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Preface

This volume covers the basic processes involved in the manufacture of compound semi-
conductor devices, starting with materials preparation, purification and crystal growth,
includes a description of various device structures, and concludes with a description of the
processes involved in device fabrication. The chapters are drawn from the book “Semi-
conductor Processing” which is Volume 16 of the VCH series on Materials Science and
Technology.

It may be surprising to some how little the descriptions of the processing depends on
the fundamental physics of semiconductors. The properties of the semiconductor deter-
mine what is to be done in the manufacturing process, but not how it is to be done. The
processing depends critically on the properties of the wide variety of materials which are
used, and the processing of semiconductor devices is a complex multi-stage sequence.
There are many aspects of the processing of compound semiconductors which are com-
mon to silicon processing, but many of the devices are different, and the basic chemistry
of the materials introduces significant differences in processing. In general the processing
of compound semiconductors is more complex than silicon processing for a variety of rea-
sons. It is more difficult to purify the starting materials and more difficult to grow single
crystals. They are more susceptible to defect formation, and they are softer than silicon,
and so must be handled more delicately. Care must be also taken to ensure that the pro-
cessing preserves the stoichiometry, which is especially a problem when making electrical
contacts.

Compound semiconductors have some advantages over silicon, for example, the elec-
tron mobility is higher in GaAs than in silicon. This increased mobility is used to make
GaAs amplifiers which operate at higher frequencies than is possible with silicon devices.
But silicon processing technology is at a more advanced scale of integration than com-
pound semiconductor technology, and so, if a semiconductor device can be made with
silicon, it will be. In spite of the many predictions that GaAs will replace silicon for all
applications, the more complex processing which GaAs requires make it unlikely that this
will happen. As the wag says: GaAs is a material of the future, and always will be. And so
silicon is used almost exclusively for logic and memory devices. But because of its intrinsic
electronic structure, it cannot be used to make devices which emit light, such as light emit-
ting diodes (LED’s) or semiconductor lasers. Semiconductor light source devices are the
domain of compound semiconductors. The recent development of blue-emitting devices
based on gallium nitride promise to extend the application of semiconductor light sources,
and to lead to novel uses.

This volume does not deal with the semiconductor circuit design, although this is clearly
the essential first step in the production of a device. Nor does it deal with testing, which is
a major aspect of semiconductor manufacture. Simple circuits are sample tested, but com-
plex chips are subject to extensive electrical and performance testing. The test stations are
expensive and the tests are time consuming, so that testing is a major cost factor in semi-
conductor production. '



There are two important aspects to the fabrication of semiconductors which are beyond
the scope of this volume. Photoresists are used for the patterning of the dopant distribu-
tions, as well as the patterning of the dielectrics and metallization. The sophisticated
chemistry which is involved in the design of photoresists is beyond the scope of this
volume. The packaging technology which used to protect the chips and to connect them
to the outside world is also not discussed in detail.

This volume deals with the basic manufacturing processes for compound semiconduc-
tor devices. The fabrication process starts with purification, followed by the growth of sin-
gle crystals. These processes often have aspects in common for the different compound
semiconductors, but in general they are unique for each material. After growth, the crys-
tals are sliced into wafers which are then polished. These processes are discussed in first
chapter by J. Brian Mullins. Compound semiconductor device structures including field-
effect transistors, high electron mobility transistors, heterojunction bipolar transistors,
and semiconductor lasers are described in the second chapter by William E. Stanchina
and Juan F. Lam. In the concluding chapter, John M. Parsey, Jr. discusses compound
semiconductor device processing, including doping, isolation methods, diffusion, etching,
ohmic contacts and Schottky barriers, dielectrics, metallization, and die separation. The
processing of a wafer typically involves hundreds of separate steps, but several hundred
chips can be made from a single wafer. There is a continuing trend to use larger wafers
and finer features on the wafers in order to get more chips from each wafer, and a conti-
nuing effort to improve performance and increase yields.

I would like to thank the authors who have taken time from their very busy schedules
to prepare their chapters. They are experts in processing technology because they are
involved with it on a daily basis, and it has been difficult for them to find the time to write.
But the result is a valuable and timely description of the state-of-the-art of compound
semiconductor processing.

Kenneth A. Jackson
Tucson, AZ
August, 1998
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4 1. Compound Semiconductor Processing

1.1 Introduction

This chapter reviews the general princi-
ples and practice governing the prepara-
tion and processing of compound semi-
conductors and their alloys, how they are
purified, how they are prepared as single
crystals and how they are converted into
wafers suitable for epitaxial growth.

The range of materials which can be
classified as compound or alloy semicon-
ductors is vast and covers the whole of the
periodic table. It includes IV-1V, II-IV,
I-v, 1I-V, III-V, I-VI, II-VI, III-VI,
Iv-VvI, v-VI, I-1I1-V], I-IV-V], I-V-
VI, II-IV and II-III-V compounds.
However, because of the enormous cost of
developing these materials as high-quality
semiconductors most of these compounds
are currently in a relatively primitive state
of development when compared with Ge
or Si. Indeed the only compounds which
have been developed to a state of signifi-
cant commercial application are to be
found in the III-V and II-VI semiconduc-
tor groups of materials. It is with these
classes of materials that this chapter will be
mainly concerned.

The efficient processing of semiconduc-
tors in a form suitable for device applica-
tion requires a sound understanding of the
practical technologies involved together
with a knowledge of the scientific princi-
ples underlying these technologies. Both
the technology and the science of the pro-
cessing will be covered in this chapter.
However, it is important to appreciate that
the technology as opposed to the science of
semiconductor processing is undergoing a
constant evolution driven by ever more de-
manding specifications arising from of an
ever increasing range of devices.

1.2 Historical Background

Probably the most important event
which promoted significant scientific and
technological research in the processing of
semiconduction materials was the discov-

. ery of transistor action in germanium by

Brattain and Bardeen (1948) which had
been stimulated by the predictions of
Shockley (1949). As a result serious inter-
national interest developed in the search
for new semiconductors. II-VI com-
pounds had of course been known since
before the beginning of the century, but
the early work of Welker (1952, 1953) and
his colleagues in Germany on III-V com-
pounds following the discovery of transis-
tor action marked the beginning of the
evolution of compound semiconductor
processing.

Our knowledge of semiconductor pro-
cessing (Mullin, 1975a, b, 1989; Thomas et
al., 1993), indeed of all aspects of semicon-
ductors and the solid state, is rooted in
research on Ge in the 1950s. Even early
work in this period highlighted the two
overriding requirements for semiconduc-
tors, the need for high purity and the need
for single crystals.

The first requirement resulted in the cre-
ation of new methods of purification and
the evolution of a most significant concept,
the concept of semiconductor purity. This
specified the need for unprecedentedly low
levels of impurities, typically less than 10
parts per billion atomic (ppba) of electri-
cally active impurities. The second require-
ment resulted in the development of new
technologies for producing completely sin-
gle crystals free from defects including dis-
locations.

At the forefront of this materials work
aimed at fulfilling these demands of purity
and crystalline perfection was the develop-
ment of the science and technology of crys-



tal growth. In less than a decade the in-
tense research and development effort re-
sulted in the melt growth of Ge developing
from an art to a science.

In the case of the compound semicon-
ductors, the less difficult materials, like
InSb, followed the pattern of evolution of
Ge, and single crystals containing less than
103 carriers/cm3 (1 ppba is equivalent to
2.9 x 10'3 atoms/cm?) were state of the art
well within a decade. However, in the case
of the more difficult materials like GaAs,
InP and GaP, their evolution has taken
over three decades and is still in a develop-
ment phase. For the very difficult materi-
als like ZnSe no melt growth technology
has yet been devised that can achieve re-
producibly and readily acceptable quality
single-crystal material, although there are
promising developments (Rudolph et al.,
1994). For ZnSe, vapor growth techniques
are pioneering the way to semiconductor
quality (Cantell et al., 1992).

The key to the development of Ge was
the creation of new melt growth technolo-
gies. Very significant contributions to our
knowledge resulted from the pioneering
work of Pfann (1966) on zone melting and
Teal (1958) on the vertical pulling of single
crystals.

Pfann (1966) initiated the concept of
zone melting. This generic term covers a
range of related horizontal crystallization
technologies. The simplest technology is
the single zone freeze in which a horizontal
boat containing a molten charge is pro-
gressively frozen from one end. Other pro-
cedures were developed involving the
translation of a liquid zone through a solid
ingot. In particular it created two very
powerful processing technologies, zone
leveling and zone refining (see Sec. 1.3.2).

Zone leveling was initially applied to Ge
and resulted in a very successful crystal-
lization technology for the production of
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uniformly doped single-crystal material.
This process involves the formation of a
liquid zone in a solid ingot and its move-
ment through the ingot in one direction
and subsequently, for ideally uniform ma-
terial, in the reverse direction. The liquid
zone acquires a constant dopant concen-
tration 1/k times that in the solid. where £,
the distribution coefficient, is given by
k=C4/C, and Cg and C, are the concen-
trations of dopant in the solid and liquid
respectively. This process levels out the do-
pant concentration in the solid so that the
dopant concentration of the solid being
melted is the same as the concentration in
the solid being crystallized.

The horizontal technologies were not
only used for zone leveling and for purifi-
cation by zone refining but they were also
developed for the growth of single crystals.
This was achieved by arranging for a
moliten zone to melt-back into a single
crystal seed positioned at one end of a
polycrystalline ingot. The solid which crys-
tallized on the seed as the zone was moved
through the ingot took up the orientation
of the seed and resulted in the formation of
a single crystal.

In addition to HG for the growth of
single crystals, the use of VP of crystals
from the melts was pioneered by Teal
(1958). The technique has its origins in the
Czochralski technique. Czochralski (1917)
arranged to dip a thin rod which acted like
a seed into a molten melt of metal and
withdraw it from the melt. As the liquid
was pulled away from the melt it crystal-
lized, giving regions of single crystal metal.
However, this technology is far removed
from modern crystal pulling technology.

The modern pulling technique (Teal,
1958) was developed during the initial
phase of semiconductor research at Bell
Labs in the 1950s and early 1960s. The
most important innovation was the intro-
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duction of rotation using a pull rod. A
single-crystal seed was mounted in a chuck
on the pull rod which could be raised and
lowered at a set rate. In the pulling process
the crystal nucleated on the seed and its
diameter was controlled by adjusting the
power to the melt. This concept had pro-
found consequences for the semiconductor
processing of single crystals.

Theoretical work on crystal pulling has
also had an important influence on the de-
velopment of the technology. The work of
Burton, Prim and Slichter (BPS) (Burton
et al., 1953) on solute distribution during
crystal growth proved to be most signifi-
cant. They modeled solute transport in the
melt adjacent to the rotating crystallizing
surface using concepts developed by von
. Karman (1921) and Cochran (1934). BPS
established the flow normal to the disc as
a function of the crystal growth parame-
ters enabling quantitative estimates to be
made of the solute distribution from the
interface into the melt. Use of the BPS
model has stimulated much research and
laid the foundations of a great deal of our
understanding of the science of crystal
growth from the melt.

It has been used, for example, in the
modeling of heavy doping during crystal
pulling. This has resulted in a predictive
theory of constitutional supercooling
(Hurle, 1961; see Sec. 1.7.4). This knowl-
edge is directly relevant to the crystalliza-
tion of compound semiconductors from
nonstoichiometric melts, where constitu-
tional supercooling is a very common oc-
currence and can be a major problem seri-
ously affecting crystal quality.

The causes of nonuniform dopant or im-'
purity incorporation are a major consider-
ation in understanding the mechanisms of
crystal growth. Of particular significance
has been the discovery of the facet effect
(Hulme and Mullin, 1959) and anisotropic

segregation (Mullin, 1962) of dopants dur-
ing crystal growth. Also important are im-
purity striations, which are a common oc-
currence. Crystal rotation introduces peri-
odic impurity incorporation due to the
growth rate variations imposed by the ro-

_ tating crystal. The incorporation of do-

pants will be developed in further detail in
Sec. 1.7.5.

The science of horizontal growth (HG)
has lagged significantly behind that of ver-
tical pulling (VP). In HG there is no effec-
tive working theory for convection in the
molten zone and transient control of dop-
ing as opposed to uniform doping is not
possible as it is in VP. The VP technique
thus evolved as a favored tool for investi-
gating the science of crystal growth from
the melt.

From an historical viewpoint it is in-
structive to follow the evolution and role
of HG and VP techniques in relation to the
science and technology of Ge and Si. The
horizontal growth of Ge, a technology that
pioneered purification by zone refining
and the production of doped single crystals
by zone melting, gradually emerged as the
more cost effective crystal growth process
and replaced the VP technique. Ultimately
however, the semiconductor applications
of Ge were taken over by Si, eliminating
the need for Ge altogether with the excep-
tion of a few specialist applications such as
the growth of very large crystals for detec-
tors. These are fulfilled by pulling.

It is interesting that the VP technique"
that was developed for Ge created the con-
ditions for the single-crystal growth of Si.
Silicon with its superior device properties
has emerged as the dominant semiconduc-

~ tor and as such has had and continues to

have a profound influence on every aspect
of semiconductor processing. The VP tech-
nique has been refined and developed for
Si and is still the dominant industrial tech-
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nology for Si. But, also of major impor-
tance for Si is the float zone technique, in
which a liquid zone out of contact with the
container is moved through a vertical rod
of 8i. This zone refining action produces
the very highest grade of single-crystal Si,
a very important industrial requirement.
Nevertheless, it is important to recognize
that some of the unique properties of the
compound semiconductors have also stim-
ulated developments in semiconductor
processing.

Undoubtedly the very rapid expansion
in our knowledge of semiconductor pro-
cessing can be attributed to the relative
ease of handling Ge and in particular to
the ability to hold and crystallize molten
Ge with negligible contamination from sil-
ica apparatus. The technology of Si is in
many ways very different to that of Ge. It
reacts with SiO, and cannot be crystallized
in a silica boat. It also forms a tenacious
oxide which requires special techniques to
prevent its formation. Hence the impor-
tance of the pulling technique and the non-
contacting float zone technique in its de-
velopment.

Technology never stands still. Zone re-
fining has been developed (Hukin, 1989)
for Si using a horizontal water-cooled Cu
boat. A liquid zone is formed and levitated
out of contact with the boat using RF
fields. Two-meter, 125 cm? section solar
cell grade Si can be produced in this way.

The III-V and II-VI compounds pres-
ent different problems again to those of Si.
The antimonides are similar in their at-

tributes to Ge but the arsenides and the

phosphides, selenides and tellurides suffer
dissociative decomposition near their
melting points, resulting in the loss of one
of their component elements. As a result,
closed-tube techniques needed to be devel-
oped in order to prevent vapor loss. This
has stimulated new technologies such as
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liquid encapsulation and more recently the
vertical gradient freeze (VGF) technique to
overcome this problem.

The relatively slow development, over
three decades, of these compounds is in no
small way due to the difficulties associated
with dealing with compounds which have a
significant vapor pressure at the melting
point. In addition the number of point de-
fects at the melting point is high
~10'% cm 3. This leads to extended de-
fects and doping nonuniformities and a
range of problems not found in Si and Ge.
The continuing challenge of processing
technology is to understand and control
these problems.

1.3 Purification

The cost of developing the knowledge
and technology to be able to process raw
materials into device quality semiconduct-
ing compounds is enormous and inevitably
involves a very significant research and de-
velopment effort involving both purifica-
tion and crystai growth. As a consequence,
there are only a few highly developed com-
pound semiconductors. These include
InSb, GaAs, InP, GaP and CdTe and its
related alloys with HgTe. Most of the II-
VI compounds are still not readily avail-
able in wafer form as high-quality single-
crystalline material. The basic aspects of
the purification technologies required to
produce high-purity semiconducting com-
pounds will now be considered.

1.3.1 General Purification Procedures

It is convenient to identify two stages in
the purification of semiconductor com-
pounds, firstly the purification of the ele-
ments themselves and secondly the purifi-
cation of the compounds. From an histor-
ical perspective the role of the more con-
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ventional chemical purification procedures
has been more useful than zone refining in
purifying the elements. This can be appre-
ciated from the early reviews in Willardson
and Goering’s book on III-V compounds
(1962). It is evident that work on zone re-

fining of group III metals as well as phos-

phorus and arsenic was clearly not seen to
be markedly effective. This coupled with
the fact that zone refining represented an
additional costly batch process meant that
its use has always been problematical, es-
pecially for elements like In and Ga which
are low melting point readily alloyable
metals with a tendency, in the case of Ga,
to supercool. .

Whilst zone refining has not been partic-
ularly useful for the common elements of
groups III and V, in the case of groups II
and VI zone refining has proved to be a
very effective process for the production of
ultra-pure Cd and Te. This development
was made possible by military funding
since these elements arse used in the prepa-
ration of HgCdTe for infrared detectors.
Here very high purity elements, having less
than 1 part in 10° electrically active impu-
rities are essential.

It is evident that zone refining is most
effective for strongly bonded materials
which crystallize well and in which impuri-
ties have a low solubility. These criteria
apply particularly to the compounds them-
selves. Thus many compounds can be zone
refined but most compounds have their
own peculiarities, demanding specialized
processes. These will be considered for the
more important compounds later.

1.3.2 Zone Refining and Related
Techniques

Zone refining, which involves the mo-
tion of a liquid zone or zones through an
ingot, is the most important and effective

purification procedure for Ge. The impuri-
ties that are less soluble in the solid, or
more soluble in the liquid (k,<1), are
moved in the direction of crystallization
towards the finish (last to freeze) end of the
ingot whereas the impurities that are more
soluble in the solid (k,>1), that is, less
soluble in the liquid, are moved to the start
end of the ingot. Provided the distribution
coefficients ! k, are not close to 1 — a con-
dition satisfied by Ge — this very simple .
process can after very few zone passes pro-
duce semiconductor purity in an ingot. A
remarkable result.

One can appreciate the effectiveness of
zone refining from the graphs in Fig. 1-1,
where the theoretical ultimate distribu-
tions for impurities having different distri-
bution coefficients are given. Orders of
magnitude improvement in purification
are indicated. However, these dramatic re-
sults must only be taken as a guide since
solid-state diffusion and vapor transport
can reduce the effectiveness of impurity re-
moval.

1.3.3 Problems with Specific Compounds

Processing by conventional zone refin-
ing or chemical purification methods is of-
ten insufficient on’its own as a means of
achieving semiconductor purity in com-
pounds. Inevitably there is some problem
or problems, some difficult-to-remove re-
sidual impurity or some quirk of contami-
nation that needs to be dealt with in an
unconventional manner if the ultimate
goal of semiconductor purity is to be
achieved.

! The equilibrium distribution coefficient k, of a sol-
ute (dopant, impurity or excess component) is the
ratio of the concentration of the solute in the solid,
Cs, to the concentration ef the solute in the liquid,
C,, if the phases are kept in contact for a sufficiently
long period for them to come to equilibrium.
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Figure 1-1. Theoretical ultimate distributions for do-
pants having different distribution coefficients (k) af-
tcr multiple zone refining passes in an ingot where the
zone length is 10% of the ingot length. It is assumed
that there is no back reflection of dopant from the
freezing of the last zone length. The results highlight
the potential of zone refining (see Pfann, 1966).

In this section problems or aspects of
purification will be considered which have
proved to be important in the achievement
of semiconductor putrity of the more im-
portant compound semiconductors. It
should be stressed that achieving semicon-
ductor purity in compounds is a very de-
manding and generally costly process and
one that is frequently underestimated. The
processes of purification and the avoid-
ance of contamination represent a contin-
uous battle if the ultimate in semiconduc-
tor performance is to be achieved. In the
case of many of the II-VI compounds for
example the presence of impurities could
still be the principal problem preventmg
their effective development.

1.3.3.1 InSb and GaSb

Indium antimonide (Hulme and Mullin,
1962) has attracted much more research
and development (R&D) over the years
than GaSb. Major factors in this interest
are of course the device applications of the
material. InSb, for example, is an impor-
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tant infrared detector material suitable for
detectors working in the 3—5 um region of
the spectrum.

The low melting point of InSb, 525°C,

combined with the negligible vapor pres-

sure of Sb over its melt make InSb an ideal
candidate for conventional zone refining
procedures. However, the straightforward
process is of limited value because of trou-
blesome impurities, particularly Zn and
Te. Not only do they exhibit anisotropic
segregation (Mullin, 1962), but in the case
of Te the value of its effective distribution
coefficient, k. (see Sec. 1.7.5) can range
from ~0.5 for growth in an non-
[111]direction to ~4.0 for growth on a
(111) facet. Thus Te would be distributed
in polycrystalline material as though the
effective k were some weighted mean of
these values, that is, close to one. Zinc has
a value of kg ranging from ~2.3 to ~3.0.
But more troublesome is its volatility at
the melting point of InSb. Vapor transport
of Zn above the ingot can reduce the effi-
ciency of zone refining.

This problem has been overcome by us-
ing the volatility of Zn to advantage in a
two-stage evaporation and zone-refining
procedure (Hulme, 1959). Zone-refined Sb
in excess of that required to form stoichio-
metric InSb is added to high-purity In in a
boat in a modified zone-refining apparatus
and melted under vacuum. Both Zn and Sb
evaporate from the molten charge and
condense on the cooled upper surface of
the outer containing tube. The excess Sb
traps in the very small quantity of the more
volatile Zn.

After a timed period when the excess Sb
has evaporated the ingot is cooled and
frozen. It is then zone refined under an
atmosphere of H,, a condition where the
Sb has negligible volatility. The puri-
fication process is highly reproducible,
resulting in the production of very high
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purity InSb with some 60% of the ingot
having a carrier concentration less than
1x10' cm™3

GaSb has not been developed in this
way but it can be zone refined. The incen-
tive to purify the material further, howev-
er, is limited by the belief that the residual ‘
carrier level, ~2 x 10'® p-type carriers per
cm?, is determined by fundamental aspects
of the band structure of the compound.

1.3.3.2 InAs and GaAs

InAs and GaAs present additional han-
dling problems because at their melting
points the As dissociation pressures are re-
spectively ~0.3 and ~ 1.0 atm. Neverthe-
less, considerable R&D effort has been
carried out on GaAs using conventional
hot wall technologies. However, a major
problem encountered on zone refining
GaAs has been the failure to achieve puri-
ties with carrier levels below 106 to 10!
n-type carriers per cm3. This has been
shown by Hicks and Greene (1971) to be
due to the reaction between Ga in the lig-
uid Ga, As melts and the silica containing
vessel, which introduces a fairly constant
level of Si into the ingots at about one part
per million: (1-1)

4Ga(L)+Si0,(S)=2Ga,0(V) + Si(soln)

The problem can be overcome by using
BN or graphite boats. However, the zone-
refining process has generally been super-
seded and simplified by in situ compound-
ing of very high purity Ga and As which
are now available as a result of improve-
ments in chemical purification methods
(see Sec. 1.6.2).

1.3.3.3 InP and GaP

The very high vapor pressures generated
by these compounds at -their melting
points, some 27 atm and 32 atm for InP

and GaP respectively, makes zone refining
a difficult and potentially hazardous pro-
cess. The compounds can nevertheless be
prepared in horizontal systems by distilling
the P, into the molten group III element
contained in a silica or BN boat. By limit-
ing the amount of group V distilled so that
the group III element is in excess of stoi-
chiometry the working vapor pressures are
reduced. Crystallization under these con-
ditions has an additional advantage; there
is a very much greater purification effect
for impurities from group III rich liquids
than from stoichiometric melts. The disad-
vantage of course is that crystallization oc-
curs under conditions of constitutional su-
percooling, which can result in trapping of
the impurity-rich group III element in the
solid.

With the availability of purer starting
elements, formation of the compounds
from stoichiometric melts is now more
usual. Nevertheless, further purification is
generally required, and is now often
achieved by pre-pulling charges using the
liquid encapsulation technique. InP having
10'3 carriers/cm?® can be produced in this
way. A similar purification procedure for
GaP can be used. The current commercial
demands on GaP are somewhat less than
on InP since it is either used as doped ma-
terial or as a substrate on which active
layers are grown. There is clearly scope for
the development of further purification
procedures for both these compounds.

1.3.3.4 1I-VI Compounds

The state of development of the 11-VI
compounds is significantly behind that of
the III-V compounds even though they
have a much longer history. Many of the
II-VI compounds, especially the higher
energy gap oxides, sulfides and selenides.
are not accessible by melt growth tech-
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niques and as a consequence there is a
much greater emphasis in the use of vapor
growth techniques to grow these difficult
compounds. Our knowledge of the use of
vapor growth as a purification technology
is primitive. There is no equivalent to zone
refining. Hence there is a more general ten-
dency to rely on the use of elements that
have been purified chemically or by zone
refining.

The elements Hg, Cd and Te, compo-
nents of the exceptionally well developed
infrared detector material Hg, ,Cd,Te,
are now available as very high purity ele-
ments as a result of multiple zone refining
technologies (Cd and Te) and distillation
techniques (Hg). Hence compounds of
these elements are prepared in situ by di-
rect reaction. Most of the other elements
Zn, Se and S although currently available
in conventional high purity form are gen-
erally not as pure as the detector materials
and'do not form very pure semiconducting
compounds.

Zone refining of the 1I-VI compounds
is not efficacious because of the volatility
of both the group Il and group VI ele-
ments as well as the compounds them-
selves. Hence there has been little develop-
ment of conventional zone-refining tech-
nology for the compounds. However, a re-
lated zone-refining technology called the
traveling heater method (THM) or some-
times the traveling solvent method has at-

tracted much interest and development for

the II-VI compounds. In the traveling
heater method a molten zone is moved

through the ingot as in zone refining, but

in THM the zone comprises a solvent of Te
or Se. Thus the compound dissolves at the
leading edge of the zone and crystallizes
out at the trailing edge.

This has two advantages. Firstly, it re-
duces the temperature of crystallization
significantly below the melting point of the

compound, thus markedly reducing the
vapor pressure of the components of the
compound, effectively eliminating evapo-
ration. Secondly, it provides a group VI
rich solution in which impurities are excep-
tionally soluble, a condition which results
in the crystallization of a very pure com-
pound. Because of the reduced growth
temperature it is also possible to elimi-
nate sub-grain boundaries. The technique.
however, has not yet been developed to
grow large completely single crystals. The
process has been exploited particularly by
Triboulet (1994) and the CRNS Bellevue
group for the preparation and purification
of Hg, _,Cd,Te, Hg, _ ,Zn,Te, CdTe, HgTe
and ZnTe, as well as CdMnTe. It clearly
has scope for the preparation and purifica-
tion of ZnSe and various alloys of the com-
pounds.

The potential disadvantage of the tech-
nique is that the crystallization occurs un-
der conditions of constitutional supercool-
ing and solvent trapping can occur and
give rise to group VI rich precipitates to-
gether with impurities. Nevertheless it
would appear that by optimizing the tem-
perature gradients and the gradient of con-
stitutional supercooling (see Sec. 1.7.4) the
worst effects of solvent trapping can be
avoided.

1.4 Technical Constraints
to Melt Growth Techniques

The processing of compound semicon-
ductors by melt growth techniques both
for purification and crystal growth is gen-
erally much more difficult than the pro-
cessing of Ge because of constraints im-
posed by the properties of the materials.
Some of the significant properties which
lead to constraints in the use of melt
growth and related processing are listed in
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Table 1-1. Material properties of main semiconductors.

Compound Melting Vapor CRSS References
point pressure at M.Pt
(&) at M.Pt.(atm) (MPa)
InSb 525 4x10°8 Muller and Jacob (1984)
" GaSb 712 1x10°¢ Muller and Jacob (1984)
InAs 943 0.33 . Van der Boomgaard and Schol (1957)
GaAs 1238 1.0 0.7 Arthur (1967); Thomas et al. (1990)
InP 1062 . 27.5 0.36 Bachmann and Biihler (1974); Thomas et al. (1990)
GaP 1465 32 Nygren et al. (1971)
HgSe 799 Mayer (1984)
HgTe 670 12.5 Harman (1967); Strauss (1971)
CdSe 1239 0.3 Bassam et al. (1994); Lorenz (1967)
CdTe 1092 0.65 0.2 Isshiki (1992); Strauss (1971);
Balasubramanian and Wilcox (1992)
ZnSe 1526 0.5 Isshiki (1992); Lorenz (1967)
ZnTe 1300 0.6 Isshiki (1992); Lorenz (1967)
Ge 960 0.70 Thomas et al. (1990)
Si 1420 1.85 Thomas et al. (1990)

Table 1-1. Consideration of a wider range
of properties, chemical reactivity, melting
point, vapor pressure, critical resolved
shear stress and ionicity are important in
understanding the suitability, or more of-
ten, the unsuitability of a particular tech-
nology.

1.4.1 Chemical Reactivity

Although not specifically listed in Table
1-1, chemical reactivity is an important
constraint in all processing. The main
problems arise from the reactivity of the
molten semiconductor with the container
or the gaseous environment. In this respect
container materials have proved to be the
dominant source of contamination for
compound semiconductor melts.

Vitreous silica is widely used as a
crucible or boat material and is essentially
stable against attack from the lower melt-
ing point materials like Ge (937°C), InSb
(525°C) and GaSb (712°C). But, for
higher melting point materials there is gen-

erally contamination with silicon due to
the reduction of the SiO, by the melt, in
the case of GaAs (1238°C) it is typically
above the part per million (ppm) level in
the crystallized material. Pyrolytic boron
nitride PBN can be used to overcome this
problem and is well suited to the growth of
II1-V compounds since it is a III-V also
and does not appear to give rise to electri-
cally contaminating impurities. It is how-
ever expensive. ,
Graphite is also used since it is stable in
an inert atmosphere and does not appear
to directly cause electrically active doping
by contaminating melts. Graphite will re-
act with silica at high temperature, but at
lower temperatures (<900°C) it is a very
useful material and is used as a slider boat
material in liquid phase epitaxy (LPE) and
as a boat material for [I-VI compounds.
But, carbon can be electrically active as an
acceptor in GaAs for example. It can be
introduced on an As vacancy site via CO
under Ga-rich growth conditions, hence
the importance of removing O, and H,0.



