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Heteroepitaxy 
Low-Dimensional Structures 

Metal Organic Chemical Vapor 
Deposition (MOCVD) 

Precursors for 111-V Growth Perspectives and Prospects ** I Electronic Ceramics 
Thin Films 

By John 0. Williams* 

1. Introduction 

This paper reviews the progress that has been made over 
the past decade in the use of metal organic chemical vapor 
deposition (MOCVD) for the preparation of high purity, 
epitaxial layers of a wide range of semiconductor materials : 
it also considers an extension of the technique to the prepa- 
ration of thin film electronic ceramics and archetypal high 
temperature oxide superconductors. 

It is now over a decade since the pioneering work of Mana- 
s u i t  and coworkers['* gave rise to the remarkable interest 
subsequently shown in processes that use metal-organic 
compounds for the production of semiconductor materials. 
Since 1981 four international conferences have been held on 
the numerous workshops have been organized and 
nowadays, for certain key IIILV materials systems (and to a 
lesser extent narrow band gap 11-VI analogs), MOCVD or 
metal organic vapor phase epitaxy (MOVPE) is an accepted 
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production technique yielding novel electronic and opto- 
electronic  device^.[^-^] In many of these cases, MOVPE 
compares favorably with molecular beam epitaxy (MBE) 
and for certain materials particularly those containing phos- 
phorus, MOVPE can produce superior materials. MOVPE is 
capable of producing thin layered structures - the so-called 
quantum wells and superlattices - and the technique can be 
used for atomic layer epitaxy (ALE)[71 and in the prepara- 
tion of layered crystals (LC).['l 

One area where MOCVD has not developed to the same 
extent as MBE is the in situ monitoring of the deposition 
reactions. Despite recent progress [ 9 ,  ''I our understanding of 
the basic processes occurring in MOCVD is not very ad- 
vanced and monitoring techniques are only currently being 
developed unlike in the case of, for example, reflection high 
energy electron diffraction (RHEED) in MBE to monitor 
and control atomic layer deposition.[' '1 In addition, since 
compounds are used as precursors in MOCVD, a great effort 
has to be expended in order to achieve the required levels of 
high purity and safety/convenience of the growth process. 
Many innovative preparation and purification routes have 
been developed['2. 13]  for the most common precursors and 
over the past two years, safer and less toxic chemicals have 
been studied as alternative starting  material^."^^ 15] With an 
improved understanding of the growth mechanisms, we can 
look forward to a period of considerable innovation in the 
use of the MOCVD technique and it is interesting to note 
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that this is already happening in the fields of both electronic 
ceramics e.g. PbTi0,['6. and high-T, oxide superconduc- 
tors of the family YBa,Cu,O, (x:6 to 7 ) . [ 1 8 3 1 9 1  

80000 a 

2. Attainment of High Purity 
in Semiconductor Materials 

Most advances in semiconductor devices rely on the 
availability and subsequent doping of high purity materials. 
In recent years there have been significant advances in this 
field. MOCVD has its own difficulties in this area additional 
to those of other conventional preparative techniques since 
the precursors that are used do not lend themselves to ready 
purification: they are often pyrophoric, hazardous chemi- 
cals. It is now possible to analyze directly the metal organic 
precursors for elemental impurities at the ppb level using 
variants of inductively coupled plasma (ICP) analysis.[201 

Parallel studies to characterize impurities in the grown 
epitaxial layers by such techniques as secondary ion mass 
spectrometry (SIMS) and low temperature photolumines- 
cence (PL) allow correlation between impurities in the start- 
ing materials and those in the epitaxial layers.'" This 
relationship may be illustrated by reference to some recent 
work on the growth of GaAs. Two batches of trimethyl 
gallium (TMGa) were used with the same, high purity, arsine 
source. The ICP analysis of the TMGa showed different 
amounts of common impurities as shown in Table 1. The 

Tdble 1 ICP analysis for mipurities in TMGa1 and TMGa2* 

Elements TMGa 1 TMGa2 
~~ 

SI 0 2 PPm 0 05 ppm ND 
Zn 0 6 PPm 0 3 ppm ND 
Sn < 0 5 ppm ND 0 5 ppm ND 
Mg 0 05 ppm 0 05 ppm ND 
Mn i 0 05 ppm ND 0 05 ppm ND 
Fe < O 3 p p m N D  0 3 ppm ND 

* ND = not detected 

level of Si and Zn, recognized n- and p-type impurities re- 
spectively in Gabs, is lower in source TMGa2 than in TM- 
Gal .  The electrical characteristics of GaAs grown from TM- 
Ga2 and arsine are much improved over those from TMGal 
and the same arsine. The low temperature (77 K) electron 
mobility and concentration are higher and lower, respective- 
ly, and for TMGa2 the lowest carrier concentration and 
highest mobility are obtained at the lower growth tempera- 
ture of 600 "C (Figure 1). This low growth temperature can 

Fig. 1. a) 77 K Hall mobility variation with growth temperature for GaAs 
grown from TMGa1 at constant V/III  ratio of 75:l .  b) 77 K Hall carrier 
concentration yielding values of (0) N ,  and (+) N ,  plotted against growth 
temperature for GaAs grown from TMGa1 at constant VjIII ratio of 75:l. 
c) 77 K Hall mobility variation with growth temperature for GaAs grown from 
TMGa2 at constant V/HI ratio of 75:l .  d) 77 K Hall carrier concentration 
yielding values of (X) N ,  and ( A )  N A  plotted against growth temperature for 
GaAs grown from TMGa2 at constant VjlII  ratio of 75:1. 
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be adventitious for good morphology and crystallinity of the 
epilayers. The electrical properties are dominated by the Si 
and the activated incorporation of this impurity is consistent 
with doping studies using di~ilane.[’~l 

A similar situation is observed in the case of InP prepara- 
tion by MOCVD where Si is again found to be the dominant 
impurity in the highly purified organometallic precursor, 
trimethylindium (TMIn). The presence of this impurity in 
the grown layers has been confirmed by depth profiling stud- 
ies and analysis of low temperature photoluminescence 
spectra.[”] Figure 2a  shows the electron concentration as a 
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Fig. 2. a) Undoped MOCVD InP-variation of doping level with growth tem- 
perature. bj Undoped MOCVD InP-variation of silicon content with growth 
temperature (SIMS Profile). 
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function of depth through the InP epilayers grown with in- 
creasing temperatures. The corresponding silicon profile in 
SIMS is shown in Figure 2 b. Low temperature (4 K) PL 
spectra confirm the presence of donors, and measurements 
in a magnetic field (where the donor related transitions are 
resolved) indicate the presence of S and Ge impurities in 
addition to the Si. Removal of Si yields extremely high qual- 
ity InP material with theoretical values of electron mobility 
and concentration reached for epilayers ca. 10 pm in thick- 
ness. Indeed, one of the highest reported electron mobility 
values for InP ca. 400.000 cm2 V-’ at 60 K has been report- 
ed for MOCVD material using purified TMin.[251 The two 
examples cited are for binary materials. There have also, as 
a result of this success with GaAs and InP, been significant 
improvements in the purity of ternary and quaternary mate- 
rials. This will not be covered in this review, but the interest- 
ed reader is referred to the recent literature.[261 

3. Heteroepitaxy 

Heteroepitaxy describes the situation where an epitaxial 
layer of one material is grown upon another in strict crystal- 
lographic registry. In addition to providing considerable 
fundamental scientific interest such materials combinations 
have enormous technological significance. Fable 2 summa- 

Table 2. Simple heteroepitaxial systems 

Material Crystal Unit Cell Lattice Band Gap 
Structures dimension Mismatch /eV 

ao/pm [Aaial, 
x 102 

GaAs (e) sphalerite (fcc) 0.565331 +4.09 1.35 
Si (s) diamond 0.543072 1.14 

GaAs (e) sphalerite (fcc) 0.565331 -3.68 1.35 
InP (s) sphalerite 0.586928 1.29 

ZnSe (e) sphalerite (fcc) 0.56670 t0 .24  2.67 
GaAs (s) sphalerite (fcc) 0.565331 1.35 

(e) epitaxial layer; (fccj face-centered cubic; (sj substrate: [Aaia]” is the mea- 
surement for a stress free epitaxial layer and is defined as (a, - aJa, where a, 
is the unit cell dimension of the substrate. 

rizes the properties of a few simple heteroepitaxial systems 
which are prepared by MOCVD. The list is confined to bi- 
nary and elemental materials although, as we shall see later 
in sections 4 and 5, systems including ternary and quaternary 
materials may also be classified as heteroepitaxial. 

i t  is instructive to consider these pairs of materials in turn. 
Since Si dominates the commercial semiconductor market, 
there has been interest in preparing GaAs on Si. There ap- 
pear to be significant advantages if this could be done prop- 
erly including: the relative cheapness of Si substrates as com- 
pared to GaAs, the better thermal conductivity of Si with 
relevance to power devices, the ability to combine high speed 
GaAs devices with high density Si circuits and the possibility 
for fabrication of GaAs opto-electronic devices in combina- 
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tion with Si integrated circuits. However, two major diff- 
culties arise. First the two materials differ in the symmetry of 
their respective crystal structures, and second, the unit cell 
dimensions differ leading to a “lattice mismatch” at the 
interface between epilayer and substrate. The symmetry dif- 
ference (sometimes referred to as different color symmetry) 
leads to the formation of anti-phase boundaries (APB) when 
growth proceeds on substrate surfaces of particular orienta- 
tions with catastrophic consequences for electrical behavior 
at the interfaces. Because of these difficulties it is now accept- 
ed that any devices made in the GaAs/Si system and relying 
on the GaAs must utilize material well away from the inter- 
face unless the APBs and other defects can be eliminated. 
Furthermore, these limitations are likely to preclude the 
development of devices that utilize both Si and GaAs simul- 
taneously. Considerable progress has been made recently in 
the MOCVD growth of GaAs on Si without necessarily em- 
ploying buffer layers to accommodate the lattice mismatch. 

Preparation of Si surfaces prior to growth is a prerequisite 
and a complex series of nucleation and crystal growth steps 
appear necessary for the preparation of GaAs with accept- 
able crystallinity. Figure 3 illustrates how surface prepara- 
tion, nucleation and growth temperature affect the crys- 
tallinity of GaAs grown on accurately oriented (1OO)Si 
substrates. Experiments to reduce interfacial defects have 
also been carried out employing substrate surfaces deviating 
from (100) orientation and good properties obtained at 4” off 
towards (1 In addition to the problems encountered in 
the GaAs/Si system the other two pairs of materials referred 
to in Table 2 suffer the disadvantage of possible interdiffu- 
sion of elements with catastrophic consequences if it occurs 
to an appreciable extent. The situation is worst for ZnSe/ 
GaAs since Zn acts as a p-type dopant in GaAs and Ga as 
an n-type dopant in ZnSe. Excellent quality ZnSe has been 
grown on (100)GaAs surfaces by reduced and atmospheric 
pressure MOVPE.1281 Room temperature photolumines- 
cence is observed indicating the low concentrations of shal- 
low and deep centers, but the structural, electrical and opti- 
cal properties are highly dependent on epilayer thickness and 
the distance away from the interface. The X-ray and PL data 
for ZnSe epilayers grown on GaAs and varying in thickness 
from 0.5 pm to 8.0 pm are given in Figure 4. In the thinnest 
layers, deep center emission appears in the PL and in the 
X-ray data the ZnSe diffraction maxima are shifted to lower 
2 0 values. SIMS analysis on the ZnSe reveals the presence of 
Ga diffusion from the substrate (Fig. 4c) and cross sectional 
transmission electron microscopy (Fig. 4d) confirms the 
defective nature of the interface. It is unlikely that the ZnSe/ 
GaAs interface can be made sufficiently good to support 
efficient devices relying on optical/electronic properties. 
However, the ternary ZnSeo,,,So~o, grown on GaAsrZ9] of- 
fers a lattice-matched system, and studies following 
MOCVD growth indicate that its properties are superior to 
those of ZnSe/GaAs and adequate to support devices. The 
distortion at the interface of ZnSe/GaAs renders the struc- 
ture tetragonal as opposed to cubic1301 and this has been 
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Fig. 4. a) Variation of X-ray rocking curve data for ZnSeiGaAs with layer thickness. b) Variation of 300 K PL spectra for ZnSe/GaAs with layer thickness. 
c) Secondary ion inass spectrometry (SIMS) profiles for See and Ga2@ in ZnSe/GaAs. Note the tail in the Ga2e profile. d) Cross-sectional TEM for ZnSe/GaAs grown 
by MOVPE at 280°C showing dislocation structure close to the interface. 
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confirmed recently by electron spin resonance studies of Mn- 
doped ZnSe using the MnZe ions to probe the local symme- 
try.C3’J 

GaAs has been grown successfully on InP substrates[321 
and efficient devices such as solar cells and MESFETS have 
been fabricated. As with the other two heteroepitaxial sys- 
tems these do not rely on charge carrier transport across the 
interface or on optical generation of carriers in that region. 
We can, therefore, conclude that in these three heteroepitax- 
ial systems we have important building blocks for the devel- 
opment of integrated opto-electronic devices that will com- 
bine important electronic and optical functions on a 
common substrate i.e. Si, GaAs or InP. 

4. Ternary and Quaternary Materials 

Figure 5 shows how the band gap of 111-V materials 
varies with the lattice constant and composition. Such dia- 

54 55 56 57 58 59 M) 61 62 63 €4 65 
I A . l C E  CONSTANT (NANOMETERS) 

Fig. 5. Band-gap engineering of a semiconductor can be done by varying the 
elemental components of the semLcondnctor alloy in a controlled way. Here the 
energy across the band gap is plotted against the lattice constant, o r  the dimen- 
sion of the basic unit of the crystalline lattice. The lines that connect points on 
the graph show how the band gap and the lattice constant vary for mixtures of 
the binary compounds to which the points correspond. Such mixtures are 
ternary compounds. For example, the ternary compound gallium aluminum 
arsenide can be made to have any band gap between about 1.4 and 2.2 electron 
volts by varying the ratio of gallium to aluminum between the band-gap ex- 
tremes represented by gallium arsenide and aluminum arsenide. Materials of 
differing composition that have roughly the same lattice constant, such as these 
two binary compounds, can be deposited in alternating layers to create a single 
crystal lattice. Operating wavelengths for three important optical communica- 
tions systems are 800, 1300 and 1550 nm [55]. 

grams are often referred to as phase diagrams and they aid 
the crystal grower in his choice of material system appropri- 
ate to a particular electronic/optical requirement. (The term 
band gap engineering is commonly used to describe this ap- 
proach). The tie-lines represent ternary compositions e.g., 
Ga,-,In,As and InAs,-,P, and areas on the diagram con- 
tained within points of four binary compounds represent 
quaternary materials e.g., Gal  -,In,As, -,P,. It is apparent 
that one particular ternary composition will have the same 
lattice constant as a binary compound and this may be found 
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by drawing vertical lines through the binary point to inter- 
cept the tie-line for that particular ternary e.g. 
Ga,,,,In,,,,As is lattice matched to InP (dotted line). Simi- 
larly, a range of quaternary compositions e.g. 
Ga,~,In,As,-,P, with O < x <  1 and O < y <  1 will be 
matched to InP and will be represented by the same vertical 
dotted line. Almost the entire range of IIILV direct band 
gap, ternary and quaternary materials have been prepared 
by MOCVD. For many of these the problem of composition- 
al uniformity both within the bulk and across the surface of 
the grown layers has been solved and lattice matching is 
achieved with good morphology and crystallinity of the 
grown layers. One of the most important 111-V ternary sys- 
tems is Ga, -,AI,As/GaAs and the other is Gal -,In,As/InP. 
The “AlGaAs” system is unique in that lattice-matching to 
GaAs is retained for a wide range of x values since the radii 
of A1 (1.43 A) and Ga (1.41 A) are similar. In contrast only 
one composition of “InGaAs” is lattice-matched to InP. 
Double crystal X-ray rocking curve analysis confirms that a 

GalnAs cina (P) 

InP 5 10’8 c m 3  (P) 

10’’ C K ~  ,*., ACTIVE LAYER \- GalnAs 
BUFFER InP 

SUBSTRATE InP 

GATE REALIZATION 

OHMIC CONTACTS MESA lSOLATION 

DRAIN SOURCE BIAS. VDS (VOLTS) 

Fig. 6. (Top) Schematic dlagram of the JYET fabrication process. (Bot- 
tom) JPET DC characteristics. 
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lattice mismatch [Aa/aIo of less than 8 x lo-’ may be rou- 
tinely obtained with a full width at half maximum (FWHM) 
of < 40 arcjsec for this system. Several device structures in- 
cluding junction field effect transistors (JFETs) and double 
heterostructure pindiodes have been fabricated with excel- 
lent characteristics. Figure 6 gives details of the structure, 
fabrication, uniformity and characteristics of a typical JFET 
structure grown by MOCVD.[331 

The quaternary system Ga, _,In,As, -yP, covering the 
entire composition range has also been prepared by 
MOCVD[341 and the field has been reviewed recently.[‘] 
There are also important advances presently being made 
with ternary and quaternary materials containing antimo- 
ny.l3’1 

Over the past three years, Dupuis and collaborators have 
made significant advances in the fabrication of low 
threshold, high efficiency All _,Ga,As/GaAs double het- 
erostructure injection lasers directly on Si As 
mentioned in section 3, this is another example of heteroepi- 
taxy but in this work, the lattice mismatch has been accom- 
modated by the preparation of Si/Ge buffer layers. Four 
types grown by MBE have been used (i) single Ge layers 
(1 pin thick) deposited on Si (ii) a single Ge layer grown on 
Ge/Si strained layer superlattice, (iii) a Ge layer deposited on 
linearly graded Ge/Si alloy buffer layer, (iv) a combination 
of (ii) and (iii). It is found that the best device performance 
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Initial studies dealt with the “AlGaAs/AlAs” or “AIAs/ 
GaAs” quantum well and multiple quantum well structures. 
Here GaAs acts as the well material and AlAs or AlGaAs as 
the material in the barrier layers. Lasers operating in the red 
spectral region ca. 850 nm are now in commercial use. A 
particularly interesting structure is that of a graded refractive 
index separate confinement heterostructure single quantum 
well laser (GRINSCH SQW laser). The laser consists of a 
500 nm GaAs buffer layer, 1 pm Al, ,Ga, .As cladding, 
340 nm graded “AIGaAs” confinement region within an 
8 nm thick GaAs SQW active layer, 500 nm AI,,,Ga,,,As 
cladding and 100 nm GaAs contact layer. This type of laser 
gives continuous wave (CW) operation at room temperature 
with a broad area threshold current density of ca. 
300Acm-2 and a single longitudinal mode operation at 
843 nm with a peak width of less than 1 nm.[321 

The advent of devices such as high electron mobility tran- 
sistors (HEMTs) based on a two dimensional electron gas 
(2 DEG) formed in the “AIGaAs”/GaAs system has further 
emphasized the dimensionality of these thin layer structures. 
Figure 7 a is a schematic diagram of a typical heterojunction 
structure grown by MOCVD. The two dimensional electron 
gas is formed in the undoped GaAs layer just below the thin 
ca. 15 8, undoped “AIGaAs” layer and sustains a high elec- 
tron mobility in two dimensions (Figure 7 b). The doping in 
the upper “AlGaAs” layer is achieved using selenium. A 

20 nm GaAs: Si 
10-50 nrn AI,Ga,-,As: Si 

2-15 nrn AI,Ga,-,As: Undoped 
Two-Dimensional / 

t i ec l ron  t i as  

1 p m  GaAs: Undoped 

High-Resislivily 
GaAs Substrate  

is obtained using procedure (i)[”] and this work illustrates 
the sophistication of layered structures that can be prepared 
by a combination of MBE and MOCVD. 

5. Low-Dimensional Structures and Devices 

Over the past decade there has been considerable progress 
in the study of low dimensional structures prepared by both 
MOCVD and MBE. It is not my intention in this review to 
compare the two techniques and the task of presenting a 
comprehensive account of ‘LDS/LDD’ is an impossible one 
because of the enormity of the subject area. I shall, therefore, 
be highly selective in my choice of topics and will attempt to 
address particular materials problems. The interested reader 
is referred to three recent excellent reviews which cover other 
aspects.[3s. 39, 541 

Two- 
Dimensional 

Eleclron 
Gas 

Valence Band Conduction Band 
!,I a xi rn u rn tninimurn 

/ 

Fig. 7 .  a) Cross section of a modulation doped heterojunction. b) Energy 
baud diagram for structure of (a). The two dimensional electron gas formed in 
the structure is ideal for the conducting channel of a FET. 
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HEMT structure requires good doping uniformity, low car- 
rier concentration in undoped material and sharp interfaces. 
These requirements can be met by MOCVD. Multiple quan- 
tum well structures in InP-based ternary and quaternary ma- 
terials have also been prepared by MOCVD. Figure 8 shows 
the actual structure grown and the corresponding photolu- 
minescence spectra for the GaInAsP/InP system. It should 
be noted that each quaternary well yields a PL emission peak 
which shifts to lower wavelengths as the well width decreas- 
es. 

Examination of Figure 8 allows us to understand the 
concept of strained layer superlattices (SLS) and pseudo- 

+ 35A (1 sec growth) A - - 4  
t- 7 0 ; ( 2  sec) 

InP 0 
4- lOOA(2.5 sec) - 2OOA (5  sec) \ 
t 2000%. 1.3 pm GalnAsP 

5 0 0 0 1  InP 

InP(S,n+) substrate - 

i 1 .00 

-70 

,=35A 

3meV A j  

I .20 

2meV 

1.30 
Photon energy (ev) 

Fig. 8. a) GaInAsP/InP quantum wells grown to assess epitaxy and interface 
quality. b) Photoluminescence spectrum of a GaInAsP multiquantum well 
sample, emission from each of the four different wells and from the bulk epitax- 
ial material can be observed. T = 4.2 K, 25 mV, 40 mW, 0.18 Wcm-'. 

morphic structures. It has been shown that dislocations in 
ternary materials grown on binary semiconductors can be 
confined to the interfacial regions when the layers are thin 
ca. I 200 A. 

Furthermore, the effective lattice-matched composition of 
the ternary can be achieved by growing successively thin 
layers of different binary compounds of the required thick- 
ness. Thus, the composition Ga,,,,In,,,,As can be built up 
of GaAs and InAs layers of appropriate relative thickness. In 
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a similar way, the quaternary of a given composition can be 
equivalent to two ternaries, neither of which is lattice- 
matched to the substrate. Typical materials combinations 
that have been grown successfully by MOCVD are indicated 
in Table3. In order to achieve uniform compositions and 

Table 3. Typical materials combinations. 

GaAs 
GaAs 
GaAs 
GaAs 
GaAs 
InP 
InP 
InP 
GaSb 
GaSb 
GaSb 
GaSb 

- Al, $&As 
- In,+,Ga,As 
- InAs 
- GaAs, ,Shy 
- In, .Ga,P-In,+.AI,P 
- In, ,AI,As-In,~.Ga,As 
- In,-,Ga,As,-,P, 
- InAs-GaAs 
- InAs 
- InAs-AIAs, ,Sb, 
- AlSb 
- In,~,Ga.As,~,Sb,-Al, .Ga,As,-,Sb, 

sharp interfaces, careful control of reactor geometry is re- 
quired. 

6. Novel Precursors for 111-V Growth 

Conventional group TI1 organometallic and group V hy- 
drides used as precursors for MOCVD suffer severe disad- 
vantages despite the fact that good quality epitaxial layers 
can be produced in the majority of cases. These disadvan- 
tages arise from the toxic and hazardous nature of arsine and 
phosphine, for example, and the pyrophoric nature of TM- 
Ga and TMIn. TMIn suffers further limitations due to its 
crystalline nature which can severely reduce the levels of 
compositional uniformity that can be obtained in several 
ternary and quaternary systems. 

Another important consideration when preparing com- 
plex systems is the relative thermal behavior of a pair of 
group 111 and/or group V precursors. Arsine and phosphine, 
for example, decompose in the gas phase and, as far as is 
known, at GaAs and InP substrate surfaces, with very differ- 
ent rates. Such considerations have prompted several re- 
search groups worldwide to seek alternative precursors. 
Table 4 lists alternative precursors for arsine that have been 

Table 4. A selection of alternative As precursors used with TMGa to produce 
GaAs. 

Compound Vapor Pressure GaAs electrical 
n 7 ,  ,/cm ~ data Ref 

p77K/Cm2 v-l s- l  

Trimethylarsine 235 Torr at 20°C p - 10" - 

(TMAs) 
Triethylarsine 5Torrat20"C n - 5 x 1 0 ' '  13.000 
(TEAS) 
Diethylarsine 0.8 Torr at 18 "C n - 3 x l O I 4  64.000 
(DEAs) 
Tertiarybutylarsine 96 Torr at -10°C n - 1 x 53.000 
(TBAs) 
Phenylarsine 2 Torr at 20 "C n - 1 x 10" 40.000 
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examined in recent years for GaAs growth by MOCVD. 
With most of these reagents carbon incorporation is a major 
problem and hitherto only two precursors, tertiarybutyl- 
arsine (TBAs) and phenylarsine (PAS) have shown real 
promise. Both of these are liquids under normal conditions. 
GaAs with relatively high electron mobilities (ca. 
40.000 cm2 V-’ s - l  at 77 K) and low donor concentration 
for nominally undoped material (n 1 x 10“ ~ r n - ~ )  has 
been reported.[14] For the case of InP growth, liquid tertiary- 
butylphosphine (TBP) has also shown promise.[”] It may be 
no accident that these liquid precursors, with hydrogen 
atoms linked directly to the group V element, yield epitaxial 
layers relatively free of carbon impurities, in contrast to 
those precursors that contain no group V-H bonds, e.g. 
trimethyl- and triethylarsine (TMAs and TEAS respectively). 
I t  appears that As-H and/or As-H, units are required in 
order to react with methyl radicals from TMGa to form 
GaAs without resulting in carbon formation, although final 
details await mechanistic investigations currently underway 
in several laboratories. PAS is also being used to grow InAs. 

From time to time in the MOCVD field, there has been 
interest in developing adduct precursors or “magic com- 
pounds” where the group 111-group V bond has already 
been formed.[401 Thermal dissociation would simply detach 
side groups leaving behind the 111-V binary compounds, a 
process that would be safe and cheap. However, progress in 
this area has been disappointing for several reasons. First, 
the adducts cannot be purified sufficently : second, they re- 
quire the presence of other group I11 or group V sources in 
order to produce stoichiometric material and third, they can- 
not alone provide ternary and quaternary materials of vari- 
able composition. 

7. Crystallography - Controlled Growth 

The manufacture of the current generation of electronic 
devices with features of the order of several microns involves 
complex etching and lithographic processes which are both 
inefficient and time consuming. Therefore, considerable in- 
terest is being shown in local or selected area deposition 
where the semiconductor material is deposited only where it 
is required, e.g. in the active region. There have been several 
approaches to achieving selected area deposition using 
MOCVD. One has involved “photo-assisted” deposition us- 
ing, for example, laser radiation and capitalizing on photon- 
ic or thermal effects to deposit the desired material. Several 
review articles have appeared covering these aspects.[413 421 A 
much more recent and novel approach is to use precursors 
selectively to deposit on particular surfaces but not on oth- 
ers. The acronym CODE, compound and orientation depen- 
dent epitaxy, has been used to describe this technique.[461 
Such growth surfaces would vary in their composition and/ 
or structure and crystallography. It is also desirable to use 
MOCVD to overgrow contoured substrates in order to iso- 
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late component function, and for interfacing. The work of 
Hersee et al.,‘431 Denieester et al.,[441 Yoshikawa et al.,[451 
Scott et al.[461 and Garrett and Thrush[471 covering both 
GaAs and InP based systems should be consulted for further 
details. Much of this work has been concerned with the abil- 
ity of MOCVD to deposit over mesa-type structures and into 
channels of given crystallography. 

Such capabilities would assist in the fabrication of buried 
heterostructure lasers, waveguides and active/passive wave- 
guide interfaces by single step epitaxy. A common technique 
to study the behavior over contoured substrates is to employ 
a multi-heterostructure growth technique to follow the time 
evolution of the growing surfaces, i.e. to grow a superlattice 
whose individual layer thickness is much less than the total 
thickness of the grown layer. Although the precise distortion 
of the growth process introduced by the creation of the su- 
perlattice is uncertain, some general preliminary conclusions 
can be drawn in relation to the preference for growth on 
certain crystallographic planes in the InGaAs/InP and Al- 
GaAs/GaAs systems: (i) InGaAs is reluctant to nucleate on  
either (1 1 l)A or (1 1 l)B surfaces, whereas InP grows on all 
available crystal planes. AlGaAs/GaAs on the other hand 
nucleates on (1 1 l)A surfaces but not on (1 1 l)B surfaces. (ii) 
For both systems nucleation and growth on (100) and (1 10) 
surfaces appears to be better than for (1 11) surfaces. Clearly, 
the growths are controlled by surface free energies, preferen- 
tial adsorption, differential sticking coefficients etc. and it 
will be interesting to see the results of controlled experiments 
involving, for example, different precursors for the group TI1 
elements. 

8. Electronic Ceramics and Oxides 

Over the past two years, there has been growing interest in 
the so-called high- T, oxide superconductors typified by the 
composition YBa,Cu,O,-, where 0.1 < x < 0.2.[481 Super- 
conducting transition temperatures around 90 K have been 
obtained for compressed, polycrystalline samples prepared 
by sintering and annealing the constituent oxides in specific 
proportions. In addition, other compositions based on Bi, 
TI, Sc etc. have shown promise.[491 In order to be compatible 
with electronic and other types of device structures and the 
complete range of processing technologies it is desirable to 
prepare these materials as thin films. There have been vari- 
ous reports of successes using, for example, vacuum evapo- 
ration, sputtering, MBE, spray pyrolysis and screen printing. 
MOCVD has also been used with variable success.[so1 Hith- 
erto, metal chelate precursors such as 2,2,6,6-tetramethyl- 
3,5-heptanedione (thd) derivatives have been used, but the 
process has been unreliable and the thermal growth has to be 
followed in most cases by either a high temperature treat- 
ment or an annealing process under controlled conditions. 
The main difficulties arise from the choice of precursor and 
substrate material and these have not been optimized. In 
general, the following conditions are typical: 
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(i) precursors kept at ca. 150 “C to 300 “C 
(ii) substrate materials such as MgO or yttrium stabilized 

(iii) growth temperatures in the range 600-900 “C 
(iv) subsequent annealing in 0, or high temperature treat- 

ment at ca. 900 “C 
(v) reduced pressure operation (10- 100 Torr) with heated 

lines from precursor containers to the growth chamber. 

Thin films of “YBCO” have been obtained with preferred 
orientation (c axis normal to film plane) and variable com- 
position, exhibiting superconducting transition tempera- 
tures over the range 30 to 80 K. Recently, we have improved 
the compatibility of precursors by using fluorinated P-dike- 
tones of the three metals Y, Ba and Cu and this appears also 
to improve the reproducibility of the MOCVD process.[”] 
We have demonstrated control over the composition as mea- 
sured by energy dispersive X-ray analysis (EDAX) and the 
perovskite structure can be obtained by careful choice of 
processing temperature and substrate material/orientation. 
Future work in this area should address the understanding of 
the basic deposition process in order to remove the empiri- 
cism currently prevailing, and photo-assisted techniques 
should be investigated. 

Four years ago, we proposed MOCVD routes for the 
preparation of electronic ceramic and ferroelectric oxides 
typified by PbTiO, and Pb(La,Zr)TiO, . In recent years this 
has proven possible for PbTiO,, in particular, using alkoxide 
and P-diketone derivatives of Pb and Ti and some success 
has been obtained with Pb(La,Zr)TiO,. In addition, the 
work of Brierley et a1.[521 using a range of precursors has 
demonstrated the preparation by MOCVD of PbTiO, and 
Pb(Sc,Ta)O, thin films. The stoichiometry and thickness of 
the films may be controlled by adjusting the temperatures of 
the precursors, the flow rate of the carrier gas and the depo- 
sition time. As with the “YBCO” system, post-growth heat 
treatments and/or annealing are necessary to achieve the 
required crystalline structure (phase). The reader could well 
ask what are the advantages of MOCVD for these two mate- 
rials systems. The main one overcomes the inability of sput- 
tering to maintain stoichiometry in these complex oxides and 
the other removes the need with spray pyrolysis to perform 
the deposition sequentially in order to build up film thick- 
ness. Also in this context, our experiences with laser ablation 
from single targets of PbTiO, and/or Pb(La,Zr)TiO, have 
demonstrated that it is extremely difficult to retain film sto- 
ichiometry and obtain the pervoskite phase.r531 

zirconia 

9. Conclusion 

In this review, I have attempted to cover certain materials 
aspects of MOCVD. What is readily apparent is the tremen- 
dous versatility of the MOCVD processes and their appli- 
cability to the preparation of a wide range of important 
materials systems. Thin film epitaxial structures of widely 
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varying but controlled compositions and thicknesses can be 
prepared with complete certainty and we appear to be con- 
fined at present only by the limited range and purity of 
available precursors. We are also beginning to understand 
the fundamentals of the growth processes that involve com- 
plex combinations of gas phase and surface phenomena. 
Progress in this area will remove the empiricism currently 
dominating our quest for better and novel starting materials. 
The entire field appears to have an exciting future and should 
contribute to the development of advanced materials for 
many years to come. 
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Siloxane Copolymers with Laterally and Terminally 
Attached Mesogenic Side Chains ** 
By G. W Gray*, J.  S. Hill and D. Lacey 

In view of the demand for liquid crystal polymers of differ- 
ent types"] with certain specific physical Characteristics, 
many workers have considered how this could be met 
through synthesizing copolymers containing two or more 
terminally attached mesogenic side chains, and tuning the 
properties of the polymers by variation of the type and ratio 
of the side chains. In this way, using the smectic-depressing 
properties of a lateral methyl substituent, a nematic side- 
chain polysiloxane with a proportion (but only up to 32 %) 
of terminal cyano-groups and positive dielectric anisotropy 
was first produced.'2J 

Acrylate polymers containing mesogenic groups attached 
laterally to the backbone were first reported by Finkel- 
m ~ n n , [ ~ ]  and analogous polysiloxanes have since been re- 
ported by Gray et aI.I4] and Keller et aLr5I These are predom- 
inantly nematic materials, and by synthesizing a series of 
novel siloxane copolymers containing varying amounts of 
terininally and laterally attached mesogenic groups, we now 
show that a further degree of flexibility is provided for the 
development of liquid crystal polymers with defined physical 
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characteristics for applications in areas such as integrated 
optics,[61 optical storage,['. 'I gas liquid chromatography,"] 
and NCAP displays,[*] e.g. nematic polysiloxanes containing 
80-85 % of cyanosubstituted side chains, and having a range 
of dielectric properties of technological interest. 

Experimental 
For the precursor of the terminally attached moiety we chose the alkene 1, 
which gives a crystalline smectic homopolymer with relatively high melting and 
clearing points. Most laterally attached polysiloxanes which have been pre- 
pared to date are nematogenic and have a glass transition. We chose as the 
luterut comesogenic precursor the alkene 2 which has been prepared in our  
laboratories, and gives a typically low T,, low TN 
The synthesis of those compounds using standard procedures is shown in 
scheme 1. 

homopolymer. 

2 

The copolymers were prepared by hydrosilylation of the alkenes in toluene a t  
70 "C for 18-24 h (Scheme 2), using poly(hydrogenmethylsi1oxane) obtained 
from Wacker Chemie (DP -46, y - 2.2); a 1.1 molar excess of the mixture of 
alkenes was used, with platinum divinyltetramethyl disiloxane as the catalyst. 
Purification was effected by repeated precipitation of the polymers from 
dichloromethane solution with 3:2 v:v methanol:ether, and subsequent cen- 
trifugation. The pure polymers were dried in vacuo in the isotropic state. 
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