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Abstract

An introduction to the physics of device
structures incorporating lattice mismatched
semiconductor layers is given. At Plessey
Caswell, such structures are grown by metal-
organic chemical vapour deposition
(MOCVD), and brief details of this growth
method are given. The physical constraints
for the growth of device quality lattice
mismatched layers are discussed, and then
applications for these layers are outlined.

One important lattice mismatched system
is GaAs-on-Si, in which GaAs is grown on
silicon substrates. The GaAs is relaxed, due
to the nucleation of a large number of
dislocations which are detrimental to device
performance. Methods for reducing defect
densities using ‘dislocation filters’ and local
area growth are discussed.

Results from devices incorporating lattice
mismatched layers grown at Caswell are
reported, and device performances have, in
some cases, exceeded those of the equivalent
device using lattice matched layers.

Finally, some of the advantageous
electronic properties of strained
semiconductor layers which may be used in
the next generation of lattice mismatched
device structures are discussed.

Introduction

Metal-organic chemical vapour
deposition (MOCVD)! is an epitaxial growth
technique that can produce semiconductor
devices in which the thickness, composition,
and doping of the layers in the device can be
accurately controlled. Initially, this growth
technique was used for lattice matched
materials such as GaAs/GaAlAs and
InP/InGaAs, Figure 1. Now, however,
MOCVD is being used to grow lattice
mismatched semiconductor layers,
substantially extending the range of materials
that can be used in device structures.
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The advantages of using lattice
mismatched semiconductor layers in device
structures are numerous. Compositional
grading can be achieved over much shorter
lengths. Lattice mismatched layers in which
the mismatch is accommodated elastically can
have advantageous electronic properties for
lasers and transistors. Perhaps most
importantly, lattice mismatched growth opens
up the possibility of monolithic integration in
which optical and electronic components can
be fabricated on a single chip. This is
possible, for example, if high quality GaAs-
on-silicon wafers can be grown and such
wafers would also offer cheap, mechanically
strong, ‘GaAs’ wafers with good thermal
properties.




In this article, a brief introduction to
epitaxy is given, followed by a discussion of
how the lattice mismatch is accommodated by
elastic and/or plastic strain. A brief account
of the MOCVD growth of lattice mismatched
layers is given, followed by a description of
the problems that need to be overcome in the
growth of device quality GaAs-on-silicon
wafers. Device results from devices grown at
Caswell that incorporate lattice mismatched
layers are given and, finally, some of the
advantageous electronic properties of lattice
mismatched layers that are elastically strained
are outlined. In the next generation of lattice
mismatched devices, these latter properties
may be used in the design of ultra-low
threshold current quantum well lasers, fast p-
channel FETs, and high mobility Si/SiGe
transistors.

Epitaxy

The term epitaxy has become accepted
by semiconductor materials scientists to relate
to the deposition of thin single crystal films
of semiconductor material on to a suitable
substrate. There are basically two types of
epitaxial materials systems, ie homoepitaxial
and heteroepitaxial systems, Figure 1.

Homoepitaxy

Homoepitaxy refers to the case where the
same material is used for the substrate and
the deposited layer (or layers), eg Si on Si,
or GaAs on GaAs. Homoepitaxial growth
enables structures to be fabricated containing
layers of different doping concentration or
conductivity type. Such structures are used to
fabricate p-n junction devices, rectifiers,
LEDs, and field effect transistors which form
the basis for microelectronic ICs.

Heteroepitaxy

Heteroepitaxy refers to the situation
where the deposited layer and the substrate
are comprised of different materials, eg
GaAs/Si, GalnAs/InP, GaAlAs/GaAs, etc.

Heteroepitaxy enables structures to be
grown containing layers of different optical
and electrical properties (material of different
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band-gap) from which optoelectronic devices
may be fabricated.

Homoepitaxial and heteroepitaxial
systems can be combined leading to a range
of optoelectronic devices and opening up the
possibility of monolithic integration of
microelectronic and opto-electronic ICs.
Device structures require high quality single
crystal layers and this can be difficult to
achieve in heteroepitaxial systems because of
fundamental problems arising from
differences in physical properties between the
materials used in heteroepitaxial deposition.
The most significant problems affecting
material quality are lattice mismatch,
differences in thermal expansion coefficients,
and differences in crystal habit, eg GaAs
(zinc-blende structure and polar) on silicon
(diamond structure and non-polar).

Lattice mismatch can result in the
formation of misfit dislocations and threading
dislocations which can propagate through the
device structure. Different thermal expansion
coefficients can lead to wafer bowing and
layer cracking whilst polar/non-polar
structures result in antisite disorder.
Additional problems arise where different
crystallographic structures are used, eg silicon
on sapphire where the orientation of the
deposited silicon layer is dependent on the
substrate wafer orientation, and care has to
be taken to choose the appropriate
crystallographic relationship that will give
single crystal layers of the desired orientation.

Several techniques have been developed
which enable the problems associated with
heteroepitaxy to be minimised, or
circumvented and these will be described
later. Firstly we must consider two further
aspects of heteroepitaxy, namely the
classification of heteroepitaxial systems into
lartice matched and lattice mismatched
systems.

Lattice matched systems

In this type of heteroepitaxial system, as
implied in the heading, the substrate and
deposited layers are closely lattice matched.



In practice, a lattice matched system is one in
which the mismatch is less than about 0.1%.
A good example of a lattice matched
heteroepitaxial system is GaAlAs on GaAs. In

this case the gallium and aluminium atoms
are similar in size and thermal expansion
coefficients are similar, enabling single crystal
material to be grown lattice matched across
the whole composition range so that the band-
gap can be varied from 1.4 to 2.0eV. In
other ternary III-V alloy systems the epitaxial
layer is lattice matched to the substrate for
only one fixed alloy composition, eg

Ga, 4-In, s3As/InP so that the band-gap is
limited to one fixed value in this case, 0.73
€V. The use of quaternary (or higher) alloy
systems allows more flexibility since both
band-gap and lattice parameters can be varied
by making suitable change in alloy
composition (although the range may be
limited) eg in GalnAsP on InP the band-gap
may be varied from 0.7¢V to 1.2¢V for
lattice matched growth.

This type of structure is used extensively
for optoelectronic devices, and particularly
for fibre optic communications applications,
where emitters and detectors that operate at
1.3 and 1.55um are required.

Lattice mismatched growth

In lattice mismatched heteroepitaxial
systems there is a significant difference in
lattice parameter between the substrate and
epitaxial layers.

Basically there are two types of lattice
mismatched systems, one where the strain in
the epitaxial layer (which can be either tensile
or compressive, depending on the relative
lattice constants of substrate and layer) is
wholly or partially relieved by the formation
of misfit dislocations, and the other where the
epitaxial layer is relatively thin and the
mismatch is accommodated elastically. These
two systems are referred to as relaxed layer
epitaxy and strained layer epitaxy
respectively and are discussed in further
detail in the next section.

Relaxed layer systems

In this case the materials problems are
severe, with lattice mismatch up to about
12%, and dislocation densities at the
heteroepitaxial interface are of the order of
10'2cm ~2. This results in large numbers of
threading dislocations which propagate
through the whole epitaxial structure. The
consequence of this high defect density is that
the fabrication of minority carrier devices
becomes virtually impossible. Where
appropriate, the defect density can be reduced
by grading the composition of the epitaxial
layer, so that the lattice parameter changes
gradually as the layer is grown, thus helping
to prevent defect generation. Composition
grading usually takes place at a rate of 1%
composition change per micron of growth.
This results in the deposition of very thick
layers which can result in wafer bowing and
cracking. At Caswell Ga, 4;In, s;As detector
structures 50pm thick have been grown on
GaAs substrates by vapour phase epitaxy and
successful devices demonstrated. A more
attractive approach is the use of strained
layer superlattices (SLS), see section on
MOCVD growth, to accommodate misfit and
also to act as dislocation filters, where the
SLS is used to intercept and bend over
threading dislocations. Significant reduction
in the defect density in GaAs on silicon has
been demonstrated at Caswell by using GalnAs
/GaAs SLS and thermal annealing techniques.
The 4% lattice mismatch is accomodated by
dislocation densities of 10'2cm -2 at the
heteroepitaxial interface, but by using the
latter two techniques this has been reduced to
107cm~-2 at the top of the structure.

Strained layer systems

In strained layer epitaxial systems the
lattice mismatch is accommodated entirely by
elastic distortion of the crystal lattice, no
misfit dislocations are generated and the layer
is described as being pseudomorphic. The
conditions under which such layers may be
grown are described later in this article.
Examples of strained layer systems are
strained layer superlattice structures and the
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use of thin layers of strained GalnAs in
pseudomorphic HEMT (high electron
mobility transistors) devices. Some of the
various epitaxial systems are summarised in
Figure 1.

Structural constraints for the growth
of device quality strained layers

At first sight, it is perhaps surprising that
strained semiconductor layers having
adequate quality for devices can be grown
routinely. In the next section, the details of
the growth of these layers by MOCVD (metal
organic chemical vapour deposition! is
described but, in this section, the physical
constraints that apply to the growth of defect-
free layers are discussed. As a specific, simple
example, consider the growth of an epilayer
of semiconductor B (with lattice constant B)
on a substrate of semiconductor A (with
lattice constant A), Figure 2a. Depending on
the thickness of the epilayer, the lattice
mismatch can be accommodated either purely
elastically, purely plastically (ie by the
introduction of defects) or, more usually, by
a combination of the two.

In Figure 2b, the relief of lattice
mismatch by pure elastic strain is illustrated.
The crystal structure of the epilayer deforms
elastically so that its lattice constant parallel
to the interface matches that of the substrate.
One consequence of this deformation is the
change in lattice constant perpendicular to the
interface that occurs via the Poisson effect ;
typical values of Poisson’s ratio of interest
here are 0.25-0.30.

In plastic deformation of the epilayer, the
number of atomic planes crossing the
epilayer/substrate interface is discontinuous,
and if B is less than A, an extra plane of
atoms is present in the epilayer, which
terminates in the interface, Figure 2c. The
line defect so generated is commonly known
as a misfit dislocation since it arises from the
lattice mismatch between epilayer and
substrate.

If there are sufficient numbers of
threading dislocations in the substrate, then
pure elastic straining of the epilayer is

a
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2 a Two semiconductors, A and B, with
different lattice constants, before
epitaxial growth of B on A.

b Diagram illustrating epilayer of B on
A, with the epilayer strained
elastically.

¢ Schematic illustration of strain relief by
a misfit dislocation (ie plastic strain
relief).

energetically favourable for epilayer
thicknesses less than a certain critical value
h;. This is the critical thickness for the
formation of misfit dislocations by the
turning over of existing threading
dislocations. At thicknesses greater than h,
the lattice mismatch is accommodated by a
combination of elastic and plastic
deformations. At thicknesses very much
greater than h, the lattice mismatch is
accommodated entirely by dislocations.
When strained layers are incorporated
into semiconductor device structures it is
necessary for them to be free from defects
otherwise detrimental device performance can
occur. If there is a sufficient number of



threading dislocations in the substrate, then
the epilayers must be thinner than h,. If there
are fewer dislocations in the substrate the
layers have to be thinner than h,, a second
somewhat greater critical thickness at which
more complicated dislocation nucleation
occurs.

In other applications, strained layers are
used as ‘dislocation filters’?, when it is
required to divert existing threading
dislocations into the substrate/epilayer
interface, eg in the growth of GaAs on silicon
wafers. This will be discussed in more detail
later, but the basic idea is to grow strained
layers thicker than h;, so that the strain
‘turns over’ threading dislocations, diverting
them into the interface and so impeding the
progress of the threading dislocations further
into the GaAs. The layers need to be thicker
than h,, but they also need to be thinner than
the second critical thickness, h,. As can be
appreciated from the above discussion, the
design of devices incorporating strained layers
is constrained by the values of h; and h,. The
critical thickness, h;, where misfit dislocations
are formed by the turning over of existing
threading dislocations, Figure 2a, is given
by?:

b= 2LV b))
= —_— +
! 4n f(1 +v) o8

where b is the magnitude of the Burgers
vector, v is Poisson’s ratio, and f is the lattice
mismatch.

If there are insufficient threading
dislocations for the process of Figure 3a to
relieve the lattice mismatch, then other misfit
dislocation processes will occur, such as the
surface nucleation of dislocation half loops,
Figure 3b, although this latter process
requires an activation energy.

Figure 4 shows the values of critical
thicknesses for InGaAs layers grown on GaAs
over a range of alloy compositions.

a) b)

3 Schematic diagrams illustrating the
turning over of existing threading
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4 Approximate values for the critical
thicknesses, h, and h, (see text)
versus indium content for an
In,Ga,_, As epilayer on a GaAs
substrate®

Details of the MOCVD growth of
lattice mismatched systems

An atmospheric pressure MOCVD
system with a horizontal rectangular section
reaction tube is used for heteroepitaxial
deposition of GaAs on Si. The carrier gas is
palladium-diffused hydrogen and the reactor
has capacity for two 75Smm diameter wafers.
Trimethyl gallium, trimethyl indium and
trimethyl aluminium metal organic sources
are used. Arsenic is supplied via a 15%
AsH;/H, mixture. Diethylzinc and hydrogen
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selenide are used as p-type and n-type dopant
sources.

A two stage growth technique is used to
deposit GaAs on silicon in the manner
described by Akiyama et al*. The silicon
substrates are chemically cleaned before
loading into the reactor. The system is
flushed with hydrogen and the silicon wafer
heated to 1100°C to remove surface oxide,
and to cause the surface to reconstruct as
described in the section on anti-phase
domains . The silicon is then cooled to
400°C and seeded with arsenic.
Approximately 200A of GaAs are then
deposited followed by a thermal anneal at
750°C and growth of GaAs at 720°C.

The layers grown by this technique are
visually highly reflective, but plan view and
cross sectional transmission electron
microscopy (TEM) reveals the presence of
threading dislocations at a density of
10%m 2. Assessment by photoluminesence,
photoreflectance and X-ray diffraction show
that the material is also strained due to
differential thermal contraction when the
wafer is cooled from growth temperature to
room temperature. :

In an attempt to improve the quality of
GaAs-on-silicon wafers, dislocation filtering
structures containing GaAs and bands of
strained layer superlattice (SLS) consisting of
10 periods of GalnAs/GaAs 1004 thick, or
single ternary layers of GalnAs 1004 thick,
were grown?. Cross sectional and plan view
TEM profiles showed that these structures
are effective in turning over dislocations but
their effect is limited for the reasons outlined
below.

Strained layer superlattices are also used
for composition grading® in the growth of
GalnAs on GaAs, in order to achieve low
defect densities. Without the use of SLS it is
necessary to grow a buffer layer some
50um thick grading the indium composition
at a rate of 1% per pm, and such thick layer
structures are difficult to grow by MOCVD.
Using SLS, equivalent grading can be
achieved over 0.4um. GalnAs strained layers
have also been used for the growth of

pseudomorphic high electron mobility
transistor (HEMT) devices.

GaAs-on-silicon technology

The growth of device quality GaAs on
(100) silicon wafers is highly desirable as it
is the first step towards monolithic
optoelectronic integration. Also, GaAs-on-Si
can be used to replace GaAs wafers, with the
attendant economic advantages of cheaper,
stronger and more thermally conducting
wafers.

Unfortunately, a number of major
technical obstacles have so far hindered the
development of GaAs-on-Si technology. The
chief obstacles are (a) the 4.1% lattice
mismatch between GaAs and silicon, (b) the
large thermal mismatch (the thermal
expansion coefficient of silicon is half that of
GaAs), and (c) the polar nature of GaAs on
covalent silicon. In this section some of the
techniques used at Caswell for overcoming
these problems are described.

Antiphase domains (APDs)

Differences in crystal habitat between
substrate and epitaxial layer can lead to the
formation of antisite disorder. Silicon has a
diamond crystal structure and may be
considered as consisting of two
interpenetrating face-centred cubic lattices
which differ from each other in spatial
orientation of the tetrahedral bonds
connecting each atom to its neighbours,
Figure 5. Both sublattices are occupied by
silicon atoms.
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5 Schematic diagram to illustrate the two
sublattices in silicon

Gallium Arsenide has a zinc blende
structure where one of the sublattices is
occupied by Ga atoms and the other by As



atoms, so that the structure consists of
alternating layers of Ga and As atoms. In the
initial stages of deposition of GaAs on
silicon, discrete nuclei of GaAs are formed
which subsequently grow and eventually
coalesce. At the point of coalescence the
sequence of Ga and As atoms may not
correspond, leading to boundaries containing
Ga-Ga or As-As bonds, these are antiphase
boundaries and the areas contained within
them are antiphase domains (APD).

This effect can be partially overcome by
deliberately seeding the silicon surface with
arsenic atoms (arsenic is used because the Si-
As bond is stronger than the Si-Ga bond).
This seeding then sets the pattern for the
deposition of alternating layers of As and Ga
atoms. The substrate surface, however, is not
atomically smooth and contains steps which
may be anything from one to several atomic
layers high. For steps containing an odd
number of atomic layers the material
deposited on and adjacent to the steps will be
displaced relative to each other by one atomic
layer resulting in antiphase disorder. For steps
containing an even number of atomic layers,
there is a displacement of two atomic
layers, the growth sequence is preserved and
there is no antisite disorder, Figure 6.

Fortuitously in the MOCVD growth of
GaAs on Silicon, a silicon surface consisting
predominately of double steps can be
generated by a simple heat treatment. For
substrates which are orientated exactly on
(100) it is necessary to heat the silicon to
temperatures above 1100°C. Surface physics
studies in conjunction with molecular beam
epitaxy of GaAs on silicon have shown that
the appropriate surface reconstruction can be
achieved at much lower temperatures of
900°C when nominally (100) substrates
misorientated by a 4 degree rotation towards
the [011] direction are used. This may also
be applicable in the case of MOCVD of
GaAs on silicon.

The GaAs/Si lattice mismatch
The 4.1% lattice mismatch between GaAs
and silicon results in the generation of a large
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@ Si atoms
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6 a lllustration of the formation of anti-
phase boundaries (APBs) on a (100)
surface

b (100) Si surface with steps of 2 atomic
layers shows no APBs

number of threading dislocations (between
10'° and 10"%cm~2) close to the GaAs/Si
interface, because the relevant critical
thickness is only a few tens of Angstroms.
Thus, techniques for reducing this large
number of threading dislocations must be
used.

One reasonably successful technique is
the use of strained layers whose thickness is
greater than the critical thickness (h,) for the
turning over of threading dislocations, but is
less than the critical thickness (h,) for the
nucleation of new threading dislocations. As


















