　this

figure　it　can　be　seen　that　the　x-ray　intensity　from　ａ　photo-

deposited film　is　stronger than that　from ａ　film without　light

irradiation, although　the　film　thickness　of　both　samples　are

nearly the same.　The standard deviation angle which　indicates

the degree　of　c-axis orientation of　films obtained by photo-MOCVD

at　１５００Ｃ　is　about　６０．　Photodeposition　fi 1ms　showed　ａ　lower

standard　deviation angle　than those of　films　grown under no photo

irradiation as　in the　case of　using　DEZ　and　Ｏ２。

　　　　　The　dependence of　resistivity on　substrate　temperature (150-

450°C)　was　also　examined,as　shown　in　Fig.7.6.　　The　lowest　resis-

tivity　of　the　ZnO　films　was　observed　at　ａ　substrate　temperature

of about　3000C．　The decrease in resistivity as the temperature
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Fig.7.4.　Variation　of　the　deposition　rate　as　ａ　function　of

　　　　　　　　　substrate　temperature　and　effect　of　the　uv　light

　　　　　　　　　irradiation　on　the　deposition　rate.　DEZ = 3.2x

　　　　　　　　　10 ~^mol/min,　NO2=3.2　×　1 0 ~'*mol /min,　Ｐｔ°1 Torr,
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Fig.7.5.　x-ray　diffraction　patterns　of　ZnO　films　at　ａ　substrate

　　　　　　　　　temperature　of　1 50°C　ｂｙ：(a) MOCVD; (b) photo-MOCVD

　　　　　　　　　(250-41Onm;　２．２ｍＷ／ｃｎ２）．　DEZ=1.4　×　1 0 ~ mol/min,
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increased from １５０to ３０００Ｃcan be related to the increase in the

Hall　mobility　caused　by　an　improvement　in　the　crystallinity　of

the　films.　The variation of　the　film resistivity above　３０００Ｃmay

be　caused　by　decreasing　the　carrier　concentration.　Photodepos-

ited　films　had resistivities　ｏｆｌ－１０４Ωｃｍwhile　films grown under

no　light irradiation　showed　resistivities　of １０－１０７ficm.　Photo-

deposited　films　showed　lower resistivities　than those of non-pho-

todeposited　films　at　the　same　substrate　temperatures.　The　lower

resistivities　of　photodeposited　f i 1ms may be attributed to the

better　crystal Unity,　as　mentioned above.

7-2.　Effects of　uv Light　Irradiation on　the Growth of　ZnO　Films

　７－２－１．　工ntroduction

　　　　　Photoprocessing　，　such　as　laser-induced　CVD　and　laser

etching,　has　proved to be an excellent　technology in the produc-

tion　of　ｖＬＳ工　and　other　devices［22].　The　photochemical　depo-

sition of metals, insulators, amorphous materials and　semiconduc-

tors　using　laser　techno logy　has　been　attracting　considerable

attention　because　of　the　need　for　processes　free　from　ion　damage

and　which　occur　at low processing　temperature.　Ｔｈｅ･ photo-CVD

process a lso has　the advantages of micro　fabrication with　fine

resolution, the　ability of doping　in　local　areas, and　the　possi-

bility　of　controlling　the　photochemical　process　by　changing　the

light wavelength［２３１．　However, the mechanisms of photopyrolytic

deposition　are　very　complicated, and　the　influence　of　photon

energy on crystal　growth is　still　largely unknown。

　　　　　Recentry, the　photo-CVD　technique　for　the　deposition　of　ZnO
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thin　f i 1ms　has　been　employed　by R.Solanki,et　ａ１．［11 ,12].　　In

their　work,　laser　photodissociation　of　organometallie　DMZ (di-

methylzinc),　and NOo　and Ｎ２０　has　been　performed　to　obtain　ZnO

films　with high deposition rates.　However, the　effects　of　photo-

chemica ｌ　reactions　in　the　gas phase and on the　surface on fi lm

growth　characteristics (growth　rate, crystal Unity, surface　raor-

phology, and electrical　properties) stiｌｌ　remain unknown.

　　　　　工ｎ　our　group,c-axis　oriented　ZnO　films　for　applications　to

SAW devices and optical waveguide devices, using DEZ (diethyl-

zinc),　and O2　and NO 2 as source materials,　have been　successfully

grown　at　ａ １０ｗ　substrate　temperature (150°C) by　using　the　photo-

MOCVD technique with either ａ Hg　or ａ Xe-Hg　lamp［２４］．　工ｎ･our

experiments, the　observed　effects　of　uv　light　irradiation during

the growth run included an ･increase in the　deposition rate, an

improvement　in c-axis orientation and ａ decrease in electrical

resistivity.　Therefore, in ｒｅぎ．２４戸

fects　were　caused　by　gas　phase　and/or　surface　reactions.　　How-

ever, the　different　effects　between　gas　phase　and　surface　reac-

tions on the growth of ZnO film have not been clarified.

　　　　　工ｎ　this　section, photochemical　reactions　in the　gas　phase

were　separated　from　surface　reactions　by　using　an　excimer　laser

as　ａ　light　source,　and　the　effects　of　these　reactions　on　the

growth　of　ZnO　film are described.

7-2-2.　Experimental　Procedure

　　　　The　experimental　arrangement　is　shown　schematica1ly　in

Fig.7.7 The　ZnO　layers were grown using　DEZ(Zn(C2H5)2) and　NO2
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as　source　materials.　The　ｆ １０ｗ　rates　of　gaseous　species　were

regulated　by　mass　ｆ １０ｗ　control lers (STEC　工nc. SEC-300).　The

chamber measures　1 5cm　in diameter and 20cm in height, and has ａ

Ar purge system designed to prevent ZnO deposition on the fused

quartz　window.　The reaction chamber was evacuated by ａ rotary

pump (500　1/min) and　the　reactor　pressure　was　controlled　by　ａ

throttle　valve.　工ｎ the present experiment, the　flow rates of DEZ

and　N02　were　1.3　×　１０‾５　(mol/min) and　３．０　×　１０－５（ｍ０１／ｍｉｎ）

（［Ｖ工］／［工工］=2.3),　respective ly-　The　reactor　pressure　was　ｌ　Torr

during　the　growth　run.　An　ｅχcimer　laser (Hamamatsu　Photonics

ＣＯ･,Ltd. C2540) operating at　248nm(KrF), with ａ repetition rate

of　30Hz and average power of　0.8W was used as ａ　light source　to

study　the　gas　phase and　surface reactions.　DEZ　and ＮＯ２（ｗｈｉｃｈhas

larger　absorption　cross　sectﾆions　than Ｎ２０）ｈａｖｅ　optical　absorp-

tion　bands　in　the　ultraviolet　region［13-15,17-21], and　are

photodissociated　at　248nm。

　　　　　工ｎ　our　photo-MOCVD, in　order　to　investigate　the　effects　of

the　gas　phase　and　surface　reactions　by　uv　ｌ ight　on　the　growth　of

ZnO, incident　laser　beams　were　directed　in　two　distinct　ways･

工ｎ　order　to　study　the　photo-CVD　process　in　the　gas　phase, the

laser beam was directed parallei　to the　substrate by changing the

angle of susceptor to the　light source.　The parallei　incident

laser beam passed about　1mm above　the　substrate　in order to cause

deposition.　To　change　photon　density　this　laser　beam　was　intro-

duced　in　three　ways　as　follows;　1 ) without　ａ　lens, 2) with　ａ

cylindrical　lens(f =1 5cm), 3) with　ａ　convex　lens(f = 1 5cm).　The

samples　were　also　situated　on　the　ｌでont　side　of　the　susceptor at
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an angle of ４５０to the incident laser light in order to study the

effects of surface reactions on growth.　Corning 7059 glass and

fused　quartz　　were　used　as　substrates.　The　glass　substrate　does

not　transmit　KrF　laser　light, while　the　quartz　substrate　is

transparent　to　it.　The　structural　nature　of　the　films　was　exam-

ined by x-ray diffraction, reflection electron diffraction and

scanning electron microscopy.　Film　thickness was measured with ａ

mechanical　micro　stylus　profile　meter　(Taylor-Hobson　Ｃｏ･，

Talysurf　4) and　by　in-situ　monitoring　of　reflectance　using　ａ　He-

Ne　laser　system.

　7-2-3.　Gas Phase Reaction

　　　　Theparallei　incident　laser　light with ａ rectangular beam of

１０×２２mm passed above the substrate and caused deposition in

the　three　ways　mentioned　above.　The　growth　rate　of　fi 1ms　Ob-

tained　with　and　without　light　irradiation　was　compared.　　Figure

７．８　shows　the　change　ingrowth rate as ａ function of　substrate

temperature.　The　growth　rate　was　affected by　the　uv　ｌight　irra-

diation as well　as　the photon density of　the　incident　laser　light

beam.　when　the　laser　ｌ ight was　introduced　without　a lens　or

with ａ　cylindrical　lens, no increase over the　thermal　growth rate

was　observed.　However, an 25-50%　enhancement　in growth rate was

obtained　when　the　laser　beam　was　focused　with　ａ　convex　lens.

When ａ　laser beam is　focused into ａ spot in ａ gas phase, highly

excited　gaseous　species　are　formed.　Therefore our result sug-

gests　that　the　high excitation of　DEZ　and/or Ｎ０２accelerates　the

reaction ｔごｏproduce　the activated species and adsorbed species
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responsible　for　ZnO　growth.

　　　　　Thecrystalline　properties of　ZnO films were evaluated by an

x-ray diffraction technique and ａ　reflection high energy　electron

diffraction (RHEED) technique.　x-ray　diffraction　patterns　of

films　grown at higher　than　200°C　showed only ａ（．００。■2)peak (c一axis

planes　parallel　to　the　substrate surface).　The x-ray diffraction

patterns　of　ZnO　films　obtained　on　glass　substrates　with　and

without　laser　light　irradiation at　ａ　substrate　temperature　of

２０００Ｃ　showed　little　difference　in　crystal Unity　as　shown　in

Fig.7.9.　　　From　this　figure　it　can be　seen　that　the　χ-ray　inten-

sity　and　the　line　width　of　the (00･2) diffraction　peak　are　almost

same.　The　value‘Ｓ　of　the　line width of　the (00･2) diffractions　are

between　０.７０　and　０．７５０．　　The　RHEED　patterns　of　the　same　samples

measured　above　also　showed　ａ　typical　pattern　of　c-axis　oriented

ZnO　film.　　These　x-ray　diffraction　and　RHEED observation　indi-

cates　that the crystal Unity of the fi 1ms is not substantially

altered　by　the　introduction　of　light　or　various　photon　density･

The　crystal Unity　of　f i 1ms　on　quartz　substrates　was　also　un-

changed regardless of　laser　ｌ ight　irradiation.

　　　　　Surface　morphology　of　the　films　was　observed　by　ａ　scanning

electron　microscope (SEM).　Using　this　technique　the　surface

differences　of　the　films observed　was　insignificant.

　　　　　Electrical resistivities of　ZnO fi 1ms were measured.　The

films　had　resistivities　of １００－･１０６ΩＣｍand resistivities were

strongly　dependent　on　the　substrate　temperature　as　shown　in

Fig.7.10.　．･　The variation　of　the　film　resistivity　with　substrate

temperature　is　caused　by　the　competition　between　crystallization
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Fig.7.9.　x-ray　diffraction　patterns　of　ZnO　films　grown　at　2000C

　　　　　　　　by: (a) MOCVD; (b) photo-MOCVD (without　ａ　lens); (c)

　　　　　　　　　photo-MOCVD (with ａ cylindrical　lens); (d) photo-MOCVD

　　　　　　　　　(with　ａ　convex　lens).　工ｎ　photo-MOCVD, laser　beams

　　　　　　　　　passed　above　the　substrates.
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and degree of　nonstoichiometry of　the　fi 1ms.　Resistivities of

the films　showed nearly the same　values regardless of　the differ-

ent kind of　irradiation.　　This means　that　the electrical　charac-

teristics　are　not　dependent　on　the　laser　light　irradiation　in　ａ

gas　phase, and　suggest　that　the　surface reaction　rather　than　the

gas　phase　reaction　plays　an　important　role　in　determining　elec-

trical　characteristics　and　growth rate (see under ”７－２－４．　Surface

reaction”）．

　7-2-4.　Surface Reaction

　　　　　工ｎ　this　experiment　the　substrate　surface　was　set　at an

incline of　４５０to the　incident　laser　beam as　shown　in Fig.7.7.,

so　that　surface　as　well　as　the gas phase reactions occurr upon

irradiation.　　However, the more　effective　reaction of　the　two　is

clarified　by　comparing　the　results　of　section　'7-2-4.' with　ｌ７－２－

3.'.　　工ｎorder to prevent the　surface temperature　from rising,

the　average　laser　power　used was　under ０．８Ｗand　the　laser beam

was　introduced without ａ　lens.　　Figure　7,1 1　　shows　the　growth

rate as　ａ　function of　substrate temperature.　　Photo-deposited

films on glass　and quartz　substrates　had higher growth　rates　than

those　obtained　without　laser　light　irradiation　at　the　same　sub-

strate　temperatures.　This increase　in　the　growth　rate　may　be

caused　by　the　photodissociation　of　adsorbed　species　on　the　sub-

strate　surface　and photo-induced　carrier　excitation　effects［２５］．

The　growth rate also　increased as　the　incident　laser power was

increased, when　the　substrate　temperature　was　kept　at　2000C．

This　power　dependence　on　growth　rate　suggests　that　the　enhance-
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ment of　the　surface　reaction depends　on　laser　power.

　　　　　C-axis　oriented　ZnO　films　were　grown　on glass　substrates　by

photo-CVD　at　　substrate　temperatures　higher　than　１５００Ｃ．　Figure

７．１２　shows　the typica １　X-ray diffraction patterns　of　the　fi 1ms

grown with and without　laser　light　irradiation.　　The　films　grown

without　photo irradiation at １５００Ｃand ２０００Ｃwere polycrystal-

line, and　showed　the　weak and broad (002) peak (the　ｌ ine width

were 0.9° and　0.6°, respectively.).　　０ｎ　the other　hand, the　χ－

ray diffraction patterns　of　the　films obtained by photo-CVD at

１５００Ｃ　and　２０００Ｃshowed　the　strong　and　sharp (002) peak (the　line

width were　0.５５０ and　0.35°), and　ａ　great　improvement　in　c-axis

orientation　was　observed,　as　shown　in　Fig.7.1 2..　　The　RHEED

patterns　of　these　films　al so　showed　an　improvement　in　c-axis

orientation　compared　with　those　of　fi 1ms　grown under　no　laser

ｌ ight irradiation.　　This　improvement in c-axis orientation of

fi 1ms　was　a lso　observed　when　fused　quartz　was　used　as　ａ　sub-

strate.　The　better　quality　f i 1ms　could　be　explained　by　more

complete dissociation of DEZ and N02, and the role of uv light on

enhancing mobili七y of　adsorbed　species.

　　　　　SEM　observations　showed　that　laser　light　irradiation　also

did not　produce ａ great　improvement　in　surface morphology　in most

cases　and　showed ，the enlargement　of grains.

　　　　　Figure　7.13　shows　electrical　resistivities　of　ZnO　films　as

ａ　function of　substrate　temperature.　工ｔ　is noted　that　the　resis-

tivity　is　decreased by　increasing　the　substrate　temperature.　ZnO

fi lms　grown by photo-MOCVD have　lower resistivities （１０‾１－１０（ｌｌ

cm) than　those　obtained　without　photo　irradiation.　　The　im-
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Fig.7.12.　　x-ray diffraction patterns of ZnO films　grown ｂｙ：（ａ）

　　　　　　　　　　MOCVD (150°C);　（ｂ）ＭＯＣＶＤ（2000C）；　（ｃ）ｐｈｏｔｏ－ＭＯＣＶＤ

　　　　　　　　　　（1500C）；（ｄ）ｐｈｏｔｏ－ＭＯＣＶＤ（2000C）．　工ｎ　photo-MOCVD, the

　　　　　　　　　　substrates were directly　irradiated by　laser beams.
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Fig.7.13.　Effect　of　uv　laser　light　irradiation　on　the

　　　　　　　　　　resistivity　of　ZnO　films　when　the　substrates　were

　　　　　　　　　　directly　irradiated.
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provement　in　c-axis　orientation of　film with photo irradiation is

one　of　the most　effective　causes　in　the　decrease　of　　fi lm　resis-

tivity。

　　　　　As　mentioned　above, the　different　characteristics　of　films

grown using photochemical reactions in the gas phase and at the

surface　were　observed.　The　improvement　in　crystal Unity　of　ZnO

films　on sapphire　substrates　for obtaining　single　crystalline

films　was　also　observed　only　when　the　substrates were　irradiated

direct 1y.　　These　results show that the surface photochemical

reactions　caused by uv　ｌight irradiation play ａ very important

role　in　adsorption, desorptiori/ the　photo　induced　carrier　excita-

tion effect on both the deposited ZnO layers and on the substrate

［25], and　acceleration of　surface migration.　　The　detaiIs　of

photochemical　reactions　which　occur　at　the　sample　surface　still

remain　unknown　because　they　are　very　complicated, and　difficult

to　observe　in　situ.　　At　this　stage, we　have　observed　the　effects

of　laser　light irradiation on the　initial　adsorbed DEZ and N02

species　which, in turn, affected the　succeeding photo-CVD pro-

cess. Therefore, we　think that　the　effects　of　uv　light　irradia-

tion on　the adsorbed species　is　one of the important factors　in

photo-CVD.

　　　　　For　chemical　interaction　on　light　absorbing　substrates, the

substrate heating effect by direct　laser　irradiation　is　an　impor-

tant　factor　in determining　the　surface reaction rates.　工ｎ our

experiment, the solution of　the ･heat conduction equation shows

that　an　estimation　of　the　surface temperature rise　caused by ａ

laser beam should be　lower than　about　300C［２６］．　　工ｔ　has　been
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shown　that　the　same　photo　irradiation　effects　can　be　observed

when　uv　lamps　with　１０ｗ　irradiation　power　are　used　as　ａ　light

source【２４】．　Therefore　the uv　photoirradiation effects mentioned

in　this　paper are　light-induced and not　thermal.

7-3.　Conclusion　　　　　　　　　　　　　　　　　　　　。

　　　　　工ｎ　summary,　metallic　Zn　films and c-axis　oriented　ZnO　films

have　been　successfully grown, the　former at　room　temperature　and

the　latter　at　ａ　substrate　temperature of　150°C, respectively, by

photo-MOCVD.　工ｎ　our deposition　technique, the　uv　light　has

effects　on　growth　rate, crystal Unity　and resistivity because of

its　important　role　in　the　gas　phase　reaction　and　the　surface

reaction. The　light source was ａ mercury　lamp or xenon-mercury

lamp･　Consequently, a　complex　　light　source　system, such　as　an

excimer　laser, is　not　always　necessary　to　obtain　ZnO　films。

　　　　　Photo-MOCVD　experiments　were　also　performed, using　DEZ　and

NO, as source materials and an excimer laser as ａ light　source,

to　investigate　the　effect　of　uv　ｌ ight　on　　the　gas　phase　and

surface　reactions　responsible　for　the　growth　of　ZnO.　　The　inci-

dent　laser　beam　was directed　in　two　distinct　ways・ ＼ When　the

laser　light was　induced above the　substrate,　photochemica ｌ　reac-

tions which occurred　in the gas　phase affected　the　growth rate of

films but　the crystal Unity was not affected.　　When　the　substrate

was　irradiated directly by ａ　laser　light beam,　changes　in the

growth rate, the ｃ－ａχisorientation, and　the electrical　resis-

tivity　of　ZnO　films　were　observed.　工ｎ　this　experiment,　c-axis

oriented ZnO fi 1ms　have been　grown　successful ly　on glass　sub-
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strates　at　ａ　substrate　temperature　of　150°C.　These　experimental

results　indicate　that　surface　reactions　induced by　photon energy,

such　as　　photoadsorption,　photodesorption,　photoinduced　carrier

excitation　effect　and　photocatalytic　reaction, play　an　important

role　in　affecting　the　growth　of　ZnO　films.　　These detailed　sur-

face　reactions　are　now　under　investigation.
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CHAPTER Ｖ工工工. CONCLUSIONS

　　　　　工ｎ　this　study, the　growth　of　ZnO　thin　fi 1ms　by　various

techniques　and　　　　their　characteristics　were　investigated. The

applications　of　the　obtained　ZnO　films, such as　optical　wave-

guides, piezoelectric　transducers　and　solar　cells/ were　also

investigated.　　The　following results　were obtained.

（１）　Ａ historical background of this study and　the　purpose of

the　study　were　described.　　(CHAPTER　工．）

（２）　Singlecrystal　ZnO films　with　　smooth　surfaces　have　been

grown　on　sapphire　substrates　by　ａ　ＣＶＤ（ ZnO-H-,-O2-H2O) system.

　　　　　　　一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－The (1120)and (0001) ZnO have been grown epitaxially on (0112)

and (0001) sapphire　substrates.　　工ｎ　this　CVD　method, at　the

first　step　of　the　film　growth, an　intermediate　thin　layer ｗ仇ｓ

deposited　by ａ　sputtering　system.　　At　succeeding process,　ａ　ZnO-

Ｈ２‾Ｈ２０‾０２　chemica ｌ　reaction syatem m≪,s carried out.　･The　interme-

diate　sputter-deposited　ZnO　layer　play≪ian　important　role　of

providing ａ　high density　of　nuclei　in　succeeding　CVD　process･

This　layer also acts as ａ buffer　layer which reduce the differ-

ence　ｏｆ･ thermal　expansion coefficient at　lattice　constant between

ZnO　and　sapphire.　　The　successful　selective　crystal　growth　was

made　by using this　CVD　technique.

　　　　　The as-grown　films　showed ａ　n-type　conduction and had resis-

tivities of　１０‾２-１０‾ｌｌΩ゛ｃｍｆ　Hallmobilities of　40-120 cm^/Vsec and

carrier　concentrations　of 1017－1018　cm‾３．　　　The　temperature　de-

pendence　of　these　electrical　properties　was　very　weak.　This

suggest　that　the　obtained ZnO　fi 1ms are　degenerated　or　have　some
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shallow doners.　　The dependence of electrical　properties on film

thickness also showed the existence of highly conductive　layer　at

the　interface　between　ZnO　and　sapphire.　　Fi 1ms　with　average

transmittance above ８０１in visible region were obtained.　　The

electrical　and optical　characteristics were　strongly dependent on

the　growth　rate ･and　substrate　temperature. (CHAPTER　工工．）

（３）　The　low　losses　　epitaxial　ZnO　　optical　waveguides　were

fabricated　by　the　CVD　metod.　　The　minimum　attenuation　loss

obtained was　0.87 dB/cm for TEq °ode ゛at6328λ．　　The ridge type

optical　waveguides　with　about　２．５　μｍ　width　were　also　fabricated

by　the　selective area growth technique　in our CVD.　　The ridge

type　waveguide　showed　the　attenuation　loss　of　40.3　dB/cm.

(CHAPTER　工工工．）

（４）　Ａhigly　c-axis　oriented　ZnO　thin　film　with　ａ　high optical

transparency　was　grown　at　ａ　high　growth　rate　of　９０　μm/hr　on　ａ

silicon　substrate by ａ　ZnO-H2-O2-H2O CVD system.　　Thin ZnO films

were reproducibly obtained on　silicon　substrates　only when　an

intermediately　sputterd　thin　ZnO ’layer　was　presented.　　工ｎ　this

CVD　method, the　intermediate　thin　ZnO　layer　provides　ａ　high

density　of　nuclei　and　servies　as ａ　buffer　layer　in succeeding CVD

process.　Ａ ZnOfilm was selectively chemical-vapor-deposited on

the　part　of　the　Ｓｉ･licon　substrate　with　ａ　very　thin　sputter-

deposited　ZnO　layer,　with　no　chemical　vapor　deposition　on　the

bare　silicon substrate itself.　　The　１０ｗ resistivity,　combined

with　optical　transparency　at　visible　to　infrared, surface　flat-

ness, and good adherence to the si 1 icon substrate of the ZnO film

suggest　the　f easibi lity of　ZnO/Si　heteroj unction　solar　eelIs,
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which　have　shown　ａ　rather　poor　conversion　efficiency　of　0.92%　so

far.　(CHAPTER　工Ｖ．）

（５）　Plasma-enhanced　metalorganic　chemical　vapor　deposition,

using diethylzinc as ａ source of Zn, has proved to be an exce １－

lent　method　to　obtain　ZnO　films　at　low　substrate　teperatures.

Highly c-axis oriented and epitaxial　ZnO films have been grown on

glass ・and　sapphire　substrates　at　substrate　temperatures　of　１５０－

350°C.　　　工ｎ　this　method, ZnO　films　were　obtained by　reacting

diethylzinc with C02　or Ｏ２　gas.　　The crystallographic properties

and　surface　morfology　of　the　films　were　greatly　affected　by　the

rf input poweqlevel, the substrate temperature and the growth

rate。

　　　　　Thin　ZnO　films　with　ａ　high degree　of　c-axis　orientation　has

been　grown on Si, SiO^/Si, ceramic and polyimide　substrates at

substrates　temperatures　of　２００－３５００Ｃ　and　rf　input　power　of　150-

260W,　using　C02　as　an　oxidizing　gas.　　　utilizing　the　reaction　of

diethylzinc　with NO,,　highly　c-axis　oriented　f i 1ms　have　been

obtained, on glass　substrate　at　substrate　temperatures　of　150-

３５００Ｃ　and　rf　input　power of　60-260W, and epitaxial　films　have

been　grown　on　sapphire　substrates　at　higer　than　250°C　and　rf

input　power　of　more　than　１ ００Ｗ．　　Ａ　piezoelectric　transducer　with

ａ　fundamenta １ frequency　of　35MHz　and　heteroj unction　solar　cells

were　obtained　by　using　the　plasms-deposited　ZnO　f i 1ms.　　The

maximum conversion　efficiencies　obtained　with　an　n-ZnO/p-Si　cell

and　n-ZnO/p-CdTe　eel 1 were　0.95%　and　4.4%, respectively・

(CHAPTER Ｖ．）

（６）　For　the　　first　time, a　low　pressuer　microwave　discharge
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process has　been used　to deposit c-axis oriented and epitaxial

ZnO thin　films.　　The growth of　ZnO films were accomplished by

using　the reaction between diethylzinc, and microwave(2.4 5GHz)

oxygen　or　dinitrogen　monooxide　plasmas　at　substrate　temperatures

of　１５０　and　400°C, respectively.　　　工ｎ　this method, ZnO　films　have

been ottained at ａ maximum distance of 50cm　from　the　microwave

plasma　region　because　of　the　fact　that　the　active　oxygen　and

dinitrogen　monooxide　species　have　ａ　long　life　time.　　Therefore,

film deposition can be　free　from plasma damage and the　surface of

the　ZnO　films　obtained　showed　good　flatness.　　The　crysta １logra-

phic, and electrical　and optical　properties of　films were strong-

１ｙ dependent on the growth conditions.　　The　control　of　resistiv-

ity was　carried　out　by　doping Li　and Ａ１．　　c-Axis　oriented　ZnO

film showed the minimum optical　waveguide　loss　of　2.0dB/cm for

TE. °ode °ｔ 6328A. (CHAPTER　Ｖ工．）
■

（７）　Zn　f i Iras and c-axis oriented ZnO fi 1ms　have been　success-

fully grown, the former at room temperature and the　latter at ａ

substrate　temperature of　ｌ･50°C, respectively, by photo-MOCVD,

using　ａ　mercury　lamp　and　ａ　xenon-mercury　lamp　as　ａ　light　source,

and DEZ　as　ａ　source　of　Zn,　and　Ｏ２･ and　NOj　as an　oxidizing　ｇａｓ･

The effects　of　ultraviolet　light　irradiation on the growth of　ZnO

have　been　ｅχamined.　　An　increase in　the　growth rate, an　improve-

ment　in　c-axis　orientation　and　ａ　decrease　in　the　electrical

resistivity of　ZnO film were observed when the　substrates were

irradiated　by　an　ultraviolet　light　during　the　growth　run.

　　　　The effects of uv laser　light irradiation on the growth of

ZnO　films　by　photo-MOCVD, using　DEZ　and　NO 2　as source　materials
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and an excimer　laser as ａ　light source, have been investigated.

When　the　laser　beams　were　passed　above　the　substrates, the　film

growth　rate　changed　compared　to　growth　without　laser light.

When　the　substrates　were　directly　irradiated　by　the　laser　beam,

the　observed　effects　included　an　increase　in　the　growth　rate　of

the　film, an　improvement　in　c-axis　orientation　and　ａ　decrease　in

the　electrical　resistivity　of　the　ZnO　film.　　These　results mean

that　surface　reactions　play ａ　very　important　role　in　photo-MOCVD

of　ZnO.　(CHAPTER　Ｖ工工.）
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APPENDIX　ｚ MECHANICAL PROPERTIES OF FILM

1-1.　Adhesion of　ZnO Films　to Substrates

　ｌ－１－１。　工ntroduction

　　　　　The　strength and durability　of ａ　relatively　fragile　film　is

largely・dependent on　the adhesion between　the　film and　substrate.

Adhesion　is　the　force　of　static　friction between two bodies or

the　effects　of　this　force. Since adhesion　is　related　to　the

nature　and　the　strength　of　the　binding　forces　at　interfaces

between　the　two　materials　in　contact　with　each　other, a　study　of

thin　film　is　of　both practical　and fundamental　interest.

　　　　　Manyattemps have been used　to measure　adhesive　force.

The　typical　methods　for measuring adhesion are as　follows;

　1) scratch　test [1-9］

　2) pull　test [10-11］

　3) peel　test ("scotch　tape"　test)［12-13］

　4) others　　　　i) topple　test［１４１

　　　　　　　　　　　　　　ｉｉ］abrasion　test[15-16］

　　　　　　　　　　　　　iii)ultrasonic　test [17]

　　　　　　　　　　　　　　iV)centrifugal　force test [18-20］

Among　these　methods　mentioned　above　pee ｌ　method {tape　method) is

simplest　one.　This　method　employs　an　adhesive　tape　to　lift　the

film off　the　substrate　and gives　only qualitative　results.　Ten-

sile　tester (pull　test), ultrasonic　vibrations (ultrasonic　test),

and　ultra　centrifuge (centrifuge　test) have　been　employed　to

apply　the　required　force　but with　inconsistent　results.

　　　　　工　our　study　the　scratch　tests　suggested by　Heavens was used

-182 －



to measure　adhesion ｂｅｔﾆween　ZnO　fi lm and　the　substrates.

　1-1-2.　Ｅχperiemtal　Procedure

　　　　　工ｎ　the　scratch　test, a　smoothly　rounded　stylus　which　is

drawn　across　the　film　surface　is　used.　Ａ　vertical　load　applied

to　the stylus　is gradually increased until ａ critical　value is

reached.　The　film　is　peeled　from　the　substrate　and　ａ　clear

channel　is　left　when　ａ　critical　value　is　reached.　The　critical

load, the　scratch　channel　width　and　the　cracking　area　along　the

scratch　track of　the　film　indicate　the adhesion of　the　film。

　　　　　Theexperimental apparatus used in this　study was ａ micro-

hardness　tester (Taiyo Tester Co. Ltd. SM-2), which　is　shown in

Fig.1 .1.　This commercial hardness　tester has ａ　scratch stylus

similar　to　the Knoop hardness　indentor with diamond tips.　　The

loads　of　indentor can be　changed　from　３　grams　for weakly adherent

films　to　500grams　for　strongly　adherent　films, and　the　stage　on

which　sample　is　set can　be　moved　from ａ　velocity　of　O.iram/sec　to

0.36mm/sec.　The　scratched　traces　of　the　films　are　observed　by　ａ

microscope ・

　１－１－３．　Results　andDiscussion

　　　　　工ｎ　the　scratchtest technique, the extent of peeling of　film

by　indentor　indicates　the　amount　of　adhesion　to　be　studied.　The

load　of　indentor　was　changed　from　５(Ｊ　to　50g, and　the　stage　on

which　sample was　set was moved parallel　to the　tip of　indentor at

ａ　velocity　of　0.2mm/sec.　The　scratch　traces　were　inspected　by　ａ

microscope, as　shown　in Fig.l.2.■　This　figure　shows　ａ　typical
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scratch　test　of　adhesion　of　ZnO　film depoisited　on glass　sub-

strate　by　the　sputtering　and　PE-MO-CVD　methods.　The　scratch

track　width　increased　as　the　test　load　was　increased.　The　peel-

ing width and area along the　scratch track of　the　film grown by

the　sputtering method　was　somewhat　smaller　than　that of　the　film

grown　by　the　PE-MO-CVD method.　This　indicates　that　the　adhesion

of　plasma-deposited　ZnO　film　to　glass　substrates　is　somewhat

weaker　than　that　of　sputtered　ZnO　film.∧　The　optical　micrographs

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－of　scratch　tests　of　ZnO　film　on　sapphire (0112) substrate　by　the

sputtering, PE-MO-CVD and CVD method is　shown　in Fig.1.3. .ZnO

fi 1ms　illustra･ted in this figure are epitaxially grown on sap-

phire　substrate.　工ｎ　this　case　ｔｈざ　scratch　track・width　also

increased, with　increasing　ｔｈｅ一一test　load, and　so　much　difference
　　　　　　Ｉ-　●．　－　．’・

of the track width of the fi lm deposited by each method could not

be　found, which means　that epitaxially grown films obtained by

different deposition technique as mentioned　above　have　nearly

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－same　adhesion　to　sapphire (0112) substrate.　The adhesion test of

the　films　to the glass　substrate and　sapphire　substrate, as　shown

in Fig.1.4., clarifys that the adhesion between epitaxial　films

and　sapphire　substrate　is　stronger　than　that　between　c-axis

oriented　films and glass　substrate.

　　　　　The　adhesion between　ZnO　films and other　substrates was also

examined.　The　typical　scratched　traces　are　shown　in Fig.1.5.

The　width　and　area　of　peeling　increased with　increasing　load.

The peeling area of the fi 1ms on glass and (Ill )Si substrates was

larger　than　that　ｏｎＳｉ０２／（１００）Ｓｉ　and　polyimide　films　at　the　same

load.　工ｎ　the　case　of　polyimide　substrate, the　scratch　width
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increased with increasing　load, although no peeling of the ZnO

film　was　observed.　Polyiraide　substrates　with　thick　ZnO　deposi-

tion　curled　up　owing　to　difference　between　ZnO　and　polyimide　of

the　expansion coefficience, but　the　films did not peel　off　the

substrates.　These facts　show that the adhesion between the ZnO

film and the polyimide substrate is considerably stronger　than

that　between　the　film　and other　substrates。

　　　　　Figure1.6　shows　the　results of　the adhesion test for　ZnO

fi 1ms　grown　by　PE-MO-CVD　and　also　by　sputtering　to　polyimide

substrates.　The sputtering system used was an rf planar magne-

tron　sputtering　system.　The　peeling　and　cracking　area　along　the

scratch　track of　the　film grown by　the　sputtering was　somewhat

larger　than　that　of　the　film by PE-MO-CVD.

1-2.　Microhardness　of　ZnO Films

　ｌ－２－１。　工ntroduction　　　　゛

　　　　　Whatever　the　applicationof　thin films may be　their mechani-

cal　stability are also essential qualities.　The hardness　is ａ

kind　of mechanical　properties　of　film and　is defined as ａ resist-

ance　of　ａ　metal　or other material　to　indentation, scratching,

abrasion, or　cutting.　　Some　methods　are　used　to　determine　the

relative hardness　of　ａ metal, mineral, or other material　accord-

ing　to one of　several　scales, such as Brinell, Mohs, or Shore.

The　hardness　test using　light　test　loads　is　called microhardness

test.　The relative hardness of materials　is determined by the

Knoop　indentation　test and　Vikcers　hardness　test［２０１．　The　Knoop

test　has higher　sensitivity　than the Vickers　test in measuring
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the　film hardness, and　is　suitable　for microhardness　test of　thin

film.　工ｎ this　study the relative microhardness of　ａ　ZnO　filmwas

determined　by　the　Knoop　indentation　test.

　１－２－２．　Experimental　Procedure

　　　　　工ｎ　microhardness　test, a　microhardness　tester (Taiyo　Tester

Co.　Ltd. SM-2) was also used.　Ａ diamond pyramid　indenter which

has　ａ　rhombic　base　with　diagonals　in　ａ　ｌ：７　ratio　and　included

apical　angles　of　1300 and　172°30' is　forced　under　variable　loads

into　the　surface　of　ａ　test　specimen.　The　relative　microhardness

i s　determined　by　the　depth　to　which　the　Knoop　indenter

penetrates.

The Knoop hardness　is given by

　　　　　"k　°　Ｆ／0.0702812

where　Ｆ　is　ａ　load　and　ｌ　is　ａ　diagonal (see　Fig.1.7).

　１－２－３．　Results　and　Discussion

　　　　　The　Knoop　hardness　of　films　obtained　by　CVD, PE-MO-CVD　and

sputtering　was　measured.　　The　Knoop　ｈａｒｄｎｅｓｓ（Ｈｋ）ｉｓ　given　in

Table　1-1.　This　haradness　value　of　each　sample　is　averaged　one

over　five　times.　工ｔ　is　clear　that　the　Knoop hardness　of　film

prepared　by　CVD　is　smallest.　Fi 1ms　grown　on (0112) sapphire

substrate　show smaller hardness　value than that of　films grown on

glass　substrate.　This　facts　means　that　the　hardness　of　fi 1ms

depends　on　growth　plane.

1-3.　Conclusion
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Fig.1.7 .　The　knoop　hardness　test.

Table　ｌ－１．　Results　of　the　knoop　hardness　test.

Sample

CVD

HARDNESS　TEST

(Sapphire)

PE-CVD　(Sapphire)

PE-CVD　(Glass)

Sputter (Sapphire)

Ｓｐｌ止七er(Glass)

＼　　　　】[joad (g)

306.7

519.5

514.4

718.9

523.1

-192 －

５

15

15

１5

15

Depth (ym)

　　　０．５

　　　０．６

　　　０．７

０．6

0.7



　　　　　The　adhesion　of　highly　c-axis　oriented　and　epitaxial　ZnO

films　grown by　sputtering, CVD and PE-MO-CVD　to　glass, sapphire,

Si,　SiO2/Si，　ceramic　and polyimide　substrates　was measured.　This

adhesion test was performed by the scratch test technique.　The

adhesion of　ZnO fi 1ms　to　sapphire and polyimide substrates was

stronger than that to glass and Si substrates.　The adhesion of

thin　films　obtaine by PE-MO-CVD to polyimide　substrates　is fairly

good, not　inferior　to　that　when　the　sputtering method, is　ap-

plied.　The　Knoop　hardness　of　ZnO　film was　also measured, and　it

was found that the hardness of the CVD film was smaller than that

of　the　PE-MO-CVD and　sputtered fi 1ms.
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