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ABSTRACT

A reactor system has been designed and constructed to enable the 
deposition of a variety of materials as thin films, by metal organic 
chemical vapour deposition (MOCVD). The system has been designed to be 
versatile. It can deposit thin films under atmospheric and reduced 
pressure reactor conditions. A horizontal reactor chamber was 
employed. Facilities for reaction enhancement using UV radiation and 
plasma excitation were incorporated. Equipment for the in situ 
purification of the carrier gases has been provided. Two methods of 
substrate heating have been devised, one using an elliptical 
ref lector/tungsten halogen bulb combination, the other based on a flat 
exfoliated graphite heating element. Apparatus enabling metals to be 
evaporated within the reactor chamber has also been incorporated.

A novel form of precursor metering was devised, based on the 
modified entrainment method (MEM) for vapour pressure measurement. The 
MEM module built, metered precursors into the reactor chamber under 
both atmospheric and reduced pressure conditions. The influence of 
system variables such as source temperature, reactor pressure and 
characteristic dimensions, on the modules operation were investigated.

Flow visualization experiments, using NH^Cl smoke, were carried out 
to investigate the hydrodynamic conditions within the reactor chamber. 
The results were correlated with those of titaniun dioxide thin film 
depositions. Titanium isopropoxide was used as the precursor and 
further growth under reduced pressure was carried out. The effect of 
substrate temperature on the growth rate was determined.

Growth of gallium nitride using adduct precursors and ammonia was 
carried out using the reactor. Aluminium nitride was also deposited, 
using a single source metal organic precursor.
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1 INTRODUCTION

1.1 Description of work.
The work presented here describes the design, construction and 

usage of an apparatus for the deposition of a wide variety of 
materials in thin film form. The technique used for film growth is 
known as metal organic chemical vapour deposition (MOCVD). It relies, 
primarily, on the thermal decomposition and reaction of metal organic 
compounds (precursors) over and on a suitable surface (substrate) to 
give the desired thin film. Transport of the precursors occurs in the 
gas phase and film deposition takes place in a suitable vessel 
(reactor chamber). The chamber and ancillary apparatus is referred to 
as the reactor system. MOCVD is a very versatile process and is used 
widely in the semiconductor industry for the deposition of compounds 
such as GaAs. The background to MOCVD is given in Chapter 2.

Chapter 3 details the design and construction of the reactor 
system. Whilst the utilization of MOCVD for this work is not novel, 
many aspects of the reactor are. The system has been designed with 
versatility and flexibility of operation in mind. A number of features 
aimed at enhancing the MOCVD reactions have been incorporated. 
Unconventional precursors have been employed and novel apparatus (the 
source module) for the delivery of these to the reactor chamber 
constructed. Chapter 4 focuses on the source module. It was designed 
to be capable of metering the wide variety of both solid and liquid 
precursors available for MOCVD. Extensive testing to determine its 
suitability for the reactor system was carried out. Chapters 5,6 and 7 
describe the application of the apparatus to the deposition of thin 
films of Ti02» GaN and AIN repectively.

The format of this work is somewhat unconventional in that many of 
the chapters begin with a review of the theory and practice pertinent 
to the topic being covered. Where experimental results are
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incorporated they are done so together with relevant discussion. Short 
conclusions are placed at the ends of important sections and chapters. 
This format has been chosen to reduce the repetition of information 
that would otherwise occur in view of the wide ranging nature of the 
topics covered. A short concluding chapter and suggestions for further 
work preceed the references and appendicies. A brief index is also 
provided to aid the location of particular key subjects.

This chapter continues with a very brief examination of the 
technology and importance of thin film deposition.

1.2 Thin film growth techniques.
The phrase, thin films, is used to describe layers of compounds or

elements with thicknesses ranging from a monolayer (ie 1 atom thick)
—6to approximately 1 micron (10 m). Above this, the layers are referred 

to as thick films. The definitions are arbitrary and are not always 
adhered to. Thin films are usually applied as coatings in order to 
modify the surface properties of the substrate. Characteristics such 
as resistance to abrasion, reflectivity and chemical reactivity can 
all be altered. Additionally, thin films now form the basis of most 
solid state electronic devices. These include semiconductor devices 
based on films of Si and the group III-V materials such as GaAs. Such 
films are single crystal in structure and are deposited onto single 
crystal substrates. The films are normally epitaxial, that is, 
relationships exist between the crystal orientations of the film and 
of the substrate. It is then usual to refer to the films as single 
crystal epitaxial layers. Most thin films are, however, 
polycrystal line (eg oxides for use as dielectric layeres in 
capacitors) or glassy (eg amorphous Si used for solar cells). The uses 
of thin films are too numerous to list here and further information 
can be gained from the review by Coutts (1978).

A wide variety of techniques are used to deposit thin films. Many 
of these are covered by Campbell (1978) and in greater detail in 
Maissel & Glang (1970). The methods can be broadly classified as
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physical or chemical thin film deposition. Physical methods include
evaporation and sputtering. The former involves the transfer under

-5 -3 -2vacuum conditions (approx. 10 torr, 10 Nm ) of species evaporated 
from a heated source, to the substrate, where condensation and hence 
film formation occurs. Many different materials can be successfully 
evaporated, including most metals, many alloys, and compounds such as 
oxides and nitrides. The basic process whereby the evaporant is heated 
and supported by a refractory metal resistance wire, through which a 
large current is passed, will suffice for a number of metals. 
Complications can arise due to the interaction of the evaporant with 
the support material. Wire sources are also limited in their capacity. 
Additionally alloy materials rarely evaporate congruently, the more 
volatile constituents predominating in the vapour phase. Consequently 
a wide variety of sources have been developed in order to extend the 
range of evaporated materials.

Sputtering is another deposition process carried out under vacuum 
conditions. Bombarding materials with energetic particles such as the 
positive ions of a heavy neutral gas (eg Ar) results in a number of 
surface processes, the most important of which is the ejection of 
surface atoms from the target. These can then condensed onto nearby 
substrates to give a thin film of the target material. Many means of 
creating the bombarding species have been employed. These include 
creating a glow discharge between electrodes, one of which is the 
target material, and direct formation of ions using an ion gun. Many 
different target materials can be successfully sputtered including 
single crystal semiconductors. A review of sputtering techniques is 
given by Wehner & Anderson (1970).

A technique related to evaporation, but dedicated to the growth of
semiconductor materials is molecular beam epitaxy (MBE). Carried out

-10under ultra high vacuum conditions (UHV) (typically 10 torr, Brice 
1986), MBE involves the generation of molecular beams of various layer 
constituents from heated sources known as cells. The beams are 
directed to the heated substrate where film formation can occur. The
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cells are shuttered and can be computer controlled to allow precise 
control of layer thickness (to a monolayer) and composition. MBE is 
the most expensive (both in terms of capital and running costs) and 
complex of the deposition techniques but its ability to produce 
multilayered semiconductor devices is only matched by MOCVD. 
Additionally the UHV conditions employed allow substrate cleanliness, 
beam fluxes, crystal structure, growth stoichiometry and composition 
to be monitored by a combination of anal ytical techniques.

A wide range of processes come under the description of chemical 
deposition. The most basic of these is thermal growth, whereby thin 
films, usually of oxides or nitrides are deposited onto substrates by 
heating the latter in the appropriate ambient. SiO is routinely

A

deposited onto Si, in the semiconductor industry, by this method. The 
sol gel method (briefly covered in section (5.2)) involves dipping of 
substrates into a solution containing the required film constituents. 
Withdrawal and subsequent thermal processing forms the thin film. Many 
oxide materials can be deposited in this way. Anodisation and 
electroplating are two thin film deposition techniques that involve 
transfer of ionic species to and from electrodes immersed in an 
electrolyte. Anodisation is carried out under aqueous conditions and 
results in the growth of oxides, whereas electroplating is used to 
deposit metallic elements.

Chemical vapour deposition (CVD) is one of the most important of 
the thin film formation techniques. Volatile precursors are 
transported via the gaseous phase to a heated substrate where they 
react and film deposition occurs. Many different materials can be 
deposited by CVD methods. These include most metals and their 
nitrides, oxides, borides and carbides. Most CVD reactions are 
reversible and the process is classed as an equilibrium technique. 
Deposition takes place usually in an open flow reactor with several 
heated zones. For metals, the volatile species usually comprise the 
halides. These are generated in situ in the entrance zone of the 
reactor. Transport to the substrate is then followed by either a
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disproportionation or a reduction reaction depending on the species.
The former occurs in a zone colder than that of the entrance, the
latter in a hotter zone and in the presence of H (the reducing agent
and carrier gas). Other gaseous species can be simultaneously supplied
to allow the formation of compound films. CVD methods are widely used
to deposit epitaxial films of Si and a number of group III-V
compounds. The technique is then known as vapour phase epitaxy (VPE).
Typical deposition temperatures within CVD lie within the range 700- 

o1100 C. Many reviews and several books exist describing CVD methods. 
Archer (1979) provides a general introduction and Pogge (1980), a 
detailed description of VPE.

M0CVD is a specialized form of CVD where the precursors are 
volatile metal organic compounds. These are usually liquids with 
relatively high vapour pressures. The gaseous species are pyrolysed to 
give the film constituents. Pyrolysis reactions are non reversible and 
M0CVD is classed as a non equilibrium process. M0CVD can be used to 
grow a wide variety of metals, oxides, nitrides and other compounds. 
It is used both commercial ly and as a research tool for the epitaxial 
growth of a range of group III-V, II-VI and II-IV semiconducting 
compounds for which the alternative title of metal organic vapour 
phase epitaxy (M0VPE) exists.

The use of metal organic compounds has been extended to MBE 
techniques and has led to the formation of an MBE/M0CVD hybrid 
technology known as metal organic molecular beam epitaxy (M0MBE) or 
alternatively chemical beam epitaxy (CBE). A M0MBE reactor is very 
similar to one for MBE growth except beams of metal organics are 
directed at the substrates. The precursors undergo pyrolysis reactions 
on reaching the heated substrate surface. M0MBE is a rapidly 
developing experimental growth process. Its advocates claim that it 
combines the best features of M0CVD such as simple generation of 
precursor species, with the ultra clean vacuum conditions of MBE. A 
recent review has been written by Davies and Andrews (1988).
Another technique that has been widely used to grow epitaxial
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semiconductor films is that of liquid phase epitaxy (LPE). The process 
involves placing a substrate in contact with a solution (usually a 
melt) supersaturated with the film constituents. Subsequent cooling 
causes these to nucleate and deposit on the substrate. LPE was 
original ly used for the growth of GaAs from a solution of As in a Ga 
melt. It has been extended to the growth of many III-V compounds and 
by using multiple melts of different compositions, multilayered 
semiconductor devices have been fabricated. Of the four main epitaxial 
growth techniques, LPE offers the lowest capital and running costs. It 
has been widely used in the industrial fabrication of light emitting 
diodes (LED,s). The technology is well established with little 
research currently being carried out. A review is given by Hsieh 
(1980).

In conclusion, the number of deposition technologies available, when 
faced with a requirement for the formation of a thin film, is quite 
large. The final choice will depend on the nature of the film, its 
composition, thickness, the requirements for its crystalline 
perfection, uniformity, surface morphology and purity. From an 
industrial rather than a research view, additional determining factors 
are the equipment costs, the efficiency of the process and the speed 
and number of substrates that can be processed. For reasons of brevity 
the relative merits of the techniques briefly mentioned above are not 
discussed here. However, when the advantages, disadvantages, 
limitations and applications of each technique are considered, MOCVD 
emerges as probably the most versatile deposition process. Reactors 
extend from simple experimental units (see section 5.2, Fig 5.2) to 
highly automated, computer controlled machines for the commercial 
production of epitaxial semiconductor films. Ifce range of materials 
deposited is only limited by the creativity of the organometallie 
chemist and the applications, by the ingenuity of the thin film 
technologist. The following chapter describes the salient features of 
the MOCVD process.
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METAL ORGANIC CHEMICAL VAPOUR DEPOSITION, A REVIEW.2
2.1 Introduction

This chapter describes seme of the principles and practice of metal 
organic chemical vapour deposition (MOCVD). The review that follows 
has been kept as brief as possible since the subject matter on MOCVD 
is now very extensive. Further aspects of the MOCVD process are 
covered in the specific literature surveys within chapters 4, 5, 6 and
7. A number of excellent review articles can be consulted if a deeper 
understanding of the field is desired. These include works by Leys 
(1988), Kuech (1987), Moss & White (1984), Prakash (1984) and Dapkus 
(1982). A very comprehensive bibliography, numbering over 500 
references is available from Morton Thiokol Inc (1983).

2.2 M0CVDfs early history.
The preparation of group III-V semiconductor films by thermally

decomposing metal organic (also called organometallie) compounds was
first reported by Didchenko et al (1960). A closed tube reaction
vessel was employed and deposits of InP were formed at temperatures

obetween 275 and 300 C from a 1:1 compound of trimethyl indium (TMIn) 
and FHg. Further work on InSb and GaAs followed by Harrison & Tompkins 
(1962). Single crystal layers of G a A s ^ P ^  were grown onto GaAs wafers 
by Tietjen & Amick (1966), but it was not until the work of Manasevit 
(1968) that an open tube process for film growth was demonstrated. 
Hydrogen was bubbled through either trimethyl gallium (TMGa) or 
triethyl gallium (TEGa). The hydrogen and the entrained metal organic 
vapours were then fed into a vertical reaction chamber, mixed with 
AsH , and decomposed over a heated single crystal insulating substrateO
at temperatures between 650 and 750°C. The resultant films of GaAs 
were found to be epitaxial with respect to the substrates. The overall 
chemical reaction for this process may be expressed as follows.
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( 2 . 1 )

Other group III-V materials were grown by replacing the AsH with
o

different group V hydrides. Using PH gave GaP, whilst mixtures ofO
AsH3 and FH^, or AsH^ and SbH^ allowed the deposition of the ternary 
compounds GaAs. P and GaAs. Sb respectively (Manasevit & Simpson

•L X  X  X X  X

1909). The MOCVD process was further extended to the formation of AlAs
(Manasevit 1971), GaN, AIN (Manasevit et al 1971), InAs, Ga. In As,1-x x
InP, InAs P (Manasevit & Simpson 1971a), and many of the group II- 
VI semiconducting compour.; (Manasevit & Simpson 1971b). Bass (1975) 
grew device quality GaAs by MOCVD using a horizontal open flow 
reactor. This reactor configuration has become accepted as the 
standard for experimental MOCVD work. Caimercial MOCVD systems use a 
modified form of the horizontal reactor (see section 2.4).

The succeeding years have seen a vigorous exploitation of the MOCVD 
process for the growth of semiconducting III-V and II-VI compounds 
and also for the deposition of metal and metal oxide thin films. To 
date four international conferences (in a continuing series), have 
been held to chart the progress of MOCVD. Each successive conference 
has seen a substantial increase in the number of papers presented. The 
development of the technique has produced many variations on the basic 
theme. Reactors have been constructed for film deposition at reduced 
pressures, and under plasma, UV radiation and laser enhancement. Metal 
organic compounds are now used as source materials within MBE 
apparatus, resulting in the formation of the new hybrid growth 
technology, MOMBE (see section 1.2).

2.3 MOCVD. Basic techniques and reactions.
The pyrolysis of metal organic compounds is non reversible. 

Therefore MOCVD is classed as a non equilibrium process. Reaction 
kinetics play an important role in the formation of thin films by 
MOCVD. However, under certain reaction temperatures the film growth 
rate and composition become independent of kinetic considerations. The

Ga(CH3 )3 (8) + AsH3 (8) — ► GaAs ( s )  + 3CH4 (g)
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controlling factor is then the relative rate at which the precursor 
materials reach the substrate. Such rates are controlled by the 
reactor operator, but importantly, they are influenced by the reactor 
configuration, gas flow hydrodynamics, and occurence of competing 
reactions. Nevertheless, MOCVD is usually carried out within the non 
kinetically limited regime. This allows considerable manipulation and 
control of film properties and thus permits the fabrication of 
complicated electronic and electrooptic device structures.

Binary semiconductor films are usually formed by pyrolysis of a 
metal organic compound of a group II, III or IV element, with the 
hydride of the corresponding group VI or V element in the presence of 
a suitable substrate. Alternatively both film constituents can be 
supplied from metal organic compounds. By mixing precursor compounds 
of different elements, ternary and quaternary films can be deposited. 
A further class of MOCVD reaction is the decomposition of a single 
precursor compound to form the desired film. This class is exemplified 
by compounds for the deposition of metal and metal oxide films. It 
also strictly includes precursors known as adducts (molecules formed 
by the weak bonding between two metal organics). Recently new 
compounds have been created for III-V semiconductor growth that are 
genuine single source precursors. These will be briefly discussed in 
section (2.7.5) and some preliminary work on AIN growth from a single 
source is covered in section (7.3). The overall equations describing 
the first two classes of MOCVD reaction are as follows.

R M (g) + XH (g)— MX (s) + nRH (g) (2.2)n n

R M (g) + R f X (g)— - M X  (s) + n(R-R') (g) (2.3)n n

Where R and R’ are organic radicals, M is the one of the constituents 
of the desired compound and X is the other. The third class of 
reaction differs with the type of compound being deposited and can 
also be dependent upon the gas used as the precursor transport agent
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(carrier gas). This is because carrier gases can often be involved in 
the deposition reaction mechanisms. Examples of the third reaction 
class are given below.

2 G a ( C H 3 )3---- ►  2Ga + 3 (C2H q ) in N2 above 500°C (2.4)

2Ga(CH ) + 3H —  2Ga + 6CH in H above 460°C (2.5)
O  O  £  4  M

Ti(OCH(CH3 )2 )4— Ti02 + 2C3H g + 2(CH3 )2CHOH dry N2 /500°C (2.6)

Table (2.1) lists many of the compounds that have been deposited via 
metal organic reactions, along with the precursors used. Most 
semiconductor devices require the incorporation of minute quantities 
of impurities (dopants) into the crystalline lattice of the bulk 
device material. Dopants can easily be introduced in a growing film 
using metal organic compounds.Some of the compounds thus utilized are 
given in Table (2.2).

Most of the metal organic compounds employed in MOCVD are liquids 
at room temperature and pressure. Some are solids while the hydrides 
used are gases. Table (2.2) lists some of the properties of these 
compounds. Because of the nature of the precursors, the reaction 
chambers used in MOCVD are associated with considerable amounts of 
ancillary apparatus. This is used to control and meter quantities of 
precursor into the reaction chamber and to provide the necessary 
conditions of temperature and pressure conducive to high quality thin 
film growth. Unfortunately many of the precursors are toxic and/or 
pyrophoric. MOCVD reactors are thus equipped with features designed to 
reduce the possibility of accidents occuring to operators through 
explosion or gas leaks. Since the reactors are open flow in nature, 
apparatus is also installed to remove toxic substances from the 
reactor effluent before it is released into the atmosphere. The 
following section deals with some of the basic designs of MOCVD 
reactors.
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COMPOUND REACTANTS COMPOUND REACTANTS
GaAs TMGa-AsH3 ZnS DEZn-H^S
GaAs DEGaCl-AsH3 ZnSe DEZn-H^Se
GaAs DEGaCl-TEAs ZnSe DMZn-H2Se
GaAs TEGa-AsHg ZnTe DEZn-DMTe
GaP TMGa-FH3 CdS DMCd-H2S
GaP TEGa-TEP CdSe DMCd-DMSe
GaAsP TMGa-AsH -FH 3 3 CdTe DMCd-DMTe
GaAsSb TMGa-AsH3“SbH3 PbTe TMFb-DMTe
GaAlAs TMGa-TMAl-As^ PbTe TEPb-DMTe
GaAlAs TEGa-TMAl-AsH3 PbSnTe TMFb-T. ESn-DMTe
AlAs TMA1-AsH3 PbSnTe TEPb-T.ESn-DMTe
AIN imai-n h 3 PbS TMFb-H S 2
GaN TMGa-NH3 PbSe TMPfcHIgSe
GaN TEGa-NH3 SnTe T.ESn-DMTe
InAs TEIn-AsH3 SnS T.ESn-H2S
GalnAs TMGa-TEIn-AsHg SnSe T.ESn-H Se
InP TEIn-PHg HgTe Hg-DMTe
InP TMIn-PHu HgCdTe Hg-DMCd-DMTe
InAsP TEIn-AsH3-FH3 T102 Ti^Pr1)+ **
InSb TMIn-SbHO Zr02 Zr(OBu )4
GaSb TMGa-TMSb, TESb Ta 0 2 5 Ta(OEt)_5
GaSb TEGa-TMSb, TESb Ga TMGa
GalnAsP IMGa-TEIn-AsHg-FHg Zn DMZn, DEZn
AlGaN TMAl-TMGA-NHq A1 1MA1, TEA1
KEY. D = di tM = methyl Bu = tertiary butoxide Et = ethoxide

T = tri E = ethyl Pr = isopropoxide T. = tetra
Table 2.1. Some products and precursors in MOCVD. The list is not 
exaustive. Only a tiny selection of precursors for oxide and metal 
deposition is given. The list does not include the adduct compounds 
used for semiconductor growth, (see section 2.5). Table compiled from 
Giffiths 1985, Morton Thiokol (1983) and Dapkus (1982). (Table 2.2 
overleaf gives some properties of the precursors listed above).
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PRECURSOR MELTING
POINT°C

BOILING
P0INT°C

VAPOUR
PRES.nmHg/°C

COMMENTS

TMAl A1(CH3)3 15.4 126 8.4/20 Pyrophoric liquid
TEA1 A1(C2Hs )3 -58 194 4 /80 pyrophoric liquid
m s b  Sb(CH3)3 -87.6 80.6 78/20 Pyrophoric liquid
TESb Sb(C2Hs )a -29 159.5 17 /75 Pyrophoric liquid
SbH3 -88 -17.1 N/A Flamn. gas, Poison
TMAs As(CH3)3 -87.3 50 238/20 Flanm. liquid,Poison
TEAS As (C5Hr )3 -91 140 15.5/37 Flaxnm. liquid, Poison
AsH3 -116 -55 N/A Flamn. gas Poison
OMCd Cd(C3i3)2 p -4.5 105.5 350/80 Pyrophoric liquid
TMGa Ga(CH3 )3 15.8 55.7 65.4/0 Pyrophoric liquid
TEGa GaCC^j.)^ -82.3 143 18/48 Pyrophoric liquid
DEGaCl Ga(C H ) Cl ^ 0 & n/a 60 n/a Pyrophoric liquid
TMIn In(CH3)3 88.4 133.8 7.2/30 Pyrophoric solid
TEIn In(C9HR )a -32 184 1.2/44 Pyrophoric liquid
DMHg Ife(CH3)2 n/a 96 143/50 Flamm. liquid Poison

* < W 2 P 176 Subl 0.043/25 Solid, danger if wet

* 3 -133 -87.7 N/A Flanm. gas Poison
TEP P(CA )? -88 127 46.5/50 Pyrophoric liquid
DMTe Te(CH3)2 n -10 82 14/30 Flamn. liquid
DETe Te(C H ) nJ O a n/a 137 2/0 Flanm. liquid
HgSe n -60 -42 N/A Flamm. gas poison
Ti(0Pr1)4 TiCOCgH^ >4 °/a n/a 0.1/49 air sensitive liquid
Zr(0But)4 Zr(OC4Hg>4 “/a n/a 5/89 air sensitive liquid
TESi Si(C5H;.)a n -157 107 n/a Flamn. liquid
T.ESn Sn(C9H?.)4 n -112 181 10/73 Flamn. liquid
DEZn Zn(C2H5 )2 p -28 118 15/29 Pyrophoric liquid
Table 2.2 Some compounds used in MOCVD, named in full and abbreviated 
forms, p & n refer to doping behavior of metal in III-V semiconduc
tors. N/A = not applicable, n/a= not available. Subl=sublimed, Flamn 
=f lamnable. Fran Griffiths(1985), Dapkus (1982), Ventron-Alpha (1986), 
BOC special gases (1986) and Handbook of Chemistry & Physics (1974).
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2.4 MOCVD reactors. Basic designs.
A typical MOCVD reactor for the growth of III-V semiconductor films 

onto various substrates is schematically shown in Fig (2.1).

Fig (2.1) Schematic diagram of a typical MOCVD reactor 
after Moss and White (1984)

It consists of a section devoted to the supply and metering of the 
precursors and carrier gas, which is connected to the reaction 
chamber. The latter is usually made from quartz glass. This is chosen 
since it allows direct visual observation of the progress of the 
deposition reaction and possesses the necessary thermal properties to 
remain intact at the pyrolysis temperatures. However,the chamber is 
usually water cooled to prevent the metal organic precursors from 
prematurely reacting upon its walls. Such chambers are known as cold 
wall reactors to distinguish them from the hot wall systems used for 
CVD work. The substrate is supported and heated usually using a 
graphite susceptor. The graphite is heated by eddy currents induced 
via an RF coil surrounding the chamber. The susceptor is sometimes 
coated (eg with SiC) to minimize contamination of the deposited layer 
by carbon. The pipework of the system is fabricated from stainless 
steel tubing usually 0.25 inches (6nm) in outside diameter.
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Commercially available valves and mass flow controllers are 
connected into the pipework using either stainless steel compression 
fittings, high integrity (metal gasket) fitting or welded joints 
(where feasible). Neoprene, Viton or silicone rubber gaskets and 0 
rings are only used were absolutely necessary (such as for sealing 
glassware). For reproducible and acceptable thin film properties leaks 
within the reactor system must be eliminated (ie reduced to levels 
judged sufficient, from experience with the material being grown). 
Although not shown on the figure, integral vacuum systems are often 
included as part of the effluent and gas delivery sections to aid in 
the leak checking procedures. Frequently the mass flow rates, valves 
and various process variables such as temperature are controlled by a 
microprocessor based system. Carried to the limit, this enables the 
completely automated growth of multilayered semiconductor device 
structures. It also improves the safety of the MOCVD system as complex 
shut down procedures can be initiated via the use of gas and explosion 
detectors, without the need for human intervention.

Commercial reactor systems are available from (Cambridge 
instruments Ltd, Thomas Swan Ltd, Spire Co, CVT Ltd, and Aixtron GmbH) 
although these tend to be expensive. Most experimental reactors are 
thus partially or totally constructed in house.

The metal organic precursors are typically contained within
otemperature controlled (to better than 0.1 C) stainless steel 

bubblers. Carrier gas (usually H ) is bubbled through these. This
a

action entrains vapourized precursor in the carrier gas and allows 
transport to the reactor chamber. The quantity picked up is determined 
by the vapour pressure of the precursor (hence the temperature of the 
bubbler) and the carrier gas flow through the bubbler. A typical 
bubbler design is shown in Fig (2.2).

Filmcompositionand structure is determined by many variables, 
precursor input rate, carrier gas flow rate and reactor cleanliness 
being examples. For this reason, each reactor system and thin film 
compound combination has to undergo a series of calibration runs
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BELLOWS VALVE(2) 
1/4" NPT

Fig (2.2) A typical source bubbler for metal organic 
precursors. (Alfa products 1986)

before the ideal deposition conditions are found. It is unlikely 
therefore, that precise process data can be transferred between 
reactor systems or between different thin film compounds. The problem 
is accentuated by the large variation in the reactor chambers 
themselves. These have evolved out of a continuing desire to improve 
the hydrodynamics within the reaction chamber. When operating under 
internal chamber conditions of atmospheric pressure, hydrodynamics 
play an important role in determining the uniformity of film thickness 
and electrical properties across a substrate. Hydrodynamic aspects 
will be briefly covered later in section (2.6). Fig (2.3) illustrates 
various reactor geometries that have been developed. In addition to 
gas flow studies, much research effort has gone into the investigate® 
of the detailed reaction mechanisms occuring during film deposition.
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The goal of such research is to be able to predict and hence improve 
film properties from an understanding of the chemistry involved. This 
in turn aids in the synthesis of new, improved precursors by 
organanetallic chemists.

Fig (2.3) Reactor geometries used in MOCVD. (a) Vertical (rotating 
disk), (b) Horizontal, (c) "T" horizontal with rotating 
susceptor, (d) Inverted wafer, (e) Horizontal/vertical 
(f) Multiple chamber, (g) Inverted stagnation point flow 
(h) Barrel, (i) Chimney, (j) Industrial large scale 
barrel. Diagram from Leys (1987).

36



2.5 Reaction paths
The detailed reaction paths in MOCVD are not well known. The 

decomposition kinetics of metal organic compounds are determined by 
many variables. Temperature, reactions between precursors, the 
presence of reactor and substrate surfaces and the existence of 
impurity species in the gas phase, can all influence the decomposition 
route. The reaction path has a direct effect on the surface morphology 
and the physical characteristics of the thin film being deposited. A 
knowledge of the reaction mechanisms can thus lead to improvements in 
film quality.

The most likely path to film formation involves the surface 
catalysed and/or thermal decomposition of the initial precursors. This 
is then followed by combination of the constituents of the film at the 
substrate surface. Descriptions of the reaction thermodynamics and 
kinetics can be found in the reviews by Hitchman (1981) and 
Stringfellow (1983) & (1984a & b) whilst Leys (1987) provides a 
sumnary of the most recent work.

Inherent in the MOCVD process is an intentional non equilibrium 
situation created by having a higher concentration of input reactants 
in the gas phase, over the substrate, than equilibrium predicts at the 
growth temperature. This is known as a supersaturation. 
Thermodynamically calculated growth rates are never achieved in 
practice since the rate determining steps within MOCVD are usually 
kinetic. It is thought that equilibrium conditions are established at 
the growing surface, but not in the gas phase far from the substrate 
(Stringfellow 1984b).
Reactant materials, transported to the growth region via the carrier 

gas, have to travel from the bulk gas phase to the growing surface. 
During such diffusive mass transfer, homogeneous reactions can occur, 
producing species that are either intermediates needed for film 
formation, constituents of the film itself or unwanted stable 
entities.

It is thought that reaction paths that result in intermediate
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species offer the best opportunities for high quality film growth. 
These species are adsorbed onto the growing crystal surface, further 
decomposition then occurs heterogeneously. Surface diffusion of the 
intermediates and/or film constituents allows suitable sites for 
incorporation into the lattice to be found. Unwanted reaction products 
have to be desorbed and transported away from the film surface by the 
carrier gas. Heating the substrate ensures decomposition of the 
precursor, encourages desorption of waste products and enhances the 
surface mobility of the adsorbed species. The slowest step amoung the 
above sequence of processes will be the growth limiting step. Fig 
(2.4) summarises the possible reaction mechanisms occuring in MOCVD 
growth.

INPUT Chemical reactions 
in gas phase

Diffusion of 
interim products

Chemical reactions at 
surface heterogeneous 
nucleation

Homogeneous
nucleation

Desorption of 
products

Surface diffusion and 
incorporation into lattice

Fig (2.4) Summary of the possible reaction mechanisms 
occuring in MOCVD.

The fact that reactants are used up as they diffuse from the bulk 
carrier gas to reach the substrate leads to the creation of a steady 
state concentration gradient (this drives further diffusion). There 
also exists a temperature gradient above the substrate into the cooler
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carrier gas. In the case of the film growth of III-V compounds, it is 
likely that homogeneous decomposition of the group III metal organics 
takes place in the gas phase close to the substrate. The greater 
stability of the group V hydrides, however, could mean that their 
decomposition is surface catalysed. Work by Leys & Veenvliet (1981) on 
the growth of GaAs confirmed that the decomposition of TMGa took place 
in the gas phase. They proposed that an As^ rich phase existed on the 
growing GaAs surface due to the surface catalysed decomposition of 
AsH . Later work by DenBaars et al (1986) confirmed the behavior ofO
the As species, and strongly suggested that all methyl radicals are

oremoved from gaseous TMGa in above 500 C.
An aid to the identification of the rate controlling steps within 

MOCVD reactions can be obtained by examining the variation of the film 
growth rate with substrate temperature. The GaAs system is the most 
widely studied one, and is taken as representative of the MOCVD 
process. Fig (2.5) illustrates a typical plot of the growth rate 
against reciprocal temperature. Three distinct regions of temperature 
dependency are observed.

Temperature (°C)

Fig (2.5) Variation in the growth rate of GaAs with reciprocal 
temperature, from Kuech (1987).

39



Routine GaAs growth is carried out in the central, relatively 
temperature independent, region. This extends from approximately 600 
to 800°C. The standard growth conditions employed require that the 
group V AsHg concentration be in excess of the TMGa (a ratio of 50:1 
is usual). This prevents excess Ga from existing on the growing film 
surface. Such a situation would inevitably lead to a crystal growth 
process known as vapour-solid-liquid (VLS). This results in poor 
surface morphologies (see section 5.4.3 and Fig 5.13abc).

Within the central temperature region, the growth rate is also 
independent of the AsH^ flow rate, but linearly proportional to the 
TMGa flow rate. This is indicative of a diffusion limited process 
(normally weakly dependent upon temperature). The temperatures 
employed in the central region, are higher than the pyrolysis 
temperature of TMGa. Therefore, the decomposition of TMGa on the 
substrate surface is fast compared to its diffusion to the surface. 
The growth rate is thus determined by the mass transport of reactants 
to the substrate.

In the low temperature regime, the growth rate decreases with 
decreasing temperature and also becomes proportional to the AsH flow

O
rate. This suggests that at these temperatures the pyrolysis of AsH^ 
is insufficient to provide the necessary As for incorporation into the 
growing lattice. Kinetic considerations thus limit the reaction rate 
and these are highly temperature dependent. It has recently been 
proposed that desorption of H2 from the GaAs surface is the rate 
limiting step (Leys 1987).

Possible reasons for the fall in growth rate at high temperatures 
include the occurence of thermodynamically favourable parasitic 
reactions in the gas phase, homogeneous nucleation of GaAs particles 
(which are then carried away in the carrier gas stream) or desorption 
of reactants before incorporation.

The success of the early work on the GaAs system is partially 
responsible for its choice as the subject for studies into the 
thermodynamic and kinetic basis of MOCVD. Other precursor/thin film
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systems have proved more complex in their behavior. The use of metal 
organics in the growth of In containing compounds was initially 
hampered by the occurence of parasitic gas phase reactions. These 
resulted in the formation of stable compounds even before the 
precursors reached the heated substrate. Indium metal organics reacted 
with the group V hydride to form what is known as an adduct, a 
compound between an electron acceptor molecule (Lewis acid) and an 
electron donor molecule (Lewis base).

MRg + XRg — MRg- XRg Where R=Alkyl group (2.7)

Many metal organic compounds form such compounds. The strength of the 
donor bond is less than the covalent metal/carbon bond and is highly 
dependent upon the type of organic group attached to the group III and 
V elements. For many adducts the donor bond is weak and dissociation 
occurs upon heating. However in the case of InP growth from TMIn, TEIn 
& PH , the adduct that forms decomposes into an involatile polymerO
which is subsequently deposited on the reactor walls and inlet area.

I n (CH3 )3 ♦ PH3 —  In(CH3 )3 .PH3
— —  (-InCH.PH-) + 2 n C H . (2.8)3 n 4

This results in variable quality InP and imprecise compositional
control. Several methods have been tried in order to overcome this
problem. The reactants have been transported separately and mixed at
the substrate (Manasevit & Simpson 1971a). Pre-pyrolysis of PH^,
coupled with operation at reduced chamber pressures has also been
successful (Duchemin et al 1981). Moss & Evans (1981) reacted TMIn
with triethyl phosphine (TEP) before delivery to the reaction chamber.
The adduct that was thus formed was stable to the elimination of CH,4
and subsequent polymerization. Additionally it blocked the formation 
of the unstable adduct compound. The new adduct decomposed in the 
prescence of excess to give InP films of reproducible properties.

41



In(CH3 )3 + P ( C H 2 C H 3 )3 — (CH3 )3 In-P(CH2C H 3 )3 (2.9)

(CH3 )3 In.P(CH2CH3 )3 + PHg —  InP + 3 C H 4 + P t C H g C H ^  (2.10)

It will be noticed from Eq (2.10) that the TEP is not involved in the 
InP deposition, being stable to decomposition. Thus if AsH„ is used in 
place of FH an arsenide can be grown without appreciable phosphorousO
contamination.

The success of this method led to the use of pre-prepared adducts 
as sources for MOCVD growth. Moss (1984) fully describes this aspect. 
Adduct sources are much less reactive than the equivalent metal alkys 
and are thus safer to handle and transport. This allows adducts to be 
purified by techniques not normally applicable to the reactive alkyls. 
Adduct precursors have also allowed worthwhile simplifications to be 
made in the design and operation of MOCVD reactors (Chatterjee et al 
1982). With regard to reaction mechanisms, it is thought that these 
are identical (after adduct decomposition has occured) to the 
descriptions obtained for alkyl growth (Moss 1984).

In certain respects the stability of the group V alkyl is 
unfortunate, since it precludes the use of such adduct compounds as 
single source precursors for film growth. Such precursors would 
greatly simplify the MOCVD technique and apparatus, by removing the 
need for complex and fail-safe gas handling facilities for the hydride 
sources. New compounds, however, have been developed that attempt to 
fulfil such a need. A brief discussion of these is given in section 
(2.7.4).
A number of adduct compounds have been recently used as purification 

stages in the synthesis of metal alkyls. Here use is made of the 
selective nature of the bonding between the Lewis base and Lewis acid 
in order to eliminate impurity species. Further details of this 
aspect is given in section (2.7.4). The following section deals with 
some of the hydrodynamic considerations within MOCVD. Hydrodynamics, 
like decomposition kinetics can greatly affect film deposition.
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2.6 Reactor hydrodynamics
Since the standard reactor conditions chosen for MOCVD work place 

the growth in the relatively temperature independent, diffusion 
limited regime, it is not suprising that gas flow hydrodynamics play a 
dominant role in film deposition, affecting both thickness uniformity 
and growth rate. Studies of the gas flow conditions within MOCVD 
reactors have been predominantly confined to horizontal reactors. 
These have mainly been rectangular in cross section. Such reactors are 
easier to model and study. They also tend to produce films of better 
uniformity than other reactor configurations and this allows easier 
comparisons to be made between theory and practice.

The forced flow of a carrier gas through a reactor tube can be 
characterized by the dimensionless Reynolds number;

Re = vhP (2.11)
v

Where v = mean gas velocity (ms *), h “ hydraulic diameter (usually
-3taken as the height of the tube (m), P = density of gas (Kgm ) and v =

coefficient of viscosity of gas (Kgm *s 1). Both p and v are
temperature dependent, so the local Re number can be significantly
different from the value at the reactor input. When both dependencies

-1.7are accounted for the Re number varies with T (Giling 1982). For 
low Re numbers, the flow in the reactor is laminar (ie it can be 
described using a series of parallel streamlines). Flows beyond a 
critical value of Re, become turbulent, with transport of gas taking 
place with components both along the axis of the reactor and 
perpendicular to it. The critical Re number is approximately 2300 
(Schlichting 1979). The value of the Re number in a typical MOCVD 
reactor rarely exceeds 100 and these, therefore, ostensibly operate 
under laminar flow conditions. When the carrier gas flow is laminar, 
transport of the reactants from the gas to the substrate will only 
take place by diffusion. Film growth rates can thus be predicted from 
an understanding of the relevant diffusion coefficients.
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The situation within a reactor chamber is further complicated by 
the presence of the heated susceptor. In cold wall MOCVD reactors this 
leads to the establishment of a temperature gradient perpendicular to 
the substrate surface. Although an increase in temperature has the 
effect of stabilizing the flow by decreasing the local Re number, it 
also can induce convection currents. Temperature variations create 
differences in gas density and hence buoyancy forces are established. 
These drive the convective currents. This is known as free convection. 
Free convection is undesirable in a reactor as it can alter the nature 
of the gas flow near the substrate and hence affect the thickness 
uniformity of the deposited layer. Free convection can be 
characterized by the Rayliegh number (Ra). This is given by;

Ra 2 3agC P h AT 
___ P

KV2
(2 .1 2 )

Where a= coefficient of thermal expansion of the gas (equivalent to
—2 —31/T(K), g = acceleration due to gravity (ms ), p -  density (Kgm ), h

= free height above the susceptor (m), AT = temperature difference
between susceptor and top wall, v- dynamic viscosity (kgm *s *),

-1 "I "Is , „thermal conductivity (Jm s K ) and C = the specific heat capacity
-1 -1 p (J Kg K ). Low values of Ra indicate snail convective currents. As

Ra increases, more complex modes of flow develop, often at specific
transition values (Westphal 1983). A Ra value of approximately 1700
suggests the occurence of significant free convection (Curtis &
Dismukes 1972). The treatment of free convection using the Ra number
applies strictly to an enclosed volume of gas and not to the open flow
conditions characteristic of MOCVD reactors. However reasonable
experimental correlation has been found to justify its use in MOCVD
(Giling 1982). The relative contribution of the effects of forced flow
and buoyancy driven convection on the overall gas flow within a
reactor has proved difficult to model and predict. Sparrow et al

2(1959) have suggested that the ratio, Gr/Re (Gr = Grashof number),
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can be used as an aid to overall flow characterization. The Grashof 
number is given by;

2 3Gr = P  gh a AT (2.13)
,2

Where all symbols are as previously. The Grashof number can also be 
obtained by division of the Rayleigh number by the Prantl number (Pr = 
Cv/ k ). Pr is approximately 0.7 for most conmonly encountered carrier 
gases. The criteria suggested by Sparrow et al (1959) are as follows;

2Gr/Re > 16 flow dominated by free convection 
< 0.3 forced flow dominates

For values of the ratio between 16 and 0.3, a flow of mixed character
exists. These criteria apply for the case of aided flow, ie where
buoyancy and viscous forces act in the same direction (as in the case
of a vertical heated wall and a vertical forced flow in reactors of
the type shown in Fig (2.3i)). In horizontal MOCVD reactors this is
not the case and Sparrow et al (1959) proposed that mixed flow

2behaviour would be observed at Gr/Re ratios as low as 0.06. Mori
(1961) considered the specific case of horizontal flow over a heated

2.5susceptor and concluded that Gr/Re was the relevant parameter
describing the nature of the flow. Nevertheless doubt has been cast on
the applicability of such criteria. Work by Giling (1982), for

2example, showed no correlation between the Gr/Re ratio and the onset 
of convective instabilty in Ng and Hg.

Throughout the previous treatment of forced and convective flow 
behavior within a horizontal reactor, it has been assumed that the 
carrier gas supports fully developed velocity and temperature profiles 
along the entire length of the susceptor. This is not usually the case 
in practice and many reactors suffer from poorly developed profiles 
whose effects extend beyond the position of the substrate. Such 
phenomenon are collectively known as entry effects. Entry effects do
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not necessarily mean that the film growth uniformity is destroyed, but 
they do, however, complicate the modelling of the gas flow behavior. 
Poor profile development is a consequence of the need for a carrier 
gas to adjust to the new dimensions of the reactor upon input. Careful 
reactor design can minimize the entry effects and/or confine them to 
areas far from the substrate. Fig (2.6a & b) show representations of 
the development sequence of flow profiles for gas velocity and 
temperature. The dotted lines on the figures indicate the extent of 
the boundary layers for each variable.

H2QS carrier gas

longidudenal sections through 
rectangular reactor

_________________ top wall at room temperature

susceptor

Fig (2.6) Development of laminar gas (a) velocity profile,
(b) temperature profile, for a horizontal reactor 
after Giling (1982). Dotted lines delineate 
boundary layers.

A boundary layer is best described as a region over which large 
variations of a particular property exist. The following relationships 
allow calculation of the reactor entrance lengths necessary for full 
profile development (Giling 1982).
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X = 0.04h Re (2.14)
(2.15)

v
X = 0.28h Re

v

An increase in the gas flow rate (and hence Re) will, therefore, 
increase both the thermal and velocity entrance lengths, with the 
former being affected to a greater extent due to differences in 
viscosity and density. The entrance lengths will also depend upon the 
properties of the fluid concerned and hence will vary between carrier 
gases. Both H and He are expected to show significantly shorter 
entrance lengths to thoseof or Ar. Additional complications are 
introduced in that the horizontal temperature profile within a MOCVD 
reactor is not constant. Unlike hot wall reactors an abrupt change in 
reactor temperature occurs upon reaching the susceptor. In order to 
assure complete establishment of the temperature profile a heated 
susceptor, extending the length of the reactor, would have to be used. 
This would inevitably cause difficulties with premature reaction and 
subsequent depletion of the precursor ahead of the substrate.

In addition to the thermal and velocity boundary layers mentioned 
above, a further boundary layer can be defined. In the absence of 
turbulence or thermal convection effects, the mass transport of the 
precursor species is dominated by diffusion processes. Therefore, a 
diffusion boundary layer can be designated over which the 
concentration of the precursor species varies fran the average input 
reactor value to zero at the substrate surface. This situation is 
shown in Fig (2.7).

The diffusion boundary layer is not constant in thickness, being a 
function of position in the direction of gas flow. This is because 
film deposition on the leading edge of the substrate acts to deplete 
the gas phase of precursor species. Reactants for deposition further 
downstream have thus to travel from deeper within the main gas flow, 
in order to reach the substrate. The concentration gradients, 
therefore, exist over larger distances with a corresponding increase 
in the diffusion boundary layer.
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Fig (2.7) Representation of the concentration profile perpendicular 
to the substrate surface. Dotted line indicates thickness 
of the diffusion boundary layer. (Hitchman 1981).

The variation in the diffusion boundary layer thickness 
given by;

(ddiff ) is

ddiff = A (,x/v)
1/2 (2.16)

Where x = distance along the susceptor, v = the kinematic viscosity, 
v = the average carrier gas velocity and A - a constant that 
incorporates the diffusion coefficient of the precursor species within 
the carrier gas. The value of A varies with the work referenced (eg 
Brander & Faktor (1981) quote 4.64, Kuetch (1987) & Berkman et al 
(1978) quote 1.55). In practice the diffusion boundary layer is 
assumed to approximately coincide with those of temperature and 
velocity (Leys & Veenvliet (1981)). Fig (2.8) illustrates the 
situation. This is somewhat of a simplification in light of the 
entrance effects discussed earlier. Justification for such an approach 
canes from the success that many theoretical descriptions have had in 
predicting observed growth rates (Berkman et al 1978).
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Fig (2.8) Coincidence of the three boundary layers, diffusion, 
velocity and temperature. (Ban 1978).

The complex flow phenomena occuring within both horizontal and
vertical MOCVD reactors have only recently been subject to computer
modelling (Moffat & Jensen 1986, Lee et al 1986).

The variation in the boundary layer thickness is commonly
counteracted by inclining the susceptor at a shallow angle to the

oinccming gas flow (usually by 5-10 ). This results in a reduction in
the reactor cross section in the direction of the gas flow. Thus for a
constant mass flow, the gas velocity must increase along the
susceptor. The thickness of the boundary layer , being dependent upon
the gas velocity (Eq 2.16) therefore reduces. This compensates for the
effects of downstream reactant depletion and hence aids the
attainment of a uniform growth rate over the substrate. Computer
modelling has recently led to the prediction of thickness contours for
the CVD growth of Si and their dependence on the angle of susceptor

otilt. Confirmation that angles as large as 10 improve the uniformity 
of deposition has been obtained (Moffat & Jensen 1988).

Much of the initial research on tilted susceptors was carried out 
by Eversteijn & Peek (1970) and Eversteijn et al (1970). They 
performed a series of flow visualization experiments whereby TiOg 
"smoke" was injected into a horizontal reactor and the resultant flow 
patterns recorded. A number of flow phenomenon were observed including 
thermal convection (evident as transverse rolling of the Ti02
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streamlines) and the existence of a region just above the susceptor 
apparently clear and devoid of any TiO smoke particles. In order to 
explain their observations a stagnant boundary layer model was 
proposed. This stated that a layer of immobile carrier gas occured 
close to the susceptor. Equations were derived to predict the 
resultant film growth rate using the model and good agreement with the 
results of epitaxial Si growth from silane was achieved.

The origin of the smokeless zone has since been confirmed as a
consequence of the thermophoretic effect, whereby small particles
suspended in a gas are driven away from hot surfaces (Talbot et al
1980). An additional problem arose with the technique in that the
TiO^ smoke patterns were often difficult to record photographically.
However, further TiO flow visualization experiments followed.
Takahashi et al (1972) attempted to correlate the observation of
convective instabilities with the criteria developed by Sparrow et al
(1950). Laminar streamlines were seen to transform into spiral smoke

2lines (rolls) between Gr/Re ratios of 0.4 to 4.1. N was used as the 
carrier gas. Ban & Gilbert (1975) concluded that the layer close to 
the susceptor was not, infact, stagnant but represented a region of 
laminar gas flow. This was later supported by the work of Berkman et 
al (1978) who also investigated reactor temperature profiles using a 
thermocouple. It was postulated that the region above the laminar 
boundary layer was turbulent and well mixed, representing an area of 
constant precursor concentration. Using the same techniques plus mass 
spectrometric measurements of reactant concentration, Ban (1978) 
confirmed the existence of thermal entry effects and gas phase 
precursor depletion. The vertical thermal gradients were found to be 
largely confined to the first 1.5cm above the susceptor for He carrier 
gas and to the first 1cm for N^. The thermal gradients supported by Ng 
were, therefore, steeper than those in He. The hydrodynamic properties 
of He are similar to those of H^ and comparable differences between 
the thermal gradients supported by H and N carrier gases have been

a J
obtained by Koppitz et al (1984).
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Despite the limitations of the TiO smoke visualization technique,a
it has proved a simple and reliable way of observing the flow 
conditions within reactors. Recently the use of laser light as a 
source of illumination for the smoke particles has led to dramatic 
improvements in the ability to photographically record the patterns 
(Wang et al 1986).

Probably the most influential work on MOCVD hydrodynamics was 
carried out by Giling (1982). Gas flow patterns were visualized using 
the technique of interference holography. Laser light is split into 
two beams one of which is passed through a horizontal reactor cell, 
the other acts as a reference beam. Arrangement of the beams to 
interact at a photographic plate produces a hologram. Double exposure 
of the plate, first using the light passing through a reactor at 
uniform temperature, and second using the light from a heated reactor, 
produces an interference pattern comprising a series of fringes. These 
result from the differences in the optical paths induced by variations 
in gas density. Each fringe represents an isotherm. An assumption is 
made that uniform gas flow results in a a uniform fringe pattern and 
that convection effects disrupt this. A typical interference pattern 
for a horizontal rectangular section reactor is shown in Fig (2.9).

Fig (2.9) Laser interference pattern for a horizontal, rectangular
top cooled reactor for all flow velocities <90 cm/s.

oSusceptor temperature 850 C, carrier gas.
Giling (1982).
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The pattern represents the view looking through the reactor and down 
its long axis. Results were obtained for a combination of horizontal, 
rectangular, circular, air cooled or water cooled reactors using
either H , He, N or Ar carrier gases at atmospheric pressure.

2 ^ 2 Gi ling's work found no correlation between the Gr/Re ratio of Sparrow
et al (1959). Stable laminar gas flows were observed for H and He

a
gases, but the flows of and Ar were always unstable due to thermal 
convection. Evidence of thermal and velocity entrance effects was 
obtained. These were at their greatest for N and Ar. The existence of 
Eversteijn's stagnant layer above the susceptor was finaly dispelled.

No velocity boundary layer in the sense of that postulated by 
Berkman et al (1978) was found for H and He, the flows achieving the

a
theoretical parabolic velocity profile within a short distance of the 
susceptor leading edge. A totally different flow behavior was observed 
for and Ar. These were dominated by thermal convection at average 
gas velocities below 4cm/sec. Above this the flows split into a stable 
laminar region near the susceptor of approximately 1cm thickness, 
surmounted by a unstable convective flow. Most of the temperature 
difference between that of the reactor top wall and susceptor surface 
appeared across the laminar portion. Therefore, in the case of N and

a
Ar a coincident velocity and thermal boundary layer was defined. The 
reasons for the split flow were not theoretically apparent.

Reactors of rectangular cross section, with their top wall water 
cooled were found to produce near ideal parallel fringe patterns (Fig
(2.9)) unlike those of the cylindrical cells. From the results a 
number of recommendations were made for the design of reactor 
chambers. Reactors should be rectangular in cross section with a water 
cooled top wall. They should be provided with a long susceptor to 
ensure the stabilization of the velocity and thermal profiles. The 
free height above the substrate should kept to a minimum (1cm), in 
order to prevent the formation of convective rolls. Giling also 
suggested the use of preheaters as conducive to the formation of 
stable laminar flows. However, application of this to an MOCVD reactor
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would encourage premature reactions to occur ahead of the substrate. 
This could lead to gas phase precursor depletion and hence a reduction 
in the observed growth rate. The use of H and He carrier gases is 
preferred since the entrance and thermal convection effects are 
minimized when compared to N or Ar. However the latter pair may offer 
advantages due to the dual nature of the gas flow. The turbulent upper 
layer provides essentially a reservoir of precursor of constant 
concentration that then diffuses through the laminar boundary layer to 
react at the substrate surface. This would act to improve the film 
thickness uniformity and aid in the modelling of the growth dynamics.

The use of the interference holography technique has been extended 
to the flow characterization within vertical flow reactors (Williams & 
Peterson 1986), although the resulting interference patterns were more 
difficult to interpret than those of horizontal reactors.

In ending this section on reactor hydrodynamics it is apparent that 
much attention has been devoted to this area of MOCVD research. Many 
of the resultant basic conclusions and suggestions have been adopted 
by the MOCVD growth conmunity. Most reactors, for example, are 
horizontal and of rectangular cross section. They incorporate tilted 
susceptors and are operated under laminar carrier gas flow conditions. 
The reactor of this work was also designed with many of these 
recommendations in mind. Details of this can be found in section 
(3.4). A more thorough description of the field of reactor 
hydrodynamics can be obtained from the works referenced. The following 
sections deal with a number of variations on the basic theme of MOCVD.

2.7 MOCVD variations and refinements
The need to overcome certain limitations of the MOCVD growth 

technique has encouraged many modifications and additions to the basic 
process. These include operating the reactor system under reduced 
pressures and the use of various means of reaction enhancement. Seme 
of these variations are described in the following sections.
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2.7.1 Low pressure MOCVD, (LPMOCVD)
Operation of open flow CVD reactors at low pressures rather than at 

atmospheric pressure can offer improvements in the electrical 
properties of thin films. For example, unintentional doping of a thin 
film during growth, via species originating from the substrate 
(autodoping), is reduced under low pressure conditions. This is due to 
a reduction in the residence time of the species, over the substrate. 
Low pressure CVD techniques were originally applied to the epitaxial 
growth of Si on Si from silane (SiH,). An additional benefit was the 
subsequent reduction in substrate temperatures, necessary for 
epitaxial deposition (Pogge 1980).

The use of reduced pressures in MOCVD resulted from a desire to 
supress the formation of stable adduct compounds, in the gas phase, 
during the growth of compounds incorporating In and P (Duchemin et al 
1981). These compounds have been discussed in section (2.5). When 
combined with the pre-pyrolysis of the group V precursor, PH , LPMOCVDu
successfully allowed the formation of a wide range of In and P 
containing semiconductors and complex device structures.

LPMOCVD reactors usually operate at chamber pressures in the range
210-100 torr (1.3-13kN/m ). The reactors are identical to those used 

for atmospheric pressure MOCVD except that the reactor effluent is 
connected to a high capacity rotary pump (or diffusion/rotary pump 
combination). Some means of measuring and regulating the chamber 
pressure is also provided. This is usually accomplished by the use of 
a pressure gauge controlling a variable throttle valve that is 
situated at the input of the vacuum pump. One of the major 
consequences of low pressure operation is the alteration in the gas 
flow hydrodynamics within the reactor chamber. Takahashi et al (1972) 
observed that for the same input gas flow rate, low pressure operation 
favoured laminar gas flows, suppressing thermal convection. 
Additionally diffusion rates are inversely proportional to pressure 
(see equation 4.19). Reduced pressures thus allow reactant species to 
diffuse with a greater rapidity and over larger distances.
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Consequentially an improvement in the film thickness uniformity 
usually follows. The higher reactor gas flow velocities inherent in 
LPMOCVD allow the realization of sharp (ca. 1.5nm) interfaces between 
epilayers. This is desirable in the growth of multilayered electronic 
device structures. Film growth rates are, however, reduced when 
compared to conventional MOCVD.

The use of infrared substrate heating methods is preferred in 
LPMOCVD as conventional RF heating can result in the formation of 
undesirable gas plasmas at the pressures commonly employed. 
Conversely, desirable plasmas can be created in low pressure reactor 
systems in order to enhance the deposition reactions. This is 
described in the following section. Despite the reduction in growth 
rate and the added complexity of a vacuum system, the improved 
uniformity in thickness and doping profiles have led to the widespread 
use of reduced pressure CVD in the semiconductor industry.

2.7.2 Plasma enhancement techniques.
A gas can be made to conduct electrical current by the suitable

application of electrical energy under reduced pressure conditions.
The flow of current through the gas is known as a glow discharge
(since it is accompanied by light emission). The discharge is a form
of plasma ie, an overall electrically neutral collection of positive
and negative ions, electrons, neutral and excited atoms and molecules,
molecular fragments and free radicals. Because of the activated nature
of the gaseous species, plasmas can be used to enhance deposition
reactions and permit film growth to occur at lower substrate
temperatures. Films prepared by plasma assisted CVD (PACVD) are
generally amorphous, with properties different from the bulk material.
However PACVD has been successfully used to deposit Si epitaxially

oonto Si substrates (Reif 1984) at temperatures as low as 700 C. 
Matsushita et al (1983) deposited GaAs epitaxially onto GaAs using 
evaporated Ga and As in a hydrogen plasm. Although MOCVD takes place 
at relatively low temperatures (600°C for most III-V materials as
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compared to 1100°C for Si epitaxy), a reduction is desirable since it
lessens thermally generated defects, interdiffusion and autodoping of
the grown films. Plasma assistance has, therefore, also been applied
to MOCVD. Wiemer (1973) deposited thin films of GaN onto ZnO
substrates by reacting TMGa and NH in an Ar plasma. The films were

oepitaxial above 600 C (see section 6.2.1). Pande & Seabaugh (1984)
oprepared device quality homoepitaxial GaAs at 400 C from an 

AsH /H /TMGa plasma. In general plasma assisted CVD (PACVD) also leads 
to an increased film growth rate.

In addition to the enhancement of deposition reactions plasmas have 
been used to etch many materials (including semiconductor substrates) 
using discharges created in halocarbon gases (eg (XI ̂ ) (Fonash 1985). 
Many other processes involving modifications to surfaces of ceramics, 
metals and polymers employ plasma assistance. The wide range of 
applications, process gases and equipment within the field of plasma 
processing are discussed in detail in a number of references. These 
include works by Chapman (1980), Vossen & Kern (1978) and Winters et 
al (1985). PACVD techniques are covered in detail by Gorowitz et al 
(1985) and Hess (1984). These relate to the use of PACVD in the 
silicon device industries.

There are a number of methods and reactor configurations used to
create plasma discharges. These basically act to couple electrical
energy into a gas using an electrical field. A plasma equipped reactor
usually consists of a chamber in which the electric fields are exerted
across the gas. Chamber pressures are in the range 0.001-lOtorr (0.13- 

21300 N/m ). Power is usually transferred to the discharge by an AC 
electric field operating at radio frequencies (RF) (ie KHz-MHz) and at 
potentials of several hundred volts. Electrodes placed within the 
reaction chamber support the field. A typical PACVD reactor is 
schematically shown in Fig (2.10). DC and microwave (GHz) fields have 
also been employed. The latter method has been found to couple power 
into a discharge with the greatest efficiency, when compared to RF or 
DC fields.
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Fig (2.10) A typical reactor configuration for plasma 
assisted CVD. Vossen (1980).

Additionally microwave plasmas are generated by using an external 
electrode. This is infact a tunable resonant microwave cavity, which 
being external to the reactor chamber, eliminates the electrode as a 
possible source of contamination of the growing film. Further details 
of microwave plasmas, their formation and their advantages over 
plasmas generated by other means can be found in section (3.4.4). This 
also describes the plasma enhancement system used for the reactor of 
this work.

The close proximity of the substrate to the plasma discharge, in 
reactors of the type shown in fig (2.10), has been shown to be 
detrimental to the electrical properties of films grown by PACVD 
(Meiners 1982). There has thus been a trend to isolate the plasma 
from the substrate whilst at the same time maintaining the advantages 
conferred by the creation of activated precursor species. This has 
given rise to the technique known as afterglow CVD or remote plasma 
enhanced CVD (RPECVD). The apparatus for this is schematically shown 
in Fig (2.11). RPECVD has been used for the deposition of Si oxides 
and nitrides cm to Si and III-V semiconductor substrates (Jackson et al 
1987, Lucovsky & Tsu 1987). Microwave induced plasmas are ideally 
suited as sources of excited species in RPECVD reactors.
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Fig (2.11) Schematic of a remote plasma enhanced CVD 
reactor after Jackson et al (1987).

The plasma facility used in this work is of the remote type. Its brief 
experimental use is covered in sections (3.4.4), (6.3) & (7.4).

2.7.3 Photolytically enhanced MOCVD
In addition to the plasma techniques discussed above, CVD reactions 

can be enhanced by the use of ultraviolet (UV) radiation. Metal 
organic compounds have broad absorption bands in the UV corresponding 
to electronic transitions within the molecules (Haigh 1983). Following 
absorption of a photon, a number of processes can occur. These can 
eventually lead to film deposition at temperatures reduced fran those 
normally employed in systems involving only thermal pyrolysis. An 
excited molecule can dissociate in the gas phase, the products then 
diffusing to the substrate surface where reaction can occur. These 
species may also be in an excited state. The higher energy that they 
possess can lead to enhancement of the surface reactions. The 
particular reaction steps and their relative contributions to the 
overall deposition rate are not well known and will vary for different 
precursor compounds and substrate surfaces. In general it is thought 
that photo lytic reactions of metal organic compounds occur via a free 
radical mechanism as shown below.
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UV energy can be supplied by a number of sources. These include UV 
lasers and lamps based on discharges within mercury and xenon gases. 
Lasers can provide tightly focussed spots of UV radiation. By use of 
suitable equipment the spot can be scanned across the substrate, 
thereby allowing selective deposition of films (Bedair et al 1986). 
This, for example, can permit direct laser writing of metallic 
interconnections onto semiconductor devices. UV lasers are available 
in a limited number of output frequencies, and although tunable 
configurations are possible, lasers in general are an expensive method 
of achieving photolysis.

Discharge lamps are more cost effective and produce radiation over 
a broad spectrum of wavelengths. UV lamps are broadly divided into 
three classes, determined by their internal working pressure. High 
pressure discharge lamps can be regarded as point sources with arc 
lengths of only a few millimetres. Medium pressure lamps for small 
scale laboratory work are rated at between 100 and 500 watts with arc 
lengths up to 20cm. Low pressure lamps are essentially fluorescent 
lighting tubes without the internal coating of phosphor. These typic
ally are rated at 16 watts with arc lengths of 40cm. Further details 
of these lamps and their application to photolysis can be found in 
section (3.4.3) which describes the experimental configuration used 
for the reactor of this work. The application of UV enhancement in the 
low pressure growth of Ti02 is covered in section (5.6.2).

UV enhancement has been used to grow thin films of insulators, 
metals and semiconductors (Mayo 1986). Also by using halogen 
containing gases, activated species can be created that allow the 
etching and cleaning of substrate surfaces before growth ccnmences. 
The possibility thus exists that a single deposition reactor, equipped 
with UV enhancement could be developed to fabricate complete devices
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A simple apparatus for the UV enhanced MOCVD of GaAs has been 
described by Putz et al (1984). This is schematically shown in Fig

on substrates without the need to remove the latter from the reactor.

Fig (2.12) Schematic apparatus for UV enhanced MOCVD 
due to Putz et al (1984).

It consists of a conventional horizontal reactor modified by the 
addition of a UV transparent Suprasil window through which radiation 
passes from a low pressure mercury discharge lamp. Substrate heating 
is accomplished by using an IR source/graphite susceptor combination. 
The apparatus was used to study the limits over which enhancement by 
UV radiation applied. The results clearly showed that UV energy 
affected the GaAs growth kinetics. An increase in the observed rate 
of film deposition occured in the kinetically limited growth regime 
(see Fig (2.5)). Similar effects were observed during the experiments 
conducted on TiO growth detailed in section (5.6.2).

The advantages that UV enhancement offers have recently encouraged 
the synthesis of metal organic molecules that are designed to absorb 
in the UV and decompose in a predetermined manner. Examples of this 
include precursors for Alo0 (Brierley 1987) and HgTe (Almond et al 
1988). Such interaction between the synthetic chemist and the thin 
film grower is vital within the MOCVD field. Further examples of 
precursor tailoring are given in the following section.
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2.7.4 Novel precursors for MOCVD.
The basic precursors used in MOCVD have been described earlier in 

section (2.3). Mention was also made of a group of compounds known as 
adducts, weakly bound molecules between metal organic precursors. This 
section deals with a number of additional aspects of MOCVD precursors.

The disadvantages posed by the basic precursors are mainly related 
to their toxicity or their pyrophoric nature. There has been a desire 
to find alternatives to the highly toxic hydrides of As and P used in 
the MOCVD of III-V semiconductors. These include the group V analogues 
of the group III metal organics, trimethyl /ethyl phosphine/arsine. A 
comprehensive review of this topic is given by Stringfellow (1988). 
Many criteria determine whether a metal organic is chosen as a 
suitable MOCVD precursor. These include its toxcity, volatility, ease 
of purification and handling, and its ability to decompose at the 
growth temperature to give the required species without contamination 
of the growing film. In considering these, Stringfellow concluded that 
diethylarsine (DEAs) and tributylphosphine (TBP) were the optimum 
choice to replace AsH and FH respectively.u O

Adduct precursors provide safer alternatives to the basic 
precursors but are usually less volatile and can therefore require 
higher sourcetemperatures and heated delivery lines (to prevent 
condensation). Certain adducts can form spontaneously within the 
growth ambient leading to problems with unwanted reactions and poor 
film growth (section 2.5). Adducts were thought to be suitable 
candidates for use as single source precursors although problems with 
maintaining film stoichiometry has precluded this. Zaouk et al (1981) 
details the usage of a number of adduct compounds as single sources.

Adducts have recently been demonstrated as useful intermediates in 
the purification of the basic MOCVD precursors. The method depends on 
the formation of a non-volatile adduct between the metal organic to be 
purified and a base. The Lewis base, 1.2-bis diphenylphosphinoethane 
(Diphos) has been used in this role (Bradley et al 1986). It forms 
non-volatile adducts between TMIn, TMA1 and TMGa. Other workers have
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used Arnold’s base (4,4-methylenebis-N,N-dimethylaniline, MDBA) in a
similar purification process (Foster et al 1988). After formation the
adducts are isolated and purified. They are then heated to modest

otemperatures (ca. 120 C), where they dissociate to give the 
respective, high purity metal organic. The inability of many common 
impurities to form adducts with bases such as Diphos further improves 
the purity of the end product. After dissociation the metal organics 
are packaged in standard MOCVD bubblers.

Semiconductor films grown from adduct purified metal organics have 
shown significant improvements in their electrical properties (Moore 
et al 1986 & Jones et al 1987). The adduct purification process is now 
used commercially in the production of ultra pure metal organics 
(Epichem Ltd).

The non-volatile adducts appear to be ideal candidates for the in 
situ generation of metal organics within the reactor system. This 
would be a safer and probably purer method of precursor supply. This 
aspect is further covered in chapter 4, which describes the 
development of a source container and metering system suited to the 
delivery of metal organics generated by the non-volatile adduct route.

Finally mention is made of a class of compounds that have recently 
been synthesized which can be tentatively classed as single source 
precursors for III-V semiconductor growth. These differ from the 
adducts in that the film constituents are covalently bonded within the 
precursor molecules and hence can exist as basic units of a binary 
compound during decomposition. Such compounds may thus lead to an 
improvement in film stoichiometry and lower temperature growth. Bis-ju- 
(di isopropyl ami do) tetramethyl di-aluminium (DAN) and bis-ju- 
(ditertiarybutylphosphido) tetramethyl di-indium (DIP) have been 
synthesized by Bradley et al (1988) as single source precursors for 
the growth of AIN and InP respectively. Preliminary work involving the 
deposition of InP films from DIP in a MOMBE reactor (for which single 
source compounds seem ideal) has not been encouraging. It was found 
that a small supply of excess phosphine was required if films of

62



adequate properties were to be grown (Davies & Andrews 1988). Some 
preliminary work on AIN deposition has been attempted and this is 
covered in section (7.3). Single source precursors have also been 
made for the growth of GaAs and the ternary compounds of GaAs with A1 
and P (Cowley et al 1988). If acceptable film growth can be 
demonstrated, single source compounds offer tremendous advantages by 
simplifying MOCVD systems and apparatus and increasing the overall 
safety of the process.

In concluding this chapter on MOCVD it is apparent that considerable 
research work has been carried out since the inception of the 
technique in the late 1960’s. Many different materials have been 
deposited and much is now known about the kinetic, thermodynamic and 
hydrodynamic conditions within a growth chamber. MOCVD is now an 
established industrial process for the growth of many semiconductor 
compounds. Although distinctions are becoming blurred due to the 
emergence of hybrid techniques using metal organics, such as the MOMBE 
process, MOCVD will probably remain the most practical and versatile 
of the thin film growth methods.

The following chapter describes the reactor system that was 
designed and built as part of the present work. Many of the aspects 
already covered in this chapter have been incorporated into the design 
of the system in an attempt to realize a truly versatile MOCVD 
reactor.
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REACTOR DESIGN AND DEVELOPMENT

3.1 Introduction
This chapter describes the design and development of the MOCVD 

reactor of this work. The final form of the reactor, and the one used 
during the majority of the work on TiOQ, GaN, AIN and the attempt at 
growing diamond, was reached by a progressive improvement of the 
original design. The intention was primarily to construct a piece of 
apparatus that would allow the growth and study of as wide a range of 
thin film materials as possible. The design brief therefore was to 
create a system that could meter both solid and liquid precursors of 
various types, into a reactor which could be operated under 
atmospheric pressure (with a variety of carrier gases) or under 
reduced pressure or vacuum conditions. Additionally the design called 
for the incorporation of facilities for in situ gas purification, 
ultraviolet enhancement of the deposition reactions, remote plasma 
stimulation of the reacting species and evaporation of materials 
within the reactor chamber.

Commercial reactors are available but they can be priced in the 
range between tens of thousands and hundreds of thousands of pounds 
Sterling. The more expensive versions retain many of the features of 
the basic machines but with the added flexibility of computer control 
of the reactor functions and processes. For financial reasons the 
present reactor was designed and constructed in house from readily 
available materials and components. Externally supplied equipment such 
as valves, temperature and mass flow controllers and vacuum pumps, 
were incorporated when sensible to do so in terms of their 
availability, price and difficulty of fabrication. Additionally both 
the plasma generator and the UV lamp unit were externally purchased. 
For reasons of brevity, the description of many minor reactor features 
has been limited to that necessary in order to gain an idea of theiv
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function. For similar reasons, detailed engineering drawings and 
descriptions have been kept to a minimum, with photographs, schematic 
and isometric drawings being used in preference. Dimensional 
information can be obtained from the isometric drawings.

3.2 Basic reactor description
For the purpose of description the reactor will be regarded as 

being comprised of four main sections. These are:
1. the gas handling/metering system. (in green in Fig 3.1)
2. the reactor chamber and heating source. (in blue)
3. the effluent/vacuum system. (in pink)
4. the various electical/electronic controls. (in yellow)

The present reactor is shown in Fig (3.1). The system is largely 
enclosed in a purpose built extraction cabinet. The reactor chamber is 
of a horizontal gas flow, rectangular quartz glass form. It rests 
atop the infrared (IR) heating module and is situated approximately 
centrally within the cabinet. To the left of this lies the gas 
metering module. This comprises electronic mass flow controllers, 
visual flow indicators, metering and shut off valves and a number of 
gas purification chambers. It also holds the entire MEM precursor 
source module (the subject of Chapter 4). Further to the left, and 
situated outside the cabinet, additional gas purification stages are 
present. The effluent system is placed to the right of the reactor 
chamber and comprises a cooled zeolite trap and bubbler arrangement. 
An oil vapour diffusion pump and rotary oil backing pump are placed to 
the right and below respectively. The main electronic/electrical 
controls are located below the reactor chamber with supplementary 
equipment arranged about the reactor system where convenient. The 
evaporation current controller is situated to the far right of the 
diagram. The microwave power supply for the remote plasma facility 
lies directly below the IR heating module. Fig(3.2) augments the 
drawing of the apparatus given in Fig(3.1).

67



Fig (3.2) Photograph of the reactor system.
i

The main form of the design was chosen in the light of experience 

gained from the construction of an earlier reactor during this work. 

This was based on a vertical flow, atmospheric reactor chamber and 

utilized liquid precursors. These were metered using a variable 

pressure feed, directly into a heated evaporator adjacent to the 

reactor chamber, and then delivered to the substrate by the carrier 

gas. The system was built into three compact modules. Although a 

simple design, it was found to be unreliable and inflexible in 

operation. The present reactor was then constructed and this has since 

proved to be capable of film growth under a wide range of conditions. 

The following series of sections deal with the design and construction 

of the main parts of the reactor system.

3.3 Gas handling apparatus

The reactor is equipped to use both hydrogen and nitrogen as 

carrier gases. Ammonia gas is also handled, both as a carrier gas and 

as a necessary precursor for the reactive growth of nitrides (see
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Chapter 6). Commercial grade cylinder N "white spot" and H asJ a
supplied by BOC Ltd, is piped to the reactor via gas pressure 
regulators at approximately 10 and 30 psi respectively (7, 21 kRa.). In 
situ purification is applied in preference to the use of the more 
expensive ultra high purity, electronic grade gases. It removes the 
contamination problems associated with the exchange of spent gas 
cylinders for fresh ones and reduces the complexity and expense of the 
gas distribution system. The H is purified through a pal ladium/silver

Ci

alloy diffuser (Johnson Mathey chemicals Ltd ). Passage through the 
diffuser eliminates any impurities down to about O.lppm (the residuals 
are thought to result from outgassing and the effect of leaks within 
the diffuser). The principle behind H purification by this method is

a
covered by Connor (1962).

Nitrogen is purified by passage through a series of packed columns.
The first of these contains 3A molecular sieves (Union Carbide,
zeolites) which remove organic molecules, carbon dioxide and water.
The second column then acts to remove oxygen contamination. It
contains anhydrous, granular manganese(II) oxide. The third column
contains a commercially available, highly reduced chromium compound
and this reacts with any remaining oxygen to remove it from the gas
stream. The contents of the first two columns can be regenerated by

oheating to approximately 200 C under vacuum (zeolites) or heating 
under a flow of (manganese oxide). In the latter case only a brief 
initial heating stage is required as the reaction with the H to 
produce H O is exothermic. The chromium compound is not regenerated

a
and progressively changes colour along the column from blue to green 
as it reacts (exposure to the air results in a very vigorous oxidation 
reaction and is to be avoided). A manifold is provided to allow bypass 
of any particular column and connection to the vacuum system. Wire 
wound resistance heaters and temperature measurement and control 
facilities are included for the in situ regeneration of columns 1 & 2.

A second zeolite trap is situated close to the reactor chamber 
itself and acts to remove back diffusing impurity species. The
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contents of the trap can be baked out in situ and the design is
similar to that described in section (3.5).

Ammonia delivery and purification posed different problems. The
NHg cylinder was housed near the outlet within the extraction cabinet
to minimize the effects on an operator if a gross, leak were to occur.
Because of the corrosive nature of NH when moist, a stainless steelo
gas pressure regulator with PTFE seals was fitted and an N purge used

a
to flush out the line and regulator after use. NH has a largeU
affinity for water and as such the latter forms the predominant 
impurity. Removal of H O cannot be achieved using zeolites as these 
adsorb NH with similar vigour. Various laboratory methods have been 
used to purify NH (see Perrin et al 1980 for example), but most areO
unsuitable for incorporation into a reactor. Passage through a column 
of granular soda lime (Aldrich chemical Cb Ltd) was the method applied 
to the present system. Its efficacy was not determined experimentally 
but using data supplied by BDH Ltd, the residual H O was calculated as

a
being in the region of parts per thousand.

It is apparent that the benefits of in situ gaspurification are
gaining wider acceptance within the MOCVD growth community. Recently a
new purification method based on the use of highly porous
organometa 11 ic polymers has proved to be capable of oxygen and water
removal to below state of the art detection limits (less than lOppb).
The method can purify the inert gases, hydrogen and, importantly
reactive gases such as silane and NH (Hardwick et al 1988). It shouldo
thus gain widespread use in the semiconductor growth industry.

After purification the gases are fed into a system of valves and 
flow controllers in order to allow metering of the desired quantities 
into the reactor chamber. Fig (3.3) shows a schematic pipe diagram 
for the system.

The electronic mass flow controllers (ASM) passed a maximum of 
lOOcc/min. They were used essentially as leak valves when the reactor 
was operated under vacuum conditions. A bypass arrangement was 
provided so that much larger flows could be accommodated when
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Fig (3.3) Schematic pipe diagram for the reactor system.

operating under reduced pressure and atmospheric pressure conditions. 
In the latter case, the gas flow was determined using in line float 
type flowmeters (see LeMay 1977 for description), Fig (3.4a), made 
from commercial tubes and floats (Brooks instruments). Manually 
operated needle valves were used to set the desired flow of or 
whereas a motor driven valve was used for the NH supply (Fig 3.4b).O
The flowmeters were calibrated before use and could measure flows of 
up to 5 1/min (Fig 3.4c).

The precursor was supplied to the reactor chamber from the MEM 
source module via a route seperate to that of the main carrier gas. A 
flow of N could be diverted through the module in order to carry the 
precursor into the reactor.
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The intricacies of the MEM source module, its mode of operation and 
behavior are covered seperately, in Chapter four. The two independent 
gas streams were fed into the reactor chamber as required. Various 
mixing and delivery methods were tried within the chamber in order to 
improve thin film growth, (see sections 5.4 & 5.5 and figs 5.7 8c 5.16 
therein).

3.4 The reactor chamber and associated apparatus
The chamber is formed from a horizontal, quartz glass tube of 

rectangular cross section. The tube is sealed and supported at both 
ends using silicone rubber gaskets within machined aluminium alloy end 
pieces. A number of ports are built into these terminations in order 
to connect the carrier gas, precursor supply and effluent lines to the 
chamber. In addition three extra ports exist in the effluent end 
piece. These allow: insertion of a thermocouple for temperature 
measurement or the evaporation apparatus (section 3.4.5), a change to 
be made in the inclination of the susceptor, and connection to a 
pressure measurment/solenoid valve safety arrangement. The chamber is 
shown in Fig (3.5) in section. The susceptor shown, is mostly made 
from aluminium alloy and extends the entire length of the reactor 
chamber. Substrates are placed on the centre section of the susceptor 
which consists of a ground quartz plate. This form of susceptor was 
used in preference to the more normal inclined graphite block because 
it allowed direct heating of the substrate by using a 1 kw lamp 
positioned below the chamber (section 3.4.2) with minimal susceptor 
heating. Also it allowed a uniform, uninterrupted gas flow through the 
chamber and easily permitted a variation in the substrate inclination 
from horizontal through to approximately 10°. The susceptor could 
readily be removed frcm the chamber for loading or cleaning purposes. 
The following section deals with the hydrodynamics of the reactor 
chamber.
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3.4.1. Gas flow hydrodynamics of the reactor chamber.
The adoption of a horizontal rectangular reactor configuration, 

for the reactor system, was based on the recommendations that were 
outlined in section (2.6). Because of the difficulty and expense of 
fabricating a custom chamber to the dimensions suggested by workers 
such as Giling (1982), readily available "ex stock" quartz tubing was 
employed. This necessitated the use of the aluminium alloy 
terminations as discussed previously. The tubing obtained, had inner 
dimensions of 4cm high by 5cm wide and was 25cm long. The reactor 
cross section was not, therefore, of the ideal aspect ratio. The 
chamber was too high and could, therefore encourage the formation of 
convective instabilities. This was partially rectified by the use of 
the tilting susceptor as shown in Fig (3.5). The design allowed a 
reduction in the free height above the substrate to acceptable values. 
In addition it permitted a variation in the inclination of the 
substrate to the incoming flow. Significantly the susceptor design 
also provided an unperturbed reactor surface from the inlet region, 
through to the substrate and on to the outlet. The majority of the 
susceptor was unheated, with only a central region (fabricated from 
quartz glass and measuring 5x5cm) intercepting energy from the IR 
unit. The substrate was placed within this area.

The reactor chamber was used for a number of initial growth 
experiments, without first investigating the gas flow conditions 
within it. In retrospect this was a mistake as the subsequent failure 
to achieve appreciable film growth (see section 5.4 and 6.3) could not 
be ascribed to a particular aspect of the system (such as the precur
sors, hydrodynamics or temperature) , with any certainty. Consequently 
a brief study of the flow conditions within the reactor chamber was 
carried out. The observations made were later successfully correlated 
to the thickness uniformity results obtained for a number of TiC>2 
films (see section 5.4.1, figs 5.9a-f). Characterization of the flow 
conditions was achieved by the use of NH^Cl "smoke" injected into the 
chamber at various positions. The apparatus for generating the smoke
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is shown in Fig (3.6). It consisted of a detachable bubbler and 
delivery probe that could be substituted for the main reactor Pirani 
gauge (PI in Fig (3.3)) The bubbler was connected to a variable supply 
of N and contained a concentrated aqueous solution of HC1. N carrier 
gas was supplied to the reactor in the usual way via the gas handling 
module but it was mixed with a small percentage of NH (10%) prior toO
reaching the main gas flow meter.

In this way a reaction took place between the entrained HQ vapour and 
the reactor carrier gas to produce a single stream of NH^Cl at the 
exit of the delivery probe. Multiple streams could be initiated by 
carefully tapping the bubbler end of the delivery probe to encourage a 
vibration of the probe’s tip. However, with the generator in the 
position described, the best effects were obtained using a single 
stream. Multiple streams were a natural consequence of placing the 
generator in the alternative, precursor delivery tube, position. These 
enabled the general flow conditions to be visualized throughout the 
reactor chamber. The main carrier gas flow rate was varied and the 
corresponding flow patterns were observed. These are recorded in Fig
(3.7) opposite, along with the input and output gas velocities.
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The improvement in the nature of the flow can clearly be seen as the 
gas flow velocity is increased. Low flows encourage the formation of 
eddies within the chamber and areas of stagnation were the precursor 
can be trapped. As the flow rate is increased many of the eddies 
disappear, giving way to an apparent laminar gas flow. At the highest 
flow rate, the NH^Cl smoke can no longer be distinguished as 
individual streamlines and flow visualization becomesdifficult. No 
significant change was observed in the flow patterns upon tilting the 
susceptor. However, this is not surprising since susceptor tilting is 
used to improve film thickness uniformity, not flow patterns.

No substrate heating was employed during these experiments as it 
was found that the visible light that was produced from the IR unit 
impaired the contrast of the streamlines against the reactor, so 
rendering them invisible.

From the results obtained it was decided that further growth runs 
would be carried out under the following conditions: reactor carrier 
gas flow 2500cc/min, MEM precursor carrier gas flow 400cc/min . The 
resultant input gas velocity for these values is 2.4cm/s. The TiO 
growth results that are detailed in section (5.4.1) are in reasonable 
agreement with the smoke tests. Film thickness variations were at 
their greatestfor the 1300cc/min flow rate. These decreased as the 
flow rate was increased and did not improve significantly beyond the 
flow rate value of 2900cc/min (2500 + 400), chosen above.

In section (2.6) the basic theory of the gas flow hydrodynamics
within a reactor was illustrated. Although many of the flow phenomena
taking place cannot be fully described, a number of parameters can be
derived that aid in the comparison between different reactors. For
this reason values of the Reynolds (Re), Rayleigh (Ra) and Grashof
(Gr) numbers were calculated for the present reactor, using the
equations within section (2.6), for two input flow rates (referred to

2
as high and low) . Additionally the ratio Gr/Re was determined as 
were the thermal and velocity entrance lengths These are all listed 
in Table (3.1).
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Entrance Reynolds Rayleigh Grashof , 2 Gr/Re Velocity Thermal
velocity number number number entrance entrance

length (cm) length (cm)
High 62.0 30740 43900 11.4 10 18
Low 15.4 30740 43900 185 2.5 5

High velocity = 2.42cm/s. Low velocity = 0.6cm/s (inlet gas velocity). 
Quoted Reynolds numbers are calculated using inlet gas velocities and 
Eq.2.11, using the following variable values.

P = 1.14 for N at 300K (Giling 1983) h = 0.04m
1= 17.8x10 for N at 300K (Giling 1983)A

Quoted Rayleigh numbers are calculated from Eq (2.12), using the local
value of the free height above the susceptor for an angle of tilt of 

oapproximately 7 . Susceptor temperature is 500K and the temperature of 
the top wall of the reactor is assumed to be 300K. The following 
variables also apply;

h = 0.025m AT = 200K
Cp = 1056 Jm”1s"1K~1 for N at 500K (Giling 1983)

-3 ^ -3 -1
P = 0.68 Kgm at 500K (Giling 1983) a = 3.33x10 K

-6 -1 -1 -3 -1 -1-1
V = 25.6x10 Kgm s * = 38.4x10 Jm s K (Giling 1983)

The Grashof number is obtained by division of the Rayleigh number with
the Prantl, taken as 0.7 (see text).
The velocity entrance length is calculated from Eq (2.14) using the 
value of the input Reynolds number. The thermal entrance length, from 
Eq(2.15) uses the local Reynolds No above the susceptor, calculated 
using the 500K values of the viscosity and density of N2 given above.

Base reactor 
configuration 
for hydrodynamic 
calculations.

Dimensions in 
millimetres

Table (3.1) Hydrodynamic parameters for the present reactor chamber.
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For both flow rates the Reynolds number is well below the critical
value of 2300 for the onset of turbulent flow conditions. This
indicates that the reactor is operating under laminar flow conditions.
The value of the Rayleigh number (calculated for directly above the
substrate) is over the threshold for the onset of convection currents
within the chamber (1700). It is therefore expected that instabilities
in the flow behavoir will occur due to the thermal bouyancy forces

2produced. The values of the Gr/Re ratio indicate that at the chosen 
low velocity, the thermal buoyancy forces will dominate over the 
viscous forces. This means that the flow conditions within the chamber 
will largely be determined by convection rather than the forced flow. 
At the higher velocity the ratio is within the mixed flow regime 
whereby neither effect dominates.

2As pointed out in section (2.6), the validity of the Gr/Re ratio 
in determining flow conditions, is questionable. However, referring to 
the TiO deposits of Figs (5.9a & d), obtained with the low and high 
flow velocities of above, it is apparent that the ratio has some 
applicability. High values of the ratio correspond to poor thickness 
uniformity, presumably because of the convective rolls that are 
created within the reactor chamber.

The thermal entrance lengths quoted, were calculated for the two 
input velocities using the values of the local Reynolds number at 
500K, together with the free height above the substrate. Both lengths 
are in excess of the length of the quartz susceptor. This indicates 
that the substrates are positioned within a developing temperature 
profile. The situation can be Improved if the entire tilting susceptor 
is evenly heated, thereby ensuring that the substrate is placed within 
a fully developed temperature profile. In order to prevent depletion 
of the precursor under such conditions, delivery to the substrate 
would have to be via a tube and not via the carrier gas.

The velocity entrance lengths are more favourable, with a fully 
developed velocity profile at the substrate occuring for both input 
flows. It is important to note that in the above calculations, no
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change in temperature along the susceptor. Both temperature and free
height will influence the value of the Re, Ra, Gr and Pr numbers and

2therefore, the Gr/Re ratio and the thermal/velocity entrance lengths. 
To obtain a better understanding of the hydrodynamic conditions within 
the tilted susceptor reactor, further work is required. For the 
present system, the preliminary calculations, smoke tests and TiO 
growths were sufficient to determine the most favourable reactor gas 
flow conditions.

3.4,2 Substrate heating.
For the majority of thin film growth runs, the undersides of the 

substrates were heated, using the IR module. This unit is shown in Fig
(3.8). The main framework also acts as the support for the reactor 
chamber.

account has been made of the effect of the tilted susceptor or of the

Fig (3.8) The infrared (IR) heating module. Simplified diagram

IR energy is provided by a lOOOwatt quartz tungsten halogen 
photographic lamp (Thorn EMI CP77 240V, GTE Syl vania FEP 240V). This
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is positioned at one of the foci of an elliptical reflector, the 
susceptor being located at the other. Elliptical reflectors have been 

used for substrate heating with some success previously (eg Unvala & 

Censlive 1973, Putz et al 1984), but limitations exist as to the 

uniformity of heating and maximum temperature achievable. These are 

not usually significant if the substrate surface is kept small and of 

similar size to the lamp element. It is also possible to increase the 

area over which a substrate can be uniformly heated by defocussing the 

elliptical reflector/bulb combination. This, however, tends to result 

in a reduction in the maximum substrate temperature that can be 

achieved. The removable elliptical reflector, adjustable mounting and 

the lOOOw lamp are shown in Fig (3.9).

Fig (3.9) Elliptical reflector, bulb and adjustable mounting 

of infrared (IR) source module.

IR heating has a number of advantages over other methods such as RF 

and resistance heating. The heating source is remote from the 

substrate and cannot, therefore, contaminate it. The control equipment 

usually carries lower currents and is less bulky. Temperature control 

is facilitated by the faster heat up/cool down response of a lamp. 

Substrate contamination can still, however, occur from the susceptor.
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being made of quartz glass, rises to a lower temperature than that of
the substrate, due to the differences in IR absorption. This may act
to reduce substrate contamination by the susceptor. The temperature of
the substrate is varied by altering the power supplied to the lamp.
This is achieved by using the power limit facility of a Eurotherm
controller, modified so as to have an improved sensitivity. Similar
variation can be achieved using a variable transformer (variac) or a
solid state power controller such as would be found in a domestic
light dinmer. Use of a Eurotherm allowed retention of the ability to
automatically maintain a set temperature. However, this facility was
never required as temperature fluctuations, at a particular susceptor

oposition, did not exceed 5 C once equilibrium had been reached.
Substrate temperatures, measured using a contacting thermocouple,
were calibrated against the current flowing through the lamp. This was
carried out before a series of growth runs. The subsequent
reproducibility of the substrate temperature, by re-setting the value

oof the current was found to be within +5 C. This method allowed a 
direct knowledge of the substrate surface temperature without the need 
for an intrusive thermocouple.

One of the unfortunate consequences of using a focussed IR heating
source, without interposing an efficient heat spreader between it and
a substrate, is the poor temperature uniformity that results. For a 

21.5 inch (11cm ) Si substrate the difference between the maximum and
omini inim temperatures could reach 150 C using the present system. Most

of the deposition work that was carried out using the IR unit, used
2considerably smaller square substrates of 1cm . Temperature variations 

over so small an area were effectively neglible. A number of 
materials were investigated as possible heat spreaders, to enable 
deposition to be carried out onto larger substrates. These were 
eventually rejected due to the substantial reductions in substrate 
temperature that they caused and the enhanced possibility of 
contamination.

In the present reactor, the susceptor in contact with the substrate,

83



In order to fully characterize the temperature distribution over 
the reactor susceptor, measurements using a thermocouple were made 
under various chamber conditions. To prevent the thermocouple from 
being radiantly heated by the IR source (and hence registering an 
incorrect temperature) the measurements were made onto the surface of 
a Si substrate. The temperature readings were obtained by moving the 
substrate/thermocouple combination around a grid of points on the 
susceptor. At each point care was taken to ensure that thermal 
equilibrium had been reached. Measurements were made under conditions 
of zero susceptor tilt, with N carrier gas flows of 400 and 
3200cc/min. These correspond to average flow velocities of 0.3 and 
2.7cm/sec respectively. The distribution under vacuum conditions was 
also measured. The results are illustrated in fig (3.10). The 
temperatures are plotted directly above their point of measurement on 
the susceptor. Cross sections of the resultant 3D temperature surface 
have been taken to simplify interpretation of the results.

The axes of the temperature sections, cross at the point of focus
of the elliptical reflector. Results for the vacuum ambient indicate
that the temperature distribution is symmetric about this point. The
temperature of the aluminium susceptor areas is approximately constant

oand slightly above 100 C. As expected the maximum temperature reached 
occurs at the focus position. By introducing a flow of carrier gas 
into the chamber, the temperature profile changes. For the lower flow 
rate, no significant change in the maximum temperature is observed. 
However, the position of this temperature shifts towards the 
downstream end of the reactor chamber. The cross sections also become 
sharper in their transition from quartz glass to aluminium surfaces. 
The higher flow rate accentuates the peak temperature shift and 
dramatically reduces the temperatures over the susceptor surface. The 
leading edge temperature of the aluminium area drops below the 
trailing edge temperature. These effects can be ascribed to the heat 
transfer occuring between the carrrier gas and the substrate. Large 
carrier gas flows act to cool the substrate surface by significant
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Fig (3.10). Representation of the temperature distribution

over the susceptor for various chamber conditions. 

Lamp current = 4 Amps (240V).
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Fig (3.11). Cutaway view of the flat plate heater unit.
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amounts (approximately 100°C for the 3200cc/min flow). This correlates 
with the earlier calculations on the thermal entrance lengths, which 
were shown to increase as the gas flow velocity (and hence flow rate) 
were increased. The results serve to illustrate the danger in 
calibrating substrate surface temperatures against susceptor 
temperatures or input power, for a particular set of reactor 
conditions, and then assuming that the calibration holds over all 
other flow conditions.

Whilst the IR heating module proved adequate for most of the growth
runs involving small areas, it was limited to a maximum substrate

o otemperature of approximately 700 C under vacuum conditions and 650 C
under standard N flows. The growth of a number of thin film materials

a
of interest (sections 5.6.1, 6.2.1 and 7.4) requires temperatures up 
to 1000°C. In addition the restricted area of the susceptor over which 
a uniform temperature could be assumed to exist, severely limited the 
substrate size.

In order to overcome such limitations, a new heating source was
designed. The source had to be capable of sustaining substrate

otemperatures at least up to 1000 C. It had to provide uniform heating
2over at least 10cm , using primarily IR energy and be as compact as 

possible. The heater had also to be compatible with the existing 
power control circuitry. To meet these specifications, a radiant 
heater was devised that directly replaced the tilting susceptor, 
within the reactor. The resultant "flat plate heater" is shown in Fig
(3.11). It can best be described as a flattened bulb with the plane of 
the heating element parallel to the plane of the substrate surface. 
The heating element and reflector assembly are sheathed within a 
quartz glass envelope, whose top surface acts as the susceptor and 
substrate support. The envelope reduces to a tube which serves to 
carry the electrical connections out of the reactor chamber. Sealing 
of the envelope to the reactor is accomplished using an aluminium 
flange/glass to metal seal arrangement. The seal permits rotation of 
the flat plate heater within the reactor.
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This allows a similar variation in susceptor inclination, to that 
provided by the tilting susceptor, described earlier. Connection to a 
vacuum/nitrogen line and the power controller is provided through the 
sealing unit.

The realization of the flat plate heater was made possible by the
use of flexible exfoliated graphite for the heating elements. This
form of graphite is manufactured primarily for use as a high
temperature gasketing material. It is supplied in sheets of various
thicknesses, purity and electrical resistivity (Flexitallic Ltd).
Initially various metallic materials were investigated as possible
elements (eg tungsten, molybdenum and Nichrome). These were in the
form of thin wire. Flat elements from these materials were difficult
and laborious to fabricate. The resistances achievable were too low
and therefore, the currents flowing, too high, to allow use of the
existing power controllers. The metallic heating elements quickly
oxidized and burnt out when operated in air and never produced

osusceptor temperatures above 800 C when operated within the reactor
(N^ or vacuum ambient). Although the graphite elements shared a
similar life when used in air, they lasted very much longer under
reactor ambients. Under vacuum conditions, susceptor temperatures of 

o1000 C were sustained for continuous periods of up to 3 hours. The
total life of a element exceeded 10 hours, with failure occuring
mostly due to degradation of the nickel crimps and not the graphite.
Because of the high resistivity of graphite (approximately 200 times
that of Mo at 700°C, Kay &Laby (1966)), the currents supplied to the

oheater were well under 10A (8.6 for a 1100 C). This allowed the 
existing power controller to be used and removed the need for heavy 
and cumbersome supply cables.

Initially the heating elements were made by milling slots into a 
graphite sheet, supported between Perspex layers. This was time 
consuming and a cutter was devised, using an array of razor blades, to 
simplify the process. Replacement elements can be made in a matter of 
minutes. The form of the heating element is shown in fig (3.12).
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Fig (3.12) The exfoliated graphite flat plate heater 
element, to scale.

The provision of the vacuum/gas line to the heater envelope was meant
to allow a complete purge and inert gas backfill, of the latter, to
prevent oxidation of the heating element. This obviously required the
end of the envelope to be sealed from the reactor envircment. The need
to replace burnt out elements and renew the Ni crimps necessitated the
use of the heater without an end seal. The element was then exposed to
the reactor ambient. The flat plate heater was therefore employed only
for low pressure growth runs. The uniformity of the heater was found
to be excellent in comparison to the elliptical IR heater. Preliminary

otemperature measurements at 600 C, using a thermocouple on a Si 
substrate, indicated variations of less than 10°C over approximately 
90% of the heated area.

The flat plate heater was designed to be easily attached and
removed from the reactor chamber assembly. To this end, all
connections and terminations were made via an aluminium flange that
could be inserted between the two parts of the upstream aluminium
reactor termination. Fig (3.13a) shows the flat plate heater in
position, in the reactor chamber. Fig (3.13b) shows the heater

ooperating at a substrate (Si) temperature of approximately 300 C.
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Fig (3.13). (a) The flat plate heater apparatus in position in the

reactor chamber, (b) The flat plate heater operating
oat approximately 300 C (for a Si substrate).
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Although use of the flat plate heater is currently restricted to low 
pressure ambients, it is anticipated that extension of the rectangular 
quartz envelope beyond the end of the heating element, will allow the 
installation of a demountable seal. With the substrate at 1000°C the 
temperature of the quartz at the upstream termination failed to reach 
100°C. A silicone rubber seal should therefore suffice.

The use of both the elliptical and the flat plate heaters, to 
provide thermal energy during the growth experiments of this work is 
covered in Chapters 5,6 and 7. The following two sections deal with 
the apparatus for enhancement of the deposition reactions using non 
or indirect thermal means.

3.4.3 Ultraviolet photolysis apparatus.
The application of UV light to the enhancement of MOCVD reactions 

has been briefly covered in section (2.7.3). The present reactor 
system has been equipped with a source of UV light and a number of 
preliminary experiments have been carried out to evaluate its effect 
on thin film growth (section 5.6.2).

The UV source consists of a short arc, high pressure mercury lamp
(Wotan HBO), rated at lOOwatts, housed within a metal casing together
with a cooling fan, collimating lens and lamp starter circuitry. A
separate power supply unit provides the necessary DC lamp operating
and ignition voltages. The total system is commercially obtainable
(Cathodeon Ltd).The lamp unit is positioned outside the extraction
cabinet of the reactor system, above and to the right of the reactor
chamber (see Fig 3.1). A mirror suitable for reflecting UV is
positioned at 45° to the long axis of the reactor in order to direct
the radiation to the substrate. The arrangement is schematically shown
in Fig (3.14b). The spectral energy distribution for the mercury lamp
is shown in fig (3.14a). Approximately 10% of the lamps intensity
falls in the UV region and assuming all the available UV lamp output

2is collimated and directed to a 1cm substrate, the incident UV energy 
is estimated as approximately l/10watt.
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Fig (3.14) (a) Spectral response curve of a mercury high 
pressure discharge lamp (Oriel corporation), 
(b) Schematic of UV irradiation apparatus.

Losses within the optical/col limating system and those incurred on 
traversing the reactor wall, will reduce this value. Additionally, the 
operating characteristics of a high pressure lamp cause a phenomenon 
known as self absorption. The lower wavelength UV radiation is 
absorbed by the outer layers of the gas discharge and is thus 
partially removed from the emitted spectrum. This limits the lowest 
available UV wavelength to around 250 nm. Determination of the UV
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absorption spectra for a number of precursor compounds (Haigh 1983) 
has shown that strong UV absorption takes place between 190 and 250nm. 
This suggests that the use of a high pressure arc lamp is not the most 
efficient method of reaction enhancement. Low and medium pressure UV 
lamps do exist, and these can provide significantly greater radiant 
outputs at the desired wavelengths although the sources tend to be 
extended in nature and less compact. High pressure systems are 
advantageous where narrow, collimated UV radiation is required. 
Comprehensive reviews of the equipment available for UV enhancement of 
chemical reactions is given by Phillips (1983) and Hutchison (1986).

UV light sources can easily cause damage to the eyes and skin if 
these are not shielded from the radiation. Wavelengths shorter than 
300nm are particularly dangerous to the eye. Protection against 
exposure to lamp outputs can be achieved by using UV absorbing safety 
spectacles. Hutchison (1986) discusses further safety measures.

3.4.4 Plasma enhancement apparatus.
The plasma enhancement techniques used in MOCVD have been briefly 

reviewed in section (2.7.2). Plasmas are used to create excited states 
within atoms and molecules which act to reduce the deposition 
temperatures necessary for thin film growth. The method of 
enhancement utilized in the present reactor system employs a microwave 
induced plasm. The apparatus creates a remote discharge ahead of the 
reactor chamber. The activated species within the discharge are then 
carried into the chamber in order to facilitate deposition.

The use of microwaves as opposed to RF or DC fields to excite a 
plasma discharge offers a number of advantages. RF equipment can be 
bulky and cause interference to nearby electrical apparatus. Microwave 
discharges are easily created using compact power supplies, and they 
produce little interference. Many techniques utilize electrodes that 
are placed within the reactor chamber in order to create a plasma. The 
highly energetic species created within the plasma can lead to 
sputtering of the electrode materials and incorporation of these
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within the growing film. Microwave plasmas allow an external method of 
excitation and thus allow a reduction in the inclusion of 
contaminants.

Microwave energy is coupled into a source of gas by use of a 
suitable resonant cavity. The cavity is usually placed around a non 
conducting tube that carries the gas. By carefully tuning the cavity 
(using adjustment screws built into it) a gas discharge can be 
initiated and sustained within the tube. Microwave plasmas are usually 
used as remote sources of species, but if the cavity is large enough 
to surround the reactor,then in situ deposition is possible. Indirect 
plasmas, also called upstream plasmas or afterglow sources, allow 
enhancement of thin film growth without the damage to the 
film/substrate, associated with the bombardment by high energy 
species. They have been succesfully used for the deposition of SiO 
(Meiners 1982, Jackson et al 1987). Studies have been performed that 
show significant improvements in the stoichiometry of insulating SiO

a
thin films, when these are grown by a remote rather than a direct 
plasma enhanced CVD method (Lucovsky & Tsu 1987).

The experimental set up used in the present system is schematically 
shown in Fig (3.15a). The microwave power supply and cavity are 
commercially supplied (EMS Ltd), but due to the simplicity of the 
equipment, it is possible to easily construct a system from readily 
available components. The microwave power supply can be adapted from 
that of a domestic microwave oven (Chilukuri & Lichten 1979, Bozzelli 
& Barat 1981), and the designs of the cavities are covered by 
Fehsenfeld et al (1965). The cavity used in the present system is 
shown in Fig (3.15b).

The plasma discharge created using this cavity could usually be
-2sustained at reactor pressures between 0.1 and 10 torr (13-1300 Nm ). 

Plasmas were generated using Hg, NHg and N2 feed gases, with 
initiation becoming progressively more difficult in the given order. 
To initiate a discharge the desired reactor pressure and gas flow is 
firstly established. The cavity is connected to the microwave power
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Fig (3.15) (a) Schematic of the microwave plasma apparatus.
(b) Resonant microwave plasma cavity.

supply, and the magnetron within the supply allowed to reach its 
operating conditions. The power to the cavity is then slowly 
increased to approximately 50 watts. Initially much of this power is 
reflected back from the cavity to the magnetron. Only when the 
resonant conditions have been established, does the cavity/gas
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combination absorb the microwave energy to create a discharge. Screw 
adjustments are provided on the cavity for tuning purposes. A cutout 
within the power supply unit prevents undue heating of the magnetron 
(which could damage it) due to excessive reflected power. Once 
initiation has been achieved, further fine tuning reduces the 
reflected power to a minimum.

In order to speed the plasma initiation process which was found to 
be very erratic when only using the tuning controls, a device was made 
to provide a small high voltage discharge within the plasma tube. This 
consisted of a simple circuit based on a Cockroft-Walton ladder of 
diodes and capacitors. The circuit diagram and experimental set up is 
shown in Fig (3.16).

Cl a C3 ft 05

I

Fig (3.16) Circuit diagram and experimental arrangement 
for the high voltage plasma initiator.
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The 240V mains input to the circuit is progressively stepped up by the 

action of the ladder to produce a maximum potential of approximately 

4000V at the electrode tips. These are inserted via a glass to metal 

seal into the plasma tube, ahead of the microwave cavity. Activating 

the circuit, immediately creates a micro plasma in the vicinity of the 

electrodes. Moving the powered cavity over the micro plaana instantly 

causes initiation of the main plasma which is sustained upon returning 

the cavity to its normal position. The micro plasma is shown in 
operation in Fig (3.17). The established method for the initiation of 

a plasma is to use a Tesla coil. This is a device for generating a 

high voltage at a high frequency and as such can be used to excite gas 

molecules into forming a discharge. Tesla coils are undesirable fran 

the point of view of the damage that they can cause to sensitive 

electronic circuits by inducement of currents within them. The use of 

a piezoelectric spark generator of the type employed to disperse 

electrostatic charges has also been used as a microwave plasma 

initiator (Jones & Ellison 1986).

Fig (3.17) Close up of the micro plasma initiator in operation.
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For safety reasons, bodily exposure to microwaves should be avoided. 

When operating the microwave plasm aluminium foil was wrapped around 

the cavity and quartz pipework so as to reduce the emission of stray 

radiation. A microwave detector (manafactured for checking microwave 

ovens) was used to locate any unshielded areas. Forced cooling of the 

microwave cavity was employed using canpressed air. This ensured that 

the coaxial cable connector did not overheat.

The plasna facility was used to generate active species during work 

on GaN deposition (Chapter 6) and during attempts at growing diamond 

films (Chapter 7). Fig (3.18) shows the plasma source in operation 

ahead of the reactor chamber.

Fig (3.18) The plasma source in operation with the aluminium 

foil shielding removed for the purposes of the 

photograph.

The following section concludes the series on the reactor chamber and 

its closely associated apparatus by describing the facility 

incorporated for the in situ evaporation of materials.
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3.4.5 In situ evaporation apparatus
Deposition of thin films by evaporation under vacuum conditions has 

been briefly mentioned in Chapter 1. The technique has been widely 
used for the growth of metal and metal oxide films. A detailed review 
of the theory and apparatus relevant to vacuum evaporation is given by 
Glang (1970). Since much of the work carried out by MOCVD experimeters 
is aimed at the fabrication of device structures, a reactor facility 
whereby metallic contacts can be deposited in situ, without the need 
to remove the substrate offers a number of advantages. The possibility 
of contamination by the atmosphere and the amount of substrate 
handling is reduced. Sane materials are more efficiently deposited by 
evaporation than by CVD means. Furthermore, a reactor that integrates 
all the necessary stages for device fabrication offers the ability to 
completely automate the manufacturing process.

The incorporation of a simple evaporation source within the reactor 
chamber allowed a number of metals to be deposited on thin films grown 
during the MOCVD experiments. The apparatus is shown in Fig (3.19).

Fig (3.19) The in situ vacuum evaporator.
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The apparatus consisted of a high current, low voltage power supply, 
connected via thick cables and a glass to metal seal, to copper rods 
and terminals within the reactor chamber. A stranded tungsten filament 
was used as the heating source and support for the metal to be 
evaporated. The power supply circuit diagram is shown in Fig (3.20).

L
O

neon

N
o-

0

5A fuse 
link

switch

0-270V 
8A vanac

o --------------------- •
E -=- case

240 V primary

6V secondary

to tungsten 
\ filament

Typical filament 
current=40A 
at 1-5V

Fig (3.20) Circuit diagram for the low voltage/high 
current power supply.

In order to carry out evaporation, a small amount of the required
material, usually in wire form, was carefully crimped around the
centre of the tungsten filament and the end plate fitted to the
reactor chamber. The reactor was then evacuated to approximately 0.01 

-2torr (1.3 Nm ). Slowly increasing the supply of current to the
filament allowed the onset of melting of the evaporant to be observed.
Melting was accompanied by wetting of the strands of the filament by
the evaporant. Increasing the current further served to increase the
evaporation rate. The thickness of the evaporated film could,
therefore, be controlled by a variation in the input current. This
method was limited by the tendency to form highly divided (and hence
black) deposits,with extremely poor adhesion at high values of the
filament current. Keeping the current to below such values and heating

othe substrate to approximately 300 C during evaporation allowed thin 
films of metallic lustre and good adhesion to deposited. Metals that 
were successfully evaporated included Au, In, Mg and W. Sections 
(5.6.3) and (6.3.1) describe^ further, the use of the evaporator.
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Effluent from the reactor chamber can be handled in a number of 
different ways depending on the potential hazards that may be created. 
For atmopheric pressure work, the effluent either directly passes via 
a flexible PVC pipe to the extraction cabinet outlet or travels 
through a zeolite trap (13X grade or 10A) where any organics are 
removed. Since only small quantities of precursor chemicals were 
utilized in this work, these being of low or unreported toxicity, the 
effluent treatment precautions carried out were thought adequate. 
These would have been insufficient for dealing with effluents arising 
from the use of AsH and PH feed gases. NH posed the most serious

u U O
threat to operator safety. This was used for the growth of gallium 
nitride (Chapter 6). Failure of the gas regulation equipment leading 
to the release of large quantities of NH was catered for by sitingO
the NH supply cylinder within the extraction cabinet and close to itsO
outlet. NH from the reactor effluent was effectively absorbed by theO
zeolite trap. The zeolites were regenerated at a later stage by

oheating to approximately 150 C within an enclosed extraction cabinet.
To improve the collection efficiency of the zeolites a refrigeration

ounit was provided to cool the trap to a maximum of -40 C. The unit 
(Neslab CryoCool CC60 II) comprised a ccmpressor/circulator unit and a 
refrigerated probe. The probe was immersed in a bath containing 
meth ylated spirits, and this in turn cooled the zeolite trap.

When the reactor is operated under reduced pressure conditions, the 
effluent exits through the cooled zeolite trap and then into the 
vacuum system. The output from the latter is fed directly into the 
extraction cabinet outlet. The vacuum system consists of a 2inch (63mm 
system) oil vapour diffusion pump (Edwards E02), backed by a 
mechanical oil rotary pump (Edwards two stage ED75). Standard 
procedures for the operation of the diffusion pump are followed 
(Power (1966)). The diffusion pump is equipped with a liquid Ng 
tillable oil vapour trap. The rotary pump is used for the majority of 
vacuum work between reactor pressures of 0.1 and lOOtorr (13-13k Nm

3.5 Vacuum and effluent apparatus*
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2 -4). The diffusion pump is used to reach chamber pressures of 10 torr
-2 -2(10 Nm ). Thin film growth has been conducted under reduced pressure

using the reactor system (sections (5.5), (6.3), (7.3) and (7.4)).
Leak testing of the reactor system is also facilitated by the use of
the vacuum pumps (section 5.4)). A Penning gauge is used to monitor
the vacuum at the diffusion pump inlet, whilst Pirani gauges are
distributed about the reactor system for the measurement of pressures
within the backing line, reactor chamber, MEM source module, and gas
handling module. A Bourdon type vacuum gauge is also incorporated into
the vacuum backing line for the indication of pressure in the range

-210*100 torr (1.3K-13K Nn ). The position of these gauges is shown in 
the reactor pipe diagram of Fig (3.3). A further zeolite trap is 
incorporated in the backing vacuum line just ahead of the rotary pump 
inlet. This serves to minimize the effects of back diffusing oil 
species, and also provides some protection of the pump against 
potentially corrosive effluent gases. The trap allows the in situ 
baking of the zeolites inside it and a similar unit is located within 
the gas handling module. The design of this and the primary effluent 
zeolite trap is shown Fig (3.21).

primary

i i i
0 4 8 cm

Fig (3.21) Design of the effluent zeolite traps.
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Some of the equipment used to control the operation of the reactor 
system has already been briefly described in the preceeding sections. 
The block diagram of Fig (3.22) summarises the main features of the 
electrical systems employed.

3.6 Control equipment

general purpose 

power/temp, 
controller

KEY, Pe=Pennmg gauge, P=P iram  gauge, M FC= m ass flow controller, 

TC= thermocouple (— ), PSU =  power supply unit; UV= ultraviolet.

Fig (3.22). Schematic diagram of the reactor electrical 
control systems.
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Notable features include the ability to monitor various process 
temperatures via a single meter and the provision for automatic 
venting of the reactor chamber to the extraction system, should its 
internal pressure exceed a preset value. This was incorporated to 
prevent an explosion of the chamber in the event of a blockage in, for 
example, the effluent traps.

One aspect of the apparatus that has not yet been described is the 
operation of the source module. This acts to meter quantities of the 
precursors used in the MOCVD growth experiments and is therefore, of 
major importance to the reactor system. It differs considerably frcm 
the traditional liquid containing, bubbler sources used in MOCVD and 
has the added benefit of being able to meter precursors that are 
solid. Its development and usage are explained in detail in the 
following chapter.
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4 A PRECURSOR SOURCE MODULE FOR MOCVD BASED ON THE MEM THEORY

4.1 An Introduction to the Modified Entrainment Method (MEM)
Growth by MOCVD is carried out by controlled pyrolysis of metal 

organic precursors that have been transported into a suitably 
designed reactor. These precursors can initially be in solid, liquid 
or gaseous form. In order to maintain uniformity of deposition of the 
film, for example with regard to chemical composition or to growth 
rate, the precursors are metered into the growth chamber. The standard 
method of achieving this has been briefly covered in section (2.4). 
The metering system used in this work has been developed from a 
technique known as the Modified Entrainment Method (MEM).

MEM was originally conceived as a novel way of investigating 
chemical equilibria (Battat et al 1974a,b,c,d). Currently its main use 
is to provide data on the vapour pressures of volatile species 
(Bradley et al 1988a). However, it has been utilized to determine 
equilibrium constants for heterogeneous reactions (Battat et al 1974b, 
Faktor et al 1979), binary diffusion coefficients (Bradley et al 1979) 
and as an aid in the understanding of reaction kinetics and gas 
transport (Garrett et al 1978, Faktor et al 1974).

Its application as a controllable source of growth precursors had 
been limited to the metering of sulphur and sulphur compounds as 
dopants in the chloride VPE of gallium arsenide (Savva 1976). This 
proved successful and was later extended to the metering of chromium 
to dope GaAs (Bass 1977).

It was thought that a source operating under MEM conditions might 
allow the controlled growth of, for example, semiconducting compounds 
themselves and as a result, it was decided that a source container 
working on the principle of MEM should be designed and incorporated 
into the MOCVD reactor of this work. An outline to the background and 
theory of MEM now follows.
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4.2 MEM Background
The modified entrainment method was seen as a novel solution to a 

number of problems encountered in the measurement of the vapour 
pressures of compounds and elements. Such data can be obtained through 
a number of routes of which a number are briefly reviewed. Nesmeyanov 
(1963) provides a more thorough explanation of these techniques.

The simplest method is the direct measurement of pressure using a
gauge such as a mercury in glass manometer or a Pirani gauge,
connected to a vessel containing the saturated vapour. With suitable

-9equipment and care vapour pressures as low as 10 torr can be 
measured. Mercury manometers suffer from being suitable only for gases 
which remain uncondensed when compressed under the measuring 
conditions and the various electrical/electronic gauges are easily 
contaminated.

The dependence of the absorbtion of light on the density of a 
vapour and hence its pressure forms the basis of an optical method 
although not an absolute one. The ability of liquids to boil freely 
when their saturated vapour pressure equals the ambient pressure can 
be used to measure the vapour pressures of volatile liquids but 
relatively involatile ones, such as most metals, pose difficulties in 
the exact determination of the onset of boiling.

If a stream of inert gas is passed over a compound of whom the 
vapour pressure is required, the species above the compound that forms 
its vapour is swept away. This is known as entrainment. Further 
evaporation of the compound will then take place in an attempt to 
reach its equilibrium vapour pressure. If the carrier gas becomes 
saturated with the vapour then the following applies.

P (4.1)

where p - vapour pressure required, P = total pressure, N = moles of 
inert gas and n = moles of substance. Saturation of the carrier gas 
can only occur under conditions of vanishingly small gas flow rates.
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The number of moles of the compound removed by the gas stream is 
determined from the weight loss of the sample. The calculated vapour 
pressure is thus a function of the carrier gas flow rate and a linear 
extrapolation to a condition of zero flow is adopted. Substitution of 
a reactive carrier gas instead of an inert one allows information such 
as the equilibrium constant for the reaction between the compound and 
the gas to be determined (Battat et al 1974a).

In addition to the flow rate dependency this method suffers from 
errors introduced due to diffusion of the vapour through the carrier 
gas. This detracts from the assumption that vapour transport is 
merely by entrainment. In order to take account of these unavoidable 
effects the modified entrainment method was devised. Simply put, MEM 
utilizes diffusion and by restricting its effects to a channel of 
known dimensions allows those effects to be predicted and a value of 
the vapour pressure to be calculated.

Two other methods of vapour pressure determination need to be 
mentioned and their significance should become clear later. Langmuir's 
method consists in measuring the rate of evaporation of a substance 
from a free surface in a vacuum. It depends upon the fact that the 
vapour/so lid equilibrium is a dynamic one where the rate of 
condensation of the vapour onto its parent surface is balanced by the 
rate of evaporation from that surface. Nett evaporation of a material 
will cease when it has developed its equilibriim vapour pressure over 
itself. One can remove all the evaporated species as they are 
generated by the use of a vacuum pimp resulting in a nett evaporation 
and a reduction in the specimen's mass. This reduction can be measured 
and represents the evaporation rate which must be equal to the rate of 
condensation at equilibrium. The latter can be described by the 
kinetic theory and is related to the overpressure . The mass loss can 
be then equated to the vapour pressure thus;

(4.2)
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where w = rate of mass loss from surface in vacuum, T = temperature of 
system, p = vapour pressure and M = molecular mass of vapour 
species. This relation holds only if there is no obstacle to the 
transfer of molecules to and from the vapour. If this is not the case 
then an accommodation coefficient is introduced and rearranging;

w  /2nRT
p =  t V —

(4.3)

where a - Langmuir coefficient.
The final method we shall look at is that due to Knudsen. As with 

Langmuir’s method this depends on molecular mass. The apparatus at its 
most simple is shown in figure (4.1) and consists of a temperature 
controlled chamber containing the specimen surrounded by a vacuum 
which is separated from the contents by a tiny hole, usually of the 
order of tenths of millimetres in diameter.

Fig (4.1) Schematic diagram of Knudsen bottle

The rate of escape of the vapour molecules inside the chamber is equal 
to the rate at which they strike the area that constitutes the hole. 
From the kinetic theory the collision rate on an area A is given by;

1rate - — vcA (4.4)4

where c = mean velocity of the molecules, v = no of molecules / unit 
volume.

Treating both sides of the orifice and assuming that the rate at 
which molecules pass through the hole is equal to the rate at which
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they strike an equivalent area, the nett mass flow w is given by;

1 - ww = - c A ^ - . * ^ )  (4.5)

where p^ & p^ are the respective vapour densities on either side of 
the orifice. Since P=(M/RT)P from the ideal gas equation, eq(4.4) 
becomes;

1_ Mw = 4 0 Ag F (Pr P 2 ) (4.6)

The kinetic theory gives; 

/8RTC = V Mn
W = \ n ~ n m  (P ,“ P„)A T2nRT 1 2

(4.7) and substituting for c

(4.8)

For the specific case of effusion into a vacuum, P can now be ignored 
giving upon rearrangement;

(4.9)

(4.10)

where m = The mass of a molecule, k = Boltzman's constant and L = 
Avogadro's number.

Thus the rate of effusion is inversely proportional to the square 
root of the molecular mass (Graham's law of effusion Atkins 1978). 
This derivation is based upon the assumption that the flow through the 
orifice is molecular and that no collisions occur within the orifice 
that would impede the flow. This implies an infinitely thin orifice 
wall thickness, which is not the case in practice, and a correction 
factor known as the Clausing correction factor K is introduced. This 
will be discussed in more detail in Appendix (1).
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4.3 MTM Theory
As mentioned in the previous section, MEM tackles the problem of 

unwanted diffusion effects occuring in entrainment type vapour 
pressure determinations. The substance of interest is placed in a 
small glass bottle which has as its only opening a capillary tube of 
known dimensions. The tube acts as a resistance to the flow of vapour 
from the bottle. If this resistance is made large enough (ie its 
conductance is small) then the amount of vapour traversing the 
capillary can be accurately calculated from a knowledge of the 
sample's vapour pressure, its diffusion coefficient and its 
temperature.

Conversely one can measure the mass lost from the bottle whilst it 
is suspended from a microbalance and hence determine its vapour 
pressure. In order to derive a meaningful expression for the mass 
loss, it is necessary to make a few basic assumptions, in particular, 
regarding the boundary conditions at either end of the capillary tube. 
These are;
1. The vapour has a uniform composition in the main body of the 
bottle.

2. The total pressure inside the bottle is the same everywhere so as 
not to give gross flow.

3. The pressure in the bottle is the saturated vapour pressure of 
the substance.

4. The vapour pressure of the substance is zero at the exit of the 
capillary since all of the effusing species are swept away in a 
stream of carrier gas (which can be inert for vapour pressure 
data or reactive for data on heats of formation and equilibrium 
constants)

5.1116 temperature within the bottle is the same everywhere so as not 
to cause areas of preferential condensation.

6.The mass loss from the bottle is much less than the equilibrium 
evaporation rate from the surface of the contents.

The basic set up and the boundary conditions are shown in Fig (4.2).

110



Area A

Carrier gas
flow ✓

*
\ /M —  «o pq=£

capillary
resisfanci

Equilibrium ^  
vapour pressure 
of specimen

Specimen

Fig (4.2) Schematic of MEM bottle

Consider the evaporation of a species A into an inert gas N. There 
will be an increase in the molar volume in going from the condensed 
phase to a gas and this gives rise to a Stefan wind (Frank-Kamenetskii 
1969). This is considered to be a flow of species in a direction 
normal to the surface at which evaporation is taking place. It is 
therefore added to any diffusive flow that occurs because of partial 
pressure gradients within the system. The latter can be described by 
Fick’s Law, so that the total molecular flux J^of species A in the 
tube is given by:

where U = the Stefan velocity, the binary diffusion coefficient of 
A in N and % =  the partial pressure of A. Also,

where A = cross sectional area of the channel (assumed constant), Mq =

Ja = JOA „ + J ^  (4.11)a Stefan diffusion v '
then for A,

(4.12)

molecular mass of effusing species and w=mass loss.
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The flux of inert gas into the bottle due to its vapour pressure 
differences must equal the flux out of the bottle , caused by the 
action of the Stefan wind, since the bottle is neither acting as a 
source nor a sink of the carrier gas. Therefore:

UPn U^dP,,J = = 0 (4.14) and since P = Pa + Pn

addition of Eq(4.14) and Eq(4.12) gives Ja= UP/RT. Substituting this 
into Eq(4.12) to eliminate U gives,

Ja = where P=system pressure. (4.15)

Ja RT(Pa -P) dPa” —  = t-2 thus,
>inP dx ox=0 , ^ = P a

JqRT
■w* h  ' /X=1 I

dP

P°= P(l-e<)

(Pa ~P)

where
DP

and integrating,

(4.16)

and substituting (4.13),

wRTl
Da A A

(4.17)

owhere l=channel length, and Pa = saturated vapour pressure of A. If w 
is kept snail, then Eq(4.16) becomes,

wRTl
%n“aA

(4.18)

Therefore the saturated vapour pressure can be determined by measuring 
the weight loss over a series of temperatures.

For a more detailed determination it is necessary to take into 
account the temperature dependance of the diffusion coefficient. A 
pressure dependency is also observed. We can describe these by the 
following (Frank-Kamenetskii 1969)
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(4.19)
1+s

where E^=the diffusion coefficient at a reference temperature T0 and P0 
and s is a constant that depends on the intermolecular repulsions of 
the species in question. In addition, since the van't Hoff isochore 
gives us (Warn 1980),

RlnP = ASy (4.20)

where P « the pressure in atmospheres and AHy and ASy are the heat 
and entropy of vaporisation respectively, we can substitute for P 
using Eq(4.18) giving:

Rln wRTl
D M A  an a

+ ASy (4.21)

A plot of Rlnw against 1/T has a gradient of -AHV and an intercept at 
1/T = 0 of ASy- Rln(RTl/DnMQ A) thus enabling AHv and ASV to be 
obtained. For a more thorough coverage of the MEM theory, its 
applications and a more rigorous treatment conducive to a greater 
accuracy in the determination of vapour pressures and thermodynamic 
quantities, the reader is directed to the work of Bradley et al (1987) 
and Battat et al (1974a,b,c,d).

4.4 A practical MEM bottle
It is interesting to note that MEM, as currently and routinely 

used, provides vapour pressure data for compounds that are of 
particular interest to the MOCVD growth community, namely the growth 
precursors. Such data are required to initially determine whether a 
metal organic precursor is suitable for use in MOCVD ie that its 
vapour pressure is high enough to give an adequate mass transfer rate 
into a reactor and hence a commercially useful growth rate.

Unlike the Langmuir vapour pressure determination, the mass lost
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from the MEM bottle is independent of the carrier flow rate, and 
it was this fact, along with the ability to accurately predict the 
flow out of the bottle, that pointed to the possibility of using a MEM 
bottle as a source of precursor. The precursor initially chosen for 
this work was the adduct of trimethyl gallium with 1,2- 
bis(diphenylphosphino)ethane mentioned in section (2.7.4). Only 
preliminary vapour pressure and diffusion coefficient data was 
available at the time but it was thought that the adduct would perform 
adequately in an MEM type source and that a useful growth rate could 
be achieved (Faktor 1985).

It was originally thought that an MEM source would obviate the need 
for mass flow controllers in the reactor gas handling system. The 
growth rate would then be controlled by altering the temperature of 
the MEM source, thereby changing the mass flow out of it in accordance 
with Eq(4.18). However even for the growth of a simple binary 
compound, gas flow rates can have a significant effect on material 
growth rates and layer uniformity so Brooks flow gauges were 
incorporated to monitor the gas flow.

The situation becomes more complex with more than one MEM source in 
operation. This could occur, for example, when using two metal organic 
compounds plus a reactive gas to grow a ternary layer or two compounds 
plus an inert carrier gas in the growth of a binary. Whilst the mass 
flow rate out of the bottle (and therefore the flow rate through the 
reactor) is known, it is the concentration of the precursor within the 
reactor that determines the growth rate of the layer. The higher the 
gas flow rate, the lower the precursor concentration due to a greater 
dilution. A high enough vapour pressure of the precursor species in 
the reactor and a long enough residence time over the substrate is 
required if adequate growth is to occur. For a single MEM source it 
is sufficient to have a measure of the flow, in order to aid the 
attainment of reproducible and uniform growths. However if the layers 
are to be accurately doped or if two or more MEM sources are 
operating, the respective carrier gas flow rates must also be
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accurately known and controlled. With this in mind mass flow 
controllers were also incorporated into the system in keeping with the 
ideal of versatility.

The main obstacle that was to be overcome in incorporating an MEM 
source into the reactor was the conversion of essentially a delicate 
glass bottle, normally suspended via a fine wire in a flow of gas 
within a large heating jacket, into a larger, more rugged and 
practical container that was capable of connection to stainless steel 
compression joints and thence to the reactor. The following section 
deals with the design solutions adopted.

4.5 Design details
A number of design criteria had to be fulfilled in creating a 

source container;

l.The bottle had to be leak tight under pressure and vacuum 
conditions, since most of the precursors of interest are air 
sensitive.

2.It had to be easily removable from the reactor and easily 
refillable within a glove box.

3.It had to be capable of being heated to 200°C and maintained 
accurately at any chosen temperature from that to ambient.

4. It should not contaminate the precursor sources themselves.

Flexibility of the source could be enhanced by the incorporation of 
a variable conductance capillary. This proved too difficult to 
achieve in a linear fashion and was not constructed, A number of 
variable capillary designs are suggested in section (4.9). The obvious 
advantage of a variable capillary would be its ability to enhance the 
range of mass losses available for a particular precursor as indicated 
by Eq(4.18). Mechanical adjustment of the conductance would be 
preferable to using temperature as the controlling variable as it 
would be quicker and inherently stable.
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4.5.1 MEM Mark I
The initial design was a modification of a simple borosilicate 

glass bottle complete with glass capillary and Youngs PTFE 0 ring 
taps. The latter were guaranteed to hold vacuums of at least 10 torr 
and to be suitable for positive pressures of up to approximately 50psi 
(340kfia). They incorporate a Viton 0 ring sheathed in the PTFE of the 
valve stem. Two types of tap were used, one to seal the capillary 
and one for the filling port. The arrangement is shown in Fig(4.3).

CARRIER
GAS
INLET
AND
OUTLET
ARMS

VALVE 
MECHANISM

PTFE
SEALS

CAPILLARY

SECTION*

PRECURSOR CONTAINMENT 
AREA

3CM
ON AA

FILLING
PORT

Fig(4.3) Borosilicate MEM source.
It was then necessary to provide the bottle with a suitable heating 
arrangement such that the contents and the main bulk of the bottle, 
including the capillary could be warmed to the temperatures required 
for efficient effusion. The choice of heater was complicated by the 
requirement that the bottle be easily removed from the reactor for 
refilling and cleaning purposes.
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For the growth of binary compounds it was sufficient to design the 
heater such that the temperature uniformity and stability was of the 
order of 1°C. In order to grow ternaries a greater degree of stability 
would have been required. This is because temperature has a large 
effect on mass loss from the bottle and growth of ternaries require 
precise metering if the correct stoichiometric composition is to be 
achieved. Since there was no way that a heater relying upon contact of 
heating coils with the bottle could be expected to satisfy uniformity 
and ease of removal criteria, it was decided to use a heat transfer 
medium.

Water was only suitable up to its boiling point so could only be 
used for relatively volatile precursors. Mineral oils would tend to 
smell at high temperatures but would nevertheless seem suitable. A 
heat conductive solid was also considered, the most likely candidate 
being a fine silica sand. This was rejected because of the problems it 
would cause when removal and refilling of the bottle was required (in 
terms of draining the sand) and also because the warm up time would be 
long. There also existed the possibility that sand grains might foul 
threads and seals. Heating via radiation was thought to be a good way 
of achieving uniformity. Convection of the surrounding gas was 
envisaged as a problem and its solution, namely the elimination of the 
gas thereby working in a vacuum, was thought too complex.

It was finally decided to use a silicone oil. Q5151 supplied by BP
was the one chosen. This oil is capable of sustained temperatures up 

oto 205 C, is non volatile, non toxic and inert. The oil was heated by 
immersion, using a coiled resistance heater.

The heating coils consisted of 22 swg Nichrome resistance wire 
wound round a squirrel cage which comprised eight glass rods of length 
140nm regularly spaced along the periphery of a 75mn diameter circle. 
Each glass rod had 40 uniformly spaced slits cut perpendicular to its 
length and approximately 1mm deep, so that the wound coils would be 
securely held and regularly spaced from each other thereby preventing 
shorting and also hot spots. The slits were also staggered with
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Fig (4.4). MEM mark 1 source module.
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relation to each rod such that the resistance wire would follow a 
helical path as the heater was wound. Both ends of the cage were held 
together using brass rings. The heater was capable of taking full 
mains voltage and had a resistance of 26ohms. The arrangement is shown 
in Fig (4.4).

Power to the heating coils was regulated via a Eurotherm
otemperature controller. This allowed control to the necessary +1 C 

accuracy. The Eurotherm was modified by incorporating a 10 turn 
potentiometer into its power control circuit thereby allowing a 
greater flexibility in the heating procedure by affecting the rate of 
temperature rise. The cage was attached to a Perspex plate which also 
served as the attachment for the electrical connections, thermocouples 
and the two bellows sealed valves that allowed isolation of the 
reactor from the atmosphere when the MEM bottle was removed. The whole 
unit was suspended from the main framework of the reactor gas handling 
area.

In order to improve the stability of the heating system, the 
silicone fluid was contained in a dewar which fitted around the heater 
cage. The dewar had its own protective aluminium casing and this 
attached, by means of four quick release screws, to the Perspex top 
plate on the reactor framework.

Loading the MEM bottle was then just a matter of removing the dewar 
complete with silicone oil and inserting the bottle through the bottom 
of the heater cage. The glass inlet and outlet arms of the bottle 
passed through the top plate and were then sealed to the bellows 
valves using standard Swagelock PTFE compression ferrules. The 
completed module is shown in Fig(4,4).

A slightly different bottle design was mooted and this removed the 
need for a separate filling port by incorporation of this with the 
capillary. The design also permitted interchange of the capillary 
conductance used, by substitution of a new valve head. For reasons of 
expediency it was not utilized but is included here in Fig(4.5) for 
completeness.
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Fig(4.5) Modified mark 1 version

4.5.2 Basic operating procedure
A growth run could oe initiated in a number of ways but usually 

proceeded by the following route;
l.Load empty but freshly cleaned MEM unit into reactor. NB all 
glassware was cleaned using the method outlined in Appendix(2).
2.Secure joints and evacuate the system down as far as (and including) 
the MEM unit.
3. Back-fill with purified Ng to a positive pressure of 5psi. 
Isolate MEM using Nupro valves on toplate and shut off MEM central 
valve.
4. Repeat the above procedure but also outgas the bottle by performing

oa heating cycle to at least 200 C oil temperature for ten minutes, 
cool down under vacuum and backfill with pure N̂ .
5. Remove MEM bottle from system and fill with chosen precursor within 
a glove box.
6. Re-install bottle and pump down system. As a precaution against
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contamination during the filling and transfer steps and assuming the 
precursor will allow it, the MEM central valve is then opened and the 
whole bottle pumped down and backfilled with the system purified N .
7.Heat MEM unit using the heating bath to the desired temperature.

The central valve was either closed or opened during heat up, 
depending on the experiments being conducted. In both cases it was 
usual to maintain a flow of 500cc/min of N0 through the arms of the 
bottle and on into the reactor.

Once the source had reached the desired temperature the growth run 
proper could commence. This was achieved by establishing the required 
gas flows in the reactor and then heating the substrate to the growth 
temperature. To terminate a run the MEM central valve was shut off and 
the substrate heating was removed. The bottle was maintained at the 
desired source temperature ready for a following run or allowed to 
cool down, as required.

4.5.3 Results for MEM mark 1.
The results obtained using the MEM unit as described were extremely 

variable. Growth was undertaken of gallium nitride using the TMGa- 
diphos adduct as the source of TMGa and hence gallium. In all some 
forty runs were carried out over the period of approximately one and a 
half years using the system described. Growth of a layer upon a 
silicon substrate was achieved on a number of occasions and these are 
detailed in section (6.3). The films were identified as GaN initially 
by X-ray diffraction and further evidence of their make up was 
obtained through SIMS. However it was speculated that gallium oxide or 
perhaps a mixed oxynitride might also be present. This was because the 
diphos adduct had frequently changed colour within the bottle after a 
growth run. The adduct is air sensitive and exposure to oxygen causes 
colour changes. If the oxidation of the adduct resulted from a leak 
within the system then such a leak might also cause the formation of 
gallium oxide. Contamination was also thought to be the reason for the

121



variability of the runs since it would be then possible to have 
parasitic reactions occuring in ccmpetition with the desired ones. The 
extremely slow growth rates observed led to unwieldy growth run times, 
as much as 10 hours on occasions.

Doubts were cast, through leak rate measurements made under vacuum 
conditions, as to the integrity of the PTFE taps used in the MEM 
bottle. The filling port could act as a leak if particles of adduct 
became trapped in the area of the seal. Additionally the PTFE ferrules 
used in the Swage lock couplings to the Nupro valves took on a 
permanent set and had to be replaced after about five make up cycles. 
Efforts were thus made to locate and eliminate possible sources of 
oxygen contamination and to improve the growth rates. Here we shall 
deal only with the changes made to the MEM source.

4.5.4 MEM mark two
In retrospect the mark 1 version of the bottle had a number of 

useful characteristics of which it was prudent to incorporate in a new 
higher integrity bottle. It was simple in construction and kept the 
number of seals to a minimum. Its predominantly glass construction 
allowed observation of the contents and easy location of any unwanted 
areas of condensation within the outlet tubes and capillary.

However, for purposes of experimentation it was awkward to use, did 
not allow interchange of capillary conductances (useful for mass loss 
investigations) and proved fragile on a number of occasions.

The solution which was finaly adopted increased the number of seals 
present and the overall complexity of the source bottle. Despite this 
the bottle proved more reliable and rugged than its predecessor. 
Additionally it provided the necessary leak integrity both under 
vacuum and above atmospheric pressure conditions.

The design is shown in Fig (4.6) and comprises an aluminium valve 
head attached to a glass precursor container. The valve head is 
fabricated from three main parts. Part (A) forms the main body of the 
head to which all the other parts are secured. It holds the sealing
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Fig (4.6). MEM mark 2 cutaway.
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gasket and the FTFE threaded insert for the glass container. It also 
forms a part of the sealing wall of the central valve. The central 
section (B) forms the other part of the valve and when mated to (A) 
provides the necessary cavity to allow the passage of carrier gas 
through the unit. The top section (C) provides the sealing arrangement 
for the unit to the reactor. It also holds a sliding, vacuum tight, 
seal through which the central valve is actuated.

One of the main advantages of this design was the ability to 
interchange the capillaries. This allowed studies to be made as to the 
validity of some of the assumptions made in the basic MEM theory. The 
capillary was secured via a PTFE bung into the top of the glass 
container. The bung and capillary thus became part of the precursor 
containment vessel which could then be removed in toto from the valve 
system. This allowed mass loss measurements to be performed on the 
contents to an accuracy which would otherwise have been impossible 
given the balances available and the total mass of the MEM bottle.

The bung and capillary could be easily removed allowing greater 
ease when loading precursors into the bottle. One of the main 
advantages of the design was the improvement it provided in the 
sealing integrity of the central valve. At first sight it appears to 
seal in a similar fashion to the original PTFE in glass valve, ie 
using a precompressed 0 ring in a sliding carrier. In factit also 
removes any doubt as to the detrimental effect of a possible permanent 
set in the sealing ring by allowing an additional compression to be 
applied at the extremes of travel of the carrier. This is accomplished 
by constructing the valve stem in two parts such that the gap that 
constitutes the 0 ring groove can be reduced by rotation of the valve 
actuating rod. This is shown in Fig(4.7).

The new design proved very reliable and vacuum tight to 0.001 torr 
-2(0.13 Nm ). Attachment to the reactor was effected using two 1/4 inch 

stainless steel tubes. These passed through the top plate of the unit 
and were permanently connected to the Nupro valves that were mounted 
on the plate. The bottle was loaded through the bottom of the heater
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Fig(4.7) The sealing mechanism of the central valve

cage as before, the stainless steel tubes locating in the matching 
holes in the bottle. Compression 0 rings within the valve head 
completed the seal. Precursor loading was carried as for the Mark 1 in 
a glove box and the evacuation/backfil 1 step remained unchanged. 
Operation of the valve involved rotation of the actuating rod by 1/2 
a turn clockwise to loosen the seal followed by a vertical movement to 
the desired valve position and a rotation anticlockwise until a 
reasonable resistance was felt, to complete the seal. To remove 
deposits from the valve seating that could form from condensed 
precursor, a shaped neoprene wad preceeded the sealing ring on the 
carrier.

It was thought that a possible reason for the poor growth rates 
previously achieved was a reduction in the mass loss from the bottle 
from that predicted by theory. Temperature inhomogeneities within the 
source module could cause local cold spots where an evaporated species 
could condense thus leading to a reduction in the output. The 
temperature profile through the silicone oil was accordingly 
investigated. It was found that a large temperature gradient existed 
vertically within it. This was despite an even application of heat 
from the heating coils plus a manafacturers description of the oil
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used as a "heat transfer medium". At a typical bottle temperature of 
180°C the top level of the oil would be approximately 30°C higher than 
the bottom layers. This was more favorable than a gradient in the 
reverse direction since it meant that the coldest part of the bottle 
(the rate determining part) was its base, where the precursor was 
held. The thermocouple that provided the input to the coil temperature 
controller was clamped to the bottom of the bottle, essentially in 
contact with the precursor, in both mark 1 and 2 versions and, 
therefore registered the rate determining temperature. However a 
temperature gradient is not desirable since it complicates the 
equilibrium conditions within the bottle, contributes to uncertainty 
and it will inevitably change with time. Efforts were made to 
eliminate it.

Power to the heating coils was supplied at various levels on the 
heater cage but this only partially worked. A simple stirrer was then 
designed which clamped onto the bottom of the heating cage and held a 
brass propeller which stirred the oil. The drive to the propeller had 
to be taken down one side of the cage between it and the walls of the 
dewar as all other routes would have been through the bottle itself. A 
small gear box comprised the final drive to the centrally located 
propeller. Power for this was provided at the top plate by a 12V DC 
motor. A simple variable speed control was constructed for the motor 
to enable it to stir rapidly upon initial warm up and more slowly upon 
attainment of thermal equilibrium within the oil. After problems using 
plastic gears which tended to soften at elevated temperatures and 
brass gears which annealed and softened too, larger diecast alloy 
gears were substituted. These have performed faultlessly for several 
hundred hours. Unfortunately the propeller seemed to make a difference 
only to the lower levels within the oil when the new temperature 
profiles were measured. The oil seemed very reluctant to mix and was 
only persuaded to do so by incorporating a second larger set of blades 
which ran the whole length of the oil column. Fig (4.8) shows the 
final stirring unit.
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A small peristal tic pimp was added to circulate the stagnant oil 
layer resident on the dewar bottom. This arrangement did not permit 
direct clamping of a thermocouple onto the base of the bottle but the 
resultant temperature profile through the oil was so even that a 
delocalised thermocouple sufficed (three were used at different levels 
and monitored so that thermal equilibrium could be confirmed). The 
final version of the mark 2 source module in its entirety is shown in 
figure (4.9).

4.5.5 MEM Mark 2 Results
Unfortunately despite the extensive modifications made to the 

reactor as a whole in terms of the purity of the gas supplies, sealing 
arrangements and the provision of a new MEM bottle, no real 
improvement was observed in the growth results of GaN from the diphos 
source. The adduct did not however discolour as it did before 
indicating leaks were no longer a problem. Doubt was cast on the 
adduct itself as a suitable candidate for an MEM type growth source 
and it was decided that a new precursor should be tried.

Better results were obtained when the trimethyl gallium- 
triethylphosphine adduct was used. This adduct is more volatile than
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its diphos counterpart (which in fact decomposes to diphos and TMGa) 
and also has the advantage of being completely volatile thereby 
providing a visual indication upon exhaustion of the bottle contents. 
This was not the case with the diphos.

Growth rates were still very slow and whilst the mark 2 bottle 
allowed a choice of the capillary conductances used, any 
experimentation involving this or indeed reactor variables such as gas 
flow rates and substrate temperatures was precluded due to the small 
amounts of precursors available . A different and more easily 
obtainable precursor, titanium isopropoxide (TiCOPr1)̂ ), was therefore 
chosen. This is an alkoxide compound and is a clear liquid at room 
temperature (supplies are available from the Aldrich Chemical Co Ltd). 
It is used for the growth of titanium dioxide (see chapter 5).

Atmospheric pressure growth of TiO took place within the reactor
a

with relative ease indicating that MEM metering was feasible for 
certain precursors at least. The new precursor was used to study and 
improve the hydrodynamic conditions prevalent within the growth 
chamber and to investigate the versatility of the MEM source. The 
growth results are described in Chapter 5. Distilled water provided a 
alternative to the titanium compound for a number of experiments which 
involved variations in the capillary conductance, system pressure, and 
source temperature. The results are presented in the following 
section.

4.6 m e m and the effect of system variables
A series of experiments were carried out to investigate the effect 

on the mass loss out of an MEM source bottle of a number of system 
variables. The experiments utilized the MEM bottle mails 2 filled with 
either distilled water or titanium isopropoxide. The experiments were 
designed firstly to determine whether the source behaved the MEM 
theory and secondly to investigate the limits over which the theory 
could be applied. The results have been summarized as a series of 
graphs.
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The following table lists the capillary conductances (defined as 
cross sectional area/length, A/l) used in the experiments and the 
convention adopted to identify them in the various graphical figures.

NAME DIAMETER
(nnH-0.05)

LENGTH
(mm)

AREA/LENGTH
4(mxlO )

LENGTH/
DIAMETER

K/short 3.58 15 6.73 4.2
/short 2.90 15 4.39 5.2

c/short 2.59 15 3.51 5.8
m/short 2.07 15 2.24 7.2
p/short 1.48 15 1.16 10.1
n/short 0.54 15 0.60 27.8
c/long 2.50 36 1.46 13.9
p /  long 1.48 36 0.48 24.3

Table (4.1) Capillary dimensions and conductances.

Each water mass loss run involved pumping down and backfilling the MEM 
bottle with N whilst it was connected to the reactor. No capillary 
was fitted at this stage. The bottle was then removed from the system 
and the bottom source container unscrewed from the valve head. A PTFE 
bung was then fitted into the container top in place of a capillary 
and the sealed whole, together with the chosen capillary was weighed 
on a balance accurate to O.lmg. Distilled water was then pipetted 
into the unbunged bottle and the new mass measured. The capillary was 
then fitted, the valve head attached, and the completed unit replaced 
into the reactor. Once thermal equilibrium had been reached at the 
desired source temperature, the central valve was opened and a timed 
mass loss run conducted. A nitrogen gas flow was maintained throughout 
the initial loading and run periods of 1 litre/min.

The titanium isopropoxide runs were initiated similarly. They 
differed in that the bottle was filled and sealed, before weighing, in 
a atmosphere to prevent decomposition of the precursor.
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Preliminary experiments indicated a poor reproducibility of the 
mass loss measurements and this was traced to the effect of opening 
and closing of the central valve at the beginning and end of a run. 
Operation of the valve appeared to cause pressure transients and this 
altered the mass loss. A similar effect had been noted earlier in the 
work, during the growth of titanium oxide, whereupon the actuation of 
the valve caused white clouds of the oxide to briefly appear over the 
heat source in the reactor. The pressure pulse effect arose from the 
build up, during the source heating stage, of an internal pressure 
within the bottle. This is due to the thermal expansion of the gaseous 
species present and also to the increase in the vapour pressure of the 
precursor as the temperature is raised.

In addition the mass loss from an MEM bottle is also dependent upon 
the system pressure as predicted by equation (4.19) and (4.18). Thus 
for valid mass loss measurements it is important to ensure that the 
operating pressure is known and that it remains constant during a run.

If the central valve was operated in precisely the same fashion for 
each run, then its effect, while not predictable, would be constant 
and could therefore be accounted for. However a simpler solution was 
adopted whereby the valve was left in the opened position during the 
entire run. This procedure assumed that the heat up time would not 
differ from run to run, for a particular source temperature and this 
was found to be the case.

4.6.1 Effect of temperature on H^O mass loss
This is shown in Fig (4.10). Four different source temperatures 

were investigated and a series of runs were carried out for each. The 
results confirm that a linear relationship between the mass loss and 
the run time exists. At time = zero an offset is seen, on the mass 
loss axis, for each line and this increases with increasing 
temperature. The gradient of the lines also increase with temperature.

The dotted lines on the figure are the mass losses calculated from 
the MEM theory using vapour pressures and binary diffusion coeficients
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different source temperatures

obtained from the literature (Ambrose & Lawrenson 1972, Schwertz &
oBrow 1951), for source temperatures of 90 and 70 C.

The offsets are assumed to be due to the expansion of the carrier 
gas, the expansion of the evaporated species and the increase in the 
latters vapour pressure as the source is heated to its operating 
temperature. Such expansion causes a pressure gradient across the 
capillary and thus a mass flow out of the bottle. Upon cooling to room 
temperature to allow weighing of the bottle, contraction of the gases 
occurs as does condensation of the precursor and this leads to a nett 
mass flow into the bottle. Since the vapour pressure of the precursor 
is assumed to be effectively zero outside the bottle, it can never 
replenish its lost precursor and an offset remains. The offsets 
increase wi*.r temperature because the vapour pressures increase In 
theory the offsets should remain independent of the run time .This was 
found to be the case as runs consisting of only a warm up and cool 
down stage gave losses equivalent to those obtained by extrapolation 
of the results in Fig (4.10) to t = zero.

132



Fig (4.10) also shows that the correlation between the actual and the
calculated mass loss is better the lower the source temperature. This
indicates a possible deviation from the MEM theory.

Using Eq(4.18), the vapour pressures corresponding to the rates of
mass loss obtained were calculated. Account was taken of the variation
in the binary diffusion coefficient of water vapour in N (Ambrose &

£
Lawrenson 1972) with temperature and a plot of Rln(P ) against 1/TA
made. This is shown in Fig(4.11) below.

Fig(4.11) Rate of mass loss variation with 
reciprocal temperature

For completeness the results of Battat et al (1974) are plotted on the
same axes. Extrapolation of the latter correctly indicates a vapour

opressure of lAtm at 100 C. This is not the case with the present work. 
Not only do the results lie off the correct line, they also indicate a 
curved rather than linear relationship. The reasons for the former are 
not clear but are probably due to the experimental procedure. Unlike 
the work of Battat et al measurements were not made continuously on a 
microbalance. Thus the attendant accuracy and certainty that resulted 
from a knowledge that a state of system equilibrium had been reached,
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was lost. Couple this to the inaccuracies in mass loss measurements
present due to the capping of the bottle before weighing and the
warming of the contents whilst handling and weighing (which were
separately investigated and could be as much as 5mg) and it becomes
apparent that the method used is not the ideal one for vapour pressure
measurements. In contrast to this it must be remembered that the mass
loss rate, w, was obtained by measuring a gradient, which in turn
originates from a number of runs, some up to 5 hours in length. It
must also be pointed out that a difference in the measured system

otemperature of only 5 C between the two sets of results is sufficient
oto allow concurrency of the lines at 50 C.

The important feature to note is the deviation from linear of the 
present results, indicating that at temperatures where the vapour 
pressure is a significant fraction of the system total pressure, we 
can expect a break down of the MEM theory. This is not suprising in 
light of the assumption (see section (4.3)) that the mass loss rate is 
small. Additionally the binary diffusion coefficient becomes less 
applicable as more of the carrier gas is replaced by water
vapour.

4.6.2 The influence of capillary size
The effect of a variation in capillary conductance at a fixed 

temperature is shown in figure (4.12). Linearity seems unaffected and 
it is apparent that the initial offsets remain unchanged upon varying 
the conductance as would be the case if they were to follow the 
reasoning in section (4.6.1) . With reference to Table (4.1) it is 
apparent that the mass loss increases with increasing capillary 
conductance. This is more clearly shown in Fig (4.13) together with a 
theoretical plot (using Eq 4.18) for comparison.

The literature defines a capillary as being of a length at least 
ten times its diameter (Battat et al 1974). All but one of the 
capillaries represented in Figs (4.12/13) fall within this 
definition. The deviation from the theoretical line must, therefore,
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Fig (4.12). Variation in mass loss with time for different 
capillary sizes.

Fig (4.13). Rate of mass loss with capillary conductance.
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be due to other reasons. The source temperature is very close to the 
boiling point of H O and as mentioned in section (4.6.1) above, this

a
is likely to cause deviations from the MEM theory. The experimental 
plot also indicates that as the conductance increases w begins to 
saturate. This is to be expected since the mass loss cannot increase 
indefinitely and will theoretically reach a limit when it becomes 
equivalent to the rate of evaporation from the surface of the 
specimen.

Fig (4.14) reveals an interesting phenomenon where the mass loss 
obtained at a particular temperature varies with a change in the 
material used for the capillary conductance. The rate of mass loss as 
indicated by the gradient of the plots remains the same, only the 
offset at time=zero alters.

Fig (4.14) Effect of capillary material on the mass loss

This effect must mean that the conditions during the initial warn up 
period, to the required source temperature, are different in each 
case. It has been assumed that the rate controlling condition in 
species evolution is the lowest temperature occuring within the source 
container (section 4.5.4). The attainment of thermal equilibrium will
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depend upon the thermal conductivity of the system's materials. 
Therefore we would expect materials with poorer thermal conductivities 
to act as sites for vapour condensation for longer. Since the warm up 
times of the heating bath remained unchanged, it follows that the PTFE 
capillary reaches thermal equilibrium after the glass one and 
therefore has the poorer thermal conductivity. This agrees with the 
literature which quotes a factor of four improvement in the 
conductivities in going from PTFE to borosilicate glass.

4.6.3 The influence of gas flow rate
MEM theory maintains that the mass loss is independent of the 

carrier gas flow rate across the exit of the capillary and this has 
been confirmed for flows up to 350 cc/min (Battat et al 1974). Studies 
were carried out on the present MEM source up to approximately 2500 
cc/min as it was thought that these flow rates are more akin to the 
ones used in MOCVD systems. The results are shown in Fig(4.15).
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When the theory is extended to take account of the variance in the 
binary diffusion coefficient with temperature, a pressure dependency 
also results (eq 4.19). In addition, from fluid dynamics, Bernoulli's

conductance. = m/short 

Length of each run= BO mins
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Fig (4.15) Effect of gas flow rate on the mass loss
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equation shows that a flow of incompressible fluid through a 
constriction causes a local decrease in pressure at that point. Since 
the source module contains a number of possible constrictions we might 
expect a deviation from the losses predicted. Experimentally it was 
found that the pressure at the capillary outlet, as measured by a 
Bourdon gauge, in fact increased with the flow rate, but only 
imperceptively, over the full range available. Such a change is not 
deemed to be significant with regard to mass loss, but nevertheless 
pressure remains an effective effusion controller as shown later in 
section (4.7) and (4.9).

In actuality the mass loss showed seme scatter at the higher flow 
rates. The mass loss at zero flow rate corresponds predominantly to 
the thermal offset effect mentioned previously but also to the vapour 
effusing in an attempt to bring the whole reactor to the saturated 
vapour pressure.

4.6.4 Titanium isopropoxide mass loss runs
Attempts to duplicate the trends seen in the water mass loss runs 

for Ti(0Pr)4 were not at all successful. Mass losses many times 
greater than those predicted by theory occured. The masses should have 
been of the order of a mg or below with the precursor held at 
approximately half its boiling point (a higher temperature would lead 
to deviations from theory as observed in the water experiments). 
However losses as high as 20 mg were obtained and the reproducibility 
was poor. Pressure pulses, thermal inhomogeneities and thermal 
expansion offsets were insufficient to account for the discrepancy.

An explanation was sought on the basis that the precursor was in 
fact decomposing in the MEM bottle resulting in the production of a 
higher vapour pressure species and a concomitant rise in the mass 
effused. Any in situ decomposition would be accelerated as the 
temperature of the source was increased. This would therefore preclude 
the use of temperature as an effusion controller in further 
experiments unless decomposition could be prevented.
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Mass losses were subsequently determined at a fixed temperature 
with any variation being created by use of different capillary 
conductances. Fig (4.16) below summarises the results.

Fig (4.16) Mass loss with a variation in capillary size 
for Titanium isopropoxide and water

The isopropoxide experimental plot contains some interesting changes
in gradient which remain unexplained. Why the mass loss should

4increase sharply at around 10 A/L = 5 is unclear. Reproducibility was 
within a milligram. It is possible that as the capillary diameter 
increases, convection within its length alters the mass losses and 
reduces the validity of the two dimensional MEM treatment previously 
given. The theory requires that a capillary have a diameter to length 
ratio of at least 10 and from the figure it can be seen that most of 
the capillaries used fail to meet this criterion.

A similar plot was obtained for distilled water at half its boiling 
point. In light of the previous studies it was assumed that the 
thermal expansion offsets were independent of the capillary 
resistance. The H^O results were bordering on the limits of accuracy 
set by the experimental procedure but nevertheless fell relatively
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close to the theoretical plot. As expected deviation from theory at
large conductances occurs as Langmuir evaporation conditions are

4approached. The end point on the plots at 10 A/L = 60 results from an 
absence of a capillary in the PTFE bottle top.

The theoretical plot for the isopropoxide is also shown as is that 
for a possible decomposition product, 2propanol. The mechanisms for 
the isopropoxide decomposition are detailed in Chapter five but from 
the good agreement with experiment, seen with the propanol plot, it is 
clear that the precursor is decomposing within the MEM source bottle. 
This leads to an uncertainty in the isopropoxide mass loss because we 
now have a multicomponent system of effusing species with a resulting 
complication of the theory.

Decomposition of an alkoxide such as titanium isopropoxide has been 
shown to be via a chain reaction mechanism, where the progenitor is a 
molecule of water. Two molecules of water are then created
leading to further decomposition. The action of temperature only 
serves to hasten the decomposition and, to prevent this, lower bottle 
temperatures are recomnended. However this reduces the mass flow from 
the source and thus reduces the already low growth rates achievable in 
a deposition reactor. This is not usually desirable.

In order to lower the source temperatures needed whilst maintaining 
a similar or even greater mass flow rate, for a particular 
conductance, operation under reduced pressure was attempted and mass 
loss measurements made. These are described below in section (4.7)

4.7 Reduced pressure operation of the MEM source
Since the reactor system was equipped with a diffusion pimp/rotary 

pump combination, it was possible to carry out mass loss runs under 
reduced pressure. The bottle filling and loading procedures remained 
as for the atmospheric pressure runs. Warm up was carried out under 
atmospheric pressure and timing of a run began when the pumps had 
reduced the pressure to the required level. Variation in the pressure 
was achieved not by throttling the line to the pimp, as the set value
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was difficult to maintain, but by bleeding in at a rate determined 
by the mass flow controllers.

It was anticipated that the low pressure mass losses would be 
greater than those achieved at atmospheric pressure. This was in the 
light of the observations made in section (4.6.1), where it was found 
that deviations from the MEM theory occured when the saturated vapour 
pressure of the species became a significant fraction of the overall 
pressure. This can be achieved both by a rise in temperature, or by a 
decrease in pressure.

Using distilled water it was found that the mass loss was linear 
with time and increased as the pressure was reduced. Interestingly 
although the temperatures remained the same , offsets at t=0 occured, 
which increased as the pressure decreased. The results are shown in 
Fig (4.17).

Fig (4.17) Variation in mass loss with time under reduced pressures
-2at 30, 40, 50, and 80 torr (4, 5.3, 6.7, 10.7kNm ).

141



in
 (

ra
te

 
or

 m
as

s 
lo

ss
)

The apparent offset variation could reflect the difference in the 
amounts initially removed in order to establish the reduced pressure. 
The greater the reduction in pressure, the larger the amount of vapour 
species removed and the greater the offset. A more thorough 
investigation would however be needed to clarify this point.

A plot of the gradients of Fig (4.17), ie. w, against the pressure 
is not linear nor is ln(w) against P. A linear relationship does 
however result from a plot of ln(w) against l/P,(Fig 4.18). This 
indicates the possibility of a theoretical relationship between mass 
loss and the system pressure. Some thoughts on this are given in 
(Appendix 1).

1 /P rcssu re  (atm)

Fig (4.18). Natural log of the rate of mass loss against 
reciprocal system pressure from results 
obtained from Fig (4.17).
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The mass loss with capillary conductance, under reduced pressures 
was also investigated and the results are shown in Fig (4.19). The 
familiar thermal offset is apparent and despite the scatter a 
reasonable linearity occurs.

Fig (4.19) Variation in mass loss with capillary 
conductance at 40 torr.

When the capillary is removed and the results plotted over the 
resultant, larger, range as in Fig (4.20 ) it can be seen that the 
plot is in fact curved reflecting the requirement that a point of 
saturation must occur when the maximum nett evaporation rate for the 
surface in question is reached.

It was expected that the mass losses at a particular pressure would 
be increased by warming the sample and hence increasing the rate of 
evaporation as given by equation (4.2). A series of experiments using 
distilled water was carried out under a fixed, reduced, pressure of 40 
torr to investigate this. Three different source temperatures were 
chosen and the results are shown in Fig (4.21). As would beexpected, 
the mass loss increases with temperature.
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Fig (4.20). Variation in mass loss with capillary size at 40 torr.

Fig (4.21). Variation in mass loss with time at temperatures 
of 30, 25 and 20 °C under a fixed ambient reduced 
pressure of 40 torr.
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However in contrast to the results obtained for Fig (4.17) a constant 
rate of mass loss is only achieved after approximately 30 minutes of 
run time have elapsed. The results are not strictly comparable 
however, since those of Fig (4.21) used a different capillary 
resistance to those of Fig (4.17). Additionally the plots indicate 
that the establishment of a steady loss is hastened as the source 
temperature is increased.

A possible explanation for the reluctance to reach a steady rate 
could be based upon the time required to develop a thermal equilibrium 
within the bottle. Upon pumping out the developed atmosphere, 
(established at atmospheric pressure), nett evaporation will occur and 
with it, a nett reduction in the energy content of the precursor. If 
the surroundings are unable to supply sufficient heatenergy, the 
temperature of the condensed species reduces and further evaporation 
is retarded. It is only with time that a new equilibrium heat flow is 
established whereupon a uniform mass loss then results. The 
apparent reduction in the curvature of the plots with temperature 
might be due to a decrease in the viscosity of the water as the 
temperature is raised. A less viscous fluid would allow a greater 
access to the heat source, ie the water bath, by the action of 
convection currents. The fluid would thus find it easier to obtain the 
necessary latent heat for further evaporation.

Operation of an isopropoxide filled source under reduced pressure 
was also briefly investigated. Initial evacuation of the MEM bottle 
was accompanied by vigorous boiling of the liquid precursor. The 
evolved species had a typical alcohol odour. This supported the 
evidence for volatile decomposition products being present within the 
source, as mentioned in section (4.6.4). Since the precursor had been 
obtained from a stock bottle, decomposition would therefore have 
already occured during storage. Following this, charges of precursor 
were "outgassed" before being weighed prior to a mass loss run. First 
indications, from the small number of results obtained, were that the 
mass loss was linear with time and also with the capillary size.

145



Operation of the MEM source under reduced pressure was later 
extended to the actual growth of titanium dioxide thin films on 
silicon. This is covered in section 5.5. The source proved very 
suitable for this application and also allowed a degree of control of 
the growth rates achieved. It should therefore find use in the growth 
of other compounds in a low pressure reactor system.

4.8 Mass loss runs, the conclusions
Foremost in the series of experiments previously described has been 

a desire to investigate the suitability of an MEM type source bottle 
for the metering of precursors into a growth ambient. The 
experimental methods used were the most practical ones available at 
the time and it was never the intention to match the very accurate 
vapour pressure determinations of for example, Bat tat et al (1974abc).

The mark 2 bottle and source module allowed variations in capillary 
conductance, source temperature and system pressure to be introduced. 
Deviations from the theory occured as the source temperature was 
increased and as the capillary conductance was increased. Both these 
actions may be needed if sufficient precursor for growth is to emanate 
frcm a source.

Precursors that decompose at the temperatures that they have to be 
held at, also cause deviations from the MEM theory and are thus best 
avoided if accurate weight loss data is required. One possible 
solution would be to extend the theory to take account of the 
deviations, but in the light of the assumptions made in the basic 
derivation outlined in section (4.3) this could prove difficult.

A reduction in system pressure can circumvent decomposition 
problems by allowing useful amounts of precursor to be evolved under 
low temperatures. Additionally the mass losses are found to be linear 
with time, and linear over a large range of capillaryconductances. 
However we cannot apply the MEM theory at reduced pressures without 
modification. Some ideas on this are detailed briefly in Appendix 
(1 ).
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It is sufficient for the film grower to know that his precursor 
source is operating predictably even if this means calibration curves 
have to be obtained for the conditions encountered. Once fixed, the 
mass flows should not change with time unless required to do so. 
Technologically useful growth rates within a reactor are the ultimate 
goal regardless of the precursor used and these are affected by a 
whole host of variables in addition to precursor supply, such as 
substrate temperature, chamber pressure, gas flow rates and substrate 
orientation.

4.9 Variations on the MEM theme
Two topics are briefly mentioned in this section for completeness 

before concluding the chapter.
A variation in the capillary conductance of an MEM type source, 

during a growth run, would affect the supply of precursor into a 
reactor and therefore could be used to grow films of varying 
composition, such as those used in graded layer semiconductor devices. 
Altering the capillary dimensions in situ within a working bottle can 
be achieved in a number of ways. A tapered rod raised or lowered into 
a matching tapered hole as in Fig (4.22), would form a variable 
annulus which can then be approximated to a capillary.

Annulus

Fig (4.22) A variable capillary design
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As drawn, the area of the capillary would alter and the length 
would remain constant. Additionally the area is not constant as the 
length of the annulus is traversed, it being greater at the top than 
at the bottom. Clearly then, this design is not suitable for 
theoretical mass loss determinations since a modification of eq(4.13) 
is necessary to take into account the variable cross sectional area of 
the annulus. An alternative capillary is shown in Fig (4.23) as a 
proposed modification of the MEM bottle mark 2. Here the area of the 
capillary remains fixed but the length varies with the valve height. 
Thus a precise value of the conductance can be easily found for this 
design. A linear relationship between the conductance and the valve 
height simplifies the setting of a particular capillary size. 
Unfortunately both designs do not fulfil this requirement but 
nevertheless they constitute an effective means of conductance 
variation.

Fig (4.23) illustrates a further point regarding the design of an 
improved MEM bottle, namely, the use of mutiple capillaries of a 
particular unit size. Two are shown but more are feasible. The 
resulting advantage would be an increase in the output from the bottle

148



when compared to a single capillary of the same unit size. 
Additionally an adherence to the emphirical 10:1 length to diameter 
ratio for a capillary (and thus to the MEM theory) is now possible 
without compromising precursor output. The limiting factor for such a 
valve/capillary arrangement would be the point when the evaporation 
rate of the precursor equalled the effusion rate. When demand exceeds 
supply the MEM theory will no longer hold.

During the course of this work a source container relying on a 
principle akin to that of the MEM bottle was reported by Mircea et al 
(1986). Section (4.7) detailed the effect of reduced pressure on the 
output of an MEM source, but an increase in pressure should also 
affect the mass loss as predicted by Eq (4.18 & 4.19). The mass loss 
will decrease with an increase in pressure because the diffusion 
coefficient reduces. This fact was used by Mircea to control the 
output of his ’'diffuser”.

The unit is shown schematically in Fig (4.24) below. It differs 
from the MEM unit in that the capillary is replaced by a glass frit. 
This presumably acts as many capillaries in parallel.

Fig (4.24) Schematic drawing of a diffuser source due 
to Mircea et al (1986)
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The pressure and hence the output of the diffuser is altered using 
a conmercial pressure controller. The possibility that the frit would 
begin to clog in use^ thereby reducing the mass output with time,did 
not in practice arise.

4.10 Conclusion to Chapter 4
A source module suitable for metering of adequate quantities of 

precursor for MOCVD growth has been constructed and utilized. 
Initially based on the modified entrainment method for determining 
vapour pressures, the source has been used in the growth of thin films 
of various compositions and unlike conventional source bubblers it 
can meter species that originate from solid precursors.

Whilst an MEM bottle has previously been successfully used as a 
source of dopant species, in order to obtain useful growth rates 
within a reactor, the limits of the MEM theory have had to be 
exceeded. This is not a practical problem since calibration curves of 
mass loss against system variables can be easily obtained for 
particular precursors.

Operation under reduced pressures appears to offer the greatest 
flexibility and the source is thus suitable for incorporation in low 
pressure MOCVD and MOMBE reactors. It is also anticipated that 
construction of a multiple capillary valve unit would increase 
precursor outputs whilst simultaneously allowing an adherence to the 
MEM theory. A very versatile, cheap and simple precursor metering unit 
would thus result.
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THE REACTOR APPLIED TO THE GROWTH OF TITANIUM DIOXIDE
FROM TITANIUM ISOPROPOXIDE

5.1 An introduction to titanium dioxide (TiO )
Oxides in general are an important class of materials that have 

found widespread use in the electronics industries. Their main assets 
lie in their insulating and dielectric properties. Tantalum oxide 
T̂a2°3^ iS in comm011 use as a caPacitor dielectric, whilst silicon 
dioxide (SiO^) provides an easy to fabricate layer to insulate, mask 
and passivate areas on silicon semiconductor devices and integrated 
circuits. The construction of the field effect transistor (FET) 
requires a dielectric medium, usually SiO , to provide the necessary

a
field to allow modulation of the current through the device. Thin 
film FETs are currently of great importance in the operation of flat 
panel liquid crystal (LCD) television displays. The temperature and 
pressure dependencies of capacitor structures have been used to 
produce sensors for measuring both these quantities, the oxides used 
being of a more complex compound such as LiTaO and lead zirconateO
titanate (PZT).

TiO is an oxide of great industrial importance with an estimated
a

world production of 3 million tonnes in 1980 (Greenwood & Earnshaw 
1986). Over half of this was used in the manufacture of paint which 
utilizes TiO predominantly as a white "pigment". TiO is also used as 
a surface coating on paper and as a filler in plastics. It has aroused 
research interest as an electrical material because of its relatively 
large dielectric constant of approximately 60 (as a comparison, Si02 
has a dielectric constant of approximately 3.8), although this can 
vary depending upon deposition conditions and has been reported as 
high as 170 (Feuersanger 1964). TiO^s large dielectric constant would 
be of advantage in a FE7T since it would allow lower signal voltages to 
create a similar field effect to an Si02 dielectric and hence improve 
the signal gain (amplification) of the device.
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Additionally the high refractive index of TiO in the visible 
wavelengths (the reason for its value as a pignent) allows its use as 
an anti reflection coating and as a light guide in optoelectronic 
applications.

Titanium dioxide can exist in three forms at room temperature. 
These are brookite (orthorhombic), anatase (tetragonal) and rutile 
(tetragonal). All forms exist naturally, rutile being the most comnon. 
All three forms have been experimentally synthesized although the 
majority of reports are of rutile or anatase formation. A brief 
survey of the sythesis methods used, follows.

5.2 Methods of titanium dioxide growth.
Two of the simplest methods of oxide growth are the thermal and the 

anodic oxidations of the parent metal, titanium. This has obvious 
limitations regarding the growth onto non titanium substrates. Other 
techniques, including the reactive evaporation and the reactive 
sputtering of titanium in an oxygen atmosphere allow deposition of 
TiO on a variety of subtrates (Coutts 1978). Vacuum deposition can 
however lead to loss of oxygen atoms from the growing film which then 
renders the film semiconducting rather than insulating.

The sol gel method has also been used to deposit titanium dioxide 
films (Bertrand & Fleischauer 1983). It consists of dipping a 
substrate into a sol, a solution containing the constituents of the 
film in metastable suspension, withdrawing it and allowing the film 
to gel via reaction with the atmosphere (this is usually a hydrolysis 
step). Subsequent processing, by drying and further heating, to 
density the deposit is then carried out. In addition to titanium 
dioxide a whole range of oxide compounds have been deposited by this 
method. It is suitable for the production of binary and multicomponent 
oxide coatings and as such has been recently applied to the synthesis 
of high temperature superconducting compounds (Kramer et al 1988). For 
a fuller description of the method, Jones (1988) provides a current 
review of sol gel technology.
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Of greater relevance to the present work is the growth of TiO^ by 
chemical vapour deposition (CVD). Most of the chemical vapour 
depositions carried out to date have utilized one of two main 
reactions: the hydrolysis of TiCl^ (Hass 1952, Yeung & Lam 1983) and 
the hydrolysis (Sladek & Gilbert 1972) or pyrolysis (Yokozawa et al 
1968) of titanium isopropoxide (known also as tetraisopropy1 titanate, 
TPT). The reactors used varied considerably.

Sladek & Gibert's CVD apparatus consisted of a rectangular section 
borosilicate glass, hot wall reactor. Liquid titanium isopropoxide was 
injected into a nitrogen carrier gas stream by means of a syringe 
pump and was subsequently evaporated by heaters surrounding the 
pipework before being fed into the reactor.

Water was similarly metered into the reactor. Interdiffusion of the 
reactants took place over the substrate and deposition of clear films 
was observed at a reactor temperature of 110°C. The films were 
amorphous as grown and had to be annealed at 1000°C to crystallize and 
hence identify them. The reactor is schematically drawn in Fig(5.1). 
The work was extended to the growth of oxides of vanadium, aluminium, 
niobium, silicon and zirconium using the same apparatus.

oil filled heahng ja ck e t

heated feed lines 
and evaporators

alkoxide
syringe
pump

7^"
parhhon

reactery substrate^

w =

Hz0 syringe pump

flowmeters to monitor 
N, carrier gas flowlr'-sfs/

Fig (5.1) Schematic of oxide reactor due to Sladek & Gibert (1972)
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The most cannon type of reactor and one used only for hydrolysis 
reactions consists of a hot plate on which the substrate is placed, 
and temperature controlled heating baths holding water and the 
titanium precursor. That due to Yeung & Lam (1983) is shown below in 
Fig (5.2).

Fig (5.2) Schematic diagram of a simple reactor for TiO growth
a

due to Yeung & Lam (1983)

Carrier gases transport the reactants to a double, concentric nozzle 
whereupon they are directed to the substrate via the ambient air 
atmosphere. Similar reactor systems are described by Fitzgibbons et al 
(1972), Feuersanger (1964) and Hovel (1978). Film growth is 
controlled manually by moving the substrate around under the nozzles. 
The rate of growth depends upon the reactant concentrations at the 
substrate and these are varied by adjusting the carrier gas flows 
through the source containers and also by adjustment of the water bath 
temperatures.

The results obtained by various workers suggest that the growth of 
TiO^ requires a certain amount of trial and error before the 
conditions most suitable for good quality film growth are reached.
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This is especially true of the titanium isopropoxide sourced growths. 
In general it is found that the refractive index of the films 
increases with deposition temperature and this is concurrent with an 
increase in density of the films and in their resistance to etching by 
acids.

Growth of films has been observed at temperatures as low as room
temperature (Sladek & Gibert 1972) but these are amorphous and remain
so until a transition to crystalline anatase is observed in the

otemperature range between 150 and 300 C (Hovel 1978, Yeung & T^m 1983
and others). A post growth anneal of amorphous films at temperatures
above the transition range increases the refractive index and
crystallinity observed. Results vary regarding the effect of water
concentration on the growth kinetics during hydrolysis reactions.
Fitzgibbons et al (1972) found that the structural, optical and
chemical properties remained the same, only the reproducibility of the
dielectric measurements was improved as the H^O reactant concentration
was increased. In contrast Fuyuki et al (1988) reported an increase in
refractive index, dielectric constant and chemical resistance with an
increase in water vapour concentration. The deposition rate was also
dependent upon the water vapour concentration. For a substrate

otemperature of 200 C the deposition rate rose to a maximum value at 
approximately lOOppm of water and then fell back as the concentration 
increased further. Unlike Fitzgibbons the growth was carried out in a 
controlled atmosphere CVD reactor rather than the atmospheric hot 
plate method and this might account for the different dependencies 
obtained.

The appearence of the rutile form of TiO has been observed both
a

after post growth anneals (Fitzgibbons et al 1972, Sladek & Gibert
1972) and after growth at high temperatures (Takahashi et al 1985). In
the former case the anatase/ruti le transformation occured at 

oapproximately 700 C whilst in the latter case much lower temperatures 
o(ca.500 C) were needed. Interestingly the same work found that above a 

certain thickness of anatase (approx 10)um) rutile grew in preference.
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This resulted in films having a duplex nature with anatase in contact 
with the substrate and rutile overlaying the anatase. The rutile 
showed a dendritic morphology under SEM examination. Rutile also 
formed in preference to anatase as the deposition rate was increased.

In order to evaluate the applicability of the MOCVD reactor system 
constructed in this work, it was decided to grow titanium dioxide from 
the titanium isopropoxide precursor using a pyrolysis route rather 
than the more cannon hydrolysis method briefly described above. The 
stages of decomposition of the isopropoxide are fundamental to an 
understanding of the deposition processes and are covered in the 
following section. With a knowledge of the decomposition mechanisms it 
becomes apparent that the pyrolysis and hydrolysis routes are linked.

5.3 Reaction mechanisms
The chemistry of the alkoxide family of compounds is naturally 

extensive and a comprehensive account of their synthesis and their 
physical and chemical properties is given by Bradley et al (1978). 
Titanium alkoxides are of particular practical importance as their 
ease of hydrolysis, usually by atmospheric moisture, allows thin 
adherent coatings of TiO^ to be applied to such diverse materials as 
fabrics (to waterproof them) and glasses (to act as an anti-reflective 
coatings and to confer scratch resistance). Inclusion of the alkoxide 
in paints allows the formation of a heat resistant coating of TiO on

a
the painted surface. Thixotropic paints (commonly refered to as non 
drip) contain a modified form of titanium isopropoxide that is more 
resistant to hydrolysis and forms a gel. This gives the paint its 
desired non drip property.

Titanium isopropoxide is a colourless liquid at room temperature 
with a boiling point of 220°C at atmospheric pressure. It is usually 
prepared by treating a solution of titanium tetrachloride and 
2propanol in a suitable medium such as benzene with dry ammonia. 
Distillation of the solution gives the isopropoxide.
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Fig (5.3) is a plot of the vapour pressure data obtained by Bradley et 
al (1952c) for titanium isopropoxide, a knowledge of which is 
necessary if accurate predictions of mass loss from the MEM source 
module is to be made.

loVnio ——
Fig (5.3) Plot of In(vapour pressure) of titanium isopropoxide against 

310 /T from data obtained by Bradley et al (1952c)

Additional ly it is important to have a value for the molecular mass of 
the compound as required in Eq(4.18). A representation of a single 
molecule of titanium isopropoxide is shown in Fig (5.4). However it 
has been found that in common with many alkoxide compounds titanium
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isopropoxide molecules asscociate whilst in the liquid phase. Much 
work by Bradley et al (1952a,b,c) has been directed at measuring the 
true molecular masses of various alkoxides and relating these to 
possible structures and observed volatilities. Titanium isopropoxide 
shows an average association of 1.4 and a measured molecular mass of 
390 compared to the calculated monomeric molecular mass of 284.

Fig (5.4) Schematic representation of titanium isopropoxide.

The two main chemical reactions of interest to the film grower of, 
titanium isopropoxide are its hydrolysis and its pyrolysis. These are 
covered in the next sections.

5.3.1 Hydrolysis reactions
The overall reaction to completion for the hydrolysis of titanium 

isopropoxide is as follows.

The mechanisms and routes by which the above reaction proceeds to 
completion during film growth by hydrolysis are not clear. However the 
hydrolysis of titanium isopropoxide has been studied in alcoholic 
solution and the following reaction paths proposed (Boyd 1951). 
Hydrolysis takes place via a number of steps, each being a partial 
hydrolysis of the previous stage followed by a condensation of the 
product with further isopropoxide. The byproduct formed during each 
stage is a molecule of alcohol.

Ti(0CH(CH3)2)4 + 2H20 — -  Ti02 + 4(CH3)2CH0H (5.3)
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Ti(OCH(CH3 )2 )4 + H20 »  Ti(OCH(CH3 )2 )3OH +(CH3 >2CHOH (5.4)

Ti(OCH(CH3 )2 )3OH + Ti(OCH(CH3 )2 )4 -- -
— <(CH3 )2CH0)3Ti-0-Ti(0CH(CH3 )2 )3 + ( C H ^ C H O H  (5.5)

In this way a polymeric structure is built up. Crosslinking of 
molecules will then occur leading to the build up of the oxide layer. 
Further details of these reactions are given by Bradley et al (1978) 
and Cullinane et al (1951).

5.3.2 Pyrolysis reactions
The overall reaction for the thermal decomposition of titanium 

isopropoxide is given below in Eq(5.6).

Ti(OCH(CH3 )2 )4 ---- Ti02 + 2C3H g + 2(CH3 )2CH0H (5.6)

The pyrolysis of titanium isopropoxide has not been well studied,
however much experimentation has been carried out on a family of
zirconium alkoxides which behave chemically in a similar fashion to
their titanium analouges (Bradley 8s Faktor 1959a,b). It is suggested
that the simili lari ties extend to the thermal decomposition behavior.

Bradley 8s Faktor (1959b) decomposed zirconium tetraisopropoxide at 
o350 C at constant pressure and analysed the resultant volatile 

products. These were found to be predominantly propylene with some 
2propanol. Similar results were obtained with the tetraethoxide and 
the tetratert-penty 1 oxide in that decomposition gave an alkene and an 
alcohol plus the oxide.

In addition, Bradley 8s Faktor (1959a) studied the kinetics of the 
thermal decomposition of zirconium tetra-tert-amyloxide in a clean 
glass apparatus in the temperature range 208 to 247°C. In contrast to 
their previous work, these studies were conducted in a closed reactor 
(ie. one of constant volume). The change in pressure of the system 
was monitored as the pyrolysis reaction proceeded.
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Despite very careful attention to cleanliness and to the 
standardization of the experimental conditions from run to run, the 
results showed a distinct lack of reproducibility. A summary of the 
results is shown in Fig(5.5).

time (hours) ►

P=observed pressure  
^ u lt im a te  pressure reached

Fig (5.5) Graph of decomposition pressure of zirconium tetra-tert 
amyloxide with time due to Bradley & Faktor (1950a)

Whilst it can be seen that the time dependency of the reaction shows 
scatter between runs, the ratio of the initial reactor pressure to the 
final pressure attained by the system is approximately six in all 
cases. This led to the following overall reaction being proposed.

Z r ( ° CgHi i  ) 4 —  Z r 0 2 + 4C5H10 ♦ 2 ^ 0  ( 5 . 7 )

This differs from the previous results in that water is one of the 
final products instead of the alcohol. It was therefore postulated 
that in the initial reaction stages an alcohol would be formed but it 
would then under go a dehydration releasing a molecule of water. This 
would then hydrolyse any alkoxide groups present to produce further
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alcohol molecules as in Eq(5.3). One alcohol molecule would produce 
one water molecule which after hydrolysis would release two molecules 
of alcohol. This constitutes a chain reaction. Initiation of the 
reaction and hence the rate controlling step in the decomposition was 
thought to be the dehydration of the alcohol. The reaction paths are 
as follows.

Zr(°C5Hu )4 + H20 —  ZrO(OC5Hn )2 + 

Z r 0 ( 0 C5HU  >2 —  i Z r ( 0 C5HU  >4 + i Z r ° 2

(5.8)

(5.9) 

(5.10)

Using this theory it was possible to explain the observed thermal 
stabilities of a range of zirconium alkoxides in terms of the ease of 
dehydration of the various alcohols produced during a thermal 
decomposition. Additionally traces of alcohol already present in the 
alkoxide sample and more significantly, traces of water from the 
apparatus would lead to premature decomposition of an alkoxide 
specimen as soon as the rate of the alcohol dehydration became 
significant. The dehydration reaction would be expected to increase 
with temperature and with the surface area of the apparatus in contact 
with the alcohol (due to heterogeneous decomposition). This was found 
to be the case experimentally. Pyrolysis reactions can, therefore, 
involve a hydrolysis stage.

In conclusion, it is probable that the behavior of the titanium 
precursor, titanium isopropoxide, during CVD reactions, is dependent 
upon such aspects as the availability of water both in the reactor 
system and at the growth site. Additionally, premature decomposition 
within the precursor delivery tubes and within the source module due 
to alcohol and water impurities and elevated temperatures may lead to 
inconsistencies in the observed growth rates and in the thin film 
morphology.
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The use of titanium isopropoxide as a precursor in the reactor system 
of this work was justified because of the need to investigate the 
efficacy of the reactor as a CVD system. The alkoxide is cheap, easily 
obtained and safe unlike many of the precursors used in III-V 
semiconductor growth. Section 4.6.4 details the problems encountered 
with the alkoxide when it was used in the MEM source module. Premature 
decomposition was taking place within the MEM bottle most probably as 
a consequence of the bottle temperatures that were necessary to allow 
adequate effusion and hence growth. This only prevented an accurate 
gauging of the effusing quantities, which otherwise, from a measure of 
film growth rates, could have allowed a thorough study of the 
efficiency of the CVD process itself. A more qualitative study was 
therefore undertaken and the results are now described.

5.4 Results for the atmospheric pressure growth of TiO^
Before each run the reactor system was evacuated and leak tested by

monitoring the ultimate vacuum reached and also the prevailing leak
rate. Vacuum measurements were made by Pi rani gauges sited at various
positions in the reactor system. Leak testing for gross leaks under
conditions of positive pressure (30 psi) was also carried out using
N . Location was achieved through the bubbling of a soap solution 

£
applied to the apparatus. The system was then backfilled with purified
N . This procedure was repeated until an ultimate vacuun better than 
Z -2O.OOltorr (0.13 Nm ) was achieved at the MEM source module. The
filling of the MEM bottle was detailed in section (4.5.2).

Initial growth runs were carried out under atmospheric pressure
conditions with reactor carrier gas flows of between zero and
llOOcc/min. Gas flow through the MEM source module was maintained at
lOOcc/min whilst the source temperature was controlled between roan

otemperature and 180 C. The substrates used were single crystal silicon
cut perpendicular to the [100] direction. They were cleaned according
to the method described in Appendix (2) prior to loading into the

oreactor. Substrate temperatures were maintained at 500 C.
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The first series of growth runs led to very slow deposition rates 
being observed. Condensation of the precursor within the delivery tube 
pipework upstream of the reactor and within the valve head of the MEM 
bottle was thought to be the reason for this. Raising of the 
temperature of the delivery tube from 70 to 120°C did not improve the 
situation. A slight amount of TiO deposition was detected around the 
capillary outlet of the MEM bottle. But first approximations of the 
mass losses of the bottle after a typical 2 hour growth run suggested 
that these deposits were insufficient to account for all of the 
effusing precursor. Also during a number of runs white clouds, 
presumably of TiO were seen over the heated zone in the reactor upon 
actuation of the MEM bottle’s valve mechanism. It was apparent 
therefore that the majority of the precursor was reaching the reactor 
but failingto deposit on the substrate. It was speculated that the 
hydrodynamics of the gas flow within the reactor were at fault and 
that poor mixing of the carrier gas and precursor input flows was to 
blame. Accordingly a series of experiments were carried out to 
determine the flow conditions prevalent within the reactor. These were 
performed by injecting ammonium chloride fumes into the carrier gas 
flows and observing the patterning produced. This has been described 
morefully in section (3.4.1). From the results obtained by injecting 
the ammonium chloride via the precursor delivery port and observing 
its progress past the substrate, the situation shown schematically in 
Fig (5.6), was proposed (together with a possible solution).

deflector

Fig (5.6) Schematic representation of carrier and precursor gas flows 
before and after use of the deflector plate.
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Poor mixing of the gas streams was seen to occur, the smoke being 
deflected away from the substrate by the main carrier gas. This would 
be an advantage in certain reactor systems since it would mean that 
access to the substrate by the precursor would only be possible via 
diffusion through the main carrier gas stream. This would allow a 
simpler diffusion controlled deposition model to be mathematically 
constructed such as that due to Sladek &Gibert (1972). This in turn 
allows prediction of the growth rates possible within the reactor. 
However when precursor availability is low, relative to the amounts 
accessible via liquid injection or bubbler type sources (as is the 
case when using the MEM source), it becomes desirable to reduce the 
diffusion length of the precursor to the substrate. This is why the 
baffle equipped reactor inFig (5.S) would allow an increased 
deposition rate when compared to the original design (provided the gas 
flow velocities over the substrate were maintained the same in both 
cases).

The inclusion of a fixed deflector plate in the present reactor 
design was found to be undesirable as it would restrict access to the 
susceptor during substrate loading and also prevent full use of the 
susceptor tiltingfacility. A further solution was sought and the 
resultant design is shown below in Fig (5.7).

Fig (5.7) Schematic diagram of reactor input end illustrating use

Precursor

of the retro tube to aid mixing,
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The retro tube directed the precursor and its carrier gas against the 
main reactor carrier gas flow. This resulted in an area within the 
plasma tube where the two flows met and turbulent mixing occured. The 
flow emanating from the end of the plasna tube then travelled over 
the substrate in the normal way. The diffusion length of the precursor 
was thus reduced to the dimensions of the boundary layer over the 
substrate (discussed in section (2.6)) rather than being an 
appreciable proportion of the reactor height.

The use of the retro tube greatly improved the growth results. 
Due to the availability of precursor throughout the reactor, 
deposition took place over the slice and indeed over much of the 
susceptor. The thickness of the deposits varied depending upon their 
location within the reactor. Fig (5.8) shows a typical result. The 
shaded areas represent the various thicknesses observed. The poor 
uniformity is not desirable and can reflect upon the temperature 
variation across the substrate and the hydrodynamic conditions within 
the reactor.

gas flow

purple 0*030 /jm 

£2) blue 0*035 jjm 
yellow 0*080 jjm 

CXD> magenta-120 jum 
<2^ blue 0*135 jjm 

^ 5  9reen JJm

square indicates 
area of illumination

substrate restraining 
wire

no apparent 
deposition

quartz heat 
spreader

0 , 1 2
cm

G41

Fig (5.8) Ti02 deposition contours for an atmospheric 
pressure growth run of 3 hours duration

165



The large amounts of deposit apparent on the entrance section of the 
susceptor were reduced in subsequent runs. This was achieved by 
decreasing the size of the aperture through which light, from the 
lamp below, travelled. This lowered any unnecessary heating of the 
susceptor and thus lessened the possibility of premature thermal 
decomposition of the precursor occuring. Following this a series of 
experiments were performed to ascertain the effect of gas flow rate on 
the uniformity of deposition These were linked to the gas flow pattern 
results obtained during the NH^Cl smoke tests (section 3.4.1).

5.5.1 The effect of gas flew rate on film deposition
For these runs and all subsequent ones (unless otherwise stated)

the capillary conductance used was made of glass and of length 36mn
and a diameter of 2.59mm. Total flow rates of 1300, 2200 , 2900 , 3600,
and 4100cc/min of N were used. The MEM source temperature was 180°C

oand substrates were held at a focus point temperature of 500 C in all 
cases. The angle of tilt of the susceptor had been adjusted to 10°. 
This value was chosen on the basis of qualitative observations of 
previous growth runs, as the one most likely to give uniformity of 
film growth. The results are given as a series of photographs in 
Fig(5.9a-e) of the films deposited.

The titanium dioxide layers shown, display the interference colours 
that are characteristic of thin films deposited onto reflecting 
substrates. The origin of these colours is explained in section
(5.4.2). The attainment of a particular colour depends upon the depth 
of the underlying film. The interference colours can therefore be used 
as an indication of the thickness and uniformity of that film. Thus 
with reference to Fig(5.9a-e) it is apparent that at low flow rates a 
distinct region of enhanced growth extends from the leading edge of 
the slice into the centre along the direction of gas flow. This effect 
becomes less prominent as the gas flow rate is raised in the order 
(a) to (e), and the films increase in uniformity. The improvement 
that occurs seems to reach a limiting value at approximately
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Fig (5.9). (a-f, left to right, top to bottom) Atmospheric pressure 

depositions at various gas flow conditions and run times. In order 

a-f these are; 1300(3hr), 2200(2hr), 2900(3hr), 3600(3hr), 4100(3hr)

and 800cc/min
flows. Marker = 1cm



3600cc/min. This was the value chosen for subsequent atmospheric
2pressure growth runs onto large substrates (1.5inch, 11cm ), and

22900cc/min was used for the routine work onto 1cm substrates. The 
spotted morphology evident in Fig(5.9c) was due to poor cleaning.

Comparison between the film uniformity and the NH^Cl smoke 
patterns obtained previously confirmed that a laminar gas flow was 
conducive to good film thickness uniformity. Flows that contained eddy 
currents and regions of stagnant gas led to poor uniformity of film 
thickness and a resultant increase in the colour variation

The duration of each run is given in Figure (5.9) and to a first 
approximation it can be seen that the maximum film thickness reached 
decreases as the gas flow increases. This is more clearly seen in 
Fig(5.10) which is a plot of the maximum film thickness attained 
against flow rate.

hour run with flow rate.

The thickness values have been normalized for a two hour run and were 
determined from the interference colours produced (section 5.4.2 
opposite). The graph includes results of two further runs carried out 
under 2900 and 3600cc/min. The results indicate a probable reduction
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in the growth rate of the film as the carrier gas flow rate is raised. 
This is presunably because the residence time of a precursor molecule 
over the substrate reduces as the gas flow increases. Also for a fixed 
precursor input rate (supplied by the MEM module) raising the gas flow 
reduces the concentration of the species available within the reactor.

Fig (5.9f) shows aninteresting deposition that was obtained at a 
low carrier gas flow rate of 800cc/min. The total run time was 
sustantially less than those of the previous runs and was not noted. 
The rapid deposition was produced by deliberately causing pressure 
pulses within the reactor system. This was achieved by alternately 
closing and opening the main output valve at the reactor effluent end. 
Additionally a thermocouple was placed on the surface of the substrate 
in order to monitor its temperature. The results of the low flow rate, 
high precursor concentration (due to the pulsing, see also section
(4.6)) and the flow pertubations caused by the thermocouple, was a 
deposition that contained all the orders of interference colours up to 
the point at which they became difficult to distinguish. The colour 
progression observed is detailed in the following section.

5.4.2 The interference colours and their interpretation
The vivid colours observed on the silicon slices after deposition 

of a film of TiO , appear due to interference between the componentsA
of white light that are partially reflected from the surface of the 
film and that which are reflected from the film/substrate interface. 
A particular wavelength (and thus colour) will be removed from the 
reflected spectrum if the optical path length difference between the 
two reflections is equal to half that wavelength (this being the 
condition for destructive interference between two light sources). The 
optical path length difference is formed from a phase difference 
introduced upon reflection from the film/substrate interface and a 
physical path length difference which is introduced due to the film 
thickness. Removal of a particular colour from the white light 
spectrum results in the complementary colour being observed.
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The explanation given is necessarily a brief one and the observation 
of interference colours is also dependent upon the reflectivity and 
absorption properties of the oxide and substrate material and also on 
the occurence of surface irregularities on the substrate and film. If 
the transparency of the film, the reflectivity of the substrate and 
the smoothness of the substrate are all nearly perfect then the 
wavelengths that are removed from the reflected light are limited to a 
very narrow band within the visible spectrum. Therefore the colour 
sensation observed is weak or absent. Relaxation of the conditions 
allows more wavelengths to be removed and a corresponding increase in 
the colour sensation detected. In the case of aluminium oxide films 
deposited on aluminium, for example, the sensation of colour is not 
usually observed due to the high reflectivity of aluminium and 
transparency of the oxide. The angle of observation can also affect 
the colour observed during thin film interference. This is ascribed to 
the increase in the optical path length difference that occurs as the 
film is viewed at larger angles to the normal. Further explanation of 
the theory and occurence of thin film interference can be found in the 
following: Charlesby & Polling (1955), Maissel & Glang (1970) and 
Evans (1976).

Since the colour observed depended on the film depth, the sample 
shown in Fig (5.9f)(run G35) was used as a standard from which the 
thickness of other depositions could be judged. For this, values of 
the actual physical film thickness profile of G35 were determined 
using a Tallysurf profilometer. The colour progression observed under 
a light microscope and the Tallysurf trace, were compared and Table
(5.1) was constructed. Several traces were obtained and it is the 
average thickness that is tabulated.

The accuracy of the thickness values is determined by a number of 
assumptions: that an adequate baseline (in this case the substrate 
surface) can be defined, that the refractive index (which affects the 
optical path length) remains constant throughout the deposition, and 
that the Tallysurf probe does not abrade the film surface. It is
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probable that these assumptions are not valid in practice and that a 
rigid adherence to the thickness values and their transference to 
other growth runs should be treated with caution. This is especially 
true of depositions carried out at different growth rates and 
substrate temperatures. The largest inaccuracies are expected for the 
initial colours where deviations from the Tallysurf baseline are snail 
and also for the colours above the third order green where the deposit 
may become powdery and hence easily scratched into. The values are 
quoted to an accuracy of 5nm.

COLOUR THICKNESS (pn) COLOUR THICKNESS (pn)

Brown 0.025 Blue 3 0.270
Purple 0.030 Green 2 0.305
Blue 0.035 Light green 0.385
Light blue 0.045 Magenta 3 0.470
Clear 0.060 Green 3 0.830
Yellow 0.080 Light green 2 1.125
Magenta 0.120 Magenta 4 1.220
Purple 2 0.130 Green 4 1.590
Blue 2 0.135 Magenta 5
Green/blue 0.145 Green 5 progressive
Green 0.165 Magenta 6 deterioration
Yellow/green 0.180 Green 6 of colours
Yellow 2 0.185 Magenta 7 towards a
Orange 0.195 Green 7 dull grey
Magenta 2 0.210 Magenta 8

Table(5.1) Interference colour progression observed upon 
G35 with corresponding film thickness values 
obtained from Tallysurf profilometer.
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The colour progression observed does not repeat itself as a series 
of duplicate orders. Indeed certain colours appear to be absent from 
particular orders. This can be explained as follows. As the film 
thickens the wavelength (in practice this will be a band of 
wavelengths) at which complete destructive interference occurs 
increases until it reaches the visible part of the spectrum. Thus the 
reflected light at this point in time will be deficient in violet and 
blue and therefore appears yellow. Further thickening leads to removal 
of the green components leaving the red and blue to give a 
purple/magenta reflection. Yellow is removed next, producing a blue 
reflection. The interference band then moves out of the visible 
spectrum and the film takes on the colour of the underlying substrate. 
A second interference band (corresponding to an added extra whole 
wavelength) then enters the visible region and the cycle of colours is 
repeated. However a third band of interference then enters before the 
second has left. This overlapping results in a green colouration. 
Further bands occur as the thickness increases and the film colour 
settles into a magenta/green progression.

Colour charts are used in industry as a quick and effective method 
of film thickness measurement and of the thickness uniformity of a 
deposition. A comprehensive table of colours and thicknesses has been 
published for thermally grown silicon dioxide films by Pliskin & 
Conrad (1964) as has a listing of those present for tantalum oxide on 
tantalum (Charlestoy & Polling 1954). A particular interference colour 
represents different film thicknesses in different materials. This is 
because the optical path length difference occuring is dependent upon 
the refractive index which varies between materials. In addition the 
refractive index of a material varies with the wavelength and hence 
colour. A direct comparison of the colour charts of films of 
dissimilar compositions is therefore not possible.

The colour chart of Table (5.1) m s  subsequently used as a guide in 
the investigation of the growth rate of Ti02 detailed in the following 
section.
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5.4.3 A brief investigation of the atmospheric pressure growth rate of

Fig (5.11) shows the colour progression with time for a typical 
atmospheric pressure growth run (G49). The carrier gas flow rate and 
the susceptor inclination are those previously determined as producing 
reasonable film thickness uniformity over a large part of the 
substrate.

b=blue br= brown p=purple y=yellow m=magenta g=green 

Irlight blue. Total earner gas flow rate = 2900 cc/min, maximum sub

strate temperature = 500°C approx, MEM source temperature-180°C.

Fig (5.11). A typical colour progression with time for a TiO^ 
deposition (G49).
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When the maximum thickness of the layer is plotted against the time 
taken to reach it, a linear relationship is obtained, this indicates 
that the growth rate remains constant throughout the duration of the 
run. The results can be extrapolated to the origin as shown in Fig
(5.12). The thickness values for another run carried out under the 
same reactor conditions is also shown.

Elapsed run time (Hours) — ^
In both experiments, maximum substrate temperature 
=500°C, MEM source temperature =18fl°C, capillary: c/long 
Total carrier gas flow rate (nitrogen) = 2900 cc/min̂ .

Fig (5.12) Film thickness against time for atmospheric 
pressure growth runs G40 and G57 of TiO

a

Both plots indicate a growth rate of approximately 0.037pn/hour. The 
precursor output from the MEM bottle can be calculated theoretically 
as shown in Chapter 4. Therefore we can arrive at a value for the 
overall efficiency of the deposition reaction using the following 
calculation.
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W = W a A
RIL

from rearranging Eq (4.18)

T = 180°C = 453K 
R = 8.31 J K^mol”1
Mq= 390g from section (5.2)

-3 2 -4A/l = n(l.30x10 ) /0.036 = 1.46x10 m
-2Pa = 245 torr = 32615 Nm fran Fig(5.3)

_6 2
D = 5.8x10 m s calculated using Graham's law from data an

obtained frem Bradley et al (1987)

. -5 -5thus w = 1.03x10 Kg/hour = 2.64x10 moles/hour

2S = surface area of the silicon substrate - n(0.015) =
-4 2 7.07x10 m

-3p = density of TiO = 4260 Kgm
Ci

M = 80 f or TiO
C i

t = maximum theoretical thickness of deposition per hour 
assuming that one mole of precursor decomposes to form 
one mole of TiO and that this occurs only upon 
the silicon substrate.

t = 0.08(2.64x 10_5)/4260(7.07x10~4 ) 
-7t = 7.02x10 m/hour = 0.70jm/hour

The overall efficiency of the deposition reaction is given by the 
value of 100(experimental thickness)/(theoretical thickness).

Efficiency = 100(0.037/0.70) = approximately 5.3%

This value is very speculative. A number of assumptions have been made 
in its calculation. Firstly the mass emanating from the MEM source 
module has been obtained from the MEM theory. It was, however, shown 
in Chapter 4 that a deviation from the theory occurs as the
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temperature of the precursor approaches its boiling point. For the
oabove experiments the source was held at 180 C and the boiling point

oof titanium isopropoxide has been determined as 220 C. This would lead 
to an increase in the effusing amounts and hence to a reduction in the 
efficiency figure. In addition section (5.3.2) details the ability of 
some alkoxide compounds to undergo decomposition at modest 
temperatures such as those used above. This was found to be the case 
for titanium isopropoxide (section (4.6.4)). Premature decomposition 
within the MEM source bottle would lead to a reduction in the 
precursor mass loss as the vapour pressure of the former would be 
partially supressed by that of the decomposition product. This would 
act to raise the efficiency figure.

Whilst not suggesting that these two effects cancel, it is thought 
that the value for the efficiency will not substantially increase over 
that quoted, if they are accounted for. The main factor that controls 
the value of the maximum efficiency reached is probably premature 
decomposition of the precursor upon the reactor walls, susceptor and 
inside the heated alkoxide delivery tube. Elimination of this is not 
possible and reduction would be difficult in the light of the facile 
nature of the precursor decomposition reaction.

The most obvious conclusion of the atmospheric growth results 
discussed, is that the film deposition rate is very low (cf. standard 
GaAs growth rates of 2)^n/min). However, during experimentation, at 
atmospheric pressure, a number of growth runs bad to be abandoned when 
it became apparent that some form of pressure pulse had been allowed 
to occur. This momentarily resulted in a rapid deposition of the 
oxide. Use of this fact was made by deliberately creating consecutive 
pressure pulses at intervals of approximately 10 seconds by closing 
and opening the reactor effluent valve. This method allowed the 
production of a thick TiOg layer in less than 5 minutes. The deposit 
appeared a matt grey in colour but this seemed to be due to a poorly 
adhering surface layer. When this was rubbed off, a reflective surface 
showing faint interference colours could be seen.
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Optical and scanning electron microscopy revealed that the as grown 
surface was made up of individual dendritic crystals of TiO . a 
continuous TiOg film lay underneath the dendrites. The SEM micrographs 
are shown in Fig (5.13a,b,c).

It was probable that the initial growth onto the substrate occured 
as a continuous film which as it thickened, attained a lower energy 
state by converting to growth along preferential directions. The 
preferred direction of growth seems to be that perpendicular to the 
substrate surface. Fig (5.13a) is a low magnification view seen normal 
to the surface. Fig (5.13b) is of a similar view, but at a higher 
magnification, whilst (5.13c) shows a tilted view of the surface along 
with a portion of the edge of the substrate (which also shows 
dendrites).

Section (5.2) briefly referred to work by Takahashi et al (1985) 
where it was observed that at certain film thicknesses (and also 
conditions of rapid growth), rutile films grew at the expense of the 
more usual anatase form. The rutile grew as dendrites whereas the 
anatase showed a columnar structure. Accordingly X ray diffraction 
(Diffractometer CuKa)was carried out on the films grown by the 
pressure pulse method to determine whether a similar phenomenon was 
occuring. Three sharp reflections due to anatase were identified, 
(101), (200) and (211). The standard powder diffraction data for 
anatase gives the relative intensities of these reflections as 100, 35 
and 20% respectively (ASM 1969). The measured intensities were 
approximately 100, 60 and 100% respectively. The apparent strength of 
the (211) and (200) reflections may indicate that the preferred 
direction of growth is perpendicular to the Mc" axis of anatase. If 
this were the case, then planes parallel to such a direction, for 
example, the (004) and (105) (normally both at 20% relative intensity) 
would not reflect strongly. This explains their absence from the 
experimental diffraction trace. No peaks due to rutile were 
identified, therefore an alternative phenomenon to the one observed by 
Takahashi et al (1985) had occur ed.
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Fig (5.13). (a,b,c) SEM micrographs of run G64, carried out 
under pressure pulse growth conditions. The 
markers represent 100, 1 and 5um respectively.
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The reasons for the growth of dendrites in preference to a uniform 
film are not clear. It is possible that due to the large amounts of 
precursor that were being fed into the reactor, quantities of 
undecomposed isopropoxide were deposited onto the growing surface. 
Under a sufficient vapour supersaturation, the undecomposed precursor 
may form as liquid drops on the surface. Growth can then take place by 
decomposition from the liquid. Further precursor liquid would prefer 
to condense on the coolest and hence the highest part of the deposit 
thus initially formed. Maximum deposition would, therefore, occur in a 
direction parallel to that of the thermal gradient between the 
substrate and its surroundings.
This mechanism also leads to a possible explanation of the initial 

continuous surface film of titanium dioxide and its subsequent 
transformation. Film growth occurs as long as the thermal gradient 
across the thickness of the deposit remains sufficient to immediately 
decompose the impinging precursor species. As the fi lm thickens the 
temperature at its surface will reduce due to the increase in distance 
from the silicon substrate. Eventually a point will be reached when 
the surface temperature can no longer guarantee an inmediate pyrolysis 
of the precursor and a condensed liquid phase then becomes a 
possibility. This results in the directional growth as already 
described.

It is emphasised that the mechanisms discussed are very speculative 
and that they have not been corroborated by further experimentation. 
An interesting parallel is, however, made with the vapour-liquid-solid 
(VIS) mechanism of single crystal growth first presented by Wagner & 
Ellis (1364). VLS growth was suggested as an explanation for the 
appearence of silicon whiskers during vapour phase epitaxy of silicon 
on silicon. The whiskers grew from a small liquid globule that 
consisted of an alloy of silicon and an impurity (eg gold). The 
globule remained on the tip of the whisker as growth proceeded, and 
then solidified, to give a rounded tip, when the vapour phase growth 
was terminated.
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To conclude thissection, it appears that the use of a source 
container based on MEM allows the controlled growth of titanium 
dioxide from titanium isopropoxide. The constant precursor input 
provided has resulted in a linear increase in the film thickness with 
time. Useful results have been obtained linking layer uniformity (as 
determined from the observation of interference colours) to the gas 
flow conditions within the reactor.

The partial decomposition of the precursor within the source 
prevented a thorough study of the efficiency of the deposition 
process. A reduction in the decomposition can be achieved by lowering 
the source temperature. It is possible that the subsequent decrease in 
the mass effusing could then be counteracted by the use of a multiple 
capillary bottle as described in section (4.9). A reduction of the 
system pressure would have a similar effect (see section 4.7) although 
the deposition conditions within the reactor itself would also change. 
Additionally the process of lowering the pressure would allow 
continuous removal of the decomposition products from within the 
bottle. Removal of the propanol (eq 5.8) will retard the decomposition 
of the precursor since it is the dehydration of the propanol that 
initiates the hydrolysis chain reaction. Bradley & Faktor (1959) 
noticed such an effect when studying the pyrolysis of a zirconium 
alkoxide at constant pressure (this effectively allowed escape of the 
volatile products, see section 5.3.2). This and the apparent lack 
of published work carried out on the low pressure CVD of titanium 
dioxide prompted the work presented that follows.

5.5 Results and discussion for reduced pressure growth of TiOn
a

The principle behind low pressure CVD has been covered in section
(2.7.1). Briefly the main advantage that reduced pressure confers is 
the apparent increase in the film thickness uniformity due to the 
removal of the problems associated with hydrodynamic gas flow. Also 
low pressure operation of the MEM source provides higher precursor 
concentrations at lower source temperatures within the reactor.
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Bradley and Faktor (1959) showed that removal of the volatile 
reaction products during alkoxide pyrolysis altered the decomposition 
kinetics. Under reduced pressure it is possible that a similar effect 
would occur at the growth interface thereby modifying the deposition 
kinetics.

A number of preliminary runs were carried out in order to ascertain
the suitability of the reactor system for the LPCVD growth of TiO .

£
Conditions were as for the atmospheric runs except the diffusion
pump/rotary pump combination was used to reduce the pressure, as
measured in the reactor chamber, to approximately 0.2 torr (26.5 
-2Nm ). The delivery tube and the MEM source temperatures were reduced 

oto 60 and 40 C respectively. A clear glass container filled with 
distilled water was used in place of the dewar/silicone oil 
combination as the heating bath for the MEM module. This allowed in 
situ observation of the precursor within the source. Silicon slices 
were again used as the substrates.

The results obtained were quite suprising. A typical pair of 
deposits is shown in Fig (5.14). The growth rates increased 
dramatically over those achieved under atmospheric pressure 
conditions. Run times were reduced to approximately 30 mins.

Fig (5.14) Deposition contours for two typical low pressure 
growth runs.
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The interference colours produced indicated that the uniformity had 

improved as predicted but that this was limited to the transverse 
direction. The uniformity along the length of the slice was very poor 
with the thickest deposits occuring on the leading edge of the 

substrate. Fig (3.15) is a photograph of case B (G76), Fig (5.14).

Fig (5.15) Interference colours seen on the surface of G76.
Marker represents 1cm

Very little deposition of titanium dioxide was observed on the 
susceptor. This may possibly be due to a catayltic effect of the 
silicon on the isopropoxide decomposition. Further to this it will be 
shown later in this section that the growth rate under low pressure is 
highly temperature dependent. This would lead to a marked difference 
between the amounts of substrate and susceptor deposits simply because 
the susceptor is at a lower temperature. The banded colouration almost 
certainly results from the depletion of the reactants in the gaseous 
phase.Thisis indicated in Fig (5.14) A, which clearly shows how the 
contours of the coloured bands follow the shape of the leading edge of 
the substrate.
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There can be a number of reasons for the difference in the 
appearence of the deposits between low pressure and atmospheric 
pressure growth. Under low pressure conditions the diffusion 
coefficients of the precursor and associated species can be orders of 
magnitude above those for atmospheric growth (Jensen & Graves 1983). 
In this case, the rate controlling step beccmes the chemical reaction 
for decomposition rather than the mass transfer of the precursor. 
However if the pyrolysis of titanium isopropoxide is very rapid then 
depletion of the precursor can occur leading to a film thickness 
variation and the graded deposits of Fig (5.14).

An altered reaction mechanism forms the basis of an alternative 
explanation. This could result in the occurence of a large sticking 
coefficient and/or a low surface nobility of the depositing species. 
This in turn would cause rapid depletion of the precursor species 
above the substrate and along its length; hence the banded 
colouration, indicating a wedge-like deposit, thickest at the leading 
edge of the substrate. The hydrolysis reaction discussed earlier 
(section 5.3.1) proceeds via a number of steps (Eqs 5.4 & 5.5). 
Assuming that under atmospheric pressure growth conditions, hydrolysis 
will be the main reaction mechanism then it is possible that the 
intermediate compounds so formed will have sufficient mobility or a 
poor sticking coefficient, to allow an even deposition of the final 
product. Under low pressure, the propanol is removed (with any water) 
and the pyrolysis reaction will predominate. The intermediates in this 
case may be less mobile.

Finally, it may be possible that the use of reduced pressure 
encourages the heterogeneous decomposition of the precursor (on the 
substrate surface). The precursor would thus quickly deplete as it 
encountered the substrate. The reaction would, therefore, be mass 
transport limited. Under atmospheric presure conditions it is 
conceivable that decomposition may take place, in part, homogeneously 
in the gas phase. The substrate surface would then play less of a role 
in the precursor decomposition.
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Attempts were made to improve the film uniformity by suppling the 
precursor directly to the substrate. Different designs of delivery 
tube were constructed and one of the more successful ones is shown in 
Fig (5.16). The appearence of the resultant growths is shown 
alongside. The use of a baffle within the delivery tube allowed 
further improvement in the uniformity.

alternative design 
with baffle to improve 
uniformity

without
baffle
G79

with
baffle
G80

Fig (5.16) Use of a delivery tube and cone to improve thickness
uniformity at low pressures.

An additional design that was utilized is shown in Fig (5.17). In this 
case the substrate is supported such that its surface is normal to the 
flow. The precursor is supplied in the usual way via a retro tube as 
shown earlier in Fig (5.7). Thickness uniformity was achieved over a 
substantial proportion of the slice. Heating the substrate was 
accomplished by using the existing IR lamp and polishing a part of the 
support arrangement so that it acted as a reflector. Both Fig (5.16) 
& (5.17) achieve enhanced uniformity by directing the precursor 
perpendicular to the substrate. Thus a reactor in a vertical 
configuration would be a more suitable apparatus for the low pressure 
growth of titanium dioxide.

184



aluminium reflector

Fig (5.17) A vertical support for the substrate to improve the 
thickness uniformity.

Having determined the limitations of low pressure TiOg growth a semi- 
quantitative study of the variations in growth rate with substrate 
and source temperature was carried out. The results are presented in 
the following two sections.

5.5.1Effect of source temperature on low pressure TiO^ growth
A number of runs were attempted at a constant substrate temperature 

oof 300 C, for a series of different source bottle temperatures. Since
the time to reach the desired source temperature from room temperature
was relatively rapid in comparison to the length of a run, it was
thought that the former would have little effect on the final

-2results. The system pressure was approximately 0.2torr (26Nm ) in all 
cases. The precursor delivery system remained as for the earlier low 
pressure runs. In all subsequent runs, no capillary was fitted into
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the MEM bottle. The progress of a run was monitored by observing the 
formation and progression with time of the interference colours 
discussed in section (5.4.2). The colours were correlated to those 
listed in table (5.1) and a measure of the film thickness was thus 
obtained. The variation in thickness was then plotted against time. 
This is shown in Fig (5.18).

Fig (5.18) Variation in film thickness at low pressure with time for 
a number of source temperatures.

%
It is anticipated that the refractive index of the films varies 

from that occuring for the atmospheric pressure runs and that direct 
thickness comparisons via interference colours are subject to error. 
However it can clearly be seen that film thickness increases linearly 
with time implying a steady growth rate. This was also the finding at 
atmospheric pressure but the run time was substantially longer (see 
Fig 5.12). The improvement in the speed of deposition is due to the 
increase in precursor supply from the source bottle when under reduced 
pressure (section 4.7). The gradient (growth rate) of the plots 
increases with an increase in source temperature, again due to an 
enhancement in the precursor supply.

An interesting feature of the plots is their failure to begin at 
the origin and to intercept the time axis instead. It appears that an 
induction period exists after which linear growth with time occurs.
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Also the induction period decreases with increasing source temperature 
so it is unlikely to be due to a failure to reach equilibrium of the 
source temperature. One possible explanation could be the requirement 
that before a film can grow, nucleation on the substrate surface has 
to take place. The nuclei then have to enlarge and coalesce in order 
to form an observable thin film.

Various theories have been put forward to explain thin film 
nucleation and these are extensively covered by Maissel & Glang (1970) 
and Sigsbee & Pound (1967). Briefly it is a requirement of many of 
the theories that an array of stable nuclei will only form if the 
nuclei are above a certain ’'critical" size. This is expressed in terms 
of the radius (r) of the nucleus. The value r is a measure of the mean 
linear dimension of the nucleus. For values of r greater than the 
critical size, the nuclei will continue to grow to form a larger 
permanent island of deposit. For values below the critical size the 
nucleus is unstable and adsorbed species that constitute it, can 
evaporate. The critical value is partially dependent upon the rate of 
supply of the depositing species to the substrate. Once critical 
nuclei have formed, deposition of the film via the enlargement and 
coalescence of islands can proceed. However as the islands grow they 
deplete the surrounding areas of substrate of adsorbed species so that 
further nucleation is supressed. The area over which the nucleus acts 
as a sink for adsorbed species is known as the capture zone. Its size 
is dependent upon the surface diffusion coefficient and residence time 
of the adsorbed species. Any suitable species entering a zone will not 
be permitted to re-evaporate and will be incorporated into the growing 
nucleus. The sticking coefficient (the fraction of species not re
evaporating) is therefore unity within the capture zones. Further 
nucleation can only occur outside the zones but in these areas a 
return to the critical nucleus size criterion for successful 
nucleation means that the sticking coefficient is less than unity. The 
rate of deposition is thus non uniform and increases as the number of 
nuclei increases. This is embodied in the following equation.
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(5.11)M(t) =■ ;  [* * * t ; ' , D , t ) "1]

Where M(t) = the total mass condensed at time t 
M = mass impingement rate
IQ= nucleation rate (determined by the impinging flux) 
D = surface diffusion coefficient of adsorbed species 
7 - residence time of species on surface

As the process of nucleation and growth proceeds a point in time 
will be reached when the substrate surface becomes saturated with 
nuclei. The overall sticking coefficient is then unity and the growth 
rate becomes constant. The form of eq(5.11) is shown in Fig (5.19) for 
various values of the residence time.

lo^m 'o^s time \

Fig (5.19) Mass deposited with time at various values of the residence 
time, given by Eq(5.11). (Sigsbee & Pound 1967)

It can be seen that the projected intercept on the time axis is 
dependent upon the nucleation rate (Ic ) and hence the Impinging flux 
of species. Herein lies the explanation of the growth results for 
Ti0o* The theory predicts projected intercepts at t greater than zero, 
that reduce in value as the flux of precursor species incident on the 
substrate (controlled by the source bottle temperature) increases.
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This was found to be the case as indicated by Fig (5.18). The failure 
to observe these phenomenon at atmospheric pressure (see Fig(5.12)) is 
probably due to the vastly increased run time prevalent under those 
conditions.

Because of the variable nature of the pyrolysis reaction of 
titanium isopropoxide there existed a possibility that the changes in 
the delayed deposition effects observed, were due to phenomenon such 
as the accumulation of water on the surfaces within the reactor. This 
could result in easier film formation during subsequent runs. Note 
that although the reactor was evacuated and purged before each run it 
was not baked out to remove any adsorbed species. Three runs were 
carried out to test this premise using similar conditions to the 
previous runs but with a reverse chronology (with regard to source 
temperature). The results are shown in Fig (5.20).

Elapsed run hme (mins) —
maximum substrate temperature =300 C,pressure: 0*2torr

Fig (5.20) Low pressure film thickness with time for different source 
temperatures. An investigation into the effect of reactor 
cleanliness.

Whilst G106 and G107 reach similar maximum growth rates (as 
expected since they share the same source temperature) they do show 
different intercept values. This may be indicative of residual water 
within the reactor. However G108 clearly shows the decrease in growth
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rate and the increase in intercep uniform with a reduction in the 
source temperature and impingement rate as discussed previously.

It is apparent that the evidence for delayed deposition due to 
nucleation mechanisms is quite strong but that further experimentation 
will be required if the influence of reactor cleanliness is to be 
determined.

5.5.2 The effect of substrate temperature cm low pressure TiO^ 
growth.

A series of runs were carried out under similar conditions to
those described previously except that the source temperature was 

omaintained at 40 C in all cases and the temperature of the substrate 
was varied between runs (minor changes were also made to the delivery 
tube arrangement). The colour progression was used as a measure of 
film thickness. The results are shown in Fig(5.21a,b).

Elapsed run time (mins) —
MEM source tomperalure=40°C, reactor pressure=0-2 torr, no capillary filled 

Fig (5.21a,b) Film thickness at low pressures with time for various 
substrate temperatures.

Thegrowth rate as indicated by the slope of the thickness/time
plots increases from a minimum at low substrate temperatures and

oreaches a maximum at approximately 280 C. It then decreases as the
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substrate temperature is further increased. The projected intercepts 
with the time axis also increase with increasing temperature. The 
latter is neatly explained with reference to Eq(5.11) and Fig (5.19). 
The deposition rate is dependent upon the residence time ( r ) of the 
adsorbed species on the substrate surface (see Fig (5.19)). However, 
the residence time is strongly affected by the substrate temperature 
and decreases as the temperature rises. The temperature dependence of 
the growth rate can be seen more clearly in fig (5.22) where the 
calculated growth rates are plotted against reciprocal temperature.

Fig (5.22) The low pressure growth rate of TiO with 
reciprocal temperature.

Care is needed in interpreting the results since no account has 
been made of the change in the refractive index of the films with 
deposition temperature. Work by Fuyuki et al (1988), Hovel (1978) and 
Fitzgibbons et al (1972), showed that the refractive index increased 
with substrate temperature with an observed difference of 
approximately twenty percent between the highest and lowest values 
achieved. This is quite insufficient to account for the shape of Fig 
(5.22). It is suggested that the growth rate variation observed is 
that which is classic of atmospheric MOCVD growth. This is covered in 
section (2.5). The cited behavior is revealed when the logarithm of 
the growth rate is plotted against reciprocal temperature. A graph is 
obtained that shows three distinct regions of temperature dependency.
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With regard to this, the TiO results have been plotted in a similar 
fashion, in Fig (5.23). The explanation for the shape of the plot is 
based on the generally accepted mechanisms described in section (2.5).

# / T ( K )  — * -

Fig (5.23) ln(growth rate) with reciprocal temperature for the low 
pressure growth of TiO .

At low substrate temperatures, reaction kinetics dominates the growth 
rate of the film. The rate limiting step thus becomes part of the 
pyrolysis reaction of titanium dioxide. Additionally as the growth 
temperature is lowered, incomplete decomposition of the precursor will 
occur, leading to a greater incorporation of organic species within 
the deposited film. This and a reduction in the surface mobility of 
the adsorbed species leads to poorer film morphology. These changes 
were clearly observed in the films grown, as a gradual degradation of 
their lustre and reflectivity. Fig (5.24 a,b) show examples of high 
and low temperature growth. The films grown at lower temperatures also 
displayed a greater sensitivity to substrate cleanliness. Low 
temperature films were also more uniform (disregarding the poorer 
morphology) in thickness showing smaller depletion effects than their 
higher temperature counterparts. This agrees with the idea that 
surface reaction kinetics predominate at low substrate temperatures.
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MEM source of Uft 
no capillary fitted 
reactor pressure:02 forr
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Fig (5.24). Micrographs of the surface of a TiO film grown onto
silicon under low pressure conditions during (a) high

o otemperature (350 C) and (b) low temperature (250 C) runs.
Marker represents lOum (XI600).
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The growth rate decrease observed at higher temperatures, can be 
ascribed to a number of effects. Homogeneous nucleation in the gas 
phase and subsequent removal by the pressure differential within the 
reactor might reduce the amount of material depositing on the 
substrate. Desorption of the reaction products before incorporation 
may also occur. The most probable reason for the growth rate 
reduction, is the increase in deposition taking place ahead of the 
slice on the susceptor. Higher substrate temperatures cause higher 
susceptor temperatures, in turn encouraging premature decomposition of 
the precursor leading to its depletion at the substrate.

The narrow temperature range over which the plateau in the growth
rate is observed is unusual. Atmospheric MOCVD of gallium arsenide,
for example, commonly shows a plateau region extending over

oapproximately 200 C. The plateau indicates that the growth rate is 
governed by the diffusion of precursor species to the substrate 
through the boundary layer that exists above the substrate. Such 
diffusion is relatively temperature independent (hence the plateau). 
However, at low pressures, boundary layers become thinner and 
diffusion increases by orders of magnitude (see section (2.7.1)). It 
is therefore possible that diffusion no longer acts as the rate 
controlling step. This would result in the growth rate becoming 
temperature sensitive throughout its range of values giving rise to a 
dependency not unlike the one observed.

5.5.3. Conclusions of the basic low pressure studies.
In the process of evaluating the reactor system of this work under 

low pressure growth conditions, a number of interesting phenomenon 
have been observed. The thickness uniformity of the films increased 
laterally due to the improved hydrodynamics associated with low 
pressure operation , but became poorer longitudinally. This was 
thought to be because of reactant depletion and a number of mechanisms 
for this were proposed. Several designs of precursor delivery systems 
were briefly evaluated in order to improve the thickness uniformity.

194



The variation in the observed growth rate with source temperature 
agreed with that expected in that the larger the precursor 
concentration, the higher the growth rate. Substrate temperature 
affected the growth rate in a similar fashion to atmospheric pressure 
CVD although a reduced region of temperature independency was noted. 
The occurence of time delays during all the runs, prior to the 
establishment of constant growth rates was observed and explained 
with reference to certain aspects of nucleation theory.

Low pressure operation of the reactor system offers a viable 
alternative to atmospheric pressure work. The main advantage conferred 
is the increase in growth rates resulting from the larger precursor 
masses emanating from the source module. A reduction in the complexity 
of the reactor is also possible if the system is designed from the 
outset for low pressure operation, since gas handling (metering, 
purification etc) stages can be largely eliminated.

The final section of this chapter deals briefly with some further 
aspects of TiO^ growth.

5.6 Use of additional reactor features for TiO^ growth.
The reactor system is equipped with a number of features which were 

used to extend the work carried out on the growth of TiO from 
titanium isopropoxide. A brief description follows of each aspect.

5.6.1 Use of the flat plate heater for the growth of rutile
The direct growth of the rutile form of titanium dioxide has

usually been observed at temperatures above 700°C (for example see
Fitzgibbons et al (1972) and references therein). Rutile has been
observed in films grown at lower temperatures and it is probable that
its formation is kinetically rather than thermodynamically controlled
(Takahashi et al 1985). The more usual method of thin film rutile
production is to anneal as grown anatase films for a period of time

o(usually minutes) above 700 C (Sladek & Gibert 1972). A number of 
experiments were carried out using the flat plate heater described in
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section (3.4.2) as an alternative heating source. The substantially
higher substrate temperatures that are achievable using the flat plate
heater theoretically allows the direct formation of rutile.

-2Low pressure (0.2 torr /27Nm ) growth conditions were used. The
osource module temperature was maintained at 40 C, that of the delivery

tube at 100°C and that of the substrate at 900°C. Precursor delivery
was in the first instance, via a retro tube as in Fig (5.7). Squares 

2approximately 1cm in visible surface area, cut from silicon single
crystal slices, were initially used as the subsxrates. These rapidly
oxidised and became dull at the growth temperatures. Quartz glass
substrates of a similar size were then substituted. No growth was
detected after run durations of up to 2 hours. The leading edge of the
quartz envelope of the flat plate heater did, however, show signs of
oxide deposition (interference colours). It was thought that rapid
depletion of the precursor was occuring just ahead of the substrate
despite the very localized heating provided by the flat plate heater.

A two stage bithermal growth was then attempted. An anatase film
owas grown at approximately 300 C for 20 minutes onto a quartz

osubstrate. The substrate temperature was then raised to 900 C and held 
there for a further 20 minutes. No change in the colour progression on 
the slice was observed between the end of the first and the end of the 
second temperature stages. This indicates that if the refractive index 
changed (rutile has a larger refractive index than anatase), then the 
film thickness decreased and the optical path difference remained the 
same. It is assumed that no further growth of TiO took place during 
the second stage of the experiment because of the depletion effect 
discussed above. X ray diffraction (Diffractometer CuKa ) indicated 
that the film was polycrystalline and of mixed anatase/rutile 
character. Rutile (110), (211) and (220) reflections were clearly 
identified.

A further run was attempted but in this case a quartz precursor
delivery tube was used to carry the isopropoxide directly to the

osubstrate (see Fig(5.16). The substrate temperature was held at 900 C.
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After 20 minutes the run was stopped and oxide layers were seen to 
have formed on the quartz substrate. X ray diffraction of the deposit 
revealed only a slight rutile character. Only the (211) reflection was 
visible amoung the anatase peaks. It is not clear why the two stage 
grow/anneal run was the more effective method of forming rutile.

5.6.2 Ultraviolet enhancement of the growth of TiO  2=------------ g
The reactor is equipped with a source of UV radiation so that 

photoenhancement (photolysis) of the chemical reactions taking place 
within the reactor chamber can be attempted. The apparatus and theory 
of operation are covered in section (3. 4.3). Titanium alkoxides are 
known to absorb near ultraviolet radiation (Haslam 1959). They are 
thus suitable candidates for photolytic decomposition. Photolysis of 
alkoxides of aluminium has been used by Brierley (1987) to deposit 
A1 0 films. The alkoxides were synthesized with particular side6 O
groups that would enhance the UV absorption of the molecule and hence 
aid its photolytic decomposition. Titanium isopropoxide has been 
succesfully photolyzed at atmospheric pressure to give TiO films 
(Lane 1988).

A qualitative study of the effect of UV irradiation on the growth 
of TiO was carried out under low pressure conditions. The reactor 
growth conditions were as for the runs described in section (5.5) 
except the substrate substmte- temperature varied from run to run. 
Single crystal silicon was again used as the substrate material. Half 
the substrate was shielded from the UV radiation so that any 
photolytic effect could be easily recognized.

The results are shown in Fig(5.25) which comprises a view of slices 
from a number of runs. Precursor flow is perpendicular to the slices’ 
longest edge. The boundary between UV and non UV illumination can 
clearly be seen for the growths carried out under low substrate 
temperatures. The photolyzed areas appear as regions of enhanced 
growth and hence as different colours. The deposition within these 
areas is not uniform but has a striated appearence. This is due to the
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attenuation of the UV radiation by the quartz reactor. The reactor was 

probably fabricated by high temperature drawing of quartz tube over 

graphite formers in the direction of the striations. As the substrate 

temperature is increased the effect of photolyzing the precursor 

becomes less apparent, disappearing completely for the run at the 

highest temperature. Depletion of the precursor along the direction of 

flow then determines the thickness uniformity.

Fig (5.25) The effect of UV illumination on the deposition of TiO
at low pressures. Substrate temperatures from left to right 
are 180, 220, 240, 300 and 325°C. Marker = 1cm (XI.2).

The results confirm that photolysis by ultraviolet radiation is 
applicable to the low pressure, low temperature growth of TiO^* The 
extra energy supplied by UV irradiation most obviously enhances the 
oxide deposition at the lower temperature, kinetically limited growth 
regime (see Fig 5.23). As more thermal energy is supplied to the 
reactants through an increase in substrate temperature, reaction 
kinetics become less determinant on the deposition rate and the effect 
of UV energy is thus lost.
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5.6.3 Sane experimental device structures*
The ultimate goal of the study and growth of thin films, whether 

in amorphous, polycrystalline, or single crystal form, is the 
utilization of their properties to produce new and better electronic, 
electrooptic and optical devices. The ability to deposit titanium 
dioxide films at low temperatures is attractive from the point of view 
of the device technologist. This is because it allows a reduction in 
the thermal decomposition that occurs with sane materials when they 
undergo processing to form dielectric layers on their surface. In 
particular many III-V compound semiconductors begin to lose the more 
volatile group V constituent at quite modest temperatures. Oxide 
layers are widely used for surface passivation and as dielectrics in 
FET's thin film transistors and capacitors (see Wilmsen & Szpak 1977 
and Coutts (1978) for general overviews, Bertrand & Fleischauer (1983) 
for Ti0o on GaAs ).

a

Using the low pressure growth procedures previously covered, TiO
a

films were deposited onto n-type indium phosphide single crystal 
pieces in an attempt to fabricate simple FET type structures and 
observe sane form of conductivity modulation within the semiconductor. 
Gold ohmic contacts were made to the InP by in situ evaporation and 
heating within the reactor chamber. The evaporation apparatus is 
described in section (3.4.5). Simple metal masks that rested on the 
substrate were used to define the areas where deposition was required. 
The fabrication sequence is shown in Fig (5.26).

deposit by vacuum 
evaporation Au 
contact pads for 
source and dram, 
areas.

mask Au pads, 
deposit by MO 
CVD T1O2 gate 
pad, approx 1 
micron thick

mask and vac- apply contact vertical 
uum evaporate wires to source scale 
Au gate contact dram and gate oxaaq- 
pad. pads, using Ag eratea.

paint.

Fig (5.26) Stages in the fabrication of an experimental FET.
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Stage one involved gold metallization with the substrate held at 
approximately 200°C for 30 minutes to define the source and drain 
pads. For stage two the masks were then changed to allow deposition of 
the oxide which took a further hour. Stage three used another ma,sk to 
define a small gold pad that formed the gate contact. No heating was 
used in stage three as this could have led to diffusion of gold into 
the TiO thus altering its electrical properties. Conductive silver 
paint was then used to complete the electrical contact to the 
measuring instruments.

Contacts are normally made by thermocompression bonding of gold 
wire (Sharma 1981), but the method described above resulted in a 
source/drain resistance of approximately 10 ohms and no apparent 
rectifying nature. Unfortunately the gate/source resistance was very 
variable. One structure produced a value of approximately 50M ohms but 
this quickly degraded to 50k ohms when the current and voltage 
characteristics were tested in circuit. Further growth experiments 
failed to improve on this. There are a number of possible reasons for 
the poor insulating properties shown by the TiO .

a

1. Incomplete coverage of the InP substrate leading to pinholes in the 
oxide layer and subsequent contact by the gold gate pad.
2. Incorporation of species that can act as carriers from the 
substrate and surrounding areas via surface or vapour diffusion during 
the oxide deposition stage.
3. Non stoichiometry of the oxide leading to mobile carriers being 
present.
Optical and scanning electron microscopy did not reveal any obvious 

pinholes. Contamination of the oxide by the substrate was thought 
unlikely since similar results were obtained when device structures 
were fabricated onto silicon substrates. Low pressure growth may 
encourage formation of an oxygen deficient film. The Ti-0 system 
contains many phases and it is known that a series of oxides exists in 
the composition range from TiO to TiO . The electrical properties of

a

the oxides varies from insulating through semiconducting to metallic
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(Fredriksson & Carlsson 1985). TiO grown by direct evaporation within 
a vacuum apparatus has been found to be oxygen deficient and 
semiconducting (Feuersanger 1964). Wang et al (1970) found that most 
of their films, grown by a low pressure CVD method, were conducting.

Insufficient experimentation was carried out to draw any firm 
conclusions regarding the reasons for the poor device performance. It 
seems likely, however, that the oxide layer had insufficient 
insulating properties and these were probably caused by oxygen 
vacancies.

5.7 Conclusion to Chapter five
The deposition reactor described in this work has been successfully 

used to grow titanium dioxide thin films onto various substrate 
materials, from the alkoxide precursor, titanium isopropoxide. 
Experiments have been carried out under atmospheric pressure 
conditions and also under reduced pressure. The effect of a number of 
system variables on the film growth rate has been investigated. 
Reduced pressure growth did not seem to confer any nett advantage over 
atmospheric pressure growth. The growth rate did increase (due to the 
effect on the source module) but to the detriment of the film 
thickness uniformity. This could probably be overcome by changing the 
design of the equipment in order to accomodate a vertical reactor 
configuration. However, the question remains, whether the insulating 
properties of TiO^ are degraded by growth under reduced pressure.
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6 THE REACTOR APPLIED TO THE GROWTH OF GAIJ.IUM NITRIDE

6.1 Introduction
This chapter decribes the experiments that were carried out using 

the MOCVD reactor in an attempt to grow thin films of gallium nitride 
(GaN). The precursors used in the growth experiments were the 1,2- 
bis(diphenylphosphino)ethane (diphos) adduct with trimethyl gallium 
and the adduct trimethyl gal lium-triethyl phosphine (TMG-TEP). These 
provided the source of gallium whilst the source of nitrogen was 
ammonia gas. The adducts offer considerable advantages over 
trimethyl gallium itself, in terms of safety and purity considerations 
(see section 2.3). Both adducts are solid at room temperature and are 
therefore not suited to conventional MOCVD bubblers. They were, 
however, ideal candidates for use within the MEM source module.

The growth of gallium nitride has been limited by a continuing 
inability to produce p type doped material. GaN as grown is always n 
type and heavy p type doping only serves to make it semi-insulating. 
Successful fabrication of a pn junction from GaN would theoretically 
allow creation of an efficient violet or blue electroluminescent 
diode device. Much research was thus carried out in the 1970's in 
order to realize such a device, mostly by MOCVD growth techniques, but 
without success. Only low efficiency MIN diodes (metal-insulating GaN- 
ntype GaN) have been fabricated. Gallium nitride has also been 
suggested as a possible material for piezoelectric, surface acoustic 
wave devices (Cullen & Wang 1978). A considerable amount of 
information is available on the optical and luminescent properties of 
GaN, but little is known of its piezoelectric properties. A number of 
research groups, mainly Japanese, have continued with the work on GaN, 
but interest has dwindled. Only one paper on GaN appeared at the most 
recent MOCVD conference. It described electroluminescent studies on a 
MIN device (Amano et al 1988).
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6.2 Gallium nitride, a short review
Gallium nitride is a group III-V material semiconductor with a 

direct energy gap of approximately 3.4eV (Pankove et al 1975). Unlike 
many III-V's, which have a zincblende crystal structure, GaN exists in 
the Wurtzite form. This can be thought of as two interpenetrating 
hexagonal lattices of gallium and nitrogen. The structure is shown 
below in Fig (6.1).

Fig (6.1) The Wurtzite crystal lattice. (Sze 1981)

The lattice parameters are: a = 4.980 A, c = 5.189A (Schulz & Thiemann
1977). From these values, the theoretical density of GaN is calculated 

3to be 6.1g/cm . Gallium nitride can be synthesized from direct
reaction between gallium metal and ammonia gas at approximately 

o1000 C. The solid thus produced appears as a dark grey powder and can 
be supplied caimercial ly (Cerac inc). Single crystals of GaN have been 
synthesized by this method. The largest reported have been 
approximately Iran in diameter and 2.5ran in length (Elwell et al 1984).

Thin film GaN can be synthesized in a wide variety of ways and 
usually appears as a clear film with a yellowish colouration (eg see 
the work of Chu 1971 & Kawabata et al 1984). Such colouration has been 
attributed to oxygen impurities within the film (Pankove 1973) or to 
the non stoichiometry of the lattice (Karpinski et al 1984).
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6.2.1 Thin film growth.
Gallium nitride is most technologically useful when in thin film 

form. A suitable substrate for most devices would be GaN itself. Chu 
et al (1974) managed to prepare GaN crystals as large 25x15x5mm by 
reaction of NH^ with GaCl. However, no commercial source of GaN 
substrates exists. This has commonly prompted the use of single 
crystal sapphire substrates. Because sapphire has neither the lattice 
structure nor the thermal coefficient of expansion of GaN, the 
deposited films are highly strained. On cooling from the reaction 
temperature, the sapphire contracts more than the GaN and the wafers 
become concave on the sapphire side (Pankove 1973). Other substrate 
materials have been used with relatively limited success. These 
include GaAs, Si, GaP (Morimoto et al 1973, Gaskill et al 1986 (not 
GaP)), MgAl 0 (Manasevit et al 1971), SiC (Manasevit 1972> and InSb

a  4

(Andrews 1979). A further refinement has been the deposition onto 
sapphire of an AIN buffer layer which then acts asthe substrate for 
GaN growth. This has resulted in an improvement in the crystalline 
quality and Hall mobility of the GaN films (Yoshida et al 1983, Amano 
et al 1988). The technique has been patented (Kawabata & Furuike
1984).

The synthesis of films of GaN from its constituent elements is
difficult because of the high stability of the nitrogen molecule. High

oreaction temperatures (ca 1000 C) are thus required. However GaN is 
thermally unstable at these temperatures and partially decomposes. 
This results in a non stoichiometric material, deficient in nitrogen. 
The N^ vacancies are thought to be a possible explanation for the n 
type conductivity always observed for undoped GaN. It has also been 
suggested that unidentified donor impurities are responsible (Logan & 
Thurmond 1972). It was thought that high pressure growth techniques 
would act to reduce the N^ vacancy concentration and a number of 
workers have studied the thermodynamic equilibrium of GaN at high N^ 
pressure (Karpinski & ForowskL 1984, Thurmond & Logan 1972, Lorenz & 
Binkowski 1962).
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Karpinski et al (1984) grew GaN epitaxial layers onto sapphire
substrates by a high pressure method after first determining the
equilibrium pressure and temperature conditions. Liquid gallium and

5 -2nitrogen were reacted under a pressure and temperature of 16x10 Nm
o 18 20and 1500 C respectively. The layers were still n type (10 to 10
, -3carriers/cm ) but by varying the conditions, it was found that the 

carrier concentration increased with a reduction in growth pressure 
and with an increase in growth temperature. This agrees with the 
theory that nitrogen vacancies are the source of the n type carriers 
(electrons). Other methods of synthesis from nitrogen and gallium 
include the reactive evaporation of Ga in N , plasma assisted reactive

a

evaporation and reactive sputtering (Matsushita et al 1981).
All other practical methods of GaN film synthesis utilize a more

reactive source of nitrogen such as anmonia. Logan & Thurmond (1972)
grew epitaxial GaN onto sapphire from a Ga melt under an NH ambient.

3 20 -3Addition of zinc impurities at concentrations as high as 10 cm
failed to appreciably change the n type carrier concentration of 

19 -310 cm . Growth from the vapour phase is a more coranon method of GaN 
thin film deposition. VPE of GaN was first attempted by Maruska & 
Tietjen (1969) in apparatus similar to that of Fig (6.2).

fhermocouplc 1
k

\ dopant arm

heaters

XXxXxxxxx;
N H 5 substrate

A—  -"’’ I

— ►  . ______,

ixxxxxxxxxxxxxxxxx?
Fig (6.2) VFE apparatus for GaN growth (Pankove 1973).
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The passage of HCL over Ga at approximately 750°c generated
volatile GaCl which then travelled to the substrate to react with NH 

o(900 C) to deposit GaN. A further heated zone within the apparatus 
controlled the supply of zinc vapour which acted as the p type dopant. 
Hydrogen was used as a carrier gas for the growth precursors. The 
growth kinetics for the chloride CVD reaction have been extensively 
studied (eg Liu & Stevenson 1978, Ban 1972). Work by Fremunt et al
(1981) was aimed at optimizing the growth conditions. They found for 
example, that the nucleation behavior was strongly influenced by the 
carrier gas used. A greater density of nuclei and an earlier film 
coalescence was observed when argon was used instead of hydrogen.

MOCVD of GaN was first carried out by Manasevit (1971). TMGa and 
NH were used as the precursors and epitaxial growth onto sapphire

O otook place at approximately 950 C in a vertical type reactor. At rocm 
temperature the TMGa reacted with NH to form an adduct which wasO
subsequently decomposed over the substrate. The reaction paths are 
shown below in Eq 6.1 & 6.2. The carrier gas used was H .

Ga(CH3 )3 + NH3 — - Ga(CH3 )3 .NH3 (6.1)

Ga(CH3 )3.NH3 — GaN + 3CH4 (6.2)

MOCVD studies by Hashimoto et al (1984) have shown that by 
substituting N as the carrier gas, an improvement in the growth rate

a

and morphology occurs. Layer growth was carried out at approximately 
o1000 C. This phenomenon was thought to be due to differences in the

hydrodynamic behavior of the two carrier gases. Later work by Kawabata
et al (1984) confirmed this but reported that growth under produced
yellowish films. A two stage growth process was therefore carried out,
whereby N2 was initially used as the carrier gas to form a high
density of nuclei. The main film growth was then carried out under an
H ambient. The resultant layers were colourless and transparent but 
" 18 3showed n type conduction (10 carriers/cm ). Triethylgal lium amine
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(GaCC^Hg^.NHg)) was used by Andrews (1979) and Andrews & Littlejohn 
(1975) as an alternative precursor for MOCVD of GaN. A liquid at roan 
temperature, it was safer to handle than the pyrophoric TMGa. The Ga-N 
bond within the molecule offered the possibility of growth without 
additional N. The inclusion of NH within the reactor was still found

u

to be necessary , however. The precursor also partially decomposed
within the source bubbler. The films grown were n type

19 3(10 carriers/cm ). Gaskill et al (1986) used Hydrazine (N^H^) as 931 
alternative to NH . Hydrazine was thought to be easier to decompose«3
than NH and to be a more efficient source of nitrogen. Reaction with

oTMGa did produce a GaN film at a temperature as low as 425 C, but this
owas polycrystalline. Growth at 800 produced single crystal films on

s apphire substrates. T h ese e x h i b i t e d  n type conduction
20 , 3(10 carriers/cm ).
Low pressure MOCVD of GaN has been achieved by Khan et al (1983a).

The apparatus used consisted of a vertical, water cooled quartz
4 -2reactor, maintained at a low pressure of O.latm (1x10 Nm ) by a 

rotary vane mechanical pun?). Triethyl gallium and high purity NH were
u

the precursors. Delivery of the TEG to the reactor was accomplished by
using a bubbler arrangement with H^ as the carrier gas. Growth was
carried out on basal plane sapphire placed on an RF heated susceptor
at a temperature of 900°C. The GaN films were single crystal and had

19 3an n type carrier concentration of 10 /an . Ion implantation was used
15 17, 3to reduce this to values between 10 and 10 /cm . The work was later 

extended to the successful growth of ternary compounds of the form 
Al Ga N (Khan et al 1983b). The existence of this alloy system had

X J."X

been predicted earlier by Shulz & Thiemann (1977).
Gallium nitride has been grown by reactive MBE methods as reported

by Gotoh et al (1981). Yoshida et al (1983) have extended the
technique to grow AlN/GaN heterostructures using the apparatus
shown in Fig (6.3). Aluminium and NH^ molecular beams were directed at

oa basal plane sapphire substrate, heated to 1100 C, in order to grow
oAIN. GaN was then deposited at 700 C using Ga and NH_.o
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Fig (6.3) Reactive MBE apparatus for GaN growth 
due to Yoshida et al (1983).

19 3The GaN films were all n type (10 carriers/cm ) but the Hall
mobilities had improved by a factor of three, over GaN on sapphire
grown without an intervening AIN layer.

Due to the generally held view that GaN is always n type because of
the existence of native nitrogen defect donors, attempts have been
made to grow the films at lower temperatures than those routinely
used. Low growth temperatures usually result in poor film
crystallinity and even amorphous material. Plasma assisted deposition
techniques have partially solved these problems. Wiemer (1973) used a
conventional LPCVD reactor with RF plasma stimulation to deposit GaN
layers onto ZnO, Si and sapphire substrates. The precursors were TMGa
and NHg. Epitaxial layers were grown onto the ZnO substrates at

otemperatures as low as 600 C. Deposition onto sapphire only gave
polycrystalline films. Limited electrical measurements indicated that
the layers had high resistivities. Knights & Lujan (1978) deposited

opolycrystalline GaN onto sapphire at 300 C in similar apparatus. 
Various plasma assisted deposition methods were used by Matsushita et
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oal (1981) to deposit GaN films at 450 C. No data was reported on the 
carrier concentrations or the crystallinity of the films. The most 
successful work to date has been that of Zembutsu & Sasaki (1986) who 
grew GaN single crystal films onto sapphire between 300 and 400°C. The 
apparatus used is shown in Fig (6.4).

Fig (6.4) Schematic diagram of BCR plasma excited MDVPE 
system (Zembutso & Sasaki 1986).

TMGa and NH^ were introduced into a low pressure reaction chamber. A 
nitrogen plasma was generated using the action of microwave energy and 
magnetic fields. This was then directed at the substrate where 
reaction with the TMGa occured. Despite the low temperature
conditions, the undoped films thus grown exhibited n type conduction

19 3(10 carriers/cm ).
Whilst low growth temperatures are known to reduce the 

decomposition of GaN, no apparent improvement in the electronic 
properties have, thus far, been achieved through such growth. The 
possibility of impurities such as oxygen being responsible for the n
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type behaviour cannot be ruled out. The combination of low growth 
temperatures and new precursors that are easier to decompose and purer 
in form, may yet yield better results. Because of the potential of 
GaN, the availability of suitable precursors and their relative 
safety, for example as compared with industrial GaAs precursors, a 
number of experiments were carried out to investigate its growth using 
the present reactor.

6.3 Experimental results and discussion
The early work undertaken on GaN utilized the adduct precursor, 

TMGa-Diphos. Limited quantities were obtained from Queen Mary college, 
London. The adduct provided the source of TMGa (hence of Ga). NH

v
provided nitrogen. A TMGa-Diphos molecule is shown in Fig(6.5).

Fig (6.5) Representation of the TMGa-Diphos molecule.

Such adduct compounds are non pyrophoric and have recently been used 
as a purification stage in the production of TMGa & TMIn (Moore et al 
1986, Bradley et al 1986, Jones et al 1987). This aspect has briefly 
been covered in section (2.7.4). By warming the diphos adducts (ca 
120°C), dissociation occurs to give volatile, high purity TMGa or 
TMIn. These are then packaged in the standard bubbler arrangement for

carbon

( 3 )  phosphorous 

gallium

hydrogens
omitted
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shipment. In situ dissociation of the adduct within a reactor system
would offer additional advantages in that a possible contamination
stage is eliminated and safer precursor handling and transport is
assured. The diphos remains behind in the source container, its vapour
pressure being neglible at the dissociation temperature. The MEM
source module seemed ideal for such an application. Preliminary data
had suggested that useful amounts of TMGa could be delivered to the
reactor in this way (Faktor 1985).

Growth was carried out at atmospheric pressure onto silicon single
crystal substrates, using N2 as the carrier gas. The results were very
discouraging with most runs being terminated after periods of up to 4
hours with no apparent deposits occuring. During the course of the
experiments many modifications were made to the apparatus and to the
growth conditions in an attempt to achieve depositions. Some runs
produced coloured areas on the silicon substrates which were
provisionally identified as GaN using X ray diffraction. The most

ocommon reactor conditions used were: substrate temperature 600 C, MEM
source temperature 150°C, N carrier gas flow 1 1/min, NH flow
400cc/min (see also section 4.5.3). Growth was also attempted under

-2low pressure conditions (0.5 torr/ 70Nm ), under remote plasma
stimulation of the NH and under UV irradiation of the substrate,o
without any success. It was concluded that growth frcm in situ diphos
generated TMGa was possible but resulted in very slow deposition
rates. This fact was recently endorsed by Bradley et al (1988). A
typical source output, calculated using vapour pressure data (Bradley

-10 , -61988) and the MEM theory was approximately 1x10 Kg/s or 3x10 
moles/hour. With an Ng flow of 1 1/min, the calculated precursor 
vapour pressure within the reactor chamber is approximately 3 torr.

It is possible that a multicapillary MEM bottle as discussed in 
section (4.9) and shown in Fig (4.23), could provide an enhancement of 
the mass emanating from the source module. If this is the case, then 
TMGa-Diphos may yet be found to be a suitable precursor.

A more volatile Ga precursor was then chosen in the form of the
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trimethyl gallium- triethyl phosphine (TMGa-TEP) adduct. This compound 
has a higher vapour pressure than the TMGa generated above the diphos 
adduct (Aitchison 1983) and has the added advantage that it is 
completely volatile, thereby providing a visual indication of 
precursor exaustion. The adduct has been successfully used in the 
growth of GalnAs (Moss & Spurdens 1984).

Once again film growth results were poor. Only one run out of a 
total of fourteen, produced a noticeable deposit. Runs were conducted 
under reduced pressure or atmospheric pressure conditions. 
Interestingly it was an atmospheric pressure experiment that was the 
one to succeed. In all probability, the amount of precursor emanating 
from the MEM source module was insufficient to allow adequate film 
growth, despite the increase in vapour pressure achieved over the 
diphos adduct. The possibility that the precursor may have condensed 
or even decomposed on route to the reactor chamber was thoroughly 
investigated by altering the temperature of the delivery tube. A 
method of in situ temperature measurement of the inside wall of the 
delivery tube, using a thermocouple was devized to enable this to be 
done.

Once again, the solution probably lies with a multicapillary 
bottle. Due to a shortage of time and the limited quantity of 
precursor that was made available (approx 5g), further reactor 
modifications were not attempted. Instead 0.25g amounts of the TMGa- 
TEP adduct were loaded under an inert gas flow (the compound is air 
sensitive as is the diphos adduct), into the plasma tube just ahead of 
the inlet to the reactor chamber. A small neck heater that enclosed 
the plasma tube was used to evaporate the adduct. The system was 
operated at a reduced pressure of 0.5 torr with a NH flow (throughO
the plasma tube) of 30cc/min. Substrate heating was provided by the IR

olamp unit and the maximun substrate temperature used was 600 C. Film 
growth occured within 5 minutes onto the silicon substrate. The 
deposit, shown in Fig (6.5) was very non uniform as indicated by the 
interference colours produced.

213



Fig (6.6) GaN film deposited onto Si substrate (G175). Marker = 1cm

The thickness variation cannot be explained by depletion mechanisms 

alone, as was the case for the TiO^ work* By reference to the colour 

progression detailed in Table (5.1), the maximium rate of deposition 

is seen to occur along a curve denoted by a wide red band that lies 

slightly off centre of Fig (6.6). The growth rate falls off to a 

minimum either side of this. The distinct radial nature of the 

deposit, located at the downstream end of the silicon slice and at the 

focus position of the substrate heater, suggested a strong dependence 

of the growth rate on the substrate temperature. The temperature 

profile for the prevailing conditions was determined and is shown in 

Fig (6.7).

Fig (6.7) Thermocouple temperature readings on the surface of G175
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It can be concluded that the maximum film thickness occured at a
osubstrate temperature of approximately 500 C. At temperatures below 

this the apparent growth rate falls. This is almost definitely caused 
by slower reaction kinetics as discussed for TiO in section (5.5.2). 
It is also possible that enhanced low pressure diffusion mechanisms 
may be operating, leading to deposition away from the central region 
and thus to a progressive depletion of the reactants. Additionally 
depletion of the reactants would normally be expected in the direction 
of the gas flow (section 5.5.2).

Assuming both depletion and a temperature dependency of the growth 
rate exists then the situation becomes more complex. As the 
temperature increases across the substrate so does the growth rate and 
so does the depletion. One acts to increase the growth, whilst the 
other acts to decrease it. The relative contribution of each effect, 
will determine the site of maximum growth. This may act to even out 
the thickness variations. Above a certain substrate temperature the 
growth rate will begin to decrease as premature decomposition, and 
evaporation of the deposit occur. Superimposed on this is the 
continued effect of precursor depletion across the slice. A more rapid 
reduction in the film thickness would, therefore, result, as in this 
case both effects act together to reduce the growth rate. Previously, 
they acted against each other. This provides a possible explanation 
for the colour progression and the relative thicknesses of the colour 
fringes either side of the area of maximum growth. A more detailed 
study is required in order to confirm or deny this theory. Further 
growth runs were carried out in order to aid in the identification of 
the deposits.

The origin of the reduction in the observed growth rate during 
MOCVD, at elevated temperatures is not always clearly known. For the 
growth of GaAs for example, it has been suggested that the phenomenon 
may be due to the desorption of AsH^, or As^ before incorporation, 
desorption of Ga, or to homogeneous nucleation in the gas phase 
(Stringfellow 1984). The mechanism responsible in the present work was
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traced to the instability of the deposit itself. A number of films
... odeposited using the TMGa-TEP adduct at 500 C were annealed at various

temperatures, under vacuum using the flat plate heater. It was found
othat at approximately 800 C, the films would disappear within about

5mins of the commencement of annealing. This suggested that the
deposited material either decomposed, evaporated or sublimed at around 

o800 C. Lorenz & Binkowski (1962) conducted experiments to determine
the thermal stability of GaN, and found that above 600°C the
decomposition of the compound rapidly increased. However as described
earlier, most GaN growth has been carried out at temperatures between 

o900 & 1000 C. The apparent success of this, despite the decomposition, 
must lie with the relative rates of the two competing processes. In 
the present reactor, the combination of relatively low precursor 
concentrations and reduced pressure conditions, may well have been 
responsible for the observation of a net decomposition at so low a 
temperature.

The thermal instability observed, removed sane of the doubt that
the films were infact a gallium oxide rather than the nitride. The
uncertainty had arisen from the results of secondary ion mass
spectrometry (SIMS) carried out on the initial TMGa-Diphos derived

ofilms. The most stable form of Ga 0 has a melting point of 1740 C.
oHowever Ga 0 sublimes at temperatures above 500 C (Wade & Bannister

a

1973) and could, therefore, account for the thermal behavior. X-ray 
diffraction (diffractometer Cu Ka) indicated that the films were 
crystalline GaN, with no peaks being due to Ga^^. A num^er of growth 
runs were carried out using the Ga precursor alone, without any supply 
of NHg. Even when a deliberate air leak was introduced, no film growth 
was observed. This was a further indication of the film composition.

The chemical reactivity of the films was tested by immersion in 
concentrated H SO overnight. No apparent change in the film 
appearence was detected (Ga20 is soluble in both acids and alkalis). 
GaN is slightly soluble in hot concentrated alkalis. Immersion in hot 
concentrated KOH quickly removed the films from the substrate. The
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formation of bubbles about the slice indicated the evolution of a gas, 

presumably NH since it is known that a number of metal nitrides reactJ
with alkali to release ammonia (Melnick et al 1974). Application of 

Nessler's test, for NH to the KOH solution proved positive. The testO
can be used quantitatively, and is employed in the determination of 
NH in very dilute aqueous solutions (Vogel 1978). It utilizes theO
colour change that occurs when Nessler's reagent (an alkaline solution
of potassium tetraiodomercurate(II)) reacts with NH . The films were3
concluded to be of GaN, although of unknown oxygen content.

The etching of the GaN films was far from uniform. Fig (6.8) shows 

a micrograph of the surface of a GaN film (G192) grown onto silicon, 

during the initial stages of etching. Preferential etching seems to 

have occured along the <110> directions of the substrate (the silicon 

surface is a (100) plane and the figure edges are parallel to the 

<100> directions).

Fig (6.8) Optical micrograph of the etched surface of a GaN film
o

grown on silicon. Substrate temperature = 500 C, 

reactor pressure = 0.5 torr. Marker = 50jum. (X200)
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This phenomenon suggested that an epitaxial relationship existed 
between the GaN and the substrate. The X-ray diffraction work, 
mentioned earlier, indicated that the films exhibited some degree of 
preferred orientation. The highest intensity peak quoted for the 
powder diffraction results of GaN, corresponds to the (101) 
reflection. This was almost absent from the experimental diffraction 
results. There was also a total absence of any reflections due to the 
(103), (102) and (002) planes. In contrast the (110) and (100) 
reflection were very sharply defined. The data suggests that the c 
axis of the unit cell lies parallel to the substrate surface. Planes 
intersecting the c axis and especially those parallel, or nearly 
parallel, to the basal plane do not, therefore, strongly reflect. It 
is unlikely that the rectangular areas shown in Fig (6.8) represented 
individual GaN grains. This was partially confirmed by the 
transmission electron microscopy (TEM) work which is described below. 
It is possible that differences in the thermal expansion coefficient 
between GaN and the substrate resulted in cracking of the GaN film. 
Preferential etching would then have occured along lines of stress or 
cracks. Examination of the thermal expansion coefficients (Table 6.1) 
indicates that GaN will be in tension when cooled from the growth 
temperature regardless of the film orientation.

Linear coefficient of 
thermal expansion /°K

GaN (1) 5.59X10-6 a (300-900K)
3.17X10"6 c (300-700K)
7.50 x1c)-6 c (700-900K)

Si (2) —63.59x10 (300-900K)

Table (6.1) Expansion coefficients for GaN and Si. (1) Maruska & 
Tietjen (1969). (2) Cul len & Wang (1978).
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Fig (6.9) shows the same specimen as previously, but viewed by 

scanning electron microscopy (SEM). The direction of cracking, 

relative to the silicon substrate, can clearly be seen. Fig (6.9) also 

reveals a further unexplained feature. There appears to be a second 

layer between the GaN and the Si substrate. Etching of this layer has 

also occured and the patterning matches that of the overlying GaN.

Fig (6.9) SEM micrograph of etched GaN specimen 

(G192) showing preferential etching, 

intervening layer and silicon substrate.

Marker represents 500jum. (approx X50)

Fig (6.10a,b) are views of the same sample but at a higher

magnification. The GaN film has been undercut by the action of the KOH

on the intervening layer. The undercut GaN is indicated by the lighter

coloured edges of the rectangular areas, shown in both Fig (6.9) and

Fig (6.10a,b). The intervening layer appears to be preferentially
oetched at approximately 45 to its thickness. The identity of this 

layer is not known. It is possible that the silicon wafer supplied had 

been processed to form a thermally grown SiO^ over layer.
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Fig (6.10) SEM micrographs of :(a) Etched surface of GaN film onto Si 

advanced stage showing remaining GaN flakes and hillocks/ 

ridges of the intervening layer, (b) initial stages of 

etching,(G189). Markers represent 50pm (X400)

SEM microprobe analysis on the ridges formed of the intervening layer, 

only detected Si at similar signal levels to those from the 

surrounding unetched substrate. The background Si signal from the 

surface of a GaN flake was neglible in comparison. This indicated that 

the Si was detected in the intervening layer, not through it. Although
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SiO is chemically resistant to all acids except HF, it does dissolve 
slowly in hot concentrated alkali.

To sum up, the cracking of the GaN films may have been due to 
thermal expansion differences between film and substrate. The alkali 

etchant attacked the GaN, penetrated the cracks and etched an
intermediate film, probably of SiO .2

A number of film specimens showed different microstructures to 

those described previously. Cracking was visible under the optical 

microscope without the need for etching. Fig (6.11) shows one such 

film. The thickness of the film was not measured but it was known to 

be considerably thicker than the previous films as the complete 

progression of interference colours had been observed, the eventual 

colour being a brawny grey.

Fig (6.11) Optical micrograph of surface of thick GaN film grown on Si 

(G186),showing cracking that occurs after growth. Marker =10pn. (X860)

The cracks appear to be relatively random in orientation and are on a 

much finer scale (approximately by a factor of 5) to those of Fig 

(6.8). The reason for the change in cracking behaviour is not known. It
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is possible that for thick films, the stress relief behavio is 

different than for thin films. Etching of the cracked, thick film 

specimens, using hot concentrated KOH, revealed a similar intervening 

layer to that seen previously. In this case GaN flakes were left 

standing proud of the underlying Si substrate by hillocks formed from 

the etched intervening layer. Fig (6.12) illustrates this.

Fig (6.12) Optical micrograph of etched, thick GaN layer of Fig(6.11) 

(G186). The out of focus substrate indicates that the GaN 

flakes are supported above the Si on hillocks formed of 

the intervening layer. Marker represents lOum (X80O).

GaN film growth was entended to the deposition onto other substrate 

materials. Single crytal sapphire flakes were available (grown by the 

method reported by White & Wood 1974) and film growth was achieved 

under similar conditions to the Si runs. The layers obtained were much 

thinner that those obtained on Si (for a particular time period). This 

was probably because the sapphire flakes were transparent and thus 

absorbed less IR radiation thereby attaining a lower surface
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temperature, and hence reducing the GaN growth rate. A noticeable 

increase in the deposition rate was obtained when a vitreous carbon 

plate (approx. 5mm thick) was used as a heat spreader by placing it 

between the quartz susceptor surface and the sapphire flake. No 

characterization work was carried out on these layers however. Single 

crystal NaCl was also used as a substrate material, in particular, to 

enable TEM analysis to be carried out. Thin layers (approximately to 

the first interference colour) were deposited onto cleaved NaCl using 

growth conditions similar to the Si substrate runs. The NaCl was then 

placed between copper TEM grids and dissolved away using distilled 

water. The GaN film remained between the grids. TEM indicated that the 

films were polycrystal line and electron diffraction patterns 

confirmed that they were of GaN. A number of selected area electron 

diffraction patterns were obtained, using the TEM, that showed a 

combination of spots and rings. Electron diffraction from the films 

grown onto Si was conveniently made possible by the specimen shown in 

Fig (6.13) below.

Fig (6.13) Optical micrograph of GaN film grown onto Si (G190) showing 

cracking of film and poor adhesion to substrate. Marker 

represents lOjum (X1700).
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The cracking is very reminiscent of that shown in Fig (6.8) with the 

exception that the specimen did not have to be etched to reveal the 

cracks. It is probable that the same stress mechanism to that 

postulated for the film of Fig (6.8), is responsible. Fig (6.14) shows 

an SEM micrograph of the same film taken with the specimen tilted.

Fig (6.14) SEM micrograph of the surface of a GaN film on Si 

(G190), indicating cracking and de lamination of 

the GaN. Marker represents 20pm (X400).

By carefully drawing a TEM grid across the surface of the film, flakes 

of GaN were captured on the grid, which was then inserted directly 

into the TEM. Unfortunately the flakes were too thick to obtain any 

microstructura 1 or diffraction images using the conventional TEM. By 

probing an edge of a flake a pattern was obtained consisting only of a 

hexagonal array of spots. The calculated lattice parameter did not, 

however, correspond to that of <0001 >GaN, nor to that of <111 >Si. 

Further characterization using a IMeV TEM succeeded in providing both 

a diffraction pattern (Fig 6.15a) and a microstructure (Fig 6.15b), 

taken from the bulk of a GaN flake. The microstructure is clearly 

polycrystalline and this is confirmed by the diffraction pattern. All 

the lower order rings of GaN are identifiable, as are many of those of 

higher orders.
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Fig (6.15) (a) Typical 1 MeV ring diffraction pattern of GaN, 
obtained from areas of flakes seen in Fig (6.14), 
calculated pattern alongside.(b) TEM micrograph 
of same area. Marker represents 500nm (X 16K)

The early stages of film growth were investigated by placing a 
fragment of a Si slice on the surface of the Si substrates, in order 
to cause a local pertubation of the precursor flow and hence a 
gradation in film thickness in the vicinity of the Si fragment. SEM 
studies failed to detect any transition between the surface of the 
silicon and the GaN surface. This is probably because of the inability 
of the SEM to resolve the nuclei that would be formed during the early 
stages of deposition.

In general most of the films could be prevented from cracking by 
stopping the growth before reaching the second order magenta
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interference colour (0.4+0.05um using Mirau interferometry). Fig 

(6.16) shows an optical micrograph, of such a film, taken under 

Normarski interference contrast conditions . The film is relatively 

featureless.

Fig(6.16) Normarski micrograph taken of a GaN film on Si (G215) 

indicating uniformity of the film. Marker=50jjm (X200).

The ability to grow uniform, pinhole free layers is one of the 

prerequisites necessary for device fabrication. In the case of LEDs, 

the films also need to be single crystal and with a low density of 

native defects and impurities. Although the GaN films grown onto Si 

have been shown to be polycrystalline, brief details are given in the 

following section of a number of experiments carried out with the aim 

of building a device structure.

6.3.1 Simple device structures based on GaN

The majority of worldwide research carried out to date, on GaN, has 

been based on the desire to produce an efficient blue LED. 

Additionally the direct energy bandgap of GaN theoretically allows
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electroluminescence from the near ultraviolet through to the visible 
colours (assuming suitable dopant materials can be found). 
Unfortunately little progress has been made in this direction and 
attention has turned to other materials which have suitable bandgaps 
for UV electroluminescence. These include silicon carbide (SiC), zinc 
selenide (ZnSe) and zinc sulphide (ZnS). Both ZnS and ZnSe are direct 
bandgap semiconductors. The efficiency of light generation is expected 
to be greater for direct bandgap semiconductors than that for indirect 
bandgap semiconductors such as SiC. Similar problems to those of GaN, 
exist in the fabrication of pn junctions from ZnSe and ZnS and the 
only pn junction blue LEDs, commercially available are those 
fabricated by Siemens fran SiC (Weyrich 1985). These are expensive and 
have a radiative efficiency comparable to that of the best 
experimental GaN LEDs. Their main advantage lies with the 
reproducibilty with which they can be made. Recent developments in 
blue light generation include the reported fabrication of pn junction 
diodes from ZnSe that emit at 480nm (blue), by Stanley electric of 
Japan (Stubbings 1988) and a solid state laser emitting at 420nm (UV), 
by Matsushita, also of Japan. In the latter case the light from a 
solid state IR laser is halved in wavelength by the action of a 
lithium niobate waveguide (Cross 1988).

GaN LEDs have been fabricated in the form of metal-insulating 
GaN-n type GaN (MIN) structures because of the inability of doping 
GaN, p type. The structure of a typical GaN MIN LED is shown in Fig

Fig (6.17) GaN MIN LED structure due to Ohki et al (1981).

227



The light generated within the diode escapes through the sapphire 
substrate. Several mechanisms have been postulated for the emission of 
light from these structures (eg see Pankove 1973, Jacob et al 1978, 
Shintani & Minigawa 1976). The most common explanation is that of 
impact and ionization of the dopant atoms by highly accelerated 
electrons. The holes generated recombine with electrons and produce 
electroluminescence. The MIN GaN diodes generally exhibit a quantum 
efficiency of less than 0.1%

For the present work, a number of device structures were made. 
These are shown in fig (6.18). Masks similar to those used for the 
TiO FET experiments (section 5.6.3) enabled the selective area 
deposition of the various layers. Mg was used as the p type dopant.

KEY: □  =sihcon substrate g$=Au metallization K3=M0CVD 6aN

OTQ =Mg metallization gj = In metallization vertical scale exaggerated.

Fig (6.18) Basic experimental GaN device structures.

The device of Fig (6.18a) conducted under both forward and reverse
bias and had a fixed resistance of 120ohms. The gold and the magnesium
layers were evaporated in situ, within the reactor. Diffusion of the
Mg into the GaN was encouraged by warming the structure to 

oapproximately 200 C. It was possible that the non diode behavior was 
due to diffusion of Au throughout the device. Fig (6.18b) shows a much 
simpler structure with the Au depositions eliminated. Two devices 
were fabricated and both showed similar rectifying action. The IV 
characteristics were unlike those reported for GaN MIN diodes, and it



was thought that the Si substrate was responsible for the diode
behavior. Accordingly the remaining precursor was used to deposit GaN
directly onto a basal plane sapphire substrate known to be highly
insulating. It has been reported that ohmic contacts to GaN have been
made using indium (Sharma 1981). Consequently, indium pads were
deposited onto the GaN using the in situ evaporator. The resistance

9measured for this structure (Fig 6.18c) was approximately 1X10 ohms in 
both directions. This presumably confirms the effect of the Si 
substrates and it suggests that the GaN is of a relatively high 
resistance.

6.4 Conclusion to Chapter 6
In concluding this chapter on the growth of GaN using the present 

reactor it is apparent that the existing MEM source module is not 
suited to the metering of the two precursors used, namely TMGa-Diphos 
and TMGa-TEP. It is anticipated that with a multicapillary MEM source 
and sufficient quantities of precursor (in order to maintain 
equilibrium within the bottle), a useful improvement in the growth 
rate under atmospheric pressure conditions would result. However the 
precursors themselves, are suited to the growth of GaN, being easier 
to purify and safer to handle than the traditional TMGa. Films have 
been grown from these precursors and have been identified as GaN, 
although no detailed work has been carried out on the impurity content 
of the films.

This preliminary work is well worth continuing if sufficient 
quantities of precursor and sapphire substrates are made available. In 
particular it is suggested that the use of GaN single source compounds 
of the type discussed in section (2.7.4) (see also next chapter) will 
allow films of improved stoichiometry to be grown. This may result in 
a reduction in the undoped carrier concentration. It is not, however, 
certain whether such films would be more amenable to p type doping. A 
different approach would be to find a material that is naturally p 
type (or can be p type doped) and which could be epitaxially grown
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onto GaN (or vice versa). The resultant heterostructure would act as a 
diode and injection of holes into the GaN would provide the necessary 
blue electroluminescence. Ideally recombination of injected electrons 
within this material should also generate blue light. The material 
should have similar lattice parameters and expansion coefficients to 
GaN. In practice such a combination is unlikely even with 
multicomponent semiconductors.

A number of workers have reported the existence of p type GaN.
Madar et al (1975) claimed to have grown p type, polycrystalline GaN

ofilms onto sapphire by a high pressure solution method (1000 C, 1500- 
8 8 —25000 bar (1.5X10 -5X10 Nm )). They maintained that the results 

needed confirmation and as far as is known no subsequent work 
reproduced their results. The originators of the chloride VPE of GaN, 
Maruska & Tietjen (1969) managed to dope two of their GaN films p 
type, using germanium. However the results were difficult to reproduce 
and the electrical behavior varied from p to n type across the 
samples. The remaining, and by far the majority of GaN work, confirms 
a persistence in the n type behavior despite efforts at doping 
otherwise. This is probably due to a phenomenon known as self 
compensation, whereby the semiconductor finds it energetically 
favourable to create a donor vacancy, whose electron then compensates 
for the hole added by the acceptor impurity. No matter how many 
acceptor type impurities are introduced by doping, the Fermi level 
cannot be forced to the valence band edge (necessary for a p type 
material). Van Vechten (1980), in a review of the thermochemistry of 
semiconductors, provides detailed explanations of self compensation 
and of the reasons for the predisposition of certain unintentionally 
doped semiconductors towards n or p type behavior. Theoretical work 
confirms that GaN should tend toward n type behavior and act to self 
compensate p type dopants. Only non equilibrium methods such as ion 
implantation or radiation inducement of vacancies (Van Vechten 1977) 
can hope to encourage p type behavior. These processes can lower the 
mobility of the semiconductor and disrupt the crystalline perfection.
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Anneal ling to improve the situation, only serves to return the 
material to its equilibrium state. If material could be grown using 
new precursors, that was highly insulating to begin with, then the non 
equilibrium methods mentioned could be used sparingly and more 
efficiently. GaN single source compounds may provide the answer, and 
since they are solids, the MEM source module is ideally suited to 
their metering. Further to this, the following chapter details 
preliminary work on the growth of AIN from a single source compound 
using the present reactor.
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7 FURTHER FILM CTQWTH USING THE MOCVD REACTOR.

7.1 Introduction.
This chapter deals with the attempted deposition of two materials, 

aluminium nitride (AIN) and diamond. A brief account of each material 
is given along with the growth results obtained. The availability of a 
single source precursor for the growth of AIN allowed a determination 
of the MEM source module's applicability to the metering of such 
compounds. The flat plate heater was ideally suited to the attainment 
of the high temperatures necessary for diamond film growth, whilst the 
remote plasma facility provided the source of the atomic hydrogen 
species that are known to be involved in the growth mechanisms.

7.2 Aluminium nitride, a brief review
Apart fromGaN and InN, the only other III-V material to exist in 

the Wurtzite crystal structure is AIN. It is a very versatile 
compound, having applications both as an electrical material and as a 
ceramic. AIN is usually grown either insulating or n type conductive 
and a similar self compensation effect to that observed in GaN 
(section 6.5) prevents equilibrium p type doping. The reproducible 
synthesis of p type AIN has, however been achieved by non equilibrium 
doping methods (Van Vechten 1977). Insulating AIN has been studied for 
possible use as a dielectric layer for FETs and as a general device 
passivant (Bhat et al 1985). The bandgap of AIN has been determined to 
be direct and of magnitude of approximately 6.2eV (Yim et al 1973). It 
has been shown to luninesce in the UV (Rutz 1976). The piezo electric 
properties of AIN have been well studied and a review is given by 
Duffy (1978). Surface acoustic wave devices (SAWs) have been succes
sful ly fabricated from AIN films. Such devices offer considerable 
advantages in terms of frequency of operation, to those fabricated 
from the more common piezoelectric materials such as lithium niobate.
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AIN can be prepared by a number of routes. Direct reaction of A1
vapour with N at high temperatures (approx. 1800°C) yields fine
crystals of AIN. Commercial quantities of polycrystalline powder are
produced by heating bauxite with coal in a stream of nitrogen. AIN
powder can be hot pressed into a variety of articles, such as
crucibles. Recently, sintered AIN has been promoted as a substrate
material for the mounting of integrated circuits and laser diodes (W C
Heraeus GmbH 1985). This is due to its high thermal conductivity (140-
170W/mK for sintered compact, 320W/mK theoretical for compound (Komeya

-61984) ), low expansion coefficient (4.84X10 /K in range 300-900 K) and 
good electrical insulating properties. A detailed review of the 
physical properties of AIN is given by Taylor & Lenie (1960).

The chemical properties of AIN vary depending on the methods 
employed to produce it. AIN prepared at high temperatures is 
relatively inert. It has variously been reported to be inert to both 
acids and alkalis (Greenwood & Earnshaw 1984, Zulfequar & Kumar 1988), 
resistant to the same but not at high temperatures (W C Heraeus GmbH
1985) and slowly dissolved by boiling mineral acids (Taylor & Lenie 
1960). AIN, prepared by the low temperature decomposition of aluminium 
imide (A1(NH ) ) (Maya 1986). was found to be highly reactive,^ J
decomposing to alumina apon exposure to air. AIN is hydrolysed by 
water, but this has been reported to occur extremely slowly (Taylor & 
Lenie 1960).

Thin film AIN has been prepared by reactive sputtering of Ng and A1 
(Bhat et al 1985), by plasma nitridation of evaporated A1 films (Jung 
& Roth 1984), and by ion implantation of Al (Rauchenbach et al 1983). 
Chloride VPE has been used by Yim et al (1973) and Callaghan (1974) to 
deposit single crystal layers of AIN onto sapphire substrates. The 
aluminium chlorides were generated by passage of HQ over molten Al 
and delivered to the substrate by a hydrogen carrier gas. NH^ was 
separately fed into the reactor to provide the source of nitrogen for 
the AIN. Growth took place in the temperature range 1000-1100°C. M0CVD 
has been used to deposit AIN onto various substrate materials.
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Manasevit et al (1971) grew AIN epitaxially onto Si, SiC and sapphire
by the reaction between trimethyl aluminium(TMAl) and NH at 1200°C in
a vertiacl reactor with H as the carrier gas. The films were of a

5 *high resistivity (10 ohms/cm). The best film morphology was obtained
on the sapphire substrates. Rensch & Eichhorn (1983) extended this
work and determined the effect of various process variables on the
growth of AIN. They used Si substrates and observed the
characteristic MOCVD growth rate v temperature dependency curve
(section 2.5). They found that the growth rate at high temperatures
was affected by the substrate orientation, being higher on (111) than
on (100) Si faces. AIN SAW delay lines were fabricated by Tsubouchi
& Mikoshiba (1983) by MOCVD of TMA1 and NH ,onto Si and sapphire
substrates. The latter was found to be the better substrate material
in terms of the SAW characteristics. AIN has also been grown by the
reaction between TMA1 and hydrazine (Gaskill et al 1986). The films

owere deposited between 575 and 785 C. They had a poor surface 
morphology and were polycrystalline. Reactive MBE has been 
successfully employed to grow AIN from beams of Al and NH (Yoshida etO
al 1983). Deposition took place onto sapphire substrates and the AIN 
layers were subsequently used as buffer layers for the growth of GaN 
(section 6.2.1). Further association with GaN has been achieved by 
Khan et al (1983a) who used the reaction between TEGa, TMA1 and NH toO
deposit Al^Ga^^N films (over the entire range of x) at 900 C by low 
pressure MOCVD. This alloy system was predicted by the work of Schulz 
& Thiemann (1977).

The existence of a range of organoaluminium compounds containing 
nitogen bonded directly to Al has been known for some time 
(Amirkhalili et al 1979). A selection of these compounds is shown in 
Fig (7.1). The occurence of the Al-N bond suggested that these 
compounds, assuming they were sufficiently volatile, could act as 
single source precursors for the growth of AIN. Several analagous 
gallium compounds are also known, and as postulated in chapter 5, they 
may offer a route to an improvement in the properties of GaN.
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Fig (7.1) Structures of various organoaluminium-nitrogen compounds 
(Greenwood & Earashaw 1986)

The availability of a single source AIN precursor which was synthe
sised at Queen Mary college, London, allowed a brief study of the 
suitability of such compounds for film growth. This was carried out 
using the present reactor system. The results obtained are presented 
below.

7.3 AIN growth results and discussion.
The single source precursor used in these experiments was bis-ji- 

(di isopropyl ami do) tetramethyl di-aluminium (III) (shortened to DAN). 
This compound sublimes under a vacuum of O.Oltorr at a temperature of 
approximate 1 y 70°C. It is air sensitive and has to be handled under an 
inert atmosphere (nitrogen for this work). Preliminary results
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confirmed that the compound decomposed within a furnace to give AIN
olayers at approximately 650 C (Frigo 1988) onto various substrate 

materials. No control over the delivery of the precursor was 
exercised, the compound being sublimated from a cool region of the 
horizontal furnace by use of a hot air blower. The structure of the 
compound is similar to that shown at top left in Fig(7.1) except that 
the methyl groups, which are shown attached to the nitrogen atoms, are 
replaced by propyl groups (CH(CH ) ).

O A

Although a binary diffusion coefficient has recently been published
for DAN in N^ (Bradley et al 1988), it was decided to operate the MEM
source module, and hence the reactor, under a reduced pressure. The
early growth runs that were attempted did not succeed in depositing
any films. However, the MEM bottle was confirmed as losing mass.
Modifications to the delivery tube and the Nupro valve arrangement
(see Fig 4.9) at the outlet of the source module (widening the valve
orifice), resulted in film growth.

The following reactor conditions for film growth were typical:
otemperatures of source module and delivery tube were both 90 C,

maximum substrate temperature (using IR heater and no heat spreader)
o 2was 400 C, operating vacuum within the chamber was O.ltorr (15 N/m ),

PTFE capillary conductance = c/short (see table 4.1). Under these
conditions noticeable (via the interference colours) film growth took
place within 30 minutes. Because of the limited amounts of precursor
that were available, many runs involved several substrates placed
along the tilting Al susceptor, from the leading edge to the quartz
heat spreader. This allowed a qualitative observation of the variation
in growth rate with temperature along the susceptor.

Film deposition initially took place on substrates positioned at
the leading edge of the Al susceptor. The growth rate decreased closer
to the quartz heat spreader. The temperature at the leading edge was

omeasured to be approximately 120 C. This indicated that DAN decomposes 
at relatively low temperatures. Unfortunately the morphology of the 
low temperature films was poor. Whilst the surfaces were of a uniform
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thickness, as judged by the interference colours, the films had many 
circular pinholes within them. One of these films was annealed in the 
region of the highest temperature on the quartz heat spreader. Only a 
slight change in the colouration was detected and the colour 
progression observed indicated that the film had thickened. 
Alternatively the same effect could have occured due to an increase in 
the refractive index of the film. The latter explanation is more 
likely and has been observed in TiO deposition work (Fitzgibbons etA
al 1972, Hovel 1978).

The films grown at the leading edge of the susceptor had very poor 
adhesion to the Si substrates and could be scratched off using a 
needle. The adhesion of the films improved dramatically as the 
deposition temperature increased. The films became resistant to 
scratching by the needle but easily yielded to a diamond tipped 
scribe (Taylor & Lenie 1960 found the hardness of AIN to be 
approximately 7 on the Mohs scale). The films formed at the higher 
temperatures showed no signs of surface irregularities or of any 
cracking. The apparent film thickness uniformity was, however, poor. 
This is indicative of precursor depletion at higher temperatures and 
has already been observed in the growth of TiO films (Chapter 5) and 
GaN films (Chapter 6). It is probable that the temperature dependency 
of the apparent growth rate is due to depletion effects combined with 
the kinetics of the intrinsic growth rate. Further experimentation is 
required to determine the relative contribution of each effect.

The AIN deposited onto borosilicate glass was easily scratched as 
was that on InP substrates. X-ray diffraction (diffractometer Cu 1^) 
of a number of films deposited on Si, detected no characteristic 
reflections apart from those due to the substrate. This suggested that 
the AIN was either amorphous or too thin to give adequate reflected 
intensities. Films deposited onto cleaved NaCI allowed TEM studies to 
be carried out. The AIN deposits were trapped between TEM copper grids 
after dissolving away the NaCI. Fig (7.2) shows a typical transmission 
micrograph.
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Fig (7.2) Typical TEM micrograph of AIN layer 

deposited onto NaCl. Marker0.5jum (X 24K)

The film seems to consist of small, reasonably circular grains. 

Certain areas show remarkably perfect rectangular shapes surrounded by 

a possible area of depletion or contamination of the bulk AIN. It is 

possible that the specimen preparative methods were not rigorous 

enough and had led to recrystallization of NaCl contaminants. The 

electron diffraction patterns of the bulk material were all similar 

and a representative one is shown in Fig (7.3) below.

Fig (7.3) TEM electron diffraction pattern 

obtained for AIN grown onto NaCl (G229).
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The pattern shows clearly defined rings indicative of a polycrystal
line material without a preferential grain orientation. The rings 
calculated from the powder diffraction data (ASM 1975) indicate that 
the material is AIN.

In concluding this brief section on the growth of AIN, it is apparent 
that the single source precursor provides a viable route to the 
synthesis of thin films of this material. The MEM source module 
operating under reduced pressure was found capable of delivering 
sufficient quantities of precursor to allow film growth. It is likely 
that with some form of variable capillary, accurate control of 
deposition rates can be achieved. However, depletion effects, at the 
temperatures necessary to grow AIN films of good surface morphology, 
will have to be eliminated and it is suggested that a vertical reactor 
configuration should be adopted for future work at reduced pressures. 
It is also probable that the deposition of epitaxial AIN layers 
requires much higher temperatures than the ones employed in this work.

7.4 The attempted growth of diamond films.
This section is relatively brief. It describes a number of runs, 

using the present reactor, aimed at depositing diamond films onto 
silicon and quartz glass substrates.

The quantity of literature available on the formation of diamond 
under metastable conditions is vast. An excellent review of the field 
is given by DeVries (1987) and a less detailed introduction has been 
written by Simpson (1988).

Thermodynamics predicts that graphite is the stable carbon form at 
room temperature/atmospheric pressure. The equilibrium phase diagram 
for C is shown in Fig (7.4). Diamond becomes more stable as the 
pressure and temperature increase. The metastable existence of diamond 
at room temperature testifies to the strength of the tetrahedral 
covalent bonding within the diamond lattice. Diamonds are conmercially 
synthesized by the HPHT process (high pressure, high temperature).
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Fig (7.4) High pressure phase diagram of 
carbon (Greenwood & Earnshaw 1986)

This is carried out under conditions within the shaded region of Fig
(7.4). Molten metal catalysts are used to encourage diamond formation. 
The possibility of diamond formation under metastable conditions has 
recieved much attention within the 20th century and achieved some 
success. But it was not until 1976 that polycrystal line diamond was 
deposited by a Russian group, onto non-diamond substrates (Spitsyn et 
al 1981). The progress since then has been rapid. The research field 
is now dominated by the Japanese.

Diamond thin films offer extreme hardness, excellent wear
resistance, a thermal conductivity five times that of Cu, chemical
inertness, an exceptionally low thermal expansion coefficient 

—6(1.01x10 at 300K) and they are transparent. Applications of such 
films range from the coating of machine tools (where hardness and 
thermal conductivity are important), to the use of diamond substrates 
as heat sinks for semiconductor devices. Diamond, is intrinsically an 
insulator, but it can be doped p type using boron. Doping with a group 
V element such as N does not produce appreciable n type conductivity 
(Van Vechten 1980). Theoretical considerations predict that worthwhile 
improvements in speed and frequency of operation of electronic devices 
would occur if they were fabricated from diamond.

241



Metastable diamond can be synthesized due to the small free energy 
difference between it and graphite, that exists under certain 
conditions. Thus if a process is created whereby diamond nucleation 
can be enhanced over that of graphite, then diamond films can easily 
be formed. The current, basic process for achieving this, uses the 
reactor configuration schematically shown in Fig (7.5).

feed gas

Fig (7.5) Schematic diagram of a diamond deposition reactor 
as used by various authors (see text).

A source of carbon (usually methane, CH ) is introduced into the 
reactor together with H . A plasma is generated above the substrate

a
(by RF or microwave means) from the reactants. The substrate is

omaintained at a temperature in the range 800-900 C. The system
2pressure is typically in the range 7-60 torr(l-8 kN/m ) (Kamo et al

1983). The diamond films that are deposited are polycrystalline with 
various grain morphologies (Matsumoto 1985). The purpose of the plasma 
is to create atonic hydrogen. This is thought to prevent the formation 
of graphite and favour diamond deposition.

Variations to the basic method are numerous. The atomic hydrogen 
can be generated via a heated filament or using a laser (Kitahama et 
al 1986). Other sources of C include, ethyl alcohol, cyclopentane, 00, 
00 or acetone. It is thought that precursors that already include

242



carbon atoms with sp3 hybridization of their bonds (hence CH ) are4
more suited to the deposition of diamond (which has the same
tetrahedral configuration of bonds).

The present reactor, being equipped with both a high temperature
heater and a plasma generator was used for a number of deposition runs
in an attempt to form diamond films. The precursors used were acetone
or toluene. These were contained within the MEM source module, which
was maintained approximately at room temperature. Because of the
volatilities of these precursors, and the low pressures utilized, the
finest capillary was used as the MEM resistance. Substrate materials
were either Si (100) or quartz glass. The substrates were heated to 

o900 C using the flat plate heater. The Hydrogen flow rate through the
plasma tube was maintained at lOcc/min for all the experiments. The

2system pressure was approximately 10 torr (1.3 kN/m ). Plasma 
initiation was carried out using the high voltage source described in 
chapter 3 and the input microwave power was approximately 50 watts. 
Run times lasted between 15 and 60 minutes.

Problems occured during a number of runs with the flat plate 
heater. These resulted from the failure to develop a reliable 
demountable end seal for the heater. It was therefore operated open to 
the internal reactor ambient. This resulted in decomposition of the 
precursor by the exposed graphite element and a tendency for sparking 
to occur between heater parts. Whilst this did not affect the graphite 
element, it quickly eroded the Ni crimps and sometimes the Cu leads. 
This quickly led to overheating, burn out and premature termination of 
a run. Efforts to insulate the metal components using a ceramic cement 
were partially successful but it was clear that future heaters should 
be sealable.

The growth results were rather disappointing in that the majority 
of runs, of sufficient duration to form a film, produced sooty 
deposits on the quartz glass substrates and heater envelope. The Si 
substrates showed deposits on only two occasions. These took the form 
of clear, easily scratched films. An optical micrograph of such a film
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is shown in Fig (7.6) below. The scratch can clearly be seen. X-ray 

diffraction only revealed reflections due to the substrate. It is 

possible that the film is polycrystalline graphite or perhaps carbon 
black.

Fig (7.6) Optical micrograph of a carbon film deposited onto

silicon (G148), showing poor adhesion to substrate. 

Marker represents 10pm (XI600).

The chemical reactivity of the film was tested by placing the 

specimen into hot concentrated HNO . If graphite was present then itO
would be oxidized to mellitic acid (C (GO H) . This is very soluble in

b 2 6
water. Repeated treatment with HNO and H O  failed to alter the

O Ca

appearence of the film. Further experimentation is thus required in 

order to identify the deposit.

A possible reason for the poor results could be the failure to 

provide atomic hydrogen at the site of the substrate. The reactor 

configuration adopted differs from that normally used for diamond 

synthesis in that the plasma is remote from the substrate. It is 

possible that any atomic H generated recombines ahead of the 

substrate. An interesting surface effect was observed on one of the Si 

substrates after a growth run, that seems to refute the previous
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argument. Optical and SEM micrographs of the Si surface of this 

specimen are shown in Fig (7.7). Initially some form of film 

deposition was suspected but X ray diffraction only detected the 

substrate. It was concluded that the Si had been etched. Furthermore 

the patterning was subsequently confirmed as charateristic of etching 

by atonic hydrogen, of silicon (Unvala 1988).

Fig (7.7) (a) Optical Normarski micrograph of Si surface 

etched by the action of atonic H, (G145). 

Marker represents 10pm (X800). (b) SEM micro

graph of the same specimen. Marker represents 

5pm (X2200).
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In conclusion, no diamond film deposition was achieved but it is 
thought that this remains feasible within the present reactor and wel 1 

worth pursuing.

2 4 6



8 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

8.1 Conclusions*
Due to the breadth of the subject matter covered in this work, it 

has been necessary to incorporate any discussions and subsequent 
conclusions within each chapter, alongside the relevant results. This 
final chapter is, therefore, a brief one and serves to sumnarize the 
conclusions and present them as a coherent form.

The main purpose of the work presented here has been to design and
construct a thin film deposition reactor system that offers sufficient
flexibility of operation in order to be able to grow a wide range of
materials. The resultant reactor could be operated under atmospheric
pressure (with a variety of carrier gases) or under reduced pressure
conditions. Facilities were incorporated for ultraviolet and plasma
enhancement of the deposition reactions, for in situ carrier gas
purification and for evaporation of metals within the reactor chamber.
A novel form of substrate heating was devised, enabling surface

otemperatures as high as 1100 C to be reached.
Thin films are of increasing technological importance. As coatings, 

they can enhance and improve the physical and chemical properties of 
the underlying substrate. As electrically active films, they form the 
basis of most semiconductor devices. MOCVD was chosen as the 
deposition technology because it appears the most versatile technique, 
capable of forming films of many different materials of importance. 
MOCVD has been largely used for the growth of compound semiconductors, 
but is equally applicable to the deposition of transition metals and 
their compounds with elements such as oxygen and nitrogen. Much 
information has been gained about the MOCVD process since its 
emergence in the late 1960's, and the technique is now established as 
a commercial and industrial reality. Unfortunately most of the 
chemical precursors utilized for growth are hazardous and pose a 
serious threat to life.
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The efforts of organometa 11 ic chemists have successfully provided 
safer alternatives to the traditional precursors. Additionally these 
are usually easier to purify and thus offer greater opportunities for 
improvement in film properties. The reactor system of this work has 
been designed with these precursors in mind. In particular, a novel 
metering system was developed to enable the metering of the vapour of 
both liquid and solid precursors into the reactor. The system was 
based on the modified entrainment method (MEM) normally used for 
vapour pressure determinations. Two versions of the MEM source unit 
were created, with the second successfully being used for the 
metering, under atmospheric pressure conditions, of a precursor for 
titanium dioxide growth, titanium isopropoxide.

The limits of operation of the MEM unit were investigated using 
variations in the size of the capillary restriction that forms the 
basis of the unit and of other variables such as source temperature 
and system pressure. It was concluded that the theory of operation of 
the MEM source did not hold at the values of the system variables 
necessary to produce adequate film growth rates within the reactor. A 
number of solutions were proposed. One of these was to operate the 
reactor system and MEM source under reduced pressures. This enabled 
useful growth rates to be achieved, having the effect of increasing 
the mass emanating from the source. Although the MEM theory does not 
hold at reduced pressures, the mass losses were found to be constant 
with time and reproducible. The source module is therefore deemed 
suitable for the metering of precursors, albeit after a mass loss 
calibration, under reduced pressure conditions. Although not 
attempted, the use of a multicapillary MEM unit is suggested as a 
probable method of increasing unit outputs whilst maintaining true MEM 
operating conditions.

Once the reactor had been constructed and the studies into the 
operation of the MEM source unit completed, the system was used to 
deposit films of various materials usually onto single crystal 
silicon substrates. Foremost amoung these was titanium dioxide, of
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interest as a dielectric material. Depositions under atmospheric 
pressure were performed to investigate the hydrodynamic conditions 
within the reactor chamber. The results were correlated with a series 
of "smoke tests" that were performed in order to visualize the carrier 
gas streamlines within the reactor. The flow conditions that gave the 
optimum film thickness uniformity were found to match those that 
resulted in laminar smoke streamlines. After ascertaining the best gas 
flow rates, more growth experiments were carried out.

A tentative value of the efficiency of the deposition reaction was 
estimated using the observed growth rate and the theoretical mass loss 
from the MEM unit. A table of film thickness against interference 
colour was also drawn up. This aided in the interpretation of further 
titanium dioxide depositions, this time carried out under reduced 
pressure conditions. The growth rate increased dramatically over that 
achieved under atmospheric pressure. This was ascribed to the increase 
in precursor output from the MEM source unit. Films thus grown showed 
excellent thickness uniformity parallel to the leading edge of the 
substrates, but dramatically decreased in thickness along the 
direction of gas flow. This indicated that depletion of the precursor 
species was occuring in the gas phase. Various changes were made to 
the reactor configuration in order to improve the uniformity of 
growth. From these modifications it was concluded that a vertical 
rather than a horizontal reactor chamber would be more suitable for 
low pressure thin film growth.

It was observed that the uniformity of growth was dependent upon
the substrate temperature. Accordingly the variation in the growth
rate with temperature was investigated. The results followed the
classic pattern seen in MOCVD growth systems. The growth rate

oincreased with temperature, remained approximately constant for 50 C,
then reduced as the temperature was further increased. The range over
which a constant growth rate was observed was considerably smaller
than that seen in the atmospheric pressure growth of gallium arsenide

ofor example (ca 200 C). This was thought to be a result of the
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reduction in the dependency upon diffusion for the transport of 
precursor species. Diffusion rates increase as the pressure is 
decreased. They therefore are less able to influence the rate of 
reaction.

Interestingly it was found that an induction period existed during 
the growth of a titanium dioxide film, before a constant growth rate 
was achieved (at a particular substrate temperature). This was only 
observed at reduced pressures since under these conditions the 
induction period was the same order of magnitude as the length of the 
growth run. The phenomenon was explained by reference to nucleation 
theory and in particular to the variation with time of the sticking 
coefficient of the species depositing on the substrate. The induction 
periods increased with an increase in substrate temperature and 
decreased as the concentration of precursor in the reactor chamber was 
increased. The same theory of nucleation provided an explanation for 
these effects.

Further work on titanium dioxide using the flat plate heater unit 
and the UV enhancement facility were carried out. The former was used 
in an attempt to synthesize the rutile form of titanium dioxide (all 
previous films in this work being of the anatase form). The flat plate 
heater was used to provide substrate temperatures of 900°C. Some 
evidence of rutile was found but anatase was the predominant form 
observed. UV enhancement was seen to increase the film growth rates at 
low temperatures (where the growth is kinetically limited). The 
enhancement effect disappeared as the substrate temperature was raised 
(where the growth becomes first diffusion limited and then subject to 
premature decomposition).

The reactor system was also used to grow gallium nitride thin films 
from adduct precursors. The MEM unit used, was not found suitable for 
the metering of these compounds, the resultant growth rates being too 
low. However, the precursors were found suitable for gallium nitride 
growth. Once again it is anticipated that a multicapillary MEM unit 
will improve the low growth rate limitation. The gallium nitride that
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was grown was confirmed as such, and found to be polycrystalline.
The main aim of gallium nitride growth to date has been the

synthesis of p type material and the subsequent fabrication of a pn
junction to give blue electroluminescence. This has not succeeded,
probably due to the non stoichiometry of the material produced. It was
speculated that a metal organic compound having both the gallium and
the nitrogen covalently bonded together, within it, might offer seme
improvement. Unfortunately no such precursor was available, although
one did exist for aluminium nitride. It was found that this solid
compound was ideally suited to metering by the MEM unit, albeit under
reduced pressure conditions. Growth of polycrystalline aluminium
nitride was successfully carried out onto silicon substrates. The

oprecursor decomposed at modest temperatures (approximately 120 C) to
give films of poor morphology and adhesion. Raising the substrate 

otemperature to 400 C markedly improved both these qualities.
A brief attempt at thin film diamond formation was also made. This

involved the use of a further facility incorporated into the reactor
system, the plasma unit. This is of a remote, microwave induced type.
Hydrogen plasmas have previously been found conducive to the
metastable growth of diamond. Using sources of carbon such as acetone
within the MEM unit and the flat plate heater to provide a substrate 

otemperature of 900 C, resulted in the deposition of mostly soot, with 
two runs producing poorly adherent but uniform, continuous and clear 
films on silicon. These were not positively identified. Thin film 
diamond, in addition to its obvious use as a hard protective coating, 
can be doped and thus act as a semiconductor. Its large bandgap would 
be of particular interest to those wishing to fabricate solid state UV 
lasers.

In conclusion, the main objective of the work, namely the design 
and construction of a versatile M0CVD reactor has been fulfilled. 
Since each material has its own particular set of conditions under 
which it can be best deposited, it might be argued that a reactor 
dedicated to the growth of a single material would have been more
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suitable. This is probably the case, but only after the ideal 
deposition conditions have been found. The present reactor is flexible 
enough to allow such initial investigations to be carried out. The 
reactor system incorporates novel features such as the MEM source unit 
and the flat plate heater which are equally applicable to other, 
perhaps more dedicated, systems.

During the work many questions were raised and interesting 
phenomenon observed. The temptation to perform further experiments to 
clarify such occurences had always to be balanced against the passage 
of time. Many avenues have had to remain unexplored. Some are 
suggested in the following section.

8.2 Suggestions for further work.
In terms of further equipment development, the construction of a 

multicapillary MEM bottle is suggested. The MEM concept has been shown 
to be suitable for precursor metering, the main limitation being the 
low output of precursor that it provides. Increasing the number of 
capillaries should act to increase output. Further work to 
characterize the low pressure behavior of the MEM unit might al low the 
development of a theory of mass loss under such conditions. A few 
suggestions on this topic are given in Appendix (1).

The flat plate heater has been shown to provide substrate
otemperatures up to 1100 C. It should be capable of reaching higher 

temperatures. Additionally it provides excellent temperature 
uniformity over the heated area. The development of the heater was not 
completed, since it was unable to operate under atmospheric pressure 
conditions. The provision of a lengthened quartz envelope and a 
demountable silicone rubber seal is suggested as a solution. The 
envelope could also be permanently sealed by glass blowing but this 
would prevent maintenance of the element and electrical connections.

Low pressure reactor operation is usually used to improve the film 
thickness uniformity. However this was not found to be the case for 
most of the experiments carried out under reduced pressure conditions

252



for this work. Depletion effects were clearly seen in the growth of 
titanim dioxide, aluminium nitride and gallium nitride. Whether this 
is due to the reactor pressures utilized, the concentration of 
precursor or to reactor configuration, remains to be found.

The synthesis of single source metal organic compounds, and in 
particular, those incorporating gallium and nitrogen would seem one of 
the few new routes remaining for the fabrication of an effective 
gallium nitride electroluminescent device. The non equilibrium 
processes referred to in section 7.2, for the doping of AIN are also 
worth applying to GaN. Briefly they involve the use of methods such as 
ion implantation to produce the necessary p type conduction, followed 
by an application of an Impervious capping layer onto the material, so 
as to prevent the formation of nitrogen vacancies (by the self 
compensation mechanism). The first task would be to reproducibly 
deposit epitaxial films of GaN. Silicon is not a suitable substrate 
for this. In addition to the now established use of sapphire, it is 
suggested that ZnO may prove a better substrate material having a 
Wurtzite crystal structure and similar lattice parameters to GaN.

Finally it is suggested that the diamond work should be extended. 
In particular, the use of alternative precursors for carbon should be 
investigated. Compounds that already contain a tetrahedral arrangement 
of carbon atoms such as is found in diamond may further encourage the 
formation of this metastable form. One such compound is tricyc 1 odecane
(C H ) ccnmonly known as Adamantane.1U lo
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Appendix (1). SOME THOUGHTS ON LOW PRESSURE MODIFICATIONS OF THE MEM
THEORY.

Section(4.7) dealt with the low pressure operation of the MEM 
source module. Reduced pressures were used as a method for increasing 
the precursor output of the MEM unit at a particular source 
temperature. The observed mass losses were greater than under 
atmospheric pressure and equivalent thermal conditions. The reasons 
for this are not completely obvious, and the modifications to the MEM 
theory necessary to take into account reduced pressure operation are 
not simple.

Referring to Eq (4.18), the mass loss from an MEM bottle, w, as 
predicted by theory, is proportional to the binary diffusion 
coefficient of the effusing species in the ambient gas. The binary 
diffusion coefficient is pressure dependent as indicated by Eq (4.19). 
Thus Eq (4.18) could be modified to contain Eq (4.19). A pressure 
reduction would lead to an increase in the diffusion coefficient and 
hence a rise in the bottle output. However as the pressure in the 
system (and hence the capillary) is reduced the binary diffusion 
coefficient will become less valid as the proportion of carrier gas to 
precursor decreases. The theoretical modifications therefore depend 
upon the value of the reduced pressure chosen.

Many of the assumptions made in order to derive the MEM mass loss 
equation (section 4.3) are invalidated for reduced pressure operation. 
The partial pressure of the precursor in the bottle will no longer be 
constant throughout, nor will the total pressure be the same either 
side of the capillary (unless the latter is sufficiently large). The 
mass losses will also be significantly larger because precursor 
material is being continually removed by the action of the vacuum 
system ie. pressure gradients exist. Taken to the extreme, Langmuir 
evaporation conditions would result. The MEM derivation therefore 
becomes less valid as the pressure is reduced. It is only strictly 
applicable to atmospheric pressure operation.
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An alternative approach would be via the theory given in section
(4.2) describing mass loss under Knudsen effusion conditions. The nett 
mass flow between two pressure ambients is given by Eq (4.8). The 
relation only applies for mass flow through an orifice of finite cross 
sectional area but of vanishingly snail wall thickness. This is hardly 
the case for a capillary, and a modifying factor is introduced to 
account for flow through tubes. This is known as the Clausing 
correction factor, K. Eq (4.9) becomes;

* - (pr V AK>£l <A1-l>
The value of K is given by;

1 + 31/8r (A1.2)

Where 1 = length of tube and r - its radius (Dusbman & Lafferty 1962). 
Further details of the Clausing correction factor, including 
refinements to Eq (A1.2) and tabulated values can be found in the 
previous reference. As 1 increases (for a fixed tube cross section) so 
K decreases and the resistance to flow of the channel increases. 
Values of K are obtainable for 1/r ratios up to approximately 100. 
This easily includes the literature definition of a capillary (section 
4.6.2).

A further assumption is made in the derivation of the Knudsen 
effusion equation, in that the diameter of the orifice is one tenth or 
less of the mean free path ( X ) of the effusing gas molecules. This 
is dependent upon pressure and is given by the following;

1 KT
2a P (A1.3)

Where v= the collision cross section of the molecules (eg 0.31 for 
N ) and P = pressure (Atkins 1978). If the vapour pressure of the 
effusing species is high enough, then it may not be possible to
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fabricate an orifice fine enough to satisfy the assumption above, (eg.
at 50 torr and 300K (cf TMGa, 65 torr at 273K) gives a mean free 

path of 1.4 microns.) Thus the application of Eq (Al.l) is limited to 
low vapour pressure precursors. Additional constraints are placed on 
the theory, in that the effusion of species must not affect the 
equilibrium within the vessel from which they originate.

When applied to flow in tubes Eq (Al.l) only holds for molecular 
flow conditions, that is, when the mean free path is large compared to 
the radius of the tube. Then the flow of gas is limited by molecular 
collisions between the tube walls. Under viscous flow conditions, the 
gas flow is limited by intermolecular collisions and the flow through 
a tube is described by a different set of equations. The mean free 
path is then small. Between the two types of flow lies a transition 
region, where wall and molecular interactions both determine the flow 
behavior. In order .to ascertain which flow condition dominates a 
series of criteria have been derived based on a dimensionless value 
known as the Khudsen number (Dushman & Lafferty 1962). This is defined 
as the as-the ratio of the mean free path of a molecule to the 
characteristic dimension of the channel through which it is flowing 
(the radius, in the case of a tube). The following applies.
X/r < 0.01, viscous flow predominates.
X/r > 1.00, molecular flow predominates.
X/r between 1.00 & 0.01, transition region.

Taking a typical capillary radius as Iran and using the mean free path
-3calculated in the above example, gives a Knudsen number of 1.4x10 ,

firmly within the viscous flow regime. Thus for high vapour pressure 
precursors or low system pressures the new flow equations are 
required.

Viscous gas flow can be described by the Poiseuille equation. This 
applies for laminar gas flow through a straight tube of circular cross 
section;

w r* M tt
8 7 IRT w v (A1.4)
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Where 7- the viscosity of the gas and P , the arithmetic mean of thea
P and P . This is the simplest form of the Poiseuille equation.

-L /L

Modifications arise to account for the failure to form a fully 
developed velocity profile within the tube and also to deal with the 
transition to turbulent flow conditions.

From the preceeding discussion it appears that the apparently 
simple action of reducing the pressure in order to increase the MEM 
output is quite complex to model theoretically. That the basic MEM 
theory no longer holds, is clear, but the choice of an alternative 
theory is complicated by the value of the working pressure. The system 
pressures utilized for the mass loss runs of section (4.7) placed the 
flow in the viscous, Poiseuille regime. However Eq (A1.4) predicts a 
linear relationship between the mass loss and the square of the 
pressures. No such relationship was found experimentally, although 
only preliminary work was carried out. Fig (4.18) indicates that a 
linear relationship between the natural log of the mass loss (of 
distilled water) and reciprocal pressure exists over the pressure 
range 30-80 torr.

Additional complications arise because Eq.(A1.4) requires a 
knowledge of the pressures at both ends of the capillary in order to 
predict the mass flow. It is probable that the pressure within the MEM 
bottle can no longer be assuned to be the equilibrium saturated vapour 
pressure of the precursor. Therefore pressure gauges are needed at 
each end of the capillary before useful mass flow predictions can be 
made. Additionally the internal bottle conditions are expected to 
change with capillary size. Even in the case of molecular flow, it is 
necessary to either have a measure of the internal bottle pressure or 
assume it is that of the saturated vapour.

In conclusion any modelling of the mass loss will depend on the 
pressure regime chosen and the pressure conditions within the bottle. 
These are in turn affected by for example, the size of the capillary, 
vapour pressure of the precursor and the ability of the precursor to 
evaporate (ie its evaporation rate).
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Appendix 2. GLASSWARE AND SUBSTRATE CLEANING,

The following method was used to clean reactor glassware, such as the 
quartz chamber ,plasma tube and flat plate heater envelope.

Make up cleaning solution:
Add KOH to distilled water to make saturated solution. Solution will 
get hot. Add equal volume 30 wt % hydrogen peroxide solution. 

Submerge glassware in resultant solution, use a cleaning brush if 
necessary.

Rinse well with distilled water.
Rinse with methanol and dry in a flow of nitrogen.

The following methods were used to prepare Si substrates for thin film 
growth.

Degrease slices in xylene using a swab.
Rinse well in acetone to remove xylene.
Rinse in distilled water before acetone dries.
Immerse in concentrated nitric acid solution for 5 minutes. This 
removes any remaining organics.

Rinse in distilled water.
Rinse in methanol (sometimes omitted).
Dry in nitrogen flow.

Etching of the Si slices was carried out on a number of occasions. 
After using the above cleaning procedure, the slices were immersed in 
a 40% hydroflouric acid solution for 3mins, then rinsed in distilled 
water and dried in a flow of nitrogen.
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