


STUDY ON THE GROWTH OF ZnO THIN
FILMS AND THEIR APPLICATIONS

MASARU SHIMIZU

September 1989

Department of Electronics

DOC Kyoto University

1989




PREFACE

Remarkable advances have been made in recent years in the
science and technology of thin film 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 VLSI and many elec-
tro-optic devices have been reported. Numerious important pro-
cess for film deposition, such as thermal evaporation, sput-
tering, ioﬁ—plating, ionized-cluster-beam(ICB)deposition, chemi-
cal vapor deposition(CVD), plasma CVD, metalorganic CVD and pho-
to-CVD have been étudied.

Recently 2nO thin film has much attention for applications
. wave.

such as surface acoustig{SAW) devices, integrated optic devices,
heterojunctioh solar cell devices and transparent electrodes,
because of its large piezoelectricity, large optical refractive
indices, large acousto-optical, elecfro-optical and nonlinear-
optical coefficients, and high optical 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 quality ZnO films at low substrate temperatures
because of its high melting points. If new techniques for
growing ZnO film with good crystalline quality can be developed,
many applications will have great possibility.

This thethis describes the growth and properties of ZnO thin

films prepared by some techniques. The development of new fabri-



cation techniques using plasma and photon energy for obtaining
znO film at low substrate temperatures are also described.
~This thesis consists of 8 chapters. 1In chapter I, the

basic properties of 2n0O and a brief historical sketch are intro-
duced. .In chapter II and IV, the growth and properties of ZnO
film by chemical vapor deposition method are described. Chapter
111" describes the optical wavegquide properties and three dimen-
sional optical waveguide utilizing the selective film growth
technique. In chapter V and VI, new techniques for growing ZnO
film with high crystalline quality at low substrate temperatures
using plasma technology are investigated. Photo-MOCVD technique
and the effect of UV light irradiation on the growth are ex-
plained in detail in chapter VII. Chapter VIII summerizes

the conclusions of the present investigation.

Masaru Shimizu
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CHAPTER I. INTRODUCTION

Zinc Oxide (2n0O) is one of II-VI compounds and has the
wurtzite structure with the lattice parameter a=3.24A and c=5.19A
[1], It melts at temperatures higher than 1800°C and the density
is 5.6g/cm3 [1].

Zinc Oxide is an n-type semiconductor and the band gap of
this oxide is 3.2ev at room temperature. Its 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. 1In 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-
thermal method [2-4], by the traveling solvent zone technique [5]
and from vapor phase reaction [6-9].

In the hydrothermal method, large(10 to 20g) macroscopically
sound ZnO crystals suitable for preliminary transducer use have
been grown at rates of from 10 to 15mm/day [3].

Growth of ZnO single crystals by the travelling solvent zone

GA- HE.
technique was carried out by Walff and LaBella [5]. 1In this



method, PbFz was used as a solvent, and the temperature of the
hot zone was about 900°C. The rate of passing the system down-
wards was 3.5mm/day [5].

The vapor growth techniques have also been applied to the
growth of 2ZnO 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°cC.

Many growth techniques to obtain bulk Zn0O crystals as men-
tioned above have been developed. However current trends show
the more extensive applications of ZnO thin films. For example,
zn0 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‘E?éI%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], chemical 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



and rf sputtering methods. 1In the dc sputtering method, diode
sputtering [11,37,38] and triode sputtering methods [15,39-41]
have been carried out to obtain piezoelectric zZnO films. Zno
films with high resistivity have also been prepared by many rf
sputtering techniques [11-14,16].

ZnO thin films 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 the development of new techniques with high control-
lability for obtaining high quality 2ZnO thin films is required.
This thesis includes the research on some new developments in ZnO
thin filﬁ growth technology, explains the properties of these

newly obtained films, and illustrates various applications.
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CHAPTER IX. GROWTH AND PROPERTIES OF ZnO FILMS ON SAPPHIRE

SUBSTRATES BY CHEMICAL VAPOR DEPOSITION

2-1. Introduction

A ZnO thin film is one of the most promising materials for
devices utilizing their piezoélectrical and optical properties as
mentioned in Chapter I. Many studies on applications of ZnO to
surface acoustic wave, acoust-optic and optical waveguiding de-
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 2ZnO thin films, such
as sputtering, ion-plating, ionized-cluster-beam deposition,
spray‘pyrolysis, chemical vapor deposition (CVD) and metalorganic
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 films. However,
ZnO films obtained by this technigque are polycrystalline, and it
is very difficult to obtain single crystal films.

Recently, the growth of ZnO thin films by chemical vapor
deposition has become one of the most important methods of single
crystal ZnO film formation. Chemical vapor deposition can be
defined as a material synthesis method in which the constituents
of vapor phase react to form a solid £ilm 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:



1) chemical reactions of zinc-halide
ZnO single crystals were obtained by chemical reactions as
follows:
2ZnX, + O, > 2Zn0 + 2X, (2-1)
Needle-like ZnO single crystals were obtained by chemical reac-
tion of zinc-fluoride (zZnF,) with air at 950°C byrLKubo [1].
Takahashi et al. described the growth of plate-1like zinc oxide
single crystals by using zinc-cloride (ZnCl,) as the starting
material, and in their method ZnCl, and H,0 vapors were intro-
duced by carrier gas N, and O,, respectively to obtain ZnO crys-
tals [2].
2) chemical reactf%sof zinc sulfide or zinc selenide
Single crystal of ZnO have been grown by sublimating both
ZznS and ZnSe, and by reacting them with oxygen in an argon gas
flow. 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 [3]. The oxidation and hydrolysis of ZnS was used to
obtain Zn0O ribbon crystals byiIwanaga et al. [4].
3) chemical reaction of zinc oxide
The reduction of ZnO by H,, or Hy and Ar, or NH; was a
widely used method to obtain ZnoO. In this method, 2n vapor
produced by the reduction of 2ZnO at high temperature was trns-
ported to a lower temperature region and .. reduced again to form
zZznO. When hydrogen is used reduction gas, the reaction is
Zn0(s) + Ho(g) ¥ Zn(g) + Hy0(g) (2-2)

K = P, *P, /P 2-3)
zn"PH,0/ P h, (



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 easily. 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 550-775°C byGCalli
[5],K%abadanov [6],FPizzallo [7] andlgémmer [8]. Hammer and co-
workers measured the optical wavequide properties of single crys-
tal ZnO films epitaxially deposited on sapphire substrates. They
conclgded 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
the epitaxial growth of 2ZnO byMkasuga et al. [9j.

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

3Zn0O(s) + 2NH3 - 3Zn(g) + N, + 3H,0 (at the source) (2-4)
Zn(g) + Hy0 -+ Zn0 + H, (at the substrate)(2-5)-
In the chemical vapor deposition methods as mentioned above,
single crystal ZnO films are epitaxially deposited on sapphire
substrates. However single crystal 2n0O films with good surface
uniformly
flatness has not been obtained“———over wide area by using
these CVD techniques. 1In order to obtain single crystal ZnO

films with mirror like surface and wide area, a new CVD technigue



have carried out. In this chapter, the new CVD technique uti-

lizing ZnO-H5-H,0-0, system is described.

2-2. Experimental Procedure

At first stage of our study, the following chemical reaction
was carried out:

Zn0 + Br, 7 ZnBr, + O, (2-6)
In this case, Zn0 film was not grown on a sapphire substrate,
nevertheless the film deposition was carried out for ninety
hours, and only the 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 small
supersaturation ratio which relates to generation probability of
critical nucleus at an early stage of crystal growth. The
adoption of new chemical 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-Hz—HZO—Oz system was adopted.
However, attempts to grow ZnO thin film with large uniformity by
using this chemical reaction system was unsuccessful. Even if
zn0 films were grown, they had rough surfaces. This unsuccess of
thin film growth may be caused by low density and non uniformity
of crystal nuclei on substrate surface in heterogeneous
nucleation. 1In this heterogeneous nucleation, the generation

rate of critical nucleus is dependent on distribution of



preferential point of crystal nuclei, such as dust, impurity and
kink of substrate. Ifiazfﬂapreferential points of 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. 1In 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 coefficienée between substrate and grown layer.
At succeeding process, a Zn0-Hy-H,0-0, 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
sputtering system (Nichiden ANELVA: SPF-210H). This sputtering
equipment was composed of a wvacuum chamber consisting of coaxial
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 Scm. 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
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Fig.2.1.

Table 2-1.

Sputtering chamber and magnetron cathode.

Sputtering conditions of ZnO.

Sputtering gas
Gas pressure
Substrate temperature

Target
Size of target

Target to substrate
Input power

Film thickness

Deposition rate

O,+Ar (1: 1)
3x103~3x10"*Torr
Above 300°C

ZnO ceramic (Lidope)
Zn metal (99.99%,)

Diameter 100 mm
Thickness 6 mm

40 mm

50~ 400 W
3000 A~48 um
Max 9.8 ufhr




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 5x10~/ Torr. Sputtering was performed in
argon(50%)/oxygen(50%) premixed gas. The pressure in the sput-
tering chamber was 3x1073-5%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 Zn0O target was 10cm.

Table 2-1 shows the sputtering conditions used in this
study. Figure 2.2 shows the evaluatioﬁ of crystallographic
quality for sputtered films by X-ray diffraction (using Cu‘Ka
radiation) patterns and X-ray rocking curves, where o is the
standerd deviation angle of the rocking curve when Gaussian
distribution is assumed. The value of ¢ for the high quality
regions of (1120) and (0001) ZnO films obtained by sputtering
were less than 0.5° and 0.7°, respectively. Intermediate sput-
tered layers were deposited under the conditions correspondening
to the ''excellent" region in Fig 22. The film thickness of the
intermediate 2n0O layers was 200-400A for deposition on the (01712)
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-H,-H50-
O, system was carried out, as shown in Fig.2.3. The schematic
diagram of the reactor for the chemical vapor deposition and its
temperature profile are shown in Fig.2.4.. The quartz reaction

tubes had an internal diameter of 30 and 84mm, respectively. The



small and large tubes were 100 and 145cm 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 2nO sputtered layer. A mixture of
H,, H,0 and N, 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:
Zn0(s)+H, < Zn(g)+H,0 (2-7)
On the oter hand, a mixture gas of O, and N, was introduced
into the outer tube and the oxidation reactions might take place

at substrates, following the equation:

2Zn(g)+0, 7 22n0(s) (2-8)
Zn(g)+H,0  2n0(s)+H, ) (2-9)

'2n0 was formed on the substrate by the chemical reaction
according to the above equations. - The optimum growth conditions
in this CVD 'system is shown in Table 2-2.

When chemical vapor deposition of a ZnO film was tried on a
sapphire substrate without a sputtered ZnO layer, Zn0 film was
not grown. Even if a film was deposited, it -had a very rough
surfase. On the other hand, 2nO films were reproducibly obtained
on a sapphire substrate with the intermediately-sputterd ZnO thin
layer. The deposition rate, crystalographic properties and sur-

face morphology were dependent on the flow rates of N5, Hy, O2

and H,0 gases.

The typical X-ray diffraction patterns of ZnO film deposited



400 Ty - T
(120)Zn0
(0112)A1,0, b Excellent
G300k R N
P x4 0 o
w o &TTeTTTTTUEL e o o
z : :
= %X Ax ig o [H . A
ézoo- o H . H he
g e ¢505° o .
e
=00k o o50.8 A
s o>0.8°
¥ Other Orientations Included
0 i i A | Y | 1 A FENEE ST AT Y
103 1072 107
GAS PRESSURE (torr)
400 —— Ty ———rr
'y [ ] L ] L ]
(0001)Zn0O . \‘~\.~ . .
~__|(0000ALO, s o STealle e
Y3001 a ° a N
) a ~e
w X a a % . ox
4
= : .. .
&200- s 0<0.7° ) .
g o o<1.2° N a
& s >1.2°
= 100 . ) -
x Other QOrientations Included
0 L TN IS | 1 M SIS B ST
1073 1072 i 107!

GAS PRESSURE (torr)

Fig.2.2. Diagram of film quality evaluated by x-ray diffraction
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Fig.2.3. CVD process.
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f ] ¥
C.V.D. System

Fig.2.4. Schematic diagram of the CVD system.

Table 2-2. Growth conditions for epitaxial ZnO.

Zn0 source H, . 30 ml/min
H,0: 75 gr/hr
N, :270 mi/min

substrate 0; . 13 mi/min
N; 210 ml/min



on (0172) 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 small. Moreover, the (1120) and (0002)
peaks produced by the Cu-Kg4 lines were clealy separated from
those by the Cu-Kg, lines. Figure 2.6 shows the X-ray rocking
curve of znO film on (01712) sapphire substrate. The standerd
deviation angle a was 0.11°, These evaluation from X-ray dif-
fraction indicated ZnO films were single crystalline.

The crystallographic quality of.the obtained Zn0O films were
also evaluated by the Laue Sack—reflection and the reflection
high energy electron diffraction tRHEED) 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 typical RHEED patterns of ZnO films grown by CVD on
(0112) and (0001) Sapphire sustrates. These patterns showed
distinct spots and the different spof pattern appeared periodi-
cally by changing an incident angle of electron beam. These
results means that thé chemical vapor deposited ZnO films were
single crystalline and are supported by the X-ray evaluation
technique. The surface of film obtained by the CVD méthod was so
smooth that they were used as optical waveguides without_pol-
ishing surfaces. Figure 2.9 shows the SEM photographs of the
film 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-Hz-Hzo-O2 system

under various ‘conditions were unsuccessful. This means that in
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Fig.2.7. X-ray Laue back reflection pattern of (1120) 2nO and
(0172) sapphire.
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‘ Fig.2.8. RHEED patterns of epitaxial 2ZnO films.
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Fig.2.9.

SEM photographs of epitaxial ZnO films.



this CVD method the intermediately sputterd ZnO thin layer plays
an important role in growth process. In 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. In one sample, the intermedi-
ately sputtered layer was 25nm in thickness. Another sample had
250nm intermediate layer.

X-ray diffraction patterns of sputter—deposited intermediate
ZnO layers on the (1120) sapphire substrate and the CVD films on
them are shown in Fig.2.10. In Fid.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 200°c. .
respectively. The half value width of the ZnO sputtered layer
with a 25nm thickness is narrower than that of 250nm. X-ray
diffraction patterns of the CVD films grown on these intermediate
layers are shown in Figﬁ2.10(b) and.(d). It is found that the
CVD 2znO films obtained on thin sputterd Zn0O layer which had
better crystallinity shows the bettér quality. In a word, the
crystalline quality of films obtained by this CVD method depends
on quality of intermediate sputterd layer.

Affinity of ZnO to the intermediate 2nO 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 intermediate 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 2n0 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 film is made by using this technique as

shown in Fig.2.11.

2-4. Electrical Properties of Epitaxial Films

The electrical properties of bulk single crystals of Zno
have been studied by Heiland (111, Thomas [12], Hutson (13,14]
and Kroger [15]. The studies on the electrical properties of
single crystals 2ZnO doped with nickel and cobalt [16), and lith-
ium and copper have been also carrieq out [17,18].

In contrast to the bulk ZnO crystals, there has been a few
report about the electrical and optical properies of thin film
Zn0 because it has been difficult to obtain high quality 2ZnoO
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. In order to investigate the dependence of electrical
properties on film thickness, the film was reduced by lapping.

The as-grown films showed a n-type semiconductores with

resistivity of 1072-10"1 Qenm as shown in Fig.2.12. The film

._.23_.
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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 experimental result suggested that
the CVD film was'aegenerated 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 950°C. The electrical pro-
perties of as-grown saﬁples show the weak temperature dependence.
It ia also found that the thinner samples sth the higher carrier
concentration. These experiment facts suggest that ZnO films
obtained are degenerated or have some shallow doners, and there
exist highly conductive layer in the interface region.

In order to investigate to the distribution of electronic
properties, meésurements were carried out when éample's thick-
ness was reduced to 143 uym and 17 ym by 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 wéak temperature dependence. The
temperature dependence of Hall mobility also was weak when the
film thickness were of 143 and 17 ym. The dependence of film
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
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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 measuréd for the CVD films
which is shown in Fig.2.16. Traﬁsmission was measured by a
double beam photospectroscopy{(SHIMADZU: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 2.4 pm thick (Sample No.10-18) and of 143 um (Sample

No.Sp-51) are about 80% and 76% in the visible region.

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

Properties

The effect of the growth temperature on electrical and
optical properties of Zn0O films grown by CVD were mesured. The
dependence of growth temperature on electrical prpoperties of
films are shown in Fi&%(7h Electrical measurement was carried
out by the van der Paw method. It 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. Intensity of photolu-
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minescence spectrum also was measured; which is shown in
Fig.2.17. The photoluminescence intensity increased as the
substrate temperature incfeased. 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.2.18. 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 films were grown at high growth rates. These re-
sults indicate that the electrical and optical properties can be

controlled by changing the growth rate of film.

2-7. Conclusion

Single crystalline 2ZnO thin films were obtained by the
chemical vapor deposition method usihg theZnO—HZ-Hzo-Ozsystem.
The (1120) and (0001) 2nO films were grown epitaxially on (01?2)
and (0001) sapphire substrates, respectively. In 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 2Zn0 single crystal films 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 Zn0O films was made by using this tec-
hnique.

The electrical properties of as grown samples were measured;
The resistivity of films was 10"2-10'1 Qcm, Hall mobility of 40-
120 cmZ/Vsec and carrier concentrations of 108 cm~3. The tenm-
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 film and substrate. The optical transmission
measure ments showed that the CVD films 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.
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CHAPTERIII. FABRICATION OF OPTICAL WAVEGUIDES USING ZnO FILMS

ON SAPPHIRE SUBSTRATES

3-1. Introduction

In 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 offﬁondros et al. in 1910 {1]. They presented
the first theoretical description of mode propagation along a
dielectric rod. The sﬁbject then seems to have lain dormant
until the development of high frequentcy sources. In the late
1930's and early 1940'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-
mental verification was described byzgiely:in 1953 [2].

In 1960's, the first dielectric wéveguide to be studied at
optical frequencies was the glass-coated, glass fiber developed
originally for fibre optics imaging applications [3]. In 1971,
the Corning Glass Works succeeded in fabricating single-mode
glass fibers with loss rates of 20 dB/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. It was not until the rate 1960's,
however, that thin film guides become candidates for potential

communications applications. In 1969, the Bell Telephone Labo-



ratories published the theoretical and experimental studies in
"integrated optics" (4]. This new concept promises to bring the
technigques 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, 2nO, Si3N4, YIG, polymer
glass, and charcogenide, optical waveguide.

In a 2ZnO thin film optical waveguide, the first theoretical
and experimental studies were described by P.K.Tien et al. in
1969 [51]. In their work, thory and experiment of on modes of
propagating light waves in sputter deposited ZnO films were
described. - In 1971, optical wavegquide losses grater than 20
dB/cm were reported [6] and J.M.Hammer et al. reported the low
losses (below 5 dB/cm) epitaxial ZnO optical waveguides in 1972
[71. Since then, N.Chubachi et al. [8], E.L.Paradise et al.
[91, and T.Shiosaki et al. [10] described the theoretical and
experimental studies on 2nO thin film optical waveguide.

In this chapter, a simple theory of thin film waveguide and

experimental studies are described.

3-2. Optical waveguides (Pplaner Type) and their Properties
In this section, simple waveguide theory is described. If

the media were perfect dielectrics, the Maxwell equation are

"y xE=-p 3H/ 3t (3-1)
VXH=ieon2 3E/ ot (3-2)
where, e, and \uo are permitivity and permiability in free space,

and n is refractive index, respectively.



We assume,
E=E(x,y)expj(wt-gz) (3-3)
H=H(x,y)expj (wt-gz) (3-4)
in where the direction of propergation is z,and the propagation
constant is g , and w=2mc/A , + @s shown in Fig.3.1,

In step index waveguide, the electromagnetic component is
not changed in the y direction. Therefore, 3/9%t=juw, 3/3z=-38,
3/3y=0 are given, and from equation(3-1) and (3-2) the general
wave equation are as follows,

32E§/ax2 + (k%‘nz—&z)Ey =0 TE mode (3-5)
32Hy/3x2 + (k%’nz-BZ)HY =0 TM mode (3-6)
where,

Hy=-8/wy, Ey Hz=-1/jmuo aEy/ax TE mode (3-7)

Ex=8/°’.“:on2

o, E,=1/jweon® 3Hy /3% T mode (3-8)
From the solution of the wave equations (3-5) and (3-6), and from
the boundary conditions at x=0 and x=.h, eigen value equation can
be obtained, where h is film thickness,
As mentioned above,ﬁ%gg§$§2£%géhe propergation of light in
a waveguide as an electromagnetic field which mathematically
represented a solution.-of Maxwell'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
(111. In 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.

._.37_.



Consider a ray of light propergating within a three-layer wave-
guide structure as shown in Fig.3.2,

From Snell's law,

Sin¢1 /51n¢2

n,/ny (3-9)
and

sing, /sin¢sy = n3/ny (3-10)
where ¢3 is small, a ray of light passes freely through both
interfaces, suffering only refraction, as shown in Fig.3.2(a).
This case correspond to the radiation modes. As ¢4 is increased
beyond the point at which ¢, exceeds the critical angle for total
internal reflection at the n,-n, 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 ny;-n, inter face is given by

¢28in" M (ng/ny) (3.11)
and

¢325in” " (ny/n3) (3.12)
As ¢4 is further increased beyond the point at which ¢, also.
exceeds the critical angle for total internal reflection at the
np-ns interface., the light wave becomes confined as shown in
Fig.3.2(c).. This case correspondes to a guided mode and the
critical angle by

¢52sin” 1 (n3/ny) (3.13)
and

¢42sin”1(1)=90° (3.14)
Only when g2kn3 can confined waveguide modes occur (because

sin¢,=p/kny),
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In the waveguide modes, the total phase changes for a point
on a wavefront that travels from the n,-nj interface to the nj-n,
inter face and back again must be a multiple of 27, Then the
followihg condition given by

2knytsin@p-2¢,53-2¢5¢=2m T {(3.15)
where t is the thickness of the waveguiding region, 6  is the
angle of reflection with respect to the z direction, m is the
mode number, and ¢23 and ¢,4q are the'phase changes sufferd upon
total internal reflection at the interfaces. The values of 4§53
and ¢,q9 can be caluculated from

tand,3=(n2,sin¢,-n25)1/2/ (nycosd;) (3.16)

‘tand,q=(n2,sin2p,-n2;)1/2/ (npcosdy) (3.17)
for TE wave, and

tan¢23=n22(n2251n2¢2—n23)1/2/(n23n2cos¢2) (6.18)

tan¢21=n22(n225in2¢2—n21)1/2/(n21n2cos¢2) (6.19)
for TM waves. Where ¢m=W/2—@m 4

For a given m, the pérameters nq, np, nj and t, dm (or em)
can be caluculated. Thus a descrete set of reflection angle ¢
are obtained correspondending to the various mode. However,
valid solutions do not exist for all waves m.

The excitation of gﬁided wé&e is required in guided wave
experiments. Efficient coupling of light into and out of thin
film is an important consideration. Ttese coupling techniques
have been commonly used as shown Fig.3.3. The end-fire coupling
technique (Fig.3.3(a)) reqﬁres the good 6pticals surfaces at the
edge of the film to avoid excessive scattering of the incident

beam.



In the prism coupling method, light enters through the top
surface of the film with the prism coupler. In 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 low refractive 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. In this case, the propagation
constant of a particular mode in the film is

B=n ksing  k=27/y (3.20)
where ng is the refractive index of the prism, © 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 o.

The grating coupling method has been also used to provide
efficient coupling (Fig.3.3(c)). In this case, the phase-match
condition is

B=kn,sin68+21mM/A2  k=2m/y (3.21)
where nyis the refractive index of the air or other medium in
which the incident beam propergates, A2 is the grating period,
and 1 is the diffraction order of the grating.

In our experiment, the second coupling technique, prism
coupling method, has been used because of high coupling efficien-

Cy, good selectivity of excited mode and good applicability.



Optical waveguided losses of 2nO films obtained have been
measured by the scattering detection method [13). In 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 the
guided light. 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 optical fiber
probe is plotted in Fig.3.5. This figure shows the average slope
of TE, 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 2nO film. The loss
value for the first mode is estimated as 0.87 dB/cm from the loss
value 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

‘In the various optical waveguided devices with the function
of optical modulation and switching, three dimensional waveguide
is desirable to controll 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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PROP. REFRACTIVE THICKNESS ATTENUATION
DIREC.INDEX st) ) 0th 1lst 2nd
1/ 1.9877+0.0006 1.540]1+0,0082 7.62 18.37 21.73
1! 1.9877+40.0005 1.3013+0.0067 11.04 17.54 23,91
1/ 1.984210.0003 1.0318+0.0027 6.28 24.42 21.53
L 1.,9994+0.0001 1.0399+0.0006 7.68 19.68 18.19
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the buried type waveguides. This type waveguide has the good
advantages of fabricating low loss optical waveguides, optical
modulator and optical switching devices quite easily. Therefore,
this buried type devices have been used mostly. In ridge type,
the waveguides have been fabricated by removing thermal evapo-
rated or sputtered layer using dry etchig or chemical etching
technique. This type waveguide is multi mode waveguide and is
suitable for the curved guide beéause 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
toco small, 1073, In electro-optic crystals, such as LiNbO5 and
LiTaO3, voltage induced type waveguide have been proposed. The
theory of dielectric three dimensional wavequide mode was .pres-
ented by E.A.J.Marcatili ([14].

In 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.

In the first stage of fabrication process, én intermediate
Zn0 layer with 200A thickness was sputtered on (0172) sapphire
substrate by an rf planer magnetron sputtering system. After
that, the ridge was fabricated using photo lithographic technique

as shown in Fig.3.7.. A21350J was used as a photoresist and the



chemical etching was carried out using hydrogen chloride (HC1)
for 5-8 sec. In 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 um width and
1.05 um thickness. Figure 3.8. shows a SEM photograph of the
ridge waveguide fabricated.

A prism coupler at the top of the guide was used to inject
the He-Ne laser light (6328 i). Figure 3.9. shows a light propa-
gating in a guide. From this figure it can be seen that a 6328A
light beam for a distance longer than 1 cm. The optical proper-

gation loss at EX mode was measured by a scattering detection

po
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.- It has been founded that the two dimensional
thin film optical waveguides of ZnO on sapphire showed very low
loss. Therefore, the high propergation loss of ridge waveguide
obtained is attributed to the roughness of the side walls.

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 walls 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

Optical propergation losses were measured in as-grown single

crystalline 2n0O 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 TEy mode at 6328A.
This attenuation loss is‘considerably small and the CVD method is
proved to be a excellent technique to obtain the high guality ZnO
films with low optical 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/cm for
TEX o Mmode at 6328A. This high loss was attributed to the rough-

P
ness of the side walls.
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CHAPTER IV. GROWTH AND PROPERTIES OF ZnO FILMS ON SILICON

SUBSTRATES BY CHEMICAL VAPOR DEPOSITION

4-1. Introduction

Several fabrication techniques of ZnO thin films, such as
sputtering, ion-plating, ionized-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. In this chapter a CVD technique for
obtaining a Z2nO thin film with a good c-axis orientation at a
high growth rate (3.6-90 uym/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 x 10°9/°C) (1] is nearly
equal to that of 2nO (4.0 x 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 um/h which is higher than conventional methods, e.g. reactive
magnetron sputtering with a deposition rate of 15 um/h {3]. 2ZnO
films obtained by this CVD method have a rather low resistivity
(10'2—1052cm) 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-



tion to surface acoustic wave devices. However high conductive
ZnO0 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. 1In 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-
ment. Thin film solar cells of Zn0/Si were also fabricated and

photovoltaic properties were studied.

4-2. Experimental Procedure

The grwoth apparatus similar to the one which is used in the
previous work (4] 1is shown in Fig.4.1 , in which the reaction
tubes have an internal diameter of 30 and 84 mm respectively.
The small 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 950°C is shown in Fig.4.1. A
mixture of Hy, H,0 and N, gases is introduced into the inner
tube. The deoxidation reactions take place at the source, ac-

cording to the next equation:
Zn0 + Hy 7 2Zn + Hy0 with Pgy= K—Pﬂzlpﬂzo (4-1)

On the other hand, a mixture gas of O2 and Nz is introduced into

the outer tube and the oxidation reactions may take place at'the



substrates, following the equations:

2Zn + 0,5 ¥ 2Zn0 (4-2)
Zn + Hy0 7 ZnO + Hy (4-3)
2Hy + 0,5 7 2H,0 (4-4)
Si + 0, > si0, (4-5)
28i + 0, 7 25i0(g) , (4-6)
Si + Hy0 ¥ Si0 + Hyp (4-7)

Zn0 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 2ZnO layer was sputter-depos-
ited followign the process shown in ref.{5].. In order to
investigate the effect of the sputtered thin ZnO layer on the
crystallinity of the CVD ZnO film, chemical vapor deposition of a
znO0 film was also tried directly on a silicon substrate without a
sputtered ZnO layer. The thin intermediate ZnO film on the
substrate was deposited by a planer magnetron rf sputtering
system at a substrate temperature of 300-350°C. 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 2n0 film due to the similarity of the six-fold symmetry

of Zn0 to the three-fold symmetry of silicon.
4-3. Film Growth

Attempts to grow ZnO films directly on bare silicon sub-

strates have been unsuccessful. Even if a film was deposited,



it had a very rough surface and the affinity of 2nO to the
silicon substrate was very weak and the 2n0 layer was easily
pealed off. On the otehr hand, ZnO thin films were reproducibly
obtained on a silicon substrate with the intermediately-sputtered
ZnO thin lavyer. By using ﬁhis method ZnO films could be ob-
tained all over the substrate surface uniformly and the affinity
of the Zn0O film to substrate was strong. The appropriate flow
rates of NZ' H20 and Hy from the source side were 150cc/min,
5.5gr/h and 55cc/min, and those of N, and O, from the substrate
side were 200cc/min and 50cc/min respectively. The appropriate
thickness of the intermediately-sputtered layer was 1500 to
2500A. In this CVD system, highly oriented films were obtained
at a substrate temperature of 850 to 1000°cC.

The typical x-ray diffraction pattern of a 2n0 film depos-
ited on a (111) Si substrate is shown in Fig.4.2. Fiiﬁ.Z(a)
shows the patten of an intermediately-sputtered zZnO layer prior
to CVD growth and Fig.4.2(b) shows that of a CVD Zn0O film. From
Fig.4.2(b) it is seen that only the (002) peak of ZnO is present
and the separation of the Cu-Kgq and Ky, lines of the (002) peak
is clearly shown. This indicates that a highly c-axis oriented
Z2n0 film was deposited on the (111) silicon substrate. The c-
axis of the ZnO film was perpendicular to the silicon surface.
An x-ray rocking curve of this CVD film was measﬁred 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 gocd approxima-

tion. It is shown in Fig.4.2(a) that an itnermediately-sputtered
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Fig.4.2. X-ray diffraction pattern of a 2ZnO film on (111) Si:
{a) the pattern of an intermediately sputtered ZnO

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




Zn0 layer ona (111) silicon substrate also had a c-axis orienta-
tion. It has been reported by M.S. Raven et al. that sputter-
deposited 2nO films on Si02/(111)Si had only (002) reflections
{6]. 1In our case the (111) silicon substrates had been chemical-
ly 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 S$i0, layer prior to sputtering deposition, if thus could be
possible that the ZnO particles have been deposited on the 8102
layer giving the sputtered 2Zno layer a c-axis orientation.

Fiéﬁ2.3(a) is a RHEED pattern of an intermediately sputtered
ZnO0 layer sputtef—depositedvprior to the CVD growth and
Fig.4.3(b) is that of a CVD Zn0O film. Fiéﬁ2.3(c) is the theoret-
ical pattern in which an electron beam is incident in the [(1120]
and [1070] 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 2ZnO 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 theoretical pattern (Fig.4.3(c)), it was found that
these patterns were coincident. This shows that CVD ZnO films on
(111) silicon had c-axis orientation perpendicular to»the sub-
strate surface while the a-axis of those films was in random
orientation parallel to the substrate surface.

Figfz.4 shows an SEM photograph of a 2n0 film on (111)

silicon. This photograph shows a columnar structure of the layer,
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Fig.4.4. SEM photograph of a ZnO film on (111) Si.




where the c-axis of 2n0O is perpendicular to the substrate. The
crystallite diameter was about 1 ym.

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°cC, gas flow rates of 55cc/min
for H,, 5.5gr/h for H50 and 150cc/min for N, at the source side,
and of 50cc/min for O, and 200cc/min for N, at the substrate
side.

The growth rate of the 2Z2nO film was dependent on the flow
rate of H;0. The H,0 gas flow rate was controlled by changing
the temperature of the water source in the bubbler and the flow
rates of N, and H, gases which were introduced to the reaction
tube through H,0 in the bubbler. Fi%ﬁ.G shows the relationship
between the H,0 gas flow rate and the growth rate. In this case
the flow rates of N5, and Hy, gases were constant and the H,0 gas
flow rate was controlled by changing temperature of H,0. The
growth rate was increased from 0.06 pm/min to 1.5um/min when
decreasing the H,0 gas flow rate.

As previously mentioned, the intermediately sputter-depos-
ited ZnO layer played an important role in this CVD method. A
Zn0 film was not deposited on a silicon substrate without sput-
tered layer. The well adhering 2n0 thin layer deposited by
sputtering plays a role of providing a high density of nuclei in
the succeeding CVD process. Depositing 2nO as an intermediate
layer at low temperatures causes the surface binding energy to
become very uniform over the entire surface area. For these

reasons, a ZznO film can be grown only on an intermediate 2ZnO
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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 2n0 film is
tightly deposited on a Si substrate because the intermediate
layer is deposited tightly on the sgbstrate 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 2ZnO film can be selectively
grown only on the pattern written by an intermediate Zn0O layer
when the growth conditions for the CVD process are appropriate.
FigT}.7 shows a successful selective growth of a Zn0O film on
(111) Si made by using this'technique. Here the intermediate 2Zno
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 fhe Zn0 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-axis héd a good orientation as in an
epitaxial growth of a Zn0O film on (0001) sapphire, the edge of

strips had a more regular plane.

4-4. Optical Properties

Optical transmission measurements in the 3500 to 7400A re-
gion were made on a 2ZnO thin film about 15 um thick using a
double beam spectrophotometer (SHIMADZU 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



Fig.4.7. Photograph of selectively grown 2ZnO strips of 35um

width obtained by selective crystal growth technique.
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silicon due to the difference of the thermal expansion coeffi-
cients between ZnO and Si. The optical transmission as a func-
tion of wavelength is shown in Fig.4.8. It is found that the
absorption edge of the ZnO film obtained by this CVD is about
39003 and the film has a good transparency although the film is
as thick as 15 um thick.

Photoluminescence measurements in a ZnO film on a Si sub-
strate were made. For the'measurements of photoluminescence
spéctra the sample was excited by 36503 radiation from a 250W
high-pressure mercury lamp. The emission peak was located at
about 52008 at room temperature as shown in Fig.4.9. This green
luminescence band is usually observed in a single crystalline 2ZnO
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 f£film solar cells of n-2n0/p-Si were fabricated. The
substrates were 250 um thick B-doped p-type Si single crystal
wafers which had a resistivity of 0.005-0.015 Qcm; the n-type ZnO
layers had a thickness of about 0.9 pym. The samples were cut
into about 6 x 7mm? squares. The dark I-V characteristics of
the cells were poor, but a treatment of the cells in hydrogen
improved the I-V characteristics as well as the photoelectric
conversion efficiency. The typical current-voltage characteris-

tics of the cells are shown in Fig.4.10. The best cell showed a
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Fig.4.10. Dark current-voltage characteristics of 2n0/Si cell.

photovo}taic effect with open-circuit photovoltage of 115mV and
short-circuit photocurrént of about 32le/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 junction 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—Hz—HZO—OZ CVD system on
the (111) silicon substrate with a very thin 2nO sputtered lavyer

(1500-2500A) on it. The growth rate was increased from 3.6 ym/h
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to 90um/h and can be controlled by changing the H,0 gas flow
rate. The ZnO sputtered layer gives a high density of nuclei and
a buffer layer for the suéceeding CVD process. When a thin ZnO
layer was not sputter-deposited on the silicon subsfrate, a CvD
Zn0 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 film growth, a selective crystal growth of the ZnO
film was successfully made.

n-2Zn0/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 METALORGANIC CHEMICAL

VAPOR DEPOSITION

5-1. Introduction

In IQGQQ%ﬁnasevit first reported the successful use of
Metalorganic Chemical Vapor Deposition (MO-CVD), also named Met-
alorganic Vapor Phase Epitaxy (MO-VPE) or Organometallic Vapor
Phase Epitaxy (OM-VPE), in a open system for the epitaxial growth
of compound semiconductors [1]. 1In 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, GaAs, GaP, InP, GaN, AlN, Ga1_xAles,
Gaq_yIn As and GaAsq_,P,, on insulataing substrates and semicon-
ductors i.e. a—A1203, MgA1204, BeO, Thoz, Ge, GaAs, Si and -
sic [2-6].

In their process semiconductor films of III-V compounds and
alloys are produced by decomposing appropriate Group III metalor-
ganic compounds, such as triethylgallium (TEG), trimethylgallium
(TMG) and tfimethylalumium (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 practical use in the 1970s. However, in
197f$%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)Ales-GaAs double-heterostructure lasers (8],
distributed-Bragg-confirement Ga(1_x)Ales—GaAs lasers (9], gquan-
tum well Ga(1_x)Ales—GaAs and AlXGa(1_X)As—GaAs—Alea(1_x)As
lasers [10,11], high efficiency GaAlAs/GéAs heterostructive solar
cells [(12] and AlO_SGao.SAs—GaAs heterojunction 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 cells [22-25], and photoéathods [26,27] etc.. On
these studies stimulating the development of the device technolo-
gy utilizing single crystal film growth technique, the First
International Conference on Metalorganic Vapor Phase Epitaxy was
held at Ajaccio, France in May 1981.

In the growth of II-VI compounds, the successful use of the
metalorganic technique for the preparation of selenides, sulfides
and telluride of zinc and cadmium was first reported biﬁﬁhnasevit
in 1971 [28]. His group reacted (CZHS)ZZn and also (CH3)Cd with
H,S, H,Se 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 ZznS 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 Cd,Hgq_,Te for infrared detectors [46-51] have been
reported. However, in comparing with the study of III-V compound
semiconductor by MO-CVD that of II-VI's have delayed and there
have been proposed many problems for obtaining practical devices.
Recently studies in this field have grown very actively. In
order to discuss the problem to be overcome, International Con-
ference on II-VI compounds wés 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
easily controlled, since all of 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 easily obtained. 2) The gas introduced into the
reaction chamber can be exchanged easily, because of a high gas
flow 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.



7) The crystals with discrepancy of stoichiometry can be obtained
by changing the ratio of compositions introduced as soruce mate-
rials, e.g., ITII/V and II/VI.

On 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. 1In
PE-CVD, numerous films of interest in semiconducstor processing
and devices are deposited by utilizing decomposition of source
materials 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 nonequilibrium steady-state condition produced by
a glow discharge transforms.  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 to lower-temperature region. The early works in this

X8
s

field were reviewed by Kirk ([52].

A system equiéped with a large‘reactor for commercial use
was first presented b;ygéinberg in 1974 %%4]. 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 Rosler 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



indicated 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 over LED, a coating over
photolithographic masks, a backseal film which minimizes epi-
taxial 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 films such as Si02, A1203, TiC, SiC, and
amorphous Si has been also reported and is now being studied by
many workers.

In this chapter we propose a new method for obtaining ZnO
films 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. In the following, film growth,
electrical and optical properties of films and their applica-

tions are described.

5-2. Experimental Procedure

In PE-MO-CVD, the suitable metalorganic compound used as the
Zn source reacts with oxidizing gas, such as 0y, CO, and N,0, in
the plasma discharge, resulting to 2n0 films. For MO-CVD, in

general, semiconductor films of II-VI and III-V compounds are
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produced by decomposing appropriate Group II and Group III metal-
organic compounds as shown in Table 5-1. 1In our study, diethl-
zinc (DEZ, (C,Hg),2Zn) is used as the Zn source. Diethlzinc is
one of stable metalorganic compounds in N, 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 O, with DEZ took place whether
the electric power for plasma generation was applied or not.
After recognizing these results, CO,, or N,O gas reacted with DEZ
to produce Zn0O. CO, or N,0 was chosen as an oxidizing gas based
on the following consideration. First, CO, and N,0 do not react
with DEZ rapidly and the reaction between DEZ and CO, or N,O does
not take place below 400°C 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,. Co, and N,O are 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
diégram 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

Chemical Co., Ltd.). These parts are connected with each other



Table 5-1. Metalorganic compounds.
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Pigs5.2

External aspect of the PE-MO-CVD system.
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Fig.5.3. Schematic diagram of the PE-MO-CVD systemn.



by 1/4 inch stainless-steel tubes. Ar gas is used as a carrier
gas. A bubbler containing DEZ is set in a thermostatic controled
bath and the vapor pressure of DEZ is controlled 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 20-300W at 13.56MHz. The chamber size is
30cm in diameter and 18cm 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.

An oxidizing gas such as 05, CO, and N,0 is introduced into
the reaction chamber through many small 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
co,
In this section, c-axis oriented and epitaxial ZnO film
growth by using the reaction of DEZ with CO, is described. Crys-
talographic properties of ZnO films dependent on the materials of

substrate.

5-3-1. Films Grown on Glass

A Corning 7059 glass was used a52§ubstrate because of



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 200 sccm and of CO, was 300
sccm. - The DEZ saturated gas pressure was 10mmHg. The gas pres-
sure of reactor was kept at 1.2mmHg during plasma discharge.

In the PE-CVD system, the 9rowth rate and the properties of
the grown films seem to be greatly affected by the gas flow rate,
the DEZ saturated gas pressure, the rf input power and the sub-
strate temperature. Film thickness was measured by a profilome-
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 flow rate is increased, how-
ever, that increases gradually as the substrate temperature and
rf input power are increased. Both O, and CO, gas atmospheres
are used. The growth rate by reacting DEZ with O, is higher than
that obtained by DEZ with CO,. As is well known, DEZ burns very
violently in oxygen atmosphere. This too-rapid reaction harms
the uniform mixing of the DEZ and the O, gas in the whole chamber
and thus the uniformity of the film thickness, though DEZ is
diluted in the carrier Ar gas by bubbling. On the other hand,
the CO, gas is a fire extinguishing agent for fire accidents in
using DEZ, and no reaction takes place without plasma discharge.
The CO, gas mixes more uniformly with DEZ and gives more uniform
film thickness. The reproducibility of the films is also lower

when the Oé gas is used as the oxidizing agent, because this
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Fig.5.4. Deposition rate of 2n0O films as a function of (a): Ar
gas flow rate, CO, 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.
Ar flov rate COy flov rate DEZ saturated | Subetrate Tem-| re input pover|
{0y flov rate) €88 pressure persture
{scen) (scea) (na Eg) (°C) (w)
100-400 300 10 230 230
200 80-390 10 230 230
200 ("50-300) 10 230 230
200 300 10-1%0 230 230
200 300 10 200-300 230
220 00 10 230 200-270




rapid réaction takes place and depﬁsits ZnO powders at the nozzle
tip of the DEZ inlet and disturbs.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 200°C and an rf ihput power of 220W. It is shown
that only the (0001) face of ZnO is grown parallel to the sub-
strate surface.

The effects of substrate temperature on film 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 (002) peak, which represents the distribution of
the c-axis of polycrystallites around the substrate normél, is
also shown in Fig.5.6.. The x-ray peak intensity increases as
the substrate temperature increases. It increases rapidly at a
substrate temperature of 200°C. The value of standard deviation
decreases from 5° to 3° as the subétrate 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 350°C. This suggests that the
lreaction of DEZ and CO, 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
films grown at a substrate temperature of 150°C have a mixed

orientation, however those grown above 200°C have only c-axis
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orientation. The substrate temperature higher than 200°C is also
essential for the good c—axig normal orientation of the ZnO film.
The structural nature of the déposited films was also examined by
reflection high energy electron diffraction (RHEED) and scanning
electron microscopy (SEM).

The RHEED patterns and SEM micrographs of 2nO films grown at
150°9C, 200°C and 250°C at an rf input power of 230W are shown in
Fig.5.8. The film grown at 150°C has ring patterns, indicating
that it has a mixed orientation and is a polycrystal. The pat-
terns of the films grown at 200°C and 250°C have spread spots;
films grown at these temperatures also have better surface flat-
ness than that grown at 150°C. From the RHEED and SEM we can see
that the films obtained at a substrate temperature higher than
200°C have good crystalline qualifQ‘and:smooﬁh surface.

The effects of 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 5059 glass substrate, keeping
the substrate temperature at 200°C at an rf input power of 150W,
have mixed orientation as shown in Fig.5.9." However, in the
films obtained at rf input power above 220W the (002) 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 (002) @eak decreases. On the other
hand, x-ray intensity of the (002) peak increases at rf input
power above 220W. The value of standard deviation of the x-ray

rocking curve for the (002) peak, varies from 4.8 to 3.0° as the
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rf input power increases from 50 to 280W, as shown in Fig.5.9.
From these facts it is found that the films obtained at higher rf
input pbwer 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 200°C are shown in Fig.5.10.. The
RHEED pattern of ZnO films grown at an rf input power of 150W
have a scattered ring pattern accompanied by widely spread spots.
RHEED

Théf“v“’éatterns of the films 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.

In 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 Figq.
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 0.7um/hr to
6 uym/hr by changing the Ar gas flow rate. The RHEED patterns of
the films grown at growth rates of 0.7um/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-

line quality. From the SEM we can see that the film grown at a



0.7(um/hr) —

|
6.0(pm/hr) ™

Fig.5.11. RHEED patterns and SEM micrographs of films prepared
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= 82 —



growth rate of 1.8 uym/hr has a smooth surface, while those grown
at a rate of 0.7 um/hr and 6 pum/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. Films Grown on Si

Silicon was used as a substrate, because of its potential
for many applications such as optical waveguides, surface acoustic
wave devices and heterojunction devices. The film 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 Co,
flow directly into the reaction chamber. A stainless steel
bubbler containing DEZ was maintained at 20°C. (The partial
pressure of DEZ was 15 Torr), The ratio of [C02]/[DEZ]was equal
to about 10.

The c-axis oriented ZnO films were obtained on (111) Si at a
substrate temperature of 350°C. A typical x-ray diffraction
pattern, RHEED pattern and surface morphology of ZnO on (111) Si
grown at 350°C are shown in Fig.5.12. The films grown on Si
show only a diffraction peak from the (002) 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 film surface

morphology is something like that of films grown on the glass
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substrate, previously mentioned in section 5-3-1, and c-axis is
aligned perpendiéular to the substrate surface. It is noted that
non-c-axis oriented films had rough surfaces.

The c-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. 1In
film growth on Si, higher c-axis oriented films 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. 2ZnO 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 films being due to

plasma discharge.

5-3-3. Films Grown on SiOz/Si
The preparation of ZnO thin films on SiOz/(100)Si is de-
scribed in this section. Thermally grown §i0, layer on (100)Si
used was 1.3 pm thick. The c-axis oriented Zn0 films were grown
at substrate temperatures higher than 300°C and rf input power
levels of more than 200W. A typical x-ray diffraction péttern,
RHEED pattern and SEM photograph of film grown at 300°C are shown

in Fig.5.14. An x-ray diffraction pattern shows only the sharp
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ZnO (002) 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 substraté temperature
and at the higher rf input power had the better c-axis orienta-
tion. This tendency.shows same one of films grown on other

substrates.

5-3~4. Films Grown on Ceramics

It has recently been reported that a translucent Al,04
ceramic is one of very promising substrates for the surface
acoustic wave devices and éan be used as an inexpensive and
versatile substitute for the sapphire substrate [56]. The éeram—
ic (Sumimoto Chemical'Co.,-Ltd.) used as a substrate in the
present work was 600 um in 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 increasihg substrate temperature. The 2n0O films
grown on this ceramic substrate at different temperatures showed
c-axis orientation below the temperature of 350°C, and (002) and
(101) planes were observed at 400°C, as shown in Fig.5.16. The
minimum standard deviation was 3° at a substrate temperature of
200°C and increased as the temperature increased. Figure 5.17

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

RHEED énd SEM photographs of znO films grown between 150-
400°C are shown in Fig%5.18 and 5.19. The films grown under
optimum condition (at a substrate temperature of 200°C) shows
well-defined spread spots of RHEED pattern and good surface
flatness.

In the growth of materials with hexagonal strﬁcture (wur-
tzite type), e.g. ZnO, AlN and BeO, their c-axes tend to be
oriented perpendicular to the substrate surfaces. At substrate
temperatures below 350°C 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. In this
case different peaks form (002) and (104) planes of ZnO were

observed, as can be seen in Fig.5.16.

5-3-5. Films Grown on Polymide

-In 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 films have been
adopted as flexible substrates for electronic circuits and solar
cells. The polyimide film (Ube Industries Ltd.) used in the
present work was 100 uym in thickness. The decomposition tempera-

ture of polyimide used is 478°C in air and 510°C in N, atmos-
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phere, and its resistivity is 1010-1017 qem..-

Highly c-axis oriented ZnO films were prepared at the sub-
strate temperatures above 350°C, as shown in'Fig.S.ZO.. 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 films grown.on othér sub-
strates. The c-axis orientation of the film becomes higher with
increases of both substrate temperature and rf input power,

It is noted here that films of about 1 pym thickness did not
peel from polyimide substrates, and adheSion to this flexible
substrate was relatively strong, as wili.be mentioned in Appen-

dix.

5-3-6. Epitaxial Films

It has been also found that the epitaxial growth of (1120)
Zno fiims on (0172) sapphire substrates and of (0001) ZnO films
on (0001) sapphire substrates is also achieved at low subsﬁrate
temperatureé. The growth condition employed in the preseﬁt.work
was that the flow rate of Ar was 500sccm and of Co, waé‘3005¢cm.
The vapor pressure of DEZ was kept 15Torr during the growth runs.

The (1120) 2znO films were grown on (0172) sapphire sub-
strates at a substrate temperature of 200°C as shown in Fig.
5.21. ZnoO filﬁs grown at a substrate temperature lower than
200°C and/or at lower rf input power show the (0002), (1071) and
{(1120) peaks as illustrated in F@i.5.21 , indicating that these

films were not grown epitaxially. Figure 5.22 shows RHEED pat-
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Fig.5.22.
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RHEED and SEM photographs for ZnO films: (a), (b)
prepared on glass at 200°C and 220W; (c), (d) prepared

on sapphire (0112) at 200°C and 280W; (e), (f)

prepared on sapphire (0001) at 150°C and 280W.
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terns and SEM photographs for 2ZnO 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 films grown under optimum condi-
tions have better crystalline properties and smooth.surfacesu
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 films
were almost single crystals. Film properties were evaluated by
standard deviation measurements and a film quality chart of
(1120)2n0 film on (01?2) 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 highe? rf input power had the
better quality. However, when the films were grown at too high rf
input power, the degradation of the standard deviation angle of
films was observed as shown in'Fig.5.24 y illustrating 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 certainvpower 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
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etc..

The (0001)ZnO films were grown on (0001) sapphire substrates
at substrate temperatures higher than 150°C. The typical x-ray
diffraction pattern, RHEED pattern and SEM photograph are shown
in F?%%%?%g., 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 Figfi5.26 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) 2Zno
films. The degree of standard deviation does not change at
substrate temperature higher than 200°C. 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 350°C
does not increase. 1In these films, the effect of film properties
on substrate temperature probably overcomes the effect on rf

imput power.

5-4. Influence of Growth Conditions on Electrical Properties
Preparation of ZnO films on different substrate is described
in previous section. In this section the relations between
electrical properties and growth conditions are described. The
electrical properties of films grown on dorning 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 9=1O'3—10 Qcm, u=0.5-60cm2/vsec
and n=1018—1019cm'3, respectively. 2ZnO 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 fiow rate is 400sccm through bubbler
containing DEZ and CO, flow rate is 200sccm. The bubbler is kept
at 20°c.

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 filmsvgrown at lower
substrate temperature exhibit the peaks from (002) and (101)
plane etc., films grown at higher than 250°C exhibit a strong
orientation of the c-axis (002) perpendicular to the substrate.
X-ray peak intensity also increases as fhe substrate temperature
increases. The standard deviation angle changes with incréasing
substrate temperature as shown in Fig.5.29.

Figure 5.30 shows the dependence of resistivity, mobility
and carrier concentration of these films 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 éhahge of carrier concentration is related to the
stoichiometry or diffusion of impurities, for example alkali
ions, from substrate.

The dependence‘of electrical properties on rf input power
level was also investigated. The orientation of films grown at
different rf input power is shqwn in Fig.5.31. Films obtained
at low rf input power shows diffraction peaks from (100), (002)
and (101) plane and films 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 210W
and at higher than 210W increases with increasing rf power. This
degrade of standard deviation angle is presumably due to the
damage from plasma discharge. The change of electrical propéf—
ties with rf input power shows in Fig.5.33. Resistivity de-
creases with increasing rf input power. Hall mobility of films
grown at 300°C increases up to 200W and is saturated. However,
that of films grown at 250°C increases rapidly over 200W. The
saturation of ﬁobility of films obtained at 300°C is related to
degrade of standard deviation. The rapid increase of mobility of
films obtained at 250°C is due to the disappearance of (101) peak
over 210W. Carrier concentration increases gradualy and de-
creases when films grew at 250°C. This decrease of carrier
conceﬁtration is due'tq 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 CO, to DEZ. The conversion of conducstivity 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 Co, 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-
linity of film. Carrier concentration also reaches a maximum
around 100 of mole ratio and decreases at larger mole ratio. At
larger mole ratio above 100 the film components have better
stoichiometry. Therefore, the variation of the film resistivity
with mole ratio of CO, to DEZ is caused by thésgmgsiiziggéétween

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 films grown on
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ceramic substrate on substrate temperature was also investigated.
The film quality is strongly affected by substrate temperature as
described in Section 5-3-4. The standard deviation decreases up
to 200°C and increases as the substrate temperature increases as
shown in Fig.5.37. The electrical characteristics of films by
Hall measurement is shown in Fig.5.38. Mobility of films shows
a maximum value at a substrate temperature of 200°C and the
dependence of mobility on substrate temperature corresponds to
that of standard‘deviation, which indicate the change of film
quality. Carrier concentration decreases with increasing sub-
strate temperature, possibly because of the better stoichiometry
of films 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
alkyl-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 300 to 800nm by a double beam photospectrometer
(SHIMADZU, MPS-50L). The typical transmission spectra of film
grown on glass substrate is shown in Fig.5.40. This sample was
800nm in thickness. Figure 5.40 shows film has the sharp absorp-
tion edge at 380nm and average transmittance of over 80% in the

visible region.
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Photoluminescence characteristic of films on sapphire sub-
strate was also measured. The samples were excited with the
3650A line of a high pressure mercury lamp. Fié%%.41 shows PL
spectrums of ZnO films prepared by PE-MO-CVD, CVD and sputtering.
In films grown by PE-MO-CVD, broad photoluminescence spectrum
with the peak about 64007 is observed, though CVD films 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 Fi?.5.42 , shows no significant change of
spectrum at low 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 tem-
perature up to 180°C and 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 0.12eV.

5-6. Application Devices
5-6-1. Fabrication of Transducers

ZznO films prepared by PE-MO-CVD exhibit low resistivity as
mentioned above and this property is not good for piezoelectric
applications. The resistivity of greater than 10°Qcm is necessa-
ry for these applications. It 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 2ZnO.

At first stage, titanium electrode was deposited on fused
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quartz rod by the electron 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. 1In
this structure the adhesion between Au and Ti was strong. After
evaporating electrode, an film was deposited at a substrate
temperature of 300°C for 23 hours. And then lithiﬁm which acts
as acceptpr was diffused to increase resistivity by coating the
films with LiOH alcoholic solution and heating them in air at
500°C for 10 hours. At lgst stage, the Au upper electrode was
evaporated on Znocfilm after diffusing treatment. The piezoe-
lectrical characteristics of plasma-deposited film were measured
by the pulse-echo method as shown in Fi§.5.44. By using this
method the attenuation and velocity of ulfrasonic waves 1in solid
can be measured. In this pulse-echo method, if we assume 1) the
parallel 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 parallel faces, from the
decay of pulse echo measured, absorption coefficient and
sound velocity u of fused gquartz is calculated. If the change of
the peak value of pulse echo is given by following expressions

a = age Bt
where a, is pulse height of first reflected waves and B is ab-
sorption coefficient per unit time, absorption coefficient a is
given by

o= B/u
Then sound velocity is written by

u=21/T

—114 -



where 1 is thickness of substrate and T is period of echo. Figure
5.45 shows the multiple'réflections echo pattern which is ob-
served at a repetition frequency:of 35MHz.

The multiple reflection echos at 35MHz 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 x 10'2dB/cm are determined from equations
mentioned above. These values are similar to those reported in

ref.57.

5-6-2. Fabrication of Heterojunction Solar Cells

Several transparent conductive oxide semiconductors, such as
ITO and SnO, have been used to form heterojunction solar cells.
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.
In PE-MO-CVD, it can be prepared with a high transparency and a
sufficiently low resistivity to prevent series resistivity losses
in a heterojunction with ZnO as window layer.

CdTe is a 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 major portion of the solar spectrum. For these reasons,
using plasma deposited film we fabricated n-2nO/p-CdTe hetero-
junction solar cells. Aan ideal 2Zn0/CdTe heterojunction band
diagaram constructed following Anderson's model, for CdTe doping

of 1017cm‘3, the depletion layer width is about 0.1 ym.
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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 polished (110) surfaces of samples were etched
chemically for about seven minutes in Br methanol solution (1%).
The growth condition of 2n0O is shown in the Table of 5-3.

In order to reduce the density of interface states and
resistivity, the postdeposition annealing was carried out at
450°C for five minutes in hydrogen. Indium was evaporated on the
Zn0 as an ohmic contact. An ohmic contact of CdTe was made by
electrodeless plating with use of HAuCl [58].

The electrical 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/cm?(AMT) simulated light. The best cell
showed an open—circuit voltage Voc of 514mV, a short-circuit
current-density Jsc of 21.3mA/cm2,-a £fill factor F.F. of 0.4 and
a conversion efficiency of 4.4%. A series of cells was prepared
under same conditions, with the results summerized in Table 5-4.
In our n-Zn0/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 zho and of postdeposi-

tion annealing, and by decreasing electrode resistance.

5-7. Crystal Growth Using Reaction between Diethylzinc and N,0
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Table 5-3. The growth condition of ZnO by PE-MO-CVD.

Gas Flow Arxr 500 ml/min.
N CO; 300 ml/min.
DEZ Bub. Temp. 15.5 °C
Sub. Temp. 250 °C
Input Power 230 W
Gas Pressure 1.5 Torr
Time 30 min.
J (mAlkml)
10
D
400 600
-200 0 200 v ooV
-10 L
-20 Voc : StemvV
—_—] Jsc 1 21.3 mAlem?

Fig.5.46. The dark and illuminated I-V characteristic of the

best cell.

Table 5-4. Results on solar cells.

NO. Anneal voc Jsc n
Temp.
[°c] [mV] [mA/cn? ] (%)
S-1 450 337 13.2 1.4
s-2 450 514 21.3 4.4

s-3 " 450 390 14.3 2.3
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5-7-1. Experimental Procedure

N,0 was 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.. N,0 are fairly safe gases,
however, in the use of N,0 there is a possibility of producing
NO,, 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 100sccm of N,O flow directly into the reaction cham-
ber. A stainless steel bubbler containing DEZ was maintained at
20°c.

In the present study, dorning 7059 glass and (01712) and
(0001) plane sapphire were used as substrates. The structural
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. Films Grown on Glass

In Fig.5.48., is shown the growth rate of the ZnO film grown
on a glass substrate in using N,0 as a function of the inverse
substrate temperature over the range from 150°C to 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/mol smaller than that when CO, is used,
7.6KJ/mol. The value obtained by our work is much smaller than

that in MO-CVD, 27K/mol, reported in ref.33. This fact supports
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Fig.5.48. Variation of the growth rate of ZnO films as a

function of inverse substrate temperature.
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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 N,0, c-axis oriented
Zn0 films were grown on a glass substrate at substrate tempera-
tures of 150-350°C and rf input power levels of 60-260W, which
were lower than those in the case of using COy. The film evalu-
ation by the standafd 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
300°C. However, at a substrate temperature 0f 350°C very thin
grayish films were deposited unevently and weak x-ray diffraction
peaks from (002), (100) and (101) planes of Zn0O were observed.
When the substrate temperature was 400°C, very weak peaks from
ZnO (100), (002) and (104) planes, and Zn on~the‘chamber wall and
inlet nozzle were also observéd. From these observations, we can
see that the reaction between DEZ and N,O0 for producing ZnO is
caused by the energy of the plasma discahrge, not by the thermal
energy of the substrate at temperatures below 400°C.

As shown in Fig.5.49 , c-axis oriented film grew even at a
substrate temperature of 150°C and an rf input power of 60W,
where the reaction between DEZ and N,O for producing ZnO took
place more easily than that between DEZ and CO,. These facts
indicate that the difference in readiness of the reaction may be
due to the difference in bond dissociation energy of N,0 and CO,,

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. Epitaxial Growth

When (0172) sapphire was used as a substrate, 2n0O epitaxial
layers grew at a substrate temperature of 250°C. The RHEED
pattern exhibits distinct spots, as shown in Fig.5.50. It is
noted that the different spot pattern could be observed periodi-
cally when the direction of the incident electron beam was
changed. The comparison of the evaluation by the standard devia-
tion in the cases of N,0 and CO, is given in Fig.5.51. The good
quality films on sapphire substrartes are obtained at lower rf

input power in using N50 compared with using COZ.

5-8. Conclﬁsion

Highly c-axis oriented ZnO films were grown on glass sub-
strates and epitaxial ZnO films were grown on sapphire substrates
at substrate temperatures of 150-350°C by the PE-MO-CVD method,
using DEZ and Co, (or 02) as source materials. The crystallogra-
phic properties of the déposited 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 2nO films also
were grown on Si, SiO,, 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 NO, highly c-axis oriented and epitaxial 2ZnO films

were grown on glass and sapphire substrates at 150 and 250°cC,
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Fig.5.50. RHEED pattern of a 2ZnO film grown at 250°cC.
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respectively. ZnO films were obtained at lower substrate temper-
atures and lower rf input power levels in NO, than in CO,. The
plasma deposited films had low resistivities of 10'3—1OQcm,'Hall
mobilities of 0.5-50cm2/VSec and carrier concentrations of 1018-
10"%m™3.  The electrical characteristics of the 2nO films were
strongly dependent on the substrate temperature the rf input
power and the mole ratio of €O, or N,0 to DEZ. A piezoelectric
transducer and heterojunction solar cells (n-2n0/p-Si and n-

Zn0/p-CdTe) were constracted.
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CHAPTER VI. GROWTH AND PROPERTIES OF 2nO THIN FILMS BY THE

MICROWAVE PLASMA EXCITATION METHOD

6-1. Introduction

Low temperature formation and microfabrication techniques
for fabrication semiconductor devices and integrated circuit
using plésma and ion technology have been .. . developed.
Plasma CVD(chemical vapor deposition), specially, has been used
extensively for producing dielectric films and amorphous silicon
films. In plasma deposition technique, the decomposition of
source materials to form films is principally assisted by the
action of the glow discharge and many activated species excited
by electron with high energy exist.

Recently the microwave plasma technology as a new method for
chemical dry etching and deposition of poly-crystalline silicon,
silicon dioxide and silicon nitride in LSI fabrication process
has aroused considerable attention [1-5]. The microwave excita-
tion technique has several advantages over the conventional
RF(13.56 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 flux) to the samples can be
eliminate, Microwave excitation method, as mentioned above, has
the advantageous features, however little study of this method to
the deposition of the III-V and II-VI compounds semiconductors

have been found.
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In 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 metalorganic chemical vapor deposition(PE-MOCVD) tech-
nigque [6-8]. The plasma CVD system used was equipped with a
capacitive coupling discharge system and parallel 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 guality 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.

In this chapter we are the first to describe experiment de-
tailes of the low temperature growth of c-axis oriented and
epitaxial ZnO thin £ilms wusing 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. It
was possible to adjust the position of the susceptor from 10 to

60cm from the cavity. The substrates on the susceptor were heated
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by an infrared lamp.

In this growth system, diethylzinc(DEZ, 2Zn(C,Hg)j) reacted
with microwave excited oxygen or dinitrogen monooxide to produce
ZnoO. An O, or N,0 gas was 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 controlled by
mass flow controllers. In the present experiment, the gas flow
rates of Ar through the DEZ bubbler, and 02 and NZO were 20-30,
414 and 300 sccm, respectivély. The reaction tube was evacuated
by a rotary pump(500 1/min) ana the reaction pressure was con-
trolled by a throttle valve joined with the rotary pump. The
reaction pressure was about 1 Torr during the growth run. 1In the
present study, Corning 7059 glass and sapphire were used as
substrates.

Optical emission spectrum from the oxygen microwave plasmas
were analyzed by a mondchrometer(ZS cm) in the 300-800 nm 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

In 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 injection of DEZ
into the plasma region led to very unstable discharge and plasma

discharge was not maintained for a long time. In 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 2n films
on a subsfrate. Therefore, in our study, DEZ reacted with the
microwave excitated 0, or N,0 to produce 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 revealed that the
reactive oxygen radicals played very important role of the growth

process [9,10].

6-3-1. Effect of Substrate Temperature

The deposition rate of ZnO films on a glass substrate as a
function of reciprocal substrate temperature is shown in
Fig.6.3¢ In this experiment, 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
small, ,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 100-400°C 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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In 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 activated species with a
long life 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
the position of the susceptor. Increasing the power to the
discharge will increase the probability of completely dissoci-
ating O, molecule generating oxygen radicals or energetic meta-
stable. Therefore the effect of microwave input power on the
deposition rate may be related to the change in the number of
activated species by changing electron density with power and to
the mutual reaction with the activated species. However the
details have not been well understood in this stage.

In this system c-axis oriented ZnO films have been grown
successfully on a glass substrate at substrate temperatures of
higher than 200°c. Figure 6.4 shows the X-ray diffraction
patterns of films obtained ‘at 200°cC by thé plasma excitation
method and thermal MOCVD. Only c-plane reflection peaks were
observed in both films. The film evaluatioﬁ by the peak inten-
sity and the half width of an x-ray diffraction patterns, and the
standerd deviation angle(0) of the X-ray rocking curve for the
(0002) peak indicated that the films obtained by the plasma
excited method showed better crystalline quality than when they
were grown by thermal MOCVD. The substrate temperature and
microwave input power dependence of 6 value of films‘is shown in

Fig.6.5.. This film quality chart means that more highly c-axis

—135-



PSR ..' .M.W :200w __'l_T - - [ T ihermal
! . T52200C mea s ae meem S . 152200°C . -~ -

Jdoon b b
. b I
Yot

——t

P | K S—— - — Ceege e
1

._..-.4. .
i

%.. aﬁ \‘m :\w oy \M,L»,.\\..;W,\,,c)* NIV e M W’*‘” \’ h! W '.{"/z'i."v-w,y«g-.m'u‘\xxw;wmf

-1 T

30° 40° 50° 60° 3p° 40" 50° 60°

Fig.6.4. X-ray diffraction patterns of ZnO thin films on glass

substrates at 200°C by : (a) the plasma excitation

method, (b) thermal MOCVD.

- d:20em MW.POWER
o [ o 60w ]
¥ . 120
o 0 200
wer = 300 -
g x a 370
Z . A 550
z5 - x Thermal -
Qe 0
—
<{ -
=4 a N 1
léj o

a
o3f 8 i,
o
< -3
D -
Z
&2 - . -
(72}

100 200 300 400
SUBSTRATE TEMPERATURE (°C)

Fig.6.5. Dependence of standard deviation angle on substrate

temperature.

-136 -



oriented films were obtained by the microwave excitation plasma
method at same substréte temperatures.

The electrical resiétivity 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 300°C 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 (SHIMADZU: MPS-2000). 2nO films
obtained at various substrate temperatures by microwave excited
method shows excellent 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 interference effect was not observed. It 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

The dependence of deposition regte on the DEZ and O, flow was
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also investigated. Figure 6.8 shows the deposition rate as a
function of DEZ concentration. The increase in deposition rate
with increasing DEZ concentration for O, flow of 1.85 x 1072
mol/min was observed. A similar result was also reported in the
growth of ZnSe and InAs when VI and V group source materials were
supplied sufficiently. Contrary to the DEZ flow, the deposition
rate decreased as the 02 flow increased, when the DEZ flow was
kept to 2.5 x 10~° mol/min, as shown in Fig.6.9. The excess 0,
resulted in a reduction in a deposition rate, which may be caused

by some complexes.

6-3-3. Effect 6f Reaction Pressure

The effect of total reaction pressure on deposition rate was
measured, which is shown in Fig.6.10. The depositon 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-
cluding 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 the 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 1
Torr and 400°C, only c-plane reflection peaks were observed.

However, (002) and (101) 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 1-8
Torr showed 1-103Qcm and exhibited a minimum at a pressure of 2
Torr. This variation of resistivity is similar 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 mobility which is limited by scattering at

grain boundaries.

6-3-4. Doping Effect

ZnO thin films with high resistivity have been used for
applications to SAW devices and integrated optics. Recently low
resistive ZnO films have been attracting attention as transparent
electrodes and window material of soller cells. Therefore, con-
trolling the electrical resistivity of ZnO film is an important
objective. In this study, the doping of Li and Al to ZnO was
carried out.

LiOH was used as a dopant of Li., The small quartz vessel
loaded with LiOH was put into the plasma discharge region. The
doped ZnO films grown at 200°C showed the resistivity of 105-107
Qcm, which is 10%4-106 higher than undoped films. This doping
method resulted in difficulties in controlling the doping con-
tents and in the reproducibility.

Trimethylauminium(TMA, Al(CH3)3) was also introduced into a

reactor as a dopant of Al. The flow rate of Ar through a TMA
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bubbler was 15sccm. The temperature dependence of resistivity and
an effect of Al doping are shown in Fig.6.11. The non-doped
films had resistivities of 10-10""1 ficm, however the Al doped
films showed lower resistivities of 10-7-10-3 Qcm. The resistivi-
ty of film could be controlled easily from 1077 to 10-3 Qcm by

changing TMA flow rate and controllability was fairly good.

6-3-5. Ny0 és an Oxidizing Gas

N,O was also used as an oxidizing gas in the present study.
The growth condition employed in the present case was that 20-30
sccm of Ar flow through the DEZ bubbler and 30 sccm of N,O flow.
2n0 films were obtained by using the reaction between DEZ and
microwave excited N,O.

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.

In this system, c-axis oriented films have been grown on
glass substrate at a substrate temperature of 150°C, which is
lower than that when O, was used. When films were prepared by
thermal MOCVD at lower than 200°C, the X-ray diffraction peaks
from (100), (002), (101) planes of Zn0 were observed and c-axis
oriented films have not been grown.

Films obtained by our method showed the better crystallinity
than that of films by MOCVD as mentioned above, however they had
higher resistivity. The resistivity of films prepared at 150-

400°C by the plasma excitation method was of 10~" to 107 Qcm. On
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the other hand, the thermal MOCVD films showed the resistivity of
10-3-10) Qcm. This can 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 films on sapphire substrates has
been carried out. In this éxperiment, (0172) and (0001) sapphire
were used as @ substratesand O, gas was used as an oxidizing gas.
The growth condition were the same as mentioned in section 6-2.
The dependence of the crystalline 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 400°C. Films grown‘on (01712) sapphire at 400°cC
showed a only ZnO (1120) plane peak and the separation of CuKgy,
and CuK,, trace was also observed. The RHEED pattern of the film
grown at 400°C, as shown in Fig.6.13., has the spots. These
indicate that the film is single crystalline. When (0001) sap-
phire was used as a substrate, (0001) ZnO layers grew higher than
400°C and 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 400°C.

Films grown an (0172) and (0001) sapphire by the microwave
plasma technique generally showed thé average transmittance 6f
higher than 80%, which was higher than that of thermal MOCVD
films as shown in Fig.6.15.. The reflactive index(ne), which

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's(ng=1.993).

6-3-7. Application to Optical Waveguide

It is'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 films of ZnO with low optical waveguided losses
have potential applications as various integrated optical de-
vices. In waveguided devices, the guided wave propagation loss is
very important factor. The attenuation includes the scattering
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 laser wavelength(63283) and experi-
mental details may be found elsewhere. Most of films obtained
showed waveguide attenuation of about 10dB/cm for.the TEO:mode.
The best result obtained was the minimum propagation loss of
2.04dB/cm for the TE, mode as shown in Fig.6.16. = It was founded
that the propergation losses of films grown by our method was
lower than them grown by thermal MOCVD. The MOCVD films, 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-

linity.
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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,
crystallinity, and electrical and optical properties of ZnO films
on glass and sapphire substrates have been investigated. C-axis
oriented and epitaxial Zn0O films were grown successfully at
substrate temperatures of 150°C and 400°C, respectively. In this
methqd, the film 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 170-1-10% 9cm and the the resistivity
could be controlled from 10'3 to 107 Qcm by the doping of Al and
Li. The average transmittance of films was found to be 80% and
refractive index (ng) of epitaxial film was 1.997. A comparison
6f 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 propagatioﬁ

loss of 2.0dB/cm in the TE; mode.
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CHAPTER VII. LOW TEMPERATURE GROWTH OF ZnO FILM BY PHOTO-MOCVD

7-1. Photo-MOCVD of ZnO Thin Films
7-1-1. Introduction

Many fabrication techniques for growing ZnO film with good
crystalline gquality have been developed. In order to obtain
highly c-axis oriented and epitaxial ZnO films, we have developed
thin film 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—10], as
mentioned before. The plasma deposition method does have some
disadvantages such as film surface bombardment by energetic par-
ticlesh deviation of stoichiometry and a low growth rate. How-
ever, the CVD (Zno—Hz—OszZO) system developed by our group has
given single crystal 2nO films and the seiective area growth of
the 2nO0 film was successful [5-7]. 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 2ZnO thin films, and selective film growth
technique of ZnO at low substrate temperatures, is required.

In recent years the 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 particles, low contamination and selective film growth.
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However, it has not been very long since research on the photo-
MOCVD of III-V and II-VI compound semiconductors was started.
Especially in 1II-VI semiconductors, the reaction mechanism of
thermal decomposition and photochemical processes using metalor-
ganic compounds are very complicated and remain unknown. In the
work on film preparation of Z2n0O by laser-induced CVD, some re-
ports were published by R. Solanki and coworkers{11,12]. 1In
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.
In this section, we report on the low substrate temperature
photodeposition and properties of Zn and ZnO films obtained by
utilizing the reaction between diethylzinc[DEZ:Zn(CZHS)z] 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. In this system, the source alkylmetal compound DEZ
reacts with O2 or N02 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 tem-
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perature by exposing the substrate to infrared irradiation. The
chamber used measures 15cm in diameter and 20cm in height, and
has a purge system designed to prevent zZnO deposition on the
window. The gas flow system is assembled using 1/4 inch stain-
less tubing, stainless steel valves, flow meters and a stainless
steel bubbler for DEZ which is in temperature controlled bath.
The reaction chamber is evacuated by a normal rotary pump (500
1/min), and the pressure is about 1 Torr during the growth run.

Corning 7059 glass was used as a substrate.

7-1-3. Photodeposition of 2n Films

The photo decomposition of DEZ was carried out at an earlier
stage of our study. 2n films of a grayish color were deposited
at substrate temperatures of 250-350°C. 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 to 220nm 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-
cides with the 280nm figure reported by4¢%gbmpson et al. [(13-15].
When a large amount of DEZ was introduced into the 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 film growth).
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7-1-4. Photodeposition of ZnO Films using the Reaction between
Diethylzinc and P

The photodeposition of ZnO was also achieved using a xenon-
mercury lamp. Using two kinds of wavelength regions, i.e. 220-
410nm and 320-410nm, 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 350°C., This photo irradiation effect
on deposition rate suggests that the photodissociation of DEZ
(220-410nm) and the 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 also an important factor
[16]. More complete dissociation of DEZ (and NOZ) 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 films were grown
using MOCVD,14.5(kJ/mol). This shows that UV light irradiation
assists the growth rate of 2ZnO thin films. Although the detailed
reaction mechanism in the photochemical process between DEZ and
oxidant is presently unknown, the growth rate and the crystal-

linity are influenced by the photochemical reaction in the gas
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phase and/or the surface reaction. In our experiment, the rise in
surface temperature of the substrate from the UV light in the UV
wavelength regiqn used is negligible as the light power is low
(0.4—3.4mW/cm2). The difference of the déposition rate, with or
without a light irradiation, decreases as the substrate tempera-
ture increases. The decrease of the deposition rate above 350°C
may be attributea to reevaporation and change in the sticking
coefficient.

C-axis oriented 2nO films Qere grown successfully at a
substrate temperature of 250°C under light irradiation of 220-
410nm,as shown iﬁ Fig.7.3.. However, film grown under 320-410nm
irradiation showed a strong x-ray peak from (002) planes, as well
as weak peaks from (100), (101) and (110) planes. Without irra-
diation, films obtained at 250°C showed weak peaks from (160),
(002), (101) and (110) planes,as shown in Fig.7.3 , and c-axis
oriented films could be grown at a substrate temperature of more
than 300°cC regardless of whether or not light irradiation oc-
curred. When 2ZnO 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 experimental 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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Diethylzinc and NO,

Photodeposition using the reaction between DEZ and NO, (dis-
sociated under 398nm)[19-21] was also carried out. 1In contrast
to the rapid reaction between DEZ and O,, DEZ hardly react with
NO, directly at substrate temperature lower than 150°C. 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 films grown by thermal-MOCVD.
This means that the wavelength of the light source used coincide
with the dissociation waveiength of DEZ and NO,, 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 NO,, at a sub-
strate temperature of 150°C 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 150°C is about 6°. Photodeposition films showed a lower
standard deviation angle than those of films grown under no photo
irradiation as in the case of using DEZ and O,.

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 300°C. The decrease in resistivity as the temperature
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Fig.7.6.
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increased from 150 to 300°C can 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 300°C may
be caused by decreasing the carrier concentration. Photodepos-
ited films had resistivities of 1-104 Qcm while films grown under
no light irradiation showed resistivities of 10-107 Qcm. Photo-
deposited films showed lower resistivities than those of non-pho-
todeposited films at the same substrate temperatures. The lower
resistivities of photodeposited films may be attributed to the

better crystallinity, as mentioned above.

7-2. Effectsof UV Light Irradiation on the Growth of 2ZnO Films
7-2-1. Introduction

Photoprocessing , such as laser-induced CVD and laser
etching, has proved to be an excellent technology in the produc-
tion of VLSI and other devices [22]. The photochemical depo-
sition of metals, insulators, amorphous materials and semiconduc-
tors. using laser technology 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 also 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 [23]. 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 2Zno

—161 -



thin films has been employed by R.Solanki,et al. [11,12]. In
their work, laser photodissociation of organometallic DMZ (di-
methylzinc), and N02 and N,O has been performed to obtain ZnO
films with high deposition rates. However, the effects of photo-
chemical reactions in the gas phase and on the surface on film
growth characteristics (growth rate, crystallinity, surface mor-
phology, and electrical properties) still remain unknown.

In our group, c-axis oriented ZnO films for applications to
SAW devices and optical waveguide devices, using DEZ (diethyl-
zinc), and 0, and NO, as source materials, have been successfully
grown at a low substrate temperature (150°C) by using the photo-
MOCVD technique with either a Hg or a Xe-Hg lamp [24]). In-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 ref.24,we suggested that these ef-
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 Zn0O film have not been clarified.

In 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 schematically in

Fig.7.7. The Zn0O layers were grown using DEZ(Zn(CZHS)z) and NO,
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as source materials. The flow rates of gaseous species were
regulated by mass flow controllers (STEC Inc. SEC-300). The
chamber measures 15cm 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. 1In the present experiment, the flow rates of DEZ
and NO, were 1.3 x 10°5 (mol/min) and 3.0 x 10-°(mol/min)
({VI1/[II1]=2.3), respectively. The reactor pressure was 1 Torr
during the growth run. An excimer 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 Noz(which has
larger absorption cross sections than N,0) have optical absorp-
tion bands in the ultraviolet region [13-15,17-21], and are
photodissociated at 248nm.

In our photo-MOCVD, in order to investigate the effects of
the gas phase and surface reactions by UV light on the growth of
Zn0, incident laser beams were directed in two distinct ways.
In order to study the photo-CVD process in the gas phase, the
léser beam was directed parallel to the substrate by changing the
angle of susceptor to the light source. The parallel incident
laser beam passed about Imm 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=15cm), 3) with a convex lens(f=15cm). The

samples were also situated on the front side of the susceptor at

~-163 -



an angle of 45° to 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

The parallel incident laser light with a rectangular beam of
10 x 22 mm2 passed above the substrate and caused deposition in
the three wayé mentioned above. The growth rate of films ob-
tained with and without light irradiation was compared. Figure
7.8 shows the change in growth 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 light 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 NO, accelerates the

reaction to produce the activated species and adsorbed species
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responsible for ZnO growth.

The crystalline properties of Z2nO 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 (002) peak (c-axis
planes parallel to the substrate surface). The X-ray diffraction
patterns of ZnO films obtained on glasé substrates with and
without laser light irradiation at a substrate temperature of
200°C showed little difference in crystallinity as shown in
Fig.7.9. From this figure it can be seen that the X-ray inten-
sity and the line width of the (002) diffraction peak are almost
same. The values of the line width of the (002) diffractions are
between 0.7° and 0.75°. The RHEED patterns of the same samples
measured above also showed a typical pattern of c-axis oriented
Zn0 film. These X-ray diffraction and RHEED observation indi-
cates that the crystallinity of the films is not substantially
altered by the introduction of light or various photon density.
The crystallinity of films on guartz substrates was also un-
changed regardless of laser light irradiation.

Surface morphology of the films was obsefved by a scanning
electron microscope (SEM). Using this technique the surface
differences of the films observed was insignificant.

Electrical resistivities of Z2nO films were measured. The
films had resistivities of 10b—106 Qcm and 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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and degree of nonstoichiometry of the films. 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 determiniﬁg elec-
trical characteristics and growth rate (see under "7-2-4. Surface

reaction").

7-2-4. Surface Reaction

In this experiment the substrate surface was set at an
incline of 45° to 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 '7-2-
3. In order to prevent the surface temperature from rising,
the average laser power used was under 0.8W and the laser beam
was introduced without a lens. Figure 7.11 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 aléo increased as the incident laser power was
increased, when the substraté temperature was kept at 200°c. -

This power dependence on growth rate suggests that the enhance-

-168 —



¥ 1 . T T

ZnOlqlcss,quqr‘t:
L laser: KrF(248nm)
2.0 1
— ® A thermal
£ o a irrodiated(45°)
E‘ sl e o glass
a2 A A quartz
w
-
&
o 8
E1.0+ -
2 -
. !
& 8 ]
° [ 4
0.5t 8 b
[ |
c " 1 1 1 " 1 " !

100 200 300 400
SUBSTRATE TEMPERATURE(C)

Fig.7.11. Effect of UV laser light irradiation on the growth
rate of 2ZnO films when substrates were directly

irradiated by laser beams.

-169 -



ment of the surface reaction depends on laser power.

C-axis oriented Zn0 films were grown on glass substrates by
photo-CVD at substrate temperatures higher than 150°C. Figure
7.12 shows the typical X-ray aiffraction patterns of the films
grown with and without laser light irradiation. The films grown
without photo irradiation at 150°C and 200°C were polycrystal-
line, and showed the weak and broad (002) peak (the line width
were 0.9° and 0.6°, respectively.). On the other hand, the X-
ray diffraction patterns of the films obtained by photo-CVD at
150°C and 200°C showed the strong and sharp (002) peak (the line
width were 0.55° and 0.35°), and a great improvement in c-axis
orientation was observed, as shown in Fig.7.12.. The RHEED
patterns of these films also showed an improvement in c-axis
orientation compared with those of films grown under no laser
light irradiation. This improvement in c-axis orientation of
films was also observed when fused gquartz was used as a sub-
stréte. The better quality films could be explained by more
complete dissociation of DEZ and NO,, and the role of UV light on
enhancing mobility 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. It is noted that the resis-
tivity is decreased by increasing the substrate temperature. 2ZnO
films grown by photo-MOCVD have lower resistivities(10'1—10%

cm) than those obtained without photo irradiation. The im-
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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 film 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 crystallinity of ZnO
films on sapphire substrates for obtaining single crystalline
films was also observed only when the substrates were irradiated
directly. These results show that the surface photochemical
reactions caused by UV light irradiation play a very important
role in adsorption, desorption, the photo induced carrier excita-
tion effect on both the deposited ZnO layers and on the substrate
[25], and acceleration of surface migration. The details of
photochemical reactions which occur at the sample surface still
remaiﬁ 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 NO,
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. 1In our
experiment, the solutioﬁ of the heat conduction equation shows
that an estimation of the surface temperature rise caused by a

laser beam should be lower than about 30°C [26]. It has been
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shown that the same photo irradiation effects can be observed
when UV lamps with low 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

In summary, metallic 2n 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., 1In our deposition technique, the UV light has
effects on growth rate, crystallinity 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-mércury
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 light on the gas phase and
surface reactions responsible for the growth of 2noO. The inci-
dent laser beam was directed in two distinct ways. When the
laser light was induced above the substrate, photochemical reac-
tions which occurred in the gas phase affected the growth rate of
films but the crystallinity was not affected. When the substrate
was irradiated directly by a laser light beanm, changes in the
growth rate, the c-axis orientation, and the electrical resig-
tivity of ZnO films were observed. 1In this experiment, c-axis

oriented ZnO films have been grown successfully 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 VIII. CONCLUSIONS

In this study, the growth of 2n0O thin films by wvarious
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 1I.)

(2) sSinglecrystal Z2nO films with smooth surfaces have been
grown on sapphire substrates by a CVD (ZnO—Hz—Oz-HZO) system,
The (1120)and (0001) 2nO have been grown epitaxially on (01712)
and (0001) sapphire substrates. In this CVD method, at the
first step of the film growth, an intermediate thin layer was
deposited by a sputtering system. At succeeding process, a 2ZnO-
HZ'HZO'Oz chemical reaction syatemws carried out. The interme-
diate sputter-deposited 2nO layer playdan 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
ZnO0 and sapphire. The successful selective crystal growth was
made by using this CVD technidue.

The as-grown films showed a n-type conduction and had resis-

tivities of 1072-10~1 2cm, Hall mobilities 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 films are degenerated or have some
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shallow doners. The dependence of electriéal properties on film
thickness also showed the existence of highly conductive layer at
the interface between Zn0O and sapphire. Films with average
transmittance above 80% in visible region were obtained. The
electrical and op;ical characteristics were strongly dependent on
the growth rate and substrate temperature. (CHAPTER II.)

(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 TE; mode at 6328A. The ridge type
optical waveguides with about 2.5 um 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 III.)

(4) A higly c-axis oriented ZnO thin film with a high optical
transparency was grown at a high growth rate of 90 um/hr on a
silicon substrate by a ZnO-H,-0,-H,0 CVD system. Thin ZnO films
were reproducibly obtained on silicon substrates only when an
intermediately sputterd thin ZnO layer was presented. In this
CVD method, the intermediate thin 2ZnO layer provides a high
density of nuclei and serves as a buffer layer in succeeding CVD
process. A Zné%ilm was selectively chemical—vapor-deposited on
the part of the silicon substrate with a very thin sputter-
deposited 2ZnO layer, with no chemical vapor deposition on the
bare silicon substrate itself. The low resistivity, combined
with optical'transparency at visible to infrared, surface flat-
ness, and good adherence to the silicon substrate of the Zn0O film

suggest the feasibility of zZn0O/Si heterojunction solar cells,
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which have shown a rather poor conversion efficiency of 0.92% so
far. (CHAPTER 1V.)

(5) Plasma-enhanced metalorganic chemical vapor deposition,
using diethylzinc as a source of Zn, has proved to be an excel-
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°cC. In this method, ZnO films were obtained by reacting
diethylzinc with CO, or 0, gas. The crystallographic properties
and surface morfology of the films were greatly affected by the
rf input poweﬂ}evel, the substrate temperature and the growth
rate.

Thin Z2nO films with a high degree of c-axis orientation has
been grown on Si, SiOz/Si, ceramic and polyimide substrates at
substrates temperatures of 200-350°C and rf input power of 150-
260W, using CO, as an oxidizing gas. Utilizing the reaction of
diethylzinc with NO,, highly c-axis oriented films have been
obtained, on glass substrate at substrate temperatures of 150-
350°C 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 100W. A piezoelectric transducer with
a fundamental frequency of 35MHz and heterojunction solar cells
were obtained by using the plasms-deposited 2nO films., The
maximum conversion efficiencies obtained with an n-ZnO/p-Si cell
and n-2n0/p-CdTe cell 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(2.45GHz)
oxygen or dinitrogen monooxide plasmas at substrate temperatures
of 150 and 400°C, respectively. In this method, ZnO films have
been ohtained 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 crystallogra-
phic, and electrical and optical properties of films were strong-
ly dependent on the growth conditions. The control of resistiv-
ity was carried out by doping Li and Al. c-Axis oriented ZnO
film showed the minimum optical waveguide loss of 2.0dB/cm for
TE, mode at 6328A.  (CHAPTER VI.)
(7) Zn films and c-axis oriented ZnO films have been success-
fully grown, the former at room temperature and the latter at a
substrate temperature of 150°¢C, respectively, by photo-MOCVD,
using a mercury lamp and a xenon-mercury lamp as a light source,
and DEZ as a source of 2n, and 0, and NO, as an oxidizing gas.
The effects of ultraviolet light irradiation on the growth of ZnO
have been examined. An increase in the growth rate, an improve-
ment in c-axis orientation and a decrease in the electrical
resistivity of Zn0O film were observed when the substrates were
irradiated by an ultraviolet 1light during the gro@th run.
The effects of UV laser light irradiation on the growth of

ZnO0 films by photo-MOCVD, using DEZ and NO, 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 difectly 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 2ZnO film. These results mean

that surface reactions play a very important role in photo-MOCVD

of ZnO. (CHAPTER VII.)
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APPENDIX : MECHANICAL PROPERTIES OF FILM

1-1. ‘Adhesion of ZnO Films to Substrates

1-1-1. Introduction

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 iﬁterfaces
between the two materials in contact with each other, a study of
thin film is of both practical and fundamental interest.
Many attemps 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 [14]

ii) abrasion test [15-16]
iii) ultrasonic test [17]
iV) centrifugal force test [18-20]

Among these methods mentioned above peel 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 (ultrascnic test),
and ultra centrifuge (centrifuge test) have been employed to
apply the required force but with inconsistent results.

I our study the scratch tests suggested by Heavens was used
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to measure adhesion between ZnO film and the substrates.

1-1-2, Experiemtal Procedure

In 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.

The experimental 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 testervhaé a scratch stylus
similar to the Knoop hardness indentor witﬁ'diamond tips. The
loads of indentor can be changed from 3 graﬁs 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 0.1mm/sec to
0.36mm/sec. The scratched traces of the films are observed by a

microscope.

1-1-3. Results and Discussion
In the scratch tést technique, the extent of ?eeling of film
by indentor indicates the amount of adhesion to be studied. The
load of indentor was changed from 5g 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.1.2.. This figure shows a typical
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Fig.1.2. Optical micrographs of a scratch test illustrating the
effect of the indentation load and the film
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scratch test of adhesion of 2n0 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 thaﬁ that of sputtered Zn0O film._ The optical micrographs
of scratch tests of ZnO film on sépbhire.(0172) substrate by the
sputtering, PE-MO-CVD and CVD method is shown in Fig.1.3. .2nO
films iilﬁstraﬁed in this figure are epitaxially grown on sap-
phire substrate. In this case the scratch track width also
increasgd,w%th increasing the test load, and so much difference
of the track width of the film depositéd,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 sapphife (0172) substfate. The adhesion test of
the films to the glass substrate and sapphire substrate, as shown
in Fig.1.4., clarifys that the adhesion between epitéxial films
and sapphire substrate is stronger than that between ¢-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 films onglass and (111)S1i substrates was
larger than that on 5102/(100)Si and polyimide films at the same

load. 1In the case of polyimide substrate, the scratch width’
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Pig.1.4.

Optical micrographs of scratch test illustrating the
effect of the indentation load and the substrate: (a)-
(d) highly c-axis oriented ZnO film on a glass
substrate; (e)-(i) 2znO (1120) film on a sapphire
(0112) substrate at the following loads: (a), (e) 5gf;

(b), (£) 109f; (c), (g) 20gf; (d), (h) 30gf; (i) 50gf.
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Fig.1.5. Optical micrographs of scratch tests illustrating the

effect of the indentation load and the substrate.
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increased with increasing load, although no peeling of the Zn0O
film was observed. Polyimide substrates with thick 2nO deposi-
tion curled up owing to difference between 2Zn0 and polyimide of
the expansion coefficience, but the films did not peel off the
substrates. These facts show that the adhesion between the 2no
film and the polyimide substrate is considerably stronger than
that between the film and other substrates.

Figure 1.6 shows the results of the adhesion test for 2ZnO
films 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
1-2-1. Introduction

Whatever the application of 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 [20]. 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. 1In this study the relative microhardness of a ZnO film was

determined by the Knoop indentation test.

1-2-2. Experimental Procedure

In 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 1:7 ratio and included
apical angles of 130° and 172°930' is forced under variable loads
into the surface of a test specimen. The relative microhardness
is determined by the depth to which the Knoop.indenter
penetrates.
The Knoop hardness is given by

H = F/0.070281°

where F is a load and 1 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 avéraged one
over five times. It is clear that the Knoop hardness of film
prepared by CVD is smallest. Films grown on (01?2) sapphire
substrate show smaller hardness value than that of films grown on
glass substrate. This facts means that the hardness of films

depends on growth plane.

1-3. Conclusion
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Fig.1.7. The knoop hardness test.

Table 1-1. Results of the knoop hardness test.

HARDNESS TEST

Sample Hk Load (g) Depth (pm)
CcvD (Sapphire) 306.7 5 0.5
PE-CVD (Sapphire) 519.5 15 0.6
PE-CVD (Glass) 514.4 15 0.7
Sputtér (Sapphire) 718.9 15 0.6
Sputter (Glass)  523.1 15 0.7
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The adhesion of highly c-axis oriented and epitaxial ZnO
films grown by sputtering, CVD and PE-MO-CVD to glass, sapphire,
si, SiOZ/Si, ceramic and polyimide substrates was measured. This
adhesion test was performed by the scratch test technique. The
adhesion of ZnO films 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 films.
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